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Faculté de Médecine Secteur Nord, CS80011, Boulevard Pierre Dramard, 13344 Marseille Cedex 15, France

The decreasing number of approved drugs produced by the pharmaceutical industry, which has been

accompanied by increasing expenses for R&D, demands alternative approaches to increase

pharmaceutical R&D productivity. This situation has contributed to a revival of interest in peptides as

potential drug candidates. New synthetic strategies for limiting metabolism and alternative routes of

administration have emerged in recent years and resulted in a large number of peptide-based drugs that

are now being marketed. This review reports on the unexpected and significant number of peptides that

are currently available as drugs and the chemical strategies that were used to bring them into the market.

As demonstrated here, peptide-based drug discovery could be a serious option for addressing new

therapeutic challenges.
2
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The pharmaceutical market is evolving in a context of increasing

economic pressure. First, public authorities are pushing for lower

healthcare costs through reduced drug pricing and increasing use

of generic substitution. Second, regulatory authorities are more

demanding in terms of drug efficacy, quality and safety, which –

combined with (bio)technological progress – has led to an

increase in pharmaceutical R&D costs [1]. At the beginning of

the 2000s, the Tufts Center for the Study of Drug Development

estimated that the average cost of developing a new prescription

drug was US$ 802 million (US$ 335 million for preclinical and US$

467 million for clinical trials) [2,3]. More recently, these expenses

have been estimated at US$ 1318 billion including costs of capital

and failures, the latter representing approximately 70% of the

total amount [4]. In fact, 38% of the drug candidates under

development are abandoned in phase I clinical trials because of

toxicity, 63% of those that reach phase II clinical trials are with-

drawn for lack of efficacy or poor bioavailability, 45% of the

remaining drug candidates fail in phase III clinical trials, and

23% of those that satisfy the clinical trials are not authorized by
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
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the Food and Drug Administration (FDA) or the European Med-

icines Agency (EMEA) [5]. Attrition owing to lack of efficacy,

toxicology and clinical safety are the most common causes of

failure in the development of new molecular entities (NMEs). The

rate of failure during drug development is, thus, 90% in general

and even greater in Qthe case of the central nervous system (CNS)

[5,6].

Third, with a decrease in R&D productivity (as shown by the

low number of approvals for NMEs in recent years: 17 NMEs and

2 biologic license applications, or BLAs, approved by the FDA in

2007 [7], the lowest number recorded since 1983 and 21 NMEs

and 3 BLAs in 2008 [8]) and patent expiry of blockbuster drugs in

the past decade, a pipeline problem has emerged in the phar-

maceutical industry. To be competitive and profitable in this

high-pressure context, pharmaceutical companies need to

improve strategies for anticipating and identifying crucial

events in development as early as possible to reduce their costs

[3]. Pharmaceutical companies also need to be strongly innova-

tive to discover new drugs or technologies and to market inno-

vative products, or at least to give a second life to their molecules

through product lifecycle management or new therapeutic

applications. There is a convention in the pharmaceutical
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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industry that to recoup R&D investment and make a reasonable

profit, a product needs to bring in peak annual sales of US$ 500

million [3].

Peptides as drugs: a revival of interest
Peptides are generally considered to be poor drug candidates

because of their low oral bioavailability and propensity to be

rapidly metabolized. The concept that a drug can be not ‘orally

available’ has become more and more accepted and, as a conse-

quence, some pharmaceutical companies have contributed in

recent years to a revival of interest in peptides as potential drug

candidates [9]. New synthetic strategies to improve productivity

and reduce metabolism of peptides, along with alternative routes

of administration, have been developed in recent years, and a large

number of peptide-based drugs are now being marketed.

Therapeutic peptides traditionally have been derived from three

sources: (i) natural or bioactive peptides produced by plants,

animal or human (derived from naturally occurring peptide hor-

mones or from fragments of larger proteins); (ii) peptides isolated

from genetic/recombinant libraries and (iii) peptides discovered

from chemical libraries [10,11].

Generally, the size of the peptide determines the most suitable

technology for its production: chemical synthesis, recombinant

DNA technology, cell-free expression systems, transgenic animals

and plants or enzymatic synthesis. With the use of unnatural

amino acids and pseudo-peptide bonds, chemical synthesis offers

access to a much wider chemical diversity than peptide deriva-

tives produced by recombinant technologies, with a diversified

potential for intellectual property (in terms of patentable new

chemical entities). Large-scale chemical synthesis has become a

viable technology for the production of small- and medium-sized

peptides ranging from approximately 5 to 50 residues, and the

chemical way is now often a better technological option than the

biotechnological methods of recombinant DNA or biocatalysis

for the synthesis of medium-sized peptides that comprise most of

the pharmaceutically relevant molecules. In particular, produc-

tion of synthetic therapeutic peptides has become possible for the

pharmaceutical industry with the development of solid-phase

peptide synthesis (SPPS) by Merrifield [12] (Fig. 1). SPPS is crucial

in the early steps of preclinical research and in the production of

peptide-based active pharmaceutical ingredients (APIs) [13]. The

main SPPS strategies are sequential synthesis, convergent synth-

esis and chemical ligation. Sequential synthesis involves the

stepwise addition of amino acids until the desired peptide is

achieved. Convergent synthesis involves the independent

solid-phase synthesis of peptide sequences (fragments) that are

then cleaved from the polymer without N-terminal (or C-term-

inal) and side-chain protecting group removal and linked by

condensation in solution (mixed-phase synthesis). This solid-

phase and solution-phase hybrid peptide synthesis is often the

most appropriate way to synthesize peptides that contain >50

amino acid residues. Chemical ligation involves coupling of

totally deprotected fragments by chemoselective reactions [14].

Several systems for the automated t-Boc/Bzl and Fmoc/t-Bu SPPS,

ranging from 1.5 mg to 5 kg scale, are now available from several

companies, including AAPPTec, Activotec, Applied Biosystems,

CEM, CS Bio, Intavis, Peptide Scientific, Protein Technologies and

ThuraMed (CreoSalus group).
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
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Limitations to the use Qof peptides as drug candidates
and key proteolytic enzymes involved in peptide
degradation (http://www.biochem.ucl.ac.uk/bsm/
enzymes/ec3/index.html, http://www.ebi.ac.uk/
thornton-srv/databases/enzymes/) [15,16]
Peptide limitations
Bioavailability and biodistribution of peptide drug candidates,

which include absorption, transport, passage of biological mem-

branes and cellular barriers, are determined by a combination of

their physicochemical properties, such as aqueous solubility, lipo-

philicity, H-bond formation, chemical stability and metabolic

stability ( Qproteolytic/enzymatic degradation or hydrolysis). With

a few exceptions, peptides composed of natural amino acids are

not very good drug candidates because of their intrinsic physico-

chemical properties and pharmacokinetic profiles. When com-

pared with therapeutic proteins and antibodies, peptide drug

candidates do have Qsignificant drawbacks: they generally have

low stability in plasma, are sensitive to proteases and can be

cleared from the circulation in a few minutes.

Thus, the main limitations generally attributed to therapeutic

peptides [17,18] are: low oral bioavailability (injection is generally

required); a short half-life because of their rapid degradation by

proteolytic enzymes of the digestive system and blood plasma;

rapid removal from the circulation by the liver (hepatic clearance)

and kidneys (renal clearance); poor ability to cross physiological

barriers because of their general hydrophilicity; high conforma-

tional flexibility, resulting sometimes in a lack of selectivity invol-

ving interactions with different Qreceptors/targets (poor specific

biodistribution), causing activation of several targets and leading

to side effects; eventual risk of immunogenic effects; and high

synthetic and production costs (the production cost of a 5000 Da

molecular mass peptide exceeds the production cost of a 500 Da

molecular mass small molecule by more than 10-fold but clearly

not 100-fold) [19].

Proteolytic enzymes
As mentioned above, the proteolytic stability of natural peptides is

one of the principal limitations of their use as drug candidates.

Human blood is composed of 44% red blood cells, 1% white blood

cells and 55% plasma. Plasma consists of 91% water, 7% proteins

and 2% salts. It contains more than 120 different proteins, includ-

ing albumin (HSA), immunoglobulin G (IgG), fibrinogen (factor I),

alpha-2-macroglobulin (a2M), alpha-1-antitrypsin (A1AT), trans-

ferrin (siderophilin) and lipoproteins and numerous proteolytic

enzymes, such as esterases and peptidases. As indicated in QSupple-

mentary Table 1, according to the enzyme classification (E.C.),

numerous human proteolytic enzymes (peptidases) are involved

in peptide degradation. The greatest threat to therapeutic peptides

lies in the lumen of the small intestine, which contains gram

quantities of peptidases secreted from the pancreas (e.g. a-chymo-

trypsin, trypsin, pancreatic elastase, carboxypeptidases A, B, D, N

and U and so on), as well as cellular peptidases from mucosal cells.

The second major enzymatic barrier is the brush border membrane

of the epithelial cells, which contains at least 15 peptidases [20]

(e.g. dipeptidyl-peptidase IV, prolyl tripeptidyl-peptidase, angio-

tensin-converting enzyme, leucyl-aminopeptidase, aminopepti-

dase M, aminopeptidase A and neprilysin), that together have a

broad specificity and can degrade both peptides and proteins.
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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FIGURE 1

Sequential (or linear) solid-phase peptide synthesis (SPPS). This figure illustrates the repetitive stepwise process (activation, coupling, deprotection, washout and

cleavage) of chemical peptide synthesis by solid-phase technique.
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Lysosomal peptidases (leukocyte elastase, cathepsins B and D and

so on) will also target peptides or proteins endocytosed by epithelial

or endothelial cells. In the matrix metalloproteinase family (zinc-

dependant endopeptidases) known to degrade extracellular matrix

proteins, interstitial collagenase (MMP-1, E.C.3.4.24.7) is also

able to cleave specific small molecules such as peptides. Amongst

proteases, carboxypeptidase C – sometimes referred to as Y
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
(E.C.3.4.16.5) – is the only enzyme that exhibits both the esterase

and the amidase activities typical of serine proteases [16]. Many

enzymes are also present in different tissues or organs. For example,

in brain micro-capillaries, which constitute part of the blood–brain

barrier (BBB), gamma-glutamyl transpeptidase (transferase,

E.C.2.3.2.2), alkaline phosphatase (hydrolase, E.C.3.1.3.1), mono-

amine oxidase (oxidoreductase, E.C.1.4.3.4), catechol-O-methyl
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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BOX 1

Lead peptide chemical optimization

� Search for the minimum active sequence (MAS) from N- and/or C-

terminal truncated analogues (Fig. 2).

� Significance of the N- and C-terminus.

� Deletion of one or more consecutive amino acid(s) and combinator-

ial deletion with two or more positions omitted independently

throughout the sequence (Fig. 2).

� Simplification/optimization of the structure after alanine scanning

(Ala-scan) and/or D-scanning (D-scan) to eliminate potential sites of

cleavage (notably by endopeptidases) and to determine important

functional groups involved in the interaction with the target of

interest (Fig. 2).

� Cyclization of the peptide sequence (between side chains or ends of

the peptide sequence: head to tail, N-backbone to N-backbone, end

to N-backbone, end to side chain, side chain to N-backbone, side

chain to side chain) [36] through disulfide (disulfide-bond cyclization

scan, Fig. 2), lanthionine, dicarba, hydrazine or lactam bridges [37] to

decrease the conformational flexibility of linear peptides, to reduce

hydrogen bonding, to enhance membrane permeability and,

importantly, to increase their stability to proteolysis by endo- and

exopeptidases.

� Substitution of a natural amino acid residue by an unnatural amino

acid (D-configuration), an N-methyl-a-amino acid, a non-proteogenic

constrained amino acid or a b-amino acid, to increase plasma

stability (e.g. resistance to endopeptidases) of the peptide and/or

affinity (activity) for its target.

� Isosteric, or not, amide bond replacement between two amino acids:

NH-amide alkylation, the carbonyl function of the peptide bond can

be replaced by CH2 (reduced bond: –CH2–NH–), C( S) (endothio-

peptide, –C( S)–NH–) or PO2H (phosphonamide, –P( O)OH–NH–).

NH-amide bond can be exchanged by O (depsipeptide, –CO–O–), S

(thioester, –CO–S–) or CH2 (ketomethylene, –CO–CH2–). The peptide

bond can also be modified: retro-inverso bond (–NH–CO–),

methylene-oxy bond (–CH2–), thiomethylene bond (–CH2–S–), carba

bond (–CH2–CH2–), hydroxyethylene bond (–CHOH–CH2–) and so on,

to increase plasma stability of the peptide sequence (notably

towards endopeptidases).

� Blocking N- or C-terminal ends by N-acylation, N-pyroglutamate, C-

amidation and so on, or addition of carbohydrate chains

(glycosylation: glucose, xylose, hexose, etc.) to increase plasma

stability (notably, resistance towards exopeptidases).

� N-terminal esterification (phosphoester) or pegylation modifications

to enhance plasma stability (e.g. resistance to exopeptidases) and to

reduce immunogenicity. Pegylation is also designed to make the

peptide larger (generally >50 kDa) to retard excretion through the

kidneys (renal clearance).
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transferase (transferase, E.C.2.1.1.6), butyrylcholinesterase (hydro-

lase, E.C.3.1.1.8) and aromatic-L-amino acid carboxylase (or dopa-

decarboxylase or aromatic-L-amino acid decarboxylase; lyase,

E.C.4.1.1.28), are found at high levels [15,21]. Other enzymes, such

as epoxidehydrolase (or epoxide hydrolase; hydrolase, E.C.3.3.2.9,

former E.C.3.3.2.3), UDP-glucuronosyl-transferase (glycosyl-trans-

ferase, E.C.2.4.1.17), benzyloxyresorufin-O-deethylase (cytochrome

P-450 CYP2B1; oxidoreductase, E.C.1.14.14.1), NADPH cytochrome

P-450 reductase (oxidoreductase, E.C.1.6.2.4) and glutathione-S-

transferase (transferase, E.C.2.5.1.18) are also found bound to brain

micro-capillaries at high levels [15,21]. The protein-disulfide reduc-

tase (oxidoreductase, E.C.1.8.4.2), which enables disulfide bridge

cleavage by reduction in dithiol, is also abundant in the brain and

can alter peptide structures stable in plasma [22,23]. Proteolytic

peptide degradation, which results in short half-life (generally, a few

minutesor, atbest, a few hours), can becountered invariousways, in

particular by using new synthetic strategies for limiting metabolism

and alternative routes of administration [24]. Thus, it is usually

necessary to introduce chemical modifications into peptides con-

taining natural amino acids to adapt them for therapeutic use.

Chemical strategies to improve peptide biological
activity, specificity and stability
As discussed previously, the low bioavailability of peptides is partly

because of high biodegradability by gastrointestinal, plasma and

tissue peptidases. Moreover, their rapid removal from the circula-

tion can also limit their therapeutic use. Absorption, distribution,

metabolism and excretion processes play a pivotal part in defining

the disposition of a drug candidate and, thus, its therapeutic effect

[25]. To develop a peptide as a therapeutic agent, its biological

effect, pharmacokinetic profile and low immunogenicity are cru-

cial parameters. Therefore, various chemical strategies have been

developed to try and overcome the limitations of peptides to

increase their in vivo plasma residence time. Many cyclic peptides,

pseudo-peptides (modification of the peptide bond) and peptido-

mimetics (nonpeptide molecules) preserving the biological prop-

erties of peptides have been and are widely developed to increase

their resistance to degradation and elimination, their bioavailabil-

ity and their selectivity (targeting of protein–receptor interactions)

to become good drug candidates. In fact, from a model peptide of

interest (lead peptide), it is often necessary to optimize its chemical

structure (cyclization, bioisosteric replacement of peptide bonds,

changing the stereochemistry of an amino acid and so on) to

obtain a compound that can be used therapeutically, even for

parental administration (e.g. subcutaneous, intramuscular or

intravenous injection).

The chemical optimization strategy of a therapeutic peptide is

based on structure–activity relationship and/or quantitative struc-

ture–activity relationship studies of newly synthesized peptide

derivatives, with the aim of improving bioavailability, reducing

elimination and biodegradation and increasing selectivity or affi-

nity to its receptor/target. As detailed in Box 1, lead peptide

chemical optimization usually requires different strategies devel-

oped by peptide chemists [15,17,18,26,27]. As previously dis-

cussed, the main reasons for the low oral bioavailability of

peptide drugs are pre-systemic enzymatic degradation and poor

penetration of the intestinal mucosa. According to Lipinski’s ‘rule

of five’ [28–31] completed by Veber et al.’s analysis [32], peptides
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
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are poor candidates to move from the digestive tract to the

circulatory system because of their physicochemical properties.

For these reasons, until a few years ago, therapeutic peptides were

generally administered by subcutaneous, intramuscular or intra-

venous routes (which inevitably cause discomfort for the patient)

to circumvent the gut barrier. The paths of molecules in animals or

humans are as follows: (i) heart (right ventricle), lungs, heart (left

ventricle), then distribution to the various organs, including liver,
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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FIGURE 2

Chemical optimization strategies of peptides. This figure illustrates the main strategies developed by peptide chemists for lead peptide optimization.Q16 Adapted,

with permission, from Ref. [36].
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Rintestine, brain, kidneys and muscles, if injected intravenously;

and (ii) stomach, intestine, liver, blood, kidneys and tissues, if

administered orally [33]. In the latter case, peptides have to face a

strongly acidic gastric environment, high levels of intestinal pro-

teolytic activity and a high intestinal permeability barrier [20].

Consequently, alternative routes for the administration of pep-

tide-based drugs have been improved in recent years, and novel

peptide delivery technologies have emerged, including controlled-

release parenteral route (subcutaneous, intramuscular or intrave-

nous), mucosal route (nasal spray, pulmonary delivery or sublin-

gual delivery), oral route (penetration enhancers, protease

inhibitors or carriers) and transdermal route (patches) [24]. The

biodistribution study of a therapeutic peptide is essential to deter-

mine its uptake by various organs and its selectivity for its targeted

site of action. Despite these recent advances in oral delivery, the

bioavailability of therapeutic peptides with any of the current

technologies is much lower than that obtained by injection.

The speed of action and the low side effects of a peptide injection

are unbeatable in case of emergency treatments [34]. In spite of

some limitations and thanks to progress in chemical synthesis and

routes of administration, synthetic therapeutic peptides present

numerous advantages compared with their homologous com-
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
pounds (proteins and antibodies) and with small organic mole-

cules.

Advantages of peptides over other drug candidates
Compared with proteins and antibodies, peptides have the poten-

tial to penetrate further into tissues owing to their smaller size.

Moreover, therapeutic peptides, even synthetic ones, are generally

less immunogenic than recombinant proteins and antibodies [35].

Peptides have other advantages over proteins and antibodies as

drug candidates, including lower manufacturing costs (synthetic

versus recombinant production), higher activity per unit mass

(15–60-fold, assuming 75 kDa for one combining site of an anti-

body and 10–50 amino acids for a therapeutic peptide), lower

royalty stack than antibodies because of a simpler intellectual

property landscape during discovery and manufacturing, greater

stability (lengthy storage at room temperature acceptable),

reduced potential for interaction with the immune system (assum-

ing the peptide contains no known immune-system signalling

sequence) and better organ or tumour penetration [26].

Therapeutic peptides also offer several advantages over small

organic molecules that make up traditional medicines. The first

advantage is that often representing the smallest functional part of
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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a protein, they offer greater efficacy, selectivity and specificity

(limited non-specific binding to molecular structures other than

the desired target) [36] than small organic molecules. A second

advantage is that the degradation products of peptides are amino

acids, thus minimizing the risks of systemic toxicity (minimiza-

tion of drug–drug interactions) [34]. Third, because of their short

half-life, few peptides accumulate in tissues (reduction of risks of

complications caused by their metabolites). Most therapeutic

peptides, which are mainly derived from natural peptides, are

receptor agonists [37]. Generally small quantities of these peptide

agonists are necessary to activate the targeted receptors [38]. Few

peptide antagonists, inhibiting ligand–receptor interactions,

have reached the market so far [26]. As a general rule, antagonists

must occupy more than 50% of the receptor population to be

effective, in contrast to agonists, which require lower levels of

receptor occupancy to be effective (normally between 5% and

20%) [6].

Since the advent of SPPS [12], chemical synthesis of therapeutic

peptides can be considered as the most mature technology avail-

able [39]. Compared with synthetic therapeutic peptides, the

quality/purity of recombinant molecules is not always optimal

and peptides produced by enzymatic routes have low productivity

[14]. The system of choice can be dictated by the cost of production

or the modifications of the peptide sequence (for example, glyco-

sylation, phosphorylation or proteolytic cleavage) that are

required for biological activity [40]. Production systems for recom-

binant peptides or proteins include bacteria, yeast, insect cells,

mammalian cells and transgenic animals and plants. Inability to

incorporate unnatural amino acids or C-terminal amidation is

another drawback of genetic engineering during the synthesis

of therapeutic peptides. Moreover, the application of recombinant

DNA technology typically requires a long and expensive R&D

phase. Despite the technological advances in peptide synthesis

by biocatalysis, the low productivity, the low yield and the high

cost of enzymes could hamper competitiveness in a broad spec-

trum of cases. SPPS is especially suited for medium-size peptides

(up to 100 amino acid residues) that comprise most of the peptides

of therapeutic relevance. Moreover, a key advantage of the che-

mical synthesis in solid-phase is that the peptide product can be

easily separated from impurities and side products. In addition,

synthetic therapeutic peptides are now less expensive to produce

than peptides or proteins obtained by recombinant technology

(applicable only for peptide sequences including natural amino

acids) or enzymatic route. As an example, even if it takes six to

eight months and 106 steps to chemically synthesize at a multi-

tonne per year scale the 36-mer anti-HIV peptide Fuzeon1 (enfu-

virtide, the first fusion inhibitor on the market for HIV treatment),

its development has helped reduce costs of large-scale good man-

ufacturing practices peptide synthesis to less than US$ 1 per gram

per amino acid residue [19].

Market for synthetic therapeutic peptides
The market for synthetic therapeutic peptides rose from s5.3

billion in 2003 to s8 billion in 2005. It has been estimated that

it will reach s11.5 billion in 2013 [18]. This excludes peptides,

proteins and antibodies extracted from natural sources or pro-

duced by recombinant DNA technology, cell-free expression sys-

tems, transgenic animals and plants and enzyme technology.
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
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As described in Supplementary Table 2, more than 60 synthetic

therapeutic peptides (comprising those used for medical diagnos-

tics or imaging), with a size <50 amino acids, have reached the

American, European and/or Japanese pharmaceutical markets

through a marketing authorization as APIs, even if some of them

are generics or discontinued (http://www.biam2.org/, http://www.

documed.ch, http://www.fda.gov/, http://www.fdaapproveddrugs.

us, http://www.rxlist.com and http://www.vidal.fr) [14,19,34,41].

Peptides and their homologous compounds (proteins and anti-

bodies) can be used in multiple pathologies, including allergy and

asthma, arthritis, baldness, cardiovascular diseases (coronary syn-

drome and angina), diabetes, gastrointestinal dysfunction, growth

problem, haemostasis, immunity disease, impotence, inconti-

nence, infective diseases (bacterial, fungal and viral), inflammation,

obesity, oncology (cancer and tumour imaging), osteoporosis (cal-

cium metabolism dysfunction), pain, vaccines and so on [34,41],

which represent important markets. In this context, the CNS is

certainly a paradox: it is a major therapeutic area with unmet

medical needs, for which the therapeutic peptide market potential

is immense. To achieve therapeutic efficacy, a potential CNS drug

has to cross the BBB by one of two transcellular mechanisms: passive

diffusion or active (catalyzed) transport. Passive diffusion comprises

mechanisms Qas transcellular lipophilic diffusion, which requires no

energy. Carrier-mediated transport (CMT) and receptor-mediated

transport or transcytosis (RMT) are active transport mechanisms,

which require energy. Unfortunately, most small molecules and

virtually all peptide and protein therapeutics are generally excluded

from passive transport because of their hydrophilicity and/or mole-

cular mass, even if some commercial synthetic therapeutic peptides

(thyrotropin-releasing hormone, argipressin, luteinizing-hormone-

releasing hormone and so on) have been demonstrated to cross the

BBB by saturable transport mechanisms [42]. Peptides will probably

be used intensively in the near future for various applications in the

treatment of CNS diseases, notably in the design of peptide regu-

lators of protein activity, if they are able to cross the BBB. Peptide-

based vectors (cationic or cationized peptides or proteins, which

cross the BBB by adsorptive-mediated transport [43,44], and CMT-

or RMT-based peptides [45–49]) developed for CNS drug targeting

will certainly contribute to the development of peptide-based pro-

drugs with facilitated access to the CNS.

In 2004, more than 20% of drugs belonging to the top 200 sales

were based on peptides, proteins or antibodies, with sales reaching

US$ 40 billion and, hence, approximately 10% of the overall figure

for the pharmaceutical industry [50]. According to the review of

Leader et al. [40], which gives an interesting new functional

classification of protein therapeutics, we provide herein in Sup-

plementary Table 3 a list of peptide derivatives or homologous

compounds (proteins or antibodies) used for medical diagnostics

or imaging, produced by other means (recombinant DNA and so

on) than chemical synthesis, and having reached the American,

European and/or Japanese pharmaceutical markets (some of them

are generics or discontinued) (http://www.biam2.org/, http://

www.documed.ch, http://www.fda.gov/, http://www.fdaappro-

veddrugs.us, http://www.rxlist.com and http://www.vidal.fr)

[51]. As described here, more than 200 peptide drugs and homo-

logous compounds (proteins or antibodies) containing peptide

bonds are marketed now (or have been marketed) on same phar-

maceutical Qmarkets.
nd market, Drug Discov Today (2009), doi:10.1016/j.drudis.2009.10.009
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Concluding remarks
As stated by Loffet [34], peptides (or proteins) still suffer from a

deficit in image because they (generally) have to be injected, but

erythropoietin and insulin are blockbusters even though they can-

not be taken orally. We are sure that chronic treatment with new

formulations or routes of administration will give a new impetus to

the therapeutic peptide field. The majority of marketed peptide

products and homologouscompounds (proteinsand antibodies) are

peptide hormones or peptide derivatives that simulate the action of

hormones. Peptides that are agonists or antagonists for receptors

implicated in oncology and inflammation, peptides as antibiotics,

or peptides that act as enzyme inhibitors in a variety of therapeutic

indications are increasingly being tested for efficacy at the discovery

and preclinical stages, suggesting that this class of drugs might soon

occupy a larger niche in the marketplace. In France, the 2008

MEDEC prize of the year (recognizing the provision of innovative

molecules by pharmaceutical companies for physicians and

their patients) was awarded to a synthetic therapeutic peptide:

the new antidiabetic drug Byetta1 (exenatide, 39 amino acids) of

Eli Lilly (http://www.gazettelabo.fr/2002breves/0608/medec.htm
Please cite this article in press as: Vlieghe, P. et al., Synthetic therapeutic peptides: science a
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and http://www.lemedec.com/website-medec-web/prix-medec.

do). Other therapeutic peptides, such as antimicrobial peptides,

with broad-spectrum antimicrobial activity against bacteria, viruses

and fungi, are promised a great future, especially in counteracting

the loss of efficiency of conventional antibiotics [52–54].

The decreasing number of approved drugs produced by the

pharmaceutical industry, accompanied by expanding expenses

for R&D, demands alternative approaches to improve pharma-

ceutical R&D productivity. As discussed here, peptide-based drug

discovery could be a serious option for addressing as yet unre-

solved problems. To date, hundreds of synthetic therapeutic

peptides are in clinical development, and even more are in

advanced stages of preclinical development in the pipeline of

pharmaceutical companies. This augurs a promising future for the

marketing of innovative synthetic therapeutic peptides in the

coming years.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.drudis.2009.10.009.
References
U
N

C
O

R
R

E
C

1 Schmid, E.F. and Smith, D.A. (2005) Is declining innovation in the pharmaceutical

industry a myth? Drug Discov. Today 10, 1031–1039

2 DiMasi, J.A. et al. (2003) The price of innovation: new estimates of drug

development costs. J. Health Econ. 22, 151–185

3 Rawlins, M.D. (2004) Cutting the cost of drug development? Nat. Rev. Drug Discov. 3,

360–364

4 DiMasi, J.A. and Grabowski, H.G. (2007) The cost of biopharmaceutical R&D: is

biotech different? Manag. Decis. Econ. 28, 469–479

5 Kola, I. and Landis, J. (2004) Can the pharmaceutical industry reduce attrition rates?

Nat. Rev. Drug Discov. 3, 711–715

6 Pangalos, M.N. et al. (2007) Drug development for CNS disorders: strategies for

balancing risk and reducing attrition. Nat. Rev. Drug Discov. 6, 521–532

7 Hughes, B. (2008) 2007 FDA drug approvals: a year of flux. Nat. Rev. Drug Discov. 7,

107–109

8 Hughes, B. (2009) 2008 FDA drug approvals: a year of flux. Nat. Rev. Drug Discov. 8,

93–96

9 Marx, V. (2005) Watching peptide drugs grow up. Chem. Eng. News 83, 17–24

10 Latham, P.W. (1999) Therapeutic peptides revisited. Nat. Biotechnol. 17,

755–757

11 Sato, A.K. et al. (2006) Therapeutic peptides: technological advances driving

peptides into development. Curr. Opin. Biotechnol. 17, 638–642

12 Merrifield, B. (1963) Solid phase peptide synthesis. I. The synthesis of a tetrapeptide.

J. Am. Chem. Soc. 85, 2149–2154

13 Bruckdorfer, T. et al. (2004) From production of peptides in milligram amounts for

research to multi-tons quantities for drugs of the future. Curr. Pharm. Biotechnol. 5,

29–43

14 Guzman, F. et al. (2007) Peptide synthesis: chemical or enzymatic. J. Biotechnol. 10,

279–314

15 Witt, K.A. et al. (2001) Peptide drug modifications to enhance bioavailability and

blood–brain barrier permeability. Peptides 22, 2239–2243

16 Kumar, D. and Bhalla, T.C. (2005) Microbial proteases in peptide synthesis:

approaches and applications. Appl. Microbiol. Biotechnol. 68, 726–736
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July 20, 1963 SYNTHESIS OF A TETRAPEPTIDE 2149 

spectrum was being taken in deuteriochloroform the sample tube 
popped its cork and vigorous gas evolution was noted. The 
spectrum was run several times during the first 15 min. after 
which it became constant and appeared to be that of 9,10- 
dihydrophenanthrene contaminated by an unidentified impurity 
which exhibited a strong peak a t  approximately 7.3 6. Positive 
identification was made by comparison of the infrared spectrum 
with that of an authentic sample. 

Thermal Decomposition of 1,4-Dihydronaphtho[ 1,8-d,e] [ 1,2] - 
diazepine (=).-In a semimicro distillation apparatus 0.4 g. 
of X X  was heated gently with a free flame. The solid melted 
to an orange liquid and on continued heating sudden and vigorous 
decomposition occurred with the release of a cloud of smoke. 
The black liquid remaining in the pot was distilled into the re- 
ceiver by means of the free flame. The distillate solidified as a 
black solid (0.2 g., 59.2%). Recrystallization from ethanol- 
water (decolorizing carbon) gave nearly white crystals, m.p. 
93.5-94.5". The melting point was not depressed on admixture 
with an authentic sample of acenaphthene. 

