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Preface

Peptide mimicry may be broadly defined as an approach for conceiving molecular

structures that can replicate the molecular recognition elements that contribute to

the activity of natural peptides [1–3]. The term peptide mimic (peptidomimetic) is

used to describe such compounds. Peptidomimetics arise from the combination of

chemical synthesis and employment of techniques from various other sciences

which are necessary for ascertaining the potential of peptide surrogates. The pursuit

of peptidomimetics is propelled by the desire to preserve the remarkable attributes,

such as high potency and low toxicity, while simultaneously removing liabilities of

the natural parent peptide structures, such as their rapid metabolism, lack of

receptor selectivity, and poor bioavailability.

Heterocycles serve fundamental roles in the folding and function of natural

peptides. For example, proline drives turn and helical structures by constraining

the peptide backbone to a limited set of dihedral angles. Peptide macrocycles adopt

commonly well-defined conformations responsible for their activity. The imidazole

and indole heterocycle side chains of the amino acids histidine and tryptophan

play vital roles for the recognition of various biologically relevant peptides. The

various heterocycles used in natural peptides inspire the design of peptidomimetic

counterparts.

The application of heterocycle chemistry in peptide mimicry has been para-

mount to successful designs of peptidomimetics. In addition to adding rigidity to

stabilize active conformations and serving as side chain substitutions to improve

recognition by targeted receptors, heterocycles have been employed in pepti-

domimetics to enhance metabolic stability. For example, replacement of amide

and disulfide bonds by heterocycles has improved respectively stability against

proteolytic cleavage and disulfide bond reduction.

The emphasis of this two-volume set is to illustrate contemporary applications of

heterocycles in peptide mimicry. A bias towards the applications of the resulting

peptidomimetics in chemical biology and medicinal chemistry is present likely due

to the important history of peptides as drugs [4] as well as the boom of investment

into peptide-based medicine [5, 6]. Concurrent growth of interest in peptidomimetic

science has taken place with the rising employment of peptides in the
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pharmaceutical industry, because of two primary goals: to provide probes to gain

insight into the biologically active conformation of the native peptide and to furnish

prototypes to improve pharmacokinetic properties for drug development. Aspects

of heterocycle chemistry in peptide mimicry for other applications such as materials

science and catalysis are specifically covered in particular chapters.

Reflecting on advances in peptide mimicry through the employment of

heterocycles, different themes emerge from examination of their structural motifs

and methods of synthesis. Heterocycles have been typically employed within single

amino acid residues and dipeptides, as well as units that nucleate folding to

replicate entire secondary structures, such as turns, helices, and sheets [7].

Applications of heterocycles within discrete units that fold into ordered

conformations when placed into oligomers, so-called foldamers [8], have been

restricted herein to examples that mimic natural peptide geometry, and for more

information on alternative non-natural motifs, the interested reader is asked to

consult a recent comprehensive review [9]. Similarly, the reader is directed else-

where for information on heterocyclic frameworks that mimic peptide ligands for

diverse receptors, so-called privileged structures [10–14], albeit the potential for

diaze- and triazepinones to mimic g- and b-turn conformations has recently been

supported by crystallographic evidence [15, 16 and references therein], and certain

heterocycle motifs have served in the de novo design of peptide mimics [17, 18].

Methods for making heterocycles and for employing their reactions to prepare

constrained peptidomimetics are covered with particular focus on contemporary

protocols that exhibit high tolerance for the various functional groups found in

natural peptide structures.

The concept of peptide mimicry is broadly applied in this treatise. For example,

peptides possessing a single non-natural alteration featuring a heterocycle are

included as peptidomimetics in spite of their appearance as selectively modified

variants of the natural structure. Similarly, natural products containing non-

proteinogenic heterocycles are presented in certain chapters illustrating that nature

too makes peptidomimetics. For example, the natural antibiotic penicillin, which

inhibits transpeptidase and carboxypeptidase enzymes involved in the construction of

the bacterial cell wall material peptidoglycan, functions by mimicking the D-alanine-

D-alanine motif of the peptide component [19]. Modified peptide macrocycles are

also considered as heterocycles. Finally, some chapters may mention heterocyclic

peptidomimetics for which relationships to natural peptide structure and activity have

yet to be established. In such cases, the purist is asked to be forgiving of the looseness

of the definition and reminded that the goal of the work is to give a contemporary

perspective, which aims to inspire future research in a growing field.

Volume I

Peptide backbone geometry is defined by the f, c, and o dihedral angle values of

the respective amino acids in the sequence [20]. Local constraints that restrict such

dihedral angles about these bonds in a single amino acid or between two amino
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acids in a dipeptide can have significant consequences on the global conformation

of the entire peptide. For example, a proline residue can favor turn geometry

and align the amide bonds of distant amino acid residues in the peptide chain

to form ordered hairpin and b-sheet conformations [21]. In longer peptides, such

local restrictions combine with hydrophobic effects, van der Waals interactions,

and hydrogen bonds to overcome peptide solvation and give rise to relatively

stable folded protein three-dimensional structures [22]. Shorter peptides (i.e., <10

residues) may however exist in a dynamic balance of equilibrating conformations.

Considering that the entropy penalty for folding into a conformation pre-organized

for receptor affinity may be paid by electronic and structural constraints that

offset the dynamic equilibrium, heterocycles have been employed strategically to

place restrictions on particular dihedral angles with consequences on global

geometry.

In Volume I of this treatise, the application of heterocycles that restrain single

amino acid and dipeptide conformation are discussed in detail. The importance of

the natural amino acid proline has led to various analogs possessing ring

substituents to alter ring puckering, as well as to modify the c and o dihedral

angles by way of steric and electronic interactions [23–25]. In light of their

importance to contemporary research on peptides in chemical biology, medicine,

materials science, and catalysis, three chapters of this volume are dedicated to such

modified prolines. Illustrating the consequence of a single atom replacement on the

global geometry of peptides and entire proteins, Newberry and Raines present the

synthesis and conformational analysis of analogs bearing 4-fluoroprolines. Substi-

tution of fluorine for hydrogen at the 4-position of proline causes significant

inductive effects that influence the ring pucker, as well as the amide bond isomer

equilibrium and rate of isomerization of its N-terminal amino acid residue. The

consequences of such changes on peptide and protein structures are reviewed in

detail with special attention to collagen stabilization. The replacement of the 4-

position methylene by a dimethylsilyl group has been explored by Rémond, Martin,

Martinez, and Cavelier, who discuss the influence of silaprolines on heightening

lipophilicity and improving resistance to biodegradation in a variety of peptide

targets relevant to medicine and biomaterials science. Finally, the impact of an

additional bridging methylene on the conformation of proline is described by

Vilchis-Reyes and Hanessian, who detail the challenges in synthesizing such

methanoprolines and their various applications including serving as a component

in the antidiabetic drug Onglyza as well as acting as organocatalysts. Expanding on

the theme of proline-like heterocyclic amino acids, the chapter by Handy and Sello

presents a review of research on the synthesis and applications of piperazic acid.

This 6-aza-variant of pipecolic acid, a proline homologue, exhibits influence on N-

terminal amide geometry and local peptide conformation as a component of many

natural products with anti-tumor, anti-HIV, antifungal, and antibacterial activities.

The pyrolidine and piperidine amino acids, proline and pipecolate, feature a

bridge between their nitrogen and a-carbon. By moving the bridge from the N- to

the C-terminal amino group in a peptide, a lactam ring is created which joins two

amino acids ensemble. Such a-amino lactam dipeptide surrogates, so-called
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Freidinger-Veber lactams, have been used to explore the conformation of a variety

of biologically relevant peptides, since the Merck laboratory employed this hetero-

cycle system to constrain the Gly-Leu fragment of luteinizing hormone–releasing

hormone and received an agonist with nearly tenfold greater potency to that of the

native hormone for release of luteinizing hormone in a pituitary cell culture system

[26]. In two chapters, contemporary advances are featured in the synthesis and

application of Freidinger-Veber lactam analogs. Reviewing recent literature on

the synthesis of biologically active peptides bearing ring substituted a-amino

g-lactams, St-Cyr, Garcia-Ramos, Doan, and Lubell present recent developments

of lactams and their elaboration into aza-variants in N-amino-imidazolone and

N-amino-imidazolidinone dipeptides with particular attention to the influence

of a second nitrogen on the conformation of these b-turn mimic analogs.

The corresponding seven member a-amino e-lactams are highlighted by Ballet,

Guillemyn, Van der Poorten, Schurgers, Verniest, and Tourwé, who examine vari-

ous synthetic methods for introducing such azepinone amino acids into medicinally

relevant peptides with emphasis on elucidating biologically active conformations.

Azabicyclo[X.Y.0]alkanone amino acids are heterocyclic systems in which the

central amide nitrogen of a dipeptide is bridged to the a-carbons of both its N- and

C-terminal amino acid residues [27–29] [30 and references therein] [31, 32]. These

bicyclic dipeptide mimics combine attributes of proline-like and a-amino lactam

structures described above. Since pioneering syntheses of the thia-indolizidinone

[31] and thiapyrroloazepinone [32] constrained dipeptides, azabicycloalkanone

amino acids have been employed to control peptide folding and to serve as rigid

platforms for orienting pharmacophores in peptide science and medicinal chemis-

try. The development of synthetic methods to access these heterocycles has led to

various studies of the influences of their ring sizes, stereochemistry, and ring

substituents on peptide conformation. Exploring applications of carbohydrates as

building blocks for the effective construction of azabicycloalkanone amino acids

possessing polyhydroxylated frameworks, Wuttke and Geyer describe the propen-

sity of such systems to favor turn and loop conformations. The utility of

polyhydroxylated bicyclic dipeptides is contrasted with other sugar-amino acid

hybrids [33] and highlighted for the ability to stabilize stand-alone peptide hairpins

and to mediate protein–protein interactions.

Finally, Volume I concludes with two chapters on five-member heterocycles that

have garnered significant use in peptide, protein, and peptidomimetic chemistry.

Thiazoles have been employed as amide bond surrogates, pharmacophores, and

directing groups in enzyme inhibitors, receptor agonists and antagonists, and

mediators of protein–protein interactions. Examining physical properties, such as

dipole movement and potential for hydrogen bonding, Mak, Xu, and Fairlie

illustrate the utility of thiazoles in peptide mimicry with focus on their importance

in natural products and broad applications in drug design in which they serve as the

most common 5-membered heterocycle of contemporary pharmaceuticals.

Triazoles are emerging rapidly as the most important heterocycle for peptide

and protein science in great part because of their effective synthesis by contempo-

rary methods such as copper-catalyzed and strain-promoted azide–alkyne
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cycloadditions (CuAAC and SPAAC). Examining the development of triazole

chemistry in the context of peptide mimicry, Diness, Schoffelen, and Meldal

illustrate how modern synthetic methods have advanced applications of these

heterocycles from amide bond isosteres, to disulfide bond mimics, to versatile

linchpins for cross-linking various biomolecular entities to peptide structures.

Conception of biocompatible approaches for their construction has liberated

triazole synthesis from conventional organic methods to empower applications

inside live cells to study dynamic biological phenomena.

Volume II

In contrast to Volume I, which focuses predominantly on the local constraints of

heterocyclic amino acids, dipeptides, and five-membered ring systems, and their

consequences on the global geometry and biological activity of peptides and

proteins, Volume II focuses on larger peptide structures. For example, the syntheses

of mimics of helices, sheets, and larger folded motifs are discussed in chapters

focusing on techniques for their stabilization using multiple heterocycle ring

constraints, nucleating units that template hydrogen bonds, as well as cyclic

peptides. Methods that assemble multiple rings from iminium ion intermediates

are discussed in depth because of their power to add conformational constraint by a

single step performed often on the peptide structure late in the synthesis. Peptide

macrocycles are discussed within the context of their ability to adopt favored

conformations, such as b-sheets. Novel methods for the effective synthesis of

macrocycles are reviewed and focus is given to important biologically active

macrocycle examples in medicinal chemistry oriented to deliver new antibiotics

as well as therapeutics to treat maladies of misfolding, such as Alzheimer’s and

Parkinson’s diseases. Finally, post-translational modification of peptides and

proteins by heterocycle structures is discussed with specific focus on the heterocy-

clic disulfide lipoic acid.

Brief Historical Perspective

The chemistry of peptide mimicry finds origins in pioneering research on

heterocycles, amino acids, and peptides. Scholarly appreciation of contemporary

research on peptidomimetics in synthetic laboratories around the world at the

moment necessitates a knowledge of the relevance of seminal chemistry, much of

which was developed over a hundred years ago, to the foundation of modern

method discovery. In our age of search engines that tend to juxtapose information

without concern for chronological order, the student engaged in the science of

peptide mimicry may feel somewhat lost swimming in the sea of knowledge

without historical perspective. In this light, the authors of individual chapters
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have made important efforts to place research into context by summarizing key

discoveries. For the interest of full pedagogic disclosure, some relevant background

is now provided with citations to key publications and review articles that may offer

a broader stage on which the interested student may build a core of knowledge

regarding the origins of heterocycles in peptide mimicry.

The age of the discovery and the characterization of twenty one of the amino

acids from proteins started in 1820, when Braconnot isolated glycine from gelatin

and continued steadily until the early 1920s when Mueller announced the discovery

of methionine from casein [34]. Several milestones in amino acid and peptide

science were accomplished during this time period. In particular, one of the first

multicomponent reactions was developed by Strecker, who synthesized a-amino

nitriles in 1850 [35]. Soon thereafter, Limpricht used this process to synthesize

racemic leucine from hydrolysis of the product from valeraldehyde, ammonia, and

hydrocyanic acid [34]. Moreover, between 1881 and 1906, Curtius and Fischer

employed respectively acid azides and acyl chlorides to make the amide bonds of

the first synthetic peptides [36]. During the following hundred years, the science of

peptide chemistry was transformed by synthetic methods. Heroic efforts to make

important biologically relevant peptides led the way to modern technology for

preparing libraries of peptide analogs and effective methods for the assembly of

entire proteins from peptides fragments [37]. Key discoveries in the field during this

transition included various protecting groups, coupling agents and solid supports

[38], pioneering syntheses of oxytocin [39], insulin [40] and HIV protease [41], and

revolutionizing technology such as peptide sequencing [42], Merrifield solid-phase

synthesis [43], robotic synthesizers [44], and native-chemical ligation [45]. The

advent of solid-phase synthesis ushered in the age of peptide analog synthesis, in

which residues in the sequence were commonly replaced by other natural and later

synthetic amino acids to gain insight into structure-activity relationships [46].

Scanning techniques began to be employed using systematic replacement of each

residue of the sequence by a particular amino acid, such as alanine or proline, to

gain respectively insight into the importance of side chains and conformation for

biological activity [47]. To improve peptide metabolic stability, attention has been

turned towards applications of amidation, acylation, N-methylation, and cyclization

[48], as well as backbone modifications using amide isosteres [49], and replacement

of the a-carbons of amino acid residues with nitrogen in so-called azapeptides [50].

In the 1980s, perception in peptide science changed significantly as the applica-

tion of heterocycle chemistry to control conformation took root. In 1980, Freidinger

and Veber demonstrated the power of a-amino lactams for controlling peptide

conformation to identify a biologically active conformer and enhance biological

activity [26, 51, 52]. Implementation of azabicyclo[X.Y.0]alkanone amino acids to

control peptide folding and orient pharmacophores soon followed [27–32]. Indus-

trial interest in harnessing peptides for applications in medicine drove the use of

heterocycles to study peptide structures as conformational constraints of the parent

sequence [26], in de novo designs of peptidomimetics [53, 54], and in privilege

structures that interacted effectively with multiple receptors that bind endogenous

peptide ligands [10–14]. Moreover, academic interest gave rise to several designs
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of heterocycle templates that nucleated peptide secondary structures [7, 55, 56],

such as b-turns [57], b-sheets [58], and a-helices [59]. In addition, the concept of

forming side chain to side chain bridges (commonly referred to as “stapled”

peptides [47]) was formulated in the 1980s and applied to stabilize a-helical
conformations [60]. This decade was particularly rich with innovation for the

synthesis of heterocyclic peptidomimetics and paved the way for many creative

designs in the decades that followed.

The two treatises that follow provide background on the developments of the

field of heterocycles in peptide and protein science since these pioneering

discoveries highlight state-of-the-art achievements that define the future to come.

In this light, the field of heterocyclic peptidomimetics has grown significantly from

its roots in natural product isolation and medicinal chemistry. Analogous to the way

methods for peptide synthesis provided impetus for the creation of novel reagents,

reactions, and techniques that have advanced the field of organic chemistry in

general, modern approaches for assembling heterocycles effectively in the presence

of the diverse functional groups common in peptide structures are now influencing

the exploration of various domains including chemical biology, materials science,

catalysis, and nano-technology.

Montréal, QC, Canada William D. Lubell
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4-Fluoroprolines: Conformational Analysis

and Effects on the Stability and Folding

of Peptides and Proteins

Robert W. Newberry and Ronald T. Raines

Abstract Proline is unique among proteinogenic amino acids because a

pyrrolidine ring links its amino group to its side chain. This heterocycle constrains

the conformations of the main chain and thus templates particular secondary

structures. Proline residues undergo posttranslational modification at the

4-position to yield 4-hydroxyproline, which is especially prevalent in collagen.

Interest in characterizing the effects of this modification led to the use of

4-fluoroprolines to enhance inductive properties relative to the hydroxyl group of

4-hydroxyproline and to eliminate contributions from hydrogen bonding. The

strong inductive effect of the fluoro group has three main consequences: enforcing

a particular pucker upon the pyrrolidine ring, biasing the conformation of the

preceding peptide bond, and accelerating cis–trans prolyl peptide bond isomeriza-

tion. These subtle yet reliable modulations make 4-fluoroproline incorporation a

complement to traditional genetic approaches for exploring structure–function

relationships in peptides and proteins, as well as for endowing peptides and proteins

with conformational stability.

Keywords Collagen • Gauche effect • n! π* interaction • Pyrrolidine •

Stereoelectronic effect
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1 Introduction

Proline is unique among proteinogenic amino acids because its α-amino group is

constrained within a pyrrolidine. This heterocyclic ring restricts the ϕ (Ci� 1
0–Ni–

Ci
α–Ci

0) main-chain dihedral angle, making proline an important determinant of the

conformational stability of proteins [1]. Moreover, the pyrrolidine ring promotes

population of both the cis and trans conformation of the preceding peptide bond,

thereby enabling structural diversity. The isomerization of this “prolyl amide” bond

can limit the folding rate of a protein [2].

Consistent with the conformational restriction imposed by proline relative to

other amino acids, proline is prevalent in structural proteins, especially collagen

[3]. In 1901, Fischer discovered proline in gelatin hydrolysates [4]. A year later, he

discovered therein the product of the earliest known posttranslational modification:

4-hydroxyproline [5]. Within collagen strands, proline residues are oxidized at the

4R position by prolyl-4-hydroxylase (P4H [6]), an essential enzyme in animals [7–

9]. Attempts to understand this modification led ultimately to the development of a

wide variety of proline analogs [10]. Among these, 4-fluoroprolines have emerged

as powerful tools for studying collagen, as well as for engineering conformationally

biased peptides and proteins.

4-Fluoroprolines were first employed in 1965 [11], when they were used to

investigate the mechanism of collagen hydroxylation and found to be incorporated

successfully into collagen proteins [12–15]. Although early studies focused mainly

on collagen hydroxylation [11, 16, 17], 4-fluoroprolines have now been applied to

study a wide variety of systems, some of which have been reviewed previously [18–

21]. In this review, the utility of these important heterocycles is presented with a

thorough discussion of their synthesis and conformational properties, followed by a

detailed examination of their impact on the stability and folding of peptides and

proteins. We conclude with an overview of the growing interest of employing

4-fluoroprolines for medicinal applications.

2 Synthesis

4-Fluoroproline syntheses have improved significantly since the original report

[11]. Nearly all of the syntheses employ displacement of the hydroxyl group of

4-hydroxyproline with a fluoride source. Activation of the hydroxyl group of

Cbz-4-hydroxyproline as tosylate 2 before displacement by inorganic fluoride at

2 R.W. Newberry and R.T. Raines



Scheme 1 Routes for the chemical synthesis of 4-fluoroprolines. Protecting group manipulations

are indicated with double arrows. (a) Original synthetic route employing inorganic fluoride

[11]. (b) Synthesis of 4-fluoroproline from a single 4-hydroxyproline stereoisomer using sulfur

trifluoride reagents [22, 23]. (c) Synthesis of 4-fluoroproline from a single 4-hydroxyproline

stereoisomer using organic fluoride [24]

4-Fluoroprolines: Conformational Analysis and Effects on the Stability and. . . 3



elevated temperatures gave 56–62% yields of (4S)- and (4R)-N-Cbz-4-
fluoroprolines 3 to afford, after protecting group removal, (2S,4S)-fluoroproline
(flp, (4S)-1) from (2S,4R)-4-hydroxyproline (Hyp) with complete stereochemical

inversion, but diastereomeric mixtures of (2S,4R)-4-fluoroproline (Flp, (4R)-1)
starting from (2S,4S)-4-hydroxyproline (hyp) (Scheme 1a) [11]. Subsequent reports

found difficulty in generalizing this procedure for use of alternative protecting

group schemes [22]. Demand existed for syntheses that could provide both stereo-

isomers starting from naturally occurring and relatively less expensive Hyp.

Preliminary work to bypass the alcohol activation step by employing organic

fluorinating agents generally resulted in inseparable mixtures of the 4R and 4S
diastereomers [25–28]. Successful syntheses of both 4-fluoroproline diastereomers

from a single 4-hydroxyproline diastereomer were first reported in 1998

[22]. Employing diethylaminosulfur trifluoride (DAST) as the fluorine source,

both Boc- and Fmoc-flp were prepared in approximately 80% yield from Boc-

Hyp-OMe (Scheme 1b). Inversion of the alcohol of (4R)-N-trityl-4-hydroxyproline
methyl ester by a Mitsunobu procedure using benzoic acid as the nucleophile

followed by saponification and N-protection gave (4S)-5, which was similarly

converted to Fmoc-Flp ((4R)-6), albeit in <25% yield [22]. Substitution of formic

acid for benzoic acid enabled the Mitsunobu reaction in the presence of Boc-amine

protection to generate (4S)-4 in 78% yield (Scheme 1b) [23]. Moreover, switching

from a methyl to a phenylacetyl (Pac, PhCOCH2–) ester enabled an orthogonal

cleavage with Zn in AcOH in the presence of Boc and Fmoc amine-protecting

groups [23]. Fluorination of Pac ester (4S)-7 with morpholinosulfur trifluoride

inverted the alcohol to give 4-fluoroproline (4R)-8 in 79–94% yields. The config-

uration of Boc-flp was assigned by X-ray diffraction, and chiral HPLC established

that the synthesis produced single stereoisomers. Protecting group manipulation

then provided Fmoc-fluoroproline starting materials 6 for solid-phase synthesis

(Scheme 1b).

A more scalable and cost-effective synthesis of 4-fluoroproline was later devel-

oped, which avoided potentially explosive aminosulfur trifluoride reagents [24]. To

generate flp (4S)-1, Boc-Hyp-OMe (4R)-4 was treated with trifluoromethane-

sulfonic anhydride to provide a triflate that was treated with tetrabutylammonium

fluoride (TBAF). Heating of the resulting protected (4S)-5 with 2N HCl at reflux

removed the Boc group and methyl ester to provide flp (4S)-1 in 16% overall yield

from Hyp (Scheme 1c). Albeit lower-yielding than previous approaches, largely

due to inefficiency in the safer fluorination step, this approach was scaled to

kilogram quantities. To generate Flp (4R)-1, rather than employ the Mitsunobu

approach, lactone 11 was synthesized by conversion of Boc-Hyp (4R)-9 to

methanesulfonate 10 and intramolecular displacement by the carboxylate on treat-

ment with potassium t-butoxide. Opening of lactone 11 with lithium hydroxide

provided Boc-hyp (4S)-9 in 78% yield from Boc-Hyp (4R)-9. Conversion of

Boc-hyp (4S)-9 to Flp (4R)-1 was performed using a similar protocol by way of

triflate to yield (4S)-5. Alternatively, Hyp was transformed to its 2R diastereomer

by treatment of with acetic anhydride at 90� C to form an N-acetyl lactone which

was hydrolyzed in situ with 2N HCl at reflux.

4 R.W. Newberry and R.T. Raines



The solid-phase synthesis of peptides possessing 4-fluoroproline residues has

been achieved by conversion of Hyp residues on resin, a technique called “proline

editing” [29, 30]. After coupling Fmoc-Hyp to the peptide chain, the hydroxyl

group was protected as trityl ether, and the protected peptide chain was completed

by standard Fmoc-based solid-phase peptide synthesis. The trityl group was to be

removed selectively using 2% TFA to reveal the free hydroxyl group, which was

transformed to its (4S)-4-hydroxyproline counterpart by Mitsunobu reaction with

4-nitrobenzoic acid and ester hydrolysis with K2CO3/MeOH. Transformation of the

hydroxyproline containing peptides to their respective 4-fluoroproline peptides was

accomplished with inversion of configuration using DAST, prior to resin cleavage

and deprotection. Multiple modified proline residues bearing different 4-position

substituents in the same peptide may be produced employing alternative and

orthogonal protecting group strategies using tert-butyldimethylsilyl (TBS) ether

and allyloxycarbonyl (Alloc) carbonate groups. In sum, this strategy circumvents

the labor required for solution-phase purification of 4-fluoroproline building blocks.

3 Conformational Analysis

Eclipsing interactions deter population of the planar conformer of saturated five-

membered rings. Instead, these rings adopt one of two predominant conformations:

the envelope conformation, wherein four atoms lie in plane with the fifth distorted

away, or the half-chair conformation, wherein two adjacent atoms distort on

opposite sides of the plane of the other three (Fig. 1a). Early crystallographic

studies [31–33], as well as data from NMR spectroscopy [34], indicated that proline

generally adopts the envelope conformation. Although many envelope conforma-

tions are possible, crystallographic analysis demonstrates that two predominate:

one termed Cγ-endo, in which C4 (otherwise, Cγ) distorts out of plane to the same

side of the ring as the C1 carboxylate, and, another, Cγ-exo, in which C4 distorts out
of plane to the opposite side of the ring as the C1 carboxylate (Fig. 1b) [35]. These

designations are however approximate, and many molecules labeled as “Cγ-exo”

Fig. 1 Conformational

attributes of proline

residues. (a) Conformations

of saturated five-membered

rings. (b) Pyrrolidine ring

puckers. (c) Peptide bond

isomers

4-Fluoroprolines: Conformational Analysis and Effects on the Stability and. . . 5



are better described as Cβ-endo. Moreover, many proline crystal structures display

some half-chair character. The Cγ-endo/exo terminology has become customary

and is useful for discussing stereoelectronic effects on proline conformations (vide

infra), because Cγ often experiences the largest change in orientation and because

Cγ is typically the site of substituent modification.

The energy difference between the endo and exo puckers is small for proline

(~0.5 kcal/mol), and the two forms interconvert rapidly at room temperature

[36]. Using NMR spectroscopy, an approximately 2:1 endo/exo equilibrium popu-

lation has been determined for Ac-Pro-OMe [36]. Fluorination of C4 serves to bias

this equilibrium. Specifically, the C–F bonds in 4-fluoroprolines will orient

antiperiplanar to adjacent C–H single bonds due to a gauche effect. The polarity

of the C–F bond makes the substituted carbon electron deficient and therefore a

potent electron acceptor. The C–F σ* orbital is, in particular, highly electrophilic

and will accept electron density from antiperiplanar C–H bonding orbitals [37]. The

C–F bond in Flp is satisfied by C–H donor orbitals in an orientation that positions

the fluoro group toward the opposite side of the ring as the carbonyl carbon, thereby

enforcing the Cγ-exo pucker (Fig. 2a). Conversely, flp exists largely in the Cγ-endo
conformation due to similar hyperconjugation (Fig. 2b). These preferences were

first established using 1H-NMR spectroscopy [38]. The presence of the fluoro

substituent disperses the condensed proline proton signals, thereby enabling accu-

rate calculations using the Karplus equation [39]. Refined analysis quantified the

preference of flp for the endo conformation to be approximately 20:1; analogously,

Flp prefers the exo conformation at a 6:1 ratio [36].

The reorientation of the pyrrolidine ring between the two puckers influences the

structure and stability of proline-containing peptides (vide infra). The exo pucker

reduces the absolute value of the proline ϕ and ψ main-chain torsion angles

(Table 1) [37]. Constrained by the pyrrolidine ring, the ϕ dihedral angle varies

from approximately �60� in the exo pucker to approximately �75� in the endo
pucker [36]. Although these changes appear modest, they can have a profound

effect on the structure and stability of proline-rich peptides (vide infra). Two

general orientations exist for the ψ (Ni–Ci
α–Ci

0–Ni+ 1) main-chain dihedral angle:

one near 150�, corresponding to the polyproline type II (PPII) helix, and another

near�30�, which is consistent with α-helix geometry. In isolated proline molecules

and derivatives, the former ψ value is more common and calculated to be of lower

energy [42]. Within the PPII conformer, 4-position fluorination of the pyrrolidine

ring has been shown to affect the ψ dihedral angle by as much as 30�, from ~140� in
the exo pucker of Flp to ~170� in the endo pucker of flp [36].

As a result of the influence of ring pucker on the main-chain dihedral angles,

fluorination of C4 can modulate interactions between the N-terminal amide car-

bonyl and the proline residue carboxamide in peptides. Carbonyl groups of adjacent

peptide residues have been shown to engage in so-called n! π* interactions

[43]. In an n! π* interaction, lone-pair (n) electron density delocalizes from the

oxygen of one carbonyl group into the π* antibonding orbital of a proximal

carbonyl group (Fig. 2c) [41]. Donation typically occurs from the i� 1 residue to

the i residue within a polypeptide [44]. Effective orbital mixing requires a distance

6 R.W. Newberry and R.T. Raines



Fig. 2 Stereoelectronic

effects in 4-fluoroprolines.

σ(C–H)! σ*(C–F) Gauche
interactions stabilizing the

(a) Cγ-exo or (b) Cγ-endo
conformations of Ac-Flp-

OMe or Ac-flp-OMe,

respectively. (c) The n! π*
interaction between

adjacent carbonyl groups

stabilizing the trans
conformation of the Ac-Flp

amide bond in Ac-Flp-OMe

Table 1 Conformational

preferences of proline

residues

Compound Ring puckera ϕ (�)a ψ (�)a Ktrans/cis
b

Ac-Pro-OMe endo �79 177 4.6

Ac-Hyp-OMe exo �57 151 6.1

Ac-Flp-OMe exo �55 141 6.7

Ac-flp-OMe endo �76 172 2.5
aDetermined with X-ray crystallography [40] or density func-

tional theory calculations (Ac-flp-OMe) [36]
bMeasured in D2O at 25�C with NMR spectroscopy [41]
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closer than a van der Waals contact between the donor oxygen and the acceptor

carbon along the Bürgi–Dunitz trajectory for nucleophilic addition [45]. The

n! π* interactions have energies generally greater than 0.27 kcal/mol per interac-

tion [46]. They have been shown to be ubiquitous in proteins [44, 47, 48], partic-

ularly about proline residues, in which the pyrrolidine ring pre-organizes the

neighboring carbonyl groups to favor the n! π* interaction [44]. Fluorination of

C4 influences the pyrrolidine ring pucker and the main-chain dihedral angles in

ways that have important consequences for the n! π* interaction [49] (Fig. 3).

Specifically, the distance between the oxygen–carbon donor–acceptor pair of the

neighboring carbonyls is generally longer in the endo pucker, which leads to a

Fig. 3 (a) Conformational

preferences of Ac-flp-OMe.

(b) Conformational

preferences of

Ac-Flp-OMe. Relative

populations (%) were

measured in dioxane at

25�C with NMR

spectroscopy [36]
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weaker n! π* interaction [50]. Conversely, the exo pucker is associated with

shorter donor–acceptor distances and stronger n! π* interactions. In turn, the

n! π* interaction biases the conformation of the preceding peptide bond. An

attractive n! π* interaction is only possible in the trans conformation of the

peptide bond (ω: Ci� 1
α–Ci� 1

0–Ni–Ci
α, Fig. 1c). Accordingly, a higher trans

peptide bond population correlates with the increased preference for exo pucker

of the pyrrolidine ring substituted with a 4R fluoro group (Table 1, Fig. 4). Notably,

the cis and trans isomers of 4-fluoroprolines have distinct dipole moments, and the

cis–trans ratio of their peptide bonds is sensitive to solvent polarity [54]. In toto,

modification of the proline ring with a 4-fluoro substituent has structural conse-

quences on all three backbone dihedral angles in a protein. This principle has been

exploited to modulate the conformational stability of peptides and proteins (vide

infra).

The inductive effect of 4-fluoro substituents has additional consequences on the

peptide bond N-terminal to proline residues. Electron withdrawal by the fluoro

group reduces the capacity for the proline nitrogen lone pair to contribute double-

bond character to the amide N-terminal to proline [40] and thereby diminishes the

rotational barrier between the cis and trans isomers in the peptide [55]. 4-

Fluoroprolines have been used to study protein folding kinetics, because isomeri-

zation of peptide bonds N-terminal to proline can limit the rate of protein folding

[2]. To enhance the influence of a single fluoro substituent, (2S)-4,4-difluoroproline
(Dfp) has been developed to study protein folding (vide infra). Although detailed

conformational analysis of Dfp has yet to be performed, its conformational prefer-

ences may likely be similar to those of proline.

Fig. 4 Three-dimensional structures of representative proteins containing 4-fluoroproline resi-

dues (green sticks). (a) EGFP containing flp (PDB entry 2q6p) [51]. (b) Taq DNA polymerase

containing Flp (4dle) [52]. (c) Thioredoxin containing Flp (4hua) [53]
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4 Effects on Collagen Stability

4-Fluoroprolines have been particularly useful in the study of collagen stability

[3, 56]. Collagen is the major structural protein in animals, forming a large portion

of the dry weight of the skin. Collagen is also prevalent in the extracellular matrix,

in which it performs an important structural role. Collagen consists of a distinct

triple-helical structure comprised of three polypeptide strands that each have a

characteristic Xaa-Yaa-Gly amino acid repeat, in which prolyl residues often

occupy the Xaa and Yaa positions. This sequence enables each of the three strands

to adopt PPII helices that wrap around one another with an offset of a single amino

acid residue [57]. A slice through a collagen triple helix will therefore contain one

Xaa, one Yaa, and one Gly residue from different strands. In the PPII secondary

structure, the individual peptide chain lacks typically intra-strand hydrogen bond-

ing. In a slice of the triple helix, a single interstrand hydrogen bond usually exists

between the glycine NH and the carbonyl of the Xaa residue on different peptide

chains. The relatively low prevalence of hydrogen bonding raised the question as to

the source of the high thermal and mechanical stability of collagen.

One clue as to the source of collagen stability is apparent from its amino acid

content. Collagen has a high prevalence of Pro and Hyp residues, which appear at

approximately 28% and 38% frequencies in the Xaa and Yaa positions, respectively

[58]. The importance of the Hyp hydroxyl group was shown early on by thermal

denaturation studies with both synthetic peptides [59] and protocollagen [60],

which is the non-hydroxylated precursor to mature collagen. A crystal structure

of a collagen-mimetic peptide showed bridging water molecules between the

hydroxyl substituent and main-chain carbonyl groups, and these water bridges

were proposed to confer stability [61, 62]. The importance of the inductive effect

Table 2 Thermostability of

triple-helical CMPs
(Xaa-Yaa-Gly)n Tm (�C)a Reference

(Pro-Pro-Gly)7 No helix [63]

(Pro-Hyp-Gly)7 36 [41]

(Pro-Flp-Gly)7 45 [41]

(Pro-flp-Gly)7 No helix [41]

(flp-Pro-Gly)7 33 [64]

(Flp-Pro-Gly)7 No helix [64]

(flp-Flp-Gly)7 No helix [63]

(Pro-Pro-Gly)10 31–41 [65]

(Pro-Hyp-Gly)10 61–69 [65]

(Pro-Flp-Gly)10 91 [65]

(flp-Pro-Gly)10 58 [66]

(Flp-Pro-Gly)10 No helix [66]

(flp-Flp-Gly)10 30 [67]
aThe value of Tm refers to the temperature at the midpoint of the

thermal transition between the triple-helical and single-stranded

states
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of the Hyp hydroxyl group was examined by the use of 4-fluoroprolines, which

cannot serve as proton donors in hydrogen bonds. In the first synthetic incorporation

of 4-fluoroproline into a protein mimetic, the Hyp residues at the Yaa position of a

collagen mimetic were replaced with Flp, and circular dichroism

(CD) spectroscopy was used to compare the thermostability of the two triple helices

(Table 2) [65, 68]. Relative to the Hyp triple helix mimetic, the Flp analog exhibited

increased thermostability. Considering that fluoro groups do not form strong hydro-

gen bonds [69], the data from this comparison refuted the water-bridge proposal.

Subsequent molecular dynamics simulations demonstrated the transient nature of

bridging water molecules [70]. Moreover, experiments with (2S,4R)-4-
methoxyproline showed that the water bridges actually diminished the stability of

the collagen triple helix [71].

Thorough conformational analysis of 4-fluoroproline monomers provided com-

pelling evidence that collagen is stabilized by the stereoelectronic effects of the

Hyp residue that are augmented by replacement with the Flp residue [41]. For

example, collagen mimetics bearing Flp at the Yaa position exhibited higher

thermostability than their Pro counterparts. On the other hand, incorporation of

flp at the Yaa position caused a relative decrease in thermostability (Table 2),

demonstrating the importance of 4-position stereochemistry. Inspection of avail-

able crystal structures indicated a prevalence of exo ring puckers in the Yaa position
of collagen [61]. The fluoro group in Flp enforces the exo ring pucker, which

stabilizes collagen by organizing proper dihedral angle orientations. Moreover,

Flp favors the prolyl amide trans isomer, organizing the proper ω dihedral angle

featured in collagen (Table 1) [57]. These effects are evident with even a single

Pro! Flp substitution within a collagen strand [72]. Increased and decreased

stability relative to the parent peptide were respectively observed by CD and

NMR spectroscopies upon substitution of Hyp by Flp and flp in a triple-helical

model of the α1(IV)1263–1277 sequence of type IV (basement membrane) colla-

gen, which is known to promote melanoma cell adhesion, spreading, and signaling

[73]. Melanoma cell adhesion and spreading on the triple-helical models correlated

with stability demonstrating the dramatic influences of fluoro group changes at the

Hyp residue [73].

Although Flp-incorporation at the Yaa position increased thermostability in

collagen relative to proline in Pro-Yaa-Gly repeats, decreased thermostability was

observed with Flp relative to proline in Xaa-Hyp-Gly repeats [64]. Conversely, flp

demonstrated respectively stabilizing and destabilizing effects at the Xaa and Yaa

positions [66]. Inspection of available crystal structures demonstrated the Xaa

residue prefers endo ring pucker, which is enforced by flp. The slight preference

of Pro for the endo pucker is consistent with the stronger effect of Flp at the Yaa

position relative to the milder influence of flp at the Xaa position (Table 2).

Although respective incorporation of flp and Flp at Xaa and Yaa residues in the

same peptide was predicted to template the appropriate main-chain dihedral angles

and confer greater stability than either substitution alone, the resulting collagen

triple helix exhibited decreased thermostability relative to the peptide composed of

repeats of Pro-Pro-Gly (Table 2) [63, 67]. Molecular modeling revealed a potential

interstrand steric clash between the fluoro groups of 4-fluoroproline residues on
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adjacent strands that prevented self-association of the peptide. Stable triple helices

could be formed by mixing different ratios of (flp-Flp-Gly)7 and (Pro-Pro-Gly)7,

[63]. The (flp-Flp-Gly)n sequence binds preferably other collagen strands but not

itself. In biological collagen samples, such as in wounds, disrupted helices have

provided annealing sites for (flp-Flp-Gly)n sequences coupled to fluorescent dyes to

visualize damaged collagen [74]. Moreover, such annealing strands have been

conjugated with moieties, such as growth factors, that modulate the physiology of

the surrounding environment to aid in wound healing [75, 76].

Differential scanning calorimetry was employed to provide more insight into the

thermodynamics of the influences of fluorination on collagen stability [77]. In

comparisons with (Pro-Pro-Gly)10 triple helices, the (Pro-Hyp-Gly)10 and

(Pro-Flp-Gly)10 counterparts were shown to retard thermal denaturation by

enthalpic and entropic contributions, respectively. Analysis of molecular volumes

indicated that the enthalpic contribution to the stability of (Pro-Hyp-Gly)10 was

mediated significantly by enhanced water solvation. Water desolvation due to the

hydrophobic effect of fluoro substitution may account for the entropic stabilization

of (Pro-Flp-Gly)10 because the fluoro group of Flp is a much weaker hydrogen bond

acceptor than the hydroxyl group of Hyp [69] and cannot donate a hydrogen bond.

This hypothesis was tested in a follow-up study employing Dfp, which retains the

hydrophobicity of Flp, but lacks the strong preference for the exo ring pucker

[56]. Accordingly, if the hydrophobic effect was dominant to triple-helical stability,

Dfp and Flp should have similar effects; however, Dfp decreased stability relative

to Flp at the Yaa position, arguing against a strong contribution from the hydro-

phobic effect in driving collagen-mimetic peptide assembly.

Albeit application has been limited to date [78], 4-fluoroprolines have served as

NMR probes due to the utility of the 19F nucleus. For example, the mechanism of

strand association and dissociation was studied in a collagen triple helix model

possessing a single Flp residue at the central Yaa position using 1H–19F and 19F–19F

exchange experiments to measure populations of native and nonnative structures in

solution [79]. As the temperature increased, denaturation of the native collagen

strands was observed to give rise to multiple intermediates, contradicting the

two-state model often assumed for the denaturation of collagen-mimetic peptides.

Isolated monomer strands were found to possess both cis and trans peptide bonds,
but collagen assembly was concluded to take place only from monomers with

all-trans peptide bonds. Off-pathway intermediates were characterized having

misaligned triple helices with more than one residue offset. Misaligned helices

required dissociation to all-trans monomer strands to convert to the native state.

Besides imparting thermostability and binding specificity to collagen strands,

4-fluoroprolines have also been used to investigate the mechanism by which

collagen strands are hydroxylated by proline 4-hydroxylase (P4H). Proline deriv-

atives such as flp, which prefer relatively the endo pucker and the cis peptide bond
conformation, proved better P4H substrates [80]. Enzymatic discrimination during

substrate binding and not during turnover was evident from the hydroxylation of

peptides bearing flp and the absence of binding to peptide counterparts containing

Flp residues. Oxidation of flp to 4-ketoproline (Kep) by P4H was used to develop a
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probe of enzymatic activity by measuring fluoride-ion release in a continuous assay

[81]. Shedding light on the mechanism of collagen hydroxylation, these studies

have provided information for designing inhibitors of P4H to treat fibrotic diseases

associated with an overabundance of collagen.

5 Effects on Peptide Conformation

Beyond the triple-helical domain of collagen, the conformations of other peptides,

especially polyproline helices, have been explored through incorporation of

4-fluoroprolines. Two major conformations of oligoproline are known: the

polyproline type I (PPI) helix, which is marked by cis orientation of the peptide

bonds, and the aforementioned PPII helix, which features prolyl amide trans iso-
mers. The PPII conformation is common in both the folded [82] and unfolded states

[83] of proteins and has found utility in molecular rulers [84] and scaffolds

[85]. The PPII conformation is favored in relatively polar solvents, such as water.

The PPI conformation is formed preferentially in less polar solvents, such as n-
propanol [86]. The transition between these helices involves isomerization of the

peptide bond. Modulating the conformation of the pyrrolidine ring was predicted to

have a profound effect on oligoproline structure, because of the connection between

pyrrolidine ring pucker and main-chain dihedral angles (vide supra). To evaluate

this hypothesis, Pro10, Flp10, and flp10 were synthesized by solid-phase methods and

subjected to analysis by CD spectroscopy [87]. In contrast to native Pro10, Flp10
adopted a PPII conformation in both aqueous and organic solutions. Conversely,

flp10 exhibited low PPII content in water and a high population of PPI geometry in

n-propanol. Considering the conformational preferences of the amino acid mono-

mers, the favored exo ring pucker of Flp enforced n! π* interactions between

adjacent carbonyl groups, leading to increased populations of prolyl amide trans
isomers and PPII helix. Subsequently, (4R)- and (4S)-fluoroprolines were shown to
respectively increase and decrease the transition-state barrier for PPII! PPI con-

version [88]. This dichotomy was consistent with Flp stabilizing the prolyl amide

trans isomer. In a follow-up study, the effects of 4-fluoroproline were shown to be

more pronounced at the C versus the N terminus of the peptide [89], consistent with

polyproline interconversion occurring by a mechanism that initiates at the C

terminus [90].

Polyproline helices have attracted interest as motifs, because of their roles in

protein–protein interactions [91]. For example, SH3 domains are a ubiquitous

peptide module that bind often to proline-rich protein substrates, which adopt

PPII conformations [92]. In an effort to design high-affinity ligands to SH3 domains

for applications such as cancer chemotherapeutic agents, 4-fluoroprolines were

introduced into various proline-rich peptides derived from the hematopoietic pro-

genitor kinase 1 (HPK1) [93]. In affinity assays using the SH3 domain of

hematopoietic-lineage cell-specific (HS1) protein, the 4-fluoroproline peptide ana-

logs failed to exhibit enhanced binding, in spite of increasing the population of PPII
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conformer, suggesting that ligand recognition involved features beyond secondary

structure, albeit the fluoro groups may perturb specific binding interactions.

To study the importance of exo ring pucker in the proline–aromatic interaction

with Trp64, Flp and flp were respectively substituted for Pro62 at the N terminus of

the C-terminal helix in the subdomain of the villin headpiece (HP36), a small

mostly α-helical miniprotein [91]. Although Flp and flp were respectively expected

to enforce and perturb the exo ring pucker of Pro62 [92] with consequences of

improved and depressed thermostability, thermal unfolding and urea-induced dena-

turation measurements indicated that the former fluoroproline significantly

destabilized HP36 and the latter had little effect on its structure and protein

stability, unexpected consequences suggested to be due to steric and hydrophobic

effects.

To explore the importance of the endo pucker for Pro37 to pack into the

hydrophobic core of the Pin1 WW domain, 4-fluoroprolines were incorporated

into this small, three-stranded β-sheet protein of about 40 residues [94]. Consistent

with the crystal structure of the parent protein [95] and the hypothesis that the

native endo pucker is preferred for the Pin1 WW domain, Flp decreased thermo-

stability by favoring the exo pucker. Although relatively hydrophilic endo-favoring
prolines, such as hyp and (4S)-methoxyproline (mop), destabilized the Pin1 WW

domain, flp increased stability, likely due in part to its hydrophobic nature. More-

over, flp-incorporation increased the affinity between the protein and its phosphor-

ylated peptide ligand. The advantages of 4-fluoroprolines to perturb selectively

pyrrolidine ring conformation were thus highlighted by their capacity to probe

peptide structure without complications from hydrogen bonding.

4-Fluoroprolines have been used to study the significance of the exo ring pucker

of Pro12 in the loop that joins the C-terminal polyproline helix to the N-terminal

α-helix in the Trp cage miniprotein [96], a 20-residue peptide that displays tertiary

structure and cooperative folding [97], physical characteristics associated with full

proteins. Employing proline editing, Trp cage peptides bearing Flp and flp at

position-12 were synthesized and found respectively to increase and decrease

thermostability relative to the native proline peptide. The destabilizing effect of

flp was greater than the stabilizing effect of Flp, effects consistent with the exo
pucker of the native proline, and the sensitivity of small proteins that lack a

hydrophobic core.

The critical role of prolyl amide cis–trans isomerization in the folding of the N-
terminal domain of the cysteine-rich terminal region of minicollagen-1 was con-

firmed by replacement of Pro24 with Flp and flp, respectively [98]. During the

folding of this important structural protein of lower animals, a fully oxidized

intermediate accumulates in which the N-terminal domain possesses a prolyl

amide trans isomer and three disulfide bonds. Conversion to the native folded

peptide occurs by slow rate-determining trans-to-cis isomerization in the absence

of enzyme catalysis [99]. Relative to the parent proline peptide, flp gave efficient

folding with formation of the correct isomer and negligible amounts of intermedi-

ate, and Flp slowed folding by favoring the trans isomer in the folding intermediate.

Molecular dynamics simulations and kinetic analyses demonstrated that flp
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decreased the population of the trans isomer preventing trapping of nonnative

disulfide bonds. Similarly, 4-fluoroprolines were used to investigate stability, and

rates of folding and the role of disulfide bond formation in model collagen triple

helices [100].

4-Fluoroprolines have been used to modulate the DNA-binding properties of a

mimic of the integration host factor (IHF) [101]. Crystal structures of the complex

of IHF and a 35-base pair chain of DNA have demonstrated that the so-called α-arm
binds the DNA sequence in part by intercalating an endo-puckered proline residue

between base pairs [102]. In the mimic, a lysine dendrimer was tethered to a

cyclopeptide that adopted a β-sheet hairpin conformation, which presented the

intercalating proline in homology to the IHF α-arm. Replacement of proline, by

flp in the mimic, increased sequence-specific DNA binding.

6 Effects on Protein Folding

Broadening the applications of 4-fluoroprolines, methods have been developed to

incorporate these heterocyclic amino acids into full-length proteins. For example,

selective pressure incorporation (SPI) has resulted in the global substitution of

4-fluoroproline for proline by conditioning bacterial protein synthesis through

genetic engineering and the control of environmental factors such as amino acid

supply and fermentation parameters [103–108]. Alternatively, the site-specific

incorporation of 4-fluoroproline into proteins bearing multiple proline residues

has been achieved by the chemical ligation of peptides possessing 4-fluoroproline

residues to protein fragments produced by recombinant DNA technology [109].

The first complete replacement of the proline residues in a protein with

4-fluoroprolines was performed on an engineered barstar variant, the cognate

inhibitor of a Bacillus ribonuclease (barnase) [110]. Wild-type barstar has two

prolines, one in each peptide bond conformation. Genetic manipulation yielded a

variant containing only the cis proline. Efficient recognition of 4-fluoroprolines by

the endogenous proline amino-acyl-tRNA synthetase was demonstrated by produc-

tion of protein with approximately equal efficiency by feeding bacteria proline or

either 4-fluoroproline diastereomer. In accordance with their favoring of prolyl cis
and trans isomers, barstar variants containing flp and Flp exhibited respectively

higher and lower thermostability than the parent protein. The fluorinated barstar

variants were employed to study the mechanism of peptide bond isomerization by

peptidyl prolyl cis–trans isomerases [111].

Bacterial strains with improved efficiency for incorporating 4-fluoroproline have

been used to prepare elastin derivatives [112]. In bacterial synthesis of proline from

glutamate, the proA gene encodes 5-glutamylphosphate reductase to generate

glutamate-5-semialdehyde, which spontaneously cyclizes to a Δ1-pyrroline inter-

mediate. Proline is produced by reduction of the pyrroline by pyrroline carboxylate

reductase, encoded by the proC gene (Scheme 2). Knockout of the proC gene,

followed by supplementation of the growth medium with 4-fluoroproline, resulted
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in efficient incorporation of 4-fluoroproline throughout the biosynthetic elastin

protein, containing eighty proline residues.

Proline residues adopt the central positions of type II β-turns within the

[Val-Pro-Gly-Val-Gly] repeats of elastin as the temperature approaches the phase

transition of the polypeptide [113]. Elastins substituted uniformly with either Flp or

flp were prepared to explore the influence of prolyl residues on the thermodynamics

of the phase transition and the physiologically relevant reversible aggregation state

of native elastin [114]. Differential scanning calorimetry and CD spectroscopy

confirmed that Flp stabilized the structured state and lowered the critical transition

temperature, likely by enforcing the exo conformation commonly observed in type

II β-turns. Conversely, elastins incorporating flp had less stable thermal transitions

at a higher temperature, indicating weaker β-turn stability. Analysis of the flp

elastin using 19F-NMR spectroscopy detected significant cis isomer population at

Scheme 2 Route for the

biosynthesis of proline from

glutamate
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the valyl-prolyl peptide bond, which may exacerbate the destabilizing effect of this

modification.

Ubiquitin has three native proline residues that were replaced with

4-fluoroproline by using the SPI method to study the influence of proline ring

pucker on protein folding [115]. Ubiquitylation serves as a key posttranslational

modification with a wide variety of cellular effects, notably targeting proteins for

proteasomal degradation [116]. The three prolines in native ubiquitin all reside in

the trans-exo conformation, according to high-resolution crystal structure data

[117]. Ubiquitin uniformly incorporating Flp was efficiently expressed from a

bacterial auxotroph in high yield; however, attempts failed to incorporate flp, likely

due to aggregation or degradation of unfolded protein. Both wild type and

Flp-ubiquitin exhibited CD spectra characteristic of native ubiquitin and similar

folding pathways involving a single intermediate detected by stopped-flow fluores-

cence measurements. The barrier between the unfolded state and the intermediate

was lower for Flp-ubiquitin, which exhibited slower unfolding from the native state

to the intermediate. In thermal and guanidine · HCl-induced denaturation experi-

ments, Flp-ubiquitin exhibited greater stability than the native protein. Further-

more, Flp-ubiquitin served as substrate for ubiquitin-processing enzymes in self-

ubiquitylation. In sum, (4R)-fluoroproline increased thermostability, accelerated

protein folding, and maintained biological function.

Fluoroprolines have also been used to improve the physical properties of anti-

body fragments for potential uses in therapeutics, diagnostics, and biotechnology

[118]. Lack of thermostability relative to their full-length parents has prevented

applications of antibody fragments, such as single-chain Fv (scFv) units prepared

by linking the variable domains of IgG. Employing the SPI method, anti-c-Met

scFv fragments were prepared possessing >90% substitution of 4-fluoroprolines at

the five conserved proline positions as determined by mass spectrometric analysis.

As observed with ubiquitin, incorporation of Flp and flp resulted respectively in the

expression of properly folded soluble and misfolded, insoluble protein. Moreover,

Flp-scFv demonstrated higher activity in ELISA assays at elevated temperature

compared to the wild-type protein.

Applying this technology to the fluorescent protein EGFP, flp and Flp were fed

to a bacterial proline auxotroph to produce respectively soluble, flp-protein, and

unfolded Flp-protein that was detectable only in inclusion bodies [51]. Attempts to

fold the Flp-protein failed, indicating an irrecoverable effect on the structure, which

was unexpected because Flp is known to promote the prolyl amide trans isomer

found throughout GFP. Characterization of the expressed EGFP containing flp by

X-ray diffraction analysis detected no noticeable differences from native protein

(Fig. 4a). Moreover, refolding experiments demonstrated that flp-incorporation

accelerated the folding of EGFP relative to native protein. The only

4-fluoroproline protein reported to date that folded with flp instead of Flp residues,

the flp-EGFP analog may undergo accelerated folding to the wild-type structure,

due to the reduced barrier for prolyl amide isomerization of flp relative to Pro [55].

In another fluorescent protein, mRFP1, the opposite trend was observed:

flp-incorporation produced only insoluble aggregates, and Flp-incorporation
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resulted in a soluble mRFP1, albeit without fluorescence [119]. Molecular model-

ing demonstrated a steric clash between the chromophore and the fluoro group of

Flp63. By genetically mutating Pro63 to alanine before incorporating Flp globally,

a fluorescent mRFP1 was obtained which folded faster and exhibited increased

thermostability.

Optimized conditions were devised to replace the 32 native proline residues of

the 60-kDa KlenTaq DNA polymerase with Flp at 92% efficiency [120]. Attempts

to incorporate flp did not result in protein production. The resulting fluorinated

enzyme was less thermostable than wild type, but functioned with normal DNA

replication kinetics and error rates. A refined preparation of the fluorinated protein

with a substitution efficiency of 98% produced crystals of sufficient quality for

diffraction to 2.4-Å resolution (Fig. 4b) [52]. The fluoro groups on the exterior of

the protein were suggested to improve crystallinity by mediating contacts between

individual protein molecules within the lattice. Pucker assignments were possible

for 28 out of 32 proline residues in both the Flp and wild-type KlenTaq DNA

polymerase crystal structures, which respectively exhibited 89% and 43% exo
pucker, demonstrating that the strong gauche effect in Flp can alter the ring

conformation in the context of structural bias from nonlocal interactions. Incorpo-

ration of Flp did not alter the two prolyl amide cis isomers in KlenTaq DNA

polymerase, which adopted endo pucker, and accounted for half of the endo-
puckered residues. Moreover, the electron density for 36% of the prolines in the

wild-type polymerase was consistent with a superposition of puckers; only 7% of

Flp residues in the fluorinated protein were consistent with multiple puckers in the

electron-density map, indicating reduced conformational flexibility of the

4-fluoropyrrolidine ring.

Dissecting the impact of a modification at single residue is challenging using

SPI, which inherently results in global substitution. To probe a single-proline

position with 4-fluoroproline, a variant of Escherichia coli thioredoxin was con-

ceived in which the four trans prolines were replaced by alanine, and the single

conserved cis proline was retained [53]. Both Flp- and flp-proteins were expressed,

folded, and shown to be stable in chemical denaturation experiments. Both modi-

fications stabilized the reduced and destabilized the oxidized form of the protein.

Both substitutions also improved the cooperativity of folding, which had been

compromised by the four proline-to-alanine substitutions. Measures of catalytic

activity revealed little effect from fluorination. The lack of significant differences of

diastereomeric substitutions was explicable from high-resolution crystal structure

analysis of all three single-proline proteins (Fig. 4c). Although Flp and flp favor

usually exo and endo pyrrolidine ring puckers, respectively, both were observed in

the endo conformation in their respective crystal structures. The Flp residue was

predicted to adopt the endo pucker to avoid a steric clash between the 4-fluoro

substituent and Cys35. The tertiary structure of thioredoxin was suggested to nullify

the usual conformational preferences of 4-fluoroproline.

The first total synthesis of a 4-fluoroproline protein was achieved using β2-
microglobulin (β2m), the causative agent of dialysis-related amyloidosis [121]. In
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the native structure of β2m, the amide of one of the five proline residues, Pro32,

adopts a cis isomer [122], which isomerizes to the trans conformation in the

amyloid, as shown by solid-state NMR spectroscopy [123]. Accordingly, prolyl

amide isomerization was predicted to be a key step in the mechanism of amyloid

formation. Traditional mutagenic experiments yielded contradictory results: sub-

stitution of Pro32 with glycine-induced fibril formation, but substitution with valine

or alanine did not [124]. 4-Fluoroprolines (Flp, flp, and Dfp) were employed to

subtly and selectively evaluate the role of isomerization in the mechanism of β2m
amyloid formation. To incorporate site-specifically the 4-fluoroprolines, β2m var-

iants were produced using native chemical ligation to combine three peptide

segments that were generated using solid-phase synthesis. Temporary protection

of Cys25 as a thiazolidine allowed for assembly of the full-length protein, which

was folded and oxidized into the native structure. Thermal denaturation of the

substitution variants demonstrated that cis- and trans-favoring flp and Flp respec-

tively increased and decreased stability of the folded state relative to wild type.

Although Dfp exhibits similar conformational preferences as Pro, the Dfp variant

was the least stable of the series. The Dfp variant displayed the least cooperative

unfolding, the highest association with a fluorescent probe of unstructured hydro-

phobic patches on proteins, and the most facile amyloidogenesis. In contrast to

wild-type and the monofluoroproline variants, the Dfp variant formed fibrils spon-

taneously after 2 weeks at neutral pH. Although the relative prolyl cis and trans
isomer populations alone were demonstrated to be insufficient, the rate of amide

isomerization appeared key for dictating β2m amyloid formation. Consistent with

observations employing a fluorescent probe, rapid cis–trans isomerization at Pro32

may enhance flexibility of the BC loop to expose hydrophobic regions of the protein

and increase the rate of amyloid formation.

7 Impact in Medicinal Chemistry

Fluorination has emerged as a powerful, general strategy for combating the oxida-

tive metabolism of various pharmaceutical candidates [125]. In this light,

4-fluoroprolines are convenient building blocks for introducing fluorine into

peptide-based pharmaceuticals [126], such as thrombin inhibitors [127]. Thrombin

is an important protease for blood clotting and targeted by inhibitors in therapeutic

approaches to treat clotting diseases. Substitution of the central proline residue of a

tripeptide inhibitor with flp and Flp gave respectively 200-fold reduced potency and

retained potency without oxidative metabolism. In crystal structures of the

thrombin · inhibitor complexes, the central proline residue preferred the exo ring

pucker [128]. These results enabled production of compounds with improved

metabolic stability and selectivity toward thrombin over related proteases like

trypsin.