When the azo compound was heated in diglyme (b.p. 162") 
or triglyme (b.p. 210°), isomerization to XXI  was noted as 
proved by mixture melting point determination. 

Isomerization of 1,4-Dihydronaphtho [ 1,8-d,e] [ 1 ,2] diazepine 
(=).-A solution of 0.5 ml. of concentrated hydrochloric acid 
and 3 ml. of water was warmed with 0.2 g. of X X  for 2-3 min. 

until solution occurred. Excess solid potassium hydroxide was 
added and the cream-colored powder filtered and dried in air. 
The yield was 0.17 g. (85%), m.p. 129-130°, identified as XXI  
by comparison with a sample prepared by selenium dioxide 
oxidation of X. 

1-Benzal-2-benzylhydrazine.-A mixture of 10.4 g. of benzal- 
azine, 4.66 g. of dry lithium chloride, 5.94 g. of potassium boro- 
hydride and 80 ml. of tetrahydrofuran was refluxed for 24 hours 
with stirring.33 The mixture was decomposed by the addition of 
water and the tetrahydrofuran layer separated and allowed to 
evaporate spontaneously. Snow-white flakes (9.5 g., 91%) 
remained, m.p. 64-72" dec. Recrystallization from methanol 
gave 7.6 g. (727') of the pure hydrazone, m.p. 70-73.5" dec. 
(softening a t  69.5', lit.34 m.p. 69-70'). Since the hydrazone 
decomposed readily on standing as noted by previous workers, the 
n.m.r. spectrum was run a t  once. 

Acknowledgment.-We are indebted to Prof. Thomas 
Stengle for the n.m.r. spectra and discussions concerning 
their interpretation. 

(33) The procedure is based on the work of M. Davis [J. Chem. Soc., 
3981 (1956)], who showed that  tertiary amides could be reduced under these 
conditions. 

(34) A. Wohl and C. Oesterlin, Ber., 33, 2736 (1900). 

[CONTRIBUTION FROM THE ROCKEFELLER INSTITUTE, XEW YORK 21, N. Y.] 

Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide' 
BY R. B. MERRIFIELD 

RECEIVED JANUARY 31, 1963 

I t  involved the stepwise 
addition of protected amino acids to a growing peptide chain which was bound by a covalent bond to a solid 
resin particle. This provided a procedure whereby reagents and by-products were removed by filtration, and 
the recrystallization of intermediates was eliminated. The advantages of the new method were speed and sim- 
plicity of operation. The feasibility of the idea was demonstrated by the synthesis of the model tetrapeptide 
L-leucyl-L-alanylglycyl-L-valine. The peptide was identical with a sample prepared by the standard p-nitro- 

A new approach to the chemical synthesis of polypeptides was investigated. 

phenyl ester procedure. 

The classical approach to peptide synthesis has 
yielded impressive successes in recent years in the prep- 
aration of several biologically active peptides. * With 
the development of new reagents and techniques the 
synthesis of most small peptides has been placed within 
easy reach.3 However, these procedures are not 
ideally suited to the synthesis of long chain polypep- 
tides because the technical difficulties with solubility 
and purification become formidable as the number of 
amino acid residues increases. A new approach to 
peptide synthesis has been investigated in an effort to 
overcome some of these difficulties. The present re- 
port deals with the basic idea behind the new method 
and with a demonstration of its feasibility through the 
synthesis of a simple model tetrapeptide. 

The general concept underlying the new method is 
outlined in Fig. 1. It depends on the attachment of 
the first amino acid of the chain to a solid polymer by a 
covalent bond, the addition of the succeeding amino 
acids one at  a time in a stepwise manner until the de- 
sired sequence is assembled, and finally the removal of 
the peptide from the solid support. The reason for this 
approach is that when the growing peptide chain is 
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firmly attached to a completely insoluble solid particle 
it is in a convenient form to be filtered and washed free 
of reagents and by-products. Thus the intermediate 
peptides are purified, not by the usual recrystallization 
procedures, but by dissolving away the impurities. 
This greatly simplifies the manipulations and shortens 
the time required for the synthesis of the peptides. It 
is hoped that such a method will lend itself to automa- 
tion and provide a route to the synthesis of some 
of the higher molecular weight polypeptides which 
have not been accessible by conventional procedures. 

The Polymer.-The first requirement was for a suit- 
able polymer. It had to be insoluble in all of the sol- 
vents which were used and have a stable physical form 
which permitted ready filtration. It also had to contain 
a functional group to which the first protected amino 
acid could be firmly linked by a covalent bond. Many 
polymers and modes of attachment were investigated. 
Among the polymers were cellulose, polyvinyl alcohol, 
polymethacrylate and sulfonated polystyrene. The 
one which worked best was a chloromethylated copoly- 
mer of styrene and divinylbenzene. The resin, in the 
form of 200-400 mesh beads, possessed a porous gel 
structure which allowed ready penetration of reagents, 
especially in the presence of swelling solvents. AI- 
though diffusion and steric hindrance were no doubt 
important factors, they were not serious enough to pre- 
vent the desired reactions from proceeding to comple- 
tion. The reaction rates were slower than correspond- 
ing ones in solution, but conditions were found which 
permitted all of the reactions to occur a t  useful rates in 
spite of the fact that the growing peptide chain was in 
the completely insoluble solid phase a t  all times. It 
was for this reason that the term solid phase peptide 
synthesis was introduced to describe the new method. 
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Fig. 1.-The scheme for solid phase peptide synthesis. 

Attachment of the First Amino Acid to the Polymer.- 
To provide a point of attachment for the peptide the 
polystyrene resin was partially chloromethylated.4 
For reasons to be discussed later the product was then 
nitrated or brominated. The resulting substituted 
chloromethyl polystyrene was treated with the tri- 
ethylammonium salt of the first protected amino acid 
in the proposed peptide chain to give a substituted 
benzyl ester linkage. This was the stable covalent 
bond which held the growing peptide chain in the solid 
phase on the supporting resin. The reaction was 
shown to go to completion with carbobenzoxyglycine a t  
refluxing temperatures in dry solvents such as ethyl 
acetate, benzene or dioxane giving carbobenzoxyglycyl 
polymer.6 I t  was also demonstrated to proceed with 
carbobenzoxy-t-valine and carbobenzoxynitro-L-argin- 
ine. Racemization of the C-terminal amino acid was 
not observed during the reaction. The quantity of 
amino acid attached to the resin was purposely limited 
to approximately 0.5 mmole per gram of substituted 
polymer. To avoid undesired alkylations in subse- 
quent steps the unreacted chloromethyl groups were 
then esterified with an excess of triethylammonium 
acetate. Complete reaction was indicated by the fact 
that the product was nearly free of halogen. 

Cleavage of the Amino-Protecting Group.-The 
protecting group which was used throughout the syn- 
theses to be reported was the carbobenzoxy group. 
It was selected because it could be removed readily and 
completely by hydrogen bromide in glacial acetic acid.6 
Since the latter reagent also attacked the benzyl ester 
a t  a slow rate the loss of peptide from the resin was a 
serious problem. The difficulty was largely overcome 
by nitration or bromination of the polymer after the 

(4) K. W. Pepper, H. M .  Paisley and M .  A.  Young, J .  Chem. Soc., 4097 
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age to  the aromatic rings of the styrene-divinylbenzene copolymer through 
hydroxymethyl side chains. The number of substituents per molecule of 
polymer varied and the exact location on the ring or distribution among the 
rings was not known. The other polymer derivatives were named in an 
analogous manner. 
(6) I>. Ben-Ishai and A Berger, J .  Org. Chem. ,  17, 1564 (1952). 

chloromethylation step. Table I shows that while the 
carbobenzoxy group cleaved rapidly from the unsub- 
stituted carbobenzoxy-L-valyl polymer even in 10% 
HBr-acetic acid there was also considerable loss of es- 
ter. After nitration the rate of removal of carbo- 
benzoxy was decreased, but the loss of ester was re- 
duced to a very small level. With 30y0 HBr the car- 
bobenzoxy group was removed in 2 to 4 hr., while the 
ester cleavage remained a t  a low level for a t  least 6 hr. 
In fact, the peptides could not be removed completely 
from the nitrated resin even with proloaged HBr treat- 
ment. The carbobenzoxy-L-valyl bromopolymer had 
properties intermediate between the nitrated and un- 
substituted derivatives with respect to the stability of 
the carbobenzoxy and ester bonds. The carbobenzoxy 
group could be removed from i t  with dilute (10%) HBr 
and the ester could be cleaved with concentrated (30%) 
HBr. 

TABLE I 

HBr-ACETIC ACID 
CLEAVAGE O F  CARBOBENZOXY AND ESTER GROUPS BY 

Time, 
min , 

5 
10 
20 
30 
60 
90 

120 
180 
240 
300 

----------Extent of cleavage, yo--------- 

Cbz-Val Cbz-val- -bromopol ymer- 
-polymer- ------nitropolymer--- 30 % 
-10% HBr-. -10% HBr- -30% HBr- -10% HBr- HBr 
Cbz Ester Cbz Ester Cbz Ester Cbz Ester Ester 

52 6 8 0 . 5  8 
73 8 6 14 17 1 . 1  13 
90 12 12 28 32 2 . 2  21 

100 15 19 43 1 . 2  28 
100 18 38 1 . 2  67 77 6 46 

57 2 . 0  90 3 . 8  52 
67 2 . 5  100 4 . 3  87 10 58 
83 99 91 14 
94 3 . 2  108 5 . 4  69 
99 3 . 2  98 4 . 8  100 18 

C bz- val- 

The Peptide-Forming Step.-After removal of the N- 
terminal protecting group by HBr the hydrobromide 
was neutralized with excess triethylamine and the free 
base was coupled with the next protected amino acid. 
Although the p-nitrophenyl ester method' a t  first ap- 
peared to be ideal for this step it finally proved to be un- 
satisfactory after many experiments. The yields were 
not high enough even with elevated temperatures (80') 
and there was evidence for partial racemization (Table 
11). The N,N'-dicyclohexylcarbodiimide method,8 on 
the other hand, proved to be very satisfactory. The 
reaction went in virtually quantitative yield in about 
30 minutes a t  room temperature. The relatively in- 
soluble by-product dicyclohexylurea and the rearrange- 
ment product carbobenzoxyaminoacyldicyclohexylurea, 
which was formed in appreciable quantities, were both 
easily removed by thorough washing. In conventional 
syntheses this is not always the case, especially when 
the peptide derivatives have become large and relatively 
insoluble themselves. The choice of solvent for the 
condensation was very important. Of the several sol- 
vents which were examined dimethylformamide was 
the best, methylene chloride was satisfactory, but 
dioxane, benzene, ethanol, pyridine and water gave very 
low yields and were not useful. The effectiveness of 
the solvent depended partly on its ability to swell the 
resin and partly on other factors. For example, the 
two effective solvents (dimethylformamide and methyl- 
ene chloride) had high dielectric constants and also 
swelled the resin whereas benzene, which swelled the 
resin but had a low dielectric constant, was ineffective. 

The coupling reaction was shown to occur between 
glycylvalyl polymer and the carbobenzoxy derivatives 

(7) M. Bodanszky, Nalure,  171, 685 (1955). 
(8) J C Sheehan and G .  P Hess, J. A m  Chem Soc., 77, 1067 (1955). 
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TABLE I1 
AMINO ACID ANALYSES OF L-LEUCYL-L-ALANYLGLYCYL-L-VALINE 

enzyme hydrolysate 
Ratio' 

Polymer Coupling Cleavage acid hydrolysate 
subst. method method Leu Ala Gly Val 

NO, Active NaOH 0.83 0 .73  0.61 0.58 

NOz Diimide NaOH 1.00 1.05 0.97 . . 
Br Diimide HBr 1.06 1.00 1.02 1.01 

(1 The concentration of each amino acid in a leucine amino- 
peptidase digest divided by the corresponding value in a 6 N 
HCI hydrolysate. 

of leucine, isoleucine, valine, alanine, glycine, phenyl- 
alanine, 0-benzyltyrosine, proline, serine, threonine, 
methionine, S-benzylcysteine, im-benzylhistidine, nitro- 
arginine, y-methyl glutamate and asparagine. Lysine 
and tryptophan derivatives were not studied. 

Since i t  was very important that no unreacted amine 
remain after the peptide-forming r e a c t i ~ n , ~  several pre- 
cautions were taken, First, an excess of carbobenzoxy- 
amino acid and of diimide was used and each con- 
densation step was repeated with fresh reagents. 
Finally, after the coupling reactions were completed 
any trace of unreacted amine was acetylated with a 
large excess of acetic anhydride and triethylamine. 
This reduced the free amine to less than 0.1% of that 
originally present. The acetamido bond was com- 
pletely resistant to 30% HBr-acetic acid for 18 hours 
a t  25'. Consequently, the danger of re-exposure of 
these amino groups during subsequent steps was elimi- 
nated. 

The steps described to this point completed one cycle, 
i.e., the peptide chain was lengthened by one amino 
acid residue. Further cycles were carried out in the 
same way by alternately deprotecting and coupling with 
the appropriate carbobenzoxyamino acid. The com- 
pleted protected peptides were finally decarbobenzox- 
ylated by HBr and the free peptides were liberated from 
the polymer by saponification, or, in the case of the 
brominated resin, by more vigorous HBr treatment. 
The liberated peptides were desalted and purified by 
ion-exchange chromatography, countercurrent distri- 
bution or other suitable procedures. 

In order to establish the optimal conditions for the 
various reactions and to test the feasibility of the 
method as outlined, the simple tetrapeptide L-leucyl-L- 
alanylglycyl-L-valine was synthesized. Carbobenzoxy- 
L-leucyl-L-alanylglycyl-L-valyl polymer was made by 
the stepwise procedures described, using first the nitro- 
phenyl ester method and later the more suitable diimide 
reaction. The latter was used on both nitrated and 
brominated polymer. The best procedure was with 
the nitropolymer using dicyclohexylcarbodiimide in 
dimethylformamide for the coupling reaction and 
saponification for the liberation of the free peptide. 

Isolation and Purification of the Peptides.-The 
crude peptide product liberated from the resin was 
chromatographed on a Dowex 50-X4 column using 
0.1 M pH 4.0 pyridine acetate buffer. The eluate was 
analyzed by the quantitative ninhydrin reaction of 
Moore and Steinlo and by dry weight after evaporation 
of the volatile buffer from pooled fractions. Figure 2 
shows the chromatogram resulting from the separation 
of the peptides prepared on 10 g. of polymer. A total 
of 332 mg. of tetrapeptide was isolated which ac- 
counted for 80% of the free amino acids and peptides 

ester 

(9) If any amine remained unacylated after reaction with the carbobenz- 
oxyamino acid it would be liable to  react with the subsequent carbobenz- 
oxyamino acids. In this way a peptide chain lacking one or more of the in- 
ternal amino acid residues would begin to  grow. A family of closely related 
peptides, difficult t o  separate, would thus result. 

(10) S. Moore and W. H. Stein, J .  Biol. C h e m . ,  211, 907 (1954). 

present in the crude product. In addition, an ace- 
tylated peptide fraction weighing 57 mg. passed through 
the column almost unretarded. It contained acetyl- 
valine, acetylglycylvaline and acetyla!anylglycylval.ne 
in approximately equal amounts. It was concluded 
that the coupling reactions were not quite quantitative, 
but that the unreacted amine was available to acetic 
anhydride and could be prevented from further reac- 
tions in this way. The presence of small amounts of 
acetylated derivatives was not a serious difficulty, 
however, since these could be separated readily from 
the desired tetrapeptide. On the other hand, the 
presence of small amounts of the intermediate dipep- 
tides (20 mg.) and tripeptides (33 mg.) was more 
serious and required the chromatographic separation 
for their removal from the tetrapeptide. Their pres- 
ence indicated that either the acetylation step, or more 
likely, the cleavage of the carbobenzoxy group was in- 
complete. Thus the appearance of leucylalanylvaline 
and leucylvaline must mean that some carbobenzoxy- 
valine remained after the first HBr-acetic acid treat- 
ment and was then deprotected by the second or third 
treatments. This could, of course, become serious if 
the synthesis of large polypeptides were contemplated. 
The presence of two peaks (at 1.25 1. and 1.34 1.) both 
containing leucine, alanine, glycine and valine also de- 
serves some comment. The main component (92.5%) 
was shown by carboxypeptidase and leucine amino- 
peptidase digestions to be the desired all-L-peptide 
and the minor peak (7.5%) was found to be L-leucyl-L- 
alanylglycyl-D-valine. The explanation was clear when 
it was subsequently found that the sample of com- 
mercial carbobenzoxy-L-valine from which the peptides 
in this particular run were made contained 12% of car- 
bobenzoxy-D-valine. 

The purity and identity of the tetrapeptide was es- 
tablished in the following ways: (1) Rechromatography 
on Dowex 50 gave a single homogeneous peak. (2) 
Countercurrent distribution" for 100 transfers gave a 
single symmetrical peak which agreed closely with the 
calculated theoretical curve. (3) Paper chromatography 
gave a single spot in three solvent systems.12 (4) The 
ratios of amino acids determined by quantitative 
amino acid analysis13 of an acid hydrolysate were leu- 
cine 1.00, alanine 1.00, glycine 0.99, valine 1.00. (a) 
Optical purity was demonstrated by digestion with 
two enzymes. Leucine aminopeptidase completely di- 
gested the peptide (Table 11). This showed the optical 
purity of L-leucine and L-alanine. Carboxypeptidase 
A completely liberated L-valine, demonstrating the 
optical purity of this amino acid. (6) The final proof 
was a comparison with the same tetrapeptide syn- 
thesized by conventional methods. The two peptides 
were identical by chromatography, optical rotation and 
infrared spectra. 

For the conventional synthesis the stepwise p-nitro- 
phenyl ester method of Bodanszky' was used. L- 
Valine methyl ester was coupled with carbobenzoxy- 
glycine p-nitrophenyl ester and the product hydro- 
genated to give glycyl-L-valine methyl ester which was 
condensed with carbobenzoxy-L-alanine p-nitrophenyl 
ester. The protected tripeptide was hydrogenated and 
coupled with carbobenzoxy-L-leucine p-nitrophenyl 
ester to give analytically pure carbobenzoxy-L-leucyl- 

(11) I,, C. Craig, J,  D. Gregory and G .  T .  Barry, Cold Spring Harbor 
S y m p o s i a  o n  Quanl. Biol., 14, 24 (1949). 

(12) The sprays used would have detected any impurities of free or pro.. 
tected amino acids or peptides. The first was the ninhydrin spray, made by 
dissolving 2 ml. of acetic acid, 3 ml. of pyridine and 200 mg. of ninhydrin in 
100 ml. of acetone. The second was the hypochlorite-KI spray for amides; 
see C. G. Greig and D. H.  Leaback, Saluve,  188, 310 (1960), and R .  H. Mazur, 
B. W. Ellis and P. S. Cammarata, J .  Biol. C h e m . ,  237, 1619 (1962). 

(13) S. Moore, D. H .  Spackman and W. H. Stein, Anal .  Chem., 30, 1185 
(1958). 
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L-alanylglycyl-L-valine methyl ester. Carbobenzoxy- 
L-leucyl-L-alanylglycyl-L-valine was also obtained ana- 
lytically pure after saponification of the methyl ester. 
Catalytic hydrogenation over palladium-on-carbon 
gave the free tetrapeptide L-leucyl-L-alanylglycyl-L- 
valine. 

These experiments demonstrate the feasibility of 
solid phase peptide synthesis. For the new method to 
be of real value it must, of course, be applied to the 
synthesis of much larger peptides, preferably to those 
with biological activity. I t  must also be automated if 
large polypeptides of predetermined sequence are to be 
made. Encouraging experiments along these lines are 
now under way. 

Experimental 
The Polymer.-Copolymers of styrene and divinylbenzene of 

varying degrees of cross linking were obtained from the Dow 
Chemical C0.I4 The preparations were in the form of 200-400 
mesh beads. The degree of cross linking determined the extent 
of swelling, the effective pore size and the mechanical stability of 
the beads, and these properties in turn determined the suitability 
of the polymers for peptide synthesis. The lyO cross-linked 
beads were somewhat too fragile and became disrupted during the 
peptide synthesis t o  an extent which made filtration difficult. 
On the other hand, the 8 and l6y0 cross-linked beads were too 
rigid to  permit easy penetration of reagents, causing slower and 
less complete reactions. The 270 cross-linked resin was most 
useful and was employed for all the reactions reported here. 
The commercial product was washed thoroughly with A4 NaOH, 
M HC1, HzO, diyethylformamide and methanol and dried under 
vacuum a t  100 . The resulting material consisted of nearly 
white spheres ranging from approximately 20 to 80 1.1 in diameter. 
X o  attempt was made to obtain particles of more uniform size. 

Chloromethylpolymer.4-Copolystyrene-27, divinylbenzene 
(50 g.)  was swelled by stirring a t  25' for 1 hr. in 300 ml. of chloro- 
form and then cooled to  0". A cold solution of 7.5 ml. of anhy- 
drous SnCL in 50 ml. of chloromethyl methyl ether was added and 
stirred for 30 min. a t  0'. The mixture was filtered and washed 
with 11. of 3 :  1 dioxane-water, and then with 1 1. of 3: l  dioxane-3 
N HC1. The cream-colored beads were washed further with a 
solution which changed gradually from water to pure dioxane 
and then progressively to  1007, methanol. Abrupt changes of 
solvent composition were avoided. The product was dried 
under vacuum a t  100'; yield 55.0 g. The product contained 1.89 
mmoles of Cl/g., from which i t  could be calculated that approxi- 
mately 22'7, of the aromatic rings of the polymer were chloro- 
methylated. Conditions which would give this degree of substi- 
tution were purposely selected in order to minimize cross linking 
and to  avoid starting peptide chains a t  the more difficultly 
accessible sites. 
Nitrochloromethylpo1ymer.-A 50-g. sample of the dry chloro- 

methylpolymer (1.89 mmole of Cl/g.) was added slowly with 
stirring to  500 ml. of fuming nitric acid (9070 HiYO?, sp. gr. 1.5) 
which had been cooled to  0" .  The mixture was stirred 1 hr. a t  
0" and then poured into crushed ice. The light tan beads were 
filtered and washed as described above with water, dioxane and 
methanol and dried; yield 69.9 g. The nitrogen content was 
6.38 mmoles/g. by Dumas analysis. This was equivalent to  
1.03 nitro groups per aromatic ring. 
Bromochloromethylpolymer.-An 8.00-g. sample of chloro- 

methylpolymer (4.92 mmoles of Cl/g.) was suspended in 25 ml. 
of carbon tetrachloride containing 100 mg. of iodine. A solution 
of 5 ml. of bromine in 10 ml. of CCla was added and the mixture 
was stirred for 3 days in the dark a t  25'. The deep red suspension 
was filtered and the polymer was washed with CCL, dioxane, 
water, sodium bicarbonate, water and methanol and dried; 
yield 12.5 g. The extent of substitution was 4.56 mmoles of 
Br/g., which was equivalent to  0.97 bromine atom per aromatic 
ring. 

The Esterification Step. Carbobenzoxy-L-valyl Nitropolymer. 
--A solution of 15.5 g. (61.7 mmoles) of carbobenzoxy-L-valine 
and 8.65 ml. (61.7 mmoles) of triethylamine in 350 ml. of ethyl 
acetate was added to  40.0 g. of chloromethylnitropolymer and 
the mixture was stirred under reflux. After 48 hr., a solution of 
12 ml. of acetic acid and 28 ml. of triethylamine in 100 ml. of 
ethyl acetate was added and the stirring and heating continued 
for another 4 hr. The resin was filtered and washed thoroughly 
with ethyl acetate, ethanol, water and methanol by gradual 
change of solvent composition and dried under vacuum; yield 
46.9 g. A 30-mg. sample of the resulting esterified resin was 
hydrolyzed by refluxing for 24 hr. in a mixture of 5 ml. of acetic 
acid and 5 ml. of 6 ,V HC1. Valine in the filtrate was determined 

(14) Obtained f rom the Technical Service and Development Dept. of the 
Dow Chemical Co , Midland, Mich. 

by the ninhydrin method and found to  be 0.56 mmole/g. A 
chlorine determination (Parr fusion) indicated that  only 0.08 
mmole of Cl/g. remained. When carbobenzoxynitro-L-arginine 
was used in the corresponding reaction, ethyl acetate was re- 
placed by dioxane as solvent because of the increased solubility 
of the triethylammonium salt. 

The Reaction Vessel.-A reaction vessel was designed to  make 
possible the process of automatic synthesis. The remaining 
reactions to  be described were conducted within this vessel. I t  
consisted of a 45 X 125 mm. glass cylinder, sealed a t  one end and 
fitted with a 40-mm. medium porosity fritted disk filter a t  the 
other end. Immediately beyond the disk the tubing was con- 
stricted sharply and sealed to  a 1.5-mm. bore stopcock through 
which solvents could be removed under suction. A side arm, 
fitted with a drying tube, was used to  introduce reagents and to  
remove solid samples for analysis. The apparatus was attached 
to  a mechanical rocker which rotated the vessel 90" between the 
vertical and horizontal positions and provided gentle but efficient 
mixing of solvents and polymer. At the end of each reaction the 
vessel was stopped in the vertical position with the fritted disk 
a t  the bottom so that opening the stopcock allowed the solvents 
to  be removed by suction. 

The Deprotection Step. L-Valyl Nitropolymer.-Carbobenz- 
oxy-L-valyl nitropolymer (10 g., 5.6 mmoles of valine) was intro- 
duced into the reaction vessel and 30 ml. of 30% HBr in acetic 
acid was added. After shaking for 5 hr. a t  25', the suspension 
was diluted with 50 ml. of acetic acid, filtered and washed with 
acetic acid, ethanol and dimethylformamide (DMF). The re- 
sulting hydrobromide was then neutralized by shaking for 10 
min. in 30 ml. of DMF containing 3 ml. of triethylamine. The 
solvent containing the triethylammonium bromide was removed 
by suction and the polymer was washed with DMF. The fil- 
trate contained 5.4 mmoles of halogen (Volhard titration), indi- 
cating a quantitative removal of the carbobenzoxy group. 

The time required for the deprotection step was determined in 
two ways. In  the first method 100-mg. samples of carbobenz- 
oxy-t-valyl polymers (either nitrated, brominated or unsubsti- 
tuted) were treated with 1 ml. of 10% or 30% HBr-HOAc. At 
intervals the samples were filtered and washed with acetic acid, 
ethanol and water. The resulting valyl polymer hydrobromides 
were then analyzed for halogen by Volhard titration. A measure 
of the rate of ester cleavage during the reaction was obtained by 
analyzing the filtrates for valine by the ninhydrin reaction.'" 
These data are summarized in Table I .  Completion of the 
reaction with 30% HBr-HOAc on carbobenzoxy-L-valyl nitro- 
polymer required about 2 hr. and resulted in a loss of 4.3%. of 
valine. The second determination of the rate of the reaction 
depended on coupling the free a-amino derivatives with another 
carbobenzoxyamino acid according to  the procedures to  be de- 
scribed below. The amount of the new amino acid thus added to  
the peptide was determined by hydrolysis and quantitative 
measurement of the amino acids. For this purpose the tripep- 
tide derivative carbobenzoxy-L-alanylglycyl-L-Val yl nitropolymer 
was used and carbobenzoxy-L-leucine was coupled to  it. The 
leucine in the resulting tetrapeptide derivative was found to  be 
0.05 mmole/g. for the 0.5-hr. deprotection time. For times of 
2, 4 and 6 hr., the leucine values were 0.14, 0.31 and 0.29 m- 
mole/g. These results showed that removal of the carbobenzoxy 
group was maximal under these conditions within 4 hr. In order 
to  ensure a complete reaction a t  this step a standard time of 5 hr. 
was adopted. 

The Peptide-Forming Step. Carbobenzoxyglycyl-L-vdyl Ni- 
tropolymer. A. The Diimide Method.-Carbobenzoxy-L-valyl 
nitropolymer (10 g., 5.6 mmoles of valine) was deprotected and 
neutralized as described above. Immediately thereafter a soh -  
tion containing 2.34 g. (11.2 mmoles) of carbobenzoxyglycine in 
20 ml. of dimethylformamide was added and shaken for 10 min. 
to  allow for penetration of the reactant into the solid. A solution 
of 2.31 g. (11.2 mmoles) of dicyclohexylcarbodiimide in 4.6 ml. 
of DMF was then added and the suspension was shaken for 18 
hr. a t  25". The polymer beads were sucked dry, washed with 
DMF, and an additional portion (1.17 9.)  of carbobenzoxyglyclne 
in 20 ml. of DMF was added. After 10 min., 1.16 g. of dicyclo- 
hexylcarbodiimide was added, the mixture was shaken for 2 hr. 
and then filtered and washed. A solution of 3 ml. of acetic 
anhydride and 1 ml. of triethylamine in 20 ml. of DMF was then 
added. After 2 hr., the resin was filtered and washed four times 
each with DMF, ethanol and acetic acid to  remove excess re- 
agents and by-products. Although dicyclohexylurea is a rela- 
tively insoluble compound, it was readily removed in this 
manner (solubility about 4, 10 and 17 mg./ml. respectively, in 
DMF, ethanol and acetic acid). A hydrolysate of a dried sample 
of the product showed glycine 0.53 mmole/g. and valine 0.53 
mmole/g. 

The reaction time allowed for the peptide-forming step could 
probably be reduced to  much less than the 18 hr. employed here, 
although the exact reaction rate will depend on the particular 
amino acid derivative, the length of the peptide chain and perhaps 
other factors. To determine the approximate rate of the coupling 
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reaction, glycyl-~-valyl nitropolymer was condensed as just 
described with a twofold excess of carbobenzoxy-L-alanine and 
dicyclohexylcarbodiimide in DMF. Portions of the suspension 
were removed at intervals, filtered, washed and dried. Weighed 
samples were hydrolyzed in 6 N HC1-acetic acid and analyzed 
quantitatively for amino acids by column chromatography.la 
Alanine was found to  be 0.1, 0.2 and 0.4 mmole/g. after coupling 
times of 5, 10 and 30 min., and remained a t  this level up t o  18 hr. 

B. The Nitrophenyl Ester Method.-A solution of 3.70 g. 
(1 1.2 mmoles) of carbobenzoxyglycine p-nitrophenyl ester in 30 
ml. of benzene was added to  10 g. of L-valyl nitropolymer hydro- 
bromide (5.6 mmoles of valine) and stirred 1 hr. a t  25" to  allow 
swelling of the resin and penetration of the reagent. The swelling 
step was particularly important in order to  get a satisfactory yield 
in this reaction. A solution of 5 ml. of triethylamine in 15 ml. :f 
benzene was added and the mixture was stirred for 18 hr. a t  80 . 
The mixture was cooled, 3 ml. of acetic anhydride was added, and 
the mixture was stirred for 2 hr. a t  25'. The product was then 
filtered, washed with benzene, ethanol, water, and methanol and 
dried. A hydrolysate showed glycine 0.29 mmole/g., and valine 
0.43 mmole/g. 

The effectiveness of the acetylation step in blocking free 0- 
amino groups was demonstrated in the following way. Samples 
(100 mg.) of L-valyl nitropolymer were stirred with acetic an- 
hydride (0.3 ml.) and triethylayine (0.1 ml.) in D M F  (2 ml.) 
for various lengths of time a t  25 . The products were filtered, 
washed, and then saponified in ethanol (1  ml.) and 2 N NaOH 
(0.3 ml.) a t  25" for 2 hr. Free valine was determined in the 
filtrate by the ninhydrin reaction The unacetylated control 
contained 0.72 mmole/g., while the 1.5-hr. and 24-hr. acetylation 
samples each contained only 0.0029 mmole/g. 

The stability of the acetylated product t o  HBr-HOAc was 
determined by treating samples (100 mg.) with 3070 HBr-HOAc 
(0.4 ml.) a t  25" for 1 to  24 hr. The samples were then saponified 
as before and analyzed for free valine. In this experiment the 
untreated control showed 0.0015 mmole/g. and the 24-hr. sample 
0.0015 mmole/g. 

Carbobenzoxy-L-leucyl-L-alanylglycyl-L-valyl Nitropolymer.- 
The peptide chains were extended in a manner exactly analogous 
to  the general procedures just described for the dipeptides. 
Carbobenzoxy-glycyl-L-valyl nitropolymer (from part A above), 
still in the reaction vessel, was treated with HBr-HOAc, neutral- 
ized with triethylamine and coupled with carbobenzoxy-L- 
alanine to  give the tripeptide derivative. Without further 
manipulations another cycle was carried out using carbobenzoxy- 
L-leucine to  give the desired tetrapeptide derivative. The same 
protected tetrapeptide polymer was also made by the nitrophenyl 
ester method. 

The Peptide Liberation Step. L-Leucyl-L-alanylglycyl-L- 
valine .-The carbobenzoxy-~-leucyl-~-alanylglycyl-~-valyl nitro- 
polymer described above was decarbobenzoxylated with HBr- 
HOAc in the usual way. I t  was then saponified by shaking for 
1 hr. a t  25" in a solution of 40.5 ml. of ethanol and 4.5 ml. of 
2 N aqueous NaOH. The filtrate, withdrawn through the fritted 
disk of the reaction vessel by suction, was neutralized a t  once with 
HCI and the saponification step was repeated on the resin with 
more ethanolic sodium hydroxide for another hour. The resin 
was washed with ethanol and water and the neutralized filtrates 
were combined. Quantitative ninhydrin analysis of the filtrate 
gave a total of 1.98 mmoles (leucine equivalents) and analysis of 
an acid hydrolysate gave 6.92 mmoles. The ratio of 3.49 instead 
of the 4.0 expected for a tetrapeptide indicated that some amino 
acids or shorter chain peptides were also present. Since the 
ninhydrin value of an acid hydrolysate of the carbobenzoxy tetra- 
peptide polymer before saponification was 12.8 mmoles, the yield 
in the saponification step was 54%. 

The tetrapeptide was purified and isolated by ion-exchange 
chromatography on a 2 X 120 cm. column of Dowex 50-X4 
(200-400 mesh) resin using 0.1 M pH 4 pyridine acetate buffer. 
It was eluted a t  1 ml./min. and collected in 5.4-ml. fractions. 
Aliquots (0.2 ml.) of the fractions were analyzed by the nin- 
hydrin method. Tubes comprising the peaks were pooled and 
their contents were weighed after evaporation of the buffer. 
The fractions were identified by paper chromatography of their 
acid hydrolysates. The results are summarized in Fig. 2. The 
acetylated peptides emerged after only slight retardation as a 
group of four poorly resolved fractions. They were thus easily 
and completely separated from the desired tetrapeptide which 
emerged a t  1.25 1. The portion of the fraction between 1.12 and 
1.29 1. was combined, evaporated to  dryness, dissolved in 20 ml. 
of ethanol, filtered and precipitated with 100 ml. of dry ether. 
The product was centrifuged, washed, and dried under vacuum 
a t  60'. The yield was 265 mg. of a cream-colored, hygroscopic 
powder. Rechromatography on the same column gave a single 
sharp peak a t  1.20 I .  which indicated that ~-leucyl-~-alanylglycyl- 
D-valine had been completely removed. 

A 200-mg. sample of the tetrapeptide was countercurrented 
for 100 transfers in a solvent (10 ml. each phase) made from 2000 
ml. of redistilled sec-butyl alcohol, 22.2 ml. of glacial acetic acid 

20[ 
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Fig. 2.-Chromatographic separation of the tetrapeptide 
~-leucyl-~-alanylglycl-~-valine on a 2 X 120 cm. column of Dowex 
50-X4 resin. Elution was with 0.1 Mpyridine acetate buffer, p H  
4.0. The concentration was calculated from the ninhydrin an- 
alysis of individual tubes and dry weight of pooled fractions. 

and 1977 ml. of doubly distilled water. A single symmetrical 
peak resulted which was located by ninhydrin analysis on 0.2-ml. 
aliquots of both phases. The distribution coefficient was 0.32 
and was constant between tubes 16 and 33. This fraction was 
combined and evaporated t o  dryness; yield 195 mg. The peptide 
was dissolved in 2 ml. of ethanol and crystallized by the addition 
of 5 ml. of dioxane; yield 76 mg., [ a l Z 1 ~  +18.0' (c 2, ethanol); 
Rr 0.71 (propanol-HnO, 2:  l ) ,  0.73 (sec-BuOH-formic acid)," 
0.49 (sec-B~OH-ammonia)'~; amino acid ratiosL3: leucine 1 .OO, 
alanine 1.00, glycine 0.99, valine 1 .OO. 

AnaZ.'B Calcd. for C16H30N405: C, 53.6; H, 8.4; N, 15.6. 
Found: C,  52.6; H ,  8.2; N, 15.2. 

Optical Purity of the Peptides.-The possibility of racemization 
of the leucine and alanine residues was examined with use of 
leucine aminopeptidase (LAP) by a method similar to that de- 
scribed by H ~ f m a n n . ' ~  The peptide was incubated with'Worth- 
ington LAP (1 mg./20 mg. of peptide) for 2 days at 37 . The 
digest was analyzed on a quantitative amino acid column and a 
comparison of the ratios of amino acids found after enzymatic 
hydrolysis to  those found after acid hydrolysis was used as a 
measure of racemization (Table 11). Within the experimental 
error of about 5% it  was found that the diimide method caused 
no racemization in the synthesis of the tetrapeptide. On the 
other hand, the nitrophenyl ester procedure gave a product con- 
taining approximately 17% of D-leucine and l2YO of malanine. 
Because the tetrapeptide isolated from the diimide route showed 
no evidence of racemized residues and because 92.57, of the total 
tetrapeptides in the reaction mixture was isolated as pure product, 
it was clear that  racemization was not a problem with synthesis 
by the diimide method. 

The configuration of valine was established by carboxypepti- 
dase digestion using Worthington carboxypeptidase A.'* I n  this 
case, hydrolysis was followed by paper chromatography in sec- 
butyl alcohol-ammonia.15 The spot for tetrapeptide (Rr 0.49) 
progressively decreased while spots for valine (Rf 0.29) and leucyl- 
alanylglycine ( R ,  0.33) increased. After 3 hr., the reaction was 
essentially complete and the total ninhydrin value had doubled, 
indicating that the glycylvaline bond was completely digested 
and therefore that the valine had not been racemized. The 
second tetrapeptide isolated from this run (peak a t  1.34 1.) which 
represented 7.5% of the total was resistant to  carboxypeptidase. 
After 20 hr. only unchanged tetrapeptide (Rf 0.49) was present. 
I t  therefore contained D-valine. This was presumed to have 
originated from the commercial carbobenzoxyvaline used as 
starting material in this run since the latter was subsequently 
shown to be 12'3, racemized. 

(15) W. Hausmann, J. A m .  Ckem. Soc., 74, 3181 (1952). 
(16) The several samples of ~.-Ieucyl-L-alanylglycyl-~-valine prepared both 

by the new method and by the conventional procedure have, in every case, 
given analytical values for C, H and N which were a few per cent lower than 
theory. The data for the different preparations, however, havealwaysagreed 
well with one another. The values given were for samples dried for 18 hr. 
at  looo under vacuum over PtOa. Other conditions were tried but did 
not change the results. 
(17) K .  Hofmann and H .  Yajima, J .  A m .  Ckem. Soc., 85, 2289 (1961). 
(18) H .  Neurath, E .  Elkins and S. Kaufman, J .  B i d .  Chem. ,  170, 221 

(1947). 



2154 SIDNEY BELMAN VOl. 85 

Conventional Synthesis of the Tetrapeptide. A .  Carbobenz- 
oxyglycyl-L-valine Methyl Ester.-To 7.13 g. (0.0425 mole) of 
L-valine methyl ester hydrochloride in 30 ml. of methylene chlo- 
ride a t  0" was added 12 ml. (0.085mole) of triethylamine, followed 
by a solution of 14 g. (0.042 mole) of carbobenzoxyglycine p -  
nitrophenyl ester in 50 ml. of methylene chloride. After stand- 
ing 24 hr. a t  room temperature the clear yellow solution was 
washed with N ammonium hydroxide until colorless, then with N 
hydrochloric acid and water. The dried product was an oil 
weighing 10.3 g. (75%). Thin layer chromatography on silicic 
acid in chloroform-acetone (10: 1) gave one spot, Rr 0.75, by the 
hypochlorite-KI spray for amides.12 The oil was used directly 
for the next step. 

B . Carbobenzoxy-L-leucyl-L-alanylglycyl-L-valine Methyl 
Ester.-Carbobenzoxy-glycyl-L-valine methyl ester (5.1 g., 
15.8 mmoles) was hydrogenated for 2 hr. a t  25" in 50 ml. of 
methanol containing 15.8 ml. of N HC1 and 500 mg. of 5% palla- 
dium-on-carbon. The product was dissolved in 20 ml. of methyl- 
ene chloride, cooled to 0' and 4.4 ml. of triethylamine was added. 
Carbobenzoxy-L-alanine p-nitrophenyl ester (5.44 g., 15.8 
mmoles) in 20 ml. of methylene chloride was added and the 
mixture was stirred for 3 days a t  25". The solution was washed 
with KHIOH, HCl and water and dried. The solution of 
carbobenzoxy-L-alanylglycyl-L-valine methyl ester was evaporated 
to dryness and the oil (3.43 g., 557,)  was dissolved in methanol 
for hydrogenation. The product was then coupled with 2.88 g. 
(7.65 mmoles) of carbobenzoxy-L-leucine p-nitrophenyl ester in a 
manner similar to that described for the previous step. The 
yield of crude carbobenzoxy-L-leucyl-L-alanylglycyl-L-valine 
methyl ester was 2.80 g. (64% from the protected tripeptide), 
1n.p. 155-157'. For analysis the product was recrystallized twice 
from ethyl acetate-petroleum ether; m.p. 160-161°, [a] z l ~  
-31.8' ( c  2, ethanol), 

Anal. Calcd. for C~bH3~K40,: C, 59.25; H, 7.57; X, 11.07. 
Found: C, 59.21; H ,  7.26; K, 11.08. 

C. Carbobenzoxy-~-leucyl-~-alanylglycyl-~-valine.-Carbo- 
benzoxy-L-leucyl-L-alanylglycyl-i-valine methyl ester (662 mg . , 
1.3 mmoles) was dissolved in 2.5 ml. of ethanol and 0.28 ml. of 
5 N NaOH was added. After 60 min. a t  25" the solution was 
diluted with water and extracted with ethyl acetate. The 
aqueous phase was acidified with HCl and the product extracted 
into ethyl acetate. Evaporation of the dried solution gave 520 
mg. (81$), m.p. 194". Two recrystallizations from ethanol- 
water raised the m.p. to 199-200', [ o ~ ] * ~ D  -23.8' (c 2, etha- 
nol). 

Anal. Calcd. for Cz4HasN107: C, 58.52; H, 7.37; X, 11.37. 
Found: C, 58.55; H ,  7.00; N, 11.30. 

D. L-Leucyl-L-alanylglycyl-L-valine.-Carbobenzoxy-L-leu- 
cyl-L-alanylglycyl-L-valine (493 mg., 1 .O mmole) was dissolved 
in 50 ml. of ethanol and hydrogenated for 24 hr. in the presence 
of 50 mg. of 5% palladium-on-carbon. The mixture was 
filtered and evaporated to dryness. The residue was redissolved 
in 2 ml. of ethanol and filtered again and the tetrapeptide was 
then precipitated with dry ether; yield 343 mg. (96%), [a]*lD 
+17.5" (c 2, ethanol); R f  0.71 (propanol-HzO), 0.73 (sec- 
butyl alcohol-formic acid),I4 0.49 (sec-butyl alcohol-ammonials); 
amino acid ratios13: leucine 0.98, alanine 1.00, glycine 1.00, 
valine 1.01. 

Anal.16 Calcd. for Cl&or';406: C, 53.6; H, 8.4; N, 15.6. 
Found: C, 52.7; H ,  8.1; N, 14.9. 

Acknowledgments.-The author wishes to express his 
sincere appreciation to Dr. D.  W. Woolley for his interest 
and advice during this work. The author also is grate- 
ful to Dr. John Stewart for many helpful suggestions 
and discussions and to Miss Angela Corigliano and Miss 
Gretchen Grove for their technical assistance. 

[ CONTRIBUTION FROM THE INSTITUTE OF INDUSTRIAL MEDICINE OF NEW YORK UNIVERSITY MEDICAL CENTER, NEW YORK 16, N.  Y. ]  

Beryllium Binding by Bovine Serum Albumin at Acid pH 
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The binding of beryllium by bovine serum albumin was investigated, a t  three temperatures, in the pH region 
5 and below, where beryllium salts are soluble and dialyzable. Reversible association was studied by the method 
of equilibrium dialysis in solutions containing nitrate ion a t  an ionic strength of 0.15. The amount of binding 
increased with increasing pH and temperature. The constancy of the intrinsic association constant ( K  = 
36.2) and the variation of n,  the number of binding sites, suggest that environmental conditions modify the 
structure of the protein so that a varying number of a single class of binding sites become available for reaction. 
Considerations of the effect of pH and temperature on beryllium ion hydrolysis and albumin structure support 
this interpretation. Esterified serum albumin exhibited no beryllium binding which is evidence for the carboxyls 
as the reacting groups. The results of potentiometric titrations agreed with those obtained from equilibrium 
dialysis. Albumin denatured by dodecyl sulfate showed greatly increased beryllium binding which was at-  
tributed to the electrostatic effect of the bound anion. The cooperative behavior of the beryllium binding was 
ascribed to the structural effects induced by dodecyl sulfate bound to  albumin. Although the beryllium species 
in equilibrium with the protein is unknown, the data suggest that Be2+ is one reacting species. 

Introduction 
The interaction of beryllium with proteins is im- 

portant for several reasons. Beryllium toxicity in the 
lung disease, berylliosis, is of unexplained mechanism1f2 
but may involve interaction of beryllium with tissue 
 protein^.^ In addition, studies of metal-protein com- 
plex formation can be used to elucidate protein struc- 
t ~ r e . ~  

Beryllium-protein interactions have been qualita- 
tively examined by several procedures. Thus, beryl- 
lium precipitates serum and  nucleoprotein^^-^^ and 

(1) H.  I,. Hardy and I. R. Tabershaw, J .  I n d .  Hyg.  Toxicol.,  88, 197 
(1946). 

(2) J. H. Sterner and M. Eisenbud, Avch. I n d .  Hyg .  and Occupational M e d . ,  
4, 123 (1951). 

(3)  W. N. Aldridge, J. M. Barnes and F .  A. Denz, &it. J .  ExpfI .  Patkol . ,  
30,  376 (1949). 

(4) I. M. Klotz, J, M. Urquhart, T .  A .  Klotr and J. Ayers, J .  A m .  Chem. 
SOL.,  77, 1919 (1955). 

( 5 )  U. Richter, Inaug.  Diss., Wurzburg, 1930, described in ref. 6. 
(6)  H. Steidle, Avch. E x p e r .  Path.  Pharmakol . ,  187, 553 (1937). 
(7) L. T.  Fairhall, F. Hyslop, E. D. Palmes, W. C. Alford and A. R. 

(8) S .  V. Volter, FavmakoE. i .  Toks ikol . ,  3 ,  82 (1940). 
Monaco, N a t l .  I n s t .  Health. Bull., 181 (1943). 

inhibits heat denaturation of trypsin." Binding in 
calf serum at  pH 7.5 a t  about M beryllium is 
indicated by the dialysis experiment of Feldman, 
et a1.I2 

In another study the strong inhibition of alkaline 
phosphatase by beryllium was used by Schubert and 
LindenbaumI3 to measure the formation constants 
between this metal and chelating agents. The agree- 
ment of their values with those in the literature demon- 
strated that alkaline phosphatase binds beryllium.14 

(9) W. Jacobson and hl. Webb, E x p t l .  Cell Rcseavck, 8 ,  163 (1952). 
(10) L. M. Gilbert, W. G. Overend and M. Webb, i b id . ,  a ,  349 (1951). 
(11) W. G. Crewther, Australian J .  B i d .  Sci., 6 ,  597 (1953). 
(12) I. Feldman, J. R. Havill and W. F .  Neuman, Arch.  Biochcm. BiofikYs.. 

(13) J. Schubert and 4. Lindenbaum, J .  Biol. Ckem. ,  a08, 359 (1954). 
(14) These authors err, however, in assuming that a 1 : 1 complex forms 

between beryllium and chelating agent. Meek and Banks15 have shown that 
sulfosalicylic acid forms a 2 :  1 complex with beryllium at alkaline pH. The 
data in Fig. 1 and 3 of Schubert and Lindenbaum's paper can be used to 
determine which complex is formed. Theoretical curves based on data in 
Fig. 1 were plotted for the 1 : 1 and 2: 1 complex of sulfosalicylic acid. The 
curve for  the 2 :  1 complex coincided with the experimental curve in Fig. 3. 
The curve for the 1 : 1 complex did not. Furthermore the calculation Of the 
formation constant for the 2 :  1 complex was K = 1.74 X 10-9, which is  to  be 

46, 443 (1953). 
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II 
0 

I11 b 

IIIa 

mg of sodium hydride for 3 hr. That the methyl- 
ethylnitrosamine (V) produced in this reaction was 
the result of direct displacement of iodide, rather than 
carbene insertion, was demonstrated by subjecting di- 
methylnitrosamine-d6 (VI)6 to these conditions; the 
isolation of product with a molecular weight of 93 
(mass spectrometry) implies that cleavage of the ni- 
trosamine C-D bond preceded the reaction with the 
alkylating species. 

C H I  ,CHz-CH, 
C” -N, - CHJ-N 

N=O NaH ‘N=O 
IV V 

OD- I D,O + -  
yCDJ CHJ ,CDz- CH, 

0 , - N ,  - CDj-N 
N=O NaH ‘N=O 

It is noteworthy that canonical structures involving 
resonance delocalization of the formal negative charge 
at carbon cannot be formulated, and the facility of 
the reaction must be attributable entirely to inductive 
effects. Such a situation was once thought to be im- 
possible,’ but several groups have amply demonstrated 
the viability of inductively stabilized carbanionss analo- 
gous to the one proposed here. It is presumed that 
polarization of the N-N-0 group, as in IIb, is more 
important in the carbanion than in the nitrosoamine 
itself, since the formal positive charge at the heterocyclic 
nitrogen would contribute to the inductive stabilization 
of the carbanionic center. It is hoped that kinetic 
studies currently in  progress will shed further light 
on the mechanistic details of this reaction. 

Acknowledgment. The authors wish to thank Drs. 
C. A.  Kingsbury and W. Lijinsky for helpful dis- 
cussions, and Messrs. J. Loo, F. Watson, and D. E. 
Johnson for able technical assistance. The financial 
support of the U. S. Public Health Service, Contract 
No. 43-68-959, is gratefully acknowledged. 

(6) Diniethylnitrosamine-ds (VI) was prepared by exchange with 
deuterium oxide in the presence of sodium deuterioxide. The isotopic 
purity of the redistilled product, bp 149”, was estimated to be 99 Z using 
mass spectrometry. No trace of any impurity could be detected by glc 
or nmr. 

( 7 )  E.  S .  Gould, “Mechanism and Structure in Organic Chemistry,” 
Holt, Rinehart and Winston, New York, N. Y., 1959, p 388. 

(8) Several other types of carbanions have been alleged to be purely 
inductively stabilized, including the a-fluoro- and a-aryloxy carbanions,g 
the quaternary ammonium methylides,lO and the carbanion derived 
from 7-ket0norbornane.1~ 

(9) J .  Hine, L. G. Mahone, and C. L. Liotta, J .  Amer. Chem. SOC., 89, 
591 I (1967). 

(10) W. \ .  E. Doering and A. I<. Hoffmann, ibid., 77, 521 (1955). 
( 1  I )  P. G.  Gassman and F. V. Zalar, ibid., 88, 3070 (1966). 
(12) Address correspondence to this author. 
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The 9-Fluorenylmethoxycarbonyl Function, a New 
Base-Sensitive Amino-Protecting Group 

Sir: 
In contrast to the variety of amino-protecting groups 

which can be cleaved under nonhydrolytic conditions 
by acids of varying strengths, there is currently no 
complementary set of groups cleavable by basic reagents 
of graded activity. Making use of the process of /3 
elimination, 1-4 we have developed one such hydrocarbon- 
derived protective function, the 9-fluorenylmethoxy- 
carbonyl group (FMOC), which can be cleaved under 
extremely mild conditions, most conveniently simply by 
allowing a solution in liquid ammonia5 to stand for 
several hours. Other convenient deblocking conditions 
involve dissolution in ethanolamine, morpholine, or a 
similar amine. In addition the group is potentially 
capable of being modified for greater or lesser sensitivity 
toward basic reagents. 

H*CH,OCONHR 
1 

CH2 
2 

The FMOC group may be readily introduced by treat- 
ment of the parent amine with 9-fluorenylmethyl chloro- 
formate (3a) or the corresponding azidoformate (3b) 
in aqueous dioxane in the presence of sodium carbonate 
or bicarbonate. The chloroformate (mp 61 -5-63 O ;  

ir (CHC13) 1770 cm-l; nmr (CDC13) 6 4-4.6 (m, 3, 
CHCHz), 7.1-7.8 (m, 8, aryl)) is obtained (86%) by 
reaction of 9-fl~orenylmethanol~ with phosgene in 
methylene dichloride without added base. The azido- 
formate (mp 83-85’; ir (CHC13) 2135,1730 cm-’; nmr 
(CDC13) 6 4-4.5 (m, 3, CHCH,), 7.1-7.9 (m, 8, aryl)) is 
best obtained (82z) by reaction of 3a with sodium 
azide in aqueous acetone. Fortunately, for purposes of 
selectivity in the synthesis of polyfunctional compounds 

(1) A. T. Kader and C .  J. M. Stirling [J. Chem. SOC., 258 (1964)l have 
recommended use of the related P-tosylethoxycarbonyl group, although 
removal conditions involved use of sodium hydroxide or ethoxide and 
prior acidification to decompose the first-formed carbamate. The p- 
nitroethoxycarbonyl group has also been examined but found unsuit- 
able for various 

(2) P. J. Crowley, M.S. Thesis, University of Massachusetts-Amherst, 
Amherst, Mass., 1958; L. A. Carpino, unpublished work, 1967-1968. 

(3) Th. Wieland, G. J. Schmitt, and P. Pfaender, Jus fus  Liebigs Ann. 
Chem., 694, 38 (1966). 

(4) The 9-fluorenylmethyl system was first suggested to us in conversa- 
tions with Professor A. Ceccon regarding the ease of p elimination from 
9-fluorenyl thiocyanates and analogous systems relative to the corre- 
sponding benzhydryl derivatives [compare A. Ceccon, U. Miotti, U. 
Tonellato, and M. Padovan, J .  Chem. SOC. B, 1084 (1969); U. Miotti, 
A. Sinico and A. Ceccon, Chem. Commun., 724 (1968)l. For recent 
studies showing that even 9-fluorenylmethanol undergoes ready ? 
elimination (mechanism ElcB), see R. A. More O’Ferrall, and S. Slae, 
J. Chem. SOC. B, 260 (1970); R. A. More O’Ferrall, ibid., B, 268, 274 
(1970). 

( 5 )  One of the classic deblocking systems in peptide chemistry involves 
reduction of tosyl and other protective groups by means of a solution of 
sodium in liquid ammonia. Presence of sodium is, however, a distinct 
disadvantage both in terms of possible competing reactions and isola- 
tion difficulties due to the presence of inorganic salts. 

(6) W. G. Brown and B. A. Bluestein, J .  Amer. Chem. Soc., 65,  1082 
(1943). 

Journal of ’ the  American Chemical Society 92:19 1 September 23, 1970 
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isoelectronic with the aromatic squarate anion (4).2 
Simple Hiickel calculations performed on 3 suggest 
that a substantial amount of the stability exhibited by 
4 should also be found in 3.3 In this report we wish to  
communicate the synthesis of 1 and the formation of 
3 under relatively mild conditions. 

Treatment of diethoxycyclobutenedioneZa (4.7 g, 
27.6 mmol) with methyl magnesium bromide (2.95 M ,  H3cx- C2H50xI 2. l .CHJMgBr H,O,ether ~ 

C&O HO 
3. H+j acetone 

1 

Sa, X = C1 
b , X = N ,  

I 
4 

or complex polypeptides, the FMOC group is stable 
under conditions involved in the removal of most of the 
commonly used protective groups such as hydrogen 
bromide or chloride in various organic solvents, tri- 
fluoroacetic acid, and catalytic hydrogenolysis over 
palladium-carbon. Cleavage by-products (monomeric 
or polymeric dibenzofulvene (2) or an amine-dibenzo- 
fulvene adduct such as 4) depend on both reaction con- 
ditions and the reagent used and in all cases are easily 
separated from the desired amine. As an example, a 
solution of FMOC-glycine (1, R = CH2C02H), mp 
174-176", in liquid ammonia is allowed to stand for 
10-12 hr, the ammonia evaporated, and the residue 
treated with ether to remove 2. The residue is treated 
with water to remove a trace of dibenzofulvene polymer 
and evaporation gives glycine in quantitative yield. 
Similarly a solution of FMOC-aniline (1, R = C6HS), 
mp 189-190°, in morpholine is allowed to stand at room 
temperature for 25 min, diluted with water, filtered to 
remove adduct 4, mp 172.5-174" (95 %), and extracted 
with ether to give aniline (96%). If ethanolamine is 
substituted for morpholine as solvent and cleavage re- 
agent the by-product is 2 rather than an analog of 4. 
Authentic 2 was shown to react with morpholine to give 
4. 
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Meth ylh y droxy cy clobutenedione 

Sir : 
We wish to report the synthesis of methylhydroxy- 

cyclobutenedione (l), the first simple homolog of 
hydroxycyclobutenedione (2). On the basis of previous 
work on the phenyl analog,' 1 was expected to  be a 
strong monoprotic acid. In addition, abstraction of 
another proton by base would lead to  a new species (3) 

1,RcCHB 3, R = CH2 
2, R-'H 4 , R = O  

(1) E. J .  Smutny and J. D. Roberts, J .  Amer. Chem. SOC., 77, 3420 
(1955); E. J. Smutny, M. C. Caserio, and J. D. Roberts, ibid., 82,  1793 
( 1960). 

32 mmol) in ether at - 78 O followed by hydrolysis and 
extraction afforded a residue which was treated with 
an aqueous acid-acetone mixture and allowed to 
evaporate. Trituration with ether afforded 1 (1.34 g, 
44%) as colorless crystals after sublimation and re- 
cry~tallization;~ mp 162-164" (acetone-heptane); nmr 
(acetone-&, TMS) 7 1.98 (0.99 H, s), 7.82 (3 H, s); 
Y,,, (Nujol) 265c2150 (broad), 1800, 1725, 1540, 
1070, 755 cm-'; A,,, (H,O) 260 (e 11,000), 230 mp 
(24,000). 

Anal. Calcd for C6H403: C, 53.58; H, 3.60; 
mol wt, 112. Found: C, 53.70; H, 3.48; m/e, 112, 
neut equiv, 11 5 .  

The presence of only two resonances in the nmr 
spectrum of 1 coupled with the absence of any ap- 
preciable amount of H/D exchange in the methyl 
group (acetone-d6, DzO, HC1) precludes the presence 
of tautomer l b .  Keto-enol tautomers such as IC in 
rapid equilibrium with 1, however, cannot be ruled out 
at present. 

HO OH HO OH 
lb IC 

Treatment of 1 (720 mg, 6.43 mmol) with excess 
diazomethane afforded the crystalline methyl ether 
derivative 5 (680 mg, 84%); mp 49-51 O ;  Y,,, (Nujol) 
1820, 1800, 1760 cm-'; A,,, (CH30H) 228 mp ( E  

5 

17,000); nmr (CDCl,, TMS) 7 5.53 (2.96 H, s), 7.75 
(3 H, s). Acid-catalyzed hydrolysis of 5 gave back 1 
(90%). The mass spectrum of 5 consisted of four major 

(2) (a) G .  Maahs and P. Hegenberg, Angew. Chem., Int. Ed. Engl., 
5 ,  888 (1966); (b) R. West, H. Y. Niu, D. L. Powell, and M. V. Evans, 
J .  Amer. Chem. SOC., 8 2 ,  6204 (1960); (c) R.  West and D. L. Powell, 
ibid., 85, 2577 (1963); (d) M. Ito and R.  West, ibid., 85,  2580 (1963); 
(e) R. West and H. Y. Niu in "Non-Benzenoid Aromatics," Vol. I ,  
J. P. Snyder, Ed., Academic Press, New York, N. Y., 1969, pp 311-345. 

(3) Using Coulomb and resonance integrals of Q + p and 0.8p for 
oxygen,*0 these calculations indicate that about 80% of the delocaliza- 
tion of 4 would be retained by 3. 

(4) A small amount of dimethylcyclobutenedione was also isolated 
from the ether-soluble portion (dinitrophenylhydrazone derivative, mp 
204" (lit. 205-208" dec)): A. T. Blomquist and R.  A. Vierling, Terra- 
hedronht t . ,  19,655 (1961). 
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Abstract

Methods and Protocols of Modern Solid Phase Peptide Synthesis

Muriel Amblard,* Jean-Alain Fehrentz, Jean Martinez, and Gilles Subra

The purpose of this article is to delineate strategic considerations and provide practical procedures to
enable non-experts to synthesize peptides with a reasonable chance of success. This article is not encyclope-
dic but rather devoted to the Fmoc/tBu approach of solid phase peptide synthesis (SPPS), which is now the
most commonly used methodology for the production of peptides. The principles of SPPS with a review of
linkers and supports currently employed are presented. Basic concepts for the different steps of SPPS such
as anchoring, deprotection, coupling reaction and cleavage are all discussed along with the possible prob-
lem of aggregation and side-reactions. Essential protocols for the synthesis of fully deprotected peptides are
presented including resin handling, coupling, capping, Fmoc-deprotection, final cleavage and disulfide
bridge formation.

Index Entries: Solid phase peptide synthesis (SPPS); resin; Fmoc SPPS; coupling reagents; protecting
groups; anchoring; side reaction.