4-Fluoroprolines have similarly been employed in the development of peptide

inhibitors of Stat3 phosphorylation [129]. Phosphorylation of Stat3 occurs after
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cytokines bind to their receptors and results in dimerization and translocation of

Stat3 to the nucleus, where it effects changes in gene expression. High activation of

Stat3 has been observed in a number of disease states, including cancers, making

Stat3 an important pharmaceutical target. Mimics of the SH2 phosphopeptide hold

promise as inhibitors of dimerization, because phosphorylation occurs on the SH2

domain of Stat3. Replacement of a key proline residue within a phosphopeptide

prodrug with either flp or Dfp resulted in analogs exhibiting increased potency in

cellular assays, in spite of decreased affinity for full-length Stat3 in vitro,

suggesting that the 4-fluoroproline substitution enhanced potency by retarding

deleterious metabolism.

Crystal structures of the complex between neurotensin (NT) and its G protein-

coupled receptor (GPCR) NST1 have been used in structure-based drug develop-

ment programs to yield new analgesics [130]. NT features a key proline residue that

binds within a small pocket of NST1 as confirmed by mutagenic studies. To

develop selective inhibitors of the related receptor NST2 (which also binds to

neurotensin), NT8-13 analogs were produced that contain a variety of proline

modifications [131]. A cellular assay was employed to determine the ability of

the analogs to inhibit binding of the native ligand and demonstrated a preference of

the receptor for exo-puckered prolines, including Flp. Further elaboration of the

lead peptide with a single peptoid moiety produced a 4-fluoroproline-based ligand

with nearly 104-fold selectivity for NST2 over NST1 and provided a probe for 19F

MRI imaging.

The effect of a fluoro substituent on ring conformation or peptide bond isomer-

ization is usually the dominant contribution to systems incorporating N-acyl-
fluoroprolines. Another consequence arises in N-alkyl-fluoroproline derivatives.

In attempts to develop γ-aminobutyric acid (GABA) reuptake inhibitors related to

the N-alkyl (R)-nipecotic acid drug tiagabine, 4-fluorination of proline and

homoproline analogs decreased potency [132], likely due to their decreased

amine basicity.

In addition, 18F 4-fluoroproline analogs have begun to be developed as probes

for positron emission tomography (PET), due to the relatively short half-life

(110 min) of the fluorine isotope, the lack of necessary chelators, and opportunity

for incorporation into nascent proteins, such as collagen. In spite of challenges to

radio-synthesize, administer, and allow for trafficking and biosynthetic incorpora-

tion of the analog, 18F 4-fluoroprolines have been made [133–136], and their

pharmacokinetics have been studied [137, 138]. Their future application in imaging

of tumors [138–141] or collagen synthesis [142, 143] remains to be advanced.

8 Outlook

Research to date has clearly demonstrated the utility of 4-fluoroprolines for the

rational probing of peptide and protein stability, dynamics, and activity. Confor-

mational analysis of 4-fluoroproline monomers has provided predictive insight into
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their effects upon incorporation into biopolymers, albeit complications have been

observed due to the chemical and structural constraints imposed by these complex

molecules. Complementing traditional genetic approaches for exploring protein

structure–function relationships, the application of 4-fluoroprolines is expected to

continue to find utility for probing key proline residues in a wide variety of proteins

due to their subtle yet reliable modulation of polypeptide structure. Incorporation of

4-fluoroprolines has increased conformational stability and accelerated folding of a

variety of important proteins. Future application of 4-fluoroprolines is thus well

merited to enhance physical, chemical, and biological attributes in the development

of chemotherapeutic agents and protein-based technologies.
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Silaproline, a Silicon-Containing Proline

Surrogate

Emmanuelle Rémond, Charlotte Martin, Jean Martinez,

and Florine Cavelier

Abstract Silaproline (Sip) is a proline analogue that exhibits similar conforma-

tional properties as the natural amino acid in peptides. Moreover, the presence of a

dimethylsilyl group confers to silaproline higher lipophilicity as well as improved

resistance to biodegradation. The stereoselective synthesis of protected silaproline

and two routes to obtain Fmoc-(L )Sip-OH on gram scale using chiral HPLC

resolution are reported. Silaproline was introduced into the sequences of various

natural peptides, and the influence of the silylated proline analogues on bioactivity

was studied. In particular, considering the importance of polyproline II helices

(PPII) in protein–protein molecular interactions and biology, a series of silaproline

oligomers from dimer to pentamer were studied and shown to preferentially

populate the polyproline type II secondary structure in both chloroform-d and

methanol-d4 as shown by circular dichroism (CD), NMR spectroscopy, and molec-

ular modeling.

Keywords Modified bioactive peptides � Peptide structure � Polyproline II helix �
Proline surrogate � Silaproline
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1 Introduction

The need to replace natural amino acids in peptides with non-proteinogenic coun-

terparts, to obtain new pharmacological tools exhibiting better binding to specific

receptors and more potent inhibitors of target enzymes, has stimulated a great deal

of innovation on synthetic methods. The structural and functional diversity of such

modified amino acids is unlimited and useful for the strategic development of new

peptide analogues having potentially interesting biological activity.

Non-proteinogenic amino acids derived from natural amino acids and designed

and synthesized by chemists are widely used for mimicking interactions of natural

peptides [1]. They are important tools for studying the relationships between amino

acid structure and peptide conformation [2–4]. Moreover, introduction of

non-proteinogenic amino acids into peptides may provide resistance to enzymatic

biodegradation [5]. In addition, they may be used either as chiral auxiliaries

in asymmetric synthesis [6] or for the preparation of biopolymers [7].

Non-proteinogenic amino acid derivatives of poly-α-amino acids may be used

either to prepare fibrous materials and films for studies in the solid state and in

solution. For example, analogues of proline have been used in models of

polyproline and collagen, which contain a high percentage of proline [8, 9].

The preparation of enantiopure unnatural amino acids remains of great impor-

tance in chemistry with wide applications in the life sciences [10–14]. Among the

different families of unnatural amino acids (β-amino acids, homo-amino acids, D-

amino acids, and N-methyl amino acids), we have targeted α-amino acid analogues

having a silicon atom serving as an isostere of carbon in order to study biopolymers.

Silicon belongs to the crystallogen family and is the most abundant element in the

earth’s crust after oxygen. In medicinal chemistry, substitution of silicon by carbon

within existing drugs is an approach for the synthesis of compounds with original

biological properties [15]. In 1979, Tacke and Wannagat reviewed the concept of

substituting a carbon atom by silicon [16].

Carbon and silicon share similarities; however, certain differences are notable.

For example, although both are tetravalent, silicon is capable of forming penta- and

hexa-coordinated complexes possessing stable charges. The size of the two atoms is

different: 0.91 and 1.46 Å for the respective atomic radii of carbon and silicon. The

lengths of the carbon–carbon and carbon–silicon bonds are, respectively, 1.54 and

28 E. Rémond et al.



1.87 Å. Silicon is more electropositive (1.8) than carbon (2.5), which induces a

difference in bond polarization. Finally, lipophilicity is an important parameter,

because silylated compounds are more lipophilic than their carbon analogues,

which may facilitate ability to cross cell membranes. Consequently, these differ-

ences in size and shape between carbon and silicon influence the pharmacological

and pharmacodynamic properties of compounds containing these elements.

Some limitations should be mentioned in incorporating silicon as a carbon

isostere. The polarity of the silicon–hydrogen bond leads to an easily cleavable

bond in water under non acidic conditions, forming the corresponding silanols.

Increased lipophilicity limits water solubility, which is of major importance in

medicinal chemistry. In this context, we extended our work to the synthesis and

characterization of silaproline polypeptides.

Several publications have described β-silyl α-amino acids with general struc-

tures 1 and 2. The first reported silicon-containing amino acid belongs to this class

of compounds, which are accessible using a wide variety of methods and reaction

conditions [17, 18].

Moving the silicon atom one more atom further from the carbonyl increased the

stability of the C–Si bond [19, 20]. The majority of methods used to synthesize

β-silyl amino acids involve alkylation of a glycine anion equivalent 3 with a

halomethylsilane 4 (Scheme 1). The resulting β-silyl α-amino acid 1 may undergo

cyclization to provide 2 if another halogenated substituent is present on the

electrophile.

2 Synthesis of a Silicon-Containing Proline Surrogate

Silaproline (Sip, 2, R¼protecting group or H, Fig. 1) is a proline analogue in which

the γ-carbon has been replaced by a dimethylsilyl group. As discussed below, X-ray

analysis of model peptides has shown the carbon–silicon bonds in Sip are of about

0.35 Å longer than the carbon–carbon bonds of proline [21]. The C–Si–C angle is

significantly small (~93�) relative to that of proline (105�). Furthermore, the

presence of the dimethylsilyl group increased lipophilicity, as demonstrated by

the octanol–water partition coefficient of Sip that was experimentally determined to

be 14 times greater than that of Pro [21].

Increased lipophilicity may facilitate membrane permeability. Reduced sensi-

tivity to enzymatic degradation may also arise from substitution of Sip for Pro in

peptides. Moreover, similarities between the two ring systems may result in similar

conformational properties for Sip- and Pro-containing peptide analogues.
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N CO2R Si X

R3

R2
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Si
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Scheme 1 Addition of a glycine anion equivalent to a halomethylsilane
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2.1 Racemic Silaproline Synthesis

Protected silaprolines were synthesized in racemic and enantiomerically pure forms

by two different research teams in 2000 [22]. In both cases, a glycine equivalent

was alkylated initially on carbon followed by nitrogen employing bis-(halomethyl)

dimethylsilane. In the racemic case, Tacke and co-workers synthesized silaproline

by a route featuring metallation of 2,5-dihydropyrazine 5 with n-butyllithium and

alkylation with bis-(chloromethyl)dimethylsilane 6a to afford (pyrazinyl)methylsilane

7a (Scheme 2) [22]. Treatment with hydrochloric acid opened pyrazine 7a, which upon

washing with ammonia was converted to silaproline ethyl ester (H-(D,L)Sip-OEt) 8 in
20% overall yield for the two steps (Scheme 2).

Racemic N-(Boc)- and N-(Cbz)silaproline tert-butyl esters 11 and 12 have been

synthesized recently by a strategy featuring alkylation of the corresponding

protected glycinates 9 and 10 using bis-(iodomethyl)dimethylsilane 6b (Scheme 3)

[23]. Treatment of glycinates 9 and 10 in anhydrous THF with excess NaH,

followed by the silane 6b, gave, respectively, Boc-(D,L )Sip-OtBu (11) and Z-(D,
L )Sip-OtBu (12) in 71% and 85% yields after chromatography.

Considering that N-(Fmoc)amino acids are commonly used in solid phase

peptide synthesis, Fmoc-(D,L )Sip-OH (13) was prepared by protecting group

shuffles from 11 and 12 (Scheme 4) [24], because loss of the base labile Fmoc

group rendered alkylation of Fmoc-Gly-OtBu unrealistic. Selective removal of the

Boc group from Boc-(D,L )Sip-OtBu (11) was achieved with anhydrous 4 N HCl in

dioxane for 30 min. Alternatively, the Z protecting group was removed from Z-(D,
L )Sip-OtBu (12) by hydrogenolysis. Fmoc-(D,L )Sip-OtBu (13) was then obtained

from H-(D,L)Sip-OtBu (15) by protection using Fmoc-Cl 16.

Different strategies were explored for the resolution of the protected racemic

silaproline analogues (Fig. 2). For example, racemic Fmoc-(D,L )Sip-OtBu 13 was

separated into its respective enantiomers by semi-preparative chromatography on a

Chiralpak IC column using a mixture of hexane/isopropanol (70/30) as mobile

phase. By this method, 200 mg of each enantiomer of 13 was recovered with an ee

>99% (Fig. 3). After separation, the tert-butyl esters of Fmoc-(L )- and (D)Sip-
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Scheme 2 Synthesis of racemic silaproline starting from 2,5-dihydropyrazine
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OtBu [(L )- and (D)-13] were removed quantitatively using TFA in dichloromethane

for 30 min.

The second strategy for resolving racemic silaprolines consisted in separation of

the enantiomers of Boc-(D,L)Sip-OtBu (11) and Z-(D,L )Sip-OtBu (12).

Silaprolines 11 and 12 were respectively detected at 220 and 254 nm, as well as

with a polarimeter. Employing a Chiralpak IC column and semi-preparative con-

ditions, the enantiomers of 11 and 12 were respectively separated to afford 5 g

quantities of each isomer (>99% ee, Fig. 4a,b). Subsequently, Boc-(L)Sip-OtBu
was converted to Fmoc-(L )Sip-OH [(L )-14] by removal of the acid labile carba-

mate and ester using 6N HCl followed by introduction of the Fmoc group.

Notably, resolution by chiral HPLC circumvented the need for enantioselective

synthesis providing multiple grams of each enantiomer of differently protected

silaprolines. The syntheses of racemic Boc- and Z-protected silaprolines were

Scheme 3 Synthesis of racemic silaproline starting from glycine
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straightforward, albeit exchange of protection was necessary for the Fmoc version.

The best strategy for obtaining Fmoc-(L )Sip-OH [(L )-14] was to switch the N-
protection from Boc-(L )Sip-OtBu [(L )-11] after resolution of the corresponding

racemic mixture and then regenerate the carboxylic acid function on the

enantiomerically pure compound, because separation on the preparative column

was only possible with silaproline esters.

2.2 Diastereoselective Synthesis

Among various methods studied for the asymmetric synthesis of silaproline, the

diastereoselective alkylation of the Sch€ollkopf bis-lactim was the most efficient

[25]. The first step consisted in O-methylation of the (D)Val-Gly diketopiperazine

17 using trimethyloxonium tetrafluoroborate to afford bis-lactim ether 18, which

was deprotonated with n-BuLi and alkylated with bis-(iodomethyl)dimethylsilane

6b to afford piperazine 19 as a 86:14 mixture of separable diastereomers

(Scheme 5). After chromatography, each piperazine diastereomer 19 was hydro-

lyzed using hydrochloric acid, and cyclization with carbon–nitrogen bond forma-

tion was achieved by treating the ammonium hydrochloride intermediate with base.

After N-protection and ester hydrolysis, N-(Fmoc)- and (Boc)silaprolines [(L )-14
and (L )-20] were respectively obtained with 13 and 38% overall yields.

Enantiopure silaproline has also been synthesized in 27% overall yield and >99%

enantiomeric excess by a similar diastereoselective route from the 3,6-diethoxy-

2,5-dihydropyrazine derived from (D)Val-Gly diketopiperazine using bis

(chloromethyl)dimethylsilane 6a in the alkylation step [22]. Optimized alkylation

conditions of 3,6-dimethoxy-2,5-dihydropyrazine 18 in the presence of

bis-(chloromethyl)dimethylsilane have been recently reported in a patent that

claims to afford >100 g of enantiopure Boc-(L )Sip-OH [(L )-20] in 60% overall

yield (Scheme 5) [26].

3 Conformational Studies

Proline is the only cyclic essential amino acid. Its pyrrolidine ring restricts local

conformational freedom and lowers the molecular flexibility about its side chain

and backbone dihedral angles to a fewer number of possible conformers. In

addition, in contrast to the amide N-terminal to primary amino acids, which exist

predominantly as the trans-isomer, the tertiary amide N-terminal to the pyrrolidine

ring of proline, the so-called prolyl amide, may exist in cis- and trans-isomers

separated by a relatively low isomerization barrier (Scheme 6) [27, 28].

Owing to these unique properties, proline plays an important role in biologically

active peptides and biological processes, such as protein folding. Therefore,

replacement of proline with substituted proline analogues may modify the flexibil-

ity of bioactive peptides, providing probes to study the influence of specific

conformers on receptor recognition and affinity. Accordingly, numerous surrogates,
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mimetics, and analogues of proline have been developed. The first class contains

constrained analogues, which are designed with the aim of governing the cis–trans
ratio of peptide bond N-terminal to proline. The second class represents

unconstrained analogues that conserve the native properties of proline. A typical

example of a hindered substituted proline was offered by Lubell, who described

δ-tert-butylproline for constraining peptide conformation to favor proline-like turns

[29, 30]. Pseudoproline residues have also been investigated to control prolyl amide

geometry and have proven useful to circumvent solubility problems correlated with

hydrophilic side chains during peptide synthesis [31].

The cis–trans-isomerization of the proline peptide bond has been extensively

studied and depends on several factors such as solvent, aromaticity, and the

configuration of the residue preceding proline. To modulate the proportion of cis-
and trans-conformers, ring substituents have been used to orientate the amide bond

geometry. For example, δ-substituted prolines, such as δ-tert-butylproline [29, 30]
and δ,δ-dimethylproline [32], have been employed to augment the prolyl amide cis-
isomer in peptides. Adding to this important field of modified prolines, several

studies were reported to compare the structural influence of the replacement of

proline by silaproline.

3.1 Model Peptides

To carry out conformational studies, we introduced silaproline in model peptides.

We synthesized protected silaproline derivatives (Boc and Piv-Sip-NHiPr),

N
H

H
N O

O
17

N

N OMe

MeO
18

MeO+BF4-

DCM

1. n-BuLi, THF
2. Me2Si(CH2I)2 6b

N

N OMe

MeO

19
SiI

+ N

N OMe

MeO

19'
SiI

57%
d.r. : 86 : 14

separation

19

1. HCl/MeOH
2. DIEA/Ether, DCM
3. Protection
4. Saponification

Si

N

O

OH

(L)-14: PG = Fmoc
(L)-20: PG = Boc

PG
24-68%

Scheme 5 Diastereoselective synthesis of protected silaproline

N
O

HN
O

N

HN
O

O
Cis-21 Trans-21

Scheme 6 Cis–trans-isomerization of the amide N-terminal to proline
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dipeptides (Boc and Piv-Sip-Ala-NHiPr), and tripeptides containing silaproline,

with two sets of epimers [Boc and Piv-(L or D)Ala-Sip-Ala-NHiPr]. Among the

models, Piv-Sip-Ala-NHiPr crystallized and its X-ray structure showed a type II

β-turn. This turn conformer is uncommon for homochiral dipeptides and may be

stabilized in the crystal by intermolecular interactions between the middle amide

groups of two neighboring molecules. Some ring properties due to the silicon atom

included long carbon–silicon bonds and a small carbon–silicon–carbon intracyclic

angle. The observed Cβ-endo ring puckering consisted of an envelope conformation

with four atoms in the same plane and the Cβ atom pointing out of the plane toward

the α-carboxamide [33].

Conformational studies were performed on two sets of tripeptides using NMR

spectroscopy in solution: Piv-(L and D)Ala-Pro-Ala-NHiPr and Piv-(L and D)Ala-
Sip-Ala-NHiPr. The percentage of prolyl amide cis-isomer was unaffected by the

change from proline to silaproline. Amide proton chemical shift differences

obtained when switching from DMSO to chloroform and temperature coefficients

Δδ/ΔT in DMSO-d6 indicated solvent shielded and exposed hydrogens. Notably,

both (L )Ala-peptides adopted extended conformations. Both (D)Ala-peptides
adopted folded turn structures, albeit more predominantly for the proline than for

the silaproline peptide analogue [21].

3.2 Diketopiperazines

The pyrrolidine ring shape of proline can modulate structural properties, such as the

proportion of cis- and trans-amide isomers, that may play important roles in peptide

biological activity. Diketopiperazine models were thus chosen to study the influ-

ence of the proline modification on ring shape. In this study, cyclo(Pro-Gly), cyclo

(Sip-Gly), and cyclo(Thz-Gly) (Thz¼thiazolidine-4-carboxylic acid) were studied

by proton NMR spectroscopy (Fig. 5) [34]. We found that relative to proline, which

typically exists in a dynamic equilibrium between Cγ-endo and Cγ-exo ring

puckering, the analogues with γ-position heteroatoms (silicon and sulfur) displayed

more rigid five-member rings that slowly interconverted between Cβ-exo and

Cβ-endo conformations.

In both linear and cyclic Sip-peptide analogues, both Cβ-exo and Cβ-endo
conformations were observed. The Cδ-Siγ-N-Cα ring atoms were coplanar. The

impact of the methyl groups on silicon does not seem to be important, because the

sulfur in (Thz-Gly)DKP had practically the same conformational influence as the

dimethylsilyl group in (Sip-Gly)DKP.

3.3 Homopolypeptides

In proline-rich regions, prolyl residues promote formation of extended helical

secondary structures, such as type II polyproline (PPII) helices [35, 36]. Involved

Silaproline, a Silicon-Containing Proline Surrogate 35



in a wide range of molecular interactions important for biological function, PPII

helices have been implicated in signaling, transcription, and immune response.

They mediate protein–protein interactions [37] and facilitate cell penetration

[38, 39]. These biological properties have stimulated chemists to synthesize PPII

mimics for various applications, such as therapeutic agents.

Among proline containing oligomers that fold into conformationally ordered

states, oligomers of Ser-Pro dipeptides [40], tricyclic Pro-Pro mimics [41],

tri-proline mimics [42], and PTAAs (proline-templated amino acids) [43–45] all

have been used to design PPII helices with modified physical properties such as

improved water solubility. A series of silaproline oligomers were synthesized to

explore the influences of its alternative ring puckering and hydrophobic nature on

PPII conformation.

3.3.1 Polyproline Type II Helix (PPII Helix)

The typical PPII structure is a left-handed helix with all peptide bonds in trans-
configuration (ω¼ 180�) and ϕ- and ψ-dihedral angle values of �75� and 145�,
respectively. Without intramolecular hydrogen bonds to stabilize the helical struc-

ture, backbone solvation has been suggested to be a major determinant of PPII

formation [46]. Moreover, the PPII helix has been identified in peptides that do not

contain proline residues but adopt similar dihedral angle values [47].

3.3.2 Monodisperse Homopolysilaprolines

Silaproline oligomers were synthesized in solution by a stepwise strategy using N-
Boc-silaproline as monomer. The dimer was first made in solution by coupling

equimolecular amounts of N-Boc-silaproline with proline benzyl ester hydrochlo-

ride in the presence of triethylamine. Chain extension was achieved by selective

Boc-deprotection of the dimer and coupling with N-Boc-silaproline to afford the

trimer. Longer chains were synthesized in a similar fashion (Fig. 6).

Polyproline has been observed to adopt PPII helices in methanol that exhibit

far-UV (190–260 nm) CD spectra having two negative maxima at 200 and 232 nm

and a positive maximum at 215 nm. Similarly, oligomers 25–28 in methanol

exhibited CD curve shapes with negative and positive maxima in the 203–208 nm
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and 220–230 nm ranges, respectively (Fig. 3a). A subtle change in conformation

with increasing chain length was detected by a redshift and increase in per residue

molar ellipticity. Pentamer 28 exhibited a PPII-like CD signature with a negative

maximum at 207 nm and a positive maximum at 229 nm, which were unaffected by

increases in temperature from 20 to 55�C, suggesting a stable silaproline oligomer

structure.

Studies of oligomers 25–28 by NMR spectroscopy were performed next in

chloroform-d and in methanol-d4. A combination of COSY, ROESY, 13C-HSQC,

and 13C-HMBC experiments was used to assign all of the 1H and 13C resonances.

Better oligomer solubility and enhanced NMR spectral resolution were observed in

methanol-d4, albeit strong NOEs between the αCH(i) and δCH(i+ 1) protons char-
acteristic of the trans-conformation for all oligomers were observed in both sol-

vents. Except in the case of the spectrum of dimer 25, only the trans-conformer was

detected in the 1H NMR spectra of the longer oligomers both in chloroform and

methanol. Dimer 25 exhibited cis- and trans-isomers about the amide bond between

silaproline and proline, with ~7% cis-isomer detected by 1H and 29Si NMR in both

solvents. Relative to the proline counterpart H-Pro-Pro-OBn, H-Sip-Pro-OBn

exhibited more trans-isomer in methanol (85% and 93%, respectively). In the

spectra of the high molecular weight proline oligomers (n¼ 3–5), the percentage

of prolyl amide trans-isomer remained relatively constant (90%). As mentioned, no

cis-isomer was detected in the longer silaproline oligomers starting from the

trimer [48].

The NOE data from the NMR studies was used to add restraints in the calcula-

tions of the solution structures by a simulated annealing protocol with the AMBER

11 force field. The solution structures of 25, 26, 27, and 28 in methanol were solved

using 4, 12, 18, and 24 unambiguously restrained distances, respectively. The

20 lowest-energy NMR structures calculated for each compound demonstrated

that the Sip oligomers converged toward PPII structures (Fig. 7). The root mean

square deviations (RMSD) on all heavy atoms were 0.03, 0.31, 0.18, and 0.40 Å for

25, 26, 27, and 28, respectively, when the OBn capping group was omitted. Average

values of the backbone dihedral angles for the Sip residue in the polysilaproline

helix were ϕ¼�74.5� 8.9� and ψ ¼ 143.6� 13� after optimization of the NMR

structures using the B3LYP/6-31+G(d,p) method. The silaproline PPII helix was

left-handed with an axial translation of 3.2 Å composed of three residues per turn,

with all peptide bonds in trans-configuration (ω¼ 170–175�).
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3.3.3 Polydispersed Polysilaproline Oligomers

To synthesize homopolysilaproline having longer chain lengths, the most exten-

sively used method was based on polymerization of silaproline N-
carboxyanhydride (Sip-NCA).

Synthesis of Sip-NCA

The synthesis of N-carboxyanhydrides (NCAs) of common amino acids has been

well documented [49]. Reports of NCAs of amino acids with secondary amines are

however more rare, in part due to the cyclic structure of such amino acids, which

may impose conformational restrictions. For example, unsatisfactory results were

obtained in attempt to prepare NCAs from proline by common methods [50], such

as treatment with phosgene or a phosgene substitute such as triphosgene (Fuchs–

Farthings method) [51]. In the latter case, the N-carbamoyl chloride intermediate

was relatively stable and required addition of an HCl scavenger, such as silver oxide

Fig. 7 (a) NMR solution structures of dimer 25 (in green), trimer 26 (in cyan), tetramer 27

(in pink), and pentamer 28 (in purple). (b) Overlay of the structures of compounds 25–28

optimized by DFT. (c) Axial view of PPII helical structure of the tetramer 4. Hydrogens and the

disordered benzyl group of the C-terminal moiety were omitted for clarity
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or organic bases in order to cyclize. Recently, the synthesis of (L )Pro-NCA using

triphosgene was achieved effectively with the assistance of N,N-diethanolami-

nomethyl polystyrene (DEAM-PS) to trigger the cyclization without diketopi-

perazine formation [52]. Removal of the polymer-supported ammonium

hydrochloride by filtration facilitated purification of (L )Pro-NCA. Inspired by this

method, NCAs of (L )- and (D)-Sip were made using triphosgene and diethylamine

polystyrene, respectively. Greater spontaneous cyclization to form NCA was

observed for the less constrained five-membered ring of Sip (50%) compared

with proline (33%, Scheme 7). Among attempts to optimize cyclization, including

variations of stoichiometry, reaction time, and temperature, only the addition of

polystyrene-supported diethylaminomethylamine proved effective. With the opti-

mized conditions, (D)Sip-NCA 30 was prepared in 72% yield and high purity, such

that it could be crystallized and fully characterized [53].

Homopolymerization

Homopolypeptides are commonly obtained by ring opening polymerization (ROP)

of NCAs [54]. Several reagents can initiate the polymerization to afford poly-

peptides with a narrow molecular weight range that is essentially determined by

the NCA to initiator ratio. Depending on the relative basicity and nucleophilicity of

the initiator, two mechanisms have been described for this reaction: the normal

amine mechanism [55] (NAM) and the activated monomer mechanism (AMM)

[56]. In the AMM, a significantly basic initiator deprotonates an NCA bearing a

proton on nitrogen and the resulting anion may serve as a nucleophile to initiate the

ROP. More commonly, the initiator serves as a nucleophile and attacks the C-5

carbonyl of the NCA. Decomposition of the resulting carbamic acid with CO2

release results in a newly formed amine that propagates polymerization (Scheme 8).

In the particular cases of (L )Pro-NCA, and related imino acid NCAs, the AMM

cannot occur, because no labile proton is available and the NAM is the only

possible mechanism. Initially, precise amounts of water were employed as initiator

in THF, at room temperature. Difficulty in verifying the degree of polymerization

by NMR spectroscopy of the resulting carboxylic acid [57] and poor polymer purity

using water as initiator prompted us to use H-(L)Pro-OBn to start the chain

reaction, because integration of the benzyl group signal could be employed to

check polymer purity and the degree of polymerization. Employing H-(L)Pro-
OBn to initiate reactions of NCAs derived from (L )proline, (L )silaproline and
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(D)silaproline gave effectively homopolypeptides with a C-terminal proline benzyl

ester.

Conformational Studies

The degree of polymerization of the Pro and Sip homopolymers was measured by
1H NMR spectroscopy and integration of the aromatic protons of the C-terminal

benzyl ester and the Cα protons; the range of the latter, which included two

additional protons for the benzyl methylene, was assigned accurately using

heteronuclear single quantum coherence spectroscopy (HSQC) experiments. In

all cases, this method evaluated consistently the degree of polymerization within

the theoretical range determined by the reaction stoichiometry (Table 1).

Both MALDI (matrix assisted laser desorption ionization) and CD (circular

dichroism) analyses have been widely used to characterize homopolypeptides.

The molecular weight distribution of a homopolymer may be assigned based on

the pattern of peaks for the mass of each component in the MALDI analysis.

Sample preparation of the matrix influenced however the molecular weight deter-

mination of the MALDI-Tof MS experiment, resulting in lower molecular weights

than those calculated by NMR spectroscopy. In addition, the abundances were

suspected not to reflect the actual distribution, due to limitations of molecular

discrimination by MALDI-Tof analysis during ionization.

Polyproline oligomers are known to adopt a type II helical conformation (PPII)

in polar solvents such as water, trifluoroethanol, and other fluorinated alcohols. The

characteristic PPII circular dichroism signals include a strong negative maximum at

202–206 nm and a weak positive maximum at 225–229 nm [58]. As mentioned

earlier, the lipophilic character of homopolysilaproline inhibited solubility in water.

We investigated other polar solvents that induced PPII structure to solubilize the

polysilaproline oligomers and found the best solvents to be HFIP and TFE; the

latter was often used for thermal studies. We recorded circular dichroism spectra of

all polymers in TFE at a concentration of 0.1 mg/mL.

The spectrum of polymer P7 showed the typical circular dichroism curve of PPII

helix with a strong negative maximum at 207 nm and a weak positive maximum at

228 nm. These results indicated clearly that homopolysilaproline adopted a PPII

conformation. Thermal denaturation of the PPII structure was studied next in TFE

by heating over the range of 0–70�C in a sealed cell recording CD spectra at 5�

intervals (Fig. 8). A slight diminution of the negative maximum at 207 nm was
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observed, but the positive maximum was unaffected by increasing temperature. In

comparison to the polyproline counterpart (Fig. 8a), the PPII helix of

polysilaproline was clearly more thermally stable (Fig. 8b).

4 Silaproline Containing Biologically Active Peptides

Innovative building blocks have been used to replace natural amino acids in

peptides with non-proteinogenic counterparts to obtain new pharmacological

tools, exhibiting better binding to specific receptors and more potent enzyme

inhibitors. Constrained amino acid analogues, particularly cyclic amino acid resi-

dues such as proline surrogates, have been used to study peptide geometry, because

biological activity is often dependent on backbone conformation and side chain

orientation [59, 60]. Moreover, unnatural residues may increase the stability and the

bioavailability of modified peptides, presumably because they are not well recog-

nized by proteolytic enzymes. In this light, the significance of Sip was studied after

insertion into the sequence of several natural biologically active peptides.

Table 1 Synthesis of homopolypeptides of different lengths

Polymer Monomer Initiator Monomer/initiator DPna

P2 (L )Pro-NCA (L )Pro-OBn 21 24

P4 (D)Sip-NCA (L )Pro-OBn 5 5

P5 (D)Sip-NCA (L )Pro-OBn 20 14

P6 (D)Sip-NCA (L )Pro-OBn 50 44

P7 (L )Sip-NCA (L )Pro-OBn 10 11
aDegree of polymerization was determined by NMR integration

Fig. 8 CD spectra during thermal denaturation experiments of (a) oligoproline P2 and (b)

silaproline oligomers P7 in TFE
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4.1 Substance P

Substance P (SP) (Fig. 9) is a member of the tachykinin family of natural neuro-

peptides, which are characterized by a common C-terminal sequence that acts at

three different receptor subtypes [61, 62]. Our study focused on SP using assays on

the two binding sites associated with its NK-1 receptor, as well as secondary

messenger assays on whole cells as previously described [63]. SP and [Pro9]SP

were taken as reference peptides of the more abundant (NK-1M) binding site, and

[pGlu6]SP(6–11) and [pGlu6, Pro9]SP(6–11) were selected as selective peptides of

the less abundant (NK-1m) binding site.

Replacing glycine at position 9 by both proline and silaproline led respectively,

to SP and C-terminal SP hexapeptide analogues retaining both the whole affinity

and activity of the parent peptide. Moreover, in the C-terminal SP hexapeptide,

replacement of Gly9 with Sip gave a full agonist on the phospholipase C (PLC)

pathway that exhibited partial agonist behavior on adenylate cyclase. This latter

observation underlines that silaproline is a proline mimetic that may confer a

different pharmacological pattern to a biologically active peptide [64].

The stability of the proline- and silaproline-containing SP analogues toward

angiotensin-converting enzyme was also examined. After 1 h incubation at 37�C,
80% of SP was degraded; however, [Pro9]SP and [Sip9]SP remained uncleaved.

4.2 Octadecaneuropeptide (ODN)

The octadecaneuropeptide (ODN; QATVGDVNTDRPGLLDLK), which belongs

to the endozepin family, has been previously shown to increase intracellular

calcium concentration ([Ca2+]i) in cultured rat astrocytes through activation of a

metabotropic receptor positively coupled to PLC [65]. The C-terminal octapeptide,

called OP (Fig. 10), is the minimum active ODN sequence, and [(D)Leu5]OP
possesses weak antagonistic activity [66].

Silaproline analogues of OP, [Sip2]OP and [Sip2, (D)Leu5]OP, were synthesized
by conventional Fmoc solid phase methods and measured for ability to elevate

intracellular calcium concentrations. Application of [Sip2]OP (10�8 M) in the

vicinity of an astrocyte provoked a transient and robust increase in [Ca2+]i with

an amplitude significantly higher than that induced by ODN at the same dose. A

short pulse of [Sip2, (D)Leu5]OP (10�8 to 10�6 M) close to an astrocyte did not

affect basal calcium levels, but partially reduced ODN-evoked [Ca2+]i increases

with the same efficacy as its non-silylated counterpart, [(D)Leu5]OP.

H-Arg1-Pro2-Lys3-Pro4-Gln5-Gln6-Phe7-Phe8-Gly9-Leu10-Met11-NH2

Fig. 9 Substance P (SP) sequence
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4.3 Captopril

Angiotensin-I converting enzyme (ACE), a zinc metalloenzyme, plays a funda-

mental role in blood pressure regulation by converting the inactive decapeptide

angiotensin I to the potent vasopressor octapeptide angiotensin II. Captopril [67] is

currently used as an oral antihypertensive agent that competitively inhibits ACE

[68]. Inhibitory potency is possibly mediated via a hydrophobic interaction with the

enzyme. The ring conformation and orientation have been studied by annulation of

cyclopropyl and cyclopentyl moieties onto the proline ring [69]. Studying the

relevance of the hydrophobic character of the proline moiety, we replaced the

proline residue in captopril by the more lipophilic silaproline. Employing the

ACE crystal structure [70, 71], a set of silaproline Captopril analogues (Fig. 11)

were docked in silico into the Zn catalytic site.

The less hindered analogue of the series (silacaptopril, R1¼R2¼Me) was syn-

thesized and tested in vitro for ability to inhibit ACE enzymatic activity. The

observed similar inhibition compared to captopril indicated that hydrophobic inter-

actions were either not of significance for interaction with ACE or tempered by

steric hindrance, which hampered binding. Docking calculations supported the

hypothesis, because silacaptopril exhibited the lowest docking energy in both

ACE domains compared to all silylated analogues [72].

4.4 Neurotensin

Neurotensin (NT) (Fig. 12) is a tridecapeptide that is highly expressed in the central

nervous system and was first isolated from bovine hypothalamus [73]. Following

brain injection along with a cocktail of enzyme inhibitors, NT elicits hypothermic

and analgesic responses [74]. The effects of NT have been shown to be differen-

tially mediated by multiple receptors: NTS1–3. For example, NTS2 has been

reported to contribute to the protective effect of NT on pancreatic beta cells

[75]. Structure–activity relationship studies have shown the minimal active

sequence to be the C-terminal fragment NT(8–13) [76]. Replacement of the argi-

nine residues of NT(8–13) by lysine gave H-Lys-Lys-Pro-Tyr-Ile-Leu-OH

(JMV438), which had relatively better affinity and selectivity for NTS2 (Table 2).

Like many natural peptides, neurotensin has a short half-life in vivo, due to rapid

enzymatic degradation. Stability studies in plasma using analysis by electrophoresis

have highlighted specific enzymes that cleave specific peptide bonds. To overcome

neurotensin instability, several NT analogues have been developed using different

approaches including unnatural amino acid incorporations [77–82], peptide bond

modifications [83–85], and cyclization [86, 87].

H-Arg1-Pro2-Gly3-Leu4-Leu5-Asp6-Leu7-Lys8-OHFig. 10 OP sequence
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Few changes are tolerated for Pro10, which is important for folding into its active

peptide conformation, yet is involved in amide bonds that are sensitive to cleavage

by endoproteases. Replacement of Pro10 by hydroxyproline, thioproline, and its

4 and 6 member ring counterparts, azetidine carboxylic acid and pipecolic acid, as

well as cyclic aromatic derivatives such as Tic and Aic, all leads to conformational

modifications and loss of affinity for the NT receptors. In general, substitutions of

Pro10 are more easily tolerated by amino acids that favor a reverse turn, rather than

an extended conformation [88]. For example, information about the bioactive

conformation of NT(8–13) has been gained using spirolactam conformational

constraints [89]; however, substituted prolines have been tried without improve-

ment in affinity [90].

The influence of silaproline in position 10 of NT(8–13) was evaluated by

insertion into JMV438 to provide H-Lys-Lys-Sip-Tyr-Ile-Leu-OH (JMV2009),

which exhibited improved NTS2 selectivity, albeit with a 2.5-fold drop in affinity

(Table 2). The conformations of JMV438 and JMV2009 appeared similar by NMR

spectroscopic analysis. Moreover, Sip-containing NT analogue JMV2009

Fig. 11 Role of ACE and structure of captopril

pGlu1-Leu2-Tyr3- Glu 4- Asn 5- Lys 6- Pro 7- Arg 8- Arg 9- Pro 10-Tyr11-Ile12-Leu13-OH

Fig. 12 Neurotensin (NT) sequence

Table 2 Binding of NT and analogues

Agonist Sequence

NTS1 IC50

(nM)

NTS2 IC50

(nM)

Selectivity

NTS2

NT pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-
Arg-Pro-Tyr-Ile-Leu-OH

0.4 4 0.1

NT

(8–13)

H-Arg-Arg-Pro-Tyr-Ile-Leu-OH 0.3 2.7 0.11

JMV

438

H-Lys-Lys-Pro-Tyr-Ile-Leu-OH 6.3 2 3.15

JMV

2009

H-Lys-Lys-Sip-Tyr-Ile-Leu-OH 17.5 5 5.83
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maintained biological activity under conditions in which the natural peptide was

rapidly degraded. Central administration of JMV2009 in rats induced dose-

dependent antinociceptive responses in a variety of acute, tonic, visceral, and

neuropathic pain models [91, 92].

4.5 Cell-Penetrating Peptides (CPPs)

The potential of cell-penetrating peptides (CPPs) to aid therapeutics to cross human

membranes has attracted many scientists to the field of drug delivery

[93]. Amphipathicity, charged residues, arginine moieties, and hydrophobicity are

some of the claimed CPP properties suggested for a successful translocation

through cell membranes. Among reported CPPs, proline-rich peptides that form

amphipathic polyproline II helices have exhibited promising results as vectors

[94, 95]. Replacement of a proline by silaproline on the hydrophobic face of a

noncytotoxic CPP was examined to favor the interaction with the amphipathic

environment of the cell membrane. Comparative studies using flow cytometry

and confocal microscopy techniques showed a 20-fold enhancement in the inter-

nalization rate of the peptide Val-Arg-Lys-Pro-Pro-Sip(Val-Arg-Lys-Pro-Pro-Pro)2
compared to its parent proline peptide [96]. Furthermore, like the parent peptide,

the silaproline-containing CPP did not exhibit any cellular toxicity (Fig. 13).

The effect of replacement of Pro by Sip on the secondary structure and aggre-

gation properties of the Pro-rich CPP was further studied by different biophysical

techniques. Contact angle measurements, CD spectroscopy, and cellular uptake

studies showed a good correlation between amphipathicity and cellular uptake. The

CD spectra in water showed the same degree of PPII structure. The transmission

electron microscopy (TEM) imaging results indicated the presence of fibrillar

superstructures of ~20 nm width and variable length similar to those observed for

(Val-Arg-Lys-Pro-Pro-Pro)3 [97]. The higher hydrophobicity afforded by the Sip

derivative resulted in a higher internalization inside HeLa cells due to a retained

PPII conformation with increased amphipathic character.

5 Summary

We have described the preparation of enantiomerically pure silaproline (Sip), both

by the first diastereoselective synthesis and by large-scale racemic synthesis,

followed by resolution using preparative HPLC. Different N-protected versions of

Sip, useful for the synthesis of oligomers and modified peptides, and the free amino

Val-Arg-Lys-Pro-Pro-Sip(Val-Arg-Lys-Pro-Pro-Pro)2

Fig. 13 Silylated proline-rich peptide designed as CPP
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acid were made by these two methods. Silaproline oligomers were prepared in

solution using a stepwise strategy and by polymerization of Sip-NCA. Compared to

homopolyproline, homopolysilaproline was found to adopt a more stable PPII

structure by CD spectroscopic analysis. Replacement of proline by silaproline in

several biologically active peptides led generally to analogues retaining the activity

of the parent peptide, as well as greater resistance toward enzymatic degradation. In

the case of NT-containing Sip analogues, the in vivo biological response was

improved, such that they could be used in the absence of a cocktail of enzyme

inhibitors. Finally, the higher hydrophobicity afforded by Sip improved internali-

zation of amphipathic proline-rich peptides inside HeLa cells. Considering the

power of silaproline to enhance the conformational stability, biological activity,

and cell permeability of proline-containing peptides, further use of this silicon-

bearing heterocyclic amino acid is merited in applications to make peptide-based

probes, receptor ligands, and enzyme inhibitors.
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Proline Methanologues: Design, Synthesis,

Structural Properties, and Applications

in Medicinal Chemistry

Miguel Angel Vilchis-Reyes and Stephen Hanessian

Abstract In this review, we discuss methanoprolines, which are analogues of

proline that contain a bridged methylene group at different positions, which we

designate herein as proline methanologues. Particular emphasis is placed on natu-

rally occurring members, general methods for the stereocontrolled synthesis of

different diastereoisomers, functionalized analogues, conformational and

stereoelectronic features, as well as their utility as proline congeners in medicinally

relevant compounds.
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1 Introduction

The practice of ring constraint in the field of amino acids and peptides is an

important strategy in the design of peptidomimetics and related motifs intended

to improve biological activity without compromising the inherent properties of the

original substrate [1, 2]. Traditionally ring constraint was intended to simulate the

spatial and conformational characteristics of bioactive amino acids and peptides

derived from them [3, 4]. In this regard, conformationally constrained mono- and

bicyclic amino acids have been incorporated as unnatural counterparts of natural

amino acids and peptides [5–7]. Among several advantages of this strategy is the

ability to confer favorable pharmacological properties such as better transport and

resistance to cleavage by peptidases. The smallest ring motif that can be incorpo-

rated in a natural amino acid is the cyclopropane ring [8–12].

In this chapter, we shall focus on methanoprolines as constrained analogues of

prolines, which we designate herein as “proline methanologues” focusing on their

natural occurrence, synthesis, conformational properties, analogues, and various

aspects of their biological activities.

2 2,3-Methanoproline

The discovery that 1-aminocyclopropane-1-carboxylic acid (Acc) was the direct

precursor of ethylene, a volatile hormone that regulates many facets of growth and

development throughout the life cycle of plants [13], led to the search of naturally

occurring amino acids as potential inhibitors of ethylene-forming enzyme (EFE)

Fig. 1 Structures of naturally occurring and synthetic methano amino acids
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[14–16]. (+)-Allo-coronamic acid 1 was found to produce 1-butene at a slower rate

compared to the formation of ethylene by Acc (Fig. 1) [17]. Consideration of the

functional, stereochemical, and spatial requirements for binding of Acc and its

derivatives in the active site of EFE led to the design of 2,3-methanoproline as a

potential inhibitor [17]. The active site of the enzyme was reasoned to accommo-

date this azacyclic constrained analogue of (+)-allo-coronamic acid (1).

2.1 Synthesis

The first synthesis of racemic 2,3-methanoproline 2 was reported by Stammer and

coworkers [18], who showed that it was a weak inhibitor of EFE. L-Proline tert-
butyl ester (3) was oxidized to the N-hydroxy analogue 4, which was subjected to

elimination. The resulting dehydroproline tert-butyl ester 5 [19] was treated with

CbzCl to give 2,3-enamine 6, which reacted with excess of diazomethane to afford

Δ-2 pyrazoline intermediate 7. Irradiation by means of a 450 W Hanovia medium-

pressure Hg lamp afforded protected 2,3-methanoproline 8 which was converted to

racemic 2,3-methanoproline 2 as the zwitterion after hydrogenolytic cleavage of the

Cbz group, acid cleavage of the tert-butyl ester, and ion exchange chromatography

on Dowex-1 resin (Scheme 1).

Conversion of 2 to the N-acetyl N0-methylamide afforded crystalline material

suitable for X-ray analysis. The ϕ and ψ angles compared favorable with those of

the parent proline amide except for a smaller ψ angle in 2 probably because of the

conjugation of the carbonyl group with the cyclopropane ring.

The two crystalline enantiomers of 2,3-methanoproline were prepared by reso-

lution of their N-Cbz derivatives using (�)-(S)-α-methylbenzylamine [20]. X-ray

quality crystals were also obtained from the resolution of the racemic tert-butyl
ester of 2,3-methanoproline using (+)-tartaric acid.

Scheme 1 Synthesis of (±) 2 from L-proline tert-butyl ester
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The synthesis of (�)-2,3-methano-L-proline was reported by Hercouet and

coworkers [21] in 1996, as a sequel to their synthesis of (+)-allo-coronamic acid

(Scheme 2) [22, 23]. (S)-Butanetriol 9 was converted to the 3,4-chlorosulfite ester

of 1-chlorobutanetriol and the latter oxidized to the corresponding cyclic sulfate

ester 10 according to the Sharpless method [24]. Treatment of 10 with the sodium

enolate of N-benzylidene methyl glycinate [25] in DME afforded N-benzylidene
cyclopropane methyl ester 12 in quantitative yield. Remarkably the cis-isomer was

formed exclusively. Sequential deprotection and intramolecular cyclization

afforded 2,3-methano-L-proline methyl ester 13, which was hydrolyzed to afford

(�)-2,3-methano-L-proline (2) as the internal salt in 43% overall yield from sulfate

10 without purification of intermediates.

Racemic 2,3-methanoproline was synthesized effectively by a route featuring

treatment of N-Boc-4-chloropiperidine 14 with 2.2 equiv. of sec-BuLi in the

presence of TMEDA (N,N,N0,N0-tetramethylethylenediamine) to cause

α-lithiation, intramolecular displacement of the 4-chloro group, and a second

α-lithiation [26]. Quenching with carbon dioxide afforded racemic

2,3-methanoproline 2 in 53% yield (Scheme 3).

The original Stammer synthesis of N-Cbz-2,3-methanoproline tert-butyl ester
has been adapted to provide the corresponding benzyl ester, which was prepared for

use in β-turn mimetics [27].

Racemic 2,3-methanoproline was targeted in an extension of studies on the

synthesis of 1-aminocyclopropane-1-carboxylic acids by reactions of olefins with

Fischer dialkylaminocarbene complexes employing an intramolecular variant

[28]. Heating a solution containing dehydroamino ester 16 and Fischer carbene

17 in toluene at reflux gave N-benzyl-2,3-methanoproline ethyl ester 19 by way of

Scheme 2 Enantioselective synthesis of (−) 2

Scheme 3 Racemic synthesis of (±) 2 by ring contraction of a piperidine analogue
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intermediate 18. After removal of the protecting groups, racemic

2,3-methanoproline 2 was isolated as the hydrochloride salt (Scheme 4).

2.2 Conformational Studies

N-Acetyl-2,3-methanoproline N0-methylamide 20 has been characterized by 1H-

NMR and X-ray crystallography and exhibited in solution slightly higher N-termi-

nal amide cis-isomer population than its proline counterpart [18]. In the crystalline

state, only the cis-isomer was observed. Inspired by the highly sweet sugar substi-

tute aspartame (N-(L-α-aspartyl)-L-phenylalanine 1-methyl ester) and a synthetic

congener Asp-Acc-OPr (Acc¼ 1-aminocyclopropane-1-carboxylic acid), the dia-

stereomeric (�)-(2S,3R)- 21 and (+)-(2R,3S)-21 N-(L-α-aspartyl)-L-2,3-
methanoproline 1-propyl esters were synthesized as constrained analogues. The

(2S,3R)-21 isomer readily cyclized to the corresponding diketopiperazine (2S,3R)-
22 at room temperature, while its (2R,3S)- 21 isomer was slightly slower. Both were

readily cyclized at 65�C. L-Proline 23 cyclized less readily to 24 than either of the

two methano isomers (2S,3R)-21 and (2R,3S)-21 leading to the conclusion that the

latter contained a higher population of the cis-amide conformer, which facilitated

ring closure (Fig. 2) [20].

Scheme 4 Synthesis of (±) 2 employing a Fischer carbene complex

Fig. 2 Diastereomeric 2,3-methano-L-proline analogues and diketopiperazine formation
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2.3 2,3-Methanoproline Analogues

2,3-Methanopyroglutamic acid has been synthesized and studied in racemic and

optically resolved forms [29–31]. Initially, N-Cbz-dehydroglutamic acid benzyl

ester 25 was converted to the Δ-2-pyrazoline 26, which on photolysis led to N-
Cbz-1-amino-2,3-methanopyroglutamate 27 [29]. Catalytic hydrogenation afforded

2,3-methanopyroglutamic acid ((�)-28), which was resolved into (+)- and (�)-28

by the formation of diastereomeric salts, respectively, with D- and L-leucine amide

followed by conversion to the free base using Dowex-50 (H+) (Scheme 5).

Enantiopure (resolved) (2S,3R)-N-ethoxycarbonyl-methanoproline methyl ester

29 was subjected to oxidation with RuO4 to give the corresponding (2S,3S)-N-
ethoxycarbonyl-2,3-methanopyroglutamic acid methyl ester (2S,3S)-30. The enan-
tiomer (2R,3R)-30 was similarly prepared.

Various 2,3-methanoproline and 2,3-methanopipecolic acid analogues have been

synthesized (Scheme 6) [32–35]. For example, 1,3-dipolar addition of diazomethane

to bicyclic β-lactam intermediate 31 led to a 3.5:1 diastereomeric mixture of Δ-2-
pyrazolines 32, which upon independent thermolysis afforded, respectively, (S)- and
(R)-2,3-methano-7-oxo-1-azabicyclo[3.2.0]heptane carboxylic acids 33 [32].

Michael addition of the sulfoxonium methyl ylide to dehydroproline 34 and

solvolysis of the protecting groups with HCl gave 4-benzyl-2,3-methanoproline 36

as the hydrochloride salt [33]. 2,3-Methanopipecolate 39 was prepared by a similar

approach [33].

A copper-catalyzed diazoinsertion reaction transformed indole 40 into a 3:1

mixture of racemic diastereomers 41 [34]. Unsaturated 2,3-methanopipecolates

44 were prepared using a similar protocol [34].

Intramolecular epoxide opening of the anion generated from N-Boc-piperidine
45 led to N-Boc-2,3-methano-3-hydroxymethylpyrrolidine 47, which was oxidized

to the corresponding carboxylic acid 48 [35].

Scheme 5 Synthesis of (+) and (−) 2,3-methanopyroglutamic acids
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3 2,4-Methanoproline

In 1980, 2,4-methanoproline (49) and 2,4-methano-bridged glutamic acid

(1-amino-1,3-dicarboxycyclobutane) (50) were isolated and identified as compo-

nents of seeds isolated from Ateleia herbert-smithii Pittier, a legume tree

Scheme 6 2,3-Methanoprolines and 2,3-methanopipecolinic acid analogues. See text for details
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indigenous to Costa Rica [36]. These novel non-proteinogenic amino acids were

isolated in minute quantities, and their structures elucidated by X-ray crystallogra-

phy (Fig. 3). The same two non-proteinogenic amino acids were later isolated from

extracts of the legume genus Bocoa (Papilionoideae; Swaetzieae) [37]. -

2,4-Methanoproline has insect repellant and antifeedant activity against larvae of

the cotton leafworm and adults of the cowpea weevil [38].

Replacement of Pro-34 in Ras protein with a 2,4-methano-L-proline, to ensure a

locked prolyl amide trans-conformation, resulted in a protein with high levels of

intrinsic activity and GTPase-activating protein-activated activity in comparison to

wild-type Ras [39].

3.1 Synthesis

Formally, approaches to the synthesis of 2,4-methanoproline can consider a core

structure having the 2-azabicyclo[2.1.1]hexane system onto which a carboxyl unit

is attached at C-1.

2,4-Methanoproline was first synthesized from 2-benzamido-3-chloropropionate

(51), which was readily obtained from serine (Scheme 7) [40, 41]. Elimination of

Fig. 3 A naturally occurring 2,4-methanoproline and a 2,4-bridged glutamic acid analogue

Scheme 7 Synthesis of 2,4-methano-L-proline and 2,4-methanopyroglutamate
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chloride using tert-BuOK and N-allylation provided dehydroalanine 52 in 94%

yield. Adopting a photolytic cyclization [42], diene 52 was irradiated with a

medium-pressure Hanovia lamp for 12 h in the presence of 0.2% acetophenone in

benzene to afford photoadduct 53 in 87% yield.

Treatment of methyl N-benzoyl-2,4-methanoprolinate 53 with 6N HCl followed

by purification on Amberlite IR-45A gave racemic 2,4-methanoproline (49) as the

crystalline hydrochloride salt in 68% overall yield from serine. Further optimiza-

tion of the route from racemic serine gave 2,4-methanoproline in 70% yield over

four steps and >20 g scale [43]. In an independent study, ethyl N-acetyl-2,4-
methanoprolinate 55 was prepared by a similar photochemical [2+3]-cycloaddition

(Scheme 7) [44].

Methyl 2,4-methanoglutamate was synthesized as the crystalline hydrochloride

salt by conversion of methanoproline 49 to the N-Boc methyl ester, followed by

oxidation with RuO4 to afford lactam 56, which was readily solvolyzed to N-Boc-
methanoglutamate 57. Acid hydrolysis gave crystalline methyl

2,4-methanoglutamate hydrochloride. Sequential treatment of 57 with 6N HCl

and thionyl chloride followed by lactam formation and ester cleavage led to

methanopyroglutamate 59 (Scheme 7) [41].

2,4-Methanoproline and several N-alkyl analogues were synthesized starting

from a [2+2] cycloaddition between dichloroketene and allyl chloride, which

gave cyclobutanone 60, albeit in modest yield [45, 46]. Conversion to

3-(chloromethyl)cyclobutanone 61 followed by treatment with benzylamine led

to imine 62. Acetone cyanohydrin was found to efficiently convert imine 62 to

the corresponding α-cyano amine 63which underwent intramolecular displacement

of chloride to give bicyclic 64. Acid hydrolysis followed by catalytic hydrogenation

gave 2,4-methanoproline 49 as the crystalline hydrochloride salt. N-Alkyl deriva-
tives 65a–f were prepared using this method (Scheme 8). Only aminonitrile cis-
diastereomer 63 can undergo intramolecular cyclization; however, equilibrium is

Scheme 8 Synthesis of (±) 2,4-methanoproline (49) and N-alkyl derivatives
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established using acetone cyanohydrin in refluxing methanol that gives a 3:1 cis–
trans mixture.

3.2 Conformational Studies

The conformational properties of amides and peptides containing

2,4-methanoproline have been studied by NMR techniques that revealed their

predominant prolyl amide trans-isomer orientation in aqueous solution

[47, 48]. Moreover, N-acetyl-2,4-methanoproline N-methylamide was observed to

adopt the prolyl trans-conformer in the solid state by X-ray analysis [48]. Quantum

mechanical calculations using the standard CNDO/2 (complete neglect of differ-

ential overlap) algorithm were in agreement with these observations [49]. Similarly,

a single prolyl amide trans-isomer and extended conformation like that of the

parent proline analogue was observed for [2,4-methanoproline3]-thyrotropin-

releasing hormone (TRH, pGlu-His-Pro) using 1H- and 13C-NMR spectroscopy in

polar solvents [50].

3.3 2,4-Methanoproline Analogues

The structural features and conformational properties of 2,4-methanoproline have

inspired a number of studies of related analogues with potential biological activi-

ties. For example, 4-carboxy-2,4-methanoproline 66 has been used as a constrained

congener of glutamic acid to define the structural elements required for inhibitors of

sodium-dependent glutamate transporters (Fig. 4a) [51]. Previously, trans-L-proline
4-carboxylic acid 67 was found to be a relatively potent competitive inhibitor of

sodium-dependent high-affinity excitatory amino acid transporters found in rat

brain and hypothesized to mimic a folded conformation of glutamate. Designed

to mimic an extended glutamate conformation, 4-carboxy-2,4-methanoproline 66

exhibited inhibitory potency on par with L-glutamate and was translocated at least

with L-glutamate supporting the conclusion that 66 embodied the substrate

pharmacophore [51].

β-Amino acid homologue 70 of 2,4-methanoproline 49 with a methylene spacer

unit at the bridgehead carbon was prepared by SN2-type displacement of

methanesulfonate 68 with cyanide ion and solvolysis of the resulting nitrile 69

[52]. The design and synthesis of molecules such as 71–73 was inspired by the

known activity of epibatidine and ABT-594 as nicotinic acetylcholine receptor

(nAChR) ligands and the potential of generating more potent analogues; however,

their biological evaluation showed no affinity at the α4β2 nor α3β4 nAChR sub-

types (Fig. 4b) [53].

Ring-expanded and ring-substituted analogues of 2,4-methanoproline have been

synthesized by adopting the method described above from 3-(chloromethyl)
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cyclobutanone 61 (Scheme 8) [45, 46] using, respectively, 3-(chloromethyl)

cyclopentanone and 3-(chloromethyl)cyclohexanone with (S)-α-phenylethylamine

and acetone cyanohydrin (Fig. 4c) [54].

Starting with 3-(chloromethyl)cyclohexanone, (S)-α-phenylethylamine and ace-

tone cyanohydrin led to a 1:1 mixture of bicyclo[2.3.1]aminonitrile diastereomers

(1S,5R)- and (1R,5S)-74 which were separated by column chromatography.

Fig. 4 Selected examples of synthetic 2,4-methanoproline analogues in relation to biologically

active compounds
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Hydrolysis to the carboxylic acid followed by hydrogenolysis afforded the homol-

ogated bicyclic amino acid 75 as the hydrochloride salt. Application of the method

to 3-(chloromethyl)cyclopentanone afforded bicyclic compounds 76 and 77, albeit

in modest yields (Fig. 4c). The method could also be adapted to prepare enantiopure

2,4-methano-L-proline [54].

5-Fluoro-2,4-methanoproline (78, Fig. 4d) was prepared by substituting allyl

bromide with 2-fluoroprop-2-enyl methanesulfonate in the [2+2]-photochemical

cyclization route described in Scheme 7 [55]. 5-Hydroxymethyl

2,4-methanoproline (79) was synthesized by a route featuring lactone formation,

Curtius rearrangement, and intramolecular alkylation from an oxaspiro[3.3]heptane

framework obtained from bis-alkylation of diisopropyl malonate with 3,3-bis

(chloromethyl)oxetane [56] (Fig. 4d).

4 3,4-Methanoproline

In 1969, cis-3,4-methano-L-proline (80) was isolated from seeds of Aesculus
parviflora as a crystalline solid (Fig. 5) [57, 58]. The cis-configuration was assigned
based on the isolation of cis-3-methyl-L-proline as the main product of hydrogena-

tion of cis-80 with Adam’s catalyst. cis-3,4-Methanoproline was also isolated from

seeds of E. foeminea and E. foliata belonging to the Ephedra species

[59, 60]. (2S,3R,4S)- and (2S,3R,4R)-2-Carboxypropylglycine was also isolated

from the abovementioned seeds. Although both cis- and trans-cyclopropylglycines
were isolated, only cis-3,4-methano-L-proline was detected in the soluble nitrogen

pool of A. parviflora. 3,4-Methano-L-prolines have been associated with a number

of biological activities such as protection against thermal denaturation of Pro-t-

RNA synthetases from Phaseolus aureus and Delonix regia [61]. Inhibition of

proline transport was observed in E. coli [62]. Growth of E. coli and

S. typhimurium was inhibited by cis- and trans-3,4-methano-L-prolines (cis- and
trans-80, Fig. 5) with greater efficacy exhibited by the cis-isomer, and growth was

restored in the presence of L-proline [62]. cis-3,4-Methano-L-proline (cis-80) is a
plant male sterilant [63] that exhibits activity independent of 1-aminocyclopropane-

1-carboxylic acid (Acc)-induced ethylene biosynthesis which has been associated

with male sterility in wheat coleoptile segments [64].

cis-2,4-Methanoproline was used in a training set of analogues in a quantitative

structure–activity relationship (QSAR) study of the human proton-coupled amino

acid transporter 1 (HPAT1) and exhibited a higher Ki value than the reference

Fig. 5 Naturally occurring

cis- and synthetic trans-3,4-
bridged methanoprolines
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substrate L-proline [65]. As an amide appendage to a pyrrolotriazine, cis-3,4-
methano-L-prolinol gave moderate pan-Aurora kinase inhibitory activity [66].

4.1 Synthesis

Syntheses and potential biological activities of 3,4-methanoprolines and their

analogues have been reported in the patent literature (e.g., see [67–71]). The first

syntheses of cis- and trans-3,4-methano-L-prolines (cis- and trans-80) were

reported by Witkop and coworkers in 1971 [72]. Cyclopropanation of

3,4-dehydro-N-trifluoroacetyl-L-proline methyl ester 81 was achieved using the

carbene generated from the decomposition of diazomethane in the presence of

cuprous chloride to provide a 3.5:1 mixture of cis- and trans-N-trifluoracetyl-3,4-
methano-L-prolinates (cis- and trans-82) with recovery of unreacted starting mate-

rial (Scheme 9) [73].

The diastereomers were separated by preparative chromatography and isolated

as crystalline solids that were studied by X-ray crystallography, which revealed a

boat conformation for the six-membered ring. In the cis-diastereomer, the carbox-

ylate group adopted an intermediate position between axial and equatorial orienta-

tions. In both cases, the nitrogen atom was situated out of the plane relative to the

four carbon atoms of the pyrrolidine ring. The boat conformation of cis-3,4-
methano-L-proline was determined to be important for inhibition of proline uptake

by bacterial proline permease [72].

An enantioselective synthesis of cis-3,4-methano-L-proline was achieved via

intramolecular displacement of a preformed cyclopropane intermediate [74]. Attack

of (R)-glycidyl triflate 84 by the lithium anion generated from sulfone 83 led to an

intermediate epoxy sulfone 85, which upon treatment with n-BuLi at room temper-

ature afforded the corresponding cyclopropane 86 via a regioselective opening of

the epoxide. Mesylation and treatment with NaH led to the 3,4-methanopyrrolidine

intermediate 87 which was further elaborated to give cis-80 in 26% overall yield.

Scheme 9 Diazomethane-mediated cyclopropanation of 81
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Applying a similar sequence to cyclopropane 86 gave the corresponding

pyroglutamic acid analogue 89 as the major product (Scheme 10).

Effective synthesis of enantiomeric 3,4-methanoglutamic acids has provided

tools for studying their activities as NMDA agonist and antagonists [75].

3,4-Methanoproline and its C-4 methyl-substituted analogues were, respec-

tively, prepared from 2,2-dibromocyclopropane carboxylic acid and its 1-methyl

analogue, both of which were resolved using dehydroabietylamine [76]. Reduction

of acid 91 by way of its acid chloride to alcohol 92 and hydroxyl group activation

with the reagent from treating 1,2-bis(diphenylphosphino)ethane with bromine

gave tribromide 93 (Scheme 11). Sequential treatment with benzylamine, followed

by benzyl bromide, led to tertiary dibenzylamine 94, which was treated with methyl

lithium at �90�C. The resulting cyclopropylidene carbenoid intermediate is

inserted into the benzylic bond of 94 to give the 2-phenylpyrrolidine 95 as the

major product (93% ee). Catalytic hydrogenation removed the N-benzyl group, and
the secondary amine was N-trifluoroacetylated to give N-trifluoroacetyl-phenylpyr-
rolidine 96, which was oxidized to cis-3,4-methano-L-proline cis-80 in the presence
of catalytic RuO4 in 40% overall yield. The stereoselectivity of the carbenoid

Scheme 11 Enantioselective synthesis of cis-80 from 2,2-dibromocyclopropane carboxylic acid

Scheme 10 Enantioselective synthesis of cis-80 and the pyroglutamic acid derivative 89
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insertion reaction of 94 varied contingent on the choice of amine and C-3

substituents [76].

3,4-Methano-L-proline was synthesized from L-pyroglutamic acid 97, which was

transformed in a few steps into the N-Boc-3,4-dehydro-L-pyroglutamic acid ABO

(5-methyl-2,7,8-trioxabicyclo[3.2.1]octyl) ester 98 (Scheme 12) [77]. Treatment of

98 with diazomethane led to Δ2-pyrazoline 99, which upon photolysis afforded the
cyclopropane 100. Cleavage of the ABO ester 100 followed by reduction of the

lactam and deprotection gave 3,4-methano-L-proline (trans-80). Alternatively, acid
hydrolysis of 100 followed by purification on a Dowex-50 (H+) column gave

(2S,10S,20R)-carboxycyclopropylglycine (L-CCG) 102.
The common intermediate 98 was used to synthesize different diastereomers of

3,4-methanoglutamic acids, as well as cis-3,4-methano-L-proline (Scheme 13).

Treatment of lactam 98 with the S-ylide derived from tert-butylmethylthio acetate

led to the trans- and cis-cyclopropane adducts 103 in 54% and 29% yields,

respectively. Ring opening of lactam trans-103 with LiOH and Barton decarbox-

ylation [78, 79] afforded the cis-N-Boc diester 106 which upon cyclization, lactam

reduction, and deprotection afforded cis-3,4-methano-L-proline (cis-80).
All four stereoisomers of N-Boc-3,4-methanoprolines 113 were prepared by

lithiation of azabicyclo[3.2.0]hexane 111, quenching with CO2, and separation of

diastereomers by resolution with chiral amines, or by preparative chromatography

on a chiral stationary phase [80]. A mixture of cis- and trans-cyclopropane
1,2-dicarboxylic acid (cis- and trans-108) was converted via the anhydride 109

into N-benzyl succinimide 110, which was reduced to N-Boc-3,4-methanopyr-

rolidine 111 in five steps and 52% overall yield, by following a known procedure

Scheme 12 Diazomethane-mediated cyclopropanation of N-Boc-3,4-dehydro-L-pyroglutamic

acid ABO ester 98
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(Scheme 14) [81, 82]. Treatment of 111 with sec-butyl lithium in the presence of

3,7-dipropyl-3,7-diazabicyclo[3.3.1]nonane (112) at �78�C, followed by addition

of CO2, gave racemic cis-3,4-methano-N-Boc proline (RS-cis-113) in 74% yield.

Other tertiary amines, including sparteine [83] and other chiral bases [84–86], were

less stereoselective. Resolution with dehydroabietylamine and cinchonidine gave,

respectively, (S)- and (R)-cis-N-Boc-3,4-methanoproline 113, in 32% and 35%

yield.

Treatment of racemic cis-113 with LDA led to the corresponding dianion, which

upon workup gave racemic trans-N-Boc-3,4-methanoproline ((RS)-trans-113) in

Scheme 13 S-Ylide-mediated cyclopropanation of N-Boc-3,4-dehydro-L-pyroglutamic acid

ABO ester 98

Scheme 14 Synthesis of all four stereoisomers of 113
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51% yield (Scheme 15). Resolution of (RS)-trans-113 with (S)- and (R)-
phenylglycinol gave, respectively, (S)- and (R)-trans-N-Boc-L-3,4-
methanoprolines [(S)- and (R)-trans-113] in 15% and 29% yields.

All four N-Boc-3,4-methanoproline diastereomers were isolated by chiral sta-

tionary phase column chromatography using conditions previously developed to

separate N-Boc-proline benzyl esters [80]. Racemic cis-N-Boc-3,4-methanoproline

benzyl ester cis-114 gave the (S)- and (R)-cis-N-Boc-3,4-methanoproline enantio-

mers [(S)- and (R)-cis-114] (Scheme 16). Hydrogenation afforded the

corresponding N-Boc-methanoprolines (S)- and (R)-cis-113. Epimerization of the

respective benzyl ester cis-114 with LDA via the corresponding enolate gave the

corresponding trans-ester 114, which were, respectively, hydrogenated to afford

(S)- and (R)-trans-113. Adapting the method to a flow chemistry reactor with

further refinements for large-scale synthesis produced multigram quantities of

enantiopure N-Boc-3,4-methanoproline diastereomers.

4.2 Conformational Studies

Analysis of the conformation of 3,4-methanoproline by 1H-NMR spectroscopy in

D2O revealed a strong similarity to trans-thujane and bicyclo[3.1.0]hexan-3-ol

Scheme 16 Resolution of (RS)-cis-114 and epimerization to trans-114 suitable for flow chemistry

Scheme 15 Conversion of (S)- and (R)-cis 113 via enolate to (S)- and (R)-trans 114
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[87]. The most favorable conformation was concluded to correspond to a flattened

boat form.

4.3 3,4-Methanoproline Analogues

Cycloaddition reactions between azabicyclic nitrone 115 and various olefins have

given the corresponding dihydroisoxazoles 116 (Scheme 17a) [81]. 4-Methyl-3,4-

methano-L-proline 119 was prepared starting from (S)-2,2-dibromo-1-methyl

cyclopropane carboxylic acid 117 by a route featuring oxidative cleavage of vinyl

N-Boc-pyrrolidine 118 (Scheme 17b) [76].

Apically substituted N-Boc-3,4-methano-L-prolines have been synthesized

starting from L-pyroglutamic acid by routes featuring nucleophilic alkylidene

transfer using various S-ylides to provide 3,4-methano analogues bearing one and

two substituents on the apical carbon of the cyclopropane unit (Scheme 17c)

[88]. Cyclopropanations with sulfur ylides on the readily available N,O-acetal
120 afforded stereoselectively the corresponding anti-adducts 121, which were

converted to anti-3,4- N-Boc-L-methanoproline analogues 122 that have been

studied as constrained N-acetyl proline benzyl ester analogues by 1H-NMR spec-

troscopy as well as in tripeptides [89]. In CDCl3 and D2O, NMR spectroscopic

studies of di- and tripeptide models containing proline analogues with the embed-

ded 3-azabicyclo[3.1.0]hexane system found they adopted a flattened boat confor-

mation with backbone and side chain dihedral angles consistent with a poly-L-

proline type II conformation: ϕ��70�, ψ � 131�, χ1��57�, and χ2��158� [90].
gem-Dimethyl-3,4-methano-L-proline was incorporated in peptidomimetics in

pursuit of NS3 protease inhibitors [91]. For example, the X-ray structure of

methanoproline analogue 123 was solved and illustrated the major interactions

between the inhibitor and the enzyme. Moreover, mimic 123 was advanced to

phase 1 clinical trials for the treatment of hepatitis C viral disease (Scheme 17d)

[91]

3,4-(Aminomethano)-L-proline 126 was synthesized from L-serine by a route

featuring diastereoselective titanium-mediated aminocyclopropanation [92, 93] of

Δ-3 pyrroline silyl ether 124 (Scheme 17e) [94]. Protecting group shuffling and

alcohol oxidation provided Nγ-Fmoc-Nα-Boc-aminomethanoproline 126, which

was shown to be compatible with solid-phase peptide synthesis.

With the intent to prepare fluorine-labeled prolines for incorporation as NMR

probes in proline-rich cell-penetrating peptides, cis- and trans-3,4-methano-L-pro-

lines 128 were synthesized containing syn- and anti-trifluoromethyl groups at the

apical position of the cyclopropane ring (Scheme 17e) [95]. 3,4-Dehydro-N-Boc-L-
proline methyl ester 127 was reacted with trifluoromethyl diazomethane in the

presence of copper (I) trifluoromethanesulfonate to provide in 15% yield a mixture

of N-trifluoroethyloxycarbonyl trifluoromethyl cyclopropane diastereomers, which

were separated by chromatography and deprotected by acid hydrolysis to afford cis-
and trans-methanoprolines 128.

68 M.A. Vilchis-Reyes and S. Hanessian



5 3,5-Methanoprolines

As previously discussed, the preferred conformations of proline are important for

the functions of proline-containing peptides and proteins [96, 97]. This is particu-

larly relevant in collagen which is the most abundant structural protein found in the

extracellular matrix in animals [98]. The repeating collagen-strand sequence con-

sists of three amino acids in which glycine, proline, and 4-hydroxyproline are

Scheme 17 Selected examples of 3,4-methano-L-proline analogues
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featured. Studies by Raines and coworkers [99–101] and Moroder and coworkers

[102] have shown that the nature of the substituent at the 4-position of proline can

change its N-terminal amide cis-/trans-conformation ratio. Furthermore, the endo-
and exo-pucker of the pyrrolidine ring are influenced by the 4-position substituent.

For example, (4R)-fluoro-N-acetyl-L-proline methyl ester exists predominantly as the

4-exo trans-conformer (KT/C¼ 6.7; 86% exo conformation), whereas (4S)-fluoro-N-
acetyl-L-proline methyl ester has a predominant 4-endo trans-conformer (KT/C¼ 2.5;

95% endo conformation) (Fig. 6) [103]. These preferences have been in part attrib-

uted to the F!N gauche effect [104–106] and n!π* overlap between the amide

carbonyl as a donor and the ester carbonyl as an acceptor, as shown in the idealized

conformation for (4R)-fluoro-N-acetyl-L-proline methyl ester (Fig. 6) [106–108].

Mimics of collagen in which the hydroxyproline residues were replaced with

4-fluoroproline have exhibited extraordinary stability [106–108].

In order to better understand the relationships among ring puckers, inductive and

stereoelectronic effects, and peptide backbone conformation, N-acetyl-3,5-
methanoproline methyl ester and the corresponding 5-hydroxy and 5-fluoro ana-

logues were synthesized and studied by NMR spectroscopy and X-ray crystallog-

raphy (Fig. 7) [103].

5.1 Synthesis

Racemic N-acetyl-4-hydroxy-3,5-methanoproline methyl ester was synthesized by

a route featuring the formation of 3-endo-hydroxymethyl-2-azabicyclo[2.2.0]hex-

Fig. 6 Conformations of 4-fluoro-N-acetyl-L-proline methyl ester showing cis- and trans-amide

conformers as well as endo- and exo-ring puckers

Fig. 7 N-Acetyl-3,5-methano-L-proline methyl ester (X¼H, OH, F) showing endo- and exo-ring
puckers. Bold lines indicate a methano bridge between C3 and C5
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5-ene 130 by UV irradiation of N-Cbz-2-hydroxymethyl dihydropyridine (129)

[103], which was readily available from pyridine (Scheme 18) [109]. Alcohol 130

was protected to give 2-nitrophenylsulfonate (nosylate) ester 131. Bromination of

olefin 131 gave dibromide 134 in 50% yield via intramolecular opening of

bromonium ion 132 to form aziridinium ion 133, which was in turn opened by

bromide ion. Dibromide 134 (50%) was accompanied by tricyclic by-product 135

in 25% yield. Displacement of nosylate ester 134 by acetate gave 136, which was

subjected to free-radical debromination and saponification to yield alcohol 137.

Oxidation to the carboxylic acid, esterification, hydrogenolysis of the Cbz group,

and N-acetylation gave racemic N-acetyl-3,5-methanoproline methyl ester 139. Use

of 13C-acetyl chloride in the synthesis provided labeled 139 to facilitate the study of

the conformational equilibrium and cis–trans amide isomerization.

The corresponding racemic N-acetyl-4-hydroxy and 4-fluoro-3,5-

methanoproline methyl esters were also synthesized from bicyclic 131 as a com-

mon precursor (Scheme 19) [103]. Exposure of 131 to NBS in aqueous THF led to

Scheme 18 Synthesis of N-13C-acetyl-3,5-methanoproline methyl ester (139)

Scheme 19 Synthesis N-acetyl-3,5-methanoproline methyl ester analogues 143 and 145 from

bicyclic 131

Proline Methanologues: Design, Synthesis, Structural Properties, and. . . 71



aziridinium intermediate 133, which was attacked by water to give the

corresponding bromo alcohol 140. Protection of the hydroxyl group as the TBS

ester, displacement of the nosylate with cesium acetate, and free-radical-mediated

reductive debromination afforded ester 141. Cleavage of the ester and oxidation led

to acid 142, which was converted to racemic N-acetyl-4-hydroxy-3,5-
methanoproline methyl ester 143. Displacement of the “anti” oriented hydroxyl

group with Deoxo-Fluor®, with participation of the N-acetyl group via oxazolinium
ion intermediate 144, gave racemic anti-N-acetyl-4-fluoro-3,5-methanoproline

methyl ester 145.

Adopting the same methods, but starting with 2-phenyl-1,2-dihydropyridine 146

and irradiation at 300 nm, gave the 2-phenyl-3-endo-phenyl-2-azabicyclo[2.2.0]
hex-5-ene 147 (Scheme 20). Further steps afforded 2-phenyl-3,5-methanopyr-

rolidine intermediate 148, which was converted to hydroxymethanoproline 143 in

a relatively shorter synthesis compared to the previous route described above [110].

Expedient routes to stereoisomeric mixtures of racemic N-acetyl-4-hydroxy- and
4-fluoro-3,5-methanoproline methyl esters were developed by directed metalation

of the racemic fluoro-pyrrolidines 149 and 152 (Scheme 21) [104]. Although

inseparable, methyl esters 150 and 151 were obtained from carboxylation of

lithiated 149 and quenching of lithiated 152 with DMF, and reduction of the

resulting aldehyde with NaBH4 afforded a mixture of the three separable diaste-

reomers 153–155. Chromatographic separation and further steps led to the

corresponding racemic N-acetyl-4-fluoro-3,5-methanoproline methyl esters 145,

Scheme 20 Synthesis of 143 from bicyclic 147

Boc
N

F

1. s-BuLi

2. CO2
3. TMSCHN2

Boc
N

F

Boc
N

F

MeO2C
CO2Me

+

149 150 (27%) 151 (17%)

Boc
N

1. s-BuLi

2. DMF
3. NaBH4

Boc
N

Boc
N

Boc
N

HO

HO

OH+ +
F F F F

1. NaOCl
    TEMPO

2. TMSCHN2
3. TFA
4. AcCl, DMAP

N N NMeO2C

CO2Me

CO2Me+ +

F F F
O O O

Me Me Me

152 153 154 155

(±) 156 (24%) (±) 145 (24%) (±) 157 (15%)

Scheme 21 Synthesis of N-(±)-acetyl-4-fluoro-3,5-methanoproline methyl esters (145, 156, 157)
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156, and 157. In this series, the 2-azabicyclo[2.2.1]hexane ring system exemplified

the syn- (gauche) and anti-orientations of the fluoro (and hydroxyl) substituents in

fixed constrained proline conformations. Minimal n ! π* orbital interactions

involving the amide carbonyl oxygen and the ester carbonyl for the trans-amide

conformation were observed in NMR spectroscopic studies and calculations of the

geometries of the methanoprolines [104], suggesting other forces, such as the nature

of the solvent, to be of greater importance in determining their amide cis–trans
isomer equilibrium. The synthesis of methanoproline amides as inhibitors of the

complement alternative pathway has been described in a patent [111].

6 4,5-Methanoprolines

As a program directed at the synthesis of constrained analogues of proline [112–

119], Hanessian and coworkers reported the first synthesis of enantiopure 4,5-cis-
and 4,5-trans-methano-L-prolines cis- and trans-158 [120]. This particular proline

congener has since gained considerable relevance, ultimately being incorporated as

a cis-methano-L-prolylnitrile in the marketed antidiabetic drug Onglyza

(saxagliptin) 159 for the treatment of type II diabetes (Fig. 8) [121–123].

The incretins are glucagon-like peptides, such as GLP-1 and glucose-dependent

insulinotropic peptide (GIP) [124]. They play a major role in maintaining a bal-

anced glycemic control in the bloodstream. Dipeptidyl peptidase 4 (DPP-4) is a

sequence-specific serine protease that is bound to cell surface membranes and

expressed in many tissues [125]. Both GLP-1 and GIP are rapidly degraded by

DPP-4, which may lead to an imbalance in the management of glucose levels in the

bloodstream leading to hyperglycemia [126]. Inhibition of the proteolytic action of

DPP-4 has been targeted to increase the levels of incretins leading to insulin

secretion in order to improve blood glucose balance. Over the last decade, inhibitors

of DPP-4 have emerged as a new class of orally active drugs exemplified by

Onglyza (saxagliptin) [123] for the management of type II diabetes [127]. A

co-crystal structure of saxagliptin with DPP-4 shows, among other interactions, a

covalent imidate adduct formed from the nitrile group of the inhibitor and the

alcohol of serine 360 of the catalytic His–Ser–Asp triad [125]. In addition to

excellent in vitro potency and in vivo efficacy, saxagliptin presented good oral

activity and extended half-life in pH 7.4 buffer compared to analogues without the

methano appendage. This was attributed to a change in conformation, thereby

retarding the intramolecular attack of the amino group on the nitrile. Congeners

Fig. 8 Structures of

synthetic cis-and trans-4,5-
methano-L-prolines and the

antidiabetic drug Onglyza

(saxagliptin)
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that incorporated trans-4,5- and cis-3,4-pyrrolidine nitriles exhibited shorter half-

lives compared to the cis-4,5-methano counterpart exemplified by saxagliptin

[128]. The deshydroxy variant of saxagliptin was highly active in vitro and

in vivo, but suffered from low bioavailability; however, in vivo hydroxylation

produced the metabolite (saxagliptin), which became the marketed drug due to its

excellent profile.

6.1 Synthesis

The synthesis of a mixture of racemic 4,5-methanoproline diastereomers was first

disclosed in a patent (Scheme 22) [129, 130].

Stereocontrolled syntheses of cis- and trans-4,5-methano-N-Boc-L-proline were
reported by Hanessian and coworkers by using a novel intramolecular cyclopro-

panation reaction (Scheme 23) [120]. Lactam 165 was prepared from commercially

available L-pyroglutamic acid [131–141]. Conversion of 165 to the corresponding

lithium enolate, followed by treatment with trimethylstannyl methyl iodide at low

temperature, gave a 3:1 mixture of trans- and cis-diastereomers 166 in 86%

combined yield. Formation of the enolate from trans-166 and quenching with

2,6-di-t-butylphenol at �78�C gave the cis-166 in 74% yield. Reduction of lactam

trans-166 with lithium triethylborohydride to the corresponding hemiaminal,

followed by treatment with TFA in dichloromethane, generated the iminium ion,

which was attacked intramolecularly by a synchronously formed “methylene

nucleophile” from the trimethylstannyl group (or via the hypervalent

trimethylstannyl trifluoroacetate) to give the trans-N-Boc-4,5-methano-L-prolinol

167 in 64% yield, accompanied by 14% of desilylated by-product, which could be

reprotected. Silyl ether cleavage and alcohol oxidation gave crystalline trans-N-
Boc-4,5-methano-L-proline (trans-168). In the case of cis-166, 5-methoxy prolinol

Scheme 22 Synthesis of (±)-cis- and trans-4,5-methanoprolines 158
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169 was first prepared and subjected to the iminium ion cyclization to afford

crystalline cis-N-Boc-4,5-methano-L-proline (cis-168). Similar methods proved

successful in the synthesis of cis- and trans-5,6-methano-L-pipecolic acids [120].

A more expedient synthesis of cis- and trans-4,5-methano-L-prolines was

reported by the Hanessian group featuring Simmons–Smith cyclopropanation

[142] of enamine 202 (Scheme 24) [143].

Ethyl N-Boc-L-pyroglutamate (170) was reduced to the corresponding

hemiaminal, transformed to ethyl N-Boc-5-methoxy prolinate, and eliminated

with ammonium chloride and heating [144] to give the enecarbamate (S)-171.
Simmons–Smith cyclopropanation of (S)-171 gave a 1:4 ratio of trans- and cis-N-

Scheme 23 Intramolecular-mediated cyclopropanation to obtain enantiomerically pure cis- and
trans-4,5-methano-L-prolines 168

Scheme 24 Simmons-Smith cyclopropanation of (S)-171
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Boc-4,5-methano-L-prolinates (S)-trans- and (S)-cis-172, which could be effi-

ciently separated by column chromatography. Sequential cleavage of the ester

and N-Boc groups led, respectively, to trans- and cis-4,5-methano-L-proline

(trans- and cis-158) as crystalline solids. The preponderance of cis-diastereomer

(S)-cis-172 from the cyclopropanation reaction was attributed to coordination of the

zinc species by the ester group prior to delivery of the methylene onto the carbox-

ylate face of enecarbamate (S)-171 [145]. Enecarbamate (S)-171 has been prepared
more efficiently by reduction of 170 using lithium triethylborohydride at �78�C,
acylation with trifluoroacetic anhydride and 2,6-lutidine

(or diisopropylethylamine), and elimination on warming to reach room

temperature [146].

Ethyl cis-N-Boc-4,5-methano-L-prolinate ((S)-cis-172) was prepared by

diastereoselective cyclopropanation of ethyl N-Boc-4,5-dehydro-D-pyroglutamate

((R)-171) (Scheme 25) [147] and epimerized to ethyl trans-N-Boc-4,5-methano-L-

prolinate ((S)-trans-172), as previously reported [143].

In the cyclopropanation of ester (R)-171, chloroiodomethane was used instead of

diiodomethane [143] at lower temperature (�23�C) with enhanced diastereos-

electivity: 11:1 instead of 4:1 cis- to trans-isomer ratio, respectively. After chro-

matographic separation, (R)-cis- and (R)-trans-172 were isolated in 84% and 8%

yields, respectively. Epimerization of (R)-cis-172 using various bases had limited

success, because the (R)-cis-isomer 172 predominated. For example, treatment of

(R)-cis-172 with tert-BuOK in tert-BuOH/THF at room temperature led to an

equilibrium containing 48% (R)-cis- and 31% (S)-trans-172, respectively.
Lactam 165 [120] was converted to enecarbamate 173 by dehydration of a

hemiacetal trifluoroacetate intermediate and reacted diastereoselectively from the

less sterically hindered face in the cyclopropanation to provide trans-167, which
was deprotected and oxidized to trans-N-Boc-4,5-methano-L-proline (trans-168)
(Scheme 26).

Extensive studies of the Simmons–Smith cyclopropanation reaction were made

in an effort to optimize the synthesis of the cis-4,5-methano-L-pyrrolidine-2-nitrile

Scheme 25 Low temperature Simmons-Smith cyclopropanation of (R)-171

Scheme 26 Synthesis of trans-168 by steric control-mediated cyclopropanation
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needed for saxagliptin [148]. The strong coordinating power of the carboxamide

group was found to favor intramolecular delivery in the cyclopropanation of

4,5-dehydro-N-Boc-L-prolylamide (175) to provide diastereoselectively cis-4,5-
methano-L-prolylamide 176 (Scheme 27).

To avoid racemization during the transformation of ethyl ester (S)-171 into

amide 175, a biocatalytic process using a 220 g/L ester feed was developed

employing Candida antarctica lipase B and ammonium carbamate as ammonia

donor, which provided enantiomerically pure (>99.9% ee) amide 175 in 98%

yield [149].

All eight stereoisomers of saxagliptin were synthesized and evaluated for inhib-

itory activity [150] (Fig. 9). The respective couplings of (R)- and (S)-N-Boc-3-
hydroxyadamantylglycine (181) to cis- and trans-N-Boc-4,5-methanoprolyl amides

were performed using a patented process [151]. The (R)- and (S)-adamantylglycine

enantiomers 180 were, respectively, prepared by a diastereoselective Strecker

reaction sequence employing adamantyl aldehyde (177) and (S)- and (R)-
phenylglycinol (178) to provide α-aminonitrile 179, which was hydrolyzed, hydro-

genated to remove the auxiliary, and converted to the N-Boc derivative 180

Scheme 27 Synthesis of cis-4,5-methano-L-prolylamide

Fig. 9 Structures of all eight stereoisomers of Onglyza (saxagliptin)
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(Scheme 28). Oxidative hydroxylation led to 3-hydroxyadamantyl N-Boc-glycine
181. Amide coupling of (S)-181 with cis-4,5-methano-L-prolylamide 182, dehydra-

tion to the nitrile, and deprotection gave saxagliptin (20S,2S,cis)-159, which

exhibited significantly greater potency than the other stereoisomers.

N-Boc-cis-4,5-Methano-L-prolinol (188) has been synthesized by a route featur-

ing a diastereoselective lithiation of N-Boc-2,3-methanopyrrolidine sulfide 185 and

trapping with carbon dioxide (Scheme 29) [152].

6.2 Conformational Studies

The crystal structure of L-proline shows an endo-pucker with a χ angle of 35.5� and
a standard deviation from planarity of 0.161 Å. In contrast, the carbon framework of

cis- 4,5-methano-L-proline (cis-158) is essentially planar with a root-mean-square

Scheme 28 Synthesis of saxagliptin

Scheme 29 Synthesis of N-Boc-cis-4,5-methano-L-prolinol (188) from sulfoxide 184

78 M.A. Vilchis-Reyes and S. Hanessian



deviation (RMSD) from planarity value of 0.001 Å. The trans-isomer (trans-158) is
relatively much less flattened with an RMSD of 0.110 Å (Fig. 10).

The N-Cγ (N-C5) bond is equally shorter in the cis- and trans-4,5-methano-L-

proline compared to L-proline which suggests an increased sp2 character at C-5.

Considering the structures of L-proline and its 4,5-methano congeners, the

cyclopropane methylene of the latter may be argued to simulate the C-4 (δ-position)
methylene of proline, especially in the flatter pyrrolidine core. The envelope shape

of proline may thus be maintained, with consequential changes of ring pucker and

bond angles.

In the development of DPP-4 inhibitors, hindered (hydrophobic) alkylamines

reduced intramolecular reaction on the nitrile to form cyclic amidine [153]. Cogni-

zant of the observation that the pyrrolidine ring in 4,5-methano-L-proline can be

considerably flattened [120], 4,5-methano-L-prolylnitrile amides were examined as

DPP-4 inhibitors to improve solution stability [154]. Using a variety of bulky N-
terminal amino acids, such as isoleucine, valine, tert-leucine, and phenylalanine,

the corresponding amides were synthesized with selected cis- and trans-2,3-, 3,4-,
and 4,5-methanoprolylnitriles. cis-4,5-Methano-L-prolylnitrile amides exhibited

increased stability at pH 7.2 and 39.5�C in comparison with the other congeners

and with L-prolylnitrile. Although many congeners exhibited nanomolar inhibition

of DPP-4 in vitro (Fig. 11), it was decided to develop further saxagliptin as an

effective and relatively stable DPP-4 inhibitor [155].

Computational analysis revealed that the ground state conformation of tert-
leucyl-cis-4,5-methano-L-prolylnitrile corresponded to that observed in the single-

crystal X-ray structure of its TFA salt [128]. In the prolyl amide trans-isomer, the

N-terminal amino acid residue (tert-leucine) ψ-dihedral angle positioned the amine

and carbonyl oxygen in a syn-coplanar conformation that was also observed in

co-crystal studies of DPP-4 inhibitors in complex with the enzyme [156–160]. In

another calculated low-energy minima conformation, the prolyl amide cis-isomer

Fig. 10 Ring conformations in L-proline and cis-and trans-4,5-methano-L-prolines

Fig. 11 In vitro inhibition and solution stability of representative DPP-4 inhibitors
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oriented the amine and nitrile in close proximity to undergo an intramolecular

cyclization, which would result in its conversion to the cyclic amidine and loss of

potency (Fig. 12). Further ab initio calculations demonstrated that the energy

required to attain the cis-conformation could be correlated with the bulk of the

side chain of the appended amino acid. In tert-leucyl-cis-4,5-methano-L-

prolylnitrile, the energy barrier to adopt the prolyl amide cis-isomer was increased

by 0.64 Kcal/mol [128], in part due to a favorable van der Waals interaction

between the methano group and the alkyl side chain of the amino acid residue.

Exploring the optimal ring size at the P2-position of inhibitors of DPP-4, a series

of cis-4,5-methano-L-prolylnitrile amides were prepared and tested [161]. Five-

membered rings exemplified by L-prolyl-L-prolylnitrile were well accommodated in

the active site leading to promising analogues possessing Ki values ranging from 3.6

to 52 nM (Fig. 13).

6.3 4,5-Methanoproline Analogues

Racemic 4,5-methanoproline analogues have been synthesized by a route involving

treatment of diethyl N-Cbz-2,3-dihydropyrrole-2,2-dicarboxylate (192) [162], with
ethyl diazoacetate and catalytic dirhodium (II) tetraacetate to give N-Cbz-4,5-
methanopyrrolidine 193 [163]. Partial hydrolysis led to the carboxylic acid 194,

which was decarboxylated to furnish racemic N-Cbz-4,5-methanoproline ethyl

Fig. 12 Prolyl amide cis- and trans-isomers and cyclic amidine formation

Fig. 13 Examples of L-prolyl-4,5-methano-L-prolylnitriles
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ester 195. However, exposure to aqueous HCl caused ring opening of the cyclo-

propane to yield bicyclic lactone 196 (Scheme 30).

The excitatory amino acid natural product, kainic acid, acts as a constrained L-

glutamic acid analogue on specific subtypes of glutamate receptors (Fig. 14).

Scheme 30 Synthesis of 195 and opening of the cyclopropane ring in acidic media to afford

lactone 196

Fig. 14 Naturally occurring kainic acids, glutamate, and a methano congener

Scheme 31 Synthesis of kainic acid 4,5-methanocongeners 201
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Exploring the structural requirements for effective binding to the glutamate

receptors, Hanessian and coworkers prepared congeners of α-kainic and allo-kainic
acids (Scheme 31) [164]. D-Serine was converted in two steps to unsaturated ester

197, which was acylated to acrylamide 198. Free-radical carbocyclization followed

by conversion to the N-Boc derivatives gave mainly (6:1:1) the all-trans-
stannylmethyl pyrrolidine 199 with the 2,3- and 3,4-cis-diastereomers. Sequential

treatment of all-trans- and 3,4-cis-199 with lithium triethylborohydride, followed

by TFA, led respectively to the corresponding 4,5-methanopyrrolidine acetic acid

esters (200). Liberation and oxidation of the primary alcohol to the carboxylic acid,

followed by global deprotection, afforded, respectively, cis- and trans-4,5-
methano-L-proline-3-acetic acid (cis- and trans-201), and the structure and stereo-

chemistry of the former were ascertained by X-ray crystallography.

Employing 2,4-pentadienoic acid in the free-radical cyclization–cyclopro-

panation reaction sequence furnished substituted vinyl cis- and trans-4,5-
methano-L-prolines cis- and trans-202 (Fig. 15).

Neither cis- and trans-4,5-methano-L-proline-3-acetic acids 201 nor cis- and

trans-202 exhibited significant binding affinity at the NMDA and AMPA and

kainate glutamate receptor subtypes at concentrations as high as 10 μM.

The discovery of captopril (Fig. 16) as the first marketed inhibitor of

angiotensin-converting enzyme (ACE) started an era of antihypertensive drugs

inspired by structure-based design [165]. For example, studying the structural

requirements of captopril in the enzyme active site, the absolute configuration of

the pyrrolidine ring was found to be important for maintaining its ACE-inhibitory

activity [166]. With efficient access to cis- and trans-methano-L-prolines and

pipecolates in hand, Hanessian and coworkers launched a program to study

constrained captopril analogues [140]. Acylation of the respective amino acids

gave, respectively, 4,5-methano-captopril analogues cis- and trans-203 and cis-

Fig. 15 4,5-Methano kainic acid analogues

Fig. 16 Examples of marketed ACE inhibitors
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and trans-204 (Fig. 17), which exhibited twofold better in vitro inhibitory activity

(IC50 5.3–7.6 nM) than captopril (IC50 13.0 nM) [143].

In the co-crystal structure of captopril with ACE [166], space exists to accom-

modate the cyclopropane ring appended to the pyrrolidine and piperidine portions

of 203 and 204, which may account for the independence of inhibitory activity on

the spatial orientation of the fused cyclopropane ring.

Treatment of 4,5-unsaturated N-Boc-L-proline methyl ester 205 with excess

trifluoromethyl diazomethane in the presence of catalytic CuCl gave a mixture of

three diastereomers that were separated by chromatography prior to removal of the

ester and carbamate protection to furnish trifluoromethyl-substituted 4,5-methano-

L-prolines 206 (Scheme 32) [95].

Incorporation of trifluoromethyl 4,5-methano-L-proline (2S,10R,4R,5R)-206 in

the proline-rich cell-penetrating peptide SAP (VRLPPP)3 stabilized the polyproline

II conformations as observed by concentration- and temperature-dependent circular

dichroism (CD) spectroscopy experiments [95].

Fig. 17 Examples of 4,5-methano-L-proline and 5,6-methano-L-pipecolic acid analogues of

captopril

Scheme 32 Synthesis of trifluoromethyl-substituted 4,5-methanoproline-L-proline (206)

Fig. 18 Examples of inhibitors of the alternative complement pathway containing a 4,5-methano-

L-proline unit
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Inhibitors of the alternative complement pathway including Factor D were

prepared containing 4,5-methanoproline amides (Fig. 18) [167]. Vilsmeier

formylation of dehydroproline (S)-171 followed by reduction gave the allylic

alcohol 211. Simmons–Smith cyclopropanation, followed by purification using

chiral HPLC chromatography, led to the cis-hydroxymethyl diastereomer 212.

4-Methyl-trans-4,5-methanoproline 214 was prepared by a sequence consisting of

ester reduction, selective diol protection, and activation as the O-silyl ether

methanesulfonylate, reduction, silyl ether cleavage, and oxidation (Scheme 33).

4,5-Methanoproline dipeptide analogues with the general formula 215 (Fig. 19)

have been claimed to possess hypotensive effects due to its ability to inhibit

angiotensin-converting enzyme (ACE) [129, 130]. 4,5-Methanoproline derivatives,

such as 216 and 217 [168–170], and 222 [171, 172], have been claimed to be useful

in the treatment of hepatitis C virus (HCV). Similarly, structures 218, 219 [173],

and 220 [174, 175] have been claimed to interfere in the life cycle of HCV, and a

series related to 221 have been claimed useful for the treatment of HCV when

co-administrated with the undecapeptide cyclosporine A [176].

The 2-(pyrrolidin-2-yl)-1H-imidazole core 224 has been obtained by heating N-
Boc-4,5-methano-L-prolinal 223 in the presence of glyoxal and ammonia in meth-

anol (Scheme 34) [168–171].

Bromination of the imidazole ring of 224 was achieved with NBS, producing a

separable mixture of 5-bromo-1H-imidazole 225 and 4,5-dibromo-1H-imidazole

226. The 4,5-dibromide 226 was reduced with Na2S2O3 to give 225 [171]. Treat-

ment of 224 with iodine afforded exclusively the 4,5-diiodide, and a similar

treatment with Na2S2O3 gave 5-Iodo-1H-imidazole [170]. The bromo- and

iodoimidazole analogues were subjected to Suzuki–Miyaura cross-coupling reac-

tions to produce the corresponding aryl-imidazole derivatives.

Scheme 33 Synthesis of 4-methyl-trans-4,5-methano-L-proline (214)
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Fig. 19 Examples of bioactive molecules containing 4,5-methano-L-proline units claimed to

inhibit angiotensin-converting enzyme

Scheme 34 Synthesis of 5-bromo-1H-imidazole derivative 225
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4,5-Methano-L-proline amides containing indole [177] and indazole [178] deriv-

atives, such as 227 and 228 (Fig. 20), have been claimed useful for the treatment of

age-related macular degeneration. 4,5-Methano-L-proline amide 229 has been

claimed to be an agonist of the transient receptor potential cation channel, member

A1 (TRPA1) [179].

6.4 4,5-Methanoprolines as Metal-Free Organocatalysts

In 1976, scientists at Hoffmann-La Roche [180–182] and Schering A. G. [183, 184]

independently reported that L-proline catalyzed the intramolecular aldol reaction of

an achiral triketone (230) to give a quasi-enantiomerically pure bicyclic product

(231). The reaction is now known as the Hajos–Parrish–Eder–Sauer–Wiechert

reaction (Fig. 21). The mechanism of this transformation has been extensively

studied computationally [185, 186] and favors transition-state structures in which

the planar enamine is spatially oriented to preferentially attack one of the

diastereotopic carbonyl groups.

In collaboration with the Houk laboratory, Hanessian and coworkers [187]

reported that cis-4,5-methano-L-proline (cis-158) catalyzed the reaction similar to

L-proline, albeit with slower reaction times. In contrast, trans-4,5-methano-L-

Fig. 20 Examples of indole and indazole bioactive molecules containing a 4,5-methano-L-proline

unit claimed for the treatment of age-related macular degeneration

Fig. 21 Enamine catalysis

with L-proline

86 M.A. Vilchis-Reyes and S. Hanessian



proline (trans-158) gave aldol product 233 in lower yield and enantioselectivity

(Table 1).

The lower enantioselectivity with trans-4,5-methano-L-proline was attributed to

unfavorable energetics related to anti- and syn-transition structures compared to

cis-4,5-methano-L-proline and L-proline (Fig. 22) [187, 188].

Electrostatic interactions involving methine hydrogens may contribute to the

overall stabilization of the transition states A and B, although the preference for the

planar enamine in the cis-4,5-methano-L-proline (as in C) may explain the higher

enantioselectivity. The energy difference between syn- and anti-pyramidalized

iminium transition structures in the trans-isomer was calculated to be smaller

(ΔH{¼ 1.2 Kcal) than that of the cis-isomer (ΔH{¼ 2.2 Kcal) [187]. The enantios-

electivity achieved by the trans-isomer may be due in part to an NCHδ+�Oδ–

electrostatic interaction stabilizing the anti-enamine B (compared to A and C)

(Fig. 22).

4,5-Methano-L-prolines were found to catalyze the conjugate addition of

2-nitropropane to cyclohexenone in the presence of 2,5-dimethylpiperazine

(Table 2) [188–191]. In this reaction, trans-4,5-methano-L-proline was found to

be the better catalyst, leading to 99% enantioselectivity. The lower efficiency of the

cis-isomer was attributed to a steric effect causing a pseudo-axial orientation of the

carboxyl group (X-ray) to avoid A1,3 strain in the iminium transition structure. The

added base has a considerably favorable effect on enantioselectivity compared to L-

proline (83% ee) [192, 193]. The corresponding hydroxamic acids 234 and 235

Table 1 Intramolecular aldol reaction with L-proline and 4,5-methano-L-proline catalysts

Catalyst Time (h) Yield (%) ee (%)

L-proline 48 98 95

cis-158 140 86a 93

trans-158 125 67b 83
a14% Starting material recovered
b28% Starting material recovered

Fig. 22 Transition-state

models (A, B and C) in

enamine catalysis
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were also effective catalysts, albeit with lower enantioselectivity (Table 2)

[190]. (R)-3-(2-Nitropropan-2-yl)cyclohexanone was used to synthetize a δ-amino

acid that was incorporated in a potent inhibitor of beta-amyloid cleaving enzyme

1 (BACE1) [194, 195].

Michael addition of aldehydes to 2-nitroalkenes have also been reported to be

catalyzed by trans-4,5-methano-L-proline with high enantioselectivities and gener-

ally excellent diastereoselectivity favoring the syn-isomer (Scheme 35) [196].

7 trans-3,4-Methano-L-azetidine-2-carboxylic acid

An azetidine analogue of 3,4-methano-L-proline was reported as a naturally occur-

ring antibiotic substance (SF-1836), isolated from the culture filtrate of Streptomy-
ces zaomyceticus SF-1836 (Fig. 23) [197].

Table 2 Addition of

2-nitropropane to

2-cyclohexenone in the

presence of L-proline and

4,5-methano-L-prolines

Catalyst ee (%) Yield (%)

L-proline 89 83

cis-158 75 52

trans-158 99 92

75 78

81 65

Scheme 35

Enantioselective Michael

addition catalyzed by

trans-158

Fig. 23 Structure of

SF-1836
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The proposed (S)-2-azabicyclo[2.1.0]pentane-3-carboxylic acid structure was

based on its physicochemical properties and conversion of 236 to L-proline upon

catalytic reduction (Scheme 36) [197].

Confirmation of the assigned structure was also secured from an X-ray analysis

by direct methods [198]. The third naturally occurring cyclic methano amino acid to

be discovered after 2,4-methano-L-proline 49 and cis-3,4-methano-L-proline 80,

SF-186 has a highly constrained azabicyclic structure and trans-stereochemistry.

The biogenesis of SF-186 and its mode of antibacterial action against some

Xanthomonas species warrant further investigation.

8 Summary

In this review, we have summarized various aspects of the synthesis, structural

properties, and applications in medicinal chemistry of methanoprolines, which we

have henceforth designated as proline methanologues. Racemic

2,4-methanoproline and cis-3,4-methano-L-proline have been found in nature and

have served as starting points to further explore the chemistry and biology of this

class of unusual amino acids. By far the greatest recent interest has been devoted to

4,5-methano-L-proline, with the discovery that they are good surrogates for L-

proline itself. In medicinal chemistry, a 4,5-methano-L-proline nitrile amide has

been incorporated into a marketed drug for the treatment of type II diabetes.

Moreover, a plethora of patents claim 4,5-methano-L-proline analogues for various

medicinal applications. In peptide science, substituted methano-L-proline analogues

have been shown to stabilize polyproline type II conformations and have been used

to probe the stereoelectronic effects of substituted prolines. In addition,

4,5-methano-L-proline analogues have exhibited promising catalytic activities in

enantioselective reactions. In light of these interesting properties, proline

methanologues merit further study as proline surrogates to advance various fields

including natural product synthesis, medicinal chemistry, catalysis, and peptide

science.
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Scheme 36 Hydrogenation

of 236 to afford L-proline
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186. Armstrong A, Boto RA, Dingwall P, Contreras-Garcia J, Harvey MJ, Mason NJ, Rzepa HS

(2014) Chem Sci 5:2057

187. Cheong PH-Y, Houk KN, Warrier JS, Hanessian S (2004) Adv Synth Catal 346:1111

188. Bahmanyar S, Houk KN (2001) J Am Chem Soc 123:11273

189. Hanessian S, Pham V (2000) Org Lett 2:2975

190. Hanessian S, Shao Z, Warrier JS (2006) Org Lett 8:4787

94 M.A. Vilchis-Reyes and S. Hanessian



191. Hanessian S, Govindan S, Warrier JS (2005) Chirality 17:540

192. Yamaguchi M, Igarashi Y, Reddy RS, Shiraishi T, Hirama M (1997) Tetrahedron 53:11223

193. Yamaguchi M, Shiraishi T, Igarashi Y, Hirama M (1994) Tetrahedron Lett 35:8233

194. Hanessian S, Shao Z, Betschart C, Rondeau J-M, Neumann U, Tintelnot-Blomley M (2010)

Bioorg Med Chem Lett 20:1924

195. Hanessian S, Maji DK, Govindan S, Matera R, Tintelnot-Blomley M (2010) J Org Chem

75:2861

196. Yu H, Liu M, Han S (2014) Tetrahedron 70:8380

197. Shimura M, Iwata M, Omoto S, Sekizawa Y (1979) Agric Biol Chem 43:2279

198. Kodama Y, Ito T (1980) Agric Biol Chem 44:73

Proline Methanologues: Design, Synthesis, Structural Properties, and. . . 95



Top Heterocycl Chem (2017) 48: 97–124
DOI: 10.1007/7081_2015_185
# Springer International Publishing Switzerland 2015
Published online: 14 December 2015

Structure and Synthesis of Conformationally

Constrained Molecules Containing

Piperazic Acid

Emma L. Handy and Jason K. Sello

Abstract Piperazic acid and its congeners are constituents of many structurally

complex natural products. Their conformational rigidity and other advantageous

physicochemical properties have motivated the incorporation of these

non-proteinogenic amino acids into pharmaceutical agents and drug leads. This

review provides an overview of recently published research on piperazic acids, their

origins, chemical syntheses, and applications in constrained, biologically active

peptides and peptidomimetics.
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1 Introduction

Piperazic acid (Piz) is a non-proteinogenic amino acid characterized by a

six-membered ring containing a stable N–N bond. By convention, the α- and

β-nitrogen of piperazic acid analogs are referred to as N2 and N1, respectively

(Fig. 1). The discovery of piperazic acid was the result of studies of the monamycin

peptide natural products, which were isolated from Streptomyces jamaicensis in

1959 by Hassall and co-workers [1]. These macrocyclic depsipeptides inhibit the

growth of Gram-positive bacteria, including several drug-resistant strains of Staph-
ylococcus aureus. Disclosure of the monamycin structures in 1971 [2] marked the

first reports of piperazic acid, as well as its 5-hydroxy (γHOPiz) 3a and 5-chloro

(γClPiz) 4a piperazic acid counterparts (Fig. 1).

Since the discovery of the monamycins, many natural products have been

reported that contain piperazic acid and its congeners [3]. These piperazic acid

analogs have diverse structures, biological activities, and potential for exploitation

in medicine [3]. For example, the luzopeptin cyclic decadepsipeptides have two

dehydrohydroxy piperazic acid (HOdhPiz, 3b) residues and exhibit both antitumor

Fig. 1 Structures of piperazic acid, its congeners, and monamycin 5
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[4] and anti-HIV activity [5]. In contrast, the antrimycins are linear peptide natural

products that contain dehydropiperazic acid (dhPiz, 2) and show antibacterial

activity [6].

Piperazic acids may bestow special chemical properties and structural charac-

teristics to peptides, in part because their cyclic structure constrains molecular

conformation. Experimental and computational studies indicate that piperazic

acid, like proline (Pro) and pipecolic acid (Pip), induces turns in peptides by

limiting rotation about the backbone dihedral angles [7]. The dhPiz residue exhibits

a greater preference to situate in turn conformations than Pip and Pro (Fig. 2). The

E-amide isomer N-terminal to dhPiz (conformer A) is favored over the Z-isomer

(conformer B) in which electrostatic repulsion exists between the carbonyl oxygen

and the imino nitrogen [7]. Such properties make dhPiz a promising

non-proteinogenic building block for the synthesis of β-turn peptidomimetics.

Their unique structures raise questions about the origins of the piperazic acids

and make them challenging targets for chemical synthesis alone and within more

complex molecules. In addition to a brief update on biosynthetic studies, an

overview of syntheses and applications of the piperazic acids is herein presented

with an emphasis on literature published after 2010, because past methods for the

synthesis of piperazic acid-containing molecules have been reviewed [3, 8, 9].

2 Biosyntheses of the Piperazic Acids

The mechanism of piperazic acid biosynthesis remains to be completely character-

ized. Insight into this phenomenon has however emerged from recent studies of the

biosynthesis of the kutzneride natural products [10–14]. These actinomycete-

derived cyclic depsipeptides have potent antibacterial and antifungal activity.

There are nine members of the kutzneride families, each of which contain either

a Piz, dhPiz, γHOPiz, or γClPiz residue (Fig. 3) [15].
Biosyntheses of the kutznerides have begun to be elucidated by genetic studies

of Kutzneria sp. 744. A gene cluster spanning approximately 56 kb has been

identified consisting of 29 open reading frames. Seventeen of the gene products

have been assigned roles in kutzneride biosynthesis [10]. Within the gene cluster,

the ktzI gene was shown to encode an enzyme homologous to lysine (Lys) and

ornithine (Orn) N-hydroxylases, which are responsible for hydroxamic acid forma-

tion in siderophore biosynthesis [11]. Considering that no N–O bonds exist in any of

the kutznerides, the ktzI product was predicted to be involved in the formation of the

Fig. 2 Piperazic acid conformations
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N–N bond of Piz. Biochemical characterization of purified KtzI confirmed activity

as a FAD-dependent N-hydroxylase of L-Orn. From stable isotope feeding exper-

iments, 13C5-ornithine and 13C5-N-hydroxyornithine were both incorporated into

the kutznerides, indicating that KtzI N-hydroxylated Orn in an early biosynthetic

step to piperazic acid. These results contradicted analogous experiments in which

isotopically labeled glutamic acid (Glu) and glutamine (Gln), but not Orn, were

incorporated into monamycin and polyoxypeptin [16, 17], suggesting either an

alternative pathway for Piz synthesis or that exogenous Orn was not readily taken

up by the producing organisms. The steps by which N-hydroxyornithine is

converted to Piz remain enigmatic because neither spontaneous nor KtzI-mediated

cyclization of N-hydroxyornithine has been observed [11]. The N-hydroxyl group
may be activated by phosphorylation or sulfation, or further oxidized to the nitroso

counterpart to facilitate cyclization via nucleophilic attack by the α-nitrogen to give
respectively Piz or dhPiz (Scheme 1).

Studies of the biosynthetic gene cluster also revealed the origins of the γClPiz
residue in the kutznerides [13]. After determining that none of the three halogenases

Fig. 3 Structures of the kutzneride natural products

Scheme 1 Possible routes for the biosynthesis of piperazic acid
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(KtzQ, KtzR, KtzD) encoded by the cluster acted on Piz [14], a mononuclear

nonheme iron halogenase, named KthP, was found to catalyze regio- and stereo-

specific chlorination at C5 of a Piz residue bound via a thioester linkage to the holo-
thiolation domain, KtzC. The enzyme acted on the fully saturated Piz residue, but

not on its activated C4–C5 unsaturated precursor. Although the kutznerides contain

(3S,5R)-γClPiz, the product of KthP-catalyzed chlorination was (3S,5S)-γClPiz,
suggesting that an epimerization may occur in the biosynthesis of the 5R-isomer.

3 Chemical Synthesis of the Piperazic Acids

Most syntheses of piperazic acid analogs form the heterocycle via either an

aza-Diels–Alder cycloaddition or an intramolecular cyclization of an α-hydrazino
carboxylic acid. In the former approach, the challenges have been to control regio-

and stereoselectivity. In the latter, formation of the hydrazine precursor with the

desired stereochemistry has not been trivial. For both synthetic approaches, the

technical challenges have largely been overcome.

3.1 Aza-Diels–Alder Cycloaddition

The first reported synthesis of Piz, by Bevan and co-workers in 1971 [18],

employed an aza-Diels–Alder cycloaddition of penta-2,4-dienoic acid 7 and

phthalohydrazide 8 catalyzed by lead(IV) acetate (Scheme 2). Olefin reduction

and acid-catalyzed hydrolysis of the cycloadduct yielded racemic piperazic acid.

Many variations on the aza-Diels–Alder reaction have been reported. For exam-

ple, the yield was improved when t-butyl hypochlorite was used to effect the

cycloaddition instead of lead acetate. However, the tendency of the reagent to

promote side reactions precluded syntheses of substituted piperazic acids. A cyclo-

addition in which 4-phenyl-1,2,4-triazoline-3,5-dione 10was used as the dienophile

had a higher yield and could be performed with substituted penta-2,4-dienoic acids

(e.g., 11) to synthesize γHOPiz (Scheme 3) [19].

Diastereoselective cycloadditions have been used to produce enantiomerically

pure dehydropiperazic acids. For example, the cycloaddition of a diene

functionalized with a glucose-derived chiral auxiliary 15 and azodicarboxylate 16

Scheme 2 Aza-Diels–Alder synthesis of racemic D,L-piperazic acid
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yielded diastereoselectively dhPiz 17 (Scheme 4). Subsequent removal of the chiral

auxiliary under acidic conditions produced dhPiz methyl ester 18 as a single

enantiomer [20].

N,N-Di-Cbz-Piz 19 was synthesized using a diastereoselective aza-Diels–

Alder reaction between 4-phenyltriazoline 3,5-dione 20 and diene 21 possessing

a chiral oxazolidinone auxiliary [21, 22] (Scheme 5). Cycloadduct 22 was

obtained as a 97:3 mixture of diastereomers in 95% yield. Although the reduction

of the double bond was achieved in 94% yield by catalytic hydrogenation,

completion of the Piz synthesis was circuitous because the conditions for remov-

ing the chiral auxiliary necessitated reduction of the carbonyl yielding primary

alcohol 24. The requisite oxidation of the alcohol to the carboxylic acid required

protection of the nitrogen atoms with Cbz groups, ultimately yielding protected

piperazic acid 19 [22].

Scheme 3 Aza-Diels–Alder synthesis of racemic D,L-hydroxypiperazic acid

Scheme 4 Diastereoselective synthesis of dhPiz via cycloaddition employing a carbohydrate

chiral auxiliary

Scheme 5 Diastereoselective Diels–Alder route to Piz using oxazolidinone chiral auxiliary
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Catalytic, enantioselective aza-Diels–Alder reactions have been used to prepare

substituted piperazic acid amides [23, 24]. Gold and silver catalysts in complexes

with chiral phosphoramidites and phosphates derived from BINOL promoted

respectively enantioselective hetero Diels–Alder reactions of diazene dienophiles

with various dienes. In the silver phosphate-catalyzed enantioselective hetero

Diels–Alder reaction, the presence of a free hydroxy group on the diene could

switch the regioselectivity: dienes with free and protected alcohols led respectively

to the formation of cycloadducts of types 25 and 26 (Scheme 6). The

regioselectivity was explained by formation of a stable complex in which the

alcohol of diene 27 was engaged in a hydrogen bond to the oxygen atom of the

catalyst’s phosphate and coordination to its silver atom. In principle, modification

of the resulting alcohol may be used to synthesize various substituted piperazic acid

analogs.

Scheme 6 Enantioselective catalytic hetero Diels–Alder reactions have been catalyzed by silver

phosphate and gold phosphoramidite BINOL-derived complexes
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3.2 Heterocyclization via Tandem Electrophilic
Hydrazination/Nucleophilic Displacement

Diastereoselective electrophilic hydrazination followed by nucleophilic displace-

ment has provided access to (R)-Piz [25]. Acylation of the lithium salt of 4R-
(benzyl)-2-oxazolidinone 34 with 5-bromovaleryl chloride gave N-acyl
oxazolidinone 35, which was treated at –78�C with LDA followed by dibenzyla-

zodicarboxylate (DBAD) and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone

(DMPO) to yield protected piperazic amide 36 in 96% diastereoselectivity. The

TFA salt of (R)-Piz was isolated after saponification of the oxazolidinone auxiliary

using LiOH in aqueous THF, followed by removal of the Boc groups using

trifluoroacetic acid (Scheme 7). Employing a related γ-benzyloxy analog of

oxazolidinone 34, which was derived from D-mannitol, (3S,5S)-γHOPiz was pre-

pared by a similar method [26].

Piperazic acid was prepared from a route starting from diethyl malonate (37,

Scheme 8), which was allylated with allyl bromide and reacted with DBAD to form

Scheme 7 Diastereoselective synthesis of R-piperazic acid using an oxazolidinone chiral

auxiliary

Scheme 8 Synthesis and resolution of Piz from diethyl malonate
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the protected hydrazine [27]. Hydroboration and oxidation transformed olefin 38

into alcohol 39 that was subsequently mesylated to effect cyclization. The overall

yield of di-Boc-piperazic acid 41 was improved from 16 to 50% by employing

dibenzyl and di-t-butyl malonate instead of diethyl malonate. Resolution of racemic

di-Boc-piperazic acid 41was achieved by coupling to S-phenylalaninol followed by
separation of the diastereomeric esters by chromatography. Saponification and

removal of the Boc groups provided the TFA salts of (R)- and (S)-Piz [28].