1. Introduction
Currently,“peptide synthesis” includes a large

range of techniques and procedures that enable
the preparation of materials ranging from small
peptides to large proteins. The pioneering work
of Bruce Merrifield (1), which introduced solid
phase peptide synthesis (SPPS), dramatically
changed the strategy of peptide synthesis and
simplified the tedious and demanding steps of
purification associated with solution phase syn-
thesis. Moreover, Merrifield’s SPPS also per-
mitted the development of automation and the
extensive range of robotic instrumentation now
available. After defining a synthesis strategy and
programming the amino acid sequence of pep-
tides, machines can automatically perform all the
synthesis steps required to prepare multiple pep-
tide samples. SPPS has now become the method
of choice to produce peptides, although solution
phase synthesis can still be useful for large-scale
production of a given peptide.

2. Materials
1. Reaction vessel (Fig. 1).
2. Polytetrafluoroethylene (PTFE) stick (15-cm

length,0.6–0.8-cm diameter).
3. Rotor.

Fig. 1. Basic equipment for SPPS.
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4. Filtration flask.
5. Porous frit.
6. Lyophilizer.
7. High-performance liquid chromatography

(HPLC) equipped with reverse phase C 18
column.

8. pH-Indicating paper.
9. Solvents (N,N-dimethylformamide [DMF],

methanol [MeOH], dichloromethane [DCM])
in wash bottles.

10. Di-isopropylethylamide (DIPEA).
11. Piperidine solution in DMF (20:80).
12. Kaiser test solutions (ninhydrin, pyridine, phe-

nol) (Note 1).
13. Fmoc-amino-acids with protected side-chains

(Table 1).
14. Trifluoroacetic acid (TFA).
15. Tri-isopropylsilane (TIS).
16. tert-butyl methyl ether (MTBE).

3. Methods
3.1. Principles of SPPS

As peptide synthesis involves numerous repeti-
tive steps, the use of a solid support has obvious
advantages. With such a system a large excess of
reagents at high concentration can drive coupling
reactions to completion. Excess reagents and side
products can be separated from the growing and
insoluble peptide simply by filtration and washings,
and all the synthesis steps can be performed in the
same vessel without any transfer of material.

The principles of SPPS are illustrated in Fig. 2.
The N-protected C-terminal amino-acid residue is
anchored via its carboxyl group to a hydroxyl (or
chloro) or amino resin to yield respectively an
ester- or amide- linked peptide that will ultimately
produce a C-terminal acid or a C-terminal amide
peptide. After loading the first amino acid, the
desired peptide sequence is assembled in a linear
fashion from the C-terminus to the N-terminus
(the C�N strategy) by repetitive cycles of Nα

deprotection and amino acid coupling reactions.
Side-chain functional groups of amino acids

must be masked with permanent protecting groups
(Pn) that are stable in the reaction conditions used
during peptide elongation. The α-amino group is
protected by temporary protecting group (T) that

is usually a urethane derivative. The temporary
protecting group (T) can be easily removed under
mild conditions that preserve peptide integrity
and reduces the rate of epimerization, which can
occur via 5(4H)-oxazolone formation of the acti-
vated amino acid during coupling step (2,3) as
indicated in Fig. 3. The protective role of ure-
thanes against epimerization also explains the
predominance of the C�N strategy.

After coupling, the excess of reactants is removed
by filtration and washings. The temporary N-termi-
nal protecting group is removed allowing the addi-
tion of the next N-urethane-protected amino acid
residue by activation of its α-carboxylic acid.
This process (deprotection/coupling) is repeated
until the desired sequence is obtained. In a final
step, the peptide is released from the resin and the
side-chain protecting groups (Pn) concomitantly
removed.

3.2. Fmoc/tBu SPPS
In SPPS, two main strategies are used: the Boc/

Bzl and the Fmoc/tBu approaches for T/Pn pro-
tecting groups. The former strategy is based upon
the graduated acid lability of the side-chain pro-
tecting groups. In this approach, the Boc group is
removed by neat trifluoroacetic acid (TFA) or
TFA in dichloromethane and side-chain protect-
ing groups and peptide–resin linkages are re-
moved at the end of the synthesis by treatment
with a strong acid such as anhydrous hydrofluoric
acid (HF). Although this method allows efficient
syntheses of large peptides and small proteins, the
use of highly toxic HF and the need for special
polytetrafluoroethylene-lined apparatus limit the
applicability of this approach to specialists only.
Moreover, the use of strongly acidic conditions
can produce deleterious changes in the structural
integrity of peptides containing fragile sequences.

The Fmoc/tBu method (4) is based upon an
orthogonal protecting group strategy. This approach
uses the base–labile N-Fmoc group for protection
of the α-amino function, acid–labile side-chain
protecting groups and acid–labile linkers that con-
stitute the C-terminal amino acid protecting group.
This latter strategy has the advantage that tempo-
rary and permanent orthogonal protections are re-
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Fig. 2. Principles of SPPS.

moved by different mechanisms allowing the use
of milder acidic conditions for final deprotection
and cleavage of the peptide from the resin. For all
these reasons, Fmoc-based SPPS method is now
the method of choice for the routine synthesis of
peptides.

3.3. Solid Supports
The matrix polymer and the linker can charac-

terize solid supports (5). Often the term “resin” is
improperly used in place of the linker system,
ignoring the fact that the matrix polymer is as
important in supported chemistry as the solution
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phase (6). As hundreds of different resins are
commercially available, some of them carrying
the same linkers, special care should be taken to
properly choose the most suitable linker for the
synthesis.

3.3.1. Matrix Polymers
Crosslinked polystyrene (PS)-based resins are

most commonly used for routine SPPS. Beads of
200- to 400-mesh size distribution (correspond-
ing to a diameter of about 50 µm) and a loading of
0.5 to 0.8 mmol/g present good characteristics for
polymer swelling in solvents such as DMF and
DCM, diffusion of reactants into the polymer
matrix, and accessibility of linker sites buried into
the bead. For larger peptides (more than 25 amino
acids) or more difficult sequences, a lower load-
ing is required (0.1–0.2 mmol/g).

Crosslinked polyamide-based resins (PA) and
composite PS-Polyethylene glycol (PEG)-based
resins are much more hydrophilic supports than
PS resins. They exhibit different physical proper-
ties at microscopic and macroscopic levels (7).
These supports, often with a lower loading capacity,
may represent an alternative to standard crosslinked
PS resins for the synthesis of difficult sequences
and large peptides.

3.4. Resin Handling
3.4.1. SPPS Reaction Vessels

SPPS can be performed in classical glass reac-
tion vessels that can be made by glassblowers or
purchased from manufacturers (Fig. 1). Alterna-

tively, syringes equipped with PTFE or glass frits
may also be used.

Reaction vessel size should be in relation to the
amount of resin used, according to Table 2.

3.4.2. Solvents
As 99% of coupling sites are not at the surface

but inside the resin beads, swelling of beads car-
rying the growing peptide chain is essential for
the optimal permeation of activated N-protected
amino acids within the polymer matrix, thus improv-
ing coupling yields. Before starting the solid phase
synthesis, the resin has to be swollen in an adequate
solvent such as DCM or DMF for 20 to 30 min
(Protocol 1). For crosslinked polystyrene beads
used in SPPS, DCM presents optimal swelling
properties. For coupling steps, polar aprotic sol-
vents such as DMF or NMP are preferred to improve
solubility of reactants. Alcohols and water are not
adequate solvents for PS resins (see Note 2). Nev-
ertheless, methanol or isopropanol can be used
during the washing steps (Protocol 2) to shrink
PS resin beads. This shrinking will efficiently
remove reactants in excess. After such treat-
ment, PS beads should be swollen in DCM or DMF.

3.4.3. Stirring and Mixing
It is not necessary to agitate the reaction vessel

vigorously, as diffusion phenomena dictate the
kinetic reaction in SPPS. Moreover, most types
of resin beads used for peptide synthesis are frag-
ile, so magnetic stirring is not recommended. An
old rotary evaporator rotor can be used for stir-
ring during coupling and deprotection steps or
alternately any apparatus enabling smooth agi-
tation by rocking or vortexing is appropriate. As
beads usually stick to glass, the important condi-
tion is that all surfaces of the reactor must be in
contact with the reaction mixture during stirring.

3.4.4. Washing
Washing steps are essential to remove soluble

side products and the excess of reactants used
during coupling and deprotection steps. Filling
the reactor with solvent contained in a wash bottle
and emptying it under a vacuum is an appropriate
and simple method. If necessary, stirring and mix-
ing of the resin in the washing solvent can be per-
formed with a PTFE stick.

Fig. 3. Epimerization by oxazolone formation.
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PROTOCOL 1: RESIN SWELLING

1. Place the dry resin in the appropriate reaction
vessel (see Subheading 3.4.1.).

2. Fill the reactor with DCM until all resin beads
are immersed. Resin suspension can be gently
mixed with a PTFE stick.

3. Leave for 20 to 30 min.
4. Remove DCM by filtration under vacuum.

PROTOCOL 2: STANDARD WASHING PROCEDURES

1. Fill the reaction vessel with DMF.
2. Leave for 10 s and remove the solvent by fil-

tration.
3. Carefully wash the screw cap and the edge of

the reactor with DMF.
4. Repeat steps 1 and 2 twice with DMF.
5. Repeat steps 1 and 2 with MeOH.
6. Repeat steps 1 and 2 with DCM.
7. Repeat steps 1 and 2 with DMF.

3.5. Linkers and Resins for Fmoc-Based
SPPS

The first step of SPPS is the anchoring (or load-
ing) of the N-protected C-terminal amino acid
residue to the solid support via an ester or an
amide bond depending of the C-terminal func-
tional group of target peptide (respectively acid
or amide). Most of the linkers are commercially
available anchored on the different matrixes (PS,
PA, PEG-PS). The bead (ball) symbol used in the

following paragraph is generic and does not refer
to a particular matrix.

3.5.1. Peptide Amides
For the synthesis of C-terminal peptide amides,

the commonly used resins are 1 to 3 (Fig. 4) (8–10).
These resins are compatible with Fmoc chemistry
and final TFA cleavage. For attachment of the first
urethane N-protected residue, standard peptide
coupling procedures (Protocol 5) can be used.
These resins are usually supplied Fmoc-protected
and should be deprotected before incorporation of
the first residue. With bulky C-terminal amino
acids, a double coupling step can be necessary.

3.5.2. Peptide Acids
The anchoring of an amino acid to the solid

support by esterification is often more difficult,
and even hazardous, for some residues and can
lead to epimerization, dipeptide formation and
low substitution. Thus, we recommend the pur-
chase of resins preloaded with the first C-terminal
N-protected amino acid; these are commercially
available from various manufacturers.

Commonly used resins in Fmoc/tBu strategy
for the synthesis of C-terminal peptide acid are
reported in Fig. 5 (11–14). Anchoring reactions
must be performed in an anhydrous medium and
amino acids containing water should be dried before
use.

Table 2
Type of SPPS Reaction Vessels

Vessel length Vessel diameter Max. resin weight Working volume
(cm)  (cm)   (mg)  (mL)

5 2 0.5 10
11 2.6 2 40
15 3.4 4 90

Fig. 4. Resins for peptide amide synthesis.
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3.5.3. Hydroxymethyl-Based Resins
For hydroxymethyl-based resins 4 to 6, forma-

tion of the ester linkage is easier with unhindered
resins such as Wang resin 4 compared with resins
possessing withdrawing methoxy groups 5 and 6.
The most commonly used esterification process
is the symmetrical anhydride method (Protocol 3).
Determination of the loading can be performed by
Fmoc release measurement (see Note 3). In the
case of difficult anchoring, the esterification step
can be repeated with fresh reactants. Arginine
derivatives can need three esterification steps to
achieve correct loading. After anchoring, unreacted
resin-bound hydroxyl groups should be capped by
benzoic anhydride or acetic anhydride (see Proto-
col 3, step 8).

PROTOCOL 3: ATTACHMENT TO HYDROXYMETHYL-
BASED RESIN

1. Place the resin in the appropriate SPPS reactor.
2. Swell the resin as described in Protocol 1.
3. The desired Fmoc-amino-acid (10 equivalents

relative to resin substitution) is placed in a dry,
round-bottom flask with a magnetic stirrer and
dissolved in dry DCM at 0°C (3 mL/mmol).
Some drops of dry DMF may be useful to
achieve complete dissolution.

4. Add DIC (5 equivalents) and stir the mixture
for 10 min at 0°C. If a precipitate is observed,
add DMF until dissolution and stir for 10 min
more.

5. Add the solution to the hydroxylmethyl resin.
6. Dissolve dimethylaminopyridine (DMAP) (0.1–

1 equivalent) in DMF and add the solution to
the reaction mixture.

7. After 1-h stirring, wash the resin with DMF
(three times) and finally with DCM.

8. Dry the resin in vacuo for 18 h before perform-
ing Fmoc release measurement on a sample
(see Note 3). When the loading is less than
70%, repeat the esterification step.

9. When the desired substitution is achieved, cap
the remaining hydroxyl groups by adding ben-
zoic or acetic anhydride (5 eq) and pyridine
(1 eq) in DMF to the resin (previously swelled)
and stir for 30 min.

10. Wash the resin (Protocol 2) and start classical
elongation with N-protected amino acid after
Fmoc deprotection (Protocol 7).

3.5.4. Trityl-Based Resins
Trityl-based resins are highly acid-labile. The

steric hindrance of the linker prevents diketopi-
perazine formation and these resins are recom-
mended for Pro and Gly C-terminal peptides.
Extremely mild acidolysis conditions enable the
cleavage of protected peptide segments from the
resin. These resins are commercially available as
their chloride or alcohol precursors. The trityl
chloride resin is extremely moisture-sensitive, so
reagents and glassware should be carefully dried
before use to avoid hydrolysis into the alcohol
form. It is necessary to activate the trityl alcohol
precursor and it is highly recommended to reacti-
vate the chloride just before use (see Note 4).
After activation, attachment of the first residue
occurs by reaction with the Fmoc amino acid
derivative in the presence of a base. This reac-
tion does not involve an activated species, so it is
free from epimerization. Special precautions
should be taken for Cys and His residues that are
particularly sensitive to epimerization during acti-
vation (Table 2).

Fig. 5. Resins for peptide acid synthesis.
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PROTOCOL 4: ATTACHMENT TO TRITYL-BASED RESIN

1. Place 1 g of trityl-based resin (1.0–2.0 mmol
chloride/g resin) in a SPPS reaction vessel.

2. Swell the resin as described in Protocol 1.
3. Add a solution of 3 eq of Fmoc amino acid and

7.5 eq of DIPEA in dry DCM (10-mL/g resin).
4. Stir the mixture for 30 to 60 min at room tem-

perature.
5. Wash the resin with DMF (two to three times).
6. Add 10 mL of a mixture of DCM/MeOH/

DIPEA (80:15:5) to cap any remaining reac-
tive chloride group.

7. Mix for 15 min and filter.
8. Wash the resin three times with DMF and DCM.

After drying in vacuo, the substitution can be
measured from Fmoc release (see Note 3).

3.6. Side-Chain Protecting Groups
We will limit the description of side-chain pro-

tecting groups (5) to those that have been found
most effective for the preparation of a large num-
ber of classical peptide sequences in Fmoc SPPS
and are commercially available from most of the
protected amino acid providers. For routine syn-
thesis, TFA-labile protecting groups are usually
used. However, for selective modifications of a
particular residue on the solid support (e.g., side-
chain cyclized peptides, biotinylated peptides),
special orthogonal protecting groups are needed
(15). Some of the most commonly used side-chain
protecting groups are reported in Table 3.

3.7. Coupling Reaction
The most simple and rapid procedure for the

stepwise introduction of N-protected amino acids
in SPPS is the in situ carboxylic function activa-
tion (Protocol 5). A large excess of the activated
amino acid is used (typically 2–10 times excess
compared to the resin functionality, which is pro-
vided by the manufacturer or empirically deter-
mined; see Note 3). This excess allows a high
concentration of reactants (typically 60–200 mM)
to ensure effective diffusion.

The time required for a complete acylation
reaction depends on the nature of the activated
species, the peptide sequence that is already
linked to the resin, and the concentration of reagents.
This last parameter must be as high as possible

and is in connection with the volume of the reac-
tion vessel and the resin substitution (Table 2).
The preferred coupling reagents for in situ activa-
tion are benzotriazol-1-yl-oxytripyrrolidino phos-
phonium hexafluorophosphate PyBOP (16) for
phosphonium-based activation and O-(benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium tetra-
fluoroborate TBTU (17) or N-[(1H-benzotriazol-
1-yl) (dimethylamino)methylene]-N-methyl-
methan-aminium hexafluorophosphate N-oxide
HBTU (18) for aminium/uronium-based activa-
tion (Fig. 6). These coupling reagents convert N-
protected amino acids into their corresponding
OBt esters. A tertiary amine (generally diisoprop-
ylethylamine) is required to produce the carboxy-
late of N-protected amino acids which reacts with
coupling reagents. More recently, N-[(dimeth-
ylamino)-1H-1,2,3-triazolo[4,5-b] pyridin-1-yl-
m e t h y l e n e ] - N - m e t h y l - m e t h a n a m i n i u m
hexafluorophosphate N-oxide HATU (19) and
PyAOP (20), that generate OAt esters, have been
reported to be more efficient and to reduce
epimerization.

Uronium/aminium-based reagents (HBTU,
HATU, TBTU) are thought to mechanistically
function in a similar way to their phosphonium
analogs but unlike them, they can irreversibly
block the free N-terminal amino function of the
peptide-resin by forming tetramethylguanidinium
derivatives (Fig. 7) (21). To avoid this side-reac-
tion, it is recommended to generate the carboxy-
late of the amino acid before adding these coupling
reagents at a slightly reduced equivalent com-
pared to the amino acid.

PROTOCOL 5: STANDARD COUPLING PROCEDURE

WITH HBTU
1. After Fmoc deprotection and washings (or

properly conditioning and swelling when the
resin is dry), wash the resin once with DMF.

2. Add the N-α Fmoc protected amino acid as a
powder (usually 3 eq).

3. Fill the SPPS reaction vessel (at least 2/3 of
volume) with DMF and stir with a PTFE stick
for 10–20 s.

4. Add DIPEA to the vessel (usually slight excess,
3.5–4 eq) and stir with a PTFE stick until com-
plete dissolution of the N-protected amino acid
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Fig. 6. Phosphonium and uronium/aminium coupling reagents.

Fig. 7. N-terminal tetramethylguanidinated peptides.

occurs. Other tertiary amines can be used such
as N-methyl morpholine or triethylamine.

5. Add HBTU (2.9 eq compared with 3 eq of
amino acid), screw the cap, and stir for 30 min.
For difficult sequences it is recommended to
preactivate the N-protected amino acid before
coupling to the free Nα-amino function to limit
the guanylation side-reaction.

6. Remove the coupling solution by filtration.
7. Wash the resin properly according to washing

Protocol 2.
8. Perform qualitative monitoring of the coupling

reaction using a colorimetric test (see Note 1).

In some cases coupling is not complete and a
colorimetric test will reveal the presence of free
amino groups. On these occasions a double cou-
pling with fresh reagents must be performed.
When acylation is incomplete after a second cou-
pling, a capping procedure through acetic anhy-
dride (Protocol 6) can be performed to stop the
elongation of these less-reactive amino groups.
When the colorimetric test still reveals the pres-

ence of free amine functions after capping, aggre-
gation can be suspected.

PROTOCOL 6: CAPPING

1. Swell the resin in DCM.
2. Remove the DCM by filtration.
3. Fill the SPPS reactor (at least 2/3 of volume)

with a 50/50 DCM/acetic anhydride solution
(in case of trityl linker, see Note 7) and mix for
3 min.

4. Remove the capping solution by filtration and
repeat step 3 for 7 min.

5. Wash three times with DCM.
6. Check the disappearance of free amino groups

by a convenient colorimetric test (see Note 1)
and repeat the operation if necessary.

3.8. Difficult Sequences and Aggregation
When Nα-deprotection reactions and amino

acid coupling steps do not go to completion or pro-
ceed in low yields, repeated or prolonged reaction
times should overcome these problems. Neverthe-
less, this is not always sufficient. The cause of
this failure is thought to be self-association of the
peptide chain by hydrogen bond formation lead-
ing to aggregation. This aggregation results in
incomplete solvation of the peptide-resin and
inaccessibility of the reagents to the N-terminal
amino group. This phenomenon is sequence-depen-
dent with particular propensity for sequences con-
taining high proportions of hydrophobic residues
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and can start from the fifth-coupled residue. Two
general methods can be used to disrupt the forma-
tion of secondary structures. The first consists of
changing the peptide environment by adding
chaotropic salts such as potassium thiocyanate or
lithium chloride at a 0.4 M concentration, deter-
gent solvents at 1% (v/v), or solvents such as
DMSO, trifluoroethanol, hexafluoroisopropanol to
the reaction medium (22–28). The second approach
involves structural changes in the peptide back-
bone itself by the introduction of protecting
groups to selected amide bonds. This is usually
achieved by using the 2-hydroxy-4-methoxybenzyl
(Hmb) derivative of glycine. Other amino acids
can also be incorporated as their N,O-bis(Fmoc)-
N-(Hmb) derivatives approximately every 6–7
residues (Fig. 8) (29,30). The incorporation of
(Hmb) amino acids can be performed through
their corresponding pentafluorophenyl esters,
which are commercially available, or by standard
coupling methods. For optimal N-acylation of the
terminal Hmb residue that can be slow, it is rec-
ommended to use powerful coupling methods
such as symmetrical anhydrides or preformed acid
fluorides in DCM. The O-Fmoc protection of the
Hmb derivatives is cleaved under piperidine treat-
ment and the Hmb group in the final TFA cleav-
age. For Cys-, Ser-, and Thr-containing peptides
their pseudoproline derivatives, also known to
disrupt aggregation, can also be used (31–33).

3.9. Fmoc Deprotection
Removal of the temporary Fmoc protecting

group from the N-terminus of the peptidyl-resin
is normally achieved by short treatment with 20%
piperidine in DMF (Protocol 7). The reaction is
generally complete within 10 min, but can be
longer in some cases. For safe removal a 20-
min deprotection time is recommended. The

deprotection results in formation of a dibenzo-
fulvene–piperidine adduct that strongly absorbs
in the UV range (see Note 3). Fmoc removal can
be monitored by UV spectroscopy. This is a com-
mon procedure with automatic synthesizers but
not in standard manual SPPS. When incomplete
deprotection is suspected, the use of 20% piperi-
dine containing 1 to 5% DBU in DMF is recom-
mended. However, DBU can promote aspartimide
formation, thus its use should be avoided in Asp-
or Asn-containing sequences.

PROTOCOL 7: REMOVAL OF Nα FMOC PROTECTION

1. After coupling reaction and washings, resin is
washed once with DMF.

2. Fill the SPPS reaction vessel (at least 2/3 of
volume) with an 80/20 DMF/piperidine solu-
tion and stir for 20 min (see Note 8).

3. Remove the DMF/piperidine solution by fil-
tration.

4. Wash the resin properly according to Protocol 2.

3.10. Final Cleavage
Concentrated trifluoroacetic acid is widely

used for the simultaneous cleavage of the peptide
from the resin and removal of side-chain protect-
ing groups. In these conditions, side-chain pro-
tecting groups produce stabilized carbocations,
which can readily react with the electron rich side-
chain of amino acids (Cys, Met, Tyr, Thr, Ser,
Trp), leading to unwanted byproducts. To mini-
mize this phenomenon, scavengers are added to
the cleavage cocktail to trap carbocations. Numer-
ous cocktails have been described to optimize the
cleavage conditions of particular sequences. Silane-
based cocktails that generally provide good results
are nonodorous and less toxic than thiol-based
cocktails (34). Special care should be taken to pre-
pare and to use cleavage cocktails. All operations
should proceed under a fume hood using gloves
and safety glasses.

PROTOCOL 8: STANDARD TFA CLEAVAGE

1. Weigh the resin and place it in a round bottom
flask. When the resin is dry, swell it as described
in Protocol 1.

2. Add 10 mL of cleavage cocktail (trifluoroacetic
acid/water/triisopropyl silane 95/2.5/2.5) per
100 mg of resin.

Fig. 8. Fmoc-(FmocHmb) amino acid.
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3. Resin is cleaved for 90 min under gentle stir-
ring (see Note 9).

4. Filter the resin on a glass frit and wash it twice
with fresh cleavage cocktail. Recover the fil-
trate in a round-bottom flask.

5. Concentrate the cleavage cocktail in vacuo to
approximately one-fourth of its original volume.

6. Under vigorous stirring, add MTBE to precipi-
tate the peptide. At least 10 times the initial
TFA volume of MTBE should be added to
precipitate the unprotected peptide. When the
peptide does not precipitate, concentrate the
solution in vacuo and go directly to step 9.

7. Filter the precipitate on a 4-porosity glass frit.
8. Triturate and wash by filtration the precipitated

peptide on the frit three times with MTBE.
9. Solubilize the peptide in acetonitrile/water/

TFA 50/50/0.1 and lyophilize. Solvent used for
this step can be changed to increase solubility.
Lyophilization can be repeated twice when
scavengers are detected after reverse phase
HPLC analysis of the peptide.

3.11. Disulfide Bridge Formation
One of the simplest ways to form disulfide

bonds is oxidation of the fully deprotected linear
peptide obtained after cleavage from the resin (in
some cases, disulfide bridges began to form dur-
ing the cleavage step) before or after preparative
HPLC purification. The cyclization has to be per-
formed using high dilution conditions to promote
intramolecular disulfide bond formation versus
intermolecular dimerization. Dimethyl sulfoxide
is used to accelerate the oxidation reaction (35).
PROTOCOL 9: STANDARD FORMATION OF DISULFIDE

BRIDGES BY AIR OXYDATION

1. Dissolve the lyophilized peptide at 0.5 mM
concentration in a 5% acetic acid solution.

2. Add 10% volume of DMSO in a large beaker.
Adjust the pH to 6.0 to 7.0 if necessary with a
0.5 M ammonium acetate solution.

3. Stir the solution vigorously at room tempera-
ture for 12 h to incorporate atmospheric oxy-
gen into the solution. Ideally, disulfide bridge
formation should be monitored by reverse phase
HPLC. Purification (step 4) should be per-
formed immediately after the end of the reac-
tion.

4. Purify the peptide by preparative reverse phase
HPLC after acidification with a TFA solution
(pH 2.0).

5. Lyophilize the solution containing the frac-
tions.

For peptides having more than two cysteines,
orthogonal protection of these residues can be
used to allow selective and sequential disulfide
bridge formation (5). However, especially if the
peptide sequence is a natural one, simultaneous
deprotection/bridge formation can be attempted in
an adequate redox buffer. The equilibrium between
the different disulfide bridge arrangements dur-
ing “oxidative folding” leads, in most of cases, to
the native folding.

PROTOCOL 10: FORMATION DISULFIDE BRIDGES

USING OXIDATIVE FOLDING IN REDOX BUFFER

1. Dissolve the linear peptide at a 0.05 to 0.1 mM
concentration in a buffer (0.1–0.2 M Tris-HCl,
pH 7.7–8.7) containing 1 mM EDTA and reduced
(1–10 mM) and oxidized (0.1–1 mM) glutathione.

2. Stir the solution at 25–35°C and monitor the
reaction by HPLC, normally from 16 to 48 h.

3. Lyophilize the solution after acidification with
a TFA solution (pH 2.0).

4. Purify the oxidized peptide by preparative reverse
phase HPLC.

5. Lyophilize the solution containing the frac-
tions.

3.12. Side Reactions
Several residue- or sequence-dependent side

reactions can occur during SPPS.

3.12.1. Diketopiperazine Formation
Diketopiperazine formation occurs at the C-ter-

minal deprotected dipeptide stage by intramolecu-
lar cleavage of the resin ester linkage by the free
amino function of the penultimate amino acid
under basic conditions. This side reaction is par-
ticularly favored in Fmoc SPPS strategy as the
base-induced deprotection of the Fmoc group
releases a free amino group. The extent of its
formation depends on the nature of the C-termi-
nus amino acid and the type of peptide-linker ester
anchor. Peptides containing proline or glycine in
the C-terminal dipeptide sequence are especially
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sensitive to DKP formation. In such cases, hin-
dered trityl-based resins should be used to avoid
its formation and consequently the loss of the C-
terminal dipeptide from the resin (Fig. 9).

3.12.2. Aspartimide Formation
The cyclization of aspartic acid residues to

form aspartimide is the most likely side-reaction
observed in routine SPPS (Fig. 10). This is a
sequence-dependent side reaction that occurs
either during chain elongation or during final
TFA cleavage when Asp(OtBu)-AA sequence
(AA = Ala, Gly, Ser, Asn[Trt]) is present in the
peptide. Hydrolysis of the aspartimide ring leads
to a mixture of both α- and β-peptides. Its reac-
tion with piperidine used for Fmoc removal also
leads to the formation of α- and β-piperidides.
Normally, in Fmoc based SPPS, Asp(OtBu) pro-
vides sufficient protection. However, for particular

sequences such as Asp(OtBu)-Asn(Trt) particularly
sensitive to aspartimide formation, addition of
HOBt to the piperidine solution or protection of
the aspartyl amide bond with the 2-hydroxy-4-
methoxybenzyl (Hmb) group should be consid-
ered (36).

4. Notes
1. Kaiser test. Solution A: 5% ninhydrin in etha-

nol (w/v); solution B: 80% phenol in ethanol
(w/v); solution C: KCN in pyridine (2 mL 0.001
M KCN in 98-mL pyridine). After washings,
sample a few resin beads in a small glass tube
and add 2 drops of each of the above solutions.
Heat to 120°C for 4–6 min. Blue resin beads in-
dicate the presence of resin-bound free amines.

TNBS test. Solution A: 5% DIPEA in DMF
(v/v); Solution B: 1% TNBS in water (w/v) com-
mercially available from Fluka (St. Quentin-

Fig. 9. DKP formation.

Fig. 10. Aspartimide formation and succinimide ring re-opening in basic medium.
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Fallavier, France), and 1% in DMF. Sample a
few resin beads in a small glass tube, add 1
drop of each of the above solutions, and watch
the sample under a microscope. The presence
of resin-bound free amines is indicated within
10 min by yellow or red resin beads.

2. Polyamide-based and composite PEG-PS resin
beads present a larger scope of solvent com-
patibility than PS beads, even allowing the use
of water solutions. However, for routine pep-
tide synthesis, solvents are the same than those
used for PS-resin.

3. Fmoc determination: (1) Weigh duplicate
samples of 5- to 10-mg loaded resin in an
Eppendorf tube and add 1.0 mL 20% piperi-
dine/DMF, stir for 20 min, and centrifuge
down the resin. (2) Transfer 100 µL of the
above solution to a tube containing 10 mL
DMF and mix. (3) Set the spectrophotometer
at 301 nm. Transfer 2 mL DMF into each of
the two cells of the spectrophotometer (refer-
ence and sample cells), set spectrophotometer
to zero. Empty the sample cell, transfer 2 mL
of the solution to measure, check absorbance.
(4) Substitution of the resin = [101 × (Absor-
bance)]/[7.8 × (weight in mg)]. Check absor-
bance three times at 301 nm; calculate average
substitution.

4. Reactivation of trityl resins: After swelling and
washing the resin with toluene (five times),
place the resin in a round-bottom flask and
cover with toluene. Add freshly distilled acetyl
chloride (1 mL/g resin) and fit a reflux con-
denser on the flask. Heat the reaction mixture
at 60°C for 3 h. Allow to cool to room tem-
perature, filter the resin on a frit, and wash
six times with DCM. Load it immediately as
described in Protocol 4.

5. To avoid the intramolecular cyclization of N-
terminal Gln peptide leading to the formation
of N-terminal pyroglutamic acid peptide, it is
recommended to cleave the peptide from the
support before removing the N-Fmoc terminal
protection. The DMF/piperidine treatment has
to be performed in solution followed by con-
centration of the mixture. The target peptide is
then precipitated by MTBE and filtered.

6. To minimize epimerization during N-protected
cysteine coupling, some coupling methods are
recommended:

a. Preferably use a hindered or weaker base
such as 2,4,6-trimethylpyridine (TMP) or
2,6-di-tert-butyl-4-(dimethylamino) pyri-
dine (37).

b. Use 50/50 DMF/DCM coupling solvent
instead of neat DMF.

c. Avoid preactivation.

7. When a particularly acid-sensitive linker such
as trityl is used, 50/50 DCM/acetic anhydride
solution should be replaced by a 0.5 M solu-
tion of acetic anhydride and DIPEA in DMF.
This will prevent premature cleavage of the
linker by acetic acid released in the medium.

8. Some linkers, such as Rink amide linker, are
sold N-Fmoc protected. The first removal of the
Fmoc group may require a longer deprotection
time particular with highly loaded resin (>0.9
mmol/g). In these cases it should be useful to
repeat steps 2 and 3 of Protocol 7.

9. Longer reaction times can be required to fully
deprotect bulky side-chain protecting groups
(Pbf, Trt…) and especially when several pro-
tecting groups are closed to each other in the
sequence. When uncompleted deprotection is
detected, the partially deprotected peptide
should be cleaved in solution using larger
cocktail volume and/or longer reaction time.
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The central administration of neurotensin (NT) or of its C-terminal hexapeptide fragment NT(8-13), produces
strong analgesic effects in tests evaluating acute pain. The use of NT-derived peptides as pharmaceutical
agents to relief severe pain in patients could be of great interest. Unfortunately, peptides do not readily
penetrate the blood-brain barrier. We have observed that the cyclic NT(8-13) analogue, c(Lys-Lys-Pro-
Tyr-Ile-Leu-Lys-Lys-Pro-Tyr-Ile-Leu) (JMV2012, compound 1), when peripherally administered to mice
produced analgesic and hypothermic effects, suggesting the peptide penetrates the blood-brain barrier and
functions effectively like a drug. Moreover, dimeric compounds show increased potency compared to their
corresponding monomer. We present the synthesis of the cyclic dimer compound 1 (JMV2012). In mice,
compound 1 induced a profound hypothermia and a potent analgesia, even when peripherally administered.
Compound 1 appears to be an ideal lead compound for the development of bioactive NT analogues as novel
analgesics drugs.

Introduction

Neurotensin (NT,a pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-
Pro-Tyr-Ile-Leu-OH) is a tridecapeptide first isolated by Car-
raway and Leeman (1973)1 from bovine hypothalami. This
peptide, which fulfills the major criteria attributed to a neuro-
modulator/neurotransmitter, exerts a wide range of biological
actions when injected in the central nervous system, including
modulation of dopamine transmissions in the nigro-striatal and
mesocorticolimbic systems,2 hypothermia,3 and analgesia.4 This
last effect is of particular interest because this analgesia was
shown to be more potent than morphine5 and principally
naloxone-insensitive4,6,7 on a molar basis. For this reason, NT
agonists might be useful as nonopioid analgesics from a
therapeutic point of view.

Several receptors are involved in NT biological activity. So
far, three NT receptors have been cloned and designated NTS1,
NTS2, and NTS3. NTS18 and NTS29,10 belong to the family of
G protein coupled receptors, while NTS3,11 constituted by a
single transmembrane domain, corresponds to the gp95/sorti-
lin.12 Although it was recently shown that stimulation of the
NTS1 receptor was required for the full expression of NT
analgesia when a thermal stimulus was used to induce

nociception,13–15 several studies demonstrate that NTS2 recep-
tors are the main receptors involved in NT analgesia, indepen-
dently of the nature of the nociceptive stimulus (thermal,
mechanical, or chemical) used to evaluate nociception.15–22 The
development of NT agonists able to cross the blood-brain
barrier and selective for the NTS2 receptors is of significant
interest as potential novel analgesic agents. In this way, the
C-terminal hexapeptide fragment of NT [NT(8-13)], which
corresponds to the shorter fragment of NT that maintains full
biological activities23 is an obvious lead compound for
development.

Thus, peptide NT1 or “Eisai peptide”,24–26 a modified
analogue of NT(8-13), was the first agonist able to induce
biological activity, such as analgesia, hypothermia, and hypolo-
comotion, after systemic administration in animals.27,28 More
recently, the group of Richelson was interested in peptidase-
resistant NT agonists able to cross the blood-brain barrier and
presenting high binding affinity for the NTS1 receptor. Among
the different peptides they developed, NT69L was the most
studied. This peptide exhibits high affinity for the neurotensin
receptor (0.82 nM for the rat NTS1; 1.55 nM for the human
NTS1; 2.1 nM for the human NTS2 receptor) and induces potent
analgesia and hypothermia after intraperitoneal injection in
rats.29

A different strategy to obtain agonist that cross the blood-brain
barrier is the development of cyclic analogues. A few years ago,
a structure-activity relationship study revealed that a cyclic
analogue (JMV1193) comprising the minimal effective NT
fragment was able to cross the blood-brain barrier.30 This cyclic
compound has the sequence c(Lys-Lys-Pro-Tyr-Ile-Leu) and
displays an affinity in the 0.3 µM range for mouse brain NT
receptors. The i.v. administration of this compound induces the
same hypothermic and analgesic effects as icv injection.
However, like NT and NT(8-13), compound JMV1193 was
inactivated by the endopeptidase neprilysin. It has been shown
that dimeric compounds were usually able to show increased
potency compared to their corresponding monomer.31 We then
decided to synthesize the dimeric compound of Lys-Lys-Pro-
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14 38 44. Fax: +33 (0)4 67 14 48 66. E-mail: martinez@univ-montp1.fr.
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DE35; dose that brings the mean body temperature to 35 °C over 4 h; DIEA,
diisopropylamine; DMF, dimethylformamide; DMSO, dimethylsulfoxide;
ED50, effective dose 50; Fmoc, 9-fluorenylmethyloxycarbonyl; HBTU,
O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate;
HOBt, N-hydroxybenzotriazole; icv., intracerebroventricular; i.v., intrave-
nous; NT, neurotensin; NTS1, neurotensin receptor type 1; NTS2 neuro-
tensin receptor type 2; NTS3, neurotensin receptor type 3; per os, oral route
of administration; s.c., subcutaneous; tBu, tert-butyl; TEA, triethylamine;
TFA, trifluoroacetic acid. The symbols and abbreviations are in accordance
with recommendations of the IUPAC-IUB Joint Commission on Biochemi-
cal Nomenclature and Symbolism for Amino Acids and Peptides. Biochem
J. 1984, 219, 345–373.
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Tyr-Ile-Leu, maintaining the cyclic character of this molecule.
We synthesized compound JMV2012 (compound 1), c(Lys-Lys-
Pro-Tyr-Ile-Leu-Lys-Lys-Pro-Tyr-Ile-Leu). The cyclization con-
ditions were modulated to favor dimerization starting from the
hexapeptide Lys-Lys-Pro-Tyr-Ile-Leu.

Initial studies performed in vitro showed that this peptide
was able to bind to both human NTS1 and NTS2 receptors with
a similar affinity close to 150 ( 100 nM. Under the same
experimental conditions, NT was found to bind to the human
NTS1 receptor with an affinity of 0.16 nM and to the human
NTS2 receptor with an affinity of 1.10 nM. Furthermore, it has
been shown that NT(8-13) binds to the rat and human NTS1
receptor with an affinity of 0.16 and 0.14 nM, respectively.32

Nevertheless, we decided to evaluate the in vivo activity
(hypothermia and analgesia) of compound 1 after various routes
of administration in mice.

In mice, compound 1 was able to induce a profound
hypothermia and an NTS2-dependent analgesia in the acetic
acid-induced writhing and hot plate test after icv injection.
Consequently, compound 1 was further characterized with
respect to its ability to cross the blood-brain barrier. For
this purpose, we studied its ability to trigger hypothermia
and analgesia observed with the help of acetic acid-induced
writhing test after various routes of administration such as
the intravenous (i.v.), subcutaneous (s.c.), and oral routes
(per os) in mice.

Results

Chemistry. The linear hexapeptide precursor was synthesized
by solid-phase using the 2-chlorotrityl chloride resin preloaded
with proline residue (Scheme 1). The 9-fluorenylmethyloxy-

carbonyl (Fmoc) protection was used as temporary protection
of the N-terminal amino groups, and NR-tert-butyloxycarbonyl
(Boc) and tert-butyl (tBu) were used for the side-chain protec-
tions. Couplings of protected amino acids were carried out with
a solution of HBTU/HOBt reagents.

The use of the 2-chlorotrityle resin, as well as of mild
conditions (0.5% trifluoroacetic acid (TFA) in DCM) for
cleaving the peptide from the resin, allowed the release of the
protected peptide from the resin. Cyclization of the resulting
protected linear hexapeptide was achieved using O-(benzotria-
zol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate
(HBTU) and triethylamine (TEA) in dimethylformamide. We
modulated the cyclization conditions to favor dimerization. The
linear precursor concentration was used at a high concentration
to obtain the desired cyclic peptide 1 (Table 1).

Finally, the protected cyclic analogue was deprotected with
TFA in the presence of anisole as scavenger. The free cyclic
analogue 1 was purified by preparative reverse-phase HPLC on
a C18 column, and its structure was confirmed by ESI mass
spectrometry. To confirm the structure of this compound, we
prepared the corresponding linear dodecapeptide stepwise on
the same solid support, followed by cyclization, deprotection,
and purification. The cyclic compound obtained by this way

Scheme 1. Synthetic Procedure for Cyclic Peptide Compound 1

Table 1. Optimization of the Cyclization Reaction

coupling
reagent base

concentration
(linear peptide)

reaction
time

yieldsa

(mono/dimer)

HBTU (1.5
equiv)

TEA (10
equiv)

1 mmol/L 1 h 30 min 87/0%

HBTU (1.5
equiv)

TEA (10
equiv)

100 mmol/L 1 h 30 min 0/85%

a Yields after purification on preparative HPLC.
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has the same chemical and physical properties than compound
1 prepared previously.

The biological profile of the cyclic peptide was then evaluated
by its ability to induce analgesic and hypothermic activities after
various systemic routes of administration.

Biological Results. Effects of Compound 1 on Body Tem-
perature and Nociception in Mice after icv Administration. In
a first series of experiments, compound 1 was injected icv for
studying its ability to trigger hypothermia and analgesia in mice.

Hypothermia. The two-way repeated measures analysis of
variance performed on the results of this experience indicates a
statistically significant interaction between the different doses
of compound 1 icv administered and the different time of the
measure (F(35238) ) 16.699; p < 0.001). Thus, compound 1
icv administered between the dose of 30 ng and 3 µg reduced
dose and time-dependent mice body temperature (Figure 1A).

This hypothermia was significant from the dose of 100 ng at
30 min postinjection (p ) 0.006 vs saline). At the highest tested
dose (3 µg), a profound hypothermia occurred with a maximal
effect at 90 min postinjection (p < 0.001 vs saline). This
hypothermia was prolonged because at 4 h postinjection the
body temperature of mice treated with compound 1 (3 µg)
remained significantly lower than that of the saline controls (p
< 0.001). To integrate the intensity of the hypothermia and its
duration into one parameter, the mean body temperature over
4 h was calculated as the area under the time-response curve
for each mouse over a period of 240 min (4 h) divided by 240
min (Figure 1B). From this dose–response curve, we determined
that the ED35 for compound 1 (dose of compound 1 that brings
the mean body temperature to 35 °C over 4 h) was 300 ng.
Moreover, this hypothermia was not potentiated by the mixed
multipeptidase inhibitor JMV390-1 (data not shown), indicating
that compound 1 is resistant to the major NN/NT degrading
enzymes, such as aminopeptidase N and endopeptidases 24.11,
24.15, and 24.16.33,34

Nociception. In the hot plate test, compound 1 increased dose-
dependently, between 300 ng and 3 µg, latencies of both paw
licking and jumping (F(3,27) ) 9.976; p < 0.001 for the paw
licking latency, and F(3,24) ) 7.297; p ) 0.001 for the jump
latencies; Figure 2A,B). This result indicates that compound 1
triggers analgesia by icv administration in mice. Furthermore,
the NTS2 receptor antagonist levocabastine (1350 pmol), which
prevents the increase in jump latency produced by neurotensin
after icv administration,18 also prevented the increase in jump
latency induced by compound 1 (300 ng; interaction [levo-
cabastine × compound 1]: F(1,22) ) 5.201; p ) 0.035). As it
was already demonstrated for neurotensin,18 these data clearly
established that NTS2 receptors are involved in the analgesic
effect developed by compound 1 (Figure 2C).

Compound 1 was also tested in the writhing test. This test is
more sensitive than the hot plate test. In the writhing test,
compound 1, injected 20 min before testing, reduced dose-
dependently the number of writhes produced by acetic acid
injection in mice (F(3,37) ) 9.740; p < 0.001) from the dose
of 30 ng (p ) 0.001 vs saline; Figure 3). In this experiment,
the ED50 was below this dose of 30 ng.

This test was then used for the evaluation of the analgesic
activity of compound 1 by the other route of administration.

EffectsofCompound1onBodyTemperatureandNocicep-
tion in Mice after i.v. Administration. Considering that
compound 1 induced hypothermia and analgesia after icv
administration, we have evaluated its ability to produce hypo-
thermia and analgesia after i.v. administration.

With regard to hypothermia, the two-way repeated measures
analysis of variance performed on the results of this experience
indicates a significant interaction between the different doses
of i.v. administered compound 1 and the different times of the
measure (F(12,114) ) 19.236; p < 0.001), thus, compound 1,
i.v. administered at the dose of 1 and 3 mg/kg, induced a dose
and time-dependent hypothermia that lasted at least 60 min, with
a maximal effect at 30 min postinjection (Figure 4).

Compound 1 produced a strong analgesic effect by i.v.
administration (F(3,42) ) 7.914; p < 0.001) in the writhing
test from the dose of 0.3 mg/kg (p ) 0.042 vs saline).
Furthermore, at the dose of 1 mg/kg, compound 1 was close to
abolish writhing in mice (p ) 0.001 vs saline; Figure 5A).

Finally, at the dose of 0.3 mg/kg, the two-way analysis of
variance indicates that compound 1, by i.v. administration,
induced a dose- and time-dependent analgesia (F(3,78) ) 4.529;
p ) 0.006). This analgesia was still evident for 60 min (Figure

Figure 1. Time course and dose–response relationships for the
hypothermic effect of icv injected compound 1 in the mouse. (A) Body
temperature as a function of time after icv injections of saline or
compound 1 at the indicated doses. (B) Mean body temperature over
4 h after icv injection of compound 1 at various doses. M ( SEM
from eight mice per group; (a) p < 0.05, (b) p < 0.01, and (c) p <
0.001 vs saline controls.
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5B). These data indicate that compound 1 was able to cross the
blood-brain barrier.

Effects of Compound 1 on Body Temperature and
Nociception after s.c. Administration in Mice. The ability of

compound 1 to induce hypothermia and analgesia in mice was
also tested after s.c. administration.

Compound 1, s.c. administered, produced a time- and dose-
dependent hypothermia (interaction [dose × time]: F(24,272)
) 7.647; p < 0.001) with a maximal effect reached for each
tested dose at 30 min postinjection (Figure 6A). This hypoth-
ermic effect lasted between 30 and 45 min for the doses of 1
and 3 mg/kg, whereas at the highest tested dose of 10 mg/kg,
this hypothermia was more pronounced and still significant for
more than 3 h (Figure 6A).

In the writhing test, compound 1, between the doses of 1
and 10 mg/kg, reduces dose-dependently the number of writhes
(F(3,22) ) 16.465; p < 0.001) at the dose of 3 mg/kg (p <
0.001 vs saline; Figure 6B).

Effects of Compound 1 on Nociception after Administra-
tion per os in Mice. After oral administration, compound 1
administered at the dose of 30 mg/kg reduced significantly the
number of writhes induced by the i.p. injection of an acetic
acid solution (Figure 7).

Conclusion

This paper presents the synthesis and the pharmacological
evaluation of a new cyclic dimeric NT derivative. This
compound, c(Tyr-Ile-Leu-Lys-Lys-pro-Tyr-Ile-Leu-Lys-Lys-
Pro) (1), exhibited analgesic and hypothermic activities after
icv., i.v., s.c., and per os administration. These data suggest
that this peptide, owing to its cyclic structure, resists to the NT
degrading enzymes and crosses the blood-brain barrier. More-
over, the ability of levocabastine to inhibit the analgesic activity

Figure 2. Dose–response relationships for the analgesic effect of icv
injected compound 1 in the hot plate test. Mice were icv injected with
compound 1 at various indicated doses 20 min before being placed on
the hot plate at 55 °C. (A) Dose–response relationship for the paw
licking latency. (B) Dose–response relationship for the jump latency.
M ( SEM from 6 to 9 mice per group; (a) p < 0.05, (b) p < 0.01, and
(c) p < 0.001 vs saline controls. (C) Effect of icv injected levocabastine
on the increase in jump latency produced by icv injected compound 1.
Mice were icv injected with saline, compound 1 (300 ng), levocabastine
(1350 pmol), or with a coadministration of compound 1 (300 ng) and
levocabastine (1350 pmol) 20 min before being placed on the hot plate
at 55 °C. M ( SEM from 6 to 8 mice per group; (a) p < 0.05 vs saline
controls; **p < 0.01 vs compound 1 alone.

Figure 3. Dose–response relationships for the analgesic effect of icv
injected compound 1 in the writhing test. Mice were icv injected with
compound 1 at various indicated doses 15 min before receiving acetic
acid solution 0.5% (i.p.). Mice were then placed individually in large
beakers and the stretches were counted over a 5 min period 5 min after
the acetic acid solution injection. M ( SEM from 8 to 14 mice per
group; (b) p < 0.01 and (c) p < 0.001 vs saline controls.

Figure 4. Time course for the hypothermic effect of i.v. injected
compound 1 at various doses in the mouse. M ( SEM from 6 to 8
mice per group; (c) p < 0.001 vs saline controls.
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of compound 1 in the hot plate test also suggests that compound
1 behaves like an agonist of the NTS2 receptors. However,
compound 1 probably triggers other NT receptors because it
produces hypothermia in mice, a NT effect independent of the
NTS2 receptors stimulation. In conclusion, compound 1 appears
at this stage to be an ideal lead compound for the development
of bioactive cyclic dimer more selective for the NTS2 receptors
as novel analgesic drugs.

Experimental Section

The starting 2-chlorotrityl chloride resin preloaded with proline
residue was purchased from Novabiochem; Fmoc-amino acids were
obtained from Bachem.

HBTU, HOBt, DIEA, TEA, and piperidine were purchased from
Aldrich. Water was obtained from Milli-Q plus system (Millipore),
and acetonitrile and trifluoroacetic acid (TFA) were obtained from
Merck. Mass spectra were obtained by electron spray ionization
(ESI-MS) on a Micromass Platform II quadrupole mass spectrom-
eter (Micromass) fitted with an electrospray source coupled with
an HPLC Waters. HPLC runs were performed on Waters equipment,
using columns packed with Nucleosil 100 Å, 5 µm, C18 particles,
unless otherwise stated. The analytical column (250 × 4.6 mm)
operated at 1 mL/min, with a photodiode array detector 996,
wavelength 214 nm. Solvent A consisted of 0.1% TFA in H2O,
and solvent B consisted of 0.1% TFA in acetonitrile. After
lyophilisation, the product was stored at -20 °C.

Preparative HPLC was performed on a Waters Delta-Prep 4000
chromatography equipped with a Waters 486 UV detector with
detection at 214 nm, using a Delta-Pak C18 column (40 × 100
mm, 15 µm, 100 Å) at a flow rate of 50 mL/min of a binary eluent
system of A/B (A: H2O, TFA 0.1%; B: CH3CN, TFA 0.1%).

Synthesis of Protected Linear Peptide. The linear hexapeptide
was synthezised by the solid-phase method on a Perkin-Elmer
ABI433A automatic synthesizer on a 0.25 mmol scale with Pro-
preloaded 2-chlorotrityl chloride resin (loading 0.56 mmol/g, 446
mg). The coupling reagent was a 0.45 M solution of HBTU/HOBt
(2 mL). Four times excess of amino acid was used in coupling (1
mmol). Deprotection cycles were carried out in piperidine/DMF
(20/80, 5 mL) and monitored by conductimetry. Elongation was
performed by single 30 min couplings in DMF (15 mL) with DIEA
(2 M, 1 mL) as base. Washings were carried out with DMF (3 ×
15 mL) and DCM (1 × 15 mL). Final cleavage was carried out
with 0.5% TFA in DCM for 15 min (10 mL). The resin was washed
extensively with DCM, then dried in vacuo, dissolved in an
acetonitrile-water mixture (5/5, 10 mL), and freeze-dried. The side
chain protected intermediate peptide was obtained in 89% yield
(247 mg of TFA salt). tR ) 18.4 min (20–50% B, 30 min, C18).
ES-MS [M + H]+ 1017.4.

Cyclization of Protected Peptide. The resulting protected linear
hexapeptide (220 mg, 0.22 mmol)) was allowed to cyclize for 90
min at high concentration in DMF (2.2 mL), with HBTU (125 mg,

Figure 5. Dose–response and time-course relationships for the
analgesic effect of i.v. injected compound 1 in the writhing test. (A)
Dose–response relationships for the analgesic effect of i.v. injected
compound 1 in the writhing test. Mice were i.v. injected with compound
1 at various indicated doses 15 min before receiving acetic acid solution
0.5% (i.p.). Mice were then placed individually in large beakers and
the stretches were counted over a 5 min period 5 min after the acetic
acid solution injection. (B) Time-course for the analgesic effect of i.v.
injected compound 1 (0.3 mg/kg) in the writhing test. M ( SEM from
8 to 18 mice per group; (a) p < 0.05, (b) p < 0.01, and (c) p < 0.001
vs saline controls.

Figure 6. Time-course for the hypothermic effect of s.c. injected
compound 1 and dose–response relationship for the analgesic effect of
s.c. injected compound 1 in the writhing test. (A) Body temperature as
a function of time after s.c. injections of saline or compound 1 at the
indicated doses. M ( SEM from 8 to 10 mice per group. (B)
Dose–response relationships for the analgesic effect of s.c. injected
compound 1 in the writhing test. Mice were s.c. injected with compound
1 at various indicated doses 15 min before receiving acetic acid solution
0.5% (i.p.). Mice were then placed individually in large beakers and
the stretches were counted over a 5 min period 5 min after the acetic
acid solution injection. M ( SEM from 6 to 8 mice per group; (a) p <
0.05, (b) p < 0.01, and (c) p < 0.001 vs saline controls.
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0.33 mmol) as coupling reagent and TEA (300 µl, 2.20 mmol) as
base (Table 1). After concentration under reduced pressure, the
residue was dissolved in ethyl acetate (6 mL) and then successively
washed (3 × 1.5 mL) with 1 M aqueous solution of KHO4S,
saturated NaCl aqueous solution, saturated NaHCO3 aqueous
solution, and water. The ethyl acetate phase was dried over MgSO4,
filtered off, then concentrated under reduced pressure to afford a
colorless oil, which precipitated from ether/hexane (1/5) to afford
a white solid (92% yield, 195 mg).

Preparation of Free Cyclic Peptide. The dried residue from
the cyclization reaction (150 mg, 0.15 mmol) was dissolved in a
mixture TFA/anisole (8/2, 2 mL) and stirred for 30 min. The
reaction mixture was evaporated under reduced pressure and then
coevaporated several times with hexane to remove residual TFA.
Addition of a solution ether/hexane (1/5) allowed the peptide to
precipitate as a TFA salt. The afforded solid was dried under
vacuum and then purified on preparative HPLC.

These conditions afforded the expected cyclic dimer (1) in 85%
yield, after purification. tR ) 18.1 min (20–50% B, 30 min, C18).
ES-MS [M + H]+ 1485.9.

Animals. Male Swiss albino mice (CD1, Charles River,
L’Arbresle, France) weighing 20–22 g were obtained at least one
week before the beginning of the experiments. The animals were
housed in a room maintained at a constant temperature (21 ( 1
°C), with a regular light cycle (light on between 7 a.m. and 7 p.m.).
Food and water were freely available, except at the time of testing.
This study was performed in accordance with the guidelines
published in the NIH Guide for the Care and Use of Laboratory
Animals (National Institutes of Health No. 85-23, revised 1985),
and the principles were presented in the European Communities
Council Directive of 24 November 1986 (86/609/EEC).

Drugs and Solutions. c(Tyr-Ile-Leu-Lys-Lys-Pro-Tyr-Ile-Leu-
Lys-Lys-Pro) 1 was dissolved in saline. Levocabastine (a generous
gift from Janssen-Cilag laboratory, Beerse, Belgium) was dissolved
in dimethylsulfoxide (DMSO) and cremophor EL and then diluted
with saline to a final concentration of 5% DMSO and 5%
cremophor.

Compound 1 was injected in mice intravenously (i.v.), subcu-
taneously (s.c.), and by a gastric canula (per os) in a volume of 10
mL/kg. The intracerebroventricular injections (icv.) were performed
according to the method of Haley and Mc Cormick (1957)35 in a
volume of 10 µL/mouse. These protocols were approved by the
Regional Ethical Committee for Animal Research (Normandy) with
the following numbers: N/10-04-04-12 (intracerebroventricular
injection in mouse) and N/04-05-04-23 (per os injection).

Binding Experiments. Binding potencies of compound 1 were
determined in competition experiments, as described previously9,19

performed with homogenates freshly prepared from COS 7 cells
(0.01 mg protein per tube) expressing either the human NTS1 or
NTS2. Competition experiments were carried out in 250 µL of 50
mM Tris/HCl buffer, pH 7.5, containing 0.2% BSA and 1 mM
o-phenanthroline. Homogenates, 10 µg of protein from cells, were
incubated for 30 min at 25 °C with increasing concentrations of
compound 1 and 125I-Tyr3-NT (100 Ci/mmol, 0.05 nM). Total,
specific, and nonspecific binding were determined by using the
filtration method, as described previously. It was checked that
membranes from untransfected COS cells were devoid of specific
125I-Tyr3-NT binding.

Analgesic Tests. Hot Plate Test. This test was derived from
that of Eddy and Leimbach (1953).36 A plastic cylinder (height )
20 cm, diameter ) 14 cm) was used to confine the mouse to the
heated surface of the plate. The plate was heated to a temperature
of 55 ( 0.5 °C, using a thermoregulated water circulating pump.
For each animal, the paw licking and the jump latencies were
determined. To avoid injury, mice that did not respond within 240 s
were removed from the hot plate. Each mouse was tested only once
and sacrificed immediately thereafter. This protocol was approved
by the Regional Ethical Committee for Animal Research (Nor-
mandy) with the following number: N/12-04-04-14 (hot plate test).

Writhing Test. This test was derived from that of Sigmund et
al. (1957).37 Mice received intraperitoneally (i.p.) a 0.5% acetic
acid solution in a volume of 10 mL/kg. They were then placed
individually in large beakers. The stretches were counted over a 5
min period from the fifth minute after the acetic acid solution
injection. A stretch was characterized by an elongation of the body,
the development of tension in the abdominal muscles, and the
extension of the forelimbs. This protocol was approved by the
Regional Ethical Committee for Animal Research (Normandy) with
the following number: N/01-05-04-20 (writhing test).

Body Temperature. Colonic temperature was measured with a
thermistor probe (Thermalert TH-5, Physitemp, NJ, U.S.A.) intro-
duced to a depth of 2 cm into the rectum. This protocol was
approved by the Regional Ethical Committee for Animal Research
(Normandy) with the following number: N/16-04-04-18 (measure-
ment of colonic temperature in rat and mouse).

Statistical Analysis. The data were expressed as means ( SEM.
Results were analyzed using one-way analysis of variance or two-
way analysis of variance, when appropriate, followed by Student
Newman Keul’s comparisons. Comparisons between two groups
were analyzed by Student’s t-test. For the study of the hypothermic
effect of compound 1, statistical analysis was performed using a
two-way repeated measures followed by a Student Newman Keul’s
test. A p-value of <0.05 was considered significant, and statistical
analyses were performed with SigmaStat (SPSS Inc., Chicago, IL,
U.S.A.).
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The chemistry of peptides has been continuously growing
during the last few decades. Peptides are now not only
considered as pharmacological tools but also as active
pharmaceutical ingredients, in connection to their high
therapeutic index and low toxicity.[1] The market for ther-
apeutic bulk peptides is expected to grow rapidly in the next
few years.[2] In spite of the well-established procedures[3] for
peptide synthesis by chemical ways, that is, stepwise synthesis
in solution and solid-phase peptide synthesis, one of the major
problems related to peptide preparation concerns the huge
amount of solvent needed, particularly for synthesis on solid
supports (2000–5000 kg for a large peptide). There is still a
need to explore efficient, convenient, and environmentally
friendly methods for peptide synthesis, particularly when the
time for the scale-up of peptide production comes.

The field of “green chemistry” has recently grown at a
rapid pace. Some major thematic areas have emerged: use of
alternative feedstock and of innocuous reagents, employment
of natural processes, use of substitute solvents, design of safer
chemicals, development of alternative reaction conditions,
and minimization of energy consumption.[4] One particularly
active area is in the use of substitute solvents such as aqueous,
ionic, fluorous, or supercritical fluids to replace volatile
organic and chlorinated solvents and to solve the problems of
treating or recycling solvent waste.[5] An alternative approach
would be to carry out chemical reactions in the absence of
solvent.[6] Techniques such as mixing, grinding, or ball-milling
have proved their efficiency in the field of organic chemistry
in the solid state.[7] We report herein a new strategy for the
preparation of peptides under solvent-free conditions by
using ball-milling technology.[8] This strategy has been exem-
plified by the synthesis of the sweetener dipeptide H�Asp�
Phe�OMe (aspartame).

We have studied the coupling of urethane-protected
a-amino acid N-carboxyanhydride (UNCA) derivatives 1
with a-amino acids, amides, or esters, while keeping in mind
that all of these compounds have to remain in the solid state
under the ball-milling conditions[9] (Scheme 1). UNCAs are

activated forms of amino acids that have proved to be useful
in peptide[10] and organic synthesis.[11]

The reaction was tested for the coupling of Boc�Val�
NCA (1a, 1 equiv) with HCl·H�Leu�OMe (2a, 1 equiv) in
the presence of NaHCO3 (1.5 equiv) in a hardened-steel
vessel with steel balls. The vessel was agitated for 1 h at a
frequency of 30 Hz. Analysis of the reaction mixture after this
time showed the exclusive presence of the dipeptide Boc�
Val�Leu�OMe, obtained in quantitative yield. To our knowl-
edge, this represents the first example of peptide bond
formation in solvent-free conditions. The results obtained
with various UNCAs and amino acid derivatives are pre-
sented in Table 1.