3.3 Organocatalytic α-Hydrazination Followed by
Heterocyclization

Routes to R- and S-piperazic acid that could be scaled up to >50 mmol featured

proline-catalyzed asymmetric α-hydrazination of 5-bromopentanal with DBAD

(Scheme 9) [29, 30]. Reduction of the aldehyde with NaBH4 yielded α-hydrazino
alcohol 44 in 92% yield with >99% enantioselectivity. Protection of alcohol 44

with TBSCl and sodium hydride-mediated ring closure, silyl ether removal with

TBAF, and oxidization of the resulting primary alcohol with TEMPO and NaClO-

NaClO2 yielded (R)-di-Cbz-Piz 19. Employing R-Pro in the α-hydrazination step

gave similar access to (S)-Piz.
Ma and co-workers reported a scalable modification of this method that could be

used to produce the mono-Cbz-protected Piz on a kilogram scale [31]. In this case,

pyridazine ring formation and selective deprotection of N2 occur in one pot. After

α-hydrazination, aldehyde 47 was oxidized to carboxylic acid 48 using NaClO2 in

88% yield and>99% ee (Scheme 10). Bromo-α-hydrazino acid 48 was treated with
hydroxide ion to induce ring closure and removal of the Cbz protection from the

2-position on warming to room temperature before neutralization. At higher tem-

peratures, the α-carboxylate anion reacted with the neighboring N2 carbamate to

Scheme 9 (S)-Proline-catalyzed asymmetric synthesis of R-piperazic acid
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yield a bicyclic-ring anhydride. Acid- or base-promoted decarboxylation of the

anhydride yielded piperazic acid with the Cbz-protecting group on N1 (Scheme 11).

trans-4-tert-Butoxy-L-proline 50 has also been employed as catalyst (5 mol%)

in the hydrazination step for the synthesis of dhPiz methyl ester (Scheme 12)

[32]. After hydrazination of 5,5-dimethyoxypentanal 51 with DBAD, the aldehyde

was reduced in situ and protected as silyl ether 52. Acetal and silyl ether cleavage

with TFA provided alcohol 54 in 97% ee and 69% yield from 52. Alternatively, the

α-hydrazino aldehyde was oxidized with KMnO4 and esterified to yield

α-hydrazino methyl ester 55. Acetal 55 was treated with TFA to promote

Scheme 10 Proline-catalyzed asymmetric synthesis of N1-Cbz-Piz acid

Scheme 11 Formation of bicyclic anhydride followed by decarboxylation to yield N1-Cbz-Piz

Scheme 12 trans-4-tert-Butoxy-L-proline-catalyzed α-hydrazination route to dhPiz methyl ester
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cyclization to dhPiz methyl ester 56. Piperazic acid derivative 53 was also used as

an organocatalyst for hydrazination of 51 in 55% yield and 64% ee [32].

3.4 Synthesis of 5-Substituted Piperazic Acids

5-Substituted piperazic acids have been synthetic targets due to their presence in

natural products. For example, protected γHOPiz 57 was prepared by a route

featuring iodolactonization and iodide displacement, which provided bridgehead

bicycle 62 (Scheme 13) [33].

A diastereoselective Strecker reaction on hydrazone 65 provided an 81:19

mixture of cis/trans nitriles 66. Nitrile hydrolysis with aqueous HCl and esterifica-

tion gave γHOPiz 68 [34], the synthesis of which was accelerated using microwave

irradiation in four key steps (Scheme 14) [35].

The alcohol of 1,2-di-Boc-γHOPiz was converted into the corresponding chlo-

ride γClPiz with inversion of configuration using triphenylphosphine and carbon

tetrachloride in acetonitrile [26]. Similarly, after cleavage of silyl ether 72 with

TBAF, the alcohol was converted to γClPiz 74 using N-chlorosuccinimide and

triphenylphosphine in dichloromethane (Scheme 15) [36].

Scheme 13 Diastereoselective synthesis of protected γHOPiz 57

Scheme 14 Synthesis of protected γHOPiz 67 by a diastereoselective Strecker reaction
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4 Strategies for Syntheses of Peptide Natural Products

Containing Piperazic Acid

In most of the known natural products that contain piperazic acid, the N2 position is

linked to the peptide backbone. Inconveniently, the N1 position of unprotected Piz

is preferentially acylated [8, 37]. Moreover, protection of the N1 nitrogen renders

the N2 position difficult to acylate with activated carboxylic acids, such that acyl

chlorides are required for acylation [37]. Acylation of dehydro and hydroxy Piz

derivatives has also been problematic due to their limited stability under such

conditions [39, 40]. By comparison, the reduced hydroxymethyl analog 77 was

acylated at the N2 position using 4-nitrophenyl esters and HOBt (Scheme 16)

[38]. These observations imply that the problematic acylation of N1 in piperazic

acid is likely due to the stereoelectronic effects associated with the neighboring

α-carboxylate [38].
Alternative methods have been developed to surmount the poor nucleophilicity

of the N2 nitrogen and incorporate piperazic acids into peptides, including acyla-

tion of the corresponding hydroxymethyl analogs followed by oxidation, acylation

employing reactive acid chlorides, and acylation of α-hydrazino carboxylate deriv-
atives followed by heterocyclization (Fig. 4).

4.1 Acylation of the Reduced Form of Piperazic Acid
Followed by Oxidation

Application of the reduced form of N1-protected piperazic acid as a building block

in the acylation of N2 followed by oxidation of the primary alcohol to the carbox-

ylic acid, has been used in the total syntheses of the padanamides [41]. These linear

Scheme 15 Diastereoselective syntheses of protected γHOPiz and γClPiz 73 and 74
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tetrapeptides (padanamides A and B) were isolated from a Streptomyces sp found in
marine sediment near Papua New Guinea and differ only in the identity of their C-
terminal residue (Fig. 5) [42]. Padanamide B was found to be cytotoxic to Jurkat

cells, but its mechanism has yet to be elucidated. Mechanistic studies of padamide

A in Saccharomyces cerevisiae suggest it inhibits cysteine and methionine biosyn-

thesis in eukaryotes [42].

Fig. 4 Common routes to N2-acyl piperazic acid derivatives. LG leaving group, PG protecting

group

Fig. 5 Structure of padanamides A and B

Scheme 16 Attempted and successful acylation at the N2 position of hydroxypiperazic acid 75

and hydroxymethyl counterpart 77, respectively
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In the total syntheses of the padanamides [41], a TBS-protected form of the

reduced piperazic acid was used as a building block to circumvent the reactivity

issues of the N2 nitrogen (Scheme 17). After acylation of the N2 position of silyl

ether 81 with an acid chloride 82, the primary alcohol was desilylated and then

oxidized to the carboxylic acid 85 with NaIO4 and catalytic RuCl3.

4.2 Direct Acylation of Piperazic Acid

In spite of its poor nucleophilicity, the N2 nitrogen of piperazic acid analogs has

been acylated in syntheses of peptide natural products. For example, dhPiz 86 was

coupled to amino acid 87 using DCC and DMAP in 53% yield in the total synthesis

of antrimycin (Scheme 18) [43].

Although many standard reagents have failed in the coupling of Piz and dhPiz

analogs with N-protected amino acids [8, 37, 39], the reaction of N-protected amino

acid chlorides and N1-protected piperazic acid analogs in the presence of silver

cyanide has successfully given piperazic acid analogs with acyl groups on the N2

nitrogen [33, 44–46]. For instance, as part of syntheses of azinothricin and

kettapeptin [44], Cbz-Piz derivative 89 was coupled to N-Fmoc-N-methylalanine

acid chloride (90) with AgCN in a 92% yield (Scheme 19).

On the other hand, sanglifehrin A (92) has a piperazic acid residue that is

acylated on the N1 rather than the N2 nitrogen. Identified in a screen for small

molecules that bound cyclophilin A, sanglifehrin A is a macrolide that has 20-fold

greater affinity for cyclophilin A than the currently marketed immunosuppressive

drug cyclosporin A [47, 48]. Total and partial syntheses of sanglifehrin A have

taken advantage of the greater reactivity of the N1 over the N2 nitrogen toward

acylation, avoiding protection of the latter during coupling reactions with uronium

Scheme 17 Installation of the Piz residue in the padanamides
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and carbodiimide reagents [49–52]. For example, methyl piperazate (93) was

respectively coupled to Boc- and Cbz-Phe(m-OBn)-Val-OH (94) using 1-[bis

(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide

hexafluorophosphate (HATU) in 76% and 82% yields (Scheme 20) [51, 52].

Scheme 18 DCC-mediated acylation of dhPiz 86 in the total synthesis of antrimycin

Scheme 19 Silver cyanide-mediated coupling of Cbz-Piz 89 with acyl chloride 90

Scheme 20 Regioselective N1 acylation of methyl piperazate toward the synthesis of

sanglifehrin A
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4.3 Acylation of α-Hydrazino Esters Followed by
Heterocyclization

The third strategy that is used commonly for incorporation of piperazic acid into

peptide chains for natural product synthesis entails forming the pyridazine ring after

acylation of the appropriate nitrogen atom [39, 53–55]. After acylation of the N2

nitrogen of protected hydrazine 96, dhPiz 99 was synthesized by unmasking acetal

98 using trifluoroacetic acid with concomitant Boc group removal [39]

(Scheme 21). Reduction of dhPiz to Piz has been achieved using both NaCNBH3

in AcOH-MeOH [40] and H2 and PtO2 [56].

4.4 Multicomponent Reaction Approach

Sello and co-workers have reported an alternative approach for the synthesis of

peptides containing piperazic acid, which features a multicomponent reaction that

is analogous to the Joullié–Ugi reaction [57]. N-p-Methoxybenzyl–2,4,5,6-

tetrahydropyridazine 101 was condensed with benzoic acid and tert-butyl
isocyanide to yield N-acyl piperazamide 102 (Scheme 22). The p-methoxybenzyl

N1 substituent was advantageous because it enhanced reactivity of N2 and was

removed using both oxidative and reductive conditions to access respectively dhPiz

and Piz residues 103 and 104. The multicomponent strategy has been used to

prepare dipeptides and tripeptides containing piperazic acid without stereose-

lectivity, but the diastereomeric products have been readily separated by

chromatography.

4.5 Synthesis of Peptides with Tandem Piperazic Acids

Many natural products contain adjacent Piz residues, and the syntheses of these

moieties require special considerations (Fig. 6).

Chloptosin (107) was isolated from Streptomyces species MK498-98F14 culture

broth [58]. Natural product 107 induces apoptotic activity in apoptotic-resistant

human pancreatic adenocarcinoma cells, inhibits the growth of Gram-positive

Scheme 21 Formation of dhPiz 99 after acylation of the N2 nitrogen
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bacteria, and has a high LD50 value in mice. In one total synthesis of the dimeric

cyclic peptide [45], the Piz dipeptide 109was assembled by the coupling of the acyl

chloride derived from Fmoc-Piz(N1-Cbz)-OH (110) and H-Piz(N1-Cbz)-O-allyl
(111) in 74% yield [45]. After removal of the Fmoc group from dipeptide 112,

Fmoc-Val-Cl was coupled to the N2 nitrogen in the presence of silver cyanide in

97% yield (Scheme 23).

Alternatively, piperazic acyl chloride derived from Piz 113 was coupled to silyl

ether 114 to produce dipeptide 115, which after liberation and oxidation of the

primary alcohol with RuCl3 and NaIO4 gave dipeptide acid 116 that was subse-

quently coupled to allyl O-methyl serinate (Scheme 24) [59, 60].

Fig. 6 Representative natural products containing adjacent Piz residues

Scheme 22 Multicomponent reaction synthesis of N2-acyl Piz 104 and dhPiz 103
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The cyclic hexadepsipeptide NWG01 contains three Piz residues, two of which

are adjacent to each other [61, 62]. Isolated from a broth of Streptomyces
albidoflavus, NWG01 exhibited potent antibacterial activity against Gram-positive

bacteria, including methicillin-resistant Staphylococcus aureus. The stereochemis-

try of the Piz residue adjacent to the pyrroloindoline was originally reported to be R,
but revised later to be S [63]. The revision of stereochemistry was later validated by

total syntheses of both epimers [64] in which the diastereoselective hydrazination–

cyclization method was used to prepare the Piz residues [25]. Acylation of allyl

piperazate 117 with N-Fmoc-N-methyl-alanine acid chloride and AgCN gave

dipeptide 119, which, after removal of the allyl and Cbz groups, was coupled to

pyrroloindoline 121 to afford fragment 122. Fragment 122 was then coupled to

tripeptide 123 [45] using HATU and HOAt in 91% yield [64]. Prior to coupling

tripeptide 123, the Cbz groups were removed because the chlorine atom in the

pyrroloindoline moiety did not survive under hydrogenolytic deprotection condi-

tions. The lower nucleophilicity of the N1 nitrogen of tripeptide 123 and aniline of

pyrroloindoline 121 was key to the successful acylation of the pyrrolidine moiety

(Scheme 25).

Piperazimycin A (105) was isolated from a broth of Streptomyces species

cultivated from marine sediment near Guam and exhibited in vitro toxicity toward

Scheme 23 Synthesis and acylation of piperazic acid dipeptide 109

Scheme 24 Synthesis of piperazic acid dipeptide, 116
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multiple tumor cell lines [65]. Cyclic hexadepsipeptide 105 contains two γHOPiz
residues, one of which is adjacent to a γClPiz residue. The synthesis of the γClPiz-γ
HOPiz dipeptide proved challenging using common coupling agents [36, 66]. Acti-

vation of bis-BocγClPiz as the acid chloride with tetramethylchloroformamidinium

hexafluorophosphate (TCFH) and in situ acylation of N1-Teoc-O-TBS-Piz methyl

ester did provide in 62% yield the corresponding dipeptide, albeit subsequent

elaboration was unsuccessful. Instead of coupling to substituted Piz residues,

tetrapeptide 127 was prepared by a strategy featuring acylations of hydrazines

followed by cyclizations (Scheme 26). In the formation of the second pyridazine

by intramolecular N-alkylation, initial attempts failed to remove the Fmoc group.

However, a route in which deprotection of the alcohol by cleavage of silyl ether 133

with TBAF, followed by cyclization and Fmoc removal under Mitsunobu condi-

tions, provided the desired compound 127 quantitatively [66].

Piperidamycin is an antibacterial cyclohexadepsipeptide natural product that con-

tains four adjacent piperazic acid residues [67]. Although no synthesis of

piperidamycin has been reported to date, the tetra-Piz peptide moiety was prepared

Scheme 25 Total synthesis of NWG01
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as part of the total synthesis of JBIR-39 [68, 69]. Prior to this achievement, there had

been no reports of syntheses of tri- nor tetra-Piz peptides. Acid chloride derivatives of

Piz were employed in the synthesis; however, low yields and racemization of the

α-carbon plagued attempts to couple on the weakly nucleophilic N2 nitrogen of the

γHOPiz. The application of 10 mol % of Sc(OTf)3 in the coupling step enabled

synthesis of γHOPiz-Piz dipeptide 137 in 82% yield and with less than 5%

epimerization (Scheme 27). Similar conditions proved useful for coupling γHOPiz
to other sterically hindered amino acyl chlorides [69]. Iterative Fmoc deprotections

and couplings of N1-Cbz-N2-Fmoc-piperazic acid chlorides in the absence of the

scandium catalyst afforded tetra-Piz peptide 134 in 59% overall yield from 135.
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Scheme 27 Synthesis of tetra-piperazic acid peptide 134

Scheme 26 Synthesis of tetrapeptide 127 in the total synthesis of piperazimycin
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As mentioned, tetrapeptide 134 was used in the total synthesis of JBIR-39

(Scheme 28). To assemble the hexapeptide 139, pentapeptide 144 was coupled to

R-α-methylserine tert-butyl ester using (7-azabenzotriazol-1-yloxy)tripyrrolidino-

phosphonium hexafluorophosphate (AOI reagent, 146). Prior to coupling, the pro-

tection of the γHOPiz residue hydroxyl group was changed from TBS to chloroacetyl

to prevent alcohol deprotection and lactonization [69]. The synthesis and compari-

sons with the spectral data from four diastereomeric hexapeptides led to the unequiv-

ocal assignment of the absolute stereochemistry of the natural product [69].

5 Pharmaceutical Agents and Drug Leads Containing

Piperazic Acids and Their Syntheses

Piperazic acids have been used as peptide mimetics in several potent pharmaceu-

tical compounds, in part because of their structural rigidity.

Scheme 28 Synthesis of JBIR-39
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5.1 Cilazapril

Cilazapril is marketed for the treatment of hypertension and congestive heart

failure. An inhibitor of angiotensin-converting enzyme (ACE) that modulates the

renin–angiotensin system, cilazapril contains a bicyclic structure featuring a

piperazic acid moiety fused to a seven-membered α-amino lactam. A prodrug that

is hydrolyzed to the corresponding dicarboxylate metabolite, cilazapril was

designed to achieve three interactions with the active site of ACE: the piperazic

acid carboxylate forms a salt bridge with a cationic side chain, the lactam carbonyl

accepts a hydrogen bond donor, and the N-terminal carboxylate coordinates to the

active site Zn ion [70]. In comparisons with other fused ring systems, the

7,6-bicyclic analog exhibited the greatest inhibitor potency and was further devel-

oped into cilazapril [71–73].

In the synthesis of cilazapril (154), tert-butyl N1-Cbz-piperazate was acylated

with phthalimide-protected glutamic acid chloride 148 [73]. After hydrogenolytic

removal of the benzyl ester, the carboxylate derivative of 150 was converted into

the corresponding acid chloride using thionyl chloride to achieve annulation on the

N1 nitrogen and form the 7 membered lactam. Selective reduction of the less

crowded carbonyl adjacent to the N1 nitrogen was achieved using borane.

Pthalimide 151 was deprotected with aqueous hydrazine, and the Zn-binding

moiety, ethyl-phenyl butanoate, was introduced by SN2 displacement of triflate

153 with inversion of configuration (Scheme 29). Bicyclic core structures 151 and

152 were subsequently employed as rigid dipeptide mimetics in the study of the

molecular features of ligand binding to major histocompatibility complex class II

molecules [74].

Scheme 29 Cilazapril synthesis
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5.2 Motilin Agonist

A high-throughput screen of a library of compounds led to the identification of

motilin agonist 155 (EC50 of 660 nM) containing a piperazic acid bicyclic structure

that was synthesized via a [4+2] cycloaddition (Scheme 30) [75].

5.3 Thrombin Inhibitor MOL-376

The thrombin inhibitor MOL 376 was developed as a β-strand mimetic. The related

potent saturated analog 164 was synthesized by a route employing a glucose-

derived chiral auxiliary attached to diene 160 in a diastereoselective aza-Diels–

Alder cycloaddition (Scheme 31) [76].

5.4 Pralnacasan

Pralnacasan (165, Fig. 7) is an inhibitor of interleukin 1-β converting enzyme that

exhibited efficacy in a murine model of osteoarthritis [77–80], but failed in clinical

Scheme 31 Diastereoselective synthesis of saturated analog 164 of MOL 376

Scheme 30 Synthesis of motilin agonist containing a bicyclic Piz moiety
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trials as an anti-inflammatory drug candidate [81]. The piperazic acid 7,6-bicyclic

peptidomimetic structure of pralnacasan was synthesized by a similar approach as

described for cilazapril (Scheme 29). In addition, aMCR route to the piperazic moiety

was used to prepare the bicyclic core structure of pralnacasan (Scheme 22) [57].

5.5 Sangamides

In addition to their immunosuppressive activity, the sanglifehrin natural products

were found to have antiviral activity against hepatitis C virus (HCV). The so-called

sangamides (167) were obtained by cleavage of the aliphatic portion of the natural

product from the macrocycle, and retained HCV inhibitory activity, but were no

longer immunosuppressive [82]. Truncated analogs 166 were synthesized from

natural product 92 by enantioselective dihydroxylation, oxidative cleavage, and

Horner–Wadsworth–Emmons coupling to a variety of α-amidophosphonates.

Although hydroxamate 167a was the most potent of the sangamide analogs,

tetrahydro-2H-1,2-oxazinide 167b had superior pharmacological properties

(Scheme 32).

5.6 5-Amino-tetrahydropyridazine-3,6-diones

5-Amino-tetrahydropyridazine-3,6-diones are close analogs of the piperazic acids

also having a N–N bond. They have been explored as structures that could restrict

rotation of a peptide backbone, and thus stabilize secondary structures like extended

β-strands and β-turns. Recently, Del Valle and co-workers incorporated 5-amino-

tetrahydropyridazine-3,6-diones into fifteen different peptides by a solid-phase

route (Scheme 33) [83]. In analogy to the piperazic acids, the substrate for the

heterocyclization was an acylhydrazine.

Fig. 7 Pralnacasan
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Scheme 33 Solid-phase synthesis of peptide mimetics with tetrahydropyridazidione scaffold

using alanine as starting building block

Scheme 32 Synthesis of sangamides (167) from sanglifehrin A (92)
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6 Conclusion

Compounds containing piperazic acids include natural products, pharmaceutical

agents, and peptidomimetics. Piperazic acid increases conformational rigidity in

peptide structures due to a combination of ring constraint and stereoelectronic

effects from the hydrazine moiety. The emergence of efficient methods for the

synthesis of piperazic acid analogs as well as their insertion into peptides and

natural products, bears well for the future application of these heterocyclic amino

acids as probes of biological mechanisms of action and as scaffolds for drug

discovery.
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Abstract Among strategies for constraining peptide conformation, the application

of 3-amino-γ-lactam (Agl) analogs, the so-called Freidinger-Veber lactams, has

played a prominent role in studies of biologically active peptide conformation.

Tethering an amino acid side chain to the nitrogen of its neighboring C-terminal

residue within a peptide, such lactams constrain backbone ψ- and ω-dihedral
angles, as well as side chain χ-torsion angles to induce turn conformation.
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so-called N-amino imidazolinone (Nai) and N-amino imidazolidinone (Aid) resi-
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1 Introduction

The science of peptide mimicry employs the power of synthetic chemistry to

address questions in various fields, including biology, catalysis, and materials

science. Peptidomimetics are valuable tools because they are capable of unlocking

the potential inherent in peptide structures for different applications, particularly in

medicine, in which they have served to improve potency, selectivity, and pharma-

cokinetic properties [1–4]. The utility of techniques for peptide mimicry has grown

proportionately with the advent of modern design methods for enhancing peptide

viability as drugs and chemical probes [5–7]. Modified peptide structures can now

be assembled by biological approaches which harness cells to introduce unnatural

amino acids by post-translational modifications [8], selective pressure [9], and site-

specific incorporation [10–12]. Moreover, combinatorial macrocyclic peptide

libraries have been accessed by random nonstandard peptide integrated discovery

(RaPID) [13] and split-intein circular ligation of peptides and proteins (SICLOPPS)

[14]. The advent of such novel synthetic methodology has revealed a new horizon

for exploring peptide mimicry to benefit an expanding array of synergistic

opportunities [15].

Templates for peptide mimicry are frequently derived from protein substructures

and endogenous peptides [16–19]. For example, the RGD motif recognized by the

integrin receptors has provided fertile ground for the development of potent

peptidomimetic antagonists [20–22]. Numerous peptides involved in the secretory

pathway, such as somatostatin, angiotensin, and substance P, have been leveraged
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through peptide mimicry to develop G protein-coupled receptor (GPCR) modula-

tors [23–25]. Moreover, intracellular peptide targets, the functional roles of which

may be poised for reassessment [26], offer new vistas for peptidomimetic design.

Interest in peptidomimetics as compelling synthetic targets was galvanized in

1980 by the Merck Sharp and Dohme Research Laboratories team led by Roger

Freidinger, Daniel Veber, and Ralph Hirschmann [23, 27, 28]. In particular, inves-

tigation of luteinizing hormone-releasing hormone led to the application of an

α-amino γ-lactam (a so-called Freidinger-Veber lactam, 1.2, Fig. 1) to enable

constraint about the Gly-Leu residue in mimic 1.1 [27]. The latter exhibited 8.9-

fold improved potency in a pituitary cell culture assay, demonstrating by a synthetic

analog that the activity of the parent peptide was manifested by a β-turn
conformation.

Freidinger-Veber lactams have since inspired the development of diverse ana-

logs (Fig. 2) [24, 34–40], many of which are discussed in other sections of this

treatise. For example, 3,4-dihydropyridin-2-ones 1.3 and 5,6-dehydro ε-lactam 1.4

were conveniently accessed, respectively, by multicomponent reaction approaches

and ring closing metathesis (RCM) [29, 30]. Highly constrained bicyclic and

spirocylic lactam dipeptide mimics in 1.5 and 1.6 have also been deployed to

promote β-turn and β-hairpin conformations [31, 32, 41]. In addition, the
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irreversible 3C protease inhibitor 3-amino-2-pyridone 1.7 (AG-7404) was devel-

oped as an orally bioavailable analog of AG-7088 (Rupintrivir) by lactam substi-

tution of a flexible ketone motif and subsequently evaluated in clinic for treatment

of Rhinovirus infection [33, 42].

Although the original Freidinger-Veber lactams (e.g., 1.1 and 1.2) featured a

simple alkyl chain bridge, substituted lactams have been prepared to offer greater

structural and conformational diversity. Various substituted 3-aminolactam scaf-

folds have been exploited in bioactive molecules from diverse origins. For example,

antibiotics such as Loracarbef (1.8) were derived from fungal natural products

(Fig. 3) [43, 48, 49]. The antihypertensive drug Gemopatrilat (1.9) originated

from an initial medicinal chemistry strategy involving lactam-constraint [44, 50,

51]. For improved rheumatoid arthritis therapy, tumor necrosis factor-α-converting
enzyme (TACE) inhibitor BMS-561392 (1.10, a.k.a. DPC-333) was developed,

tested in phase II clinical trials, and abandoned due to liver toxicity [45]. During the

development of “second mitochondria-derived activator of caspases” (SMAC)

mimetics for use as anticancer agents [52], bicyclic ε-lactam SM83 (1.11) was

demonstrated to exhibit synergy with the “TNF-related apoptosis inducing ligand”

(TRAIL) protein in an ovarian carcinoma mouse model [46]. Olcegepant is a

peptidomimetic agonist of calcitonin gene-related peptide (CGRP) receptor that

has shown efficacy in phase II clinical trials [47, 53]. Oral bioavailability was

achieved using the caprolactam-based alternative, Telcagepant. To improve the

anticipated clinical dose of the latter, augment solubility, and reduce plasma protein

binding, imidazole amide isosteres were pursued in conjunction with peripheral

modifications to afford the imidazo[1,2-a]azepine derivative, MK-2918 (1.12).

Heteroatom substitution in Freidinger-Veber lactams has imparted advantages to

enhance synthetic accessibility and conformational constraint (Fig. 4). For exam-

ple, rhodium-catalyzed anti-Markovnikov hydroformylation of Boc-threoninyl-

allylglycine methyl ester led to an adipate-6-semialdehyde intermediate which

underwent acid-catalyzed cyclization to afford 5-oxa-1-azabicyclo[4.4.0]decane

1.13 [54]. 6-Oxa-1-azabicyclo[5.3.0]decane 1.14 is a potent “Inhibitor of Apoptosis
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Protein” (IAP) antagonist which was rapidly accessed using an Ugi reaction of an

isocyanotetrahydronaphthalene, Boc-homoserine, ammonia, and a succinaldehyde

dimethyl acetal [55].

Bicyclic γ-lactam tetrapeptide mimic 1.15 was synthesized from a N-(Boc-amino)-

3-oxo-isoindole-4-carboxylate intermediate that was obtained by a Diels-Alder cyclo-

addition involving maleic anhydride and a hexa-2,4-dienylhydrazine [56]. The

vinylogous lactam analog, terapyrrolinone 1.16 was designed to mimic the curvature

of cyclohexapeptide L-363,301, a potent somatostatin receptor agonist, and synthe-

sized by an iterative method [57].

Solid-supported peptides bearing α-hydroxy-β-amino- and α-hydrazino acid

residues respectively underwent regioselective O,N- and N,N0-acylation using N,
N0-disuccinimidyl carbonate and D-aspartic acid chloride β-methyl ester as

bis-electrophiles to afford oxazolidin-2,4-dione- and tetrahydropyridazine-3,6-

dione-constrained mimetics 1.17 and 1.18 [58, 59]. Aza-lactam 1.19 was designed

to mimic a dipeptide possessing a cis (E) amide bond [60].

As illustrated by the many examples above, Freidinger-Veber lactams and their

substituted variants represent a vast class of peptidomimetics. This chapter will thus

be narrowly focused on the synthesis, conformational analysis, and bioactivity of

three classes of Freidinger-Veber lactam analogs: substituted 3-amino-γ-lactams

1.20, N-aminoimidazolinones 1.21 and N-aminoimdazolidinones 1.22 (Fig. 5).

These three classes of heterocyclic analogs offer different utility for the synthesis

of peptidomimetics to explore the orientation of side chain relative to backbone

function with stringent precision, as well as to assemble effectively libraries of
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analogs in which conformational constraint is systematically moved along the

peptide sequence to identify turn conformations relevant for activity [34].

2 3-Amino-γ-Lactam Peptidomimetic Synthesis,

Conformation, and Applications

Among methods for synthesizing γ-lactams [61, 62], several have enabled the

synthesis of α-amino-γ-lactam (Agl) variants 2.2, which have proven useful for

peptide mimicry (Scheme 1) [24, 34, 36, 37, 40, 63, 64]. For example, the Agl

synthesis reported by Freidinger and Veber has been adapted such that the annula-

tion of α-amino amide intermediate 2.1 (Lg ¼ Me2S
+) has produced γ-lactams

bearing ring substituents (Scheme 12). Although formation of the N-C5 bond by

activation of the γ-alcohol 2.1 (Lg ¼ OH) led to O-alkylated imidate side product

[66, 67], γ-lactam synthesis was achieved from other linear precursors 2.1 bearing

alternative electrophiles at the γ-carbon such as aldehydes and ketones (e.g.,

Scheme 14) [66, 69–78], acetals (Scheme 21) [80], and iodonium ions (Scheme

22). Moreover, ring closure of 2.1 (Lg ¼ H) has been achieved by methods

featuring metal-catalyzed C-H bond activation (e.g., Scheme 10).

Substituted γ-lactams are commonly synthesized by reductive amination of

aspartate β-semialdehyde 2.4 to generate α,γ-diamino carboxylate 2.3 that

undergoes subsequent ring closure by formation of the N-C2 bond. Allylglycine

derivatives 2.5 have frequently served as precursors to aldehydes 2.4 in routes that

exploit orthogonal alkene oxidation reactions (Schemes 13, 18, and 20) and avoid

formation of the γ-lactone side product often encountered using homoserine inter-

mediates [85, 86]. Diasteroselective alkylation has provided access to α,α-disubstituted
amino acids 2.5 in enantiopure form (Schemes 12 and 13). Substituted γ-lactam scope

has also been expanded by using analogs of amino acid intermediates 2.4, which harbor

various γ-position functional groups such as ketones and ketimines (Scheme 2)

[89, 90], Michael acceptors (Scheme 7) [95], and epoxides (Scheme 8) [98].

Lactam dipeptide building blocks have often been incorporated into longer

peptide sequences (e.g., Schemes 7 and 12). Solid-supported synthesis has been

employed to expedite efforts for γ-lactam diversification (e.g., Schemes 8, 19, and

21), including methods which enable the oxidative conversion of alkene 2.5 into

aldehyde 2.4 on solid phase [99, 101].

Scheme 1 Common synthetic approaches to substituted α-amino-γ-lactam peptidomimetics
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Although syntheses of α-amino-γ-lactams involving ring closure by formation of

the C3-C4 and C4-C5 bonds, as well as by ring modification have been achieved

(e.g., Scheme 3, Fig. 13), such strategies are rarely employed for peptide mimicry.

To enable carbon-carbon bond formation during annulation reactions, radical

(Scheme 11) [109, 110], bisalkylation (Scheme 15), and metal-catalyzed C-H

activation processes all have proven successful (Scheme 4). On the other hand, to

generate lactam dipeptides from NH lactam precursors, N-alkylation has been

achieved, albeit with significant epimerization when chiral secondary electrophiles

were used (Scheme 9). In addition, stereogenic quaternary centers at the γ-lactam
C3 and C4 positions have been generated by diastereoselective alkylation and

amination reactions (Schemes 16 and 17) [91, 118, 119].
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2.1 α-Amino-γ-Lactam Peptides with 5-Position Substituents

In peptide mimicry, 5-substituted γ-lactam motifs have been used abundantly, in

part due to their incorporation into fused bicyclic scaffolds (Fig. 6), as elaborated in

multiple reviews [36–38, 63, 120, 121]. Several azabicyclo[3.X.0]alkanone amino

acid systems bearing 5-substituted γ-lactams have been previously described,

including 1-azabicyclo[3.2.0]heptan-2-one (e.g., 2.6) [36, 121], pyrrolizidin-2-one

(e.g., 2.7, 2.9, and 2.10) [37, 38, 63], and indolizidin-9-one (I9aa, e.g., 2.8) amino

acids. Scaffolds containing I9aa bearing substituents include 2-amino-3-

oxohexahydroindolizino[8,7-b]indole-5-carboxylates (IBTM, e.g., 2.11–2.14) and

a series of diastereomeric 4-phenyl indolizidin-9-one amino acids (4-Ph-I9aa, e.g.,

2.15) [36, 37, 120].

Related bicyclic systems harboring a second heteroatom linked to C5 of the

γ-lactam unit have been made effectively using approaches involving intramolecular

trapping of N-acyl iminium ion intermediates by the nucleophilic side chains of

neighboring residues. For example, adjacent serine and cysteine residues have been

employed to respectively afford oxapyrrolizidinone (e.g., 2.16) and thiapyrrolizidinone

(e.g., 2.17 and 2.18) constrained dipeptides (Fig. 6) [36, 121]. Similar to the more

common δ-lactam counterparts [123], thiapyrrolizidinone constraints have been con-

sidered as turn mimics and produced by condensation of L- or D-N-Fmoc-aspartate

β-semialdehyde (2.4, Pg ¼ Fmoc, R1-2 ¼ H, X ¼ OH) with cysteinyl-phenylalaninyl-

leucinylWang resin to provide constrained Leu-enkephalin pentapeptide mimics, after

separation of the ring fusion diastereomers by HPLC purification [124].

Monocyclic 5-substituted γ-lactams have been investigated for potential as

antibiotics (e.g., 5-methyl-γ-lactam 2.19). In peptide mimicry, 5-substituted

γ-lactams have mainly served as synthetic intermediates towards bicyclic targets,

such as pyrrolizidinones from 5-iodomethyl γ-lactam 2.20, and oxapyrrolizidinone

7a-epi-2.16 from 5R-methoxy γ-lactam 2.21 [36, 121].

Azabicycloalkanone amino acids bearing 5-substituted γ-lactams have been

used to study different peptides, albeit with few active examples. For example,
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substitution of I9aa 2S-2.8 for the 6,5-fused δ-lactam counterpart (I2aa) in

PDC113.824, a peptidomimetic inhibitor of parturition in mice, led to loss of

tocolytic activity [125]. Both I9aa 2S-2.8 and 4-phenyl-I9aa 2.15 were used to

study the conformational requirements for peptide antagonist activity at the

Human Calcitonin Gene-Related Peptide 1 Receptor [126]. In addition, IBTM

(e.g., 2.14) was incorporated into a 576-member combinatorial peptide library by

using Pictet-Spengler chemistry on solid support [122].

Among syntheses to bicyclic γ-lactams [99, 101, 127, 128], I9aa amino acids have

beenmade fused to various aromatic rings. For example, 2-amino-3-oxo-1,2,3,5,6,10b-

hexahydropyrrolo[2,1-a]isoquinoline-5-carboxylate 2.22 (AHPIC, Fig. 7) [129] was

synthesized by a Pictet-Spengler reaction of aspartate β-semialdehyde L-2.4 (Pg¼Cbz,

R1-2¼H, X¼OMe) and a phenylalaninamide substrate, which on heating forged both

the piperidine and γ-lactam rings. Diastereomerically pure products were obtained by

chromatographic separation of the resulting mixture of C10b-epimers.

7-Amino-pyrrolo[1,2-a]pyrimidin-6-one-4-carboxylate 2.23 was claimed to be

part of a 1,241-member combinatorial library generated on 2-chlorotrityl chloride

resin [130]. N-Protected amino acids bearing nucleophilic side chains and aspartate

β-semialdehyde dimethyl acetal residues were incorporated into peptide sequences,

and treated with formic acid to induce cyclization and liberation of the resulting

5,6-fused bicycles from the solid support.
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A series of pyrrolizidinone analogs derived from threonine, serine, and cysteine

were designed as covalent inhibitors of prolyl oligopeptidase using the docking

program FITTED and synthesized in solution. In a HCEC cellular assay,

thiaindolizidinone carbonitrile 2.24 gave an IC50 of 1.3 μM [131].

6-Hydroxypyrrolizidinones (6S)- and (6R)-2.25 were synthesized and applied in
alaninylhydroxyproline dipeptide mimics. X-ray crystallographic analysis of the

corresponding methyl ester (5S,6R)-2.29 demonstrated backbone dihedral angles

which correlated with those of the central ψ i+1 and ϕ1+2 residues in an ideal type II’
β-turn (Scheme 2 and Sect. 2.5) [87]. Using variable temperature NMR spectro-

scopy in DMSO-d6, the N-methyl carboxamides 2.25 were shown to exhibit rela-

tively solvent-shielded amide protons indicative of intramolecular hydrogen

bonding (see Sect. 2.5). In the synthesis of the hydroxypyrrolizidinone 2.29, acyloin

condensation of aspartate β-semialdehyde 2.26 using N-heterocyclic carbene

(NHC) catalysis gave a C4-epimeric mixture of 2,7-diamino-5-oxo-4-

hydroxysuberates (Scheme 2). O-Acetylation and chromatographic separation

afforded enantiopure ketones (4S)- and (4R)-2.27 [88]. Hydrogenation in the

presence of dilute acid caused removal of the amine protection and reductive

amination to afford pyrrolidine 2.28 with minimal α- and β-elimination reactions

in an optimal 67% yield. Protecting group removal and lactam formation furnished

bicycle 2.29 [87].

Spirocyclic 5,5-disubstituted-γ-lactam 2.32 was synthesized on-route to the total

synthesis of Chaetominine (Scheme 3). Bicyclic δ-lactam 2.30 was obtained from

copper-catalyzed amination of a D-(2-iodotryptophanyl)alanine substrate. Subsequent

oxidation of the indole with dimethyldioxirane (DMDO) and rearrangement of epox-

ide intermediate 2.31 afforded sprirocycle 2.32 in 73% yield [102]. 5-Spiro-γ-lactam
intermediates have been employed during the syntheses of members of the FR901483

and TAN1251 families of natural products [103, 136–138]. For example, oxazoline

2.33 was prepared by condensation of an amino alcohol and N-tosyl L-tyrosine, and

subjected to (diacetoxyiodo)benzene oxidation followed by acetylation to afford

γ-lactam 2.34 bearing a cyclohexa-2,5-dienone unit at the C5-quarternary center

[103, 138]. Platinum-catalyzed hydrogenation and deacetylation gave cyclohexanone

derivative 2.35.

5-Carboxy-γ-lactams are pyroglutamic acid analogs which, in the case of the

4-aminopyroglutamate (Apy), have found application as constrained γ-amino acid

residues in longer peptides [139–141]. Among syntheses of γ-lactams bearing

carboxylate and hydroxymethyl substituents at the 5-position [142–145], (2S,4R)-
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N-Boc-4-hydroxyproline (2.36) has served as chiral educt in an approach to

(2S,4S)-4-azidopyrrolidine-2-carboxylate 2.37 featuring esterification, alcohol

methanesulfonation, and nucleophilic displacement with inversion of configuration

using sodium azide. Subsequent treatment with catalytic ruthenium(III) chloride in

conjunction with sodium periodate as terminal oxidant led to selective C5-oxidation

to give γ-lactam-5-carboxylate 2.38 [104].

γ-Lactam 2.41 was synthesized by β-carbon C(sp3)-H activation of alanine

amide 2.39 followed by addition to ethyl acrylate using palladium-catalysis in the

presence of quinoline ligand 2.40 and oxidant (Scheme 4) [112]. Similarly, by

employing palladium(II)acetate as catalyst, N0-quinolin-8-yl alanine amide 2.42

reacted with 3-iodocyclohex-2-enone in a tandem cyclization to furnish a

cyclohexylalanine derivative in 88% yield. Subsequent lactam formation by

Michael addition was achieved using DMAP and DBU for 4 h or 20 min to produce

respectively 5.5:1 and 1:2.3 ratios of (5S)- and (5R)-diastereomers 2.43, the stereo-

chemistry of which was assigned using crystallography [113]. In related amino acid

amide substrates, the 8-amino-5-methoxyquinoline (MQ) alternative to the

8-aminoquinoline (AQ) auxiliary gave lactams which were amenable to N-
deprotection (see Scheme 10) [81].

Biochemical degradation pathways of peptides and proteins include

5-membered ring condensation reactions of asparagine and aspartate residues to

form aspartimide (Asi) intermediates that transform into deaminated, epimeric, and

β-linked products [146–148]. Asi-formation has been encountered during peptide

elongation with Asp monomers, and mitigated using sterically hindered bases,

bulky protecting groups, acid additives, and pseudoproline constraints [149–

151]. In a comparison of aspartimide peptidomimetic 2.44 (Fig. 8) and the native

octapeptide (IMIKFNRL) as antigens, cytotoxic T lymphocytes (CTL) were raised

that displayed minimal cross-reactivity, suggesting a role for Asi-modification in

autoimmunity [152]. Moreover, the insulin-potentiating properties of a human

growth hormone (hGH) octapeptide were found to correlate with Asi-derivative

2.45, which was formed during peptide synthesis on Merrifield resin using Boc-Asp

(OBn)OH and triethylamine as base [153, 155]. Comparison of Asi-peptide amide

2.46 with its Agl and β-amino-γ-lactam (Bgl) counterparts 2.47 and 2.48 revealed

superior stability and biological activity for the Agl derivative [156, 157].
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Crystallography, circular dichroism, and NMR spectroscopy, as well as compu-

tational analysis, all have suggested that type II and II’ β-turn conformations may be

stabilized in Asi-bridged peptides, contingent on the C3-configuration [158–

161]. The respective presence and absence of secondary structure has been invoked

to explain the temperature-dependent variations in the HPLC retention times and

peak bandwidths of Asi-peptide 2.46, which were absent in β-linked aspartate

derivative 2.49 [154].

2.2 α-Amino-γ-Lactam Peptides with 4-Position Substituents

Five-membered 3-amino lactams bearing 4-position substituents are a relatively

underrepresented class of substituted lactam. Several methods for their synthesis and

application have emerged and inspire further exploration of this peptidomimetic

category [109].

The synthesis of β-substituted γ-lactams from aspartic acid as chiral precursor

has been achieved by judicious application of orthogonal protecting groups. For

example, amino acid N-protection with the bulky 9-phenylfluoren-9-yl (Phf) group

shielded the α-carbon proton [162], such that the β-ester of N-Phf-L-aspartate 2.50
(Scheme 5) could be selectively enolized using excess potassium bis(trimethylsilyl)

amide and alkylated with isopropyl triflate to afford a 5:1 mixture of C3-

diastereomers 2.51a in 43% yield along with 45% recovered starting material

[85]. After chromatography, major syn-methyl ester 2S,3S-2.51a was selectively

reduced, the nitrogen protecting group was switched to Cbz, and the γ-alcohol
was oxidized to the corresponding aldehyde with N-chlorosuccinamide and

methylsulfide to provide 3S-formylleucine 2.52 in 41% yield over four steps.

Reductive amination of aldehyde 2.52 with L-alanine methyl ester and lactam

formation furnished 4-isopropyl-3-amino-γ-lactam 2.53a in 32% yield over two

steps. 4-Ethyl and 4-methyl-lactam counterparts 2.53b and 2.53c were respectively

prepared by analogous methods employing ethyl triflate and methyl iodide during
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alkylation, albeit with decreased diastereoselectivity in the generation of β-alkyl
aspartates 2.51b–d.

In a related β-functionalization approach (Scheme 6), formylation of aspartate

diester 2.54 using tert-butoxy-bis(dimethylamino)methane in non-polar medium

gave 1,3-dicarbonyl tautomer 2.55 without α-epimerization [86]. Reductive

amination with phenylalaninamide, lactam formation on heating, and chromato-

graphic separation gave respectively 3S,4R- and 3S,4S-β-benzyloxycarbonyl
γ-lactams 2.56 in 41% and 24% yields. During the preparation of the 4-propyl

counterpart, allylation of enol 2.55 occurred mostly on oxygen; however, Claisen

rearrangement on heating gave β,β-disubstituted aspartate 2.57. Subsequently,

catalytic hydrogenation of olefin 2.57 proceeded with benzyl ester cleavage and

decarboxylation to provide a 2-substituted pentanal, which was condensed with

β-benzyl α-2-(trimethylsilyl)ethyl aspartate, reduced with sodium cyanoborohydride,

and heated to afford a 1:1 mixture of β-propyl γ-lactam diastereomers 2.58.

Modification of the 4-position carboxylate in γ-lactam 2.60 has provided entry to

other 4-substituted derivatives (Scheme 7). For example, constrained glutamic acid

amide 2.61 was obtained by Arndt-Eistert homologation of 3S,4R-2.60 [92]. A

5-step synthesis was used to prepare a statistical 3S,4R/3R,4S mixture of lactams

2.60 in 36% yield in which the diastereomers were separated by chromatography.

Electron-rich (S)-4-methoxyphenylethylamine was selected as chiral auxiliary for

the preparation of 2.60 to enable mild liberation of the lactam nitrogen by cleavage

of the chiral auxiliary with ceric ammonium nitrate [93, 163]. The lactam precursor,

trichloroacetamide 2.59, was synthesized in racemic form by an O ! N

rearrangement of a Baylis–Hillman adduct derived from methyl acrylate and

ethyl glyoxalate [164].
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γ-Lactam-4-carboxylate 3S,4R-2.60 was esterified, enolized at the β-position,
and alkylated with methyl iodide to afford a separable 85:15 mixture of 3S,4R- and
3S,4S-diastereomers 2.62 in 75% yield [91]. The configurations of 3S,4R-2.60 and

3S,4R-2.62 were assigned by crystallographic analyses [91, 93]. β-Amino acid

oligomer 2.63 was prepared from 3S,4R-2.62 and shown by NMR spectroscopy

and molecular modeling to adopt a helical conformation [94, 165].

β-Hydroxy-α-amino-γ-lactam (Hgl) residues were designed to serve as

constrained Thr and Ser motifs (e.g., 2.66 and 2.67, Scheme 8) [96, 166, 167],

and shown to induce turn conformation contingent on the C-terminal residue (see

Sect. 2.5, Fig. 15) [168]. Employing oxiranylglycine 2.65 as a bis-electrophile in

reactions with various α-, β-, and γ-amino esters provided a library of Hgl dipep-

tides (e.g., 2.66) in 31–85% yields [96, 97, 166, 168]. Epoxide ring opening by

amino esters was favored using 2,2,2-trifluoroethanol as solvent or stoichiometric

O
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amounts of calcium(II) triflate as Lewis acid; lactam formation was achieved on

heating and accelerated in the presence of benzoic acid as catalyst

[96, 166]. Enantiopure oxiranylglycines 2.65 were prepared respectively from N-
Fmoc-D- and L-methionine esters 2.64 by a route featuring sulfoxide elimination on

heating to provide the corresponding vinylglycinate [169–171], followed by alkene

epoxidation. Oxirane formation using m-chloroperbenzoic acid yielded a ~5:1

mixture of 2S,2’S- and 2S,2’R-diastereomers 2.65, which was enriched by

chromatography.

Allosteric modulation of the interleukin-1β (IL-1β) receptor (IL-1R) has been
achieved using all D-amino acid heptapeptide rytvela (small letters indicate

D-residues) [172–174]. To glean conformation-activity relationships, rytvela ana-

logs were systematically prepared by substitution of each amino acid in the

sequence by an α-amino γ-lactam (Agl) residue (Agl positional scanning) [34],

and evaluated for potential to antagonize the proliferative effects of IL-1β on

thymocytes [175]. Distinctively reduced activity was found for analogs bearing

(R)- or (S)-Agl at the threonine position, suggesting that turn induction was offset

by side chain loss. Application of oxiranylglycine 2S,2’S-2.65 in a solid phase

approach gave (3S,4R)-Hgl3 peptidomimetic 2.67 (Scheme 8) [96], which mitigated

the loss of activity seen with the Agl3 analogs, and exhibited enhanced inhibitory

activity on IL-1β-induced thymocyte proliferation [97].

Hexahydropyrrolo[3,4-b]pyrrol-6(2H)-one substructures 2.68–2.72 (Fig. 9) fea-

ture respectively γ-lactams fused to indole and pyrrolidine rings [176–179]. 4-

Substituted lactam dipeptide 2.68 was prepared by reductive amination of the

condensation product of benzyl 3-formylindole-2-carboxylate and histidine methyl

ester, lactam formation, and hydrolysis. Epimerization during the incorporation of

acid 2.68 into peptidomimetic 2.69 was avoided by resorting to in situ nitrogen

protection using excess Boc anhydride [176]. Angiotensinogen mimic 2.69

inhibited human renal renin with an IC50 of 3.3 nM [180]. After pyrrolidine

acylation using a solid-supported mixed anhydride reagent, assignment of the

amide isomer and the ring fusion configuration of methoxyphenylacetamides 2.70

was accomplished by 2D NMR spectroscopy [177]. The tachykinin antagonists

GR64349 (2.71) and GR138676 (2.72) employ respectively Agl and pyrrolidine-
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fused Agl residues, and were shown to be potent and selective for the neurokinin-2

and -3 receptor subtypes [178, 179]. The pyrrolidine-fused Agl residue possesses

rigid ϕ and ψ dihedral angles respectively at 75� � 20� and 140� � l0�, and was

used to restrain the conformation of the glycine residue of the endogenous

neurokinin A and B receptor ligands.

Racemic pyrrolopyrrolidinone 2.74 was synthesized from N-benzyl N-
homoallylglycinate 2.73 by a route featuring formation of the zinc enolate, 5-exo-
trig cyclization and trapping with iodine to provide the 2-iodomethyl proline

(Scheme 9) [114, 181]. After displacement of the iodide with sodium azide,

hydrogenation removed the benzyl group, reduced the azide to amine, and caused

spontaneous lactam formation to give pyrrolidinone 2.74. Pyrrolidine sulfonylation

gave γ-lactam 2.75, which was alkylated on the pyrrolidinone with triflate that was

derived from methyl (L)-3-phenyllactate to give ester 2.76. Saponification afforded

acid 2.77 as a racemate. In the context of ascertaining the active conformation of the

potent (IC50 ¼ 1.4 nM) α4β1-integrin receptor antagonist 3,5-dichlorophenylsulfonyl-
prolyl-phenylalanine, a>1,500-fold loss of integrin receptor affinity was observed on

examination of 5,5-fused bicycle 2.77 [114].

Intramolecular aliphatic C-H bond activation and cyclization have afforded

β-substituted γ-lactams (Scheme 10). 8-Amidoquinolines 2.78a–c derived from iso-

leucine, threonine, and tert-leucine underwent palladium catalyzed C(sp3)-H bond

O
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activation and amidation at the γ-carbon in the presence of stoichiometric amounts

of (diacetoxyiodo)benzene as oxidant to afford α-amino-γ-lactams 2.79a–c

[81]. Employment of the 5-methoxy analogs 2.78d–f enabled oxidative removal of

the quinolone using ceric ammonium nitrate to afford the corresponding

NH-γ-lactams 2.80d–f.

A 10:1 diastereomeric mixture of 4-hydroxy-4-phenyl-γ-lactams 2.82 was

obtained by photochemical activation of glycinyl-N-benzoylmethyl-L-valinate

2.81 by a mechanism involving generation of a singlet diradical, preferred pro-R-
hydrogen abstraction, and cyclization by radical recombination (Scheme 11)

[108]. α,β-Disubstituted γ-lactams were similarly obtained as diastereomeric mix-

tures using related N-benzoylmethyl analogs of Ala-Val and Pro-Ala [182].

2.3 α-Amino-γ-Lactam Peptides with 3-Position Substituents

3-Amino-γ-lactams bearing simple alkyl 3-position substituents and a 1,7-

diazaspiro[4.4]nonan-6-one scaffold have been used in medicinal chemistry pro-

grams (Fig. 10) [24, 40, 186]. For example, GR 82334 (2.83) is a spirolactam

analog that exhibited selective tachykinin NK1 receptor antagonism [183, 187] In

an ex vivo human tonsil tissue proliferation assay, GR 82334 was used to study the

role of the “Substance P”-NK1 pathway in pediatric obstructive sleep apnea [188],

highlighting potential for an underexploited non-surgical intervention. In a system-

atic investigation of the relevance of configuration for the activity of neurotensin

peptidomimetics, 2S,5’R-lactam 2.84 displayed �100-fold greater affinity for the

neurotensin type 1 (NT1) receptor relative to its diastereomeric spirolactams and

ring opened N-(methyl)tyrosine counterparts [184]. The 2S,5’R-spirolactam rigid-

ified the proline ψ-dihedral angle to a value of 146 � 15� favoring an extended

β-strand conformation. 3-sec-Butyl-γ-lactam 2.85 was designed based on the

β-amyloid peptide sequence and exhibited both blood-brain barrier permeability

and nanomolar potency against β-secretase 1 (β-site amyloid precursor protein-

cleaving enzyme 1, BACE-1); however, lactam 2.85 lacked efficacy in animal

models of Alzheimer’s disease [185, 189].
The 3-position substituent has often been incorporated into γ-lactam constraints with

stereocontrol by using the “self-reproduction of chirality” alkylationmethod developed

by Seebach [190–193]: e.g., peptidomimetics 2.86–2.88 (Fig. 11). Constraint of the

threonine conformation in mimic 2.86 gave ~10-fold reduced affinity for the

O
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plasminogen activator inhibitor-1 (PAI-1) protein relative to the peptide Ac-TVAS-

NH2 [65]. Constraint of the D-Phe-L-Ala dipeptide in the 2-(20-oxo-2,4-dihydro-1H-
spiro[isoquinoline-3,30-pyrrolidin]-10-yl)propanoic acid (SIPP) scaffold provided a

robust type II’ β-turn tetrapeptide mimic 2.87 as demonstrated by IR and NMR

spectroscopy, molecular modeling, and crystallography (see Sect. 2.5, Fig. 16)

[194]. The Trp residue conformation was constrained in 1,2,3,4-tetrahydro–βcarboline
(THBC) analog 2.88, which lacked affinity for the somatostatin receptor subtypes sst1-

sst5 [82]. To glean information on the conformation-activity relationships of the

thyrotropin-releasing hormone (TRH) tripeptide, lactam analogs of variable size and

rigidity were prepared (e.g., 2.89 and 2.100, Fig. 11 and Scheme 14) [68], but exhibited

3- to 25-fold lower receptor affinity at the TRH repceptor-1 relative to the parent analog

Glp-Phe-Pro-NH2.

The synthesis of the lactam in Thr-Val mimic 2.86 was achieved by the

Freidinger-Veber method from dipeptide 2.92 (Scheme 12). Aldol adduct 2.91

was prepared by protection of the condensation product of acetaldehyde and the

α-anion of D-Met-derived oxazolidinone 2.90. The Thr configuration resulted from

selective Si-face addition [65]. Oxazolidinone hydrolysis, peptide coupling, and

γ-lactam formation provided dipeptide acid 2.93, which was incorporated into

peptidomimetic 2.86 (Fig. 11).

Diastereoselective alkylation of enolates of oxazolidinones derived from amino

acids and pivalaldehyde was employed in the syntheses of 2,6-diazaspiro[4.5]

decan-1-ones 2.87 and 2.88 [82, 194]. For example, allylation of D-Trp-derived

oxazolidinone 2.94 followed by olefin oxidation gave aspartate β-semialdehyde

2.95, which underwent reductive amination and lactam formation to give

constrained Trp-Lys dipeptide 2.96 (Scheme 13) [82]. Pictet-Spengler reaction of

2.96 and formaldehyde gave subsequently the tetrahydro-β-carboline, which was
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elaborated at the C- and N-termini and deprotected to afford constrained tripeptide

N-methylamide 2.88.

In the synthesis of 1,7-diazaspiro[4.4]nonane-2,6-dione 2.89, electrochemical

oxidation of (+)-menthyl pyroglutamate (2.97) gave the 2-methoxy-5-

oxopyrrolidine-2-carboxylate, allylation of which led to a 2:1 mixture of α-allyl
diastereomers (Scheme 14) [68]. Isolation of the major diastereomer by fractional

crystallization and hydrolysis gave 2-allylpyroglutamic acid (2.98). Subsequently,

peptide coupling, olefin oxidation, and O-silylation afforded 5-silyloxylactam 2.99

as a 1:1 mixture of diastereomers. After installation of the C-terminal prolinamide,

the silyloxy group was eliminated by adsorption onto silica gel and heating at

200�C in vacuo to afford unsaturated γ-lactam 2.100. Hydrogenation gave the

tripeptide mimic 2.89.

3-Substituted γ-lactams have also been synthesized without stereocontrol and

resolved [186, 195, 196]. For example, the 4-phenylprolyl moiety of somatostatin

mimic 2.101 was synthesized by alkylation of the enolate of ethyl N-(acetyl)
methioninate with cinnamaldehyde, and the diastereomers were separated after

lactam formation on methyl ε-Cbz-L-lysinate (Fig. 12) [197]. The γ-lactam ring
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of α-aminophosphonate 2.102, a protected precursor of a N-methyl-D-aspartic acid

receptor antagonist, was forged by C,N-bis-alkylation of an amino-malonamide

using a 1,2-dihaloethane [198].

γ-Lactam 2.103 was synthesized by a route featuring preparation of 3-amino-

γ-lactam 2.106 by alkylation of dichlorobenzylidene dipeptide 2.105 onWang resin

using 1-bromo-2-chloroethane and the phosphazene base BEMP (2-tert-butylimino-2-

diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine, Scheme 15) [111]. Simi-

lar alkylation conditions were used to prepare allylglycinate 2.107 from the

benzylidene of alanine bound to Merrified resin [99]. Aspartate β-semialdehyde

2.108 was prepared from allylglycinate 2.107 and used in a route featuring olefin

oxidation, reductive amination with alanine tert-butyl ester, and resin cleavage with

lactam formation to afford γ-lactam diastereomers 2.104 [99].

Ethyl 2-isocyano(phenyl)acetate was alkylated with 1,2-dibromoethane and

treated with (2-methoxyethyl)amine to afford 3-isocyanato-γ-lactam 2.109, which

was employed in a Passerini multicomponent reaction with 2-chloroacetic acid and

formaldehyde to afford depsipeptide 2.110 (Scheme 16) [115]. (S)-(+)-4-Phenyl-2-
oxazolidinone 2.111 was employed in a route involving the enolization and

diasteroselective C3-alkylation of (3RS)-3-amino-γ-lactam 2.112 to afford (3S)-3-
methyl-3-amino-γ-lactam 2.113 after protecting group manipulation [116].

In the synthesis of the “tumor necrosis factor-α converting enzyme” inhibitor

BMS-561392 (1.10, see Fig. 3 above), amination of the dianion generated from 3-p-
benzyloxyphenyl-γ-lactam 2.114 using 1-chloro-1-nitrosocyclopentane (2.115) in the

presence of LiCl provided 3-aryl-3-hydroxylamino-γ-lactam 2.116 in a 92:8 diaste-

reomeric ratio (dr, Scheme 17) [117]. Recrystallization of 2.116 enhanced the dr to

>99:1 resulting in 56% overall yield from a 20 kg batch of 3-aryl-γ-lactam 2.114.
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2.4 α-Amino-γ-Lactam Peptides with Multiple Substituents

Demand for constrained scaffolds has driven the pursuit of structures possessing

multiple ring systems and substituents. Building on the 3-amino-γ-lactam motif,

several of these structures have found use in peptide mimicry. For example, the

identification of myeloid differentiation factor 88 (MyD88) inhibitors was enabled

by investigation of several β-turn mimics possessing 3-amino-γ-lactam components

within multiple ring systems [83]. Signal transduction events triggered by the

distinct extracellular ligands of interleukin 1 (IL-1R) and toll-like receptors

(TLRs) display a common reliance on MyD88 as adaptor protein. Based on the

RDVLPGT sequence of the homo- and hetero-dimerization consensus motifs in

MyD88, a peptidomimetic library was generated using solid phase synthesis fea-

turing an Fmoc/t-Bu strategy on Rink amide MBHA support. The library was

screened for potential to inhibit MyD88 homo-dimerization in a yeast two-hybrid

assay and to arrest IL-1β-induced production of IL-6 in orally dosed mice

[83, 199]. Among the active library members, ST2825 (2.121) possessed β-turn
motif 2.120 (Scheme 18), which was generated from 2-allyl proline 2.117 that was

obtained using the “self-reproduction of chirality” method of Seebach [190–

192]. Constrained aspartate β-semialdehyde analog 2.118 was prepared from

2.117 by N-protection and olefin oxidation. Condensation of 2.118 with

D-homoCys provided 1,3-thiazinane 2.119 as a mixture of diastereomers

[200]. Only the γ-lactam with the R-ring fusion stereochemistry was obtained

from heating 2.119 with triethylamine in DMF, such that after protecting group

manipulations N-Fmoc(amino)-spiro-tricycle acid 2.120 was obtained and

deployed in the solid-phase sequence. As a chemical probe in pharmacological

studies [201–203], ST2825 has served to decipher the mechanism by which TLR4

mediates vascular remodeling and damage. Exhibiting an influence on NAD(P)H

oxidase activity, ST2825 countered angiotensin II-induced oxidative stress in

vascular smooth muscle cells [201].

The related 6.5.5-spiro-bicyclic lactams 2.122 and thiazolidine-fused lactams

2.125 have been similarly prepared by sequences involving allylation, olefin
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oxidative cleavage, and condensation with cysteine esters under mild conditions

(Scheme 19) [99, 100, 204]. Although diastereomers 2.122 could be separated by

chromatography, their respective treatment with acid to remove the Boc group

caused epimerization of the thiazolidine to afford 6’R,7’aR-2.123. The quantitative
epimerization of the ring fusion stereocenter was consistent with ab initio calcula-

tions that predicted the isomer obtained to be 3.81 kcal/mol more stable than its

epimer. Modification of the C- and N-termini of 2.123 gave peptide mimic 2.124,

which on examination in the solid state and in solution exhibited a β-turn
conformation [100].

Stereocontrol of the thiazolidine ring fusion stereochemistry was achieved

during lactam formation with resin cleavage by temperature control such that

selective resin release at 60–85�C gave diastereomeric bicycle 3R,6S,7aS-2.125,
the configuration of which was assigned by X-ray crystallography [99]. On the

other hand, alkaline methanolysis was claimed to release the C6-epimer as carbo-

xylic acid 3R,6R,7aS-2.126. In the absence of a quaternary carbon, the C6-position

has been epimerized in related thiazabicycloalkane amino acids bearing a tertiary

carbon [36].

γ-Lactam diastereomers 2.128 were designed as constrained Nle-Gly dipeptide

mimics and prepared by a route featuring Kazmaier-Claisen rearrangement of

hex-2-en-1-yl N-Boc-glycine (2.127), ozonolysis of the resulting alkene to afford

an aldehyde, and condensation with cysteine methyl ester (Scheme 20) [84, 205,

206]. Lactam formation, ester hydrolysis, and Boc group removal afforded (6R,7R)-
and (6S,7S)-thiapyrrolizidinones 2.128 in 50% overall yield as a mixture of separ-

able diastereomers. After conversion to the Fmoc derivatives, bicycles 2.128

were introduced into analogs of the octapeptide SNF 9007 using SPPS. A mimic
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of cholecystokinin, SNF 9007 displayed selectivity for the cholecystokinin-B

(CCK-B) receptor and potency against the δ-opioid receptor. Incorporation of

(6R,7R)- and (6S,7S)-lactams 2.128 into SNF 9007 caused respectively decreased

and retained activity against the CCK-B receptor. The synthesis of analogs bearing

a phenyl substituent at the 7-position, as well as threonine-derived variants, have

been previously reviewed [37].

The construction of azathiabicyclo[3.3.0]alkane constraints within a peptide

linked to a TentaGel solid support was enabled by an alternative N-C5 ring closure

strategy (Scheme 21) [79]. Targeting angiotensin II analog 2.130, racemic

α-dimethoxyethyl-tyrosine 2.129 was coupled to the N-terminal of cysteine in a

peptide sequence attached to a photolabile 4-(1-hydroxyethyl)-2-methoxy-5-

nitrophenoxy linker. Exposure to TFA removed the side chain protection to achieve

formation of the thiazolidine and lactam rings without premature resin cleavage.

Sequence elongation, resin cleavage by UV irradiation, and purification by prepar-

ative HPLC afforded peptides (6R,7aR)- and (6R,7aS)-2.130. Lactams 2.130

displayed extended conformations and maintained low nanomolar affinity for the
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angiotensin II receptor without binding to the angiotensin I receptor, indicating the

importance of peptide conformation for receptor subtype engagement (see Fig. 17,

Sect. 2.5). In addition, angiotensin II analogs harboring related γ-lactam constraints

fused to larger 8- and 9-membered rings were prepared from linear precursors

which contained His and Tyr residues as spacers between the residues bearing the

reactive ω-aldehyde and ω-thiol side chains [207].
Azabicyclo[3.3.0]octanone systems bearing α-amino-γ-lactams have been made

by alternative ring closing strategies [67, 208]. In the synthesis of azabicyclo[3.3.0]

octan-2-one-8-carboxylate 2.133 (Scheme 22), transannular ring closure of macro-

cyclic lactam 2.132 set diastereoselectively two chiral centers. Lactam precursor

2.132 was accessed by ring closure metathesis (RCM) of diene 2.131 followed by

removal of the 2,4-dimethoxybenzyl group using acid [67]. Although iodo-

amidation failed using iodine alone, addition of (diacetoxyiodo)benzene (DIB) to

the reaction mixture converted olefin 2.132 into iodopyrrolizidinone 2.133. The

conformation of the latter was examined using X-ray crystallography (see Sect.

2.5).

Diverse approaches have been developed to access α-amino-γ-lactams fused to

aromatic rings (Fig. 13) [209, 210]. Racemic lactams 2.134 and 2.135 were respec-

tively accessed in two- and four-steps from readily available precursors. For lactam

2.134, a Ugi four-component coupling reaction was employed to assemble ethyl

glycinate, acetic acid, 2-iodobenzaldehyde, and methyl isocyanoacetate into a linear

intermediate which was cyclized by a microwave-assisted intramolecular Buchwald-

Hartwig amidation reaction [105]. The synthesis of lactam 2.135 was achieved

from isatin by N-alkylation, olefination, and aziridination of the unsaturated lactam

[106]. Isatin has also provided the framework for construction of lactam 2.136

(Scheme 23) [107, 211]. Addition of allyl Grignard reagent to the imine from

condensation of O-TBS phenylglycinol and N-p-methoxybenzylisatin produced

diastereoselectively amine 2.137. Removal of the chiral auxiliary, acetylation, and

N-allylation afforded diene 2.138, which upon RCM and olefin hydrogenation gave

the spirocycle 2.139. Conversion to the dipeptide model (3S)-2.136was accomplished

in 15% yield after 11 steps from N-p-methoxybenzylisatin. Computational analysis
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and NMR spectroscopy indicated that constrained dipeptide 2.136 adopted a turn

conformation (see Sect. 2.5, Fig. 16).

Isoleucinamide 2.140 was converted to 4,5-disubstituted 3-amino-γ-lactam
2.143 by repeated metal-catalyzed functionalization reactions: γ-methyl mono-

arylation with 3-iodoacetophenone to afford homophenylalaninamide 2.141, and

diastereoselective ring closure through pro-S γ-C-H bond activation by palladium

to fashion α-amino-γ-lactam 2.142 (Scheme 24) [81]. Oxidative N-deprotection
with ceric ammonium nitrate gave 3S,4R,5S-γ-lactam 2.143.

2.5 Conformational Analysis of Substituted
α-Amino-γ-Lactam Peptides

Since their conception by Freidinger and Veber, α-amino-γ-lactams have been

introduced into peptides to induce turn conformations by constraining rotation

specifically about the ψ- and ω-dihedral angles [27]. Peptide turns play vital roles
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Scheme 23 Synthesis of benzene-fused spirocyclic γ-lactam dipeptide 2.136 [107, 211]
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in molecular recognition events which make them important sources of inspiration

in the design of bioactive peptidomimetics [64, 212–216]. In the synthesis of turn

mimetics, substituted lactams provide fruitful avenues for the simultaneous control

over backbone and side chain topography.

Conformational analysis of α-amino-γ-lactams and their substituted variants has

been performed predominantly by using NMR spectroscopy [82, 107, 194], X-ray

crystallography [84, 99, 100, 158, 204, 217], computation [68, 92], and combina-

tions thereof [82, 107, 194]. Moreover, circular dichroism (CD) [97, 194, 218, 219]

and FT-IR spectroscopy [82, 107, 194] have been used to study the conformation of

α-amino-γ-lactams. Although infrequently used to study peptidomimetics, variable

temperature HPLC of α-amino-γ-lactam analogs of human growth hormone [6–13]

demonstrated that the relative stability of the type II’ β-turn structure manifested

changes in retention time and bandwidth as a function of temperature (see

Fig. 8) [154].

The conformational preference of the parent Agl residue has been reviewed

[34, 40, 64]. In brief, contingent on D- or L-stereochemistry of the α-carbon, Agl
residues situate typically at the i + 1 position of type II and II’ β-turns, because the
lactam ring constrains the ω-dihedral angle to 180� and the ψ-torsion angle to

125� � 10� and �125� � 10�, respectively. Steric interactions between the lactam

ring and neighboring residue side chains also restrict backbone geometry to favor

turn conformers. For example, X-ray crystallographic studies on a series of analogs

of the dopamine D2 receptor allosteric modulator Pro-Leu-Gly-NH2 in which the

central leucine residue was replaced with Agl revealed that bulkier substituents on

an N-terminal imidazolidinone and on the C-terminal Gly residue in 2.146 and

2.147 favored turn geometry over the linear conformations observed in 2.144 and

2.145 (Fig. 14) [220–223].

Heterocycle ring substituents may introduce energetic bias to favor specific ring

pucker conformers [224, 225]. Although few studies of the conformational prefer-

ences of substituted γ-lactam constraints have been reported [168, 194, 204], the

influence of hydroxyl substituents on an α-amino-δ-lactam counterpart has been

shown to augment the population of particular ring pucker conformers [32]. In

particular, thiaindolizidinones with hydroxyl groups on the δ-lactam were shown to

have greater conformational rigidity relative to their unsubstituted counterparts

[32]. In the case of the X-ray structure of β-hydroxy-α-amino-γ-lactam analog

2.148 (Fig. 15, Scheme 8), the backbone ϕ- and ψ-torsion angles were in agreement

with the central residues of a type II β-turn except for the Leu ψ-dihedral angle,
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which was rotated from the ideal conformer likely due to the absence of a

C-terminal amide [168]. For the Ser/Thr motif within the β-hydroxy-γ-lactam
ring, the χ1-dihedral angle value of 142.4� deviated 37.6� from the ideal trans
conformation (2.148, Newman projection) [216].

A spirocycle centered at the α-carbon has provided α-amino-γ-lactams that

adopt β-turn conformations as observed by a variety of methods. For example,

tetrahydroisoquinoline-based spirocyclic lactam 2.87 was shown to adopt a type II’
β-turn conformation by X-ray crystallography, as well as NMR, FT-IR, and CD

spectroscopic techniques (Fig. 16) [194]. In the IR spectrum of 2.87 at 2.0 mM in

CHCl3, an absorption band at 3,352 cm�1 was observed indicative of a hydrogen-

bonded amide NH stretch. Moreover, in the CD spectrum of spirocycle 2.149 in

methanol (0.2 mM), a curve shape for a type II’ β-turn was observed featuring two

negative minima, one at 203 nm and a second one at 218 nm, and a negative

maximum at 209 nm. Similarly, spiropiperidine-3,30-oxindole-based peptide

isostere (3R)-2.136 was shown by computational analysis to prefer backbone

dihedral angles that closely replicated an ideal type II β-turn in which the

α-amino-γ-lactam was situated at the i + 1 position [107]. In the NMR spectrum

of (3S)-2.136 in CDCl3 at 2.0 mM concentration, titration studies also indicated that

the chemical shift of the amide NH remained relatively constant with increasing

amounts of DMSO. The presence of a stable intramolecular hydrogen-bonded

conformation was supported by a strong nuclear Overhauser effect, which revealed

proximity between the acetyl group and the N-CH2 protons of the piperidine ring.

Inside fused pyrrolizidinone and indolizidin-9-one systems 2.150, 2.29, and

2.133 (Table 1, see also Schemes 2 and 22), α-amino-γ-lactams have been shown

by X-ray crystallography to adopt similar ψ i+1 and ϕi+2 dihedral angle values to

those of the i + 1 and i + 2 residues of an ideal type II’ β-turn (Table 1). The more

Newman projection
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Fig. 15 Influence of β-hydroxy-α-amino-γ-lactam on backbone and side chain geometry [168]
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flexible ϕi+1 and ψ i+2 dihedral angle values of these 5,5- and 5,6-fused bicyclic

systems varied such that extended as well as turn-like conformers were observed

likely because of the presence of a C-terminal ester instead of an amide, as well as

crystal packing forces. N-Methyl amide derivatives 2.152 and 2.25 were synthe-

sized from pyrrolizidinone 2.150 and (6R)- and (6S)-hydroxypyrrolizidinones 2.29
(see Fig. 7 and Scheme 2). Examination using variable temperature (VT)-NMR

spectroscopy in DMSO-d6 revealed significant differences between the temperature

coefficients of the carbamate and amide NH signals (Table 2), suggesting that they

exist in two different environments. Although the temperature coefficients of the

methyl amide protons were not in the reported range of hydrogen-bonded amides

within cyclic peptides and larger proteins [226], they differed significantly from

those of the carbamate NH signals indicating their involvement in intramolecular

hydrogen bonds.

Thiapyrrolizidinone peptidomimetics 2.130 exhibited selective angiotensin II

receptor subtype-2 affinity in the low nanomolar range (Fig. 17, Scheme 21)

[79]. Differing respectively at the ring fusion stereochemistry of the 5,5-fused

bicycle, both analogs possess the carboxylic acid and amine components on oppo-

site sides of the thiapyrrolizidinone. A combination of computational analysis and

NOESY spectroscopy indicated that both isomers adopt extended backbone con-

formers (i.e., (5S)-2.130 and (5R)-2.130). In the conformer of the four-fold less

Table 1 Dihedral angle values (in degrees) of fused bicyclic α-amino-γ-lactam ring systems from

crystallographic analyses

n

O

N

R1

HN

MeO

O

OX

R2

φi+1 ψi+1 φi+2

ψi+2

i+1

i+2
5

6

Turn structure X R1 R2 n φi+1 ψ i+1 φi+2 ψ i+2 Reference

Ideal inverse γ – – – – – – �70

to

�80�

60–

80�
[132–

134]

Ideal β-II – – – – �60� 120 80� 0� [135]

Pyrrolizidinone (5R)-
2.150

Ot-
Bu

H H 1 �107� �149� �45� 147� [88]

Hydroxypyrrolizidino-

ne (5S,6R)-2.29
Ot-
Bu

H OH 1 �170� �141� �41� 130� [87]

Iodopyrrolizidinone

(5S)-2.133-1
OFm I H 1 �120� �141� �109� 174� [67]

Iodopyrrolizidinone

(5S)-2.133-2
OFm I H 1 53� �143� �109� 170� [67]

Ideal β-II’ – – – – 60� �120� �80� 0� [135]

Indolizidin-9-one (5R)-
2.151

Ot-
Bu

H H 2 �129� �141� �34� 118� [95]
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potent (5R)-isomer, the side chains of the Tyr4 and His6 residues were observed to

have closer proximity.

3 N-Amino-Imidazolin-2-one (Nai) and N-Amino-

Imidazolidin-2-one (Aid) Peptidomimetics: Synthesis

and Conformational Analysis

As mentioned above, the Agl residue predisposes the peptide backbone to mimic

β-turn secondary structures [175], such as those commonly involved in molecular

recognition events of biologically active peptides [212, 213]. Azapeptides, in which

the CαH moiety is substituted for a nitrogen atom (Fig. 18), utilize electronic forces

to stabilize β-turn conformations [227]. The semicarbazide structure of the

azapeptide rigidifies the ψ-dihedral angle, due to the planarity of the urea moiety,

and the ϕ-dihedral angle, because of hydrazine nitrogen lone pair-lone pair repul-

sion [228]. Applications of amino lactam and aza-residues as conformational

constraints have provided means for improving receptor affinity by likely

diminishing the loss of entropy needed for folding into an active conformer

[18, 24, 175, 227, 229].

Table 2 Temperature coefficients (Δδ/ΔT in ppb/T) from VT-NMR studies in DMSO-d6 of

5,5-fused bicycles

5,5-Fused bicycle X Y BocNH NHMe Reference

Pyrrolizidinone 2.152 H H 10.2 5.2 [88]
Hydroxypyrrolizidinone (6R)-2.25 H OH 8.4 4.3 [87]
Hydroxypyrrolizidinone (6S)-2.25 OH H 11.7 5.3 [87]
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Fig. 17 Conformers of 5,5-fused thiazabicycloalkane peptidomimetics 2.130 [79]
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The syntheses of N-amino-imidazolin-2-one (Nai) and N-amino-imidazolidin-2-

one (Aid) peptidomimetics were pursued to blend attributes of Agl and aza-amino

acid residues (Fig. 18) [230, 231]. The resulting N-amino cyclic ureas enable

conformational constraint with potential to facilitate the addition of side chain

functional groups onto the heterocycle. By combining the attributes of Agl and

Aza residues into a single molecular scaffold, they employ both structural and

electronic constraints to restrict rotation about the backbone ϕ-, ψ-, and ω-dihedral
angles, consequently favoring β-turn secondary structures [231]. Using X-ray

crystallographic and NMR spectroscopic analyses, we have shown that Nai and

Aid residues can adopt the central positions of type II’ β- and γ-turns [231, 232,
253].

3.1 Synthesis of Nai Dipeptides with 4-Position Substituents

N-Amino-imidazolin-2-one (Nai) residues have been introduced into peptide sequences

by an approach featuring 5-exo-dig cyclization of an aza-propargylglycine residue

using sodium hydride as base [231–233]. Simpler imidazolin-2-ones had previously

been prepared fromN-propargylureas using other bases [232, 234], and transitionmetal

complexes containing respectively palladium [234–236], gold [237] and silver [238];

however, only basic conditions formed successfully 4-substituted Nai analogs.

Aza-propargylglycyl dipeptides (e.g., 3.2, Scheme 25) have been synthesized in solu-

tion by alkylation of a semicarbazone protected azaglycine dipeptide with propargyl

bromide [231, 232, 240, 241]. The azaglycine dipeptides have been obtained by

activation of benzophenone hydrazone with N,N0-disuccinimidyl carbonate (DSC) or

p-nitrophenylchloroformate and coupling to an amino ester or amino amide [239–

242]. For example, treatment of benzophenone hydrazone with DSC and reaction with

D-phenylalanine tert-butylester hydrochloride gave aza-dipeptide (R)-3.1 (Scheme 25).

Benzhydrylidene aza-glycinyl-D-phenylalanine tert-butyl ester [(R)-3.1] was alkylated
selectively without racemization using tetraethylammonium hydroxide as base and
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propargyl bromide as electrophile to provide aza-propargylglycyl-D-phenylalanine 3.2

[240, 241].

The 5-exo-dig cyclization of aza-propargylglycinyl dipeptide 3.2 was success-

fully achieved using 250 mol% of NaH in acetonitrile. In contrast, attempts to

employ gold [(t-Bu)2(o-biphenyl)PAuCl] and silver (AgOTf) catalysts failed to

effect cyclization [231]. The exocyclic double bond of exo-3.3 was presumed to

arise from protonation after cyclization (cyclization may involve an allene inter-

mediate, see: [243, 244]); however, migration occurred spontaneously in solution

and was catalyzed by acid, such as silica gel during chromatography, to furnish the

thermodynamically more stable endocyclic double bond isomer endo-3.3. In addi-

tion, samples of exocyclic olefin product were observed to convert to the endocyclic

isomer on standing as a CDCl3 solution in a NMR tube. Partial racemization of ester

3.2 occurred under the basic cyclization conditions; the enantiomers of amino-

imidazolone endo-3.3 were separated by preparative Supercritical Fluid Chroma-

tography (SFC) on an AD-H column using 15% isopropanol as eluent at 60 g/min

and 150 bars [239]. On the other hand, aza-propargylglycinyl dipeptide amide 3.4

underwent 5-exo-dig cyclization to provide amino-imidazolone 3.5 without race-

mization and spontaneous double bond migration (Scheme 26).

A set of 4-arylmethyl-1-amino-imidazolin-2-ones was synthesized by introduc-

tion of a Sonogashira cross-coupling reaction into the synthetic sequence for

arylation of the aza-propargylglycine residue (Scheme 27) [231]. Benzhydrylidene

aza-propargylglycyl-phenylalanine dipeptide 3.2 was treated with different aryl

iodides, Pd(PPh3)2Cl2, and CuI in 1:1 DMF/Et2NH to obtain the corresponding

aza-arylpropargylglycines 3.6a–g in 50–90% yields. Notably, N-(Boc)-3-iodo-
indole and N-(trityl)-4-iodoimidazole reacted in the Sonogashira cross-coupling

to provide the aza-tryptophan and aza-histidine analogs 3.6e and 3.6f in 65% and

50% yields, respectively.
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Scheme 25 Synthesis of imidazolin-2-one by NaH promoted 5-exo-dig cyclization of

benzhydrylidene aza-propargylglycinyl-phenylalanine dipeptide [231, 239]
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Employing the various aza-arylpropargylglycine analogs 3.6 in the 5-exo-dig
cyclization conditions mentioned above gave 4-arylmethyl-1-amino-imidazolin-2-

ones 3.7a–f as mixtures of endo and exocyclic double bond isomers as observed by

NMR spectroscopy (Scheme 27) [231]. For example, aza-phenylpropargylglycine

3.6a reacted with 250 mol% of NaH in acetonitrile to provide 4-benzyl-1-amino-

imidazol-2-one 3.7a as a mixture of racemic endo and exocyclic olefin isomers in

69% yield. After purification of 4-benzyl-1-amino-imidazol-2-ones 3.7a by chro-

matography, olefin internalization occurred. The enantiomers were later separated

using SFC with the conditions described above [239]. 4-Methyl- and 4-benzyl-1-

amino-imidazol-2-one tert-butyl esters (S)-endo-3.3 and (R)-endo-3.7a were

converted to their corresponding Nai-dipeptide acids (S)-3.9 and (R)-3.8 using

50% TFA in DCM solution (Scheme 28).

The Nai-dipeptide acids 3.8 and 3.9 have been introduced into peptides

[231, 232]. For example, 4-benzyl-Nai dipeptide (S)-3.8 was incorporated into

model peptide 3.10 by a route entailing coupling to iso-proylamine after activation

as a mixed anhydride with iso-butyl chloroformate, semicarbazone removal with

hydroxylamine hydrochloride in pyridine, and acylation with 4-methoxybenzoyl

chloride (Scheme 28) [232]. The conformation of Nai peptide 3.10 was analyzed by

X-ray crystallography (see Sect. 3.4, Fig. 21).
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Scheme 27 Sonogashira cross-coupling modification of aza-propargylglycinyl dipeptides

followed by cyclization [231]
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3.2 Synthesis of Nai Dipeptides with 5-Position Substituents

5-Substituted Nai analogs have been pursued using 5-exo-dig cyclization reactions

on aza-glycyl-N0-propargylamide derivatives (Y. Garcı́a-Ramos and W. D. Lubell,

unpublished work). For example, 5-methyl-N-aminoimidazolin-2-one endo-3.13
was prepared from cyclization of benzhydrylidene aza-glycinyl-N-propargyl-D-
phenylalanine 3.12 (Table 3). The latter was synthesized in 60% yield by acylation

of N-propargyl-D-phenylalanine tert-butyl ester (3.11) using the activated carbazate
prepared from benzophenone hydrazone and DSC. N-Propargyl-D-phenylalanine
3.11 was synthesized in 70% yield with minimal N,N-dialkylation side product by

alkylation of D-phenylalanine tert-butyl ester hydrochloride salt with propargyl

bromide in DMF using 2.2 equivalents of lithium hydroxide as base at 0�C [245].

Various conditions gave successfully 5-exo-dig cyclization from aza-glycyl-N-
propargylphenylalanine dipeptide 3.12 to produce the 5-methyl Nai analog endo-
3.13 and its exocyclic olefin counterpart exo-3.13. For example, employing the

same basic conditions used in the 5-exo-dig cyclizations to make 4-methyl Nai

analogs, the NaH treatment gave significant amounts of decomposition and exocy-

clic olefin exo-3.13 in only 31% (entry 1, Table 3). Transition metal catalyzed

conditions gave higher yields of Nai products. Treatment of aza-dipeptide 3.12 in

acetonitrile at room temperature with the combination of gold [(t-Bu)2(o-biphenyl)
PAuCl] and silver (AgOTf) catalysts gave exocyclic olefin exo-3.13 in 94% yield

(entry 2). In the absence of the silver catalyst, the gold catalyzed cyclization was

Table 3 Synthesis of 5-substituted Nai dipeptides 3.13

O

NN
N

Bn

Ph

Ph

exo-3.13

O

Ot-Bu

+

O

NN
N

Bn

Ph

Ph

endo-3.13

O

Ot-Bu

Me
Ph N

H
N

Ph
N

Ot-Bu
O

O

Bn

Conditions

3.12

Ph N
NH2

Ph

DSC = N,N'-disuccinimidyl carbonate

60%

1) DSC, DCM, DMF
2) HCCCH2-D-Phe-Ot-Bu (3.11)

DIEA

5

Entry Conditions

exo-
3.13

endo-
3.13

1 NaH (2 equiv), MeCN, 25�C, 2 h 31% –

2 [(tBu)2(o-biphenyl)P]AuCl (10 mol%), AgOTf (10 mol%), MeCN,

25�C, 12 h

94% –

3 [(tBu)2(o-biphenyl)P]AuCl (10 mol%), MePh, 80�C, 12 h 41% –

4 AgOTf (10 mol%), MeCN, 80�C, 12 h 65% –

5 InBr3 (10 mol%), MePh, 80�C, 12 h 75% 13%

6 PtCl2 (10 mol%), MePh, 80�C, 12 h 30% 25%

7 PdCl2(PPh3)2 (10 mol%), MePh, 80�C, 12 h – 59%

8 PdCl2 (10 mol%), MePh, 80�C, 12 h – 68%

9 AgNO3 (10 mol%), MePh, 80�C, 12 h – 87%
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sluggish and required heating to provide exocyclic olefin exo-3.13 in only 41%

yield (entry 3) [237]. Silver triflate alone at higher temperature in acetonitrile

afforded exocyclic olefin exo-3.13 in 65% yield (entry 4). Indium and platinum

catalysts (entries 5 and 6) gave mixtures of exo and endo olefin isomers, with a

preference for the former [246, 247]. On the other hand, palladium catalysis

afforded selectively the endocyclic product in 59–68% yields (entries 7 and 8).

Silver nitrate in toluene at 80�C for 12 h proved the best condition for obtaining the

endocyclic olefin endo-3.13 in high yield (87%, entry 9). Employing the silver

nitrate conditions at lower temperatures or shorter times gave lower yields of endo-
3.13 with contamination of the exocyclic olefin exo-3.13; however, shorter reaction
times did give high yields (75–97%) of endocyclic olefin endo-3.13 using silver

nitrate and microwave heating at 60 and 80�C in toluene.

After Boc protection of propargylamine 3.11, Sonogashira reaction of the

resulting N-(Boc)-N-propargyl-D-phenylalanine tert-butyl ester with phenyl iodide

gave the N-(Boc)-N-phenylpropargyl-D-phenylalanine product in 79% yield

(Scheme 29) [248]. Selective removal of the Boc group in the presence of tert-
butyl ester was achieved with sulfuric acid in tert-butyl acetate to provide amino

ester 3.14 in 93% yield, and in 69% over three steps [249]. Acylation of amine 3.14

with activated carbazate 3.15, derived from treating benzophenone hydrazone

with DSC, gave aza-dipeptide 3.16 in 64% yield. Treatment of aza-glycyl-N0-
phenylpropargylamide 3.16 with silver nitrate under microwave irradiation pro-

vided the endocyclic olefin isomer 3.17 in 66% yield.

Attempts to remove the benzhydrylidene protection from the 5-substituted N-
imidazolin-2-ones endo-3.13 and 3.17 using hydroxylamine hydrochloride in pyr-

idine failed respectively to provide the desired semicarbazides 3.18a–b (Scheme

30); instead, 1,2,4-triazin-3(2H)-ones 3.19a–b were obtained, after ester depro-

tection, characterized by NMR spectroscopy, and in the case of 3.19a, crystallized

for X-ray analysis (Fig. 19) (Y. Garcı́a-Ramos and W. D. Lubell, unpublished

work). The 13C and 1H NMR spectra of triazinone 3.19a characterized respectively

the ring C5 carbon as a methylene at 58.8 ppm bearing diastereotopic geminal

protons appearing as a coupled pair of doublets at 3.85 and 3.72 ppm.

1) Boc2O, NEt3, CH2Cl2, 0 °C
2) PhI, Pd(PPh3)2Cl2 (10 mol%)
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Scheme 29 Synthesis of 5-benzyl-Nai dipeptide 3.17
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3.3 Synthesis of N-Amino-Imidazolidin-2-one (Aid)
Peptidomimetics

The Aid residue is respectively the saturated and aza-variant of its Nai and Agl

counterparts. N-Amino-imidazolidin-2-one (Aid) peptidomimetics have been syn-

thesized by a solid-phase method for constructing the cyclic N-amino ureas

[230]. In contrast to the synthesis of Nai peptidomimetics, which entails 5-exo-
dig cyclization in solution prior to the application of the resulting Nai dipeptide

building blocks [231], solid-phase Aid peptidomimetic synthesis features alkylation

of a protected aza-glycinamide residue using 1,2-dibromoethane and base. The

synthesis of Aid residues thus offers opportunity for application in combinatorial

approaches to study the importance of structural and electronic forces for confor-

mational control, as has been illustrated for related acyclic N-alkyl aza-peptide
counterparts [250, 251].

In a solution-phase approach to Aid dipeptide esters, attempts to alkylate

benzhydrylidene aza-glycinyl-phenylalanine tert-butyl ester [(S)-3.1] [240] using
1,2-dibromoethane and tetrabutylammonium hydroxide (TBAH) gave the desired

cyclic urea, imidazolidin-2-one (S)-3.20 in 15% yield (Table 4, entry 1)

[230]. Switching to tetraethylammonium hydroxide (TEAH) as base improved

the yield of 3.20 to 62% (entry 2); however, racemization was detected by exam-

ination of the ester product using SFC on a chiral column. Racemization was

avoided by decreasing the temperature to 0�C, albeit with lower reaction yield

(entry 3).
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Fig. 19 X-ray structure of 1,2,4-triazin-3(2H)-one 3.19a
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In contrast to dipeptide ester 3.1, alkylation of the isopropyl amide counterpart

3.21a to afford Aid-dipeptide 3.22a using the optimal TEAH conditions occurred

without racemization and in similar yield (55%, entry 1, Table 5). The yield of

Aid-dipeptide 3.22 was enhanced to 87% upon switching the aza-glycine residue

protection from benzhydrylidene to benzylidene (entry 2) [230]. The benzylidene

group of hydrazone 3.22b was subsequently removed effectively using 1 N HCl in

THF (1:2 v/v) at 40�C to provide the corresponding semicarbazide [253]. The latter

was acylated using benzoyl chlorides and DIEA, as well as with the symmetric

anhydride prepared from Fmoc-Ala-OH and DIC, to give respectively Aid di- and

tri-peptides 3.23b–d in 68–89% yields overall (Table 5, entries 2–4)

[230, 252]. The conformational preferences of Aid peptides 3.23 were probed

using X-ray crystallography (see Sect. 3.4, Fig. 22).

Longer Aid peptides have been made using solid-phase chemistry both by

employing dipeptide building blocks and by alkylation of aza-glycine residues of

peptides linked to the solid support [230]. For example, acid 3.24 was prepared

from Aid-dipeptide ester (R)-3.20 using 1:1 TFA/DCM for 2 h, and coupled to Lys

(Boc)-Rink amide resin to give support-bound Aid tripeptide 3.25 (Scheme 31).

Elongation of the peptide to provide an analog of growth hormone releasing

peptide-6 (GHRP-6) was accomplished by chemoselective benzylidene removal,

Table 4 Optimization of Aid dipeptide ester 3.20 synthesis in solution [230]

Ph N
H
N

Ph H
N

Ot-Bu Ot-Bu
O

O

Bn
(S)-3.1

O

NN
N

Bn

Ph

Ph

(S)-3.20

O
Conditions

Br
Br+

Entry Conditions Yield 3.20 (%)

1 NBu4OH, THF 15

2 NEt4OH, THF 62a

3 NEt4OH, THF, 0
�C 21

aPartial α-center epimerization occurred during formation of 3.20

Table 5 Synthesis of Aid dipeptides 3.22a–c and incorporation into di- and tripeptide amides

3.23b–d [230, 252]

BrCH2CH2Br
NEt4OH, THF

O

NN
NPh

X

O

H
N

H
N

NPh

X

3.21a- 3c .22a-c

1) HCl(aq)

    40 °C
2) R-Lg
    additive

O

NN
RHN

3.23b-d

NHi-Pr

O

NHi-Pr

O

NHi-Pr

O

Lg = Cl, OHBn Bn Bn

ααα

Intermediates 3.22a–c Products 3.23b–d

Entry # X α Yield (%) # R-Lg Additive Yield (%)

1 a Ph R 55 – – – –

2 b H R 87 b p-MeOPhC(O)-Cl DIEA 89

3 c H S 85–87 c p-BrPhC(O)-Cl DIEA 74

4 b H R 87 d Fmoc-Ala-OH DIC 68
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employing NH2OH�HCl in pyridine at 60�C for 12 h [250], followed by acylation

with Fmoc-Ala activated by way of its symmetric anhydride using DIC to give

tetrapeptide 3.26. Subsequently, standard solid-phase peptide synthesis (SPPS)

protocols were used to complete the Aid peptide [254]. The resin was cleaved

with TFA/H2O/TES and purification by preparative HPLC to give [Aid4]GHRP-6

(3.27) in 13% overall yield [230].

A method for installing Aid residues onto support-bound peptides was devel-

oped employing benzylidene aza-glycinyl dipeptides 3.29 and 3.31 possessing a

diverse array of C-terminal amino acid residues (Schemes 32 and 33) [230, 250]. To

prepare Aid peptide acid 3.30, benzylidene aza-glycinyl-D-phenylalanine 3.29 was

synthesized by acylation of D-phenylalaninyl-Wang resin using methylidene

carbazate 3.28, which was generated from benzaldehyde, hydrazine, and p-
nitrophenylchloroformate (Scheme 32). Alkylation of 3.29with ethylene dibromide

occurred in 82% conversion using the non-nucleophilic base BTPP. Attempts to use

TEAH as base were unsuccessful, presumably due to competitive hydrolytic resin

cleavage.

Using Rink amide resin and 3.28, aza-glycinyl dipeptide amides 3.31 were

synthesized under similar conditions as described above (Scheme 33) [230]. Alkyl-

ation of semicarbazone 3.31 was successfully performed using the ethylene

dibromide/TEAH conditions that were optimized in solution. Typically,

aza-glycinyl dipeptides 3.31 underwent quantitative bis-alkylation to provide Aid

peptides 3.32. After resin cleavage using TFA containing 2% of phenol,

benzylidene N-amino-imidazolidinones 3.33a and 3.33b were isolated respectively

by preparative HPLC in 41% and 47% overall yields. On the other hand, certain

amino acids were problematic. For example, the benzyl ester side chain of aspartate

H-Lys(Boc)-NH

O

NN
N

Bn

Ph

Ph

3.24

O

OH = Rink Amide resin

O

NN
N

Bn

Ph

Ph

3.25

O
3.24, HBTU
HOBt, DIEA
DMF, 12 h Lys(Boc)-NH

O

NN
Fmoc-Ala-NH

Bn
3.26

O
Lys(Boc)-NH

O

NN
H-His-Trp-Ala-NH

Bn
[Aid4]GHRP-6 (3.27)

O
Lys-NH2

1) SPPS
2) TFA, HSiEt3, H2O

1) NH2OH, py, 60 °C, 12 h
2) Fmoc-Ala-OH, DIC, DMF

Scheme 31 Synthesis of [Aid4]GHRP-6 (3.27) employing Aid-dipeptide 3.24 [230]

H-D-Phe-O

O

NN
N

Bn

H

Ph

3.30

O

OH

O

H
N

H
N

N

Bn

H

Ph

3.29

O

O

1) BTPP
2) BrCH2CH2Br
3) TFA, PhOH

= Wang resin

3.28, EtNi -Pr2

CH2Cl2, 12 h

82%

BTPP =t-BuNP[N(CH 2)4]3

3.28

Ph N

H
N

H
OPh(4-NO2)

O

Scheme 32 Solid-phase synthesis of Aid-dipeptide acid 3.30 [230]
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was hydrolyzed during alkylation to afford acid 3.33c, and multiple attempts failed

to synthesize Aid peptide from alkylation of aza-glycinyl-cysteine(Trt) 3.31e.

Chemoselective benzylidene removal and liberation of semicarbazide 3.34a–i

was effectively accomplished employing NH2OH�HCl in pyridine at 60�C for 12 h

[250]. Acylation was subsequently performed with phenylacetyl chloride and N-
protected amino acids activated by way of their symmetric anhydrides

[250, 251]. Resin cleavage and side chain deprotection followed by purification

by preparative HPLC provided Aid peptides 3.35 in 17–47% overall yields

(Scheme 34).

N-Amino-imidazolidin-2-one residues were introduced into the GHRP-6

sequence using the solid-phase alkylation protocol. For example, in the synthesis

O

NN
N

R

H

Ph

3.32a-i

O

N
H

H2N

R

O

N
H

3.28, EtNi-Pr2
CH2Cl2, 12 h

O

H
N

H
N

N
R

H

Ph

3.31a-i

O

N
H

1) Et4NOH
2) BrCH2CH2Br

O

NN
N

R

H

Ph

3.33a-i

O

NH2
TFA, PhOH, 2 h

= Rink amide resin

a Bn
b (CH2)4NH2
c CH2CO2H
d CH2CO2Bn
e CH2SH
f H
g (CH2)2SMe
h CH2OH
i CH2CONH2

Ra
% Conversion

3.33a-i

a Polar R-goups in 3.31-2 bear
Boc, Bn, Trt or t-Bu protection.
b BTPP used as base.

3.33a: 41% yield
3.33b: 47% yield

quant
quant
quant
63b

0
quant
quant
quant
quant

Scheme 33 Solid-phase synthesis of Aid-dipeptide amides 3.33a–i [230]

O

NN
N
H

R

O

Bn

O

NH2

O

NN
H-Ala-NH

3.35i (17%)

O

NH2

3.35a (31%, R = Bn)
3.35b [34%, R = (CH2)4NH2]

O

NN
H-Xaa-NH

3.35e (35%, Xaa = Tyr)
3.35f  (26%, Xaa = Pro)
3.35g (31%, Xaa = D-Pro)

O

NH2

O

NN
H-Xaa-NH

Bn

O

NH2

3.35c (33%, Xaa = Met)
3.35d (36%, Xaa = Gly)

3.32

NH2OH, py
60 °C, 12 h

1) Boc-Xaa-OH, DIC
2) TFA, HSiEt3, H2O

O

NN
H2N

R
3.34a-h

O

N
H

O

NN
H-Xaa-NH

R
3.35c-h

O

NH2

= Rink amide resin

17-47%

1) BnC(O)Cl, base
2) TFA, HSiEt3, H2O

O

NN
H-Cys-NH

3.35h (24%)

O

NH2

OH
SMe

Scheme 34 Solid-phase synthesis of Aid-tripeptides 3.35a–i [230]
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of [Aid4]GHRP-6 (3.27), alkylation of aza-Gly-D-Phe-Lys(Boc)-Rink amide resin

3.36 with 1,2-dibromoethane gave imidazolidin-2-one 3.37 in quantitative conver-

sion (Scheme 35) [230, 250]. Removal of the benzylidene using hydroxylamine

hydrochloride in pyridine and acylation with activated N-Fmoc-alanine gave

semicarbazide resin 3.26. Subsequent elongation, cleavage, and purification as

described above provided [Aid4]GHRP-6 (3.27) in 44% crude purity and 16%

overall yield after HPLC purification (entry 4, Table 6) [230].

Employing the solid-phase alkylation method, four additional [Aid]-GHRP-6

analogs were successfully prepared in 6–13% yields and >99% purity (entries 1–3

and 5, Table 6) [230]. Incomplete alkylation was observed with the longer peptide

3.28, EtNi-Pr2

CH2Cl2, 12 hH-D-Phe-Lys(Boc)-NH

O

H
N

H
N

N

Bn

H

Ph

3.36

O
Lys(Boc)-NH

O

NN
N

Bn

H

Ph

3.37

O
Lys(Boc)-NH

1) Et4NOH
2) BrCH2CH2Br

1) NH2OH, py, 60 °C, 12-24 h
2) Fmoc-Ala-OH, DIC, DMF

O

NN
Fmoc-Ala-NH

Bn
3.26

O
Lys(Boc)-NH [Aid4]GHRP-6 (3.27)

Scheme 31

= Rink amide resin

Scheme 35 Solid-phase synthesis of [Aid4]GHRP-6 peptide by azapeptide alkylation on resin

[230]

Table 6 Use of Aid constraints in GHRP-6 peptidomimetics produced using both dipeptide

building blocks and solid-phase alkylation of aza-glycine residues [230]

Entry Peptides Methoda
Crude purity

(%)

Purity

(%)

Isolated yield

(%)

1 Aid-D-Trp-Ala-Trp-D-Phe-Lys-

NH2

A 35 >99 6.8

2 His-Aid-Ala-Trp-D-Phe-Lys-

NH2

A 51 >99 5.8

3 His-D-Trp-Aid-Trp-D-Phe-Lys-

NH2

A 51 >99 13.2

4 His-D-Trp-Ala-Aid-D-Phe-Lys-

NH2 (3.27)

A (B) 44 >99 15.8 (13)

5 His-D-Trp-Ala-Trp-Aid-Lys-

NH2

A 44 >99 9.7

6 Ala-Aid-D-Phe-Lys-NH2 B 72 >99 12.8

7 His-D-Trp-Aid-Trp-D-Phe-NH2 B 68 >99 14.0

8 PhAc-Aid-D-Phe-Lys-NH2 B 67 >99 11.1
aScheme 35 procedure for method A, Scheme 31 for method B
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sequences and produced side products that complicated HPLC purification of the

final Aid-peptides.

3.4 Conformational Analysis of Nai and Aid Peptides

The influence of Nai and Aid residues on conformation has been studied on model

peptides using 1H NMR spectroscopy and X-ray crystallography (Figs. 20, 21, and

22, Table 7). For example, model Nai-peptides 3.38, 3.39, and 3.10 were studied to

examine the preferred geometry of the N-amino-imidazolin-2-one peptide mimics

in solution and the solid state, respectively (Fig. 20, see also Scheme 28). In

solution, the 4-methyl Nai residue was examined in N-( p-methoxybenzamido)

imidazolin-2-one iso-propylamide 3.38 by NMR spectroscopy in CDCl3 using

varying concentrations of DMSO-d6 (1–100%), which identified respectively sol-

vent shielded and exposed N-H protons for the iso-propylamide and p-
methoxybenzamide hydrogens (Δδ/Δsolvent 0.45 and 1.21 ppm) indicative of a

turn conformation in which the C-terminal amide is engaged in an intramolecular

hydrogen bond [231]. Similar examination of Aid peptide 3.23c (Fig. 20, see also

Table 5) identified respectively solvent shielded and exposed hydrogens for the

isopropylamide and p-bromobenzamide NH signals (Δδ/Δsolvent: 0.43 and

1.16 ppm). This observation was consistent with a hydrogen-bound iso-
propylamide proton in a turn conformation.

The solid-state analyses of Nai and Aid residues in model peptides were con-

sistent with their NMR spectroscopic studies. For example, X-ray analysis of

4-methyl N-(benzamido)imidazolin-2-one amide 3.38 identified two different con-

formers in the crystal lattice: 3.38-1 exhibiting a type II’ β-turn possessing a

ten-member hydrogen bond, and 3.38-2 adopting an inverse γ-turn encompassing

a seven-member hydrogen bond (Fig. 21). In the X-ray structure of the related

4-methyl N,N-(bis-p-methoxybenzamido)imidazolin-2-one 3.39, a single

O
N

NN
HN

O
p-MeOPh O

i-Pr

PhMe

H
O

N

NN
HN

O
p-MeOPh O

i-Pr

PhMe

H
O

N

NN
N

O
p-MeOPh O

i-Pr

PhMe

H

O

p-MeOPh

O
N

NN
N

O
p-MeOPh O

i-Pr

Bn

H

O

p-MeOPh O
N

NN
HN

Op-BrPh O
i-Pr

Ph

H
O

N

NN
HN

Op-BrPh O
i-Pr

Ph

H

Ph

Conformation:  type II' β-turn γ-turn

3.393.38-23.38-1

type II' β-turn / γ-turn

3.10 3.23c-1 3.23c-2

Conformation: γ-turn type II' β-turn type II β-turn

αRαS

Fig. 20 Turn conformations of Nai peptides 3.38, 3.39, and 3.10, and Aid peptide 3.23c
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conformer was observed; however, the ψ i+2 dihedral angle value was 31�, midway

between the 0� and 60� values of type II’ β-turn and inverse γ-turn (Table 7). On the
other hand, replacement of the 4-methyl group for a 4-benzyl substituent favored a

classic γ-turn geometry as observed in the X-ray structure of 4-benzyl N,N-bis-(p-
methoxybenzamido)imidazolin-2-one 3.10. The influence of the 4-position substit-

uent was also observed on the χ1 dihedral angle of the C-terminal phenylalanine

side chain, which exhibited respectively gauche and trans conformers for the

4-methyl and 4-benzyl analogs [216].

X-ray crystallographic analysis of peptide 3.23c confirmed the preference of the

Aid residue to adopt the i + 1 position of a β-turn conformation [230–232]. Four

different β-turn conformers of 3.23c were observed in the crystal matrix, all

exhibiting intramolecular ten-membered hydrogen bonds between the benzamide

carbonyl and iso-propylamine NH moieties (residues i and i + 3, Fig. 22). Con-

formers 3.23c-1 exhibited similar dihedral angles to those of an ideal type II’ β-turn
(ϕi+1 ¼ 60� � 6�, ψ i+1 ¼ �120� � 25�, ϕi+2 ¼ �80� � 18�, ψ i+2 ¼ 0� � 9�);
conformers 3.23c-2 had values close to an ideal type II β-turn (ϕi+1 ¼ �60� � 6�,
ψ i+1 ¼ 120� � 28�, ϕi+2 ¼ 80� � 4�, ψ i+2 ¼ 0� � 23�, Table 7). The

imidazolidinone of the Aid residue was nearly planar; however, S- and R-config-
urations were respectively observed for the Aid α-nitrogen in the type II’ and II

conformers with a slight ~0.1 Å distortion from planarity (Fig. 20) [255]. In all

Fig. 21 X-ray structures of 4-benzyl- and 4-methyl Nai peptides 3.38, 3.39, and 3.10 [231–232]

(For clarity, hydrogen atoms not involved in hydrogen bonding have been omitted)
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Fig. 22 Select conformers from the crystal structure of Aid peptide mimic 3.23c [252] (For

clarity, hydrogen atoms not involved in hydrogen bonding have been omitted)

Table 7 Dihedral angle values (in degrees) of Nai and Aid peptides from crystallographic

analyses

O

NN
R2N

R3

O
NOp-R1Ph

i-Pr

* Ph
φi+1 ψi+1 φi+2

ψi+2

χ1

i+1
i+2

H

Turn structure φi+1 ψ i+1 φi+2 ψ i+2 Phe χ1 Reference

Ideal β-II’ 60 �120 �80 0 – [135]

Nai(Me)-D-Phe 3.38-1 59 �153 �69 �5 55 [231]

Nai(Me)-D-Phe 3.38-2 62 �166 �72 66 58 [231]

Ideal inverse γ – – �70 to �80 60–80 – [132–134]

Nai(Me)-D-Phe 3.39 88 �177 �70 31 68 [232]

Nai(Bn)-L-Phe 3.10 �91 �175 79 �64 �167 [232]

Ideal classic γ – – 75 �65 – [133]

Aid-L-Phe 3.23c-1a 54 �144 �97 19 �58 [253]

Aid-L-Phe 3.23c-1b 56 �149 �98 23 �61 [253]

Ideal β-II �60 120 80 0 – [135]

Aid-L-Phe 3.23c-2a �55 148 79 �9 �60 [252]

Aid-L-Phe 3.23c-2b �54 147 76 �3 �60 [252]
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cases, the Phe side chain χ1 dihedral angle (�60� � 2�) was in the gauche (�)

orientation (Table 7).

Compared to Aid peptide 3.23c, the Nai ring system (e.g., 3.38, 3.39 and 3.10)

was flatter due to unsaturation. The absence of ring substituents on the Aid analogs

minimized steric interactions enhancing conformational liberty for peptide 3.23c,

which sampled both type II and II’ β-turn geometry [232, 250].

4 Conclusions

3-Amino-γ-lactam (Agl) residues combined with their respective substituted and

aza-analogs (e.g., Nai and Aid) represent together one of the most employed classes

of peptidomimetics for constraining backbone and side chain conformations to

study structure-activity relationships. Since the pioneering studies of Freidinger

and Veber [27, 28], a diverse array of Agl analogs have exhibited improved

properties relative to their parent peptide and small molecule structures. Assembly

of substituted Agl analogs has required surmounting various synthetic challenges,

such as selective activation of the carbon chain for ring closure, installation of

various stereocenters with configurational control, and the preparation of quater-

nary centers. Innovative methods have been developed to overcome such obstacles

to prepare specific 3-amino-γ-lactam targets. Conformational analysis of Agl, Nai,

and Aid residues has shown their effective potential to favor turn conformations

contingent on their ring structure and electronic constraints, as well as backbone

stereochemistry. Applications of cyclic sulfamidates as bis-electrophiles and alkyl-

ation of semicarbazones with 1,2-dibromoethane have respectively enabled intro-

duction of Agl and N-amino-imidazolidin-2-one (Aid) residues systematically

throughout a sequence by solid-phase methods to scan for bioactive turn con-

formers in peptides [175, 230]. The development of effective synthetic methods

for introducing such 3-amino-γ-lactam residues into peptides merits further explo-

ration to help elucidate conformational preferences, structure-activity relationships,

and the role of conformers in peptide chemical biology.
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Abstract Side chain topography of amino acids that are part of a peptide’s
pharmacophore represents a crucial structural feature in peptidomimetic design.

Constraining the side chain dihedral angles (χ angles) may limit the number of low

energy conformations and lead to more potent, receptor subtype selective and

enzymatically stable peptide ligands. The current chapter describes this strategy

for aromatic amino acids such as Phe, Tyr, Trp, and His. The side chains of these

residues are incorporated in or mimicked by amino-arylazepinones. A selection of

synthetic pathways that were used and developed by our laboratory is described for

obtaining conformationally constrained 4-amino-(7-hydroxy)-2-benzazepinones

[Aba (or Hba)] and the corresponding amino-indolo- and amino-triazoloazepinones

(Aia and Ata, respectively). These azepinone mimics were synthesized from amino

acid educts and have been used in various biological applications. Moreover, other

heterocyclic amino-azepinones were prepared based on ring-closing metathesis and

post-cyclization modifications. Further elaboration of the substitution patterns in

these azepinones has rendered them highly versatile building blocks for use in

peptidomimetic design. The selected biological applications illustrate their poten-

tial for the development of novel peptide-based pharmacological probes and drug

candidates.
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1 Introduction

The biological activity of a peptide is determined not only by its secondary

structure, but also by the 3D orientation of key side chain functional groups,

which constitute the pharmacophore elements of the peptide ligand. The differences

in energy between the low energy staggered conformations of the side chain of an

aromatic amino acid and the energy barriers between them are very small such that

all three conformational states are usually available. By limiting side chain flexi-

bility, improved selectivity and metabolic stability may be obtained in ways similar

to those resulting from main chain cyclized peptides (Fig. 1) [1].

The concept of topographical design in χ-space was introduced to the peptide

field in 1988 by Victor Hruby, who used 1,2,3,4-tetrahydroisoquinoline-3-carbo-

xylic acid (Tic) as a side chain-constrained Phe analogue to obtain potent and

selective μ-opioid antagonists [2]. Tic was designed to link the backbone α-nitrogen
to the aromatic side chain ring by a methylene bridge, thereby restricting the

flexibility around the Cα–Cβ bond to gauche-(–) (χ1¼�60�) or gauche-(+)
(χ1¼ +60�) conformers and excluding the trans (χ1¼ 180�) conformation

(Fig. 2). Over the last decades, Tic has been used successfully to obtain potent

and selective peptide and peptide mimetic agonists and antagonists [3–6]. Our

group has focused on an alternative constraint, which limits the side chain conform-

ations to gauche-(+) or trans conformers. Linkage of the Phe or Tyr aromatic side

chain ring by a methylene bridge to the α-nitrogen of the next amino acid at the

C-terminal side in the peptide sequence results in the seven-member lactam

4-amino-(7-hydroxy)-1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba, X¼H or Hba,

X¼OH, Fig. 2).
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Such conformational constraints not only limit the available side chain orient-

ations, but also impose restrictions on main chain dihedral angles. The lactam

constraint, including seven-membered ring lactams, has been demonstrated by

Roger M. Freidinger and others to induce a turn structure [7, 8].

In this review we describe our efforts to prepare benzazepinone types of

constrained analogues of Phe (Aba), Tyr (Hba), Trp (Aia), His (Ata), and Nal

(Ana), as well as their use to obtain potent, selective, and blood-brain barrier-

penetrating peptides and peptidomimetic analogues and their influence on the

overall conformation of the peptide. We report studies dedicated to control the

turn-inducing properties of the scaffold by α-methylation and to control the seven-

membered ring conformation – and thereby the χ2 angle – by introducing a

5-position methyl substituent. Finally, a method is reviewed that uses ring-closing

metathesis and further modification of chlorinated and methoxycarbonylated alkene

precursors to generate new types of heterocycle-fused benzazepinones. The latter

extends our efforts to exploit the amino-azepinone heterocycle with various sub-

stitution patterns as a privileged scaffold. Indeed, the variety of biological targets

Fig. 1 Side chain flexibility and lack of selectivity (left) versus a constrained side chain leading to
selectivity (right)

Fig. 2 Low energy conformations around χ1 of aromatic amino acids and the conformational

constrained analogues of Phe (Aba), Tyr (Hba), and their indole (Aia), triazole (Ata), and

naphthylalanine (1-Ana) equivalents
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for which high-affinity ligands containing the abovementioned Aba-type scaffolds

were obtained, both by other groups and by us, is a clear indication of the privileged

scaffold property of the heterocycle.

2 Synthesis

2.1 4-Amino-1,2,4,5-tetrahydro-2-benzazepin-3-one (Aba)
Analogues

This section includes the preparation of constrained analogues of Phe (Aba) and Tyr

(hydroxy-Aba or Hba).

2.1.1 Retrosynthetic Analysis

The seven-membered azepinone ring of the Aba analogues can be formed either by

attack of an aromatic ring onto an N-acyliminium ion intermediate (pathway A) or

by lactam formation (pathway B). Iminium ions were formed by treatment of the

dipeptide oxazolidinone with Brønsted or Lewis acids or by acylation of an imine.

The precursor for lactam formation was obtained by reductive amination of

phthaloyl- or oxazolidinone-protected ortho-formyl-Phe, which in turn was

obtained, respectively, from reduction or oxidation of the corresponding o-cyano
or o-hydroxymethyl counterpart. In a third approach to Aba derivatives, the ortho-
formyl-Phe was used as substrate in the Ugi-4-component reaction (pathway C)

(Fig. 3).

Fig. 3 General retrosynthetic analysis
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2.1.2 N-Acyliminium Ion Cyclizations: The Oxazolidinone Pathway

To obtain Aba-constrained dipeptides 3 (Fig. 4), the method originally described by

Flynn and de Laszlo [9, 10] was applied featuring preparation of oxazolidinone 2 by

reacting the phthaloyl-protected dipeptide 1 with formaldehyde. Treatment of

oxazolidinone 2 with triflic acid (TFMSA) generated the N-acyliminium inter-

mediate which cyclized to the benzazepinone. By carefully controlling the temper-

ature during the workup of the reaction mixture containing TFMSA, the amount of

epimerization, which was observed by Flynn and de Laszlo to be as high as 10%,

was reduced to less than 2% [4]. We also observed that during the preparation of

Phth-Phe-OH using phthalic anhydride in solvent-free conditions, racemization

occurred if the temperature of the reaction exceeded 145�C. The preferred method

for phthaloyl protection employed methyl ((2-succinimidooxy)carbonyl)benzoate

at room temperature [11]. The enantiomeric purity of the phthaloyl-protected amino

acids was determined using a chiral HPLC method [12].

Dipeptides 2 possessing sterically hindered C-terminal residues, such as Ile,

proved more difficult to cyclize. In such cases, successful cyclization was achieved

using microwave heating and Lewis acids such as TiCl4 and SnCl4 [13]. The

phthaloyl nitrogen protecting group was required to mask the N-terminal amine

in a way that was resistant to acidic conditions and prevented addition to the N-
acyliminium intermediate. The C-terminal residue of 2 should not contain an

aromatic side chain (R) to avoid competitive reaction on the acyliminium ion to

form a six-member ring (e.g., tetrahydroisoquinoline in the case of Phe).

A variety of Aba-constrained dipeptides were prepared using this pathway:

Aba-Gly [4, 9, 10, 13–15], Aba-Ala [13], Aba-Nle [10], Aba-Val [13], Aba-Leu

[13], and Aba-Ile [13]. In an attempt to influence the seven-membered ring

conformation, the corresponding 5-methyl-substituted Aba isomers were prepared

starting from the different β-methyl-Phe stereoisomers [16]. In addition, starting

from 1-Nal or 2-Nal, the constrained 4-amino-naphthoazepinones could be

Fig. 4 The oxazolidinone pathway to Aba- and Hba-constrained dipeptides
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obtained in good yields (Van der Poorten O, Ballet S, Unpublished work;

Guillemyn K, Ballet S, Unpublished work).

Our first attempts to prepare the analogously constrained Tyr derivative (Hba)

used O-benzyl protection of the phenol. This protecting group proved unstable to

the TFMSA treatment and was cleaved to generate the starting phenol and

benzylated phenol 4 (Fig. 4). Moreover, the unprotected phenol reacted at the p-
position with the acyliminium ion to give dienone 5 [17]. Successful synthesis of

Hba-Gly (6) was achieved using the more acid stable 2,6-dichlorobenzyl protection.

The best catalyst for this cyclization turned out to be SnCl4. Remarkably, an O-Bn
protection was reported later to work smoothly by applying a TFMSA treatment of

the oxazolidinone [18]. This N-acyliminium ion pathway was not applicable to

Phth-Trp-Gly-OH, due to decomposition during formation of the oxazolidinone.

2.1.3 N-Acyliminium Ion Cyclizations: C-1-Substituted Analogues

1-Methoxycarbonyl-Aba (10, R1¼COOMe, Fig. 5) was prepared by

amidoalkylation of Phth-Phe-NH2 (7) with methyl glyoxylate methyl hemiacetal,

followed by treatment with TFMSA to induce cyclization [19]. An analogous

intramolecular amidoalkylation was described by Rabi-Barakay, using Moc-Phe-

NH2 [20]. For the introduction of other substituents at C-1, we used the

benzotriazole-mediated aminomethylation method developed by Katritzky

[21]. Reacting Phth-Phe-NH2 (7, R¼H) and its m-methoxy counterpart (7,

R¼MeO) with a range of aromatic aldehydes under these conditions, followed by

treatment with AlCl3 provided in moderate yields 1-aryl-substituted Aba analogues

10 having cis relative stereochemistry as confirmed by X-ray crystallography

(Fig. 5) [22]. By using p-bromobenzaldehyde or p-bromo-Phe (7, R0¼Br), bromi-

nated Aba analogues 10 were prepared and further modified using Suzuki, Heck,

and Buchwald-Hartwig conditions [23]. Employing this method, the azepinone

nitrogen remains unsubstituted. Although N-arylation was possible [23], a greater

diversity of benzazepinones was obtained by acylation of imines with Phth-Phe-Cl

(11) (Fig. 6). Employing SbCl5 as a chloride ion scavenger, N-acyliminium ions 13

were generated directly by this method using non-enolizable aldehydes [22]. In

contrast to the cyclizations of the benzotriazole adducts, the reactions of acylated

imines 13 resulted in cis and trans isomer mixtures of benzazepinones 14 (both R-
and S-configurations were obtained at the newly formed chiral center).