The various UNCA derivatives do not present the same
reactivity profile. Boc�Val�NCA (1a) reacted quantitatively
with amino acid derivatives to yield the corresponding
dipeptides (Table 1, entries 1–5) whereas Fmoc�Val�NCA
(1b) gave lower conversions (Table 1, entries 6, 7, 9, and 10),
except when coupling with HCl·H�Ala�OMe (2c ; Table 1,
entry 8). Excellent conversions and yields were achieved with
Boc�Phe�NCA (1c ; Table 1, entries 12–14), except for the
reaction with HCl·H�Phe�OMe (Table 1, entry 15). Recov-
ery of the product from the reaction vessel was less efficient in
some cases and resulted in inferior yields (Table 1, entries 12
and 14). An amino ester, AcOH·H�Gly�OtBu was also tested
and gave satisfying results (Table 1, entry 16). By contrast, the
free amino acid did not react. It is worth noting that better
results were obtained with freshly prepared starting materials.
By reaching the maximum capacity of the ball-mill used in
this study, up to 500 mg of dipeptides could be prepared. The
reaction mixture was recovered directly from the milling jar,
washed with water to remove the inorganic salts, and dried to
provide the clean dipeptide. In the case of an incomplete
reaction, maybe due to the physicochemical state of the
reaction mixture (Table 1, entry 15), addition of water to the
reaction mixture resulted in the opening of the UNCA.
Insoluble in water, the protected dipeptide Boc�Phe�Phe�

Scheme 1. Synthesis of dipeptides under solvent-free conditions. Boc:
tert-butoxycarbonyl; Fmoc: 9-fluorenylmethoxycarbonyl; PG: protecting
group.
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OMe was recovered by filtration and drying, with an excellent
yield based on the conversion (Table 1, entry 15).

We showed unambiguously that coupling occurred in the
solid state in the presence of the three solids (UNCA, amino
ester, and base) and not during the analysis process. For this
purpose and as an example, we analyzed in detail the ball-
milling of Boc�Phe�NCA (1c), HCl·H�Ala�OMe (2c), and
NaHCO3 (Table 1, entry 13). Firstly, ball-milling of the
starting materials in the absence of NaHCO3 did not yield
the dipeptide Boc�Phe�Ala�OMe (analyzed by IR and solid-
state 13C NMR spectroscopies). Furthermore, when the
UNCA was ball-milled alone in the presence of NaHCO3,
the reaction did not occur, nor was degradation observed.
Consequently, all three solids were necessary for the coupling
reaction. Two analytical samples that did not involve any
solvent were used for analysis: the starting materials and the
crude reaction mixture taken directly from the ball-mill jar.
Solid-state IR analysis showed the disappearance of the
characteristic bands of Boc�Phe�NCA (1c ; ñ = 1817 and
1872 cm�1) and the formation of the peptide bond (character-
istic amide carbonyl bands in the solid state at ñ = 1624 and
1655 cm�1). We then used cross-polarization/magic-angle
spinning (CP/MAS) 13C NMR analysis (Figure 1). The solid-
state NMR analysis of the crude mixture, with no further
treatment, clearly showed signals corresponding to the
exclusive formation of the expected dipeptide, with con-
sumption of the starting materials. The carbonyl region in
Figure 1c shows the disappearance of the characteristic signal
of 1 c (labeled as f in Figure 1a), which corresponds to the loss
of CO2 during the reaction. Complete conversion of the
amino ester 2c cannot be proved from Figure 1 c because of
overlapping of the signal, but complementary analysis (mass
spectrometry) of the same sample confirmed the absence of
2c. The dipeptide cannot be formed during this analysis
because solid-state 13C NMR spectroscopy has shown the
absence of 1 c. Again, no reaction was detected in the absence
of NaHCO3. These results establish without any ambiguity
that the reaction took place in the solid state.

The reaction kinetics were studied at different frequencies
(10, 20, and 30 Hz). Independently of the frequency, all
reactions were completed, albeit with an expected longer
reaction time at lower speeds (5 h at 10 Hz and 2.5 h at 20 Hz,
compared with 1.25 h at 30 Hz). For each vibration speed, the
profile showed apparent zero-order kinetics, in agreement
with a solid–solid-state reaction mechanism.[12]

The possible epimerization that could occur during the
solid–solid coupling reaction was evaluated. An HPLC
analysis of an authentic sample of Boc�d-Phe�l-Ala�OMe
prepared under known nonracemizing conditions was com-
pared to the HPLC profile of the dipeptide product from the
reaction of 1c and 2c. No racemization was detected by
HPLC analysis.

As a proof of concept and to show the suitability of this
method for making larger peptides, we synthesized the
tripeptide Boc�Val�Ala�Gly�OMe from HCl·H�Ala�Gly�
OMe, which was coupled to Boc�Val�NCA (1a), as depicted
in Scheme 2. Complete conversion and a quantitative yield of
the expected tripeptide (Table 1, entry 17, and Scheme 2)
were obtained, with the coupling step being performed
without solvent and according to the standard procedure.

To demonstrate the application of this method, we
prepared the commercially attractive dipeptide aspartame
or a-l-aspartyl�l-phenylalanine methyl ester. Aspartame is a
nutritive sweetener approximately 150 times sweeter than
sucrose.[13] To the best of our knowledge, aspartame had not
been previously prepared by the UNCA route, either in the
presence or absence of solvent.[14]

By using the method described above, we considered the
coupling of Boc�Asp(OtBu)�NCA (1d) and HCl·H�Phe�
OMe (2e). Acid-labile Boc and tBu protecting groups were
chosen because they can be simultaneously cleaved under
acidic conditions.

First, UNCA 1 d was prepared according to the synthetic
method depicted in Scheme 3. The key step in the preparation
of 1 d was the cyclization of compound 3 by the Vilsmeier�s
salt method (Scheme 3).[11g]

Table 1: Examples of dipeptides synthesized under solvent-free conditions.

Entry UNCA Amino ester Dipeptide/Tripeptide Conversion [%][a] Yield [%]

1 Boc�Val�NCA (1a) HCl·H�Leu�OMe (2a) Boc�Val�Leu�OMe 100 87
2 HCl·H�Leu�OtBu (2b) Boc�Val�Leu�OtBu 97 85
3 HCl·H�Ala�OMe (2c) Boc�Val�Ala�OMe 100 100
4 HCl·H�Ala�OtBu (2d) Boc�Val�Ala�OtBu 100 100
5 HCl·H�Phe�OMe (2e) Boc�Val�Phe�OMe 100 88
6 Fmoc�Val�NCA (1b) HCl·H�Leu�OMe (2a) Fmoc�Val�Leu�OMe 90 –
7 HCl·H�Leu�OtBu (2b) Fmoc�Val�Leu�OtBu 92 –
8 HCl·H�Ala�OMe (2c) Fmoc�Val�Ala�OMe 100 76
9 HCl·H�Ala�OtBu (2d) Fmoc�Val�Ala�OtBu 78 –
10 HCl·H�Phe�OMe (2e) Fmoc�Val�Phe�OMe 93 –
11 Boc�Phe�NCA (1c) HCl·H�Leu�OMe (2a) Boc�Phe�Leu�OMe 85 –
12 HCl·H�Leu�OtBu (2b) Boc�Phe�Leu�OtBu 100 70
13 HCl·H�Ala�OMe (2c) Boc�Phe�Ala�OMe 99 79
14 HCl·H�Ala�OtBu (2d) Boc�Phe�Ala�OtBu 100 73
15 HCl·H�Phe�OMe (2e) Boc�Phe�Phe�OMe 58 55
16 AcOH·H�Gly�OtBu (2 f) Boc�Phe�Gly�OtBu 100 90
17 Boc�Val�NCA (1a) HCl·H�Ala�Gly�OMe Boc�Val�Ala�Gly�OMe 100 89

[a] The reaction mixture was recovered in AcOEt and washed with water and analyzed by 1H NMR spectroscopy. Calculated conversion numbers are
given with a �2% error.
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The procedure described above for the preparation of
dipeptides was then used for the preparation of aspartame
(Scheme 4). Ball-milling of Boc�Asp(OtBu)�NCA (1 d) and

HCl·H�Phe�OMe (2e) for 1 h yielded the protected dipep-
tide as the only product, along with inorganic salts. The Boc
and tBu protecting groups were then cleaved under acidic
conditions in a gas–solid reaction, without solvent. The
protected dipeptide in solid form was placed on a fritted
glass, and HCl gas was blown through for 3 h in the absence of
solvent to yield the hydrochloride form of aspartame. The
yield for the two steps is quantitative, and removal of the Boc
and tBu protecting groups under acidic conditions afforded
only volatile by-products. The hydrochloride of aspartame
was dissolved in water and then neutralized to the isoelectric
point (pH 5.0) with an aqueous solution of Na2CO3.

[15] The
resulting aspartame precipitated as a white powder and was
filtered and dried in vacuo (84 % yield).

In summary, a straightforward, high-yielding method for
the preparation of peptides (including dipeptides and a
tripeptide) with no epimerization and in the absence of
solvent has been reported. This method involves the reaction
of a UNCA with an amino ester (or amino acid amide). It was
illustrated by the preparation of the aspartame sweetener.

Scheme 2. Synthesis of a tripeptide under solvent-free conditions.

Scheme 3. Synthesis of UNCA 1d. DMAP: 4-dimethylaminopyridine;
DMF: N,N-dimethylformamide.

Scheme 4. Synthesis of the sweetener aspartame under solvent-free
conditions.

Figure 1. CP/MAS solid-state 13C NMR analysis of a) Boc�Phe�NCA
(1c), b) HCl·H2N�Ala�OMe (2c), and c) crude Boc�Phe�Ala�OMe.
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Aspartame was obtained in pure form in three steps from
Boc�Asp(OtBu)�NCA without the use of organic solvents,
either for the coupling reaction or the removal of the
protecting groups, and with the generation of volatile organic
by-products and water-soluble inorganic salts. The only
purification step consisted of a final precipitation from
water to recover solid aspartame. This methodology was
also exemplified by the synthesis of the tripeptide Boc�Val�
Ala�Gly�OMe with good purity and excellent yield.
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Solvent-Free Synthesis of Peptides
A crush on sweetness! The coupling of a
urethane-protected N-carboxyanhydride
of an amino acid with another amino acid
derivative under ball-milling conditions
gives a protected dipeptide in very high
yield (see scheme; PG: protecting group).

The reaction takes place in the solid state.
The synthesis was applied to the prepa-
ration of a tripeptide and the sweetener
aspartame, without any organic solvent
or purification.
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Changing Tides

Breakthroughs in manufacturing are making large-scale synthesis of peptides a viable proposition

Lisa M. Jarvis

Though they are highly potent and generally less toxic than small-molecule pharmaceuticals, peptide-based drugs have had
trouble hitting their stride. A handful of naturally occurring peptides—insulin and calcitonin to name two—are high-volume
sellers, but synthetic peptides have traditionally been challenged by delivery and formulation problems, manufacturing hurdles,
and cost constraints.

Roche Photo

SCALE-UP Roche scientists Chris
Roberts and Rick Harrison stand in front
of 1-m chromatography column used in the
synthesis of Fuzeon.

Over the past several years, however, the tide has started to change. Pharmaceutical and biotechnology companies are
acknowledging that the specificity and safety of peptides could allow them to address previously unattainable drug targets. Their
interest in peptides coincides with technological breakthroughs that have made producing peptides, particularly longer sequences
of amino acids, far more economical.

Those developments have translated into a heavier flow of peptide-based drugs through the development pipeline: At any given
time, approximately 200 peptides are in clinical trials, with one to two approvals each year, according to data from peptides
manufacturer American Peptide Co. Currently, more than 20 peptide-based drugs are in Phase III development, according to a
study released last month by the market research firm Drug & Market Development.

The D&MD study also found that drug and biotech companies are pursuing peptides for a far wider scope of indications than
previously studied. Of the 39 preclinical peptide drug candidates tracked in the study, 35 address new therapeutic targets entirely
different from those of currently launched peptides. Some later stage candidates or recently launched products, in contrast, are
more conveniently deliverable versions of naturally occurring peptides such as insulin.

Further evidence of heightened interest in peptides is the hefty codevelopment deal Affymax secured last month for its lead
product, Hematide, a peptide that is in Phase IIb trials to treat anemia. Takeda Pharmaceutical laid out $105 million to share U.S.
rights to Hematide and will pay another $430 million in milestones if the drug actually wins Food & Drug Administration
approval.

Jane Salik, president of the contract manufacturer PolyPeptide Laboratories, attributes some of the recent interest in peptides to
drug company recognition that certain indications can be attacked only by a peptide or protein.

"Big Pharma has come back in a big way to peptides," Salik says. "There was a period of maybe 10 years when they were not
seriously considered for new pharmaceutical indications."

Peptides had been overlooked in no small part because they have been generally administered by injection, rather than orally, and
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tend to have short half-lives. "We now find more interest in peptides at big pharma companies, based on new technology in
delivery and formulation," Salik adds.

Another major hindrance was cost. Peptides are made either by recombinant biotechnology or by liquid- or solid-phase
synthesis, and large-scale manufacture proved economically prohibitive for some of them, particularly those composed of longer
amino acid chains.

In recent years, however, a vast improvement in production economics has spurred increased use of solid-phase technology.
The process, which involves building a string of amino acids off a resin support, is considered the most straightforward route to
making medium- and long-chain sequences. "Over the past 10 years, cost of goods has come down dramatically," says Jim
Hampton, vice president of business development at American Peptide.

Before then, recombinant technology was the only commercially viable option for a long-chain peptide drug that demanded
large-scale quantities. "Ten years ago, peptides weren't as easily synthesized and scalable," Hampton says. "If you needed more
than a half a kilo of product, you'd probably look at recombinant technology."

But the recombinant approach is limiting, peptide producers say, because it does not allow the introduction of unnatural amino
acids. Furthermore, process development had to begin with a protracted program of selecting the right cell line to efficiently
express the desired gene.

Solid-phase production, in contrast, is much more direct. "You can move into the clinic more quickly with a chemical process.
We can have a few hundred grams in the clinic in four to five months, whereas with a recombinant approach it would be 18
months before that is possible," says Rodney Lax, sales and marketing director at PolyPeptide Labs.

Development speed limitations aside, recombinant manufacturing has a different set of quality issues compared with synthetic
syntheses. "A synthetic universe is a known universe. You don't get anything out of it that you don't put into it," Hampton adds.

The growing prominence of solid-phase technology is driven by the need for a more economical manufacturing process to
accomodate changing peptides requirements. Decades ago, peptide drug development was focused on small chain lengths that
could be easily and economically manufactured through liquid-phase technology.

Today's peptides of 20 or more amino acids can't readily be manufactured in the liquid phase, says Lukas Utiger, head of
exclusive synthesis at Lonza. Moreover, they typically require chemical modification, such as disulfide bridges, and are often
required in volumes greater than 100 kg per peptide active pharmaceutical ingredient. "The trend toward solid-phase syntheses
was a logical step for both customers and CMOs," or contract manufacturing organizations, Utiger notes.

Peptide manufacturers all agree that the shift to solid-phase synthesis of longer-chain peptides was made possible by Fuzeon, the
HIV medication launched by Roche and Trimeris in 2003.

The drug, a 36-amino acid peptide formerly referred to as T-20, required production capacity magnitudes beyond that of
previously approved synthetic peptides. That volume—some 45 tons of raw materials are needed to make 1 ton of Fuzeon—not
only brought down the prices of raw materials for Roche but changed the cost equation for all peptide contract manufacturers.

"Synthetics were given a new life because of T-20," American Peptide's Hampton notes. "We spend more now on solvents than
we do on amino acids."

"The key here is bulk shopping; we are the price club of peptides," says Ralph DiLibero, director of business development at
Roche Colorado, the subsidiary that manufactures Fuzeon. He notes that Roche worked with suppliers to develop the chemistry
that, in turn, enabled the drop in raw material and resin costs.

Although raw materials are important to the economics of peptide production, Roche says improving downstream processing has
been even more critical to its ability to manufacture large quantities of synthetic peptides.

After being cleaved from the support resin, peptides are traditionally purified and then lyophilized—dehydrated through freeze-
drying—for stable storage. Because of capacity limitations and time constraints, lyophilization can create a manufacturing
bottleneck. Roche's response was to develop a precipitation method to replace it.

"Lyophilization is not only a very costly technique for bulk materials, but it also does not allow you to upgrade the purity of the
peptide or the peptide intermediate," explains Gary W. Erickson, director of Roche Colorado's Boulder Technology Center.

In other words, "whatever is in the oven is what's going to end up in your cake," DiLibero adds. Any impurities, such as residual
solvents, cannot be extracted, and the integrity of the product could even worsen if any degradation occurs during lyophilization.

Perhaps the greatest boon of the precipitation method is that it allowed Roche to synthesize certain peptide fragments in the solid
phase, isolate them, and then join them with solution-phase chemistry. This hybrid approach addressed both cost and efficiency
issues, and it permitted the synthetic production of longer-chain peptides that previously had been relegated to recombinant
technology, peptide producers say.

To build long peptides via solid-phase chemistry alone, reactors need to be "humongous," and the coupling efficiency drops off
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as the chain gets longer, explains Satish Joshi, executive vice president at Peptisyntha, the peptides arm of Belgian chemicals
group Solvay. The yield of a solid-phase synthesis drops exponentially as the length of the peptide increases, PolyPeptide's Lax
adds.

In the hybrid process, "We can make small pieces on the solid-phase resin where coupling is very high and get extremely pure
fragments," Joshi says. "Because you have large resolution, it's easy to take various fragments and put them in solution-phase
mode."

Chemists can also reverse the process, making smaller pieces in solution phase and then assembling the peptide on a solid-phase
resin. In either case, peptide producers say the hybrid process can be more efficient and less expensive, and it can result in a
cleaner end product.

Furthermore, Roche has shown that the process can work at a large scale. With Fuzeon, "Roche Colorado has shown that you
can easily make up to a ton of peptide using solid phase combined with solution phase," Joshi says.

The evolution of a more cost-effective process has more producers turning to solid-phase synthesis as a relatively quick and less
expensive route to bringing peptide pharmaceuticals to market. And as the late-stage pipeline of peptide drugs fills, contract
manufacturers are investing to support an expected need for commercial-scale manufacturing.

NeoMPS, the peptide manufacturing unit of SNPE's Isochem custom chemicals arm, is tripling solid-phase capacity at its
Strasbourg, France, site. The company currently has peptides capacity of tens of kilograms in both Strasbourg and San Diego.

With a customer's product advancing into later stage clinical trials, NeoMPS may need "over 100-kg quantities," says Robert
Hagopian, director of business development at NeoMPS. Construction of a new building adjacent to the existing peptides facility
in Strasbourg is expected to begin at the end of the year.

PolyPeptide recently expanded solid-phase capacity at its Torrance, Calif., facility and expects over the next few years to double
capacity to enable production in the 10-100-kg range. The firm is also upgrading its European facilities, which focus on
solution-phase synthesis, to add both capacity and enhanced purification capabilities.

Peptisyntha began construction on an expansion of solid-phase capacity in 2005, adding two production trains to its Torrance
facility. The $2.5 million expansion enables the firm to simultaneously manufacture multiple compounds and to support projects
that are poised to progress into Phase II or III trials, Joshi says.

American Peptide Photo

CLEAN PROFILE The purification team
at work at American Peptide’s Vista,
Calif., facility.

American Peptide is spending about $10 million to expand its Vista, Calif., facility. The company produces two commercial
peptide drugs and expects a customer will file a New Drug Application for a third product later this year. It recently secured the
contract to supply clinical quantities of Affymax's Hematide. The new equipment will enable peptide production up to the 50-kg
scale.

Lonza significantly fortified its position in the peptides arena in January through the $145 million acquisition of rival producer
UCB Bioproducts. In addition to adding significant capacity, the company says, the deal makes Lonza the sole peptides producer
to offer all three technologies employed in peptide manufacturing.

Lonza has also boosted internal capacity at its own facility in Visp, Switzerland. The $20 million investment, initiated in April
2005, included the construction of a midscale plant for clinical trial supplies of both peptides and oligonucleotides and the
addition of related purification and lyophilization equipment.

The rash of investment is supported by growth expectations for peptides: Producers expect the market for bulk peptides to grow
at roughly 15-20% per year. Successful peptide launches such as Amylin's diabetes drug Byetta, which hit the market last year
and is expected to achieve blockbuster status, provide some affirmation for those lofty targets.
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"Five years ago, nobody was talking about peptides being needed as much as they are needed now," NeoMPS's Hagopian says.
"I'm the eternal optimist, but I think we haven't really seen the full impact of the market growth on peptides yet."
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Abstract
AIDS is presently treatable, and patients can have a good prognosis due to the
success of highly active antiretroviral therapy (HAART), but it is still not curable
or preventable. High toxicity of HAART, and the emergence of drug resistance
add to the imperative to continue research into new strategies and interventions.
Considerable progress in the understanding of HIV attachment and entry into
host cells has suggested new possibilities for rationally designing agents that
interfere with this process. The approval and introduction of the fusion inhibitor
enfuvirtide (Fuzeon) for clinical use signals a new era in AIDS therapeutics. Here
we review the crucial steps the virus uses to achieve cell entry, which merit atten-
tion as potential targets, and the compounds at pre-clinical and clinical develop-
ment stages, reported to effectively inhibit cell entry.
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Introduction
Acquired immunodeficiency syndrome (AIDS) was

recognized in 1981, and the first human immunodeficiency
virus (HIV) was isolated 2 years later, heralding a new era in
the fight against pathogenic viruses[1,2].  Since then, HIV
infection has become a major public health problem
worldwide, with an estimated 39.4 million infected people as
at the end of 2004 (Table 1)[3].   According to the Joint United
Nations Programme on HIV/AIDS (UNAIDS) epidemic
update, in 2004 there were more than 3.1 million AIDS deaths,
including 500 000 children under 15 years of age[4].  The preva-
lence of HIV-1 is greater in developing countries, and espe-
cially in Sub-Saharan Africa, where the infrastructure to pre-
vent and treat the infection is limited[5].  These “hotspots”
absorb most of the attention of international committees and
organizations, and a significant part of the funding for AIDS
prevention and treatment goes towards attempting to scale
up antiretroviral (ARV) therapy in developing and transitional
countries[6].

HIV is a lentinovirus that is predominantly transmitted
by sexual contact, as virus particles can cross the mucosal
epithelium and infect specific cells[7,8] expressing the CD4
receptor.  Cells bearing CD4 receptors on their membrane
belong to the macrophage/monocyte lineage and to a sub-
set of T-cells[9,10].  Initial indications were that HIV-1 used

only CD4 to identify and enter the target cells.  Soon, however,
it became apparent that additional co-receptors were prob-
ably required in order for the virus to complete cell entry.
Subsequently, several such potential co-receptors were pro-
posed[11,12], but the CCR5 and CXCR4 chemokine receptors
are today considered to be the major co-receptors for HIV-1
entry[13–15].  T-cell tropic HIV strains use mainly CXCR4 as a
co-receptor and are called X4 strains, whereas macrophage-

Table 1.  Worldwide distribution of estimated number of people liv-
ing with HIV[4].

Region                                                   Estimated number1)

North America 1.0 million (540 000–1.6 million)
Caribbean 440 00 (270 000–780 000)
Latin America 1.7 million (1.3–2.2 million)
Western and Central Europe 610 000 (480 000–760 000)
Eastern Europe and Central Asia 1.4 million (920 000–2.1 million)
North Africa and Middle East 540 000 (230 000–1.5 million)
Sub-Saharan Africa 25.4 million (23.4–28.4 million)
East Asia 1.1 million (560 000–1.8 million)
South and South-East Asia 7.1 million (4.4–10.6 million)
Oceania 35 000 (25 000–48 000)

1)The ranges around the estimates define the boundaries within which
the actual numbers lie based on the best available information[4].
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tropic strains, responsible for host-to-host transmission, use
CCR5 as a co-receptor, and are referred to as R5 strains.
Thus, macrophages are the principal targets for the estab-
lishment of the infection in new individuals[16].  Although it
is not always the case[17,18], the transition from viral isolates
that use the CCR5 receptor to isolates that use the CXCR4
receptor has been linked with the transition from the latent
asymptomatic phase to the clinical manifestations associ-
ated with AIDS[19,20].

The most striking feature of HIV-1 infection is the gradual
depletion of circulating CD4+ T cells, which leads to increased
sensitivity of the patient to opportunistic and chronic infec-
tions and to oncogenesis.  The cause of the CD4+ T cell
depletion is still under debate[21–23].  It is generally accepted,
however, that during the asymptomatic phase the daily re-
plenishment rate of CD4+ T cells is much higher than the
turnover of infective virus particles for the cytopathicity
model to explain the progressive depletion of CD4+ T cells
from circulation[24].  An alternative hypothesis proposes that
certain viral components contribute to dysfunction of a vital
immune mechanism[25].

Over the past 23 years, the main objective in the field of
HIV research has been the discovery of drugs that will com-
bat the disease.  Satisfactory progress has already been made
and there are now more than 20 anti-HIV drugs approved by
the American Food and Drug Administration (FDA)[26].  ARV
drugs are categorized according to their mode of action into
three main groups: 1) the nucleoside reverse transcriptase
inhibitors (NRTI); 2) the non-nucleoside reverse transcriptase
inhibitors (NNRTI)[27,28]; and 3) the protease inhibitors (PI)[29].
ARV drugs from these categories are now administered in
combination (as cocktails) to produce more efficient treat-
ment[30].  This type of therapy, termed “highly active antire-
troviral therapy” or HAART, has markedly decreased morta-
lity and morbidity in the developed world.  Efforts have been
made by the World Health Organization (WHO) and UNAIDS

to substantially increase the number of people on HAART
in developing and transitional countries[6].

Despite the fact that current antiviral treatments have
improved prognosis, drug resistance and high toxicity are
serious limitations to current treatments that justify the con-
tinuation of research efforts for new strategies and interven-
tions[31,32].  Today, AIDS is treatable, and patients can have a
good prognosis, but it is still not curable.  A new generation
of drugs was recently introduced that inhibit viral cell entry
(to be discussed later).  HIV entry inhibitors appear to be a
rational step forward in ARV therapy, because they prevent
the virus from infecting new host cells, and may potentially
stop or significantly limit HIV transmission[33–35].  In order to
rationally design effective drugs, the pathophysiology of
HIV must be better understood for ARV therapy research to
target specific events in the biology of the virus within the
host cell[36,37].

HIV entry

HIV-1 predominately infects cells that have the CD4 re-
ceptor on their surface membrane, although this is not al-
ways the case[38,39].  Achievement of infection of these cells
involves three discrete steps: viral attachment, then co-re-
ceptor binding, and finally fusion (see Figure 1).  Recogni-
tion of the “correct” target cell and attachment to it is prima-
rily achieved through envelope glycoprotein gp120, which
binds to CD4 molecules.  Gp120 is generated within the in-
fected host cell after cleavage of gp160 by cellular proteases
into two functional proteins: gp120 and gp41.  It consists of
5 variable (V1-V5) and 5 conserved (C1-C5) regions[40].  Gp120
and gp41 are glycosylated in the Golgi apparatus, and then
transported to the membrane that is later incorporated in the
viral envelope during the budding of the viral particles to
form mature viruses[41].  The envelope membrane is studded
with trimers of gp120-gp41 heterodimers, where gp41 forms

               Figure 1.  Schematic representation of the mechanism for HIV-1 cell entry.
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the cytosolic part and gp120 the extracellular part[42].
Binding of viral gp120 to host cell CD4 is achieved through

interactions of several conserved gp120 residues with the
second complementarity-determining region (CDR2) of
CD4[43,44].  This interaction alone is not sufficient to achieve
cell entry, but it is necessary in order to identify the target
cell and also to increase the affinity of other viral compo-
nents for the co-receptor molecules.  Indeed, binding of
gp120 to CD4 causes conformational changes to the variable
loop regions V1/V2 and V3 of gp120, causing the V3 loop to
evaginate, thus becoming exposed to the co-receptors[45]

(Figure 1).  The major co-receptors that HIV-1 uses are the
CCR5 and CXCR4 chemokine receptors.  The exact mecha-
nism of interaction between the variable loop regions V1/V2
and V3 and the chemokine receptors is not well understood
and it merits a more detailed investigation.  It has been
suggested, however, that the interaction between V3 and
CCR5 is ionic in nature, and results in enhancement of the
process of activation-induced cell death of responding ef-
fector CD4+ T cells during antigen presentation[22,46,47].

The final step for viral entry requires fusion of the viral
envelope components with the target surface membrane; this
is achieved with the use of gp41, which is a glycoprotein
consisting of 3 main domains: an intracellular domain
(endodomain), a transmembrane anchor and an extracellular
domain (ectodomain).  The ectodomain is the key structure
responsible for fusion and consists of a hydrophobic fusion
peptide sequence at the N-terminal, two hydrophobic hep-
tad repeats (HR1 and HR2) at the C-terminal, and a hinge
region, where a disulfide-bond loop is formed between the
two heptad repeats during fusion[48,49].  On binding of gp120
to CD4 and subsequently to the co-receptor, further confor-
mational changes occur that lead to gp41 dissociation from
gp120.  The gp41 unfolds and the hydrophobic fusion pep-
tide sequence extends out of the viral membrane towards the
host cell membrane.  Insertion of the fusion peptide into the
host cell membrane leads gp41 to fold into a hairpin-like struc-
ture where the two hydrophobic heptad repeats (HR1 and
HR2) lie antiparallel, forming a 6-helix bundle[50,51].  This hair-
pin structure is believed to be responsible for the fusion of
the HIV envelope to the host cell membrane.

Enfuvirtide: the first FDA-approved fusion
inhibitor

Enfuvirtide (formerly known as T-20) is the first fusion
inhibitor approved by the FDA and the European Commis-
sion for the Treatment of AIDS, and is available under the
trade name Fuzeon (Trimeris and Roche).  It is a 36 amino

acid synthetic peptide homologous to the HR2 region of
gp41 (residues 127-162) [52,53], that has the ability to interfere
with the fusion pathway by mimicking the HR2 domain[54].
The accepted mode of action proposes that enfuvirtide tar-
gets conformational changes during fusion by binding to
the HR1 domain.  Recent evidence indicates that enfuvirtide
interacts with multiple sites in gp41 and gp120[55].  This bind-
ing prevents the formation of the 6-helix bundle by prevent-
ing HR2 from refolding antiparallel to HR1[56,57].  Thus, inhi-
bition of fusion of the viral envelope to cell membranes is
achieved by blocking a critical step in the fusion pathway
(Figure 2).

In the initial stages of discovery, enfuvirtide appeared to
inhibit HIV-1 replication very effectively in various cell types
and clinical trials proved to be very promising.  Phase I/II
trials provided proof that HIV entry was inhibited after treat-
ing patients with 100 mg enfuvirtide twice daily for 14 d.  The
levels of plasma HIV RNA after 14 d of treatment demon-
strated a 1.96 lg median decline[58].  Phase II clinical trials
were performed on 71 HIV-infected individuals who were
treated with 50 mg enfuvirtide together with other ARV drugs
for 48 weeks.  There was a 1.0 log10 decline from baseline in
HIV RNA and a median gain of CD4 cell counts of 84.9 cells/
µL, with no significant toxicity[59].

Furthermore, two TORO (T-20 vs Optimized Regimens
Only) Phase III clinical trials were performed in America
(TORO 1) and in Europe and Australia (TORO 2).  The trials
had similar protocols: they compared the efficacy and safety
of enfuvirtide plus an optimized antiretroviral regimen with
the efficacy and safety of an optimized antiretroviral regimen
alone[60,61].  In both studies the least-squares mean change
from baseline in the plasma viral load indicated a significant
difference in the decrease in the enfuvirtide group compared
with the control (P<0.01).  In the same way, the mean count
of CD4 cells/mL was significantly greater in the enfuvirtide
group compared with the controls (P<0.01).