Fig. 5 Benzotriazole adducts for the preparation of 1-substituted Aba structures
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2.1.4 Cyclization by Lactam Formation: The o-Formyl-Phe Pathway

Formation of oxazolidinone precursors of N-acyliminium ions required the pres-

ence of an α-amino acid structure. Moreover, acylation of preformed imines

suffered from rather modest yields. In certain cases, reductive amination onto

phthaloyl-protected o-formyl-Phe 16 prior to lactam formation circumvented

these limitations. Although o-formyl-Phe derivatives had been prepared by

ozonolysis of the corresponding o-vinyl-Phe [24], we opted to prepare the aldehyde
by partial reduction of commercially available o-cyano-Phe (Fig. 7)

[25]. Phthalimide protection was essential for successful Raney nickel reduction

and in situ hydrolysis of the resulting imine to form aldehyde 16. The corresponding

Boc-protected amine was added to the aldehyde to produce the acyliminium ion

that underwent subsequent reduction to produce Boc-Tic. Similarly, attempts to

prepare the Boc-protected o-formyl-Phe by oxidation of the corresponding o-
hydroxymethyl-Phe 23 resulted in the formation of hemiaminal 24 (Fig. 8). The

latter was not observed to be in equilibrium with the ring-opened aldehyde

(in contrast to Boc-o-formyl-Trp, see Sect. 2.2) and failed to undergo

intermolecular reductive amination. In contrast, the reductive method was success-

fully applied to prepare N-Boc-N-Me-o-formyl-Phe, leading to N-Me-Aba ana-

logues (not shown) [25]. Alternatively, hydrogenation of o-cyano-Phe 19 over

palladium-on-carbon gave o-aminomethyl-Phe 20, which was employed in reduc-

tive alkylations with a variety of aldehydes, including α-aminoaldehydes [25]. For

the latter method, conditions using solid-supported reagents were developed and

used to generate a library of Aba analogues with a variety of substituents on the

amine positions [26]. In addition, conditions for performing the reductive

Fig. 6 Formation of 1-aryl-Aba via N-acylation of imines

Fig. 7 Intramolecular amide bond formation via o-formyl- (A) and o-aminomethyl-Phe (B)
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amination/cyclization reaction on solid-supported amino acids and peptide frag-

ments were developed and are described in more detail for the Aia analogues below

(Fig. 14) [27].

Epimerization was a major concern during the reductive amination/cyclization

process. The possibility of epimerization was examined by the synthesis of Phth-(R,
S)-Aba-Gly-OBn, which after removal of the phthalimide and derivatization with

Marfey’s reagent, showed two well-resolved peaks by HPLC. In contrast, (S)-Aba-
Gly-OBn showed only one peak (ee> 99%). In addition, in the synthesis of Phth-

(R)-Aba-(S)-Ala-OBn, HPLC analysis showed the presence of only 1.5% of the

Phth-(R)-Aba-(R)-Ala-OBn, which was indicative of a very low degree of racemi-

zation at the Cα of Ala [25].

The o-formyl-Phe building block was also generated by oxidation of an o-
hydroxymethyl precursor that was prepared in 90% ee using the Oppolzer sultam

method [28]. Employing N-(Boc)oxazolidinone 25 prevented formation of cyclic

hemiaminal during both the oxidation of the benzylic alcohol using MnO2 and the

reductive amination on resulting aldehyde 26 with a variety of amino acid esters.

Conversion to lactam 29 entailed saponification of oxazolidinone 27 with LiOH,

followed by carboxylic acid activation with EDC or DCC. Bulky esters 27 (e.g.,

R0¼t-Bu) were necessary to avoid competing hydrolysis during oxazolidinone

cleavage. Although t-butyl protection avoided ester saponification,

1,1-dimethylallyl (DMA) esters were employed, because they were stable under

the LiOH conditions and could be later cleaved selectively in the presence of the

Boc group [29]. Partial lactam formation was observed during reductive aminations

on aldehyde 26 using Lys(Z)-ODMA (15%) and Ala-OEt (45%), and complete

conversion was obtained with Gly-OEt to provide Boc-Aba-Gly-OEt in 95%

isolated yield.

Efficient syntheses of α-methyl and spirocyclic benzazepinones were developed,

because conformational analyses indicated their stronger preference to adopt turn

conformations (vide infra, Sect. 3) relative to the parent amino-azepinones [30].

Fig. 8 Aba synthesis via oxidation of oxazolidinone-protected o-hydroxymethyl-Phe
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The synthesis of α-Me-Aba 39 started from the corresponding α-Me-o-cyano-
Phe (31) [30, 31]. Enantiomerically enriched α-Me-o-cyano-Phe was synthesized

by phase transfer-catalyzed (PTC) alkylation of 30 with o-cyanobenzyl bromide

using the chiral cinchona-base O-(9)-allyl-N-20,30,40-trifluorobenzyl hydro-

cinchonidinium bromide with CsOH as a base and by employing Sch€ollkopf’s
method using bis-lactim ether 33 (Fig. 9) [31]. In contrast, diastereomerically

pure 35 (>99% de) was obtained from alkylation of readily available cis-(2S,4S)-
2-phenyl-4-methyloxazolidinone 34 and transformed efficiently into α-methyl-Aba

analogues using similar methods as those previously described in Fig. 8

(Fig. 10) [32].

Similar to α-methyl-Aba, spirocyclic Aba was found to be an efficient turn

inducer that was synthesized by the reductive amination/lactam cyclization

approach [33, 34]. α-Alkylation of N-Boc- and N-Moc-prolines with o-cyanobenzyl
bromide gave, respectively, (R,S)-α-(o-cyanobenzyl)-Pro 43 and 40 (Fig. 11).

Raney nickel reduction of the Boc-protected analogue of 40 in aqueous pyridinium

acetate resulted in a pyrroloisoquinoline carboxylic acid from Boc group cleavage

and condensation of the aldehyde intermediate onto the secondary amine. The acid

stable Moc group remedied the issues encountered with Boc protection, such that

aldehyde 41 reacted with Gly-OBn in the reductive amination-lactam cyclization

sequence to provide spirocyclic Aba 42 [34]. Simultaneous removal of the Moc-

and benzyl-protecting groups, followed by Boc protection, gave racemic building

block 45 suitable for SPPS. Alternatively, spirocyclic Aba 45 was synthesized from

Boc-α-(o-cyanobenzyl)-Pro 43 by a sequence featuring nitrile reduction to benzyl

Fig. 9 Synthesis of enantiomerically enriched α-methyl-o-cyano-Phe by chiral PTC and by the

Sch€ollkopf method

Fig. 10 Efficient synthesis of α-Me-Aba
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amine 44, lactam formation, and N-alkylation with methyl bromoacetate

(Fig. 11) [35].

Enantiomerically pure spirocyclic Aba was achieved by a diastereoselective

route employing oxazolidinone 46, which was derived from chloral and D-Pro,

and alkylated using o-cyanobenzyl bromide and LDA (Fig. 12). After hydrolysis of

oxazolidinone 47, the installment of the Boc group onto the secondary amine

proved challenging necessitating use of the lipophilic base tetramethylammonium

hydroxide (TMAH) and long reaction times to furnish carbamate 49 in 45% yield.

Attempts to increase amine nucleophilicity and solubility by silylation using N-
trimethylsilyl acetamide failed to improve the yield of Boc protection [36]. Trans-

formation of nitrile 49 into enantiomerically pure Boc-spiro-Aba-Gly-OH 45 was

performed as described for the racemate.

2.2 4-Amino-1,2,4,5-tetrahydro-2-indoloazepin-3-one (Aia)
Analogues

An efficient route was developed for the preparation of 4-amino-3-oxo-3,4,5,10-

tetrahydro-1H-azepino[3,4-b]indol-2-yl acetic acid (Aia), which restricts the side

chain of tryptophan to the gauche-(+) (χ1¼ 60�) and trans (χ1¼ 180�) conform-

ations (Fig. 13) [37].

Fig. 11 Synthesis of Boc-spiro-Aba-Gly-OH

Fig. 12 Enantioselective synthesis of 2-(o-cyanobenzyl)pyrrolidine-2-carboxylic acid
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An indirect formylation strategy was developed to synthesize 20-formyl-Trp

derivatives 53, because initially various attempts at formylation of Phth-Trp-OMe

resulted mostly in formylation of the indole nitrogen [37]. Tetrahydro-β-carboline-
3-carboxylic acid 51 (Tcc) was thus prepared by a Pictet-Spengler reaction and was

Boc protected. Oxidation of Boc-Tcc (52) with SeO2 gave 2
0-formyl-Trp 53 in 76%

yield. A series of reductive amination-lactam cyclization sequences were

performed to prepare indoloazepinones 55 without purification of the intermediate

secondary amines 54 [37]. Although indoloazepinone dipeptidomimetics 55

(R¼CHR’CO2H, Fig. 13) could be effectively introduced into biologically active

peptides, increased synthetic efficiency was envisaged by assembly of the Aia motif

directly on solid support [38]. This strategy avoided separate solution-phase syn-

thesis of individual Aia-Xxx dipeptide mimetic building blocks. For this purpose,

both the reductive amination and the cyclization reactions needed to be adapted to

solid phase (Fig. 14). Both Boc- and Fmoc-20-formyl-Trp derivatives 56 were

prepared as described above. In general, the Fmoc strategy provided peptides

with variable purity, likely due to the low solubility of the Fmoc-protected aldehyde

in dichloromethane. Trimethyl orthoformate (TMOF) was used as a dehydrating

agent during the reductive amination. Conversion to the more soluble semi-

carbazone by applying a semicarbazide facilitated removal of excess aldehyde

from the solid support at the end of the reaction [38]. All lactam cyclizations

went smoothly with TBTU as coupling reagent. Nevertheless, final peptides with

improved purity and better isolated yields were achieved using the Boc strategy.

Both strategies allowed effective “Aia-conformational scanning” of Trp-containing

peptides [38].

More recently, Boc-20-formyl-Trp 59 was employed in an Ugi three-component

condensation to prepare carboxamide-substituted Aia 60 and derivatives (Fig. 15)

[39–41]. This versatile strategy enabled syntheses of azepinone building blocks 60

with three points of diversity. Although substituted Aba building blocks were also

prepared using this method (not shown), the Ugi reaction gave lower conversion

and reduced stereoselectivity than in the case of the Aia analogues (Jida M, Van der

Poorten O, Ballet S, Unpublished work).

Fig. 13 Synthesis of substituted 4-amino-indoloazepinone (Aia)
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2.3 4-Amino-1,2,4,5-tetrahydro-2-triazoloazepin-3-one (Ata)
Analogues

The spectacular emergence of 1,2,3-triazoles in chemical biology and medicinal

chemistry [42, 43] motivated the design of our route to assemble amino-

triazoloazepinone (Ata) dipeptidomimetics 67 [44]. Even though the hydrogen

bonding ability and protonation state of the triazole moiety are quite different

from the imidazole in histidine, replacement of the His-Pro dipeptide in angiotensin

IV by Ata-Gly gave an equipotent analogue. The Ata heterocycle was therefore

validated as a His mimic (vide infra, Sect. 4.6) [44]. Two synthetic routes were

investigated to prepare the triazole with 1,5 regiochemistry. The intermolecular

route (Route A in Fig. 16) employed a ruthenium catalyst to set the desired

1,5-regiochemistry in the Huisgen cycloaddition reaction. Lactam formation with

EDC and HOAt provided the dipeptide mimetic 67 with minimal epimerization

[45]. Only esters were used in the Ru-catalyzed azide alkyne cycloaddition (AAC)

reaction, because of poor compatibility with carboxylic acids. The intramolecular

pathway (Route B in Fig. 16) was more convergent and provided

1,5-triazoloazepinone without the requisite Ru catalyst. Route B was preferred for

making Ata-Gly dipeptides 67; however, yields were reduced, and significant

degrees of epimerization (up to 40%) were encountered when making analogues

with other C-terminal amino acids. In the latter cases, route A was better suited for

making Ata-Xaa dipeptides 67.

Assembly of the Ata motif was also realized using the Ugi four-component

reaction (Fig. 17). Conformationally constrained dipeptides have been pursued

using Ugi deprotection-cyclization [46, 47] and Ugi activation-cyclization

sequences [41]. In our case, after Ugi condensation, the intramolecular thermal

Huisgen cycloaddition was used to prepare the triazoloazepinone [48]. This strategy

Fig. 14 Solid phase assembly of amino-indoloazepinone (Aia) peptides

Fig. 15 Three-component Ugi reaction to 1-carbamoyl-4-amino-indoloazepinones 60
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was more convergent, higher yielding, and atom efficient compared to the method

depicted in Fig. 16; however, it lacked control over the formation of the new

stereocenter from the carbonyl component and gave a mixture of two diastereo-

mers. This one-pot two-step protocol provided Boc-protected tripeptide esters 77

from amino acid-derived isocyanides 75. After saponification of the ester function

of 77, the tripeptide fragment is compatible in SPPS [48].

2.4 Other Heterocycle-Fused Amino-azepinones
from Ring-Closing Metathesis

In addition to benzofused amino-azepinones, 3-amino-1,3,4,7-tetrahydro-2H-
azepin-2-ones fused to other heteroaromatic rings may be of interest for peptide

mimicry. Aminotetrahydroazepinones 79 and 84 were thus employed as precursors

to prepare a series of fused azepinones by modification of their activated double

bonds. Starting from racemic allylglycinamides 78 (X¼Cl), 6-chloro-3-amino-

1,3,4,7-tetrahydro-2H-azepinones 79 were synthesized in good yield by olefin

metathesis using either Grubbs II or Umicore M2 catalysts [49]. Unfortunately,

olefin metathesis reactions of the corresponding 2-bromoallylated derivatives 78

Fig. 16 Synthesis of amino-triazoloazepinones via RuAAC (A) and thermal (B) Huisgen cyclo-

addition reactions

Fig. 17 Constrained di- and tripeptide amino-triazoloazepinones from Ugi-4C reactions
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(X¼Br) did not result in acceptable yields of the corresponding brominated tetra-

hydroazepinone [50–53]. Bromides 78 (X¼Br) were however efficiently methoxy-

carbonylated using Pd(dppf)Cl2 under CO atmosphere in MeOH/THF to afford the

corresponding esters 78 (X¼COOMe), which underwent ring-closing metathesis to

provide azepinones 84 [54].

Treatment of substrates 79 with tBuOK [55–57] in furan resulted in the clean

formation of mixtures (2:1 to 96:4) of only two cycloadducts, from which the major

isomer was easily separated from the minor regioisomer by column chromato-

graphy. The relative stereochemistry of the cycloadducts was confirmed by X-ray

analysis and predicted by DFT calculations that indicated the intermediate

allenamides 80 reacted diastereoselectively in situ with furan from the face opposite

of their 3-aminosubstituents in a regioselective manner to provide the endo-
enamides 81 (Fig. 18).

Further diversification of cycloadducts 81 was achieved by hydrogenolytic

removal of the Cbz group using palladium-on-carbon under H2 atmosphere and

reductive amination reactions with different aldehydes. The enamide functionality

remained notably intact after both the hydrogenation and reductive amination

protocols. This reaction sequence provides thus an entry to amino oxanorbornane

azepinone analogues.

On the other hand, α,β-unsaturated esters 84 reacted with hydrazine to furnish with
high conversion fused pyrazolidinones, contaminated withminor amounts (<10%) of

the corresponding pyrazolones 85. Therefore, a one-pot protocol toward 85 was

developed using an oxidation by air catalyzed by CuCl2 in DMF [58]. Pyrazolones

85 were however quite insoluble in standard organic solvents, but could be further

derivatized into building blocks for peptidomimetic research. For example, reaction

of 85 with triflic anhydride provided trifloxy pyrazoles (e.g., 86), which may be

Fig. 18 Ring-closing metathesis routes to heterocycle-fused amino-azepinones
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promising building blocks for further Pd-catalyzed cross-coupling reactions. In

addition, alkylation of pyrazolones 85 was studied using different electrophiles.

The selectivity of N- versus O-alkylation of pyrazolones was known to be dependent
on the substrate, alkylating reagent, and reaction conditions [59–61]. Although

methylation reactions did not seem promising, the use of bis-electrophiles gave

benzoxazepane-, oxazolidine-, and oxazane-fused heterocycles (e.g., 87a–87c) via

selective N-1 and O-alkylation without N-1,N-2 alkylation [62, 63]. The scope was

further elaborated by employing dichloroisobutene and 3,3-bis(bromoethyl)oxetane

to provide new polyheterocycles (e.g., 87d and 87e).

3 Conformational Studies

Since Freidinger demonstrated that a more potent LHRH analogue could be pre-

pared by insertion of a β-turn-inducing five-membered γ-lactam [7], many so-called

Freidinger lactams have been prepared and claimed to be β-turn inducers, including
six- and seven-member examples [8]. Considering the structural similarity of the

described analogues of amino-benzazepinone (Aba) with dehydro-lactam 88

(Fig. 19) [64, 65], we studied the reverse turn-inducing potential of Aba,

α-Me-Aba, and spiro-Aba scaffolds. For this purpose, they were incorporated into

the tetrapeptide models Ac-α-R-Aba-Gly-NHMe (R¼H, Me, pyrrolidino) and

studied by NMR spectroscopy and molecular modeling [34]. Although no turn

formation was indicated for Ac-Aba-Gly-NHMe 89, the corresponding α-Me and

spirocyclic analogues 90 and 91 clearly showed turn structures, as supported by

X-ray crystallography [30, 34]. Similarly, in the dermorphin sequence (H-Tyr-D-

Ala-Phe-Gly-Tyr-Pro-Ser-NH2), the application of Aba analogues as Phe3 con-

straints demonstrated [Aba3]dermorphin to adopt mainly flexible extended confor-

mations, but [(R)-α-Me-Aba]dermorphin to prefer a turn conformation [31]. Similar

observations were made for a [(R)-spiro-Aba]endomorphin analogue [33]. These

results demonstrated that all lactams may not be considered turn inducers without

experimental proof.

Without substituent, the ring conformation of the seven-member Aba lactam was

chair-like; that of the α-methyl and spiro-substituted Aba analogues were boatlike.

Similar to the parent amino-benzazepinone, β-methyl-Aba 92 adopted the chair-like

ring conformation [30]. In all cases, the χ1 dihedral angle corresponded to a trans
side chain orientation (Fig. 2).

Fig. 19 Lactams as

potential turn inducers
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4 Biological Applications

This section illustrates the potential of the templates described above for biological

applications. In addition to initial efforts on ACE/renin inhibitors and opioid

ligands, a wide range of targets have been examined.

4.1 Amino-benzazepinones as ACE, Renin, and NEP
Inhibitors

The first reported application of the Aba scaffold consisted of the design of

angiotensin-converting enzyme (ACE) inhibitors for the treatment of hypertension

[66]. Blockage of the renin-angiotensin-aldosterone system (RAAS) prevents for-

mation of the potent vasoconstrictor angiotensin II. For this reason, the Cbz

derivative of the carboxy-terminal tripeptide of the natural ligand angiotensin I,

N-Cbz-Phe-His-Leu-OH (93), was mimicked. Although tripeptide 93 had moderate

affinity for ACE (Ki of 10 μM), diacid 94 inhibited rabbit lung ACE with a Ki of

0.012 nM (Fig. 20). Prodrug 95 proved orally active in rats reducing angiotensin

I-induced increase in blood pressure [66]. Relative to these more constrained

analogues, Aba 96 was a modest inhibitor (Ki¼ 10 nM) [19].

A second route to control hypertension was realized by inhibition of the aspartyl

protease renin [10]. Based on the Merck renin binding site model, conformational

restrictions, such as six-membered piperidones and amino-benzazepinones, were

introduced into inhibitors. Hydroxyethylene isostere 97 proved to be a potent

inhibitor (IC50¼ 6.5 nM) [67]. Replacement of the purported P3 residue of 97 by

benzazepinones to decrease the number of rotatable bonds provided analogues 98a–

d, which showed decreased potency. According to molecular modeling studies, the

seven-member lactam distorted the preferred extended conformation of the peptide

backbone [10].

Fig. 20 Angiotensin-converting enzyme and renin inhibitors with their activities
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Similar to ACE blockers, NEP (neutral endopeptidase) inhibitors decrease blood

pressure and have been targeted for treatment of hypertension. Commencing with

the reported inhibitor oxazepinone 99 (MDL 100,192), which constrained the Phe

χ1 dihedral angel to a gauche-(–) conformer, two analogues (100 and 101) were

prepared using Aba residues to favor the trans conformation and exhibited, respec-

tively, 800 and 4,800 times greater potency (Fig. 21) [24].

4.2 Amino-benzazepinones in Opioid Applications

The opioid peptides dermorphin (H-Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2) and

deltorphin II (H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2) were isolated from the

skin of the South American frog Phyllomedusa sauvagii [68]. Dermorphin has a

high potency and selectivity toward the μ-opioid receptor (MOR), while deltorphin

II binds selectively to the δ-subtype receptor (DOR). They have a common

N-terminal message part and a different C-terminal address segment, which is

responsible for receptor subtype selection. This receptor selectivity is based on

the conformational space available to the peptide [15]. Crucial pharmacophore

features involve the relative orientation of the Tyr1 and Phe3 side chains. To

investigate the χ space in dermorphin, Phe3-Gly4 was substituted by Aba-Gly

[4, 15]. The Phe side chain is constrained to the trans conformer in [Aba3]

dermorphin, which exhibited increased affinity and activity at the δ-opioid receptor,
without significant change of behavior at the μ-opioid receptor.

By truncation of the native dermorphin sequence, the N-terminal tetrapeptide

was found to be the minimal requirement for opiate-like activity in vivo [69]. The

tetrapeptide H-Tyr-D-Ala-Phe-Gly-NH2 (102) has an IC50 value of 36.7 nM at MOR

and 1,247 nM at DOR (Table 1) [73]. Introduction of the constrained amino acids

into peptide 102 at the 1-position (i.e., Tyr1 to Hba1) and 3-position (Phe3 to Aba3)

did not dramatically change μ-affinity; however, δ-affinity increased 50- to

100-fold, shifting selectivity to the δ-opioid receptor [14]. All of the analogues

showed agonist activity in assays on the guinea pig ileum (GPI, a representative test

for MOR agonist activity) and mouse vas deferens (MVD, a measure of DOR

agonist activity). Among the investigated compounds (Table 1) [14], H-Hba-D-Ala-

Aba-Gly-NH2 103 was the most potent MOR agonist and selected for in vivo

analgesia testing (rat tail-flick test). On intrathecal administration, peptide mimetic

Fig. 21 Neutral endopeptidase inhibitors and their affinities
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103 was 40–50 times more potent and possessed a longer duration of action than

morphine [14].

Blood-brain barrier (BBB) penetration is notably important for pain relief by

activation of the opioid receptors located in the central nervous system [70]. Many

opioid peptides are potent analgesics only when applied directly to their site of

Table 1 Affinity and functional activity of selected compounds based on dermorphin

Ligand

MOR

affinity

Ki (nM)

DOR

affinity

Ki (nM)

GPI (MOR

agonism)

IC50 (nM)

MVD

(DOR

agonism)

IC50 (nM)

EC50

[35S]

GTPγS
(102) H-Tyr-D-Ala-Phe-Gly-NH2

[73]

36.7a 1,247a 35 263 ND

(103) H-Hba-D-Ala-Aba-

Gly-NH2 [14]

20.8a 160a 3.64 30.3 ND

(104) H-Tyr-NMe-D-Ala-Phe-

NMe-Gly-NH2 [70]

28.1a 7.1a 22.0 79.7 ND

(105) H-Dmt-D-Ala-(4S)-Aba-
Gly-NH2 [30, 71]

0.047b 2.4c 0.0832d 0.17e ND

(106) H-Dmt-D-Ala-(4R)-Aba-
Gly-NH2 [16]

0.33b 337c ND ND 64.2

(107) H-Dmt-NMe-D-Ala-Aba-

Gly-NH2 [71]

14.8f 5f 0.00174d 0.016e ND

(108) H-Dmt-D-Ala-(4S)-Me-

Aba-Gly-NH2 [16]

4.6b 859c ND ND 941

(109) H-Dmt-D-Ala-(4R)-Me-

Aba-Gly-NH2 [16]

0.3b 63c ND ND 288

(110) H-Dmt-D-Ala-(S)-spiro-
Aba-Gly-NH2 [30]

3.2b 308c ND ND ND

(111) H-Dmt-D-Ala-

erythro-(4S,5S)-5-Me-Aba-Gly-

NH2 [16]

0.025b 1.7c ND ND 36

(112) H-Dmt-D-Ala-threo-
(4R,5S)-5-Me-Aba-Gly-NH2 [16]

0.025b 24c ND ND 9.3

(113) H-Dmt-D-Arg-Aba-Lys-

NH2 [72]

0.61b 38.6g 76 64 (IC25) ND

(114) H-Dmt-D-Arg-Aba-Gly-

NH2 [72]

0.15b 0.6g 0.32 0.42 ND

(115) H-Dmt-D-Arg-

Aba-β-Ala-NH2 [27]

1.34b 17g 0.8 0.24 ND

ND not determined
aIC50
bDisplacement of [3H]DAMGO
cDisplacement of [3H][Ile5,6]deltorphin II
dDisplacement of EC50 of agonist properties on forskolin-stimulated cAMP accumulation byMOR
eDisplacement of EC50 of agonist properties on forskolin-stimulated cAMP accumulation by DOR
fDisplacement of [3H]diprenorphine
gDisplacement of [3H]DSLET
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action after i.c.v. or i.t. administration. To examine the importance of ring con-

straints, the antinociceptive effect after intravenous administration of peptide

mimetic 103 was compared to that of di-N-methyl peptide 104 (H-Tyr-NMe-D-

Ala-Phe-NMe-Gly-NH2). Both 103 and 104 gave a high antinociceptive effect in

the tail-flick test, indicating similar BBB permeation, albeit constrained peptide 103

reached a maximum response after 15 min, twice as fast as flexible 104 [70].

Replacement of Tyr1 with the unnatural amino acid 20,60-dimethyltyrosine (Dmt)

resulted in compounds with increased potency [3, 74–76]. Therefore, the Hba

moiety in tetrapeptide 103 was substituted with Dmt to give H-Dmt-D-Ala-Aba-

Gly-NH2 (105), which had subnanomolar affinity for MOR and low nanomolar

affinity for DOR [16]. Among variants made starting from di-N-methyl dermorphin

analogue 104 [14, 71], 107 (H-Dmt-NMe-D-Ala-Aba-Gly-NH2) proved to be one of

the most potent, displaying high affinity and extraordinary agonist potency at both

the μ- and δ-opioid receptor subtypes [71].

Compared to the parent Aba-Gly peptides, the turn-inducing α-methyl- and

spirocyclic Aba-Gly analogues exhibited lower affinity [30, 34]. For example,

spiro-Aba peptide 110 and α-methyl-Aba peptides 108 and 109 had low nanomolar

activity for the μ opioid receptor, but 100-fold reduced δ-affinity, indicating that the
turn conformation was less well tolerated by the opioid receptors [30].

All four β-methyl-amino-benzazepinone diastereomers were introduced into the

reference sequences 105 and 106 [16] producing ligands with preferred MOR over

DOR selectivity. The erythro-(4S,5S)-β-methyl-Aba ligands displayed similarly

high μ- and δ-affinity as the parent (S)-Aba analogue (111 vs. 105). The threo-
(4R,5S)-β-methyl-Aba ligand 112 showed the same MOR affinity as 105 in contrast

to the observed loss of binding that accompanied a transition from (S)- to (R)-Aba
(106 vs. 105) [16, 33, 71]. A similar observation was made for the α-methyl-Aba

analogues 108 and 109, in which the (4R)-epimer was more potent than the (4S)-
counterpart. These results could be explained by molecular docking simulations,

which demonstrated that the (4R)-Aba isomers could adopt different conformations

that were able to bind the opioid receptors [16]. The (S and R)-Aba-Gly and

α-Me-(S and R)-Aba-Gly dipeptides were also inserted into the full dermorphin

sequence providing analogues that retained MOR selectivity [31], albeit lower than

the natural ligand. The two analogues incorporating (S)-Aba-Gly and

(R)-α-Me-Aba-Gly were as potent as dermorphin, again illustrating that opposite

Aba stereochemistry is preferred in the α-methyl series, compared to that in the α-H
series [16, 31]. In NMR spectroscopic studies, [(S)-Aba-Gly]dermorphin was

shown to be very flexible, and [(R)-α-Me-Aba-Gly]dermorphin adopted a well-

defined turn conformation [31].

The dermorphin derivative [Dmt1]-DALDA (Dmt-D-Arg-Phe-Lys-NH2) devel-

oped by Schiller and coworkers [77] has agonist activity, metabolic stability, and

high MOR affinity (K μ
i ¼ 0:143nM, sevenfold higher than morphine) [78]. Based

on this peptide, several Aba analogues were synthesized (Table 1) [72]. For exam-

ple, replacement of Phe3 by Aba in 113 reduced fourfold μ-receptor binding and

increased DOR affinity (2,100–38.6 nM). The removal of side chain charge by
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substitution of D-Arg2 with D-Cit2 was tolerated by both receptor types and on

replacement of Lys4 by Nle4, caused a net improvement of μ- and δ-opioid binding.
The charged guanidine group was thus not crucial for receptor recognition and

activation. Although introduction of an Aba3-Lys4 dipeptide was detrimental for

MOR and DOR activity, Aba3-Gly4 analogue 114 (K μ
i ¼ 0:15 nM, K δ

i ¼ 0:60 nM)

exhibited notable potency and was later shown to be transported into the brain after

intravenous or subcutaneous administration [79]. Peptide 114 exhibited a longer

duration of action compared to morphine. Moreover, changing Gly4 in 114 to

β-alanine4 in 115 gave an even more potent peptide in vivo [27].

Endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH2) is a potent, μ-selective endogenous

opioid peptide [80], from which substitution of Pro2 by Tic2 gave potent TIPP

peptides (e.g., 116, Fig. 22) [6, 81]. In the design of MOR- and DOR-selective

peptides, the Tyr-Tic and Dmt-Tic pharmacophores (Dmt¼ 20,60-dimethyltyrosine)

have been used extensively. For example, the smallest fragment having potent

opioid properties is Dmt-Tic-OH [82, 83]. For δ-opioid agonist activity, a third

aromatic nucleus was needed at a precise distance from the Dmt-Tic pharmaco-

phore [84]. Albeit Dmt-Aba-OH was reported to be completely inactive [82], the

Aba motif 117 (Fig. 22) led to a series of potent analogues with MOR versus DOR

selectivity contingent on the Cα1 configuration and the (S)-stereochemistry at Cα2
giving better binding [84]. Replacement of Tic-Gly in δ-selective Dmt-Tic ligands

(e.g., H-Dmt-Tic-Gly-NHBn, 119) for Aba-Gly gave analogues with reversed μ/δ
selectivity (e.g., 120, Fig. 22) [85]. Surprisingly, dimers and trimers of the

Aba-pharmacophore proved to be dual and balanced δ/μ antagonists [86]. Replace-

ment of Tic in 119 for L- and D-Aia in 118 gave, respectively, moderate MOR and

DOR affinity and a selective μ-agonist with activity comparable to endomorphin-1.

In contrast, N,N-dimethylation of the Dmt residue in the L-Aia peptide 118 pro-

duced potent DOR antagonism [85]. Application of the turn-inducing spiro-Aba-
Gly motif in the design of endormorphin-2 mimetics gave high MOR selectivity

and potency supporting the hypothesis that the parent peptide was recognized by the

MOR in a folded conformation [33]. In contrast to endormorphin-2, the spirocyclic

derivative was a partial agonist.

Fig. 22 New motifs mimicking TIPP-like peptides
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4.3 Bifunctional Opioid Agonist – NK1 Antagonist Ligands

One of the major drawbacks of prolonged opioid administration is the development

of tolerance. The body finds a way to compensate the opioid activation and

increases the release and expression of pronociceptive endogenous ligands and

their respective receptors [87, 88]. The development of ligands that target multiple

receptors has been considered to counteract these changes [88–90]. This strategy

has led to multiple opioid/opioid ligands that combine two opioid pharmacophores

[91], as well as opioid/non-opioid hybrids [92]. Earlier reports indicated that an

opioid agonist-neurokinin-1 (NK1R) antagonist combination was able to suppress

tolerance [93–98]. Linking both pharmacophores into a single chemical entity was

used to design a multiple ligand that modulated both targets [90, 99, 100]. Based on

reported peptidomimetic NK1R antagonists (e.g., 122, Fig. 23) [102], various Aba,

Aia, Tic, and Tcc mimics were pursued to obtain potent neurokinin antagonism,

such as Aba 121, which exhibited 27 nM NK1R affinity and a pA2 value of 8.3

[101]. The combination of this neurokinin part with a previously validated opioid

sequence 114 (vide supra) led successfully to compact bifunctional opioid-NK1R

ligand 123 [101]. This ligand was further modified to identify important structural

features in both pharmacophores [27]. In particular, Aba 124 exhibited an improved

in vitro opioid profile, but diminished NK1R affinity and antagonism. When tested

in acute and neuropathic pain models, both 123 and 124 could induce potent

analgesic effects; however, the latter proved more active in the neuropathic pain

models and was less toxic at higher doses. Neither 123 nor 124 could abolish

tolerance upon chronic administration [27, 79].

4.4 Bradykinin (BK)

Bradykinin (BK, H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH) is a nonapeptide

hormone that is formed by enzymatic cleavage of the plasma precursor kininogen.

Fig. 23 Peptidomimetic opioid agonist-neurokinin-1 antagonist ligands [27, 79, 101]
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Among many biological roles, BK induces inflammation, antinociception, and

vascular permeability through the activation of two receptors, B1 and B2

[103, 104]. ACE cleaves BK at the Pro7-Phe8 position. The cardioprotective effects

of ACE inhibitors have thus been suggested to be due in part to their ability to

prolong BK action [105]. Employment of ACE inhibitory motifs, such as D-BT-Gly

{(S)-[3-amino-4-oxo-2,3-dihydro-5H-benzo[b][1,4]thiazepin-5-yl] acetic acid} to

replace, respectively, the dipeptide residues Pro7-Phe8 and D-Tic7-Oic8 in BK and

in the antagonist HOE 140 (H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg-

OH), produced potent and selective B2 receptor ligands which turned out to be

agonists [106, 107]. The high affinity of the D-BT-containing peptide agonists and

demonstration that D-BT-Gly adopted a type II0 β-turn led to the hypothesis that the
latter geometry was important for potency at the B2 receptor [108]. Structural

resemblance (Fig. 24, right) between D-BT and spiro-Aba-Gly prompted insertion

of the spirocyclic scaffold into BK analogue 126, which in contrast to native BK,

HOE 140, and their D-BT analogues, exhibited lower B2 binding [only the (S)- and
(R)-spiro-Aba-Gly analogues of HOE 140 produced ligands with Ki values of 3.2

and 25 nM, respectively] [109]. Moreover, switching from Pro-Phe or the D-BT

moiety to spirocycle 126 gave antagonism. The different orientations (Fig. 24) of

the aromatic rings in Phe, D-BT, and Aba may thus be important for receptor

binding and BK agonist versus antagonist activity [109].

4.5 Somatostatin

Somatostatin (SRIF) is a cyclic 14-amino acid peptide with multiple functions,

which are mediated by five subtypes of G protein-coupled receptors: sst1-5. Somato-

statin was shown to adopt a β-turn in the region Phe7-Trp8-Lys9-Thr10. The size of

the peptide could be reduced to a cyclic octapeptide in the case of Sandostatin and

to cyclic hexapeptides, such as Seglitide (MK678), which all contain a turn-

stabilizing and potency-enhancing D-Trp8 residue [110]. Based on this β-turn
pharmacophore model, many peptide mimetics have been prepared, albeit with

typically micromolar activities. Potent and subtype selective peptide mimetics have

been developed by Merck [111], including the potent and selective sst2 ligand

L-054,522, which contains the (2R,3S)-β-MeTrp residue (Fig. 26) [112]. Noting

Fig. 24 Spiro-(R,S)-Aba-Gly as β-turn-inducing motif in bradykinin and overlap of Pro-Phe

(yellow), D-BT-Gly (orange), and spiro-(S)-Aba-Gly (cyan) [106–109]
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that like Aia, (2R,3S)-β-MeTrp favored a trans (χ1¼ 180�) orientation of the D-Trp

side chain [113], we replaced D-Trp in tetrapeptide 127 by D-Aia and converted the

linear peptide, which did not show any affinity for sst1-5, into ligand 128, which had

low affinity for sst1 and sst5 and exhibited a remarkable IC50 of 36 nM for sst4
(Fig. 25). As mentioned in Sect. 3, the related Aba model tetrapeptides did not

induce β-turn conformations, but their α-methyl analogues adopted turn conformers

in solution phase and in the solid state [30, 31, 34]. Racemic α-Me-Aia was thus

introduced into tetrapeptides 129; however, neither epimer exhibited sst receptor

affinity (Fig. 25). The α-methyl group may hinder receptor recognition [35].

Based on the results described above, the D-Aia-Lys core was used to prepare

other somatostatin mimetics, such as α-N-phenylacetyl-D-Aia-Lys-NHBn (130,

Fig. 26) that had 3.3 nM affinity for sst4 and 1.1 nM affinity for sst5 [114]. The

subsequent preparation of a focused library using the D-Aia-Lys template with

Fig. 25 Somatostatin tetrapeptides and their receptor subtype affinities

Fig. 26 Somatostatin mimetics and their receptor subtype affinities
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various N- and C-substituents gave peptidomimetics with high affinity for different

receptor subtypes, including agonist 133 with subnanomolar affinity for sst5
[115]. Initially, sst5 affinity of these mimetics was determined for the rat (rsst5)
receptor. Subsequent determination of the affinity for the human sst5 (hsst5)
revealed interesting species selectivity. Our analogue 133 was much less potent

for the human sst5 in contrast to the Merck sst5-selective L-817,818 (Reubi JC,

Feytens D, Tourwé D, Unpublished work). Hence, the Aia scaffold was used to

identify potent-, subtype-, and species-selective peptidomimetics, as well as potent

nonselective analogues.

4.6 Angiotensin IV

Angiotensin IV (AngIV, H-Val-Tyr-Ile-His-Pro-Phe-OH) is a metabolite of AngII

that improves memory acquisition, inhibits seizures, and has vascular and renal

actions. Proposed to interact specifically with the AT4 receptor, the mechanism of

AngIV activity remains unclear; however, AT4 has also been identified as insulin-

regulated aminopeptidase (IRAP). Moreover, AngIV interacts and may be degraded

by aminopeptidase-N (AP-N) [116]. Using a β-homo-amino acid scan, we demon-

strated that H-(R)-β2hVal-Tyr-Ile-His-Pro-β3hPhe-OH (134, AL-11) was a potent

and stable AngIV analogue with high selectivity for IRAP versus AP-N and the

AT1 receptor (Fig. 27) [117]. Substitution of His4-Pro5 by the constrained di-

peptides Ata-Gly, Aba-Gly, and Aia-Gly gave equipotent {e.g., [Ata4-Gly5]

AngIV, 135} [44] and more potent (136–138) IRAP ligands [118]. Interestingly,

Aba-Gly analogue 136 showed affinity for the AT1 receptor with a pKi of 6.85,

Fig. 27 Angiotensin analogue Al-11 (134) and constrained derivatives 135–138
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whereas Aia-Gly analogue 137 did not show any affinity up to a concentration of

10 μM. Therefore, the latter analogue, H-(R)-β2hVal-Tyr-Ile-Aia-Gly-Phe-OH
(137, AL-40), was found to be the most potent and selective ligand of the series

[118]. Substitution of Gly5 by Nva5 (norvaline) gave 138 (IVDE77), which is the

most potent and selective AngIV analogue reported [119]. These results demon-

strate the importance of having at hand various azepinone analogues to influence

potency and selectivity in bioactive peptides.

4.7 α-Melanocyte-Stimulating Hormone (α-MSH)

The endogenous melanocortin peptides include the α-, β-, and γ-melanocyte-stim-

ulating hormones (MSHs). Derived from posttranslational processing of the

pro-opiomelanocortin (POMC) prehormone [120–123], MSHs play roles in a

wide range of biological and physiological responses, such as feeding and learning

behavior, sexual function, and energy homeostasis. The melanocortin peptides

operate through interactions with the G protein-coupled melanocortin receptors

(MCRs) in both the peripheral and central nervous system and activate the

adenylate cyclase secondary messenger signal transduction cascade [120–123].

The macrocyclic lactam MT-II (Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH2)

proved to be a nonselective superagonist of human MC1R, MC3R, MC4R, and

MC5R [124, 125]. To achieve receptor subtype selectivity, we replaced the His6-D-

Phe7 dipeptide segment in MT-II by Aba-Xxx motifs (140–142, Fig. 28)

[126]. Molecular modeling indicated backbone overlap of all Aba-containing

analogues with the proposed conformation of MT-II [126]. Based on Cα(i)–Cα(i

+3) distances and the lack of proximity between the Asp5 carbonyl oxygen and the

amide proton of Arg8, no β-turn conformation was adopted by these analogues.

Gratifyingly, the cyclic lactam analogue 139 with the “Aba6-D-Phe7” motif proved

to be a selective hMC3R antagonist (IC50 of 50 nM at hMC3R). The linear Aba

analogue of MT-II (e.g., 139, Fig. 28) was insufficient at inducing binding up to

concentrations of 10 μM, suggesting that MCR ligands with Aba building blocks

needed a global conformational constraint [126] (Fig. 29).

Selective linear tetrapeptide MCR ligands with agonist and antagonist activity

were identified by the group of Haskell-Luevano by studying various aromatic

amino acid surrogates of the D-Phe residue in the sequence Ac-His-D-Phe-Arg-Trp-

NH2 [127, 128]. These observations persuaded us to replace the His residue in the

minimal α-MSH pharmacophore – His6-Phe7-Arg8-Trp9 – domain by the Aba, Aia,

and Ata dipeptidomimetics to evaluate their influence on receptor selectivity and

agonist versus antagonist activity [129].

Introduction of the Aia-D-Phe dipeptide mimetic in 143 resulted in weak micro-

molar antagonist affinity for the hMC1R, allosteric partial agonist activity at

hMC3R (EC50¼ 52 nM) and hMC4R (EC50¼ 0.3 nM), and moderate antagonist

activity at the hMC5R. Fluorination of the para-position in D-Phe7 in 144 led to
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enhanced activity, which was most pronounced at hMC4R (IC50¼ 6.5 nM;

EC50¼ 13 nM, full agonist). In contrast to the Aia-pF-D-Phe7 tetrapeptide 144,

but similar to 143, Aia-pBr-D-Phe7 tetrapeptide 145 gave potent allosteric partial

agonist activity at hMC4R (EC50¼ 0.3 nM and 80% activity). These affinities

reflect the importance of the presence and nature (i.e., van der Waals radius) of

the halogen substituent. The Aba-D-Phe analogue 146 proved to be a selective

antagonist for hMC5R (IC50¼ 37 nM), rendering it an ideal template for investi-

gation of hMC5R antagonism. Contrary to the Aia and Aba analogues, the Ata-D-

Phe analogue 147 showed no specific subtype receptor selectivity. Peptides 144 and

146 were docked into the active state model of hMC4R proposed by Mosberg

et al. [130]. In comparisons with the earlier proposed binding mode of the His6-D-

Phe7-Arg8-Trp9 pharmacophore of [Nle4,D-Phe7]-α-MSH [130], the residues of

peptides 144 and 146 interacted less deeply in the binding site. Furthermore, the

pF-D-Phe residue in peptide 144 was predicted to make contact with more residues

of hMC4R than D-Phe in peptide 146, which may account for favorable confor-

mational changes to induce agonist activity. Hence, the insertion of constrained

aminobenzo- and indoloazepinone-based residues into the core of melanocortin

tetrapeptides has resulted in compact and selective human melanocortin receptor

ligands with diverse and interesting pharmacological profiles.

Fig. 28 Linear analogue 139 and cyclic [Aba]MT-II analogues 140–142 [126]

Fig. 29 Constrained melanocortin tetrapeptides 143–147
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5 Conclusion

Versatile synthetic schemes were developed allowing the rapid synthesis of

azepinone-constrained analogues of Phe, Tyr, Trp, His, and Nal. These analogues

have been demonstrated to give highly potent, selective, and metabolically stable

peptides and peptide mimetics. The availability of a diverse set of azepinone-

constrained amino acids is important in peptide drug design, because different

analogues gave better results contingent on receptor: Aba gave the best results in

opioids and NK-1 ligands, and Aia proved to be superior for AngIV and somato-

statin ligands. Efforts to obtain diversity in these fused aromatic/heterocyclic

systems were validated, because agonist vs. antagonist activity could be modulated

by variation of the substitution pattern, stereochemistry, and aromatic residue in the

amino-azepinone building blocks (e.g., melanocortin and opioid peptide examples).

Finally, amino-azepinones with α-carbon substituents (e.g., α-Me-Aba and spiro-
Aba analogues) proved to be reverse turn inducers.
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17. Casimir JR, Tourwé D, Iterbeke K et al (2000) Efficient synthesis of (S)-4-phthalimido-

1,3,4,5- tetrahydro-8-(2,6-dichlorobenzyloxy)-3-oxo-2H-2-benzazepin-2-acetic acid

(Pht-Hba(2,6-Cl2-Bn)-Gly-OH). J Org Chem 65(20):6487–6492

18. Ruzza P, Calderan A, Donella-Deana A et al (2003) Conformational constraints of tyrosine in

protein tyrosine kinase substrates: information about preferred bioactive side-chain orient-

ation. Biopolymers 71(4):478–488

19. Flynn GA, Burkholder TP, Huber EW et al (1991) An acyliminium ion route to Cis and Trans

“Anti” Phe-Gly dipeptide mimetics. Bioorg Med Chem Lett 1(6):309–312

20. Rabi-Barakay A, Ben-Ishai D (1994) Intramolecular amidoalkylation of aromatics III. Syn-

thesis of conformationally restricted bridged peptide analogues of Phe-Gly. Tetrahedron

50(36):10771–10782

21. Katritzky AR, Manju K, Singh SK et al (2005) Benzotriazole mediated amino-, amido-,

alkoxy- and alkylthio-alkylation. Tetrahedron 61(10):2555–2581
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Abstract This review is dedicated to the fitting and functional characterization of

polyhydroxylated amino acids into protein environments, noting that systematic

compendia of sugar-derived unnatural building blocks can be found in the liter-

ature. This review is focused on the local exchange of two sequential amino acids in

a peptide or protein for a polyhydroxylated δ-amino acid in various applications

ranging from ligand design to the investigation of protein function. Two general

strategies are respectively differentiated that delete and retain the peptide backbone.

So-called sugar amino acids (SAAs) exchange one peptide bond for a tetra-

hydropyran or furan ring. Alternatively, polyhydroxylated bicyclic dipeptides

encompass an amide bond within their ring system and become integral parts of

the peptide backbone (compare SAA and Xaa¼Yaa in Fig. 1). In peptides, these

polyhydroxylated ring systems may favor turn and loop conformations, modify

polarity, and offer handles for ligation methods. The influence of ring substituents

on these heterocycles is discussed with respect to their potential to increase the

stability of particular conformations with preferred orientations as well as to

mediate supramolecular interactions. In addition, examples of the use of poly-

hydroxylated ring systems to stabilize standalone peptide hairpins and mediate

protein–protein interactions will be presented.
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1 Introduction

Sequence-specific polymers are characterized by an order of building blocks, which

matches a characteristic reading frame. The six-atom repeat is a common feature of

all three classes of primary biopolymers, the polynucleotides, the proteins, and

polysaccharides (e.g., 2,8-α-polysialic acid, Fig. 1). In DNA, the base pair elements

for molecular recognition are physically separated from the (deoxy)ribonucleotide

Fig. 1 The six-atom repeats of the three primary biopolymers – DNA, proteins, and carbohydrates

– are highlighted by blue boxes. Oligonucleotide and peptide mimetics should preserve the

six-atom register. The locked nucleic acid (LNA) is characterized by a bridged furanose ring

which restricts the ring pucker to the C3-endo conformation. Peptide nucleic acid (PNA) links the

nucleobase to an achiral and uncharged oligoamide backbone. Sugar amino acids (SAA) and

bicyclic dipeptides (Xaa¼Yaa) both may mimic dipeptide repeats and serve as turn mimetics

within oligopeptides
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backbone. The melting temperature of the double helix reflects directly the pairing

affinity, for which a consistent register becomes a constitutional requirement for the

development of alternative backbones. Peptide nucleic acid (PNA) has the character-

istics of a random-walk chain. Locked nucleic acid (LNA) monomers secure a

preferred ring pucker to promote a secondary structure within the homo-oligomer

[1, 2]. Albeit the flexible PNA and the oligocyclic restricted LNA are very different

oligomers, both conduct base pairing with complementary oligonucleotide chains

and preserve a six-atom repeat which may be more important than the backbone

composition.

In contrast to oligonucleotide DNA mimics, which adopt primarily helical

structures, peptide mimics need to fulfill more complex requirements in part

because peptide structures fold into a greater variety of secondary structural

elements, e.g., helices, turns, and sheets. Moreover, molecular recognition of

peptides involves typically backbone and side chain interactions. The quality of

peptide recognition is usually characterized by a greater number of physical para-

meters than melting temperatures. Instead of two pairs of complementary building

blocks for assembling functional DNA oligomers, 20 amino acids are employed in

the construction of operative peptides and proteins.

Synthetic monomers have yet to be assembled into folded tertiary structures with

the grace exemplified by RNA and proteins, which adopt various types of helices

(e.g., polyproline and α-helices), extended structures (e.g., β-sheets), and reverse

turns (e.g., β- and γ-turns). Although a set of β-amino acids have been derived from

the 20 proteinogenic α-amino acids, their assembly into structures with hypothetical

protein-like folds remains a challenge [3]. Inspired by the unique tertiary structures

of proteins, discrete molecular chains that fold into ordered states in solution

(so-called foldamers) have interfered with molecular recognition processes but, in

spite of their structural diversity, have rarely exhibited conformational complexity

beyond the helix [4, 5]. Protein folding depends on cooperative organization of

linear secondary structures capped by turns and loops. Although it is composed of

only four different monomers, RNA is the only known polymer that exhibits

structural complexity, which rivals proteins. Every nucleotide in RNA offers a

diverse set of possible noncovalent interactions for intermolecular contacts: hydro-

phobic, π, polar, hydrogen bond, and salt bridges. A handful of different amino

acids would be necessary to attain a similar collection of noncovalent interactions.

In the search for similarly densely functionalized monomers, carbohydrates repre-

sent intriguing building blocks because they possess a functional group on every

carbon. Carbohydrate-peptide hybrids offer thus unique promise for designing

higher-order structure, because they merge the cyclic polyhydroxylated character

of RNA with the backbone rigidity and side chain diversity of peptides.

1.1 Hydroxylated Amino Acids in Nature

In addition to the well-known example of collagen, which becomes a structural

protein only after 4-hydroxylation of the second proline of the Pro–Pro–Gly repeat,
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numerous other natural peptides are known to possess canonical amino acids that

have undergone hydroxylation. For example, α-amino-β-hydroxy acids are fre-

quently observed as the products from posttranslational modifications in antibiotic

peptides: β-hydroxytyrosine is found twice in vancomycin [6] and β-hydroxyvaline
and β-hydroxyasparagine are found twice in polytheonamide B (Fig. 2) [7]. The

presence of a β-position hydroxyl group rigidifies rotation about the side chain χ
dihedral angle by introducing a polar group with potential to hydrogen bond. The

canonical amino acid, threonine, exhibits restricted rotation about the Cα–Cβ bond

and influences the conformational preferences of neighboring residues in a peptide

chain.

The thiopeptide antibiotic thiazomycin A is an oligopeptide that has been

significantly rigidified by posttranslational modifications (Fig. 3) [8, 9]. In parti-

cular, the glutamic acid residue is hydroxylated at the β and γ positions, condensed
with its C-terminal cysteine neighbor in a thiazole ring and ligated by way of the
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Fig. 2 β-Hydroxyaminio acid residues: β-hydroxyvaline (left), β-hydroxyasparagine (middle),
and β-hydroxytyrosine (right)
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alcohol, amine, and carboxylate functions in ways that provide constraint and

glycosylation of the natural product.

The antibiotics vancomycin and thiazomycin A are representative examples of

the applications of hydroxylation by nature to control peptide polarity and

conformation [10].

1.2 Conformational Properties of Hydroxy Amino Acids

β-Hydroxylation alters the conformational equilibrium about the amino acid side

chain. For example, threonine residues adopt the electronically preferred gauche
arrangement of the α-amino and β-hydroxy groups instead of the antiperiplanar

orientation, which may minimize steric interactions, as evidenced by the relatively

small 3JHα-Hβ coupling constant value (Fig. 4). The so-called gauche effect is a

vicinal stereoelectronic effect that maximizes the orbital overlap between electro-

negative substituents and donors in relative antiperiplanar orientations due to σ,σ*
stabilizing interactions [11]. Similarly, the relative gauche orientation of the

pyrrolidine nitrogen and vicinal δ-hydroxyl substituent orient the ring puckering

and backbone of δ-hydroxyproline residues in peptides such as collagen (Fig. 4).

The endo conformation of the pyrrolidine ring brings two sequential carbonyl

groups into a favorable arrangement for n! π* electronic delocalization, which

contributes to the overall conformational preference of the collagen triple

helix [12].

2 Sugar Amino Acids

Sugar-derived δ-amino acid derivatives have been synthesized from tetra-

hydropyran and tetrahydrofuran monosaccharides and employed as dipeptide iso-

steres [13, 14]. Initially explored as analogs of polysaccharides [15], the application
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Fig. 4 The gauche effect between vicinal electron-withdrawing groups dominate the conforma-

tional preferences of the hydroxy amino acids Thr (above, in Newman projection) and Hyp

(below). The polyproline II helical conformation aligns neighboring amide bonds in collagen to

favor n! π* electronic delocalization
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of sugar-derived δ-amino acids as dipeptide surrogates in biologically active

peptides was first examined by von Roedern and Kessler, who explored glucosyl-

uronic acid methylamine (H-Gum-OH) in the synthesis of enkephalin and somato-

statin analogs, which proved respectively inactive and 75 times less active than the

parent peptides [16]. Subsequently, sugar amino acids (SAAs) having varied ring

geometries and substitution patterns were prepared employing the multitude of

available monosaccharide precursors [17]. Among these potentially useful carbo-

hydrate building blocks, the scaffolds discussed herein have been studied in peptide

environments including linear peptides, cyclopeptides, and homo-oligomers.

Examples of SAAs that do not fit the oligopeptide register (Fig. 1) as well as

those not investigated in an oligopeptide environment were excluded from this

review, because they may alter the peptide reading frame in ways that are not

generalizable to other peptide structures.

Azide protection of the amine component of the SAA has often been used for

solution-phase peptide synthesis. The azide avoids unwanted lactam formation of

activated ω-amino acids similar to the diketopiperazine formation of activated

dipeptides. After SAA coupling, the azide may be reduced in situ prior to subse-

quent peptide synthesis.

Monomers of δ-3,5-trans- and cis-tetrahydrofuranyl SAAs 1 and 2 have been

synthesized in several steps from D-ribose [1, 18]. O-Methylation of the alcohols

was employed to avoid alcohol acylation and reduce polarity; however, attempts

using O-tert-butyldimethylsilyl and O-benzyl ether protection failed to give longer

oligomers, likely due to steric hindrance. Homo-oligomers containing an octamer

(e.g., 3) of trans-diastereomer 1 and a tetramer (e.g., 4) of cis-diastereomer 2 were

obtained by fragment condensations employing dimers activated as penta-

fluorophenyl esters, followed by hydrogenation of azides to the amines using

palladium-black in dioxane (Fig. 5).

Employing Boc protection in a similar approach, trans- and cis-tetra-
hydrofuranyl-SAA diastereomers 5 and 6 were coupled to their 4-azido counter-

parts and the resulting dimers were combined to form tetramers (Fig. 6) [19]. The

4-azido groups were reacted with different alkynes using copper-catalyzed azide-

alkyne cycloadditions (Cu-AACs) to afford triazoles bearing different side chain

functions (e.g., mannose for oligomers 7 and 8). The mannose-conjugated glyco-

peptide mimetics 7 and 8 were recognized by the lectin Concanavalin A, albeit
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with less than fourfold lower affinity relative to the natural mannose trimer. In the

cases of the cis-tertamers bearing azide and mannosyl tetrazole, conformational

analysis by NMR spectroscopy indicated nuclear Overhauser effects and solvent

exchange indicative respectively of 10- and 16-membered intramolecular hydrogen

bonds.

A set of C2-symmetric cyclic octapeptide mimics of the type cyclo-(SAA-Phe-
Leu)2 on which different cationic amino side chains were examined on the carbo-

hydrate moiety were synthesized from orthogonally protected diamino

tetrahydrofuranyl carboxylates 9 and 10 (with Boc-protected amino groups in

side chain R) (Fig. 7) [20]. A detailed NMR analysis of cationic peptides 11–13

and 14–16 was performed in water using 1H NMR chemical shifts, coupling

constants, through-space nuclear Overhauser effects (NOEs), and amide temper-

ature coefficients. The amide protons of the Phe and Saa residues exhibited smaller

temperature coefficients than the values for the Leu residues indicative of solvent-

shielded and exposed protons. An amphiphilic structure was proposed for

macrocycles 11–13 and 14–16 which exhibited antibiotic activities against Gram-

positive and Gram-negative bacteria with a greater potency against the former,

albeit the more potent analogs exhibited hemolytic activity.

The D-Phe-Pro residue in the antibiotic cyclopeptide gramicidin S [GS, cyclo-(D-
Phe-Pro-Val-Orn-Ile)2] adopts the central positions of a type II0 β-turn conform-

ation and has often been replaced by turn mimetics [21]. Consequently, SAAs have

been examined as turn mimics in gramicidin S [1, 22]. Three different ring-sized O-
benzyl SAAs (17–19, Fig. 8) were studied in cyclic decapeptides with the general

structure cyclo-(SAA-Val-Orn-Leu-D-Phe-Pro-Val-Orn-Leu) [23]. The SAA-GS
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analogs exhibited CD spectra that were influenced more than that of the parent

peptide by the change of solvent from water to methanol. The crystal structure of

the oxetane GS analog and the solution NMR spectra of all three SAA-GS analogs

indicated hydrogen bonding patterns and transfer of magnetization indicative of an

antiparallel hairpin shape that resembled the parent amphipathic peptide. Contin-

gent on the bacterial strain, the pyranoid-SAA analog exhibited the same to half the

potency of GS with 16-fold less hemolytic activity. The oxetane and furanoid

SAA-GS analogs were relatively less active as antibacterial agents [24].

The influence of the polarity of the carbohydrate amino acid on the conformation

and activity of gramicidin S analogs was examined by incorporation of dihydroxy,

mono-O-benzyl, and bis-O-benzyl SAAs 20–22 (Fig. 9) into cyclic dodecapeptide

ring-extended analogs of gramicidin S with the general structure cyclo-(SAA-Leu-
Orn-Val-Orn-Leu-D-Phe-Pro-Val-Orn-Leu-D-Orn-Val) [25]. The peptides were

assembled by a strategy featuring N-Fmoc-amino acids on 2-chlorotrityl chloride

(CTC) resin employing trans-tetrahyrofuranyl SAAs 20–22, which were coupled
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employing standard methods and elongated after reduction of the azide using

aqueous trimethylphosphine. The SAA peptides were cleaved without removal of

side chain protection under mild acid conditions, and final cyclization was accom-

plished in solution using benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate (PyBOP, Fig. 10). Although the SAA peptides exhibited

coupling constant and chemical shift data similar to the β-sheet/β-hairpin character

of the peptide counterpart, their CD spectra indicated less order. They exhibited

promising antibacterial activity and lower hemolytic activity relative to GS.

Antibacterial potency declined with the removal of O-benzyl groups from the

carbohydrate amino acid residue of the cyclic dodecapeptide mimics.
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Fig. 9 SAAs 20–22 possessing different numbers of benzyl groups were used as turn mimetics in

GS analogs

Fmoc Leu Orn Val Orn Leu Leu Orn Val Orn LeuO
O

N3
R2O OR1

Leu Orn Val Orn LeuO
O

H2N
R2O OR1

Leu Orn Val Orn LeuO
O

NH
R2O OR1

H2N D-Phe Pro Val Orn Leu D-Orn Val

O
OR1

OR2

H
N

Leu
O

Val

Orn

D-OrnLeu

ValOrnLeu

OrnValPro

D-Phe

R1 = H (23) or Bn (24)
R2 = Bn

SPPS
Fmoc-strategy

Staudinger reaction
with PMe3

SPPS
Fmoc-strategy

1) cleavage from the resin
2) cyclization
3) side-chain deprotection

Fig. 10 Synthetic route to gramicidin S analogs 23 and 24 with O-benzyl and dibenzyl SAAs on

CTC resin

Polyhydroxylated Cyclic Delta Amino Acids: Synthesis and Conformational. . . 219



δ-Substituted pyranoid SAAs S-25 and R-25 were synthesized by diastereo-

selective (>10:1) in addition of methyl magnesium bromide to the tert-butane-
sulfinimide from condensation of a formyl tetra-O-benzyl-β-D-C-glucopyranoside
precursor with tert-butanesulfinyl amide, acid-mediated hydrolysis of the chiral

auxiliary, and installment of the Fmoc protection (Fig. 11) [26]. The additional

δ-substituent may mimic the side chain of Ala and restrict the conformation in a

peptide context.

6,6-Spiroketal amino acid 26 was synthesized, introduced into cyclo-(SAA–
Phe–Glu–Trp–Leu–Asp–Trp–Glu–Phe) 27 by solid-phase peptide synthesis using

an Fmoc protection strategy, and found to adopt the i and i+ 1 positions of a β-turn-
like structure, instead of the central i+ 1 and i+ 2 residues (Fig. 12) [27].

3 Peptide Constraints Using Lactams, 6,5-Bicyclic

Lactams, and Polyhydroxylated Lactams

3.1 Lactams and 6,5-Bicyclic Lactams

The concept of employing a lactam to constrain the conformation of a peptide was

first applied by Freidinger et al. to study the bioactive conformation of luteinizing

hormone-releasing hormone [28]. Side chain to backbone cyclization was subse-

quently studied using bicyclic dipeptide lactams (e.g., Fig. 13) [21, 22], which were

used to constrain peptide conformation in peptides such as gramicidin S, as well as

enzyme inhibitors. Subsequently, various bicyclic β-turn mimetics have been

synthesized and employed in various applications in medicinal chemistry [29]

(and references therein).

The BTD residue has been inserted into larger peptides such as analogs of a zinc

finger (25 aa, 2.5 kD) and HIV protease (2 � 99 aa, 11 kD). In the high-resolution

NMR spectroscopic study of the zinc finger analog, the BTD residue adopted the
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central residues of a type II0 β-turn [30]. Similarly, in the HIV-protease analog,

BTD replaced effectively Gly16-Gly17 at the central position of a type II0 β-turn
(Fig. 14) [31]. In addition to conserving the structure, both BTD analogs retained

function. Although the surface-exposed, flexible Gly–Gly turn in HIV protease and

the rigid D-Phe-Pro turn of gramicidin S were both exchanged for BTD without

significant modification of function, incorporation at buried positions within the

three-dimensional fold of larger proteins may be a greater challenge for such turn

mimetics.

3.2 Polyhydroxylated Lactams

The confluence of lactam and SAA moieties through the synthesis of poly-

hydroxylated bicyclic lactam dipeptides combines backbone constraint with

HN
N

N
N

N

O
O

O

S

O

R

R
H

H

dipeptide mimetic
BTD (R = H)
Hot=Tap (R = OH)

Fig. 13 Schematic representation of bicyclic dipeptides in a peptidic environment. The abbrevi-

ation BTD stands for β-turn dipeptide (R¼H). The Xaa¼Yaa six-letter code identifies the

six-atom register by combining abbreviations for the two amino acid components, for example,

Hot¼Tap stands for hydroxythreonine (Hot) fused (¼) with thioproline (Tap)

Fig. 14 BTD adopts the central residues of type II0 β-turns in (a): zinc finger [30]; (b) HIV

protease replacing the Gly16-Gly17 residues [31]. BTD is recognizable by the yellow thiazolidine

ring at surface-exposed positions
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poly-functional side chains. Such a combination offers potential for stabilizing an

active conformer and increasing molecular recognition. For example, insertion of

the Hot¼Tap dipeptide into Foldon (3 � 27 aa, 10 kD) yielded an analog having

one of the two best resolved X-ray structures (PDB Code: 2WW7) among 26 struc-

tures deposited for this miniprotein in the pdb databank (Fig. 15) [32]. Foldon

comes from the natural trimerization domain of T4 fibritin and has been used as an

artificial trimerization domain. In the crystal structure of the miniprotein, Hot¼Tap

was completely buried and mediated a series of protein-protein contacts. Two

independent foldon trimers were identified within the asymmetric unit, which

illustrated conformational variability at the N and C termini, but a rigid hydro-

phobic core for the fibritin–foldon.

In spite of unnatural amino acids, [ΔGly1, Nal2, Hot17¼Tap18]Foldon exhibited

a nearly identical conformation to the natural fibritin–foldon fusion protein (PDB

Code: 2IBL) [33]. The X-ray structure of [ΔGly1, Nal2, Hot17¼Tap18]Foldon

exhibited higher resolution than other natural Foldon protein structures previously

deposited in the Brookhaven protein data bank. The twist and hydrogen bonds (I–

IV) of the Hot17¼Tap18 analog were characteristic of a natural hairpin (Fig. 16),

albeit the native and SAA hairpins possessed respectively central Asp–Gly and

bicyclic lactam residues in type I0 and II0 β-turns.
The first high-resolution X-ray analysis of the ring shape of a turn mimetic in a

peptide environment, the [ΔGly1, Nal2, Hot17¼Tap18]Foldon structure, provides

unique opportunity to study ring torsions of the bicyclic lactam residue (Fig. 17).

Similar to other substituted δ-lactones [34], the six-membered ring adopted an

envelope (half boat) conformer that placed the C8-hydroxyl group into an axial

orientation. In contrast, the five-membered thiazolidine ring exhibited greater

conformational flexibility and adopted different puckers for the various structures

in the asymmetric unit.

To dissect the influence of the turn mimic from the dynamics of the protein

structure, model C2-symmetric cyclic hexapeptides were synthesized and examined

to identify factors affecting their conformational preferences. Such cyclic

Fig. 15 X-ray structure of the Hot¼Tap dipeptide in the miniprotein Foldon. Left: Two strands

are shown as vdWmodels (brown, gray). The third strand shows the (bi)cyclic amino acids, as well

as Nal2 and D-Ala. Right: Overlay of the six monomers of the two independent Foldons from the

asymmetric unit. The expansion shows the Hot¼Tap dipeptides
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hexapeptides may be considered minimal hairpin and antiparallel β-sheet models,

because they adopt typically a minimum energy conformer featuring a rectangular

shape with two antiparallel hydrogen bonds (Fig. 18) [35]. Three possible turn

positions were accessible in the bicycle, because symmetry rendered the i and i+ 3
residues equivalent.

Within cyclo(Xaa-Yaa-Zaa)2 cyclohexapeptides, bicyclic dipeptides occupied

both the i and i+ 1 and the i+ 1 and i+ 2 positions (Fig. 19). In the latter, the bicycle
adopts the central positions of the turn. Bicyclic dipeptides that adopt the i and i+ 1
positions share conformational preferences with proline, which prefers the i+ 1
relative to the i+ 2 position [36]. This shift causes a different orientation of the

amide NH protons. Typically, every third NH is involved in an intramolecular

hydrogen bond. The other two NH protons are oriented toward solvent. Solvent-

exposed amide NH hydrogen exhibit chemical shifts that are influenced more

Fig. 16 Left: [ΔGly1, Nal2,
Hot17¼Tap18] Foldon

hairpin at 1.05 Å resolution.

Right: recombinant fibritin–

foldon fusion protein

hairpin at 1.30 Å resolution

[32]
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significantly by changes in temperature than solvent-shielded amide NH involved

in intramolecular hydrogen bonds. Proton chemical shift dispersion, 3JNH,Hα cou-

pling constants, and through-space transfer of magnetization between neighboring

hydrogen were also employed to investigate conformational homogeneity.

Three different C2-symmetric cyclic hexapeptides were studied: cyclo(Gly–
BTD)2, cyclo(Gly–Dha¼Tap)2, cyclo(Gly–Hotp¼Tap)2, and cyclo(Gly–
Hot¼Tap)2 (Fig. 20) [9, 32]. Averaged values were observed for the 3J coupling

constants, as well as the amide NH chemical shift and temperature coefficient

values for cyclo(Gly–BTD)2 indicative of an equilibrium between similar energy

conformers in which the BTD residues occupied the i and i+ 1 or the i+ 1 and i+ 2
positions. On the other hand, the NMR data suggested that cyclo(Gly–Dha¼Tap)2
adopted a minimum energy conformer in which the Dha¼Tap residues resided in

the i and i+ 1 positions. Finally, cyclo(Gly–Hot¼Tap)2 exhibited NMR spectra

demonstrating a single conformer in which the Hot¼Tap residues adopted the i+ 1
and i+ 2 positions. The coupling constant values of the Hot¼Tap residue were

indicative of a conformer with dihedral angles well suited for the central position of

a type II0 β-turn (Table 1).

In the Foldon miniprotein as well as in cyclic hexapeptides, Hot¼Tap adopted

exclusively the i+ 1 and i+ 2 positions of a type II0 β-turn. The analytical data

obtained from the crystal structure of the protein from water and the NMR data of

the model hexapeptides in DMSO draw a complete picture of Hot¼Tap in different

environments and characterize its reliability as a turn mimetic.

The ring equilibrium of BTD in solution has never been characterized, because

there is no diastereotopic assignment possible for the higher-order spin system of

the ethylene bridge. It can be assumed that none of the possible valerolactam

conformations – boat (B), chair (C), skew (S), half-boat (E), or half-chair (H) –

can be excluded or are specially preferred and, therefore, the torque of the neigh-

boring peptide chain dominates the conformation. This adaptive character ranks it

among the passive turn mimics which fit the turn, but allow other conformations

[38]. Only one conformation is observed in the crystal and in solution for the

tricyclic protected HotP¼Tap, which is characterized by a B6,8a conformation

Fig. 19 The two possible orientations of C2-symmetric cyclic hexapeptides with a bicyclic

dipeptide compound. Blue boxes represent simplified illustrations of the bicycle at different

positions in the macrocycle
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with a flagpole orientation of the amino group [37]. The deprotected Hot¼Tap in a

peptide environment has already been discussed above in Figs. 15, 16, and 17.

β-Branching and several gauche effects may account for the turn mimic dominating

the shape of its peptide environment (Fig. 21).

Fig. 20 Structures, chemical shifts, and temperature coefficients in DMSO-d6 for amide NH

protons of cyclo(Gly-BTD)2, cyclo(Gly-Dha¼Tap)2, and cyclo(Gly-Hot¼Tap)2 [9, 32,

37]. The temperature dependency of the amide NH protons identifies the conformation of each

cyclic hexapeptide. Hot-NH is characterized by a high chemical shift value around 9 ppm and a

strong temperature dependence as expected for a solvent-exposed proton. The Gly–NH in cyclo
(Gly–Hotp¼Tap)2 and in cyclo(Gly-Hot¼Tap)2 have values around 7.5 ppm and show a low

temperature dependence as expected for a hydrogen-bonded peptide in a cyclic hexapeptide. The

opposite is observed for Gly-NH in cyclo(Gly-Dha¼Tap)2 where its NH is solvent exposed

because Dha¼Tap is found in the i and i+ 1 position of the turn. Dha-NH shows a high chemical

shift value because of its anilinic character

Table 1 Coupling constant

values and calculated

structure of cyclo
(Gly-Hot¼Tap)2

cyclo(Gly-Hot¼Tap)2
3J6H,7H (Hz) 8.4
3J7H,8H (Hz) 2.3
3J8H,8aH (Hz) 1.4
3J2H,3H (Hz) 2.2, 6.3
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β-Hairpins are usually found as domains in protein structures but have only

moderate stability as standalone motifs. For example, a population of approxi-

mately 42% hairpin was measured for the isolated Ala–Tyr–Val–Arg–Lys–Asn–

Gly–Glu–Trp–Val–Leu–Leu–Ser sequence, which makes up 50% of the structure

of the extraordinarily stable miniprotein Foldon [39]. Insertion of Hot¼Tap into

the sequence augmented the hairpin population to >80% in the peptide Ala–Tyr–

Val–Arg–Lys–Hot¼Tap–Glu–Trp–Val–Leu–Leu–Ser. In contrast to restriction by

macrocyclization by lactam or disulfide formation, which may distort of the hairpin

twist, Hot¼Tap maintained a more natural conformation (Fig. 22).

N

O

S

N
H

O

N

O

O
O S

N
H

O

N

O

OH
HO S

N
H

O

BTD Hotp=Tap Hot=Tap

uncharacterized equilibrium boat conformation half-boat conformation

rigid, dominant,β-branched

active β-turn mimetic

ring flip, adaptive

passive β-turn mimetic

Fig. 21 Comparison of the β-turn mimetics. Hotp¼Tap and Hot¼Tap are active mimetics

because of their rigid conformation, whereas BTD is more flexible and, therefore, a passive

β-turn mimetic [38]

Fig. 22 β-Hairpin-antiparallel β-sheet motifs excised from proteins may be stabilized by end-to-

end cyclization using a disulfide bond or employing Hot¼Tap
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4 Synthesis of Polyhydroxylated Bicyclic Lactams

4.1 Synthesis of Polyhydroxylated 6,5-Bicyclic Lactam

In contrast to the synthesis of bicyclic dipeptide analogs such as BTD, which may

necessitate amine and carboxylate protection prior to thiazolidine and lactam

formation [38], the polyhydroxylated 6,5-bicyclic lactam framework has been

assembled directly from uronic acid and cysteine without protection (Fig. 23)

[32]. Thiazolidine formation occurred diastereoselectively to provide the (S)-ring
fusion, likely because the neighboring hydroxyl group guides the addition of the

thiol in the attack of the iminium ion intermediate. Conversion of the α-hydroxyl
group to the requisite amine may be accomplished with high regioselectivity

without protection of the other hydroxyl groups, albeit acetonide protection facili-

tated purification by column chromatography.

The synthesis of Fmoc-Hot¼Tap-OH has been accomplished on multigram

scale (Fig. 24) [32]. Ribose was converted to ribonolactone 28, which was oxidized

to the 2,3-isopropylidene-L-riburonolactone with 2-iodoxybenzoic acid (IBX) and

treated with cysteine methyl ester hydrochloride to diastereoselectively afford

thiaindolizidinone 29. Acid-induced isomerization to thermodynamically more
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based on uronic acid employs no protecting groups and gives high stereocontrol in the cyclization

[32, 40]
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stable acetonide 30 liberated the α-hydroxyl group, which was activated with

trifluoromethanesulfonic anhydride and displaced with inversion of configuration

using sodium azide. Although saponification of azido ester 31 may be used to

provide a suitable precursor for solid-phase peptide synthesis, to facilitate appli-

cation of automated synthesizers, the Fmoc counterpart 32 was prepared by azide

hydrogenation, ester saponification, and amine acylation with fluorenylmethyl

chloroformate.

4.2 Synthesis of Polyhydroxylated 7,5-Bicyclic Lactams

The general strategy for the synthesis of bicyclic lactams from the condensation of a

uronic acid and cysteine has also been used to synthesize 7,5-fused ring systems

Glc¼Tap 33 and Gul¼Tap 34 contingent on the starting carbohydrate (Fig. 25)

[41–44].

For example, D-glucurono-3,6-1actone (35) reacted with L-cysteine methyl ester

in a water:pyridine mixture to provide diastereoselectively thiazolidine lactam 36

(Fig. 26) [42]. Regioselective trifluoromethylation of the α-hydroxyl group was

achieved without protection of the other secondary alcohols. Displacement of the

triflate by sodium azide with retention of configuration, azide reduction with

hydrogen sulfide, and Boc protection gave polyhydroxylated dipeptide ester

38 [42].
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Mannurono-3,6-lactone (39) was also reacted with L-cysteine methyl ester under

similar conditions to give diastereoselectively bicycle 40, which could be selec-

tively converted to acetonide 41 (Fig. 27) [44]. Methanesulfonylation of the

α-hydroxyl group, benzylation of the δ-hydroxyl group, and displacement with

sodium azide afforded azido ester 42, which, after saponification of the ester with

lithium hydroxide, was employed to install the Gul¼Tap residue into different

peptides. In the formation of the thiazolidine ring of both the Glc¼Tap and

Gul¼Tap systems, the δ-hydroxyl group directed the attack of the thiol onto the

O
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Fig. 25 Glucuronic and mannuronic acids were respectively employed to synthesize 7,5-bicyclic

lactams Glc¼Tap 33 and Gul¼Tap 34, which possess respectively concave and convex geo-

metry with the amine substituent in an equatorial configuration. Homo-oligomers of Glc¼Tap

exhibited a polyproline-II-type secondary structure [41]
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iminium ion intermediate to place both groups on the same face of the lactam ring

[42, 44].

The five-membered thiazolidine ring adopted an equatorial orientation in both

the Glc¼Tap and Gul¼Tap residues as observed in the X-ray crystal structure of

thiazolidine lactam 33, in which the carboxylate was observed to assume a pseudo-

axial orientation [42]. The seven-membered lactam adopts a chair conformation

that places the α-amine substituent in an equatorial orientation (Fig. 25). The

conformational preferences of Glc¼Tap were examined in the C2 symmetric

cyclopeptide cyclo(Gly–Glc¼Tap)2, as well as cyclic hexapeptides in which one

of the glycine residues was replaced by L- or D-Phe, respectively (Tables 2 and 3)

[43]. In all three cases, Glc¼Tap occupied the i and i+ 1 positions of the β-turn, as
determined by the characteristic networks of hydrogen bonds identified by NMR

spectroscopy.

In the X-ray structure of cyclo(Gly–Glc¼Tap)2, the lactam of the Glc¼Tap

residue aligned nearly perpendicular to the cyclic peptide backbone, bringing

hydroxyl groups from opposite sides of the ring into close contact. Two type I

β-turns are stabilized by amide NH and ring OH hydrogen bond donors. Nearly

ideal C2-symmetry was observed by X-ray analysis (Table 2) and maintained in
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Fig. 27 Synthesis of protected Gul¼Tap methyl ester 42

Table 2 X-ray structure of cyclo(Gly-Glc¼Tap)2 (C¼ green, N¼ blue, O¼ red, S¼ yellow,

hydrogens are not shown). Torsion angle values are tabularized along the peptide backbone

Amino acid φ (degree) ψ (degree)

Gly1 �113.2 16.4

Glc2 �157.3 177.4

Tap3 �57.4 �16.3

Gly4 �111.3 9.2

Glc5 �165.7 �175.6

Tap5 �57.0 �33.6
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solution as observed by NMR spectroscopy. Replacement of glycine by D-Phe

provided cyclo(D-Phe-Glc¼Tap-Gly-Glc¼Tap), which was observed by X-ray

analysis to possess type II and I β-turns with the D-Phe and Gly residues in the

i+ 2 position (Table 3).

An oligomer of Glc¼Tap adopted a polyproline type II helical structure [41].

The Glc¼Tap has also been employed as a rigidifying element of non-peptide

structures [45].

5 Conclusion

Sugar amino acids and polyhydroxylated bicyclic lactams have proven effective as

rigidifying elements to control peptide and protein secondary structures. In parti-

cular, the latter have served effectively as β-turn mimics, because of their potential

to control both peptide backbone and side chain conformations. Albeit their syn-

theses may necessitate multiple steps, applications of sugar amino acids to explore

the conformations of peptide hormones have provided biologically active analogs.

Polyhydroxylated bicyclic lactams have been synthesized with stereocontrol and

applied to rigidify conformations of cyclic peptides, small proteins, and polyproline

helices. With enhanced methods for their preparation, the applications of sugar

amino acids and polyhydroxylated bicyclic lactams are expected to increase in

future studies of bioactive peptides and proteins.
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Thiazoles in Peptides and Peptidomimetics

Jeffrey Y.W. Mak, Weijun Xu, and David P. Fairlie

Abstract The natural occurrence of the thiazole ring in chemistry and biology has

inspired its widespread use in synthetic peptidomimetics as structural templates,

biological probes, and pharmaceuticals. Thiazole can be viewed as a dehydrated

cyclized derivative of cysteine, incorporated into peptide sequences through chem-

ical synthesis or ribosomal biosynthesis. Thiazoles are planar heterocycles and

valuable synthetic templates with a strong hydrogen bond accepting nitrogen, a

sulfur atom with extended lone pair electron orbitals, and an aromatic π-cloud.
These properties can influence molecular conformation and direct interactions with

proteins, leading to development of thiazole-containing peptidomimetics as protein

mimicking scaffolds, modulators of cell surface proteins like G protein-coupled

receptors (GPCRs), inhibitors of enzymes, and agonists or antagonists of protein–

protein interactions. The thiazole ring is the most common five-membered hetero-

cycle present in pharmaceuticals. This perspective article describes important

properties of thiazoles in synthetic peptidomimetics and highlights key examples,

including some from the last 5 years.

Keywords Amino acid � Conformation � Cyclic peptide � Cysteine � Drug �
Heterocycle � Peptidomimetic � Pharmaceutical � Protein structure � Thiazole
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1 From Cysteine to Thiazoles and Peptidomimetics

Thiazole (C3H3NS) is a five-membered heterocyclic aromatic compound found in

many natural products [1–4] including vitamin B1 and has been widely incorpo-

rated into synthetic molecules including pharmaceuticals [5], catalysts [6], and dyes

[7]. Indeed, thiazole is a more common component of FDA-approved pharmaceu-

ticals than related five-membered heterocycles such as isothiazole, thiophene,

furan, isoxazole, and oxazole (Fig. 1). This perspective briefly summarizes thiazole

chemistry [8] and focuses on current knowledge of thiazole peptidomimetics and

their interactions with proteins.

From a peptidomimetic perspective, thiazole can be viewed as a derivative of

cysteine, in much the same way as oxazole can be considered a derivative of serine

or threonine (Scheme 1). Within a peptide sequence, a thiazole can be considered to

represent a net condensation between the thiolate side chain of cysteine (e.g., in 1)

and the C-terminus of an adjacent amino acid with elimination of water to produce a

dipeptide surrogate (Scheme 1). This heterocyclization with dehydration forms a

thiazoline (e.g., 3) that may undergo dehydrogenation to provide the thiazole (e.g.,

5). This set of reactions occurs in both ribosomal and non-ribosomal biosynthesis.

The consequences of this condensation include the following: (1) the C-terminal
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carboxylate is reoriented due to attachment to the sp2 carbon of thiazole versus an

sp3 carbon in cysteine; (2) replacement of the N-terminal amide and cysteine thiol

by the thiazole reduces polarity and hydrogen bond donors; (3) the cysteine

stereochemical center is removed; (4) overall, this cyclization rigidifies the peptide

backbone and favors turn conformations that may facilitate peptide cyclization.

The thiazole ring in dipeptide surrogates (e.g., 5) may be reduced to the

thiazoline (one double bond) or thiazolidine (no double bonds) to provide a range

of conformational and stereochemical influences on the spatial disposition of the N-

and C-terminus of the mimetic, to alter the capacity of the heterocycle to fit into

hydrophobic binding sites in proteins, and to modify the hydrogen bonding prop-

erties of the heteroatoms. We shall return to peptidomimetics after briefly summa-

rizing the chemistry of the thiazole heterocycle.

Fig. 1 Number of FDA-approved pharmaceuticals containing a single heterocyclic ring. The

FDA1216 database [9] was searched for each heterocyclic ring using the ligand filtering module

within Schr€odinger software. Numbering convention shown for thiazole

Scheme 1 Condensation of the cysteine (X¼ S, 1) and serine (X¼O, 2) side chains to give,

respectively, thiazoline 3 and oxazoline 4, followed by dehydrogenative aromatization to thiazole

5 and oxazole 6 dipeptide surrogates [10]
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2 Chemistry of Thiazoles

2.1 Syntheses of Thiazoles

The reactivity and synthesis of thiazoles has been previously reviewed [8, 11–16],

and only such chemistry relevant to their use as peptidomimetics is presented

below. Thiazoles have been traditionally prepared from open-chained components

by a number of methods, among which the Hantzsch synthesis is preferred

(Scheme 2) [17]. Thioamides (e.g., 7) and α-halocarbonyls (e.g., 8) combine to

form thiazoles (e.g., 11) via halide displacement (to give 9) and subsequent

condensation (e.g., 10) [18]. All three carbons of the components may possess

alkyl and aryl substituents, such that various substituted thiazoles may be synthe-

sized [19]. For example, the thioamide component can be replaced by a thiourea to

give the corresponding 2-aminothiazole [20].

Racemization in the synthesis of thioamides derived from enantiomerically pure

α-amino acids has been reported due to base-promoted epimerization [21]. Further-

more, application of α-amino acid-derived thioamides in the Hantzsch synthesis has

been suggested to cause racemization from acid-catalyzed imine to enamine equi-

librium during cyclization prior to aromatization [22, 23]. A modified Hantzsch

synthesis protocol was developed to obtain enantiomerically pure α-amino acid-

derived thiazoles (e.g., 15) [23, 24]. After alkylation of thioamide 12 with ethyl

bromopyruvate gave 13, the hydroxyl group was trifluoroacetylated (to give 14) and

then eliminated in one pot using trifluoroacetic anhydride and pyridine at low

temperature (Scheme 3).

The practicality of the Hantzsch synthesis was demonstrated by the preparation

of orthogonally protected thiazole diamino acids 21. β-Alanines 16 were converted
to β-keto esters 18 by acylation with Meldrum’s acid (17) and solvolytic decarbox-
ylation. α-Chlorination of 19 with sulfuryl chloride followed by condensation with

thiourea gave 2-aminothiazoles 20, which were suitably N-protected and saponified
to give 21 (Scheme 4) [25].

The Hantzsch reaction has also demonstrated utility for peptide

macrocyclization (Fig. 2). In the case of macrocycle 22, the Hantzsch synthesis

Scheme 2 Mechanism of the Hantzsch thiazole synthesis
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installed a cysteine mimetic in the form of a thiazole ring, possessing a 4-position

alkyl chloride, which was displaced by the thiol of a cysteine residue in the

macrocyclization step [26].

The Hantzsch synthesis has been conducted on solid phase to synthesize

thiazole-containing peptide macrocycles [27]. The N-terminus of peptide 23 on

solid support was reacted with N,N0-di-Boc-thiourea and Mukaiyama’s reagent to

Scheme 3 Modified Hantzsch thiazole synthesis for production of enantiomerically pure α-amino

acid-derived thiazoles

Scheme 4 Synthesis of orthogonally protected thiazole diamino acids 21

Fig. 2 Hantzsch strategy for the synthesis of peptide macrocycle 22
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give thiourea 24. Subsequent treatment of 24 with α-bromopyruvic acid gave

thiazole 25 en route to macrocycle 26 (Scheme 5).

Alternatively, N-Fmoc-isothiocyanate has been used to prepare thioureas 28 for

solid phase Hantzsch syntheses of thiazoles 29 (Scheme 6) [28].

Scheme 5 Hantzsch thiazole formation in solid phase macrocycle synthesis

Scheme 6 Solid phase Hantzsch thiazole synthesis with N-Fmoc-NCS

Scheme 7 One-pot synthesis of 2,5-diaryl thiazoles from nitrostyrenes 30
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A one-pot formation of 1,3-thiazoles from nitrostyrenes 30 (Scheme 7) was

developed based on a Hantzsch strategy [29]. Oxidation of nitrostyrenes 30 gave

α-nitro-epoxides 31, which serves as the α-halocarbonyl equivalent in condensa-

tions with thioamides to give the thiazoles 32, albeit the reaction scope was limited

to the formation of 2,5-diaryl thiazoles.

The Cook–Heilbron synthesis gives access to 5-aminothiazoles (e.g., 36) with

2-position substituents [30–32]. Thioamidation of α-aminonitrile 34 with

thiocarbonyl electrophiles, such as carbon disulfide, dithioesters, dithioacids

(as exemplified by 33), and isothiocyanates, provides thioamide intermediate 35,

which cyclizes to 5-aminothiazole 36 (Scheme 8).

Employment of activated methylene isocyanide 38, instead of the aminonitrile,

in the condensation with dithioester 37 gave access to 4,5-substituted thiazoles 40

by way of thioketone intermediate 39 (Scheme 9) [33].

The Gabriel synthesis features conversion of α-acylamino ketones 41 into the

corresponding thioketones 42, which undergo intramolecular condensation to thi-

azole 43 [34, 35]. Substitution of Lawesson’s reagent in place of phosphorus

pentasulfide as thionating agent has expanded the approach to α-amido esters to

make 5-alkoxythiazoles (Scheme 10) [36].

2,4-Disubstituted thiazoles 46 have also been synthesized from cysteine. For

example, cysteine ethyl ester (44) has been condensed with aldehydes to give

thiazolidines 45, which were oxidized with manganese dioxide to give the

corresponding substituted thiazoles 46 on multi-gram scale (Scheme 11) [37].

Scheme 8 Thiazole formation from dithioacid 33 and α-aminonitrile 34 in the Cook–Heilbron

synthesis

Scheme 9 Modified Cook–Heilbron synthesis of 4,5-disubstituted thiazoles 40 using activated

methylene isocyanides 38
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2.2 Stereoelectronic Properties of Thiazoles

Thiazoles possess a number of stereoelectronic properties that may impact on their

peptidomimetic derivatives. Thiazoles are planar aromatic heterocycles in which

the relative connectivity of the heteroatoms, the bond lengths, and the bond angles

all compare favorably with the planar amide bond in peptides, except that the C–S

bond is considerably longer than the carbonyl C¼O bond (Fig. 3) [38]. Replacement

of a cysteine residue by a thiazole ring forces three additional atoms into the same

plane as the amide (Fig. 3, shown in bold). Furthermore, a 5-position substituent

(R3) may be introduced, occupying space inaccessible by the cysteine residue.

The thiazole ring structure satisfies Hückel’s rule (n¼ 1) courtesy of the delo-

calization of the lone pair of the sulfur atom. Relative to oxazole, which has little

aromatic character, thiazole is considered to be aromatic, due in part to π-electron
delocalization of the lone pair on the sulfur atom [39]. Calculations of the electron

density distribution in thiazole by many different methods indicate the sulfur and

nitrogen atoms have, respectively, net positive and negative charges, and C-2 and

C-5 are, respectively, slightly positive, but close to neutral, and slightly negative

[40]. The computational results are consistent with experiments indicating nucleo-

philes attack preferentially at C-2 and electrophiles react with C-5 (Fig. 4).

Scheme 10 Simplified mechanism of the Gabriel synthesis of thiazoles

Scheme 11 Synthesis of 2,4-disubstituted thiazoles from cysteine ethyl ester

Fig. 3 Selected bond lengths and angles of amide 47 and thiazole 48 with coplanar atoms in bold.
Bond angles and lengths correspond to unsubstituted thiazole [38]
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The thiazole sulfur has been suggested to form non-covalent interactions with

electron-rich regions of molecules [41]. For example, replacement of a thiazole for

the pyrazole ring in Janus kinase 2 inhibitor 49 gave analogue 50, which exhibited

similar potency (Fig. 5). Based on the predicted binding mode, a co-planar electro-

static interaction between the nitrogen (δ�) of the pyrazine and the sulfur (δ+) of
the thiazole of inhibitor 50 was presumed to replace the hydrogen bond between the

pyrazine and 5-position proton of the pyrazole in 49 [41].

The thiazole sp2 nitrogen is basic. With lone pair electrons sitting outside of the

aromatic π-system, the thiazole nitrogen may act as a moderately strong hydrogen

bond acceptor, similar to the oxygen of an amide. With a pKa of 2.5 for the

protonated form of unsubstituted thiazole, the nitrogen is typically not protonated

under physiological conditions; however, thiazole basicity is affected by ring

substitution [42]. Typically, 2-, 4-, and 5-position alkyl groups increase basicity

with decreasing potency. For example, the pKa values of protonated 2-, 4-, and

5-methylthiazoles are 3.4, 3.2, and 3.1, respectively. Protonated 2-aminothiazole

has a pKa of 5.4, due to resonance between the exocyclic amine and the conjugated

π system. Protonated benzothiazole and electron-deficient thiazoles, such as

nitrothiazole, are relatively more acidic than thiazole.

2.3 Chemical Reactivity of Thiazoles

Unlike their structurally related oxazole counterparts, thiazoles do not usually react

in cycloaddition reactions, due to their greater aromaticity [43–45]. Unless acti-

vated by electron donating groups (e.g., amino or hydroxyl groups) [46], similar to

Fig. 4 The 2- and 5-positions of thiazole react preferentially with nucleophiles and electrophiles,

respectively

Fig. 5 The predicted N–HC hydrogen bond in pyrazole 49 was successfully replaced by a N–S

electrostatic interaction in thiazole 50
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π-deficient pyridines, thiazoles typically resist electrophilic attack, due in part to

deactivation by the nitrogen [40]. For example, thiazoles are resistant to nitration,

sulfonation, and halogenation in strongly acidic media, because nitrogen proton-

ation depletes ring electron density. The C-2 proton possesses greater kinetic and

thermodynamic acidity [40], relative to those at C-4 and C-5, and may be

deprotonated with alkyl lithium bases [47] and lithium diisopropylamide

[48]. Together with thiazole Grignard reagents [47], C-lithiated species have been

reacted with various carbon electrophiles. The C-2 position is prone to nucleophilic

attack and becomes even more reactive to nucleophiles upon alkylation of the

thiazole nitrogen to give the corresponding thiazolium salts [19].

Appropriately functionalized thiazole derivatives have been substrates in

palladium-catalyzed reactions, such as Suzuki, Stille, Negishi, Sonogashira, as

well as Heck coupling reactions [49, 50], albeit few examples of the latter have

been reported [19]. The thiazole tin and zinc reagents serve, respectively, as

nucleophilic partners in Stille and Negishi cross-coupling reactions. In Suzuki

cross-couplings, however, halothiazoles act typically as the electrophilic compo-

nent, because of the instability of thiazole boronates, especially those with boron at

C-2 [19, 51]. Scalable syntheses of 2-bromothiazole, as well as 2,4- and

2,5-dibromothiazoles from inexpensive commercially available starting materials,

have facilitated the use of metallation and palladium-catalyzed reactions [52].

The Ugi reaction has been exploited for the synthesis of thiazole-containing

peptides, albeit without stereochemical control [53, 54]. After the Ugi reaction and

ester hydrolysis afforded thioamide 53, treatment with triflic anhydride in CH2Cl2
gave thiazole triflate 54, which was employed in a series of palladium-catalyzed

Scheme 12 Synthesis of 5-substituted thiazole peptides via the Ugi reaction
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cross-coupling reactions to prepare thiazoles possessing proton, allyl, acetylenyl

and aryl 5-position substituents (e.g., 55, 56, and 57, Scheme 12) [55].

3 Thiazoles as Peptide Surrogates and Synthetic Building

Blocks

3.1 Thiazoles as Synthetic Building Blocks

There are many useful thiazole synthetic blocks that are commercially available

(e.g., 58–66, Fig. 6). Thiazoles have found wide application within

peptidomimetics, due in part to effective methods for installing substituents at

each of the ring carbons [6, 56–58].

3.2 Thiazoles as Capping Groups in Peptidomimetics

Thiazoles have been used to cap the N- and C-termini of peptides and

peptidomimetics, such as in the anticancer agent dolastatin-10 (68, Fig. 7)

[59, 60]. In the PAR2 agonist 2at-LIGRL-NH2 (67, Fig. 7 2at¼2-aminothiazol-4-

oyl), the aminothiazoyl group was used as a metabolically stable N-terminus cap

[61], which may confer additional chemical and biological stability to the peptide

[62, 63]. Frequently, the thiazole fits neatly into an indentation in the surface of a

protein target, offering interactions with its π cloud or its hydrogen bond accepting

nitrogen (see Sect. 5).

2-Aminothiazole was used as a heterocyclic cysteine surrogate in the develop-

ment of Ras protein C-terminal CAAX tetrapeptide mimetics for the inhibition of

Fig. 6 Useful thiazole-containing synthetic building blocks
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the zinc metalloenzyme farnesyltransferase (FTase, Fig. 8) [64]. In previous stud-

ies, a pyridine group had been successfully employed as a metabolically stable

cysteine mimetic. The 2-aminothiazole was tested as an alternative, because of its

comparable basicity to pyridine, and pronounced properties for forming metal

complexes. Thiazole peptidomimetic 69 inhibited FTase activity (IC50 49 nM)

and rat smooth muscle cell proliferation (IC50 107 μM). Described as a potentially

promiscuous scaffold [65], 2-aminothiazole is a component of some drugs and has

gained significant consideration for employment in drug discovery.

3.3 Thiazole Influences Conformation in Peptidomimetics

Thiazoles exert stereoelectronic effects on adjacent carboxamides that dictate their

conformation [66, 67]. The solid-state structures of six thiazole-5-carboxamide

analogues have been deposited in the Cambridge crystallographic database. The

four thiazole-5-carboxamides 71 possessing a 1,4-relationship between the sulfur

and carbonyl oxygen atom exhibited a S–C–C–O dihedral angle value between

Fig. 7 PAR2 agonist

2at-LIGRL-NH2 (67,

2at¼2-aminothiazol-4-oyl)

and dolastatin-10 (68)

Fig. 8 Based on the

C-terminal Ras protein

tetrapeptide CAAX

sequence, 2-aminothiazole

served as a cysteine mimetic

in FTase inhibitor 69
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11� and 37� and S–O distances that were less than the sum of the van der Waal radii,

suggesting an attractive interaction (Fig. 9). On the other hand, the two thiazole-5-

carboxamides 70 with a 1,4-relationship between the thiazole nitrogen and the

amide carbonyl oxygen had N–C–C–O torsion angle values of 165� and 173�. On
switching locations of the nitrogen and sulfur heteroatoms in thiazole-5-

carboxamides 70 and 71 (Fig. 9), the altered dipole and orbital alignments result

in opposite amide orientations with different three-dimensional electrostatic sur-

faces. These differences translated into opposing agonist versus antagonist activity

in activating a G protein-coupled receptor (GPCR, i.e., the complement C-3a

receptor) on human macrophages [66]. The influence of the heteroatom was

confirmed by locking the heterocyclic amide conformation using fused bicyclic

rings.

Toward the development of potential anticancer agents, peptidomimetics of the

cytotoxic cyclic pentapeptide sansalvamide A (72) were prepared employing

triazole, oxazole, and thiazole rings as amide bond isosteres (Fig. 10) [68]. Replace-

ment of the Leu-Val residue with thiazole (73) gave an analogue with equal

cytotoxicity to the parent sansalvamide A (72). The relative cytotoxicity of the

heterocycle analogues was rationalized on their ability to adopt backbone confor-

mation and side chain presentations similar to the native peptide [68].

4-Amino(methyl)-1,3-thiazole-5-carboxylic acids have served as turn-inducing

constraints in peptides such as an analogue of gramicidin S that maintained strong

antibacterial activity with reduced hemolytic activity [69]. Oligomers of the

4-amino(methyl)-1,3-thiazole-5-carboxylic acids in γ-peptides adopted a right-

handed 9-helix structure [70]. Potent examples of thiazole GPCR ligands include

cholecystokinin-1 (CCK1) agonist SR146131 (74) and antagonist SR27897 (75,

IC50> 0.58 nM CCK; 489 nM CCK2), orally active corticotropin-releasing factor

Fig. 9 The dipole moment

of the thiazole ring can

dictate the conformation of

the neighboring amide

Fig. 10 Sansalvamide A

(72) and its thiazole

analogue 73
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(CRF) antagonist SSR-125543A (76, Ki¼ 2 nM, CRF1), and orally active and brain

permeable neuropeptide Y antagonist J-104870 (77, Y1< 1 nM; Y2,Y4> 10 μM;

Y5 6 μM) (Fig. 11) [71].

Fig. 11 Thiazole-containing GPCR modulators (74–77) and enzyme inhibitors (78–82)

248 J.Y.W. Mak et al.



Thiazoles have served as linkers and capping groups in peptide-mimicking

ligands that inhibit enzymes, for example, in tumor necrosis factor-α converting

enzyme inhibitor 78 (IC50 0.08 μM), cyclin-dependent kinase inhibitor 79

(IC50 40 nM, CDK2), cathepsin K inhibitor 79 (Ki 10 nM), ERK inhibitor 81

(Kd 16 μM, ERK2), and the HIV protease inhibitor ritonavir (80, IC50 ~ 1 nM,

HIV-1 protease) [72].

3.4 Thiazoles as Amide Bond Replacements

Thiazoles have been used as amide bond isosteres. For example, in the development

of inhibitors of apoptosis protein (IAP) antagonists, the proline amide bond of lead

peptide 83 did not make any specific interactions with the target protein (Fig. 12)

[73]. Thus, the amide bond was replaced with thiazole and benzothiazole surrogates

to fine-tune the physicochemical properties. The most potent of these thiazole

analogues (e.g., 84 and 85) had Ki values of 20–60 nM against targeted IAPs.

Thiazoles were used as amide bond replacements in the development of

peptidomimetic oligomers that modulate the activity of human p-glycoprotein
[74]. Linear and cyclic trimer oligomers of (S)-valine-derived thiazole units

5 (R¼ i-Pr, Scheme 1) exhibited low micromolar inhibition of human p-glycopro-
tein. Consistent with being effective amide bond replacements, thiazole-based

amino acids have also been used to construct peptide secondary structures analo-

gous to those of natural amino acids, such as helical oligomers [70, 75], β-strand
mimics [72], and turn mimics [69, 71].

Bi-thiazoles (Fig. 13) may be considered peptide mimics and have served in

enzyme inhibitors, protein-binding motifs, and natural products. For example,

bi-thiazole-2,20-diamines (86 and 87, Fig. 13) compete against peptide substrates

that bind cJun N-terminal kinases (JNKs) [76]. When incorporated into peptide

Fig. 12 Thiazoles as amide replacements in IAP antagonists
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sequences, these scaffolds can restrict conformation. The bi-thiazole natural prod-

uct antibiotic cystothiazole A (88) kills human colon cancer and leukemia cells

(Fig. 13) [77, 78]. Bi-thiazoles occur in other natural products such as

micrococcinic acid (89) and macrocyclic peptides (see section below).

4 Thiazoles in Peptidomimetics and Cyclic Peptides

Thiazoles are present in numerous classes of natural products, particularly alkaloids

and cyclic peptides [1, 3, 79–81]. Only a few thiazole macrocycles can be accom-

modated within the size constraints of this article. The first to be considered here is

largazole (90, Fig. 14), a metabolite from a cyanobacterium that potently inhibits

the growth of triple-negative human breast cancer cells (GI50¼ 7.7 nM) [82–

86]. Largazole features a macrocycle containing a thiazole fused to a

4-methylthiazoline. An octanoyl moiety is attached to the macrocycle by way of

a thioester to the 3-hydroxy-7-mercaptohept-4-enoic acid subunit and serves to

produce a prodrug, which on thioester hydrolysis releases the thiolate that potently

inhibits histone deacetylase enzymes. The thiazole–thiazoline bicyclic unit serves

primarily as a scaffold that orients the other components of the molecule for protein

binding.

Bistratamides (e.g., 91–93, Fig. 15) are a family of thiazole-containing

hexapeptide analogues, which were isolated from the aplouso-branch ascidian

Lissoclinum bistratum [87]. Bistratamides have exhibited antitumour activity

against human colon cancer cells [87]. Their cytotoxicity and that of related

macrocycles are contingent on the variety of L-amino acid, oxazole, oxazoline,

and thiazole components, which leads to different conformational restrictions [88].

Sanguinamides A and B (94 and 96, Fig. 16) are thiazole-containing cyclic

hepta- and octa-peptide analogues. Sanguinamide A has inspired analogues

exhibiting membrane permeation and oral absorption [89–91]. Sanguinamide B

Fig. 13 Bithiazole-2,20-diamines 86 and 87 and bithiazole natural products cystothiazole A (88)

and micrococcinic acid (89)
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analogues have been the subject of synthetic efforts, due in part to their cytostatic

activity [92, 93]. Originally isolated from the sea slug H. sanguineus [91],

sanguinamide A (94) features an isoleucine-thiazole dipeptide surrogate in a

21-member cyclic heptapeptide, cyclo-[Ile(Thz)AlaPheProIlePro]. The total syn-

thesis of 94 enabled NMR studies, which revealed two strong intramolecular

hydrogen bonds between Ala2 and Leu5 rigidify the cyclic peptide, which adopts

a predominant conformation possessing a prolyl amide cis-isomer between Phe3

and Pro4 [90]. Replacement of the thiazole constraint by Ala gave a more flexible

cyclic peptide with conformers due to cis–trans isomerization about the Ile5-Pro6

peptide bond, both retaining the amide cis-isomer between Phe3 and Pro4

[89]. Guided by amide H–D exchange rates and NMR structures, Ala2 was replaced

by the bulkier tBuGly (i.e., 95, Fig. 16) to shield solvent-exposed polar atoms,

substantially increasing oral bioavailability in rats (7–50%) [89]. Sanguinamide B

(96, cyclo-[Pro-Val-(Ala-Thz)Ile-(ProThzOx)]) was also isolated from

H. sanguineus. Featuring two prolyl amide trans-isomers and an unusual

4,2-oxazole-thiazole unit in a 24-member cyclic octapeptide [92], 96 has exhibited

antibacterial (P. aeruginosa) and anticancer activity [92–94].

Other thiazole-containing 24-member cyclic octapeptide derivatives include

urukthapelstatin A (97), patellamide D (98), and ascidiacyclamide (99) (Fig. 17).

Urukthapelstatin A (97) was isolated from Mechercharimyces asporophorigenens
YM11-542 and was characterized by crystallography. The 24-member cycle of 97

contains a sequential oxazole–thiazole moiety that has also been observed in

mechercharstatin and telomestatin [95]. Urukthapelstatin A is a potent inhibitor

of human cancer cell growth (e.g., IC50 12 nM, A549 lung fibroblasts).

Fig. 14 Largazole (90), a thiazole-containing cyclic peptide natural product

Fig. 15 Bistratamides C (91), E (92), and J (93)
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The patellamides are a diverse class of cyclic peptides that exhibit cancer cell

cytotoxicity. Biosynthetically produced by enzymes, they possess various

oxazoline, oxazole, thiazoline, and thiazole moieties [96–98]. For example,

patellamide D (98) and ascidiacyclamide (99) were isolated from Lissoclinum
patella, and both have two thiazole and two oxazoline components that create a

saddle-shaped conformation that bestows metal binding capability [99]. Each thi-

azole nitrogen in the cyclic peptide can coordinate to copper, zinc, calcium, and

potassium to form one or two metal ion complexes [100]. In complexes with two

copper ions, the cyclic peptide can trap carbon dioxide from solution to form a

carbonate bridge between the two metal ions [101]. These cleft-forming thiazole

peptides can also trap small organic molecules in their cavities [2]. Removal of two

of the heterocycles from an ascidiacyclamide analogue completely altered the cleft

structure [102] and inspired the use of thiazoles, oxazoles, and their reduced

analogues to generate other shapes, including cylindrical and conical structures

[103], as well as the preparation of very large macrocycles containing as many as

19 thiazoles and 76 amino acids [104].

There are many larger macrocycles of varying sizes containing thiazoles

(Figs. 18 and 19) that are ribosomally derived from complex gene clusters. Most

Fig. 16 Sanguinamide A (94), tBuGly analogue 95, and sanguinamide B (96)
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notable are the thiopeptide antibiotics, which typically have antibacterial activity

against Gram-positive bacteria, and sometimes anticancer, antimalarial, immuno-

suppressive, and cytotoxic activities at low micromolar concentrations [105]. For

example, micrococcin P1 (100, Fig. 18) incorporates the four-thiazole unit

micrococcinic acid (89, Fig. 13), in a 26-member ring that exhibits antimalarial,

antiprotozoal, antibacterial, and cytotoxic activities [106]. The natural product

GE2270A (101) contains five thiazoles and exhibits potent antibacterial activity

[107]. The antibiotic GE37468A (102) inhibits bacterial protein synthesis.

Containing three thiazoles, a thiazoline, an oxazole, and a proline in a

29-member ring, 102 inhibits the growth of a number of bacteria including Clos-
tridium difficile. An analogue LFF571 [108] is in clinical trials for treating bacterial
infections in the GI tract. Micrococcin P1 (100), GE2270A (101), and GE37468A

(102) all have a central pyridine ring. Thiostrepton A (103, Fig. 19) is a

bis-macrocycle possessing a dehydropiperidine core linked to one macrocycle

comprising of three thiazoles and a thiazoline, a second cycle containing a quinaldic

acid macrocycle, and a bis-dehydroalanine tail. Biosynthesis of 103 involves

21 separate genes. Thiostrepton A has also been made by chemical synthesis

[109]. Demonstrated to be active against breast cancer cells and Gram-negative

bacteria, 103 is an inhibitor of 50S ribosome and 20S proteasome [110], as well as a

valuable tool in molecular biology for gene selection in nucleotide metabolism.

Fig. 17 Thiazole-containing cyclic octapeptide derivatives urukthapelstatin A (97), patellamide

D (98), and ascidiacyclamide (99)
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Although 103 had limited solubility, thiostrepton A is marketed as a drug for

treating mastitis and skin infections in domestic animals. The related

bis-macrocycle, nosiheptide (104, Fig. 19), is a thiopeptide antibiotic from a marine

actinomycete strain that has exhibited potency (MIC 0.25 mg/L) against

methicillin-resistant Staphylococcus aureus (MRSA), drug-resistant clinical iso-

lates, and a virulent strain of Clostridium difficile, but was inactive against most

Fig. 18 Micrococcin P1 (thiocillin, 100), GE2270A (101), and GE37468A (102)
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Gram-negative strains tested [111]. With negligible cytotoxicity against mamma-

lian cells and in vivo activity in a murine model of MRSA infection, nosiheptide is

marketed for veterinary use as an antibiotic, as well as a food preservative.

5 Protein-Binding Thiazoles and Thiazole Drugs

The thiazole ring is present in biologically active molecules and pharmaceuticals

that interact with various proteins [112–114], in part due to the hydrogen bond

acceptor ability and aromatic character of the heterocycle. A search of the protein

data bank found over 200 crystal structures that feature thiazole–protein interac-

tions exhibiting aromatic π–π, π-cation and π-halogen attractive forces. To exem-

plify key molecular interactions that underpin biological properties of thiazole

Fig. 19 Thiostrepton (103) and nosiheptide (104)
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peptidomimetics, eight specific thiazole–protein crystal structures are discussed

below including six inhibitors of kinases, a protease inhibitor, and one example

of a thiazole bound to DNA: 2GQG [115], 3G5D [116], 2Y6O [117], 3BX5 [118],

3IW8 [119], 3QXP [120], 1A61 [121], and 2R2U [122].

5.1 Kinase Inhibition by Dasatinib

Dasatinib (105, Fig. 20a–c) is a kinase inhibitor used to treat chronic myelogenous

leukemia (CML) and other cancers. It features a central 2-amido thiazole-5-

carboxamide component derived from amino acid 111 (Fig. 21).

Dasatinib (105) has been crystallized with several human kinases including

BCR-ABL kinase, the human kinase domain of cSrc, erythropoietin-producing

hepatocellular EphA4 kinase, Lyn protein kinase [123], and Bruton’s tyrosine

kinase [124]. A common feature of most dasatinib structures is that the thiazole

nitrogen acts as a hydrogen bond acceptor that binds to a protein backbone amide

NH, often from a methionine (Fig. 20).

BCR-ABL kinase is activated in chronic myeloid leukemia [115] and inhibited

by the drug imatinib (Gleevec); however, kinase mutation leads to resistance.

Dasatinib (105) is 325-fold more potent than imatinib against wild-type and most

mutant forms of BCR-ABL and interacts in the ATP binding site (Fig. 21a, PDB:

2GQG) flanked by the two classical kinase sub-lobes. The 2-amino thiazole com-

ponent occupies a site normally occupied by the adenine group of ATP. The

2-chloro-6-methyl phenyl moiety binds within a hydrophobic site formed by

M290, V299, T315, and K217. The thiazole nitrogen and the proton of its

2-amido nitrogen form respectively hydrogen bonds with the amide and carbonyl

oxygen of Met318. A hydrogen bond is also made between the hydroxyl oxygen of

Thr315 and the thiazole 5-carboxamide NH of dasatinib. The terminal

hydroxyethyl group contacts the backbone carbonyl oxygen of Tyr320 via a

hydrogen bond. Comparison of the crystal structures of dasatinib and imatinib

bound, respectively, to BCR-ABL led to the suggestion that the higher kinase

affinity of the former was due to its ability to recognize multiple states of the

enzyme [115].

The kinase cSrc is overexpressed in certain tumors such as glioblastoma, gas-

trointestinal, and prostate cancers [125–127]. The duration of action of cSrc

inhibitors is compromised by the development of drug resistance due to the buildup

of substrate pressure on the kinase. Crystallographic analysis of dasatinib (105)

bound to the human kinase domain of cSrc facilitated development of more

effective kinase inhibitors by showing that a T388M mutation, involving a change

from a hydrogen bond acceptor side chain to a larger hydrophobic side chain,

abolished an important hydrogen bond and caused a steric clash with the known

inhibitors (Fig. 21b, PDB: 3G5D) [116].

Erythropoietin-producing hepatocellular kinase EphA4 is associated with axon

growth and angiogenesis [128, 129]. Among fourteen known human Eph receptors,
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Fig. 20 Interactions between thiazole-containing molecules and their targets in crystal structures:

(a–c) dasatinib (105) bound to BCR-ABL kinase (PDB: 2GQG), the human kinase domain of cSrc

(PDB: 3G5D), and human EphA4 kinase (PDB: 2Y6O); (d) inhibitor 106 bound to p38α MAP

kinase (PDB: 3BX5); (e) inhibitor 107 bound to p38αMAP kinase (PDB: 3IW8); (f) inhibitor 108

bound to Cdk2 kinase (PDB: 3QXP); (g) inhibitor 109 bound to thrombin (PDB: 1A61); (h)

intercalating agent 110 bound to DNA (PDB: 2R2U)

111

Fig. 21 The central thiazole amino acid of dasatinib

Thiazoles in Peptides and Peptidomimetics 257



EphA4 is overexpressed in a range of malignant carcinomas, including gastric

cancer [130], prostate cancer [131], and cutaneous lymphomas [132]. Crystallo-

graphic analysis of the broad-spectrum kinase inhibitor dasatinib (105) bound to

EphA4 revealed a network of hydrogen bonds between the thiazole ring nitrogen

and Met702 amide NH, between the thiazole 2-amido NH with the carbonyl oxygen

of Met702, and between the thiazole 5-carboxamide NH and the side chain

hydroxyl oxygen of Thr699 (Fig. 21c, PDB: 2Y6O) [117]. Similar to the binding

modes of the kinases described above, the 2-chloro-6-methyl phenyl ring is accom-

modated in a hydrophobic pocket, and the hydroxyethyl piperazine is mainly

solvent exposed.

5.2 p38α Kinase Inhibitors

Mitogen-activated protein kinase p38α (MAPK14) plays an important role in

inflammatory stress and conditions such as rheumatoid arthritis, by causing the

up-regulation of pro-inflammatory cytokines, such as TNFα and IL-1β [133]. Iter-

ative structure-activity relationship studies have led to the development of a potent

and selective MAPK14 inhibitor BMS-640994 (106, IC50 3.5 nM, [118])

[134]. Crystallographic analysis of the inhibitor-kinase structure has revealed the

importance of the amido thiazole carboxamide moiety for the binding of 106 to

MAPK14. Stationed in a small hydrophobic pocket lined by Y35 and L167, the

thiazole engages in a hydrogen bond with its ring nitrogen to the backbone NH of

Met109, and with the amide at its 2-position with the carbonyl of Met109. The

linker amide H forms a hydrogen bond with side chain hydroxyl oxygen of T106. In

addition, the C-terminal carboxamide of 106 interacts in hydrogen bonds with

Glu71 and Asp168 (Fig. 21d, PDB: 3BX5). From such information, orally bio-

available inhibitors were designed exhibiting anti-inflammatory activity in rodent

models of inflammatory disease.

Thiazole urea 107 binds an allosteric site of human p38α MAP kinase in a way

that stabilizes an inactive conformation (Fig. 21e, PDB: 3IW8). In the crystal

structure, the thiazole ring of 107 does not contribute to hydrogen bonding inter-

actions with p38αMAP kinase, but forms a π–π contact with F169 [119]. Moreover,

the thiazole serves as a pivot that orients the 3-chloro-4-fluoro-phenyl ring toward a

hydrophobic pocket, the urea moiety to form two hydrogen bonds with backbone

NH of Asp168 and Glu71, and the benzyl ether into a second pocket surrounded by

I84, T106 and K53, which are proximal to the gatekeeper residues.

5.3 Cyclic Dependent Kinase Inhibitor

Cyclin-dependent kinases (CDK) are a group of Ser/Thr protein kinases that are cell

cycle regulators and targets for drug design [135]. Diaminothiazole 108 (IC50
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20 nM) proved to be a potent inhibitor of CDK2. In the crystal structure of 108

bound to CDK2, the diamino thiazole is anchored by hydrogen bonds to Glu81 and

Leu83; places the ortho-nitro phenyl ketone into a hydrophobic pocket consisting

of Val18, Ala31, and Lys33; and serves as a hinge-binding scaffold that extends the

benzenesulfonamide residue outward to engage in polar interactions in a pocket

composed of Gln85, Asp86, and Lys89 (Fig. 21f, PDB: 3QXP).

5.4 Thrombin Inhibitor

Thiazoles have been incorporated into inhibitors of many proteases. For example,

thrombin is a serine protease involved in blood coagulation. In the crystal structure

of thrombin bound to inhibitor 109, the thiazole occupies the S10 pocket surrounded
by side chains of Cys42, His57, Try60A, Trp60D, and Lys60F (Fig. 21g, PDB:

1A61) [121].

5.5 DNA-Binding Thiazole

A crystal structure for of 110 bound to the 50-GT containing oligonucleotide d

(ATTTAGTTAACTAAAT)2, the bithiazole moiety intercalates between T7 and

T9, interfering with stacking of DNA bases, and plays an essential role in DNA

cleavage (Fig. 21h, PDB: 2R2U). Thiazoles are often components of

DNA-intercalating dyes and other fluorescent dyes, especially when conjugated

with aromatic rings that impart useful fluorescence properties [136].

5.6 Thiazole-Containing Drugs

Among FDA-approved drugs that contain thiazole (105, 112–133, Figs. 22 and 23

show twenty-three representative examples), about half are β-lactams that target a

penicillin-binding protein, and the remainder target a variety of human and viral

enzymes, GPCRs and DNA. Relatively stable from a biological perspective, thia-

zole drugs have been found to be prone to ring oxidation, as illustrated by the

oxidative epoxidation across the C-4–C-5 double bond of 134 (Scheme 13)

[137]. Metabolism proceeds by spontaneous rupture of epoxide 135 to form diol

136, which further ring opens to give dicarbonyl 137 and thioamide 138, both of

which may be further metabolized [138–140].

Ring oxidation was retarded by the addition of substituents at the thiazole C-4

and C-5 positions [141, 142]. For example, the metabolism of the thiazole-

containing drug sudoxicam (139, Fig. 24) caused oxidative ring opening in vivo
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in rat, dog, and monkey [143]. The addition of a methyl group to the thiazole

5-position of 139 gave meloxicam (128) and switched the oxidative metabolism to

the methyl group without epoxidation of the heterocycle leading to little to no ring-

opened metabolites [144, 145].

Fig. 22 Lactam-based thiazole-containing antibiotics (112–124) that target penicillin-binding

protein in bacteria cell walls
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Fig. 23 Non-lactam thiazole-containing drugs (105, 125–133), their uses (in parentheses), and
protein targets (in italics) gathered from http://www.drugbank.ca/

Scheme 13 Oxidative metabolism of thiazoles to give dicarbonyl and thioamide metabolites

Fig. 24 Sudoxicam (139) and 5-methyl analogue, meloxicam (128)
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6 Concluding Remarks

The thiazole ring is present in many peptidic natural products and peptidomimetics.