Further studies are currently being performed on the ex-
act metabolic pathway of enfuvirtide, potential drug resis-
tance problems, and identification of synergistic interactions
with other drugs.  Several reports concluded that enfuvirtide
does not appear to interfere with the activities of cytochrome
P450, probably because it is a peptide and is easily hydro-
lyzed in the body[62,63].  Enfuvirtide was found to act syner-
gistically with other potential entry inhibitors in vitro, such
as AMD3100 and PRO542, producing results that encour-
aged the use of combinations of entry inhibitors as part of a
new generation of ARV strategies[64,65].  However, HIV resis-
tance has been reported in patients treated with enfuvirtide,
indicating a hotspot from codons 36 to 38 of the HR1 domain[66],
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as well as other sites in gp41[67–69].  Additionally, primary
resistance has been reported, which appears to be more fre-
quent than predicted[70], indicating that more research is
needed in this field.

Enfuvirtide obtained accelerated approval by the FDA in
2003 and became the 17th licensed ARV drug and the first to
inhibit HIV entry.  The drug is supplied as a lyophilized pow-
der in single-dose vials containing 108 mg of the drug.  Re-
constitution of the powder in 1.1 mL sterile water for injec-
tion produces a single dose of 90 mg/mL[71] that is injected
subcutaneously.  Enfuvirtide has two currently known ma-
jor drawbacks.  First, being a peptide, it can only be adminis-
tered by injection and not orally.  This makes usage more
difficult, because patients must be educated for self-
administration.  Second, the cost of enfuvirtide is high, be-
cause it is a synthetic peptide that is manufactured by a
highly complicated process involving large amounts of raw
materials[72,73].  It is estimated that the annual cost of
enfuvirtide therapy is approximately US$20 000 per patient,
and if taken in combination with other ARV drugs then the
cost of therapy could approach US$30 000.

Potential drugs targeting entry and fusion
Attachment inhibitors  Current novel antiretroviral drugs

aim to interfere with the crucial HIV entry steps: viral
attachment, co-receptor binding and fusion.  One approach
for interfering with viral attachment involves the use of a
tetravalent fusion protein construct, consisting of a human

IgG2 in which the Fv portions of both the heavy and light
chains have been replaced with the D1 and D2 domains of
human CD4[74,75].  This CD4-immunoglobulin fusion
construct, called PRO 542, is suggested to bind to the viral
gp120 and thus prevent the virus from interacting with CD4-
bearing host cells.  Phase I clinical trials indicated that PRO
542 has a half-life of 3–4 d when a relatively high dose was
used (10 mg/kg), and no dose-limiting toxicities were ob-
served[76].  In addition, in phase II clinical trials, 12 HIV-in-
fected patients were treated with 25 mg/kg single-dose PRO
542.  The drug was well tolerated and the acute reduction
caused in the HIV-1 RNA was statistically significant, even
in patients with advanced AIDS[77].

In the same way, several other compounds target either
the gp120 or the CD4 receptor and interfere with HIV
attachment.  FP-21399 is a bis(disulfonapthelene) derivative
that binds to gp120, most probably near the third variable
domain, because interactions with antibodies against the V3
loop region were blocked[78].  A phase I study showed that it
caused an increase in CD4 cell counts, and a significant de-
crease in viral load and minor side effects[79].  BMS-378806, a
4-methoxy-7-azaindole derivative, is a compound that can
be administered orally, and was developed by Bristol Myers
Squibb[80,81].  Despite the fact that phase I and II studies
showed promising results, Bristol Myers Squibb decided to
investigate similar drugs such as BMS-488043, an analogue
of BMS-378806, in order to optimize its effectiveness[82].  A
series of polyanionic compounds, for example dextrin-2-
sulfate, Carraguard and PRO 2000 are in clinical trials, and

Figure 2.  Mechanism of inhibition of
HIV fusion to the cell  membrane by
enfuvirtide.
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are designed to be topically administered[83–85].  Finally, TNX-
355, a humanized anti-CD4 mAB that binds to CD4 without
interfering with its biological function, significantly de-
creased viral load and increased CD4 cell counts in a phase
I trial[86].

Co-receptor binding inhibitors  The most interesting tar-
get in HIV entry is the co-receptor binding phase.  Current
drug research is focused on designing compounds that pre-
vent the virus interacting with the chemokine receptors.  The
CCR5 receptor is the principal target, and a number of poten-
tial drugs are currently being studied.  SCH-C is a small mo-
lecule that inhibits the binding of gp120 to CCR5, and initial
in vitro experiments have indicated good inhibitory activity
against R5 viruses as well as synergistic effects with several
ARV drugs, including enfuvirtide[87,88].  Although it can be
administered orally and clinical studies showed decreased
viral loads, electrocardiographic anomalies due to arrhy-
thmias were reported at high dosages[89].  Another compound,
SCH-D, has been found to have greater in vitro and in vivo
antiviral properties, with no apparent side effects.  Clinical
studies for this drug are still ongoing[90].  Interestingly, it
was recently reported that V3-like peptides from X4 strains
with more electropositive V3 domains were effective antago-
nists and potential infectivity blockers of R5 variants[91].

TAK-779 was the first non-peptidic molecule found to
inhibit co-receptor attachment by binding to CCR5 at trans-
membrane helices 1, 2, 3, and 7[92,93].  It has the disadvantage
of intravenous administration and because of irritations ob-
served at the injection site, its development was discontinued.
It was replaced by another compound, T-220, which can be
administered orally, and shows promising anti-R5 HIV acti-
vity[94].  Similarly, UK-427,857 is a novel CCR5 inhibitor that
has acceptable pharmacokinetic and metabolic rates in mice,
rats, dogs and humans, and can be administered orally[95].
Finally, PRO 140 is one of the few monoclonal antibodies that
has been used as an entry inhibitor and has been reported to
block co-receptor attachment without down-modulating or
inducing signaling of the CCR5 chemokine receptor[96,97].

CXCR4, the second major HIV co-receptor, is also a tar-
get for current drug research.  AMD-3100, one of the first
entry inhibitors, was found to inhibit viral entry well before
the discovery of co-receptor usage by HIV[98].  It is a bicyclam
compound of low molecular weight that inhibits the electro-
static interaction between CXCR4 and gp120 by ionic bind-
ing to the second extracellular loop (ECL2) and the adjacent
membrane-spanning domain (TM4) of the CXCR4 receptor[99].
Despite the fact that in phase I and II clinical trials, intrave-
nous administration of AMD-3100 significantly reduced the

viral load[100], it was later replaced by an orally available
compound, AMD-070.  A non-peptidic compound, KRH-1636,
which is absorbed through the duodenum, had similar effi-
cacies to AMD-3100[101].  Finally, T-22 and ALX40-4C are
positively charged peptides that occupy the V3 region and
competitively inhibit binding of gp120 to the negatively
charged amino acid residues on CXCR4[102–104].

In conclusion, the role of the V3 region in the mechanism
of cell attachment and entry in relation to the major co-recep-
tors is being actively pursued.  In addition to biological
studies, physicochemical studies on the interacting protein
domains are being carried out in an attempt to decipher the
interface conformations between the virus and the cell[105].

Fusion inhibitors  Understanding the mechanism of fu-
sion of the viral envelope with the host membrane played a
crucial role in the development of new generation ARV drugs.
This became apparent when enfuvirtide was licensed as the
first viral entry inhibitor, and it is currently used in HAART.
Resistance to enfuvirtide has been reported, which has led
to the design of a second generation HR2 mimetic peptide.
T-1249 is a 39-L-amino acid synthetic peptide that contains a
pocket-binding sequence that makes the HR1 and HR2 inter-
action more stable.  Studies on T-1249 showed that it has
greater efficacy and longer half-life than enfuvirtide.
Additionally, efficacy against enfuvirtide-resistant viruses
has been reported, indicating that this second generation
fusion inhibitor is a step forward[106,107].  However, Roche
and Trimeris decided to halt clinical development due to for-
mulation concerns[108].

5-Helix is a newly designed recombinant C-peptide that
consists of 5 of the 6 helices that are formed during the
fusion phase.  A CHR domain is missing for the 6-helix bundle
formation, and thus there is one exposed groove.  This groove
binds to a CHR domain in gp41 and inhibits fusion of the
viral membrane to the host membrane[109].  Because it is a
recombinant peptide, it has a much lower cost of production
compared with the synthetic enfuvirtide.  Initial studies dem-
onstrated potent antiretroviral activity, with IC50 values in
the low nanomolar range[110].

Finally, N-peptides represent another group of peptides
with potential inhibitory effects against HIV entry.  Initial
studies have indicated that they are weaker inhibitors than
the C-peptides, with IC50 values in the micromolar range.
However, chimeric molecules composed of soluble trimeric
coiled coils have shown promising results.  IQN17 is one of
the first such peptides with potent inhibitory effects, and
the current most potent chimeric N-peptide, IQN23, is re-
ported to have an IC50 value of 15 nmol/L[111].
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Conclusion
Antiretroviral chemotherapy has recently acquired a new

“weapon” in the fight against AIDS.  Enfuvirtide is the first
HIV entry inhibitor that was approved by FDA, and it is
currently used in combination with other ARV drugs.  Re-
sults from clinical trials indicated that it had potent activity
against HIV strains that are resistant to other ARV drugs,
although some resistance to enfuvirtide has been reported.
The design of other entry inhibitors has moved forward, and
every phase of HIV entry is actively pursued as a target for
potential inhibitors.  Probably the most exciting prospect is
potential interference with co-receptor usage, particularly
that of CCR5.

ARV drug development aims to produce drugs with po-
tent antiretroviral activity, with IC50 values in the nanomolar
range, with no or limited toxicity and that can be adminis-
tered orally.  Several compounds are currently in clinical trials,
and we are optimistic that new, more effective drugs will be
added to the ARV armory.
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T20 (generic name: Enfuvirtide, brand name: Fuzeon) is the only
FDA-approved HIV fusion inhibitor that is being used for treatment
of HIV/AIDS patients who have failed to respond to current
antiretroviral drugs. However, it rapidly induces drug resistance in
vitro and in vivo. On the basis of the structural and functional
information of anti-HIV peptides from a previous study, we de-
signed an HIV fusion inhibitor named CP32M, a 32-mer synthetic
peptide that is highly effective in inhibiting infection by a wide
range of primary HIV-1 isolates from multiple genotypes with R5-
or dual-tropic (R5X4) phenotype, including a group O virus (BCF02)
that is resistant to T20 and C34 (another anti-HIV peptide). Strik-
ingly, CP32M is exceptionally potent (at low picomolar level)
against infection by a panel of HIV-1 mutants highly resistant to
T20 and C34. These findings suggest that CP32M can be further
developed as an antiviral therapeutic against multidrug resistant
HIV-1.

drug-resistance � gp41 � peptide � six-helix bundle

In the early 1990s, a number of synthetic peptides derived from
the N- and C-heptad repeat (NHR and CHR) regions of the

HIV-1 envelope glycoprotein (Env) transmembrane subunit
gp41 were discovered to have potent anti-HIV activity (1–6).
Two of the CHR peptides, C34 and DP-178 (also known as T20),
inhibit HIV infection at low nM levels. Biochemical and bio-
physical analyses suggest that these CHR peptides inhibit HIV-1
Env-mediated membrane fusion by interacting with the viral
gp41 NHR region to form heterologous trimer of heterodimer
and block gp41 six-helix bundle (6-HB) core formation, a critical
step in virus–cell fusion (1, 7–9).

T20 (Enfuvirtide, Fuzeon), jointly developed by Trimeris and
Roche, was licensed by the US FDA as the first member of a new
class of anti-HIV drugs—HIV fusion inhibitors. Clinical data
show that T20 is effective as a salvage therapy for HIV/AIDS
patients who have failed to respond to current antiretroviral
therapeutics, including reverse transcriptase inhibitors (RTIs)
and protease inhibitors (PIs). However, T20 can easily induce
drug resistance, resulting in increasing failure rates in T20-
treated patients. Therefore, we sought to develop HIV fusion
inhibitors that are effective against T20-resistant HIV.

Here we designed an HIV fusion inhibitory peptide, desig-
nated CP32M (Fig. 1), on the basis of findings from our previous
studies on anti-HIV peptides containing a motif (621QIWN-
NMT627) located at the upstream region of the gp41 CHR,
immediately adjacent to the pocket-binding domain (10), which
is critical for 6-HB formation and stability. Surprisingly, CP32M
is exceptionally potent against T20-resistant HIV-1 strains, with
great potential to be further developed as an anti-HIV drug for
treatment of HIV/AIDS patients, in particular those unrespon-
sive to the first generation HIV fusion inhibitor used in clinics.

Results
Structure-Based Design of the Anti-HIV Peptide CP32M. We have
recently found that the 621QIWNNMT627 motif located at the
upstream region of the gp41 CHR, immediately adjacent to the

pocket-binding domain, is critical for the NHR and CHR
interhelical interactions, and that the peptide CP621–652 con-
taining the 621QIWNNMT627 motif possesses potent anti-HIV
activity (10). We designed a peptide, designated CP32M, by
using the peptide CP621–652 as a template, to improve the
anti-HIV activity and drug-resistant profiles and the pharma-
cokinetics of the anti-HIV peptide with wild-type sequence. As
shown in Fig. 1C, 11 of 32 residues (34.4%) in the peptide
CP621–652 were mutated, while the residues that are important
for the activity or stability of the peptide remained unchanged.
The positively or negatively charged residues (e.g., K or E) were
introduced into the CP32M to promote the formation of ion
pairs (salt bridges) at the i to i � 4 position of the helical
conformation (e.g., E636, K640, and K644). First residue Q621 at the
‘‘a’’ position in the heptad repeat was replaced by a hydrophobic
residue V to enhance its hydrophobic interaction with the NHR
target. The residues I622, N625, S640, and N651, which are located
at the b, c, e, and f positions in the �-helical wheel, were replaced
by negatively or positively charged residues, E or K, respectively,
to increase the hydrophilicity of the peptide. It was expected that
introduction of these residues in the CP32M would improve its
solubility and strengthen its ionic interactions with the NHR.

CP32M Is Highly Effective in Blocking HIV-1-Mediated Membrane
Fusion and Inhibiting Infection by a Broad Spectrum of HIV-1 Isolates.
It was important to learn whether the engineered peptide
CP32M maintained, or better yet improved its antiviral activity.
First, we determined the inhibitory activity of CP32M on HIV-1
IIIB-mediated cell–cell fusion by a dye transfer assay. As shown
in Fig. 2A, CP32M inhibited cell–cell fusion with an IC50 of 4 nM,
approximately sevenfold more potent than T20 (IC50 � 28 nM).
Then, we assessed inhibitory activity of CP32M on HIV-1 IIIB
infection. Consistently, CP32M was found to be capable of
inhibiting HIV-1 IIIB infection in MT-2 cells with an IC50 of 5
nM (Fig. 2B), approximately fourfold more effective than T20
(IC50 � 26 nM). Further, we evaluated the inhibitory activity of
CP32M on infection of peripheral blood mononuclear cells
(PBMCs) by a panel of primary group M HIV-1 isolates. As
shown in Table 1, CP32M potently inhibited infection by primary
viruses with distinct genotypes (subtypes A–G) and phenotypes
(R5- and R5X4-tropic). Strikingly, CP32M effectively inhibited
infection by HIV-1 group O virus (BCF02) with an IC50 of 10
nM, whereas neither T20 nor C34 exhibited inhibitory activity
even at a concentration as high as 2,000 nM (Fig. 2C). Therefore,
CP32M is a potent HIV-1 fusion inhibitor against infection by
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both laboratory-adapted and primary HIV-1 strains with differ-
ent genotypes and phenotypes.

CP32M Is Exceptionally Potent Against T20-Resistant HIV-1 Strains.
Subsequently, we sought to determine whether CP32M is ef-
fective against HIV-1 strains resistant to T20. A panel of
HIV-1NL4-3 mutants including two T20-sensitive and five T20-
resistant strains (11) were used in our experiments. We found
that double substitutions in the gp41 NHR (V38A/N42D,
V38A/N42T, V38E/N42S, and N42T/N43K) also conferred
cross-resistance to the peptide C34 (Table 2). Strikingly, CP32M
was extremely active against both T20- and C34-sensitive and
-resistant viruses. CP32M inhibited infection by several
HIV-1NL4-3 mutants (N42S, V38A, and V38A/N42T) at pico-
molar (pM) levels. In particular, infection by HIV-1NL4-3 bearing
V38A/N42T double mutations was shown to be effectively
inhibited by CP32M with an IC50 of 2 pM, whereas it was highly
resistant to both T20 and C34.

CP32M Interacts with the gp41 NHR Region to Form Highly Stable
�–Helical Complex and Efficiently Blocks the gp41 6-HB Core Forma-
tion. We previously showed that the CHR peptide CP621–652
can interact with the NHR peptides to form typical 6-HBs (10).

It was of interest to determine whether the engineered peptide
CP32M would retain its ability to interact with the NHR peptides
after substitution of over one-third of its residues. As shown in
Fig. 3, CP32M could form typical �-helical complexes with the
NHR peptides (N36 or T21), similar to the parent peptide
CP621–652 as assessed by CD spectra. Impressively, thermal
denaturation analysis demonstrated that CP32M also interacted
with N36 or T21 with higher thermostability (Fig. 3 B and D).

Fig. 1. Interactions of CP32M and other CHR peptides with NHR peptides. (A)
Schematic view of the HIV-1HXB2 gp41 molecule. FP, fusion peptide; NHR,
N-terminal heptad repeat; CHR, C-terminal heptad repeat; TR, tryptophan-
rich domain; TM, transmembrane domain; CP, cytoplasmic domain. (B) In the
current fusion model, the CHR region of gp41 folds back to interact with the
NHR region to form a hairpin structure. Three molecules of hairpins associate
with each other to form a 6-HB. The dashed lines between the NHR and CHR
regions indicate the interaction between the residues located at the e, g and
the a, d positions in the NHR and CHR, respectively. The interaction of the
pocket-binding domain in the CHR (amino acids 628–635, in blue) with the
pocket-forming domain in the NHR (amino acids 565–581, in red) is critical for
stabilization of the 6-HB. Both T20 and C34 peptides contain the sequences
targeting the GIV motif (in purple) in the NHR, but C34 contains the pocket-
binding sequence, while T20 does not. The peptide CP621–652 overlaps the
pocket-binding domain but it has no sequence targeting the GIV motif. The
residues preceding the pocket-binding domain are in green. (C) Based on
the CP621–652 sequence, CP32M was engineered by replacing 11 of 32
residues (the mutated residues are in red) to improve its pharmacokinetic
profiles and anti-HIV activity. The positively charged residues (e.g., K) or
negatively charged residues (e.g., E) were introduced to form ion pairs (salt
bridges) at i to i � 4 position of the helical conformation.

Fig. 2. Inhibition of CP32M on HIV-1-mediated cell–cell fusion (A), and on
infection by HIV-1 IIIB (B) and BCF02 (C). T20 was tested as a control. Each
sample was tested in triplicate and the data are presented as mean � standard
deviations. Numbers in parentheses indicate IC50 (nM) values.
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The complex of N36/CP32M had a Tm value of 79°C which was
15°C higher than its wild-type bundle N36/CP621–652 (Tm �
64°C). The T21/CP32M complex displayed a Tm value (94°C)
13°C higher than the T21/CP621–652 complex (Tm � 81°C). As
a control, the bundle N36/C34, which has been considered to be
a core structure of the fusion-active gp41, had a Tm value of 64°C
(data not shown).

We then used an N-PAGE-based method to visualize the
complex formed by CP32M and counterpart peptide T21. As
shown in Fig. 4A, the NHR peptide T21 shows no band in the
native gel because it carries net positive charges and could
migrate up and off the gel, but the negatively charged peptide
CP32M shows a specific band. When CP32M was mixed with
T21, a specific band corresponding to the 6-HB appeared. Their
specific binding was also confirmed by size-exclusion high-
performance liquid chromatography (HPLC) (Fig. 4B). Sedi-
mentation equilibrium ultracentrifugation demonstrated that
the MWapp value of the CP32M and T21 complex was 26,600 Da
(Fig. 4C). Compared to an expected molecular mass of 8,688 Da
for CP32M/T21 heterodimer, we concluded that these two
peptides associate to form a 6-HB structure consisting of three
CP32M and T21 peptides, respectively.

The mechanism of NHR or CHR-derived anti-HIV peptides
has been considered to inhibit the formation of the viral gp41
6-HB in a dominant-negative fashion (7, 12). To test whether the
engineered CP32M could arrest the formation of 6-HBs, an
ELISA-based method was developed, in which the 6-HB-specific
mAb NC-1 was used as a capture antibody and the peptide C34
was biotinylated (see Materials and Methods). Consistently, NC-1
reacted specifically with the complex of N36 and C34 but not
with the isolated peptides (data not shown). The results show
that CP32M could efficiently inhibit the formation of 6-HB
between the peptides N36 and C34-biotin in a dose-dependent
manner, comparable to its parent peptide CP621–652 and C34

itself (Fig. 4D). However, T20 had no such effect at a concen-
tration as high as 8,000 nM, consistent with our previous data
(13). This result suggests that CP32M, unlike T20, is able to block
6-HB formation between the NHR and CHR in a dominant-
negative fashion.

Discussion
In the present study, we designed an anti-HIV peptide, CP32M,
on the basis of the structural and functional information of
HIV-1 gp41 and a recently identified anti-HIV peptide (CP621–
652) containing a motif (621QIWNNMT627) that is critical for the
6-HB formation and stability (10). Our data have demonstrated
that, like its parent peptide CP621–652 (10), the engineered
CP32M maintains its potency in inhibiting HIV-1-mediated
cell–cell fusion and infection by laboratory-adapted HIV-1
strains. CP32M is highly effective against a panel of primary
HIV-1 strains with distinct genotypes (group M, subtypes A–G)
and phenotypes (R5 and R5X4) (Table 1). Favorably, CP32M
could potently inhibit infection by BCF02, one of the HIV-1
group O isolates, having a high genetic diversity compared to the
major group of HIV-1. In comparison, T20 and C34 had no
inhibitory activity against infection by HIV-1BCF02 at a concen-
tration as high as 2,000 nM. Therefore, the engineered peptide
CP32M which has a broader anti-HIV spectrum than T20 may
possess a property to overcome the genetic barrier of HIV-1
group O isolates (e.g., BCF02) and thus can be used for
treatment of HIV-1 group O infection.

The most unique feature of the CP32M peptide is its excep-
tional potency against HIV-1 variants resistant to T20 and other
CHR peptides including C34 and T1249, a second generation
HIV fusion inhibitor. Although its parent peptide (CP621–652)
is also effective against the drug-resistant viruses, CP32M ex-
hibited much-improved antiviral activity against some T20-
resistant mutants, with IC50 in the picomolar range.

Why are CP32M and its parent peptide CP621–652 effective
against HIV-1 variants resistant to T20, C34, and T1249? We
believe that this is because they have different target sites in the
gp41 NHR region. Early in vitro studies indicate that HIV-1
acquires T20 resistance by mutations in the ‘‘GIV’’ motif (po-
sitions 36–38 based on reference HIV-1HXB2 gp41 numbering,
underlined in Fig. 1B) of the gp41 NHR region (11). Subsequent
clinical data show that HIV-1 isolates from patients failing
therapy with T20 also contain mutations in the NHR region of
gp41 (amino acids 36–45: GIVQQQNNLL) (14, 15). Although
two changes within the amino acids 36–45 domain have been
observed in some patients resistant to T20 therapy, in most cases
a single mutation alone can mediate resistance (16, 17). These
findings suggest that the GIV motif may be a critical binding site
for T20. Indeed, Chang and colleagues have shown that the
LLSGIV stretch in NHR is a crucial docking site for T20 (18, 19).

Our previous studies demonstrated that the CHR region of
HIV-1 gp41 contains three functional domains (20): a pocket-

Table 1. Inhibitory activity of CP32M against infection by
primary HIV-1 isolates

Virus Subtype Coreceptor

nM � SD

IC50 IC90

RW92008 A R5 51 � 3 66 � 3
94UG103 A R5X4 30 � 12 54 � 14
92US657 B R5 235 � 42 423 � 40
JR-FL B R5 23 � 3 37 � 4
93IN101 C R5 37 � 2 80 � 5
93MW959 C R5 32 � 3 83 � 10
92UG001 D R5X4 40 � 6 87 � 8
92THA009 E R5 94 � 16 120 � 30
93BR020 F R5X4 23 � 3 105 � 7
RU570 G R5 84 � 12 132 � 30

Table 2. Potent inhibitory activity of CP32M against infection by C34 and T-20-resistant
viruses

HIV-1NL4-3 (36G) Phenotype*

IC50 � SD, nM

T20 C34 CP32M

Parental S 35.820 � 14.350 3.410 � 0.300 4.250 � 0.130
N42S S 28.915 � 0.881 0.611 � 0.142 0.042 � 0.004
V38A R �2,000.000 1.686 � 0.620 0.220 � 0.075
V38E/N42S R �2,000.000 79.660 � 4.630 4.690 � 0.630
N42T/N43K R �2,000.000 119.681 � 26.160 1.016 � 0.359
V38A/N42T R �2,000.000 50.049 � 8.305 0.002 � 0.000
V38A/N42D R �2,000.000 24.474 � 9.246 76.251 � 11.277

*S, sensitive; R, resistant.
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binding domain (amino acids 628–635, blue in Fig. 1B) that can
bind to the pocket-forming region in NHR (red in Fig. 1B), an
HR-binding domain (amino acids 628–666) which is able to
interact with the 4–3 heptad repeat (HR) sequences in the gp41
NHR, and a tryptophan-rich lipid-binding domain (amino acids
666–673, orange in Fig. 1B) that has a tendency to bind lipid
membranes (20). The helical packing interactions between the
NHR and CHR play an essential role in viral infectivity (21–23).
In particular, the hydrophobic and ionic interactions of the deep
pocket region in the C terminus of the NHR groove and
pocket-binding residues from the CHR can determine the
conformation and stability of the fusion-active gp41 6-HB
structure (1, 19, 24). T20 contains the HR- and lipid-binding
domains. It inhibits HIV fusion by binding to the HR sequences
in NHR, including the GIV motif, through its N-terminal
HR-binding domain and interacting with the lipid membrane on
the target cell, via its C-terminal lipid-binding domain (25).
Mutations of the conserved GIV motif may affect the binding of
T20 to the HR sequence in NHR, resulting in significant
reduction of T20-mediated inhibitory activity on HIV fusion and
entry. C34 contains the pocket-binding domain and shares with
T20 the HR-binding sequence and thus associates with NHR to
form a 6-HB through its interaction with both pocket-forming
and HR-sequences in NHR. The pocket-forming region and the
LLSGIV stretch in NHR are critical docking sites for C34 (18,
19). Thus, mutation of the GIV motif in viral gp41 may also
affect C34 binding to the HR sequence, leading to resistance to
C34. However, binding of C34 to the hydrophobic pocket region
may partially compensate the decreased binding of C34 to NHR.
Therefore, the viruses with GIV mutation in gp41 may be less
resistant to C34 than T20 (26). T1249, a second generation HIV
fusion inhibitor, contains all three functional domains, including
pocket-, HR- and lipid-binding sequences. However, it functions
more like T20 (25). Therefore, T20-resistant strains with GIV
mutations are also insensitive to T1249 (27).

Unlike T20 and C34, CP621–652 does not contain the GIV-
binding sequence, but consists of the pocket-binding domain and
the 621QIWNNMT627 motif, which is located at the upstream
region of the CHR and immediately adjacent to the pocket-
binding domain and is highly important for the stabilization of
the gp41 core structure (10). Therefore, the mutations of the
GIV motif may have little or no effect at all on the interaction
of CP621–652 with the viral gp41 NHR region and consequently
on the effectivity of CP621–652 against T20-resistant HIV-1
strains.

Like its parent peptide CP621–652, CP32M contains no
GIV-binding sequence (Fig. 1 B and C). It is expected to be
efficient in inhibiting infection by T20-resistant HIV-1 variants
with GIV mutations in the gp41 NHR region. After optimization
of the CP621–652 sequence, the engineered CP32M demon-
strated improved anti-HIV activity. Biophysical characterization
showed that CP32M could form highly stable 6-HBs with the
counterpart NHR peptide T21 that contains no GIV motif, and
had a Tm value of 94°C, while the 6-HB formed by CP621–652
and T21 had a Tm of 81°C (Fig. 3D). This result suggests that
CP32M may target the NHR with higher affinity than CP621–
652. This may also explain why CP32M is much more potent than
CP621–652 in inhibiting infection by HIV-1 strains resistant to
T20, C34, and T1249. All these results suggest that CP32M,
which has a shorter peptide sequence than T20 (36-mer) and
T1249 (39-mer), has great potential to be further developed as
a unique anti-HIV drug for treatment of HIV/AIDS patients
who have failed to respond to the first and second generation
HIV fusion inhibitors.

Materials and Methods
Peptide Synthesis. A set of peptides derived from the NHR (N36 and T21) or
CHR (CP621–652, C34, and T20) of HIV-1 gp41 and CP32M (Fig. 1) were
synthesized by a standard solid-phase FMOC method using an Applied Bio-
systems model 433A peptide synthesizer. All peptides were acetylated at the
N termini and amidated at the C termini. The peptides were purified to

Fig. 3. Biophysical characterization of CP32M by CD spectroscopy. (A) �-helical conformation of the complex formed by N36 and CP32M or CP621–652. (B)
Thermostability of the complex formed by N36 and C peptides. The unfolding temperature of each complex was scanned at 222 nm by CD spectroscopy, and their
Tm values were calculated. (C) �-helical conformation of the complex formed by T21 and CP32M or CP621–652. (D) Thermostability of the complex formed by
T21 and C peptides. Final concentration of each peptide in PBS is 10 �M.
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homogeneity (�95% purity) by HPLC and identified by laser desorption mass
spectrometry (PerSeptive Biosystems, Framingham, MA). The concentration of
peptides was determined by UV absorbance and a theoretically calculated
molar-extinction coefficient � (280 nm) of 5500 mol/L�1�cm�1 and 1490 mol/
L�1�cm�1 based on the number of tryptophan (Trp) residues and tyrosine (Tyr)
residues (all of the peptides tested contain Trp and/or Tyr), respectively.

Circular Dichroism (CD) Spectroscopy. CD spectroscopy was performed as
previously described (24). Briefly, an N peptide was incubated with a C peptide
(10 �M) at 37°C for 30 min. The CD spectra of the isolated peptides and their
mixtures were acquired on Jasco spectropolarimeter (Model J-715, Jasco Inc.,
Japan). The �-helical content was calculated from the CD signal by dividing the
mean residue ellipticity at 222 nm by the value expected for 100% helix
formation (i.e., 33,000° cm2 dmol�1) according to the previous studies (28, 29).
Thermal denaturation was monitored at 222 nm by applying a thermal
gradient of 2°C/min in the range of 4–98°C. The melting curve was smooth-
ened, and the midpoint of the thermal unfolding transition (Tm) values was
calculated using Jasco software utilities as described previously (30).