This article has illustrated commonly used approaches to synthesize thiazole

derivatives, described their key electronic properties, and highlighted their most

important chemical reactivities. A particular focus has been on uses of thiazoles in

synthetic peptidomimetics, for example, as a peptide capping group, an amide bond

replacement, or a conformational constraint. Importantly, the thiazole ring is the

most common five-membered heterocycle present in FDA-approved drugs,

strongly supporting future development of additional thiazole-based

peptidomimetics. To this end, this perspective assessment of currently known

thiazole analogues provides a valuable platform for building new thiazole-based

peptidomimetics for the future.
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142. Barreiro EJ, Kümmerle AE, Fraga CAM (2011) Chem Rev 111:5215

143. Hobbs DC, Twomey TM (1977) Drug Metab Dispos 5:75

144. Schmid J, Busch U, Trummlitz G, Prox A, Kaschke S, Wachsmuth H (1995) Xenobiotica

25:1219

145. Obach RS, Kalgutkar AS, Ryder TF, Walker GS (2008) Chem Res Toxicol 21:1890

266 J.Y.W. Mak et al.



Top Heterocycl Chem (2017) 48: 267–304
DOI: 10.1007/7081_2015_192
# Springer International Publishing Switzerland 2015
Published online: 14 December 2015

Advances in Merging Triazoles with Peptides

and Proteins

Frederik Diness, Sanne Schoffelen, and Morten Meldal

Abstract Five-membered heterocycles have found extensive use as peptide- and

disulfide-bond mimics in peptidomimetics. The application of 1,4- and

1,5-substituted 1,2,3-triazoles has been particularly favored due to their ease of

preparation by a variety of “click” methods including the copper(I)-catalyzed

azide–alkyne cycloaddition (CuAAC) and the ruthenium-catalyzed azide–alkyne

cycloaddition (RuAAC) reactions. These heterocycles are electronically similar to

amide bonds and have provided both functional and structural analogues of biolog-

ically active peptides. One advantage of triazole ring amide surrogates is their

stability toward natural enzyme activity. The quantitative and orthogonal nature of

the CuAAC reaction has facilitated its use in peptide macrocyclization reactions.

The CuAAC reaction is particularly useful to replace disulfide bonds in order to

stabilize bioactive conformations of biologically active peptides. Metal-free cyclo-

additions promoted by ring strain (SPAAC) have been favored for labeling in living

systems in which transition metals are poorly tolerated. A range of in vivo biomo-

lecular “click” reactions have demonstrated the versatility of SPAAC reactions in

living cells and even multicellular organisms. Although azides and alkynes can

conveniently be introduced in peptides during synthesis, site-specific incorporation

of these functional groups into proteins is more challenging. A variety of methods

has been developed to make these reactive precursors, including residue-specific

replacement and genetic code expansion. Recent developments of new ligands and

catalysts for the CuAAC reaction have further contributed to the promising possi-

bilities that triazoles provide for future applications in the peptide and protein field.
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1 Introduction

Peptides and proteins, which consist of oligomers of amino acids joined by amide

bonds, are among the most abundant classes of biomolecules. In nature, their

variety of functions ranges from structural matrices (e.g., collagen and silk) to

functional machinery (e.g., receptors and enzymes) [1]. They are also present in a

wide variety of toxins, hormones, and other signaling molecules. Their rich prop-

erties are tailored by their composition from the 20 canonical amino acids, as well

as posttranslational biochemical modifications. The rigid amide bond, the chirality

of the amino acids, and the great spectrum of side-chain functionality are here key

features that influence the form and function of both peptides and folded proteins

alike. The amide bond is well designed to be stable under most physiological

conditions, yet easily formed and cleaved by enzymatic reactions to allow for

efficient recycling of the amino acid monomers. Altogether, these properties,

arising from Nature’s powerful evolutionary selection process, explain why pep-

tides and proteins are among the core functional biomolecules in life.

Performing essential roles in all processes of life, peptides and proteins are

intriguing and highly relevant subjects of investigation both from a scientific and

a pharmaceutical perspective. The inherent conformational flexibility of peptides,

as well as their lack of enzymatic stability, has however frequently limited the

direct use of peptides and proteins as research tools and pharmaceuticals. A

valuable strategy for addressing these problems has been to employ

peptidomimetics. Peptidomimetics are defined by general consensus as peptide-
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like compounds with regard to structure, function, and chemical/physical properties

[2]. Typically, peptidomimetics are generated from the combination of natural

and/or artificial amino acids with other organic moieties. In this way, peptide-like

compounds are produced, which are able to mimic the binding and activity of

peptides in vitro and in vivo.

A variety of five-membered heterocycles has been employed as peptide surro-

gates in order to lock the chain into a particular conformation and to enhance

resistance toward proteolytic enzyme digestion. As shown in Fig. 1, these five-

membered heterocyclic structures can mimic both trans- and cis-amide

conformations.

Triazoles, belonging to the group of five-membered heterocycles, have been

found useful for peptide mimicry. The triazole heterocycle can accommodate three

substituents in four possible substitution patterns each bearing a group on one of the

three nitrogen atoms (Fig. 2). Surveying the scientific literature reveals that both

1,2,3-triazoles and 1,2,4-triazoles have been applied as triazole peptidomimetics.

Initially, peptidomimetics based on 1,2,4-triazoles [3, 4] were investigated. How-

ever, today the 1,2,3-triazole accounts for almost all of the reported triazole

peptidomimetics, and among these the 1,4-disubstituted 1,2,3-triazole has

dominated.

Triazoles have entered the peptide field by three distinct waves of innovation.

These illustrate the importance of methods to access heterocycles and for facilitat-

ing their incorporation into peptidomimetics. The first examples of triazole

peptidomimetics became available by using relatively classical condensation chem-

istry to generate 1,2,4-triazoles from amino acids [3, 4]. In 2001, the discovery of

the copper(I)-catalyzed 1,3-dipolar cycloaddition of azides and alkynes (CuAAC

reaction) by Tornøe and Meldal revolutionized the synthesis and application of

1,2,3-triazole peptidomimetics [5]. Subsequently, the CuAAC reaction penetrated

all fields of organic chemistry and became a mainstay in the peptide field. Interest in

the use of the azide–alkyne cycloaddition in protein chemistry and chemical

biology initiated the third wave of innovation in the triazole field. Due to toxicity,

the application of metal catalysis was initially neither feasible for in vitro nor

Fig. 1 Five-membered

heterocycles as peptide

surrogates in

peptidomimetics

Fig. 2 Substitution patterns

for 1,2,3-triazole and 1,2,4-

triazole rings
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in vivo applications. Hence, the catalyst-free strain-promoted 1,3-dipolar cycload-

dition of azides and alkynes (SPAAC) was elaborated, which has advanced the use

of triazoles for biological applications [6].

The field of triazole peptidomimetics has been reviewed from different perspec-

tives [7–16], and the chemistry for triazole synthesis has been extensively reviewed

[8]. Hence, in this chapter, we present and discuss the generation and application of

triazole peptidomimetics as well as the use of triazoles in protein science. Focus is

on a selection of significant, state-of-the-art studies, because including all examples

would extend beyond the scope of this review. In the sections concerning only

1,2,3-triazoles, the term “triazole” is used in most parts of the chapter to denote a

1,4-disubstituted 1,2,3-triazole, and the term “1,5-disubstituted triazole” is used

instead of “1,5-disubstituted 1,2,3-triazole”.

2 1,2,4-Triazoles as Peptidomimetics

The 1,2,4-triazole may be incorporated into the peptide backbone to act as an amide

bond surrogate of the trans- or cis-isomer. Initially, 3,5-disubstituted 1,2,4-triazoles

were synthesized from amino acids to serve as dipeptide mimics [4, 17, 18]. The

3,5-disubstituted 1,2,4-triazoles may be considered amide bond isosteres with

trans-conformation, as confirmed by X-ray crystallography, which revealed the

structure of a strand motif in which the 1,2,4-triazole unit made intermolecular

hydrogen bonds with neighboring peptides [4]. The 1,2,4-triazole dipeptide

mimetics (3) were synthesized from N-protected amino acids (1) without

epimerization of the stereochemistry of the α-carbon (Scheme 1) [4]. On saponifi-

cation of the C-terminal ester 3, the carboxylic acid was however prone to decar-

boxylation resulting in low yields and, in some cases, isolation of only the

decarboxylated triazole 4 [17, 18]. Despite this challenge, a 1,2,4-triazole dipeptide

mimetic was applied in the synthesis of endothelin-converting enzyme inhibitor

5 [17].

The related 3,4-disubstituted 1,2,4-triazoles have been explored as amide bond

cis-isomer surrogates [19, 20] and used to determine the overall conformation

responsible for the antitumor activity of bicyclic peptide natural products (e.g.,

10, Scheme 2). 3,4-Disubstituted 1,2,4-triazoles have been generated from

Scheme 1 Synthesis and application of 3,5-disubstituted 1,2,4-triazole dipeptide mimetic
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thioamides (e.g., 8) on reaction with formic hydrazide and mercury acetate

[19, 20]. The thioamides were synthesized by coupling thiocarbonyl benzotriazole

6 onto the N-terminus of dipeptide 7 or by regioselective thionation of the natural

peptide RA-VII (11) with Lawesson’s reagent.
The reaction of thioamides and hydrazides has also been applied to the synthesis

of 3,4,5-trisubstituted 1,2,4-triazole dipeptide derivatives (e.g., 15, Scheme 3)

[3, 21]. Subsequently, the less toxic silver benzoate has been used instead of

mercury acetate for the synthesis of aspartate-derived 1,2,4-triazole 18 (Scheme 3)

[22, 23].

Scheme 2 Synthesis and application of 3,4-d‘isubstituted 1,2,4-triazole peptidomimetics

Scheme 3 Synthesis of 3,4,5-trisubstituted 1,2,4-triazole derivatives
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3 Methods for the Synthesis of 1,2,3-Triazole

Peptidomimetics

The methods for synthesizing 1,2,3-triazoles as well as the detailed reaction

mechanisms of triazole formation have been reviewed elsewhere [8, 24–28]. For

peptidomimetic chemistry, few methods of 1,2,3-triazole synthesis have been

investigated and only a couple have shown broad utility. Nearly all syntheses of

the 1,2,3-triazole heterocyclic core have relied on 1,3-dipolar cycloadditions. The

most common synthons used for the generation of 1,2,3-triazoles have been azide

and alkyne derivatives. A few recent reports have described the use of alkene

instead of alkyne derivatives (see Sect. 3.5). Alternative strategies for 1,2,3-triazole

formation have been absent to date, due to the relatively lower efficiency for

combining two fragments by ring-closing reactions forming N–N and sp2 C–C

bonds. By comparison, formation of two C–N bonds is more effective for the

assembly of 1,2,3-triazoles (Scheme 4).

One advantage of the 1,3-dipolar cycloaddition between organic azides and

alkynes is reaction efficiency under both thermal and catalytic conditions (for

exceptions see Sect. 3.4) [29]. Moreover, both azide and alkyne may be incorpo-

rated into the same molecule prior to intramolecular triazole formation leading to

macrocyclization. Another advantage is the relative inertness of organic azides and

alkynes toward other reaction conditions, including base- and acid-promoted nucle-

ophilic chemistry [27]. These properties have provided a powerful and versatile

research platform for application of 1,2,3-triazoles combined with peptides and

proteins. A variety of different methods for triazole formation have been developed

to compensate for differences in the reaction environment, the nature of targeted

triazole structure, and the function of the triazole. An overview of the different

methods is given in Scheme 5.

Scheme 4 Retrosynthesis of 1,2,3-triazoles

Scheme 5 Overview of 1,3-dipole cycloadditions with azides for the synthesis of disubstituted

(top) and trisubstituted (bottom) triazole peptidomimetics
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3.1 The Huisgen Reaction

The thermal 1,3-dipolar cycloaddition (Huisgen reaction) of organic azides and

alkynes was extensively explored by Rolf Huisgen [30, 31]. The reaction was found

to be high yielding but required elevated temperatures and long reaction times

[31]. In general, the reaction leads to a mixture of 1,4- and 1,5-regioisomers, which

were often difficult to separate. Consequently, the reaction gained marginal interest

for the synthesis of peptidomimetics. A few examples of intramolecular ring-

closing Huisgen reaction have been reported including the reaction of azide derived

from bromide 19 to selectively form 1,5-regioisomer 20, which was converted to

dipeptide mimetic 21 by amide bond hydrolysis (Scheme 6) [32]. Triazole 21 was

employed in the synthesis of peptoid 22, which adopted a hairpin structure.

In the synthesis of analogues of the natural product apicidin (26), a Huisgen

reaction gave the desired macrocycle, albeit as a 2:1 mixture of 1,4- and the

1,5-regioisomers 24 and 25 in low yield (Scheme 7) [33].

3.2 Copper(I)-Catalyzed Azide–Alkyne Cycloaddition
(CuAAC)

The copper(I)-catalyzed 1,3-dipolar cycloaddition of organic azides and terminal

alkynes (CuAAC reaction) was discovered by the Meldal group during exploration

of solid-phase copper(I)-catalyzed couplings of peptide alkynes with azido acid

Scheme 6 Synthesis of dipeptide triazole 21 by Huisgen reaction

Scheme 7 Synthesis of a 1,4- and 1,5-regioisomer mixture of apicidin analogues using thermal

conditions for 1,2,3-triazole formation
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chlorides [5, 34]. The catalytic effect of copper(I) enhanced the reaction rate by a

factor of 107 compared to the non-catalyzed Huisgen reaction. The copper catalyst

empowered 1,3-dipolar cycloaddition at room temperature and reduced reaction

time from days to minutes. In addition, the CuAAC reaction was found to be

regioselective giving 1,4-disubstituted triazole only (Scheme 8).

Copper iodide was initially applied as the copper(I) source in combination with

DIPEA in DMF. However, occasional undesired iodination under these conditions

led to examination of copper bromide and other copper(I) salts in later procedures

[35]. For example, Cu(I) acetate [36] and dinuclear Cu(I) complexes [37] have been

used in efficient CuAAC-catalyst systems.

In 2002, the Sharpless group independently reported the CuAAC reaction. In this

case, copper(I) was generated in situ from copper(II) sulfate and ascorbic acid

[38]. This aqueous method has also proven to be suitable for the synthesis of

triazole peptidomimetics. For example, ligation of azide- and alkyne-functionalized

amido amides (e.g., 31 and 32) gave triazoles 33, certain (n¼ 3) of which were

shown to adopt β-hairpin structure (e.g., 34) by 2D NMR studies (Scheme 9) [39].

In spite of significant progress in mechanistic studies, including finding that

more than one copper atom is involved in the reaction transition state, the reaction

mechanism for the CuAAC reaction has yet to be fully elucidated [8, 40]. Optimiz-

ing the reaction conditions has shown that inert atmosphere or addition of mild

reductive agents may be beneficial in order to avoid oxidation of the catalytic

copper(I) to inactive copper(II), as well as oxidative side reactions. Copper-

coordinating ligands such as tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine

(TBTA) (38, Scheme 10) may also enhance reactivity by preventing copper(I) oxi-

dation and disproportionation and may influence the ratio of intra- versus

intermolecular reactions [41–45]. For example, cyclization of azido alkyne 35

Scheme 8 First reported formation of a 1,2,3-triazole peptidomimetic

Scheme 9 CuAAC generated 1,2,3-triazoles and their use as turn mimetics in β-hairpin structure
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using the CuAAC reaction gave a 10:1 ratio of macrocycle 36 to dimer 37 in 88%

yield in the presence of TBTA, but only 3% yield without ligand (Scheme 10) [46].

3.3 Ruthenium(II)-Catalyzed Azide–Alkyne Cycloaddition
(RuAAC)

The success of the 1,4-regioselective CuAAC reaction stimulated the subsequent

development of a 1,5-selective equivalent. The groups of Jia and Fokin mutually

solved this challenge by using ruthenium(II) as catalyst to favor 1,5-regioioisomer

formation in reactions with terminal alkynes [47–49]. The so-called RuAAC

reaction is also applicable to disubstituted alkynes at elevated temperatures

[50]. The RuAAC reaction has been employed for generation of larger

peptidomimetics but most commonly for the synthesis of dipeptide mimics,

which were used subsequently as building blocks for incorporation into peptides

(see e.g., Scheme 19 in Sect. 3.6). A different example is the synthesis of lactam 40,

which gave 58% yield under optimal conditions, albeit accompanied by substantial

amounts of dimer 41 (Scheme 11) [51].

A vancomycin bis-1,5-triazole analogue 43 has also been synthesized in 40%

isolated yield by a double RuAAC macrocyclization. The reactions were proven to

be completely regioselective, and the product (43) was able to bind the D-Ala–D-

Ala sequence targeted by vancomycin (44), albeit without exhibiting antibacterial

activity (Scheme 12) [52].

Scheme 10 Markedly improved yield of a cyclic peptide mimetic using TBTA as ligand in

CuAAC reactions

Scheme 11 Synthesis of a cyclic peptidomimetic by RuAAC reaction
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3.4 Strain-Promoted Azide–Alkyne Cycloaddition (SPAAC)

The potential of azide–alkyne cycloaddition reactions for bioorthogonal transfor-

mations gained attention due to the stability of azides and alkynes under physio-

logical conditions. The application of metal catalysts was however prohibited by

their toxicity and the reduced catalyst stability in oxygen containing biological

environments. Bertozzi and coworkers avoided metal catalysis by employing ring

strain to distort and polarize the triple bond (e.g., 45, Scheme 13) [6, 53,

54]. Although the so-called strain-promoted azide–alkyne cycloaddition

(SPAAC) has not been employed in peptidomimetic synthesis, this triazole-forming

reaction has been used to study the chemical biology of a range of protein substrates

[55] (Sect. 5.2).

3.5 Other Methods

Phosphorane-based 1,3-dipolar cycloadditions of the enols of phosphorous ylides

(e.g., 51) and azido dipeptides have been used to make 1,5-disubstituted triazole

peptidomimetics by the Rademann group (Scheme 14) [56]. Cyclic peptides were

similarly made by employing N-terminal azido peptides bound to phosphorous

ylide solid support [57].

Scheme 12 RuAAC reactions in the synthesis of a vancomycin analogue 43

Scheme 13 The catalyst-free SPAAC reaction employed for bioorthogonal conjugation in vitro

and in vivo
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Another approach to triazole peptidomimetics employs multicomponent reac-

tions. For example, bis-triazole peptidomimetic 61 has been prepared in 64% yield

by a three-step procedure featuring a three-component triazole formation to alkyne

60, a Ugi four-component reaction to azide 61, and their combination by a final

CuAAC reaction (Scheme 15) [58]. Key to the synthesis of 61 was the three-

component triazole formation between azide 53, diketene 54, and propargyl

amine 56, because it permitted incorporation of a terminal alkyne into triazole 60

for a subsequent CuAAC reaction to form the second triazole. 1,2,3-Triazoles have

also been synthesized from reactions of azides with alkenes, enamines, and enols

[25]; however, these approaches have yet to be used for peptidomimetic synthesis.

Scheme 14 1,5-Disubstituted triazole peptidomimetic synthesis by phosphorane-based 1,3-dipo-

lar cycloaddition

Scheme 15 Three-step, one-pot assembly of peptidomimetic 61 by combination of

multicomponent and CuACC reactions
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3.6 Oligomer Synthesis and Solid-Phase Synthesis

Inspired by the ability to synthesize larger oligomers using peptide chemistry,

several methods have been developed for the synthesis of triazole peptidomimetic

oligomers. Oligomers have been synthesized on solid phase and in solution by

employing substituted N-Boc-propargyl amines derived from amino acids in repet-

itive CuAAC reaction/Boc removal/diazotransfer sequences (e.g., 66 and 67,

Scheme 16) [59]. By 2D-NMR studies, these compounds were shown to adopt

extended structures with the neighboring triazoles pointing in opposite directions

[60, 61]. Some compounds were found to be protease inhibitors, albeit with low

potency [62].

Masking of the terminal alkyne with a trimethylsilyl group has also been applied

in methods to generate oligomers. Initially, the strategy was used to mask one

alkyne in substrate 68 during CuAAC reaction on another (Scheme 17) [63]. Silyl

group removal and sequential coupling of a second azido dipeptide provided

selective access to oligomer bis-triazole 70.

Employing alkyne masking with the trimethylsilyl group to building blocks also

containing an azido group enabled synthesis of triazole oligomers (e.g., 71, n¼ 3)

by sequential CuAAC reactions and silyl group removals (Scheme 18) [64].

1,5-Disubstituted triazole oligomers have also been generated by peptide cou-

plings of a triazole-containing dipeptide building block (Scheme 19) [65]. Building

block 75 was generated by the RuAAC reaction followed by either Boc removal or

ester hydrolysis.

Scheme 16 Solution-phase and solid-phase synthesis of amino acid-derived triazole oligomers
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4 Structures, Roles, and Applications of Peptide 1,2,3-

Triazoles

4.1 The 1,2,3-Triazole as Backbone Amide Bond Surrogate

Triazoles are effective as surrogates for amide bonds, because of their similar size

and dipole moment. The 1,4-disubstituted triazole may mimic the trans-amide bond

and bear either the C- or N-terminal residue at the substituted nitrogen (N-1) giving

rise to C–N or N–C orientations, respectively (Fig. 3). Compared to the backbone of

a native dipeptide, the chain of the triazole mimic possesses an additional atom

[12, 66]. For the C–N type, this results in a 1.2 Å longer distance of about 5 Å
between the two α-carbons, such that rotation around the bonds to the triazole

1- and 4-positions may be needed in order to mimic original side-chain

interactions for binding to protein targets [67, 68].

The dipole moment of 1,2,3-triazoles is strongly impacted by their substitution

pattern [69]. 1,4-Disubstituted triazoles exhibit dipole moments calculated to be

around 5 D [66], which is higher than many other azole derivatives [70] and

comparable to that of an amide bond (3.7–4.0 D). The direction of the dipole points

Scheme 17 Chemoselective triazole formation using trimethylsilyl alkyne in CuAAC reaction

Scheme 18 Trimethylsilyl masked alkyne–azide building blocks in the synthesis of triazole

oligomers

Scheme 19 Synthesis of 1,5-disubstituted triazole dipeptide mimetic and oligomers
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from the 5-position and to a position between N2 and N3 of the triazole ring [71]

suggests that the proton in the 5-position may act as an electron acceptor and that

both N2 and N3 may act as donors in hydrogen bonds. Electronically,

1,4-disubstituted triazoles constitute ideal mimics of amide bonds in peptides, in

part because their dipole moments orient in the same direction (Fig. 4).

In the crystal structure of a 33 amino acid α-helical coiled coil peptide (pLI-GCN4)
possessing a C–N triazole dipeptide mimic, the α-helical secondary structure was

maintained, and hydrogen bondswere observed from the triazoleC5 hydrogen, aswell

as to the 2- and 3-position nitrogen [72]. Some distortions from the native helical coil

were detected in all constructs (Fig. 5a, b), which are likely to account for the lower

thermal denaturation values and less-ordered crystal structures. For one of the con-

structs, a favored extended 1,4-disubstituted triazole backbone caused a frameshift

from one helix to the next in the four-helix bundle (Fig. 5b).

With the aim to develop inhibitors toward a recombinant Leishmania mexicana
cysteine protease, the Meldal group incorporated N–C triazoles into a peptide

library from which hits with nanomolar activity were discovered (Fig. 6)

[73]. Sequence alignment with the known protease substrate (77) indicated that

the triazole (e.g., 79) bound to the S3–S2 site instead of the S1–S1
0 binding site

[74]. Triazole peptidomimetics may thus bind strongly to protein targets in ways

different from the native peptide, due to their extended backbone and mismatch of

side-chain orientations.

A 1,4-disubstituted N–C triazole was introduced into a mimic of the antimicro-

bial BP100, which exhibited increased stability toward proteolytic digestion, albeit

activity toward the pathogenic strains was severely reduced compared to native

BP100 [75].

As surrogate for backbone amide bonds, 1,5-disubstituted 1,2,3-triazoles posi-

tion the two α-carbons at a distance of 3.0 Å, which closely resembles the 3.2 Å

Fig. 3 Conformational mimics of peptide bonds using 1,2,3-triazoles

Fig. 4 Dipole and electron donor/acceptor properties of 1,4-disubstituted triazole trans-amide

bond peptidomimetics
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distance of a native dipeptide cis-amide bond conformation (Fig. 7) [12]. The C–N

type of 1,5-disubstituted 1,2,3-triazole separates the N- and the C-terminal residues

by four chain atoms equivalent to a native dipeptide unit; however, the dipole

Fig. 6 The P1–P1
0 binding of substrate and triazole peptidomimetics to Leishmania mexicana

cysteine protease

Fig. 5 Crystal structures of two α-helical triazole peptidomimetics
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direction is reversed compared to that of the native cis-amide bond (Fig. 7). The

N–C type of 1,5-disubstituted 1,2,3-triazole has the same dipole direction, but in

order to be chemically stable, an additional carbon atom is needed in the dipeptide

unit.

The 1,5-disubstituted 1,2,3-triazole has been less explored than its

1,4-disubstituted counterpart as backbone element. In one application, a fully

functional RNase A mimic with identical properties to the native enzyme was

created by replacement of the native asparagine–proline dipeptide turn sequence

(80) with Asp-[1,5-triazolyl]-Ala motif 81 (Fig. 8) [76]. The 1,5-disubstituted

triazole mimetic was initially generated as a dipeptide building block and incorpo-

rated into the enzyme by a combination of protein expression, solid-phase synthe-

sis, and native chemical ligation. Similarly, introduction of Asp-[1,4-triazolyl]-Ala

motif 82 also gave a fully functional enzyme, however, with a reduced thermal

stability toward denaturation. Hence, the presented example demonstrated the

1,5-disubstituted C–N-type triazole to be a good structural mimic of the cis-prolyl
bond. The absence of an electron-accepting proton in the prolyl amide bond may

favor mimicry by the 1,5-disubstituted triazole.

4.2 Cyclic Peptides

Both 1,4- and 1,5-disubstituted 1,2,3-triazoles have been applied in the synthesis of

cyclic peptides. The first example was a side-chain to side-chain cyclization of a

potential agonist of the G protein-coupled melanocortin-4 receptor (84, Scheme 20)

[77]. The cyclization was conducted while the peptide was still attached to the solid

support, and to illustrate chemical orthogonality with peptide functional groups, the

CuAAC reaction was performed successfully with and without protecting groups in

79% and 76% yields, respectively.

Although orthogonal chemistry empowers linear peptide synthesis followed by

selective ring-closing reaction using the CuAAC reaction, the presence of both

Fig. 7 Dipole and electron

donor/acceptor properties of

1,5-disubstituted triazole

cis-amide bond

peptidomimetics

Fig. 8 Stabilization of turn

structure by C–N 1,5- and

C–N 1,4-disubstituted

triazole peptidomimetics
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alkyne and azide on the same linear precursor does not always lead to the desired

macrocycle, because triazole formation may occur both intra- and intermolecularly.

Cyclodimers have been the major and even exclusive side products from both long

and short peptides synthesized on solid phase and in solution. Investigating the

effect of peptide length on the preference for formation of cyclic monomer 86

versus cyclic dimer 87 (Scheme 21), short and long peptides, both were found to be

more prone to cyclodimerization than peptides of midrange length [78]. Ring strain

during cyclization and potential to form intra- and intermolecular backbone hydro-

gen bonds play important roles in pairing of azide and alkyne components. For

example, in longer peptides the formation of antiparallel dimers of β-strands during
reaction may account for the high degree of dimer formation [79]. In addition to

peptide length and structure, the reaction solvent and resin properties may influence

ring closure [80].

The amino acid composition of the linear precursor may also influence the

cyclization reaction. For example, tetrapeptide 88 possessing two proline residues

yielded macrocycle 89 in 70% yield without dimerization (Scheme 22) [35]. On the

other hand, attempts completely failed to form 89 by ring closure using peptide

coupling of triazole-containing linear precursor 90. Cyclization of tetrapeptides by

peptide coupling is known to be difficult [81, 82], and as illustrated here,

macrocyclization by triazole formation may be a route to solve the problem.

Scheme 20 The first reported CuAAC-mediated synthesis of a cyclic peptidomimetic

Scheme 21 Ratio of cyclization to form monomer and dimer depends on peptide length and

structure

Scheme 22 Exclusive cyclic monomer formation by ring closure using CuAAC reaction
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4.2.1 Stabilization of Peptide Secondary Structures: Turns, Helices,

and Sheets

One of the important functions of peptidomimetics is their ability to stabilize the

active structure of natural peptides in a truncated motif. Natural peptides and

proteins commonly have secondary structure elements, such as turns, helices, and

sheets in their bioactive conformation. Turns are classified by the size of the

pseudo-ring constituted by amide hydrogen bonding in the peptide backbone.

Among the most common structural elements are the α- and 310-helices consisting

of repeated α- and β-turns, respectively. β-Turns are commonly also found in

combination with two β-strand elements, which makes up a β-hairpin motif (Fig. 9).

α-Turns

Triazoles have been applied to stabilize α-turns and α-helices by serving as side-

chain to side-chain links in so-called stapled or bridged peptides that are formed by

reactions between modified amino acid residues containing azide and alkyne groups

[83]. For example, in studies of triazole peptidomimetics of the α-helical binding
section of B-cell lymphoma 9 [84], best α-helical structures were obtained by the

reaction of L-ε-azido-norleucine [Nle(εN3)] and L-propargylglycine residues in the

i and i+ 4 position, respectively (Fig. 10). Introducing two such motifs into a

24-residue peptide resulted in mimic 91 exhibiting 99% α-helicity, stronger binding
toward the target β-catenin, and enhanced proteolytic stability compared to the

native sequence.

In a comparison of a series of different “non-amide bond” linkers, triazole motif

92 proved the best for stabilization of a single α-turn in water, as well as helix

conformations in an 18-residue peptide (Fig. 11) [85].

Fig. 9 Schematic overview of peptide turns and antiparallel β-strands

Fig. 10 CuAAC reaction between azide and alkyne side chains provided stable α-helical peptide
91
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β-Turns

Various precursors have been employed to generate cyclic 1,4-disubstituted triazole

β-turn peptidomimetics. Common to all these strategies has been mimicry of the i to
i+ 3 hydrogen bond linkage of the four amino acid residues in the β-turn. For
example, N-2-azidobenzoyl peptide C-terminal propargyl amide 93 was examined

in a CuAAC reaction to form a macrocycle turn mimic; however, cyclodimer 95

was obtained as the main product likely due to ring strain in 94 (Scheme 23) [80].

Application of the CuAAC reaction between ω-azido amino acids derived from

L-ornithine and L-lysine in combination with propargylglycine created cyclic

triazole peptidomimetics 96 displaying significantly greater helicity than the linear

reference peptide (Fig. 12) [86]. Although the ornithine-derived triazole (n¼ 1)

gave the more helical peptide, the lysine-derived peptidomimetic (n¼ 2) displayed

fourfold better binding to the antibody target.

A 310-helical structure was observed by X-ray crystallographic analysis of a

triazole peptidomimetic containing a β-turn formed by joining the i and i+ 3 side

chains of ω-azido ornithine and O-propargyl serine residues [87].

Fig. 11 Stabilization of α-turn and helix conformations by side-chain to side-chain triazole linker

Scheme 23 Attempted CuAAC synthesis of cyclic 1,4-disubstituted triazole β-turn
peptidomimetic gave predominantly cyclodimer

Fig. 12 Peptides with enhanced helical content from restraint of i and i+ 3 residue side chains

with a triazole linker
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β-Stands and β-Hairpins

Like most other endoproteases, calpain II is known to bind and cleave linear

peptides in a β-strand conformation. β-Strand mimics that inhibited calpain II

were identified from constrained tripeptides 97–100 featuring triazole links

between alkyne and azide side chains of amino acid residues at the i and i+ 2
positions (Fig. 13) [88, 89]. Elaboration on these motifs gave extended β-sheets
which self-assembled into nanotubes [89].

Larger macrocyclic triazole peptidomimetics that adopted a β-hairpin consisting
of two β-strands were synthesized by linking i and i+ 5 residue side chains in

triazole 101 (Fig. 14) [90]. Through studies to determine the optimal side-chain

length and triazole placement, the combination of propargylglycine at the i-position
and 4-azido-2-amino butyric acid [Dab(N3)] at the i+ 5 residue was found to best

favor β-hairpin structure. Larger macrocyclic triazole peptidomimetics formed by

linking propargylglycine and the ω-azide derived from lysine (e.g., 102–105) also

favored β-hairpin structures with up to 14 amino acid residues in the cycle

(Fig. 14) [91].

Triazoles as Disulfide-Bond Mimetics

Triazoles have also been used as replacements of natural disulfide bonds. For

example, the disulfide in trypsin inhibitor 109 was replaced by triazoles formed

Fig. 13 Stabilized β-strand peptides from triazole formation between the side chains of residues

i and i+ 2

Fig. 14 Peptides with β-hairpin structures induced by triazole side-chain to side-chain cross-links

286 F. Diness et al.



using CuAAC and RuAAC cyclizations of peptides (Scheme 24) [92]. The RuAAC

reaction was performed on protected peptide bound to a solid support and

1,5-disubstituted triazole 107 was isolated in low yield (2%). The CuAAC reaction

on the other hand was conducted on the deprotected peptide in solution and

provided 1,4-disubstituted triazole 108 in good yield. 1,5-Disubstituted triazole

107 exhibited identical activity as trypsin inhibitor 109 possessing the disulfide

bond; however, 1,4-disubstituted triazole 108 was 500 times less potent.

The CuAAC reaction has also been used to replace two disulfide bonds in

tachyplesin 1 (110), an antibacterial β-hairpin structure from horseshoe crab

(Tachypleus tridentatus) (Fig. 15) [93]. Employing a linear peptide with two

C-terminal ω-azido amino acid residues and two N-terminal propargylglycines,

the CuAAC chemistry gave bis-triazole peptide 111 exhibiting a β-hairpin structure
similar to that of the native peptide with comparable if not better activity toward a

range of bacterial strains.

Scheme 24 RuAAC and CuAAC reactions for generation of triazole disulfide-bond mimics

Fig. 15 Tachyplesin 1 from the horseshoe crab (Tachypleus tridentatus) and bis-triazole mimetic

111 in which the disulfide bonds were replaced by 1,2,3-triazoles formed by CuAAC reaction
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4.3 Side-Chain Mimetics

In addition to serving as cross-links, triazoles have mimicked other side-chain

functions. For example, phosphohistidine surrogates 114 and 115 were prepared

using RuAAC and CuAAC reactions to provide the 1,5- and 1,4-disubstituted

triazoles, respectively (Scheme 25) [94]. Similar chemistry was used to prepare

the Fmoc-protected phosphohistidine counterparts for solid-phase peptide synthesis

[95, 96].

Agonists and antagonists of the melanocortin G protein-coupled receptors (e.g.,

119) have also been synthesized using triazoles in constrained histidine surrogates

such as 118 (Scheme 26) [97, 98].

The triazole formation may also serve as a convenient way of testing a range of

different side-chain functionalities at a given amino acid position in a larger

peptide. Employing propargylglycine in intermolecular CuAAC reactions with

common alkyl azides, the structure–activity relationship of the D-phenylalanine

residue of the natural antibiotic gramicidin S (120, Scheme 27) was studied

[99]. The strategy was also applied to a sunflower trypsin inhibitor-1 in order to

enhance inhibition of the serine protease matriptase [100].

Many non-ribosomal peptides contain modified side chains that are crucial for

bioactivity. CuAAC chemistry has been explored to simplify the synthesis of such

analogues. For example, different length triazole tethers were used to attach the

polyketide chromophore to the cyclic peptide body of chlorofusin in efforts to

enhance the natural tumor-suppressing activity [101].

After ribosomal synthesis, the side chains of many peptides and proteins are

often enzymatically modified with carbohydrates to produce so-called glycopep-

tides, which are challenging to synthesize by traditional chemical methods. Alter-

natively, alkyne-bearing peptides can be readily functionalized by CuAAC

reactions with different azidoglycosides (e.g., 128) on solid phase [34] and in

Scheme 25 Application of triazoles in phosphohistidine mimics

Scheme 26 Synthesis of a constrained histidine analogue by 1,5-disubstituted triazole formation
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solution (e.g., 131) (Scheme 28) [102–104]. Such methods have also been used to

synthesize antifreeze glycopeptide analogues [105, 106].

Moreover, complex glycopeptides (e.g., 133) have been effectively synthesized

by employing a one-pot method for converting unprotected reducing sugars (e.g.,

132) into azidoglycosides prior to CuAAC reaction with unprotected peptides

bearing alkyne side chains (Scheme 29) [107].

The rapid and quantitative nature of the CuAAC reaction has proven particularly

effective for isotopic labeling of peptides. For example, azido-2-fluoro-monosac-

charides have been reacted with alkyne side chains to make various triazole-linked

amino acids, peptides, and proteins [108], such as 18F-glyco-RGD peptide 136 for

in vivo tumor imaging by positron-emission tomography (Scheme 30) [109].

Scheme 27 Gramicidin S analogues generated by side-chain permutations via triazole formation

Scheme 28 Examples of triazole-linked glycopeptides

Scheme 29 One-pot synthesis of a glycopeptide from an unprotected reducing oligosaccharide

and an alkyne peptide
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5 Triazoles in Proteins

Proteins possess long polypeptide chains that adopt commonly stable three-

dimensional structures. These features distinguish proteins from peptides, which

have fewer amino acids and exhibit more dynamic conformational equilibriums.

Protein tertiary structure forms the basis for various functions, including catalysis,

signal transduction, transport, and structural maintenance.

The combination of 1,2,3-triazoles and proteins has generally not been pursued to

alter the molecular properties of the latter but instead to covalently attach another

molecule – varying from small fluorophores to large polymers or even other proteins

– to the protein of interest. In this section, we discuss examples of triazole-containing

protein conjugates that are produced in vitro, at the surface and inside living cells.

The strategies for site-selective introduction of azide and alkyne functionality into

proteins are less straightforward than those used for peptides and are first briefly

discussed. Recent advances are summarized for increasing the biocompatibility of

the chemistry applied for triazole synthesis noting that among methods discussed in

Sect. 3, only CuAAC and SPAAC have been used to modify proteins so far.

5.1 Strategies for the Introduction of Azides and Alkynes into
Proteins

The azide–alkyne cycloaddition variants CuAAC and SPAAC have been the two

most popular reactions for bioconjugation in protein chemistry and chemical

biology. These methods exhibit broad utility, due to the orthogonal reactivity of

azides and terminal alkynes, which combine selectively in the presence of proteins

under physiological conditions. Moreover, as discussed in Sect. 3, both reactants

are stable under most reaction conditions used in peptide synthesis and inert to

metabolic processes in cells.

Several techniques are available for introducing azide and alkyne groups into

proteins. In the past decades, two distinct methods have been developed for

inserting unnatural amino acids bearing azide and alkyne side chains into proteins

Scheme 30 Synthesis of a radiolabeled construct of fluoroglycosylated RGD peptide by CuAAC

reaction
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by manipulation of cellular translational machinery [110]. Residue-specific

replacement of a particular natural amino acid with a structurally and electronically

similar analogue has been achieved by simply adding the latter to the growth

medium of cells that incorporate the unnatural amino acid into all newly synthe-

sized proteins at every position in which the natural residue would normally be

incorporated [111, 112]. Genetic code expansion has been used to insert an unnat-

ural amino acid into a defined position in the protein of interest. A so-called blank

codon, usually the amber stop codon UAG, is genetically inserted at the desired site

of modification in the gene encoding the protein of interest. A tRNA and

aminoacyl-tRNA synthetase that recognize the stop codon and the unnatural

amino acid, respectively, are co-expressed inside the host cell in order to introduce

an extra amino acid in addition to the 20 natural ones, as reviewed in more detail

[113, 114]. A broad selection of the unnatural amino acids bearing azide and alkyne

side chains have been incorporated using these methods (Fig. 16).

In addition to the incorporation of unnatural amino acids, proteins can be site-

specifically labeled using enzymes such as transglutaminase, lipoic acid ligase (Lpl

A), and sortase, which have been shown to accept and transfer azide- and alkyne-

containing variants of their natural substrates to proteins [115–118].

Intein-mediated protein ligation has been used to combine natural proteins with

synthetic peptide sequences [119–122]. The protein is expressed as a fusion to

intein, which can undergo cleavage after addition of a thiol reagent, typically

2-mercaptoethanesulfonic acid to provide a protein C-terminal thioester that reacts

subsequently with a synthetic peptide containing an N-terminal cysteine

(Scheme 31).

Chemical modification of naturally occurring amino acids has also been used to

modify proteins with azide and alkyne functionality. For example, lysine residues

Fig. 16 Representative unnatural amino acids used for functionalization of proteins with azide

and alkyne moieties. Aha (azidohomoalanine), Hpg (homopropargyl glycine), p-AzF (para-
azidophenylalanine), and p-EtF (para-ethynylphenylalanine) have been incorporated using the

residue-specific replacement method. p-AzF, PrgF (para-propargyloxyphenylalanine), and

pyrrolysine analogues bearing an aliphatic alkyne (AlkK and AlkK2), aliphatic azide (AzK),

and bicyclononyne (BCNK) have been introduced using the site-specific incorporation approach

[110]
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have been labeled with the N-hydroxysuccinimidyl ester of 5-(3-azidopro-

pylamino)-5-oxopentanoic acid (137) [41], and cysteine residues have been reacted

with N-propargyl maleimide (138) [123] (Fig. 17). The conversion of amines into

azides using imidazole-1-sulfonyl azide hydrochloride (139, Fig. 17) offers an

efficient and convenient method for the introduction of azides into proteins [124],

because under metal-free and pH-controlled conditions, the amine having the

lowest pKa may be selectively modified [125].

5.2 Increasing the Biocompatibility of the Azide–Alkyne
Cycloaddition

The greater structural complexity of proteins, compared to peptides, and the

concomitant risk of losing protein function necessitate milder conditions for

forming the triazole linkage. To avoid the denaturing effect of organic solvents,

such as DMF and acetonitrile, triazole-forming reactions are commonly performed

in pH-buffered aqueous solution. Moreover, the reaction scale is typically small,

because proteins are relatively expensive to produce and used in low amounts. A Cu

(II) precursor (e.g., copper sulfate) and excess of reducing agent (e.g., sodium

ascorbate) may be employed in CuAAC reactions on proteins, because of difficul-

ties in maintaining an inert atmosphere. Copper can however be detrimental to

protein structure, because of its potential to catalyze the generation of reactive

oxygen species that oxidize and cleave the polypeptide chain. Moreover,

dehydroascorbate and other ascorbate by-products may modify covalently the

side chains of lysine and arginine residues and cause protein aggregation [43].

Scheme 31 Introduction of a “clickable” azide handle through intein-mediated protein ligation.

The reaction starts with an N–S shift followed by thiol-mediated cleavage of the intein, thiol

displacement by peptide possessing N-terminal cysteine, and S–N shift

Fig. 17 Reagents used for the chemical modification of naturally occurring amino acid residues in

proteins
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Development of the strain-promoted azide–alkyne cycloaddition (SPAAC) has

provided a solution to address these issues. The strained cyclooctynes employed in

this variant of the azide–alkyne cycloaddition make the addition of a metal catalyst

obsolete. Since the first applications of SPAAC reactions to selectively modify

biomolecules in vitro and on living cells without apparent toxicity by the Bertozzi

group in 2004 [6], several cyclooctyne derivatives have been developed: difluoro-

cyclooctyne (DIFO), dibenzocyclooctyne (DIBO), aza-dibenzocyclooctyne

(DIBAC), bicyclo[6.1.0]nonyne (BCN), biarylazacyclooctyne (BARAC), and

tetramethylthiacycloheptyne (TMTH) (Fig. 18) [126–131].

The high reactivity of strained alkynes has reduced selectivity, and reactions

with free sulfhydryl groups can compete with cycloadditions on azides

[132, 133]. The necessity for ring strain reduces the structural variety of the triazole

product. Moreover, the presence of strained alkynes, such as DIBO, DIBAC, and

BARAC, increases lipophilicity and potential for nonspecific interactions with

proteins. The commercial availability of cyclooctyne reagents is limited, and their

synthesis is relatively challenging. Taking these aspects into account, among the

commercially available reagents, BCN has optimal properties, because of its low

lipophilicity, high reactivity, and accessible synthesis. Were lipophilicity not a

point of concern, the DIBAC-containing probes offer the advantages of higher

reactivity compared to BCN and better stability than BARAC and TMTH.

Seeking an alternative solution, copper catalyst formulations have been devel-

oped with improved biocompatibility for the CuAAC reaction. Ligand variants

have been designed to enhance the water solubility of the Cu(I)-stabilizing TBTA,

including the hydroxypropyl derivative THPTA, the 2-ethoxy-2-oxoethyl deriva-

tive TEOTA, as well as BTTES and BTTAA, both containing two bulky tert-butyl
groups together with an ethyl hydrogen sulfate or acetic acid group in the third arm,

respectively (Fig. 19) [134]. Chelation-assisted CuAAC reactions have been devel-

oped that use azide substrates possessing a copper-coordinating moiety [135–

137]. By raising the effective copper concentration at the reaction site, such sub-

strates may maintain reaction rates at lower copper concentrations. For example,

picolyl azide (140, Fig. 19) has been employed to functionalize proteins efficiently

at copper concentrations as low as 10–100 μM [135, 136]. After preloading with

copper, fluorescently labeled copper-chelating azide 141 (Fig. 19) enabled efficient

protein labeling inside living cells at a concentration of 50 μM [137].

Dihydrofolate reductase (DHFR) was used as a model system to test the effect of

CuAAC reaction conditions on enzyme activity [138]. Employing genetic code

expansion, an amber codon was used to replace a single valine with p-ethynylphe-
nylalanine to position an alkyne on the surface of DHFR without perturbing

Fig. 18 Examples of cyclooctynes used in the strain-promoted azide–alkyne cycloaddition
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function. The CuAAC reaction was performed with azide-functionalized dye using

TBTA and THPTA as Cu(I)-chelating ligands in combination with DTT, TCEP,

and ascorbate as reducing agents. By evaluating labeling efficiency and residual

enzyme activity as a measure of protein function, optimal CuAAC reaction condi-

tions were established: 1 mM CuSO4, 1 mM THPTA, and 2 mM ascorbate for

15 min. Optimization of CuAAC chemistry for bioconjugation demonstrated

improved efficiency using a fivefold excess relative to copper of THPTA, which

acted as a sacrificial reductant that intercepted reactive oxygen species in the

coordination sphere of the metal as they were generated [43]. The ligands

BTTAA and BTTES showed significantly higher activity compared to THPTA

[139]. Moreover, in head-to-head comparisons on purified recombinant glycopro-

tein and glycoproteins in crude cell lysates, CuAAC-mediated labeling using

BTTAA (or BTTES) as ligand proved more efficient than the comparable labeling

method using the SPAAC reaction and a BARAC-functionalized probe [139].

5.3 Triazole-Containing Protein Conjugates Produced
In Vitro

The azide–alkyne cycloaddition reaction has provided controlled and convenient

methods for covalent attachment of various molecules to proteins. The resulting

triazole protein conjugates have been used to improve function and to add new

properties to the protein. Triazole conjugates have also served in the investigation

of the structure and function of certain proteins. Moreover, triazole links have been

formed between regions of the same protein. To illustrate the wide applicability of

the azide–alkyne cycloaddition in the fields of biotechnology, chemical biology,

and biomaterials science, this section describes examples of these triazole catego-

ries, schematically represented in Fig. 20.

The use of the azide–alkyne cycloaddition reaction for the generation of protein

conjugates with improved function is exemplified by the production of site-

Fig. 19 Water-soluble Cu(I)-chelating ligands and copper-chelating azides improve CuAAC

biocompatibility. The star in 141 represents the labeling fluorophore TAMRA
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specifically PEGylated interferon β-1b (IFNb) [140]. Poly(ethylene glycol) chains

of varying length, all functionalized with an alkyne moiety, were coupled to a

mutant of IFNb containing a single azidohomoalanine residue at its N-terminus.

The PEGylated IFNb variants displayed increased in vivo efficacy. Among other

examples from the area of biopharmaceuticals, antibody-drug conjugates (ADCs)

and bio-specific antibodies have been formed with triazole linkages, by exploiting

both unnatural amino acid incorporation and enzyme-mediated modification strat-

egies for introduction of the clickable handle, using CuAAC and SPAAC reactions

for conjugation [141–143]. Furthermore, oligomers of hemoglobin with a poten-

tially higher resistance to extravasation have been produced through CuAAC-

mediated cross-linking [144].

Conjugation of a circular cell-penetrating peptide to green fluorescent protein

(GFP) was performed using the CuAAC reaction and resulted in efficient delivery

of the protein into live cells [145]. Virus-like nanoparticles (VLPs) have been

modified using CuAAC chemistry [146]. The surface-exposed methionines of the

self-assembled protein shells of the bacteriophage MS2 and Qβ VLPs were

replaced, respectively, with azidohomoalanine and homopropargylglycine to pro-

vide azide and alkyne side chains [147]. Three different biomolecules (i.e., an

iodotypic antibody fragment antigen, a cytokine, and an immunostimulatory oligo-

nucleotide) were coupled in a single step, providing a VLP-based vaccine candidate

for treating B-cell lymphoma [147]. Alternatively, the surface of the bacteriophage

Fig. 20 Selected examples of the application of triazole-containing proteins prepared in vitro
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QβVLP has been chemically modified by acylation with the N-hydroxysuccinimide

ester of 4-pentynoic acid to give alkyne side chains, which were reacted in simul-

taneous CuAAC-mediated couplings to glycans and porphyrins [148]. The resulting

VLPs were designed for targeted photodynamic therapy in which the

metalloporphyrins act as photosensitizers, and the glycan binds selectively cells

bearing the CD22 receptor [148]. The SPAAC reaction was used to generate protein

conjugates with new molecular properties by the synthesis of elastin-like

polypeptide–poly(ethylene glycol) (ELP–PEG) conjugates, which self-assembled

into micelles at 2.0–3.5 M NaCl encapsulating a fluorescent dye [149].

In higher organisms, protein function is commonly modulated by post-translational

modification using glycosyl chains, lipids (e.g., palmitates, myristates, and

isoprenoids), and the protein ubiquitin. The CuAAC reaction offers access to protein

variants containing such modifications at defined positions for studying their influence

on biochemical properties. For example, triazole links have been used to create

homogenously well-defined ubiquitylated proteins [150, 151], ubiquitin dimers

(diUbs) [152, 153], and ubiquitin polymers [154]. The diUbs exhibited a native-like

binding pattern to a particular Ub-binding domain, validating the triazole as an

effective mimic of the natural amide bond between the lysine side chain of one

ubiquitin and the carboxylate terminus of another [153]. In addition, CuAAC reactions

have been used for site-specific protein glycosylation [155], geranylgeranylation, and

palmitoylation [156].

Triazoles have also served as links to attach small-molecule probes to proteins in

studies of structure and function. For example, protein iodination was achieved by

homopropargylglycine incorporation followed by CuAAC-mediated coupling of

2-azido-5-iodobenzoic acid [157]. A F€orster resonance energy transfer (FRET) pair
was assembled on the regulatory protein RanBP3 by introduction of alkyne side

chains at two distinct positions in the protein and labeling subsequently with two

azide-functionalized FRET dyes [158]. Single-molecule fluorescence microscopy

provided insight into the disordered confirmation of a specific region of RanBP3,

which was not accessible to X-ray crystallography.

Analogous to side-chain to side-chain ligation of peptides (see Sect. 3), triazoles

have been employed to form intramolecular links between azide- and alkyne-

bearing amino acids in a recombinant protein [159, 160]. For example, calmodulin

was modified with p-azido-L-phenylalanine and N6-[(2-propynyloxy)carbonyl]-L-

lysine and expressed in Escherichia coli using a combination of quadruplet and

amber codons [160]. Triazole formation was achieved using catalytic Cu(I) and

bathophenanthroline as ligand and confirmed by gel electrophoresis and MS/MS

sequencing, albeit the effect of cyclization on protein structure and stability was not

investigated [160].

Azidohomoalanine and p-ethynylphenylalanine were introduced into a leucine

zipper protein consisting of 68 amino acids. Triazole links were introduced at the

center and at the C-terminal regions of the helix, by employing THPTA as a water-

soluble, biocompatible ligand, CuSO4, and ascorbic acid. In both cases, the mod-

ified proteins were stabilized by the triazole and retained about 50% helical content

at 90�C, a temperature at which the native protein was completely unfolded
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[159]. In a second model, the neighboring residues on helix and strand sequences of

the core of the globular immunoglobulin G (IgG)-binding domain of protein G

(72 amino acids) were linked by a triazole that gave a fourfold enhancement of IgG

binding, which was suggested to be due to minimization of the entropic penalty

incurred during the binding event [159].

5.4 Triazole Formation in Cells and Living Organisms

As discussed in Sect. 5.2, biocompatible reaction conditions have enabled azide–

alkyne cycloadditions on purified proteins, as well as on proteins in cells [134]. -

Triazole-mediated labeling in cells has been used to study protein synthesis,

localization, trafficking, and dynamics. For example, to study the influence of

glycosylation on specific proteins (e.g., integrin αXβ2, epidermal growth factor

receptor, and transforming growth factor-beta receptor type I) at the surface of

living cells, a combination of the global incorporation of an alkyne-functionalized

monosaccharide and the site-specific modification of the protein of interest was

used to install a FRET acceptor–donor pair (Scheme 32) [161]. The protein of

interest was expressed with a 13-amino acid peptide called LAP (lipoic acid ligase

acceptor peptide) fused to its extracellular N-terminus. A mutant lipoic acid ligase

(LplA) was then used to conjugate a picolyl azide derivative (140). The FRET

donor (Fluor 488-alkyne) and acceptor (Alexa Fluor 647-azide) were respectively

Scheme 32 Dual-labeling of a membrane protein and its attached glycan for protein-specific

imaging of cell surface glycans [161]. First, glycans on various cell surface proteins are labeled by

the addition of an alkyne-containing metabolic precursor of sialic acid. Second, the FRET acceptor

is attached to the labeled glycans through the BTTAA-assisted CuAAC reaction. Third,

ATP-dependent ligation by LplA is used to label selectively the N-terminus of the target protein

with azide 140. Finally, the introduced azide is reacted with the FRET donor by another CuAAC

reaction
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coupled to the azide-modified protein and alkyne-containing glycan by CuAAC

reactions using BTTAA as ligand.

For the installation of a FRET donor–acceptor pair into the extracellular

domains of epidermal growth factor receptor, three labeling techniques were

compared: CuAAC, SPAAC, and inverse-electron demand Diels–Alder (IEDDA)

reactions [162]. For this comparative study, pyrrolysine analogues containing a

linear alkyne (AlkK2), azide (AzK), or bicyclononyne moiety (BCNK) were

incorporated. Dyes functionalized with azide, dibenzocyclooctyne, or tetrazine

were used as fluorescent label. Consistent with previous reports [133, 163], labeling

using SPAAC resulted in high background fluorescence. Moreover, the efficiency

of IEDDA-mediated labeling was lower than the BTTAA-assisted CuAAC

reaction.

In addition to cell surface proteins, intracellular proteins have been labeled using

triazole formation [163]. In order to selectively detect newly synthesized proteins,

fibroblast cells were pulse-labeled with azidohomoalanine. Subsequently, the small,

membrane-permeable fluorophore coumarin conjugated to a cyclooctyne was used

in SPAAC reactions to visualize this subset of the proteome inside living cells. In a

different cell-based approach, the target protein containing the LAP sequence was

co-expressed with a mutant of LplA, which was used to attach site-specifically an

azide-functionalized substrate. On incubation of the cells with a cyclooctyne-

containing fluorophore, the SPAAC reaction was then performed selectively on

the azide-bearing proteins [164].

Similar strategies have been employed to label proteins in multicellular organ-

isms [165]. Newly synthesized proteins were tagged in a 7-day-old larval zebrafish

by incubation with azidohomoalanine and visualized by CuAAC-mediated conju-

gation of an alkyne-functionalized dye [166]. Glycans linked to proteins and to

lipids inside cells as well as on cell surfaces have been labeled with azides and

alkyne moieties using metabolic oligosaccharide engineering [167]. Both SPAAC

and biocompatible variants of CuAAC have been employed in these methods,

which were initially applied on cultured cells [135, 168], and subsequently proven

to be applicable for in vivo imaging of membrane-bound and intracellular glycans

in developing organisms. In addition to simple organisms, such as zebrafish [169–

171] and Caenorhabditis elegans [172], mice have been employed in these appli-

cations of triazole formation in living organisms [173]. In the field of nuclear

medicine, antibodies are commonly conjugated to radionuclides for imaging and

treatment of tumors. In a so-called tumor pre-targeting approach [165], tumor-

specific antibodies are modified ex vivo using alkyne or azide moieties and then

administered to the body of the living organism, followed by the radionuclide

containing the complementary functionality for triazole synthesis. The antibody

first locates the tumor and is then reacted with the radionuclide component to image

the tumor-bound antibody.
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6 Conclusion and Perspectives

Within the last two decades, triazoles have evolved to become one of the most

commonly used heterocycles in peptidomimetic and protein chemistry. Although

1,2,4-triazoles were first employed in mimetic synthesis, the field of triazole-based

peptide mimicry began to flourish with the discovery of the copper(I)-catalyzed

1,3-dipolar cycloaddition (CuAAC) reaction for making the 1,2,3-counterparts. The

CuAAC reaction has become the most frequently employed method for generation

of triazole peptidomimetics and has led to a range of related methods relying on the

1,3-dipolar cycloaddition between azides and either alkynes or alkenes. The strain-

promoted azide–alkyne cycloaddition (SPAAC) reaction has been valuable for

metal-free biocompatible attachment of different molecules to proteins by way of

triazole synthesis.

Triazole synthesis is being employed in all fields of peptide and protein chem-

istry. The size, dipole moment, and electron-donating and electron-accepting prop-

erties of the 1,2,3-triazole resemble closely those of the amide bond. 1,2,3-Triazoles

have however been used as amide bond surrogates with varying degrees of success

due to their less than perfect alignment with the peptide backbone. On the contrary,

1,5-disubstituted C–N-type triazoles have proven effective as structural mimics of

the cis-prolyl bond. 1,2,3-Triazoles have found greater success as side-chain

mimics most importantly as replacement of the disulfide bond in cyclic bioactive

peptides. Both CuAAC and RuAAC have found broad application for

macrocyclizing of peptides in order to stabilize secondary structures including

turns, helices, and strand motifs.

Triazole formation using the CuAAC and SPAAC reactions is bioorthogonal and

thus ideal for creation of intra- and intermolecular linkages to cross-link, label, and

functionalize peptides and proteins. Such studies have generated triazole analogues

with improved function, greater stability, and entirely new properties. Moreover,

site-specific labeling has provided triazole probes that have enhanced our under-

standing of the structure, function, and localization of proteins.

A variety of techniques have enabled introduction of azides and alkynes into

proteins. Some of these require genetic engineering in order to introduce, for

example, a stop codon for nonnatural amino acid incorporation or a peptide tag

that is recognized by ligating enzymes. Other methods are more straightforward

involving merely the addition of a nonnatural amino acid analogue to the growth

medium of the expression host or a small-molecule reagent for chemical modifica-

tion. The strategy of choice depends on the desired degree of control over the site of

modification and the practical need to genetically engineer the target protein.

Biocompatible water-soluble tris(triazolyl)-based ligands and copper-chelating

substrates have empowered CuAAC reactions for biological applications. The

CuAAC reaction may be an optimal choice, because of its potential for catalyst-

controlled triggering of triazole formation using compact terminal alkynes with

optimal selectivity, albeit triazole formation without additional reagents may make

the catalyst-free SPAAC reaction the preferred method for specific applications.
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Considering the variety of available methods and the trajectory of growth of

triazole chemistry for peptide mimicry, as well as peptide and protein functiona-

lization, this heterocycle is destined to have lasting impact on these fields and their

applications in areas such as chemical biology and medicine. The future wave of

peptide-based molecular architectures and proteins with novel functions that may

be generated using triazole chemistry both in vitro and in vivo appears only limited

by the imagination of the scientist.
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Acetyl-4-fluoro-3,5-methanoproline methyl
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N-Acetyl-2,4-methanoproline N-methylamide,
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Aesculus parviflora, 62
AG-7088, 127

Aid peptides, 161, 165

Aldehydes, 72, 88, 105, 106, 129–136, 147,

149, 182–190, 241

α-hydrazination, asymmetric, 97

Alkaloids, 250

4-Alkyl-3-amino-γ-lactams, 136

Amide bond isosteres, thiazoles, 249

8-Amidoquinolines, 140

Amino acids, azepinone-constrained, 177

constrained, 51, 177

cyclic delta, polyhydroxylated, 211

non-proteinogenic, 97

Amino-arylazepinones, 177

Amino-benzazepinones (Aba), 177, 180,

193

1-Aminocyclopropane-1-carboxylic acid

(Acc), 52

1-Amino-1,3-dicarboxycyclobutane, 57

4-Amino-(7-hydroxy)-tetrahydro-2-

benzazepin-3-one, 178

Aminoimidazolidinones, 125, 160

Aminoimidazolinones, 125

Amino-indoloazepinones, 177

3-Amino-γ-lactam 4-carboxylates, 138

3-Amino-γ-lactams (Agl), 142

analogs, 125

8-Amino-5-methoxyquinoline (MQ), 135

4-Amino(methyl)-1,3-thiazole-5-carboxylic

acids, 247
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indol-2-yl acetic acid, 186
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Analgesics, 20, 43, 194, 197

Angiotensin-converting enzyme (ACE), 42, 43,
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Angiotensinogen, 139
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