Native Polyacrylamide Gel Electrophoresis (N-PAGE) Assay. N-PAGE was carried
out to determine the 6-HB formation between the N and C peptides as
described previously (31). Briefly, N peptide T21 was mixed with C peptide
CP32M (40 �M) and was loaded onto a 10 � 1.0-cm precast 18% Tris-glycine
gel (Invitrogen, Carlsbad, CA). Gel electrophoresis was carried out with 125 V
constant voltage at room temperature for 2 h. The gel was then stained with
Coomassie Blue and imaged with a FluorChem 8800 Imaging System (Alpha
Innotech).

Binding Assays by Size-Exclusion Chromatography (32). T21 was mixed with
CP32M (final concentration � 0.20 mM) at a molar ratio of 1:1 in 50 mM

sodium phosphate/150 mM NaCl (pH 7.2) and incubated at 37°C for 30 min.
The mixture or peptide (30 �l) was applied to the TSK-G 3000SWxl HPLC column
equilibrated with 50 mM sodium phosphate/150 mM NaCl and eluted at 0.8
ml/min, and fractions were monitored at 214 nm.

Sedimentation Equilibrium Centrifugation. Sedimentation equilibrium exper-
iments were performed using an Optima XL-I analytical ultracentrifuge (Beck-
man) equipped with a standard two-channel cell in an An-60 Ti rotor (33). The
designated peptide concentration was 25 �M in buffer consisting of 50 mM
sodium phosphate/100 mM NaCl (pH 7.4), and the complex was composed of
12.5 �M N peptide (T21) and 12.5 �M C peptide (CP32M). The samples were
run at 25,000 or 33,000 rpm at 20°C for 24 h. Absorbance monitoring was
performed at 280 nm. The apparent molecular weight (MWapp) was obtained
by fitting the data to self-association using the sedimentation analysis soft-
ware supplied by Beckman. The partial specific volumes used for T21 and
CP32M were 0.738 and 0.729 respectively, as calculated from the mass average
of the partial specific volumes of the individual amino acids.

Inhibition of CP32M on 6-HB Formation. Inhibitory activity of the peptides
(CP32M, CP621–652, C34, and T20) on the 6-HB formation was measured by a
modified ELISA-based method as previously described (10). Briefly, a 96-well
polystyrene plate was coated with a 6-HB specific monoclonal antibody NC-1
IgG (4 �g/ml in 0.1 M Tris, pH 8.8). A test peptide at graded concentrations was
mixed with C34-biotin (0.25 �M) and incubated with N36 (0.25 �M) at room
temperature for 30 min. The mixture was then added to the NC-1-coated
plate, followed by incubation at room temperature for 30 min and washing
with a washing buffer (PBS containing 0.1% Tween 20) three times. Then,
streptavidin-labeled horseradish peroxidase (Invitrogen) and the substrate
3,3�,5,5�-tetramethylbenzidine (Sigma) were added sequentially. Absorbance

Fig. 4. Determination of the activity of CP32M to form 6-HB with T21 and to block 6-HB formation between N36 and C34. (A) N-PAGE for detection of 6-HB
formation between T21 and CP32M. (B) Size-exclusion HPLC analysis for 6-HB formation between T21 and CP32M. (C) Molecular mass of the T21/CP32M complex
determined by sedimentation equilibrium ultracentrifugation at concentrations of 25 �M in PBS buffer (pH 7.4) at a rotor speed of 33,000 rpm. The observed
molecular mass is 26,600 Da (the calculated mass for a trimer is 26,064 Da). (D) Inhibition of C peptides on formation of 6-HB modeled by N36/C34 peptides.
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at 450 nm (A450) was measured using an ELISA reader (Ultra 384, Tecan). The
percentage of inhibition by the peptides and the IC50 values were calculated
as previously described (34).

Cell–Cell Fusion Assay. A dye transfer assay was used for detection of HIV-1-
mediated cell–cell fusion as previously described (35). Briefly, Calcein-AM-
labeled H9/HIV-1IIIB-infected cells were incubated with MT-2 cells (ratio � 1:5)
at 37°C for 2 h in the presence or absence of the test peptide. The fused and
unfused calcein-labeled HIV-1-infected cells were counted under an inverted
fluorescence microscope (Zeiss) with an eyepiece micrometer disk. The per-
centage of inhibition of cell–cell fusion and the IC50 values were calculated as
described before (35).

Inhibition of HIV-1IIIB and T20-Resistant Virus. The inhibitory activity of CP32M,
T20, or C34 on infection by various T20-resistant virus isolates and laboratory-
adapted HIV-1 strain (HIV-1IIIB) was determined as previously described (35). In
brief, 1 � 104 MT-2 cells were infected with HIV-1 isolates at 100 TCID50 (50%
tissue culture infective dose) in 200 �l culture medium in the presence or
absence of the test peptide overnight. Then the culture supernatants were
removed and fresh media were added. On the fourth day postinfection, 100

�l of culture supernatants were collected from each well, mixed with equal
volumes of 5% Triton X-100, and assayed for p24 antigen by ELISA.

Inhibition of CP32M on Primary Viruses. The inhibitory activity of CP32M
against a panel of primary HIV-1 isolates was determined as previously de-
scribed (35). Briefly, the PBMCs were isolated from the blood of healthy donors
using a standard density gradient (Histopaque-1077, Sigma) centrifugation.
After incubation at 37°C for 2 h, the nonadherent cells were collected and
resuspended at 5 � 105/ml in RPMI medium 1640 containing 10% FBS, 5 �g of
phytohemagglutinin (PHA)/ml, and 100 U of interleukin-2/ml, followed by
incubation at 37°C for 3 days. The PHA-stimulated cells were infected with the
corresponding primary HIV-1 isolates at a multiplicity of infection (MOI) of
0.01 in the absence or presence of CP32M at graded concentrations. The
supernatants were collected 7 days postinfection and tested for p24 antigen
by ELISA.
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a b s t r a c t

Here we demonstrate the compatibility of Oxyma-based uronium-type coupling reagent COMU with
microwave-assisted peptide synthesizers. Consistent with previous reports, COMU displayed higher effi-
ciency than benzotriazole classical immonium salts HATU and HBTU in the demanding synthesis of the
Aib derivative of Leu-Enkephalin pentapeptide and did not yield Oxyma-based byproducts. Thus, the
combination of microwave irradiation and COMU resulted in a similar performance in considerably
shorter time to that achieved by manual synthesis.

� 2009 Elsevier Ltd. All rights reserved.
Uronium-type coupling reagent 1-[(1-(cyano-2-ethoxy-2-oxoe- contrast, a similar experiment with microwave irradiation gave
PF6

COOEt

N
O

NN

CN

COOEt

N

CN

OH
thylideneaminooxy)-dimethylamino-morpholinomethylene)] meth-
anaminium hexafluorophosphate, 1 (COMU, Fig. 1) is a more efficient
alternative to classical benzotriazole immonium salts in terms of
racemization suppression, coupling effectiveness, stability, and solu-
bility.1 In addition to the morpholino moiety, this superiority is
attributed to the introduction of ethyl 2-cyano-2-(hydroxyimi-
no)acetate, 2 (Oxyma, Fig. 1) in its structure. Oxyma displays high
control of optical purity and extension of coupling in demanding
sequences.2

Both Oxyma and its related uronium salt can be handled with a
considerably lower risk than its explosive benzotriazole counter-
parts, as determined by calorimetry techniques. However, the ther-
mal stability of Oxyma is relatively low.1,2 Nonetheless, no incident
has been reported during extreme coupling stability assays, carried
out using microwave irradiation at 80 �C.2

Previous studies examined the stability of Oxyma toward the
nucleophilic N-terminus of the growing peptide chain in extreme
experiments. To enhance the likelihood of this side reaction, these
experiments used a high excess of the additive in the absence of
carbodiimide and Fmoc-AA-OH.2 In the assay conducted at room
temperature overnight, no Oxyma-based byproduct was found. In
ll rights reserved.

fax: +11 34 93 339 7878.
rise to some of these undesired byproducts ( Fig. 2). In that
demanding experiment, the main byproduct resulted from the
formylation of the amino function (3, 47.9%), attack of the amino
group on the carboxylate (4) and the carbonyl of the oxime (5),
which was also hydrolyzed (6). In all the cases, impurities were de-
tected in the range 2–4%.2

In order to unequivocally determine the compatibility of the
Oxyma-derived coupling reagents with microwave-assisted solid-
phase peptide synthesis (SPPS), we compared the performance of
COMU with that of classical immonium salts HBTU 7 and HATU 8
in the synthesis of a true peptide model conducted in an auto-
mated peptide synthesizer with microwave irradiation (Fig. 3).3

Since its first appearance in 1986, microwave irradiation has
been established as a highly useful tool for solid-phase organic
1 2

O

Figure 1. Structure of COMU and Oxyma.
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Table 1
Reagents and solvents used for microwave-assisted Fmoc-SPPS

Reagent Concentration Solvent

Amino acid Fmoc-AA-OH 0.2 M DMF
Activator HBTU/HATU/COMU 0.5 M DMF
Base DIEA 2 M DMF
Deprotection Piperidine 20% v/v DMF

NH peptide
O

N
NC

OH

NH peptide
NC

HN

COOEt

OH

NH peptide
NC

HN

COOH

OH

NH peptide
O

H
4

5 6

3

Figure 2. Side products obtained by reaction of Oxyma with a peptide in the
absence of carbodiimide and Fmoc-AA-OH.
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synthesis, both in academy and in industry, by increasing product
yield and purity and reducing reaction times, in combination with
thermal effects.4–6 However, few studies have reported the appli-
cation of this approach in the field of peptide synthesis since the
early report of Wang and co-workers in 1991.7 This low general
acceptance could be partly attributed to the widespread belief that
the acceleration rate of coupling and deprotection steps also leads
to instability of coupling reagents and an increase in typical side
reactions, such as racemization and aspartimide formation. Never-
theless, recent studies have confirmed that these drawbacks can be
controlled with an adequate choice of reaction conditions, and also
that resin loading is critical for optimal microwave-assisted pep-
tide synthesis.8,9 The availability of peptide synthesizers equipped
with microwave irradiation has undoubtedly contributed to the
sudden increasing popularity of this tool in SPPS, which has proved
compatible with both Fmoc and Boc approaches in the assembly of
difficult sequences including phospho and glycopeptides, cymant-
rene-peptide bioconjugates, and cyclotides.10–16

One of the key advantages offered by microwave irradiation
(which cannot be explained by thermal effects) derives from the
dipolar polarization mechanism, which provides extra energy for
the rotation of the molecules with a dipolar moment, such as pep-
tides.8,12 This effect is highly relevant during the elongation of long
and hydrophobic peptides, since the polar peptide backbone con-
stantly aligns with the electric field, thereby disrupting chain
aggregation. Thus, peptides of up to 30-mer can be prepared easily
overnight.8

To further demonstrate the strong performance of microwave-
assisted SPPS in challenging sequences, here we report the assem-
bly of the highly demanding Aib-analog of Leu-enkephalin penta-
peptide (H-Tyr-Aib-Aib-Phe-Leu-NH2) by means of a Liberty CEM
Microwave Peptide Synthesizer. The Aib-Aib sterically hindered
coupling is an excellent scenario to compare the performance of
COMU 1 and benzotriazole-based HBTU 7 and HATU 8,17 and also
to study the formation of the side reactions associated with the
presence of Oxyma during the coupling.

The synthesis was carried out in a 0.1 mmol scale of H-RinkA-
mide-ChemMatrix resin (loading = 0.42 mmol/g), a totally PEG-
X N
N

N

O

N
N

PF6

HATU, X=N (8)
HBTU, X=CH (7)

Figure 3. Structure of benzotriazole-based immonium salts HBTU and HATU.
based solid support that shows good swelling properties in both
polar and non-polar solvents.18–21 A conditioning protocol was fol-
lowed to remove any remaining base from the commercial resin
before its transfer with DMF into a suitable-sized polypropylene
vial. Solutions of reagents for coupling and deprotection steps were
placed in appropriate vessels (Table 1).

Short single couplings were applied to introduce the five resi-
dues (6 min at 80 �C), using 1 mmol of Fmoc-aminoacid (0.6 mmol
for Aib, in order to enhance relative differences), 1 equiv of cou-
pling reagent, and 2 equiv of base, relative to amino acid.22 Depro-
tection steps were conducted with a solution of piperidine in DMF
(Table 1) at 75 �C (3 min � 2). Once automated synthesis of the
pentapeptide was completed (proceeding safely with COMU 1 un-
der the abovementioned conditions), the final cleavage from the
resin was accomplished with a 2-h treatment with 90% TFA/10%
H2O at room temperature. After precipitation with cold Et2O and
lyophilization, the samples were analyzed by reverse-phase
HPLC-PDA and HPLC–MS. An example of the crude mixtures ob-
tained is shown for the synthesis with COMU 1 (Fig. 4).

Two main compounds were observed in the crude mixtures: the
desired pentapeptides (H-Tyr-Aib-Aib-Phe-Leu-NH2) and des-Aib
(H-Tyr-Aib-Phe-Leu-NH2). Only traces of other possible deletion
peptides such as des-Tyr (H-Aib-Aib-Phe-Leu-NH2) and des-Aib,Tyr
(H-Aib-Phe-Leu-NH2) were detected. Some minor peaks were ob-
served and these were not related to the coupling reagents or dele-
tion peptides. The relative percentages of pentapeptide/des-Aib for
each coupling reagent are shown in Table 2. The highest percent-
age of pentapeptide was obtained with COMU 1 (92%). This perfor-
mance was better than that observed for HATU 8 (79%) or HBTU 7,
(23%). The manual synthesis with COMU at room temperature
afforded a higher percentage of the Aib-enkephalin pentapeptide
(99.7%);1 however, coupling times were much longer (60 min, dou-
ble coupling) than those in the abovementioned microwave syn-
thesis (6 min). These results therefore highlight the enhanced
efficiency of the method presented.

In our experiment with COMU, carried out in more realistic con-
ditions than those abovementioned, no byproducts (4–6) related to
Figure 4. HPLC analysis of the crude obtained from the experiment using COMU.
HPLC conditions: Waters SunFire C18 column (3.5 lm, 4.6 � 100 mm); linear
gradient 20–30% of 0.036% TFA in CH3CN/0.045% TFA in H2O over 8 min;
flow = 1.0 ml/min; detection at 220 nm; tR (penta) = 6.780 min, [M+H]+ = 611.35;
tR (des-Aib) = 7.119 min, [M+H]+ = 526.30.



Table 2
Relative percentages of pentapeptide/des-Aib with various coupling reagents

Coupling reagent Pentapeptide (%) Des-Aib (%) Yield (%)

COMU (1) 92.1 7.9 88.5
HBTU (7) 23.1 76.9 20.5
HATU (8) 79.5 20.5 76.0
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the Oxyma moiety contained in the coupling reagent were de-
tected. However, traces of guanidylation were found at the dipep-
tide stage23 with each coupling reagent, during the introduction of
the first Aib residue.

In summary, here we demonstrate the compatibility of Oxyma-
based COMU 1 with microwave-assisted SPPS, during the auto-
mated synthesis of Aib-enkephalin pentapeptide. The Oxyma moi-
ety contained in COMU also displayed high nucleophilic stability to
the N-terminus of the growing peptide chain, as shown by the ab-
sence of Oxyma-based byproducts. Consistent with the previous
reports, COMU showed better performance than classical immoni-
um salts HATU and HBTU, which yielded lower percentages of the
desired pentapeptide. On the basis of our findings, we conclude
that the combination of COMU and microwave irradiation is an
efficient approach for SPPS, as it yielded more than 90% of Aib-
enkephalin, a highly demanding pentapeptide, in considerably less
time than the conventional manual synthesis.
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A new series of growth hormone secretagogue (GHS) analogues based on the 1,2,4-triazole structure were
synthesized and evaluated for their in vitro binding and their ability to stimulate intracellular calcium release
to the clonedhGHS-1a ghrelin receptor expressed in LLC PK-1 cells. We have synthesized potent ligands
of this receptor, some of them behaving as agonists, partial agonists, or antagonists. Some compounds among
the most potent, i.e., agonist29c (JMV2873), partial agonists including21b (JMV2810), antagonists19b
(JMV2866) and19c (JMV2844), were evaluated for their in vivo activity on food intake, after sc injection
in rodents. Some compounds were found to stimulate food intake like hexarelin; some others were identified
as potent hexarelin antagonists in this assay. Among the tested compounds,21b was identified as an in
vitro ghrelin receptor partial agonist, as well as a potent in vivo antagonist of hexarelin-stimulated food
intake in rodents. Compound21b was without effect on GH release from rat. However, in this series of
compounds, it was not possible to find a clear correlation between in vitro and in vivo results.

Introduction

Growth hormone (GH) is an important endocrine regulator
of growth and anabolic processes.1 The use of recombinant
human GH is beneficial in the treatment of GH-deficient
children2 and has been shown to reverse some of the effects of
aging in the elderly.3 In recent years, the GH releasing peptides
(GHRPs) and peptidomimetics have received considerable
attention as potential alternatives to the expensive recombinant
human GH. During their studies on enkephalin analogues
Bowers et al. discovered a series of peptides able to stimulate
GH release from rat pituitary, and in doing so, they opened a
new avenue for research.4 This new family of peptides5

including GHRP-6, GHRP-1, GHRP-2, and hexarelin promotes
the release of GH in humans. This GH releasing mechanism
was found to be different from that of the endogenous growth
hormone releasing hormone (GHRH)6 and to be mediated
through a G-protein coupled receptor named growth hormone
secretagogue receptor type1a (GHS-R1a).7 The natural ligand
for this receptor, named ghrelin, has been isolated and recently
characterized from rat stomach8 and further identified in
humans.9 It is constituted of a 28 amino acid peptide in which
serine in position 3 is n-octanoylated. Several classes of small
nonpeptide molecule secretagogues (benzolactam biphenyl
tetrazoles,10 camphor derivatives,11 and 4-spiropiperidines12)
have been described and are able to release GH from the
pituitary. Various peptide molecules, based on the GHRP-6
sequence, have been reported as potent GHRPs. Starting from
a tripeptide EP-51389, Aib-(D)-2-Me-Trp-(D)-2-Me-Trp-NH2,13

we recently described a new potent growth hormone secreta-
gogue, namely, JMV184314 (EP-1572),15 which is orally active
in humans. As JMV1843 is a peptide derivative, we wanted to
limit the inherent flexibilities of the peptide backbone and side
chains. For this purpose we decided to introduce a cyclic
structure as scaffold bearing the three major pharmacophores
contained in JMV1843: a basic amino group (in our case
included in an amino-isobutyric acid residue) and two hydro-
phobic regions (indole rings). Several cyclic scaffolds were
tested such as piperazines, keto-piperazines, piperidines, and
triazinones (unpublished results). 1,2,4-Triazoles were found to
be the best templates. In this paper, we report on the identifica-
tion of a new series of potent nonpeptide analogues that acted
as ghrelin receptor ligands and exhibited agonist, partial agonist,
or antagonist properties.

1,2,4-Triazoles have gained considerable interest among
medicinal chemists because they display a wide range of
antifungal16 and antibacterial17 activities. This moiety was also
found in a series of potent agonist or antagonist G-protein
coupled receptor ligands.18-21 1,2,4-Triazole derivatives have
been used as mimics20-23 or isosteres24,25of the amide bond in
an attempt to increase the bioavailability of the parent bioactive
molecules. They have also been incorporated into peptides to
surrogate cis amide bonds.26

Chemistry

Triazole derivatives were synthesized in five steps as shown
in Scheme 1, starting from Boc-(D)-Trp-OH. After coupling
to an amine, the formed amide1 was transformed into the
thioamide2 using Lawesson’s reagent. The obtained thioamide
2 was then treated with 2.0 equiv of hydrazide and 1.1 equiv
of mercury(II) acetate in THF, according to Hitotsuyanagi et
al.27 to obtain the cyclized triazole derivatives.28 Completion
of this step was monitored by reversed-phase HPLC, which
showed that cyclization into triazoles3 was achieved within 2
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days. Compounds were purified by silica gel column chroma-
tography. Removing of the Boc protecting group by 4 M HCl
in AcOEt and coupling with Boc-Aib-OH in the presence of
BOPa29 and NMM in DCM produced the N-protected desired
compounds4. The final compounds5 were obtained after 4 M
HCl in AcOEt.

When R1 was a hydrogen atom, formation of the triazole
moiety was not observed. Careful examination of LC/MS spectra
revealed the presence of the corresponding nitrile derivative.
This “desulfuration” of nonsubstituted thioamides already
described on simple aliphatic and aromatic primary thioamides30

illustrates that this synthetic pathway was not suitable for the
preparation of 3,5-disubstituted 1,2,4-triazoles. We therefore
decided to introduce a protecting group on the primary amide
function that could be cleaved after formation of the desired
triazole moiety (Scheme 2). For this purpose, 2,4-dimethoxy-
benzylamine was chosen as a protecting group that did not
interfere with the formation of the triazole moiety7. After
completion of the synthesis compounds9 and10were obtained,
substituted or not in position 4 of the triazole moiety.

A set of six initial compounds (11-16, Figure 1) were
synthesized as depicted in Schemes 1 and 2, all bearing an indole
group in position 5 of the triazole cycle with one or two carbon
atoms between the indole and the triazole.

Results and Discussion

Compounds11-16 were tested for their ability to displace
125I-His9-ghrelin from the clonedhGHS-1a receptor transiently
expressed in LLC PK-1 cells. Their binding affinities were found
in the micromolar range. Interestingly, comparison between
compounds12, 13, 14, and15, respectively, showed that a two-
carbon chain bearing the indole group in position 5 was well
accepted by the ghrelin receptor. Substitution of the nitrogen
at position 4 also had a beneficial effect (i.e., compound16,
IC50 108 nM) (Figure 1). According to the observations that
affinity for the ghrelin receptor could be modulated by substitu-
tions at the position 4 and 5 of the triazole moiety, several
compounds were synthesized to explore R1 and R2. Various aryl
and/or alkyl groups were introduced in positions 4 and 5 (R1

and R2 groups). These compounds were synthesized according
to Schemes 1 and 2. The synthesized compounds were tested
for their ability to displace125I-His9-ghrelin from the cloned
hGHS-1a receptor transiently expressed in LLC PK-1 cells.
Binding affinities of human ghrelin and MK-0677 obtained with
this model were in accordance with the literature. Their
biological in vitro activity was then evaluated on [Ca2+]i

mobilization in GHS-R1a at a concentration of 10-5 M of each
compound and expressed as a percent of the maximal response
induced by 10-7 M ghrelin (Table 1). The best compounds were
tested in vivo, for their ability to stimulate food intake or to
inhibit hexarelin-stimulated food intake.

The results of their biological activity at the GHS-1a receptor
are reported in Table 1. R1 aromatic groups in position 4 of the
triazole moiety were generally well tolerated for interaction with
the GHS-1a receptor. As shown for compounds16-20, methoxy
substitutions on the aromatic moiety led to potent ghrelin
receptor ligands, the best compounds in this series bearing a
4-methoxybenzyl (19b, IC50 11 ( 4 nM; 19c, IC50 6 ( 3 nM)
or a 3-methoxybenzyl group (18a, IC50 18 ( 5 nM; 18b, IC50

22 ( 4 nM) (Table 1). 2-Methoxybenzyl and dimethoxybenzyl
substitution at position 4 of the triazole moiety led to derivatives
presenting less affinity for the GHS-R1a compared to that of
the corresponding 3- or 4-methoxy derivatives (Table 1). We
then introduced various benzyl groups in position 4 of the
triazole moiety. Bromide-, fluoride-, and chloride-substituted
benzyl derivatives yielded less potent ligands for the GHS-1a
receptor (compounds22a-c, 23a-c, and 24a-c). Electron-

a Abbreviations: BOP, (benzotriazol-1-yloxy)-tris(dimethylamino)-phos-
phonium hexafluorophosphate; DME, ethylene glycol dimethyl ether; DCM,
dichloromethane; NMM,N-methyl-morpholine. Other abbreviations used
were those recommended by the IUPAC-IUB Commission [Eur. J. Biochem.
1984, 138, 9-37].

Scheme 1.General Synthetic Scheme for the Synthesis of
3,4,5-Trisubstituted 1,2,4-Triazolesa

a (i) BOP, H2N-R1, NMM, DCM; (ii) Lawesson’s Reagent, DME, 85
°C; (iii) H2N-HN-COR2, Hg(OAc)2, room temperature, THF; (iv) HCl,
AcOEt; (v) Boc-Aib-OH, BOP, DIPEA, DCM; (vi) HCl, AcOEt.

Scheme 2.General Synthetic Scheme for the Synthesis of
3,5-Disubstituted 1,2,4-Triazolesa

a (i) H2N-HN-COR2, Hg(OAc)2, room temperature, THF; (ii) HCl,
AcOEt; (iii) Boc-Aib-OH, BOP, DIPEA, DCM; (iv) HCl, AcOEt; (v)
TFA, DCM.

Figure 1. Structure and IC50 of the first synthesized triazoles.
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withdrawing groups such as 4-nitro or electron-donating groups
such as 4-methyl or 4-ethyl on the benzyl ring were also
introduced in position 4 of the triazole moiety. It clearly
appeared that electron-withdrawing groups were not tolerated
at this position of the molecule (compound32), while electron-
donating groups were privileged (30a-d, 31). The significance
of the length of the carbon chain between the triazole and the
phenyl rings was studied. Phenyl, benzyl, and phenethyl groups

were introduced as R1 substituents (37, 21a, and 25a). The
benzyl group led to the compounds that exhibited the better
affinity for the GHS-1a receptor. Naphtalen-1-yl-methyl and 2,2-
diphenylethyl groups (26a,b, 27a-d) were introduced. The
affinity of the obtained compounds was lower than that of the
benzyl-containing derivatives. Pyridin-2-yl-methyl, thiophen-
2-yl-methyl, and furan-2-yl-methyl substituents led to com-
pounds (33a,b, 35, and 36) of low affinity for the GHS-1a

Table 1. Binding Affinities and Biological Activities of Compounds of General Formula5 in Scheme 1

compds R1 R2

binding IC50

(nM)a
% of max [Ca2+]i

response at 10µMb
biological

activity (nM)

16 2,4-dimethoxybenzyl 1H-indole-3-yl-ethyl 108( 17 0 antagonist;Kb, 14( 2
16a 2,4-dimethoxybenzyl benzyl 560( 130 0 antagonist
16b 2,4-dimethoxybenzyl 1H-indole-3-yl-propyl 750( 100 27( 1 partial agonist
16c 2,4-dimethoxybenzyl phenethyl 60( 10 0 antagonist;Kb, 17( 7
17a 3,5-dimethoxybenzyl 1H-indole-3-yl-ethyl 150( 31 22( 1 partial agonist
17b 3,5-dimethoxybenzyl phenethyl >1000 0 antagonist
17c 3,5-dimethoxybenzyl benzyl 110( 30 29( 1 partial agonist
18a 3-methoxybenzyl 1H-indole-3-yl-ethyl 18 ( 5 63 ( 13 partial agonist; EC50, 4 ( 1
18b 3-methoxybenzyl 1H-indole-3-yl-propyl 22( 4 66( 11 partial agonist; EC50, 18( 3
18c 3-methoxybenzyl phenethyl 78( 15 82( 31 partial agonist; EC50, 45( 6
18d 3-methoxybenzyl benzyl 120( 20 50( 18 partial agonist
19a 4-methoxybenzyl 1H-indole-3-yl-methyl 660( 40 0 antagonist
19b 4-methoxybenzyl phenethyl 11( 4 0 antagonist;Kb, 5 ( 1
19c 4-methoxybenzyl 1H-indole-3-yl-ethyl 6( 3 0 antagonist;Kb, 4 ( 1
19d 4-methoxybenzyl phenylpropyl 12( 3 0 antagonist;Kb, 14( 4
19e 4-methoxybenzyl benzyl 121( 33 0 antagonist
19f 4-methoxybenzyl 1H-indole-3-yl-propyl 145( 30 0 antagonist;Kb, 12( 0.2
20a 2-methoxybenzyl benzyl 410( 110 66 partial agonist
20b 2-methoxybenzyl 1H-indole-3-yl-ethyl 96( 13 50 partial agonist
20c 2-methoxybenzyl phenethyl 56( 18 80( 25 partial agonist; EC50, 98( 17
21a benzyl 1H-indole-3-yl-ethyl 15 ( 5 73 ( 13 partial agonist, EC50, 64( 14
21b benzyl 1H-indole-3-yl-propyl 33( 7 30( 4 partial agonist; EC50, 49( 14
21c benzyl benzyl 500( 70 44( 10 partial agonist
22a 4-bromobenzyl 1H-indole-3-yl-ethyl 100( 30 27( 13 partial agonist
22b 4-bromobenzyl 1H-indole-3-yl-propyl 150( 30 25( 9 partial agonist
22c 4-bromobenzyl benzyl 440( 50 16( 5 partial agonist
23a 4-fluorobenzyl 1H-indole-3-yl-ethyl 66( 11 59( 16 partial agonist; EC50, 210( 40
23b 4-fluorobenzyl benzyl 170( 60 60( 3 partial agonist
23c 4-fluorobenzyl phenethyl 400( 130 20( 9 partial agonist
24a 3,4-dichlorobenzyl 1H-indole-3-yl-ethyl 55( 8 28( 1 partial agonist
24b 3,4-dichlorobenzyl benzyl 520( 50 64( 12 partial agonist
24c 3,4-dichlorobenzyl phenethyl 640( 10 53( 9 partial agonist
25a phenethyl 1H-indole-3-yl-ethyl 80( 10 25( 6 partial agonist
25b phenethyl 1H-indole-3-yl-methyl 300( 60 88( 30 partial agonist
25c phenethyl 1H-indole-3-yl-propyl 11( 4 18( 3 partial agonist; EC50, 15( 2
25d phenethyl benzyl >1000 85( 26 partial agonist
25e phenethyl phenethyl 310( 30 63( 13 partial agonist
26a 2,2-diphenylethyl benzyl >1000 60( 20 partial agonist
26b 2,2-diphenylethyl 1H-indole-3-yl-ethyl 640( 250 62( 7 partial agonist
27a (naphtalen-1-yl)methyl benzyl 220( 30 78( 26 partial agonist
27b (naphtalen-1-yl)methyl 1H-indole-3-yl-propyl 140( 3 62( 2 partial agonist
27c (naphtalen-1-yl)methyl 1H-indole-3-yl-ethyl 125( 50 54( 1 partial agonist
27d (naphtalen-1-yl)methyl phenethyl 130( 1 40( 12 partial agonist
28a n-hexyl benzyl 470( 40 67( 6 partial agonist
28b n-hexyl 1H-indole-3-yl-ethyl 195( 35 62( 33 partial agonist
28c n-hexyl 1H-indole-3-yl-propyl 240( 50 32( 3 partial agonist
29a 1H-indole-3-yl-ethyl benzyl 700( 120 95( 9 agonist
29b 1H-indole-3-yl-ethyl 1H-indole-3-yl-ethyl 150( 5 82( 17 partial agonist
29c 1H-indole-3-yl-ethyl 1H-indole-3-yl-propyl 14( 2 85( 22 agonist; EC50, 140( 30
30a 4-methylbenzyl phenylpropyl 21( 2 16( 3 partial agonist; EC50, 12( 0.7
30b 4-methylbenzyl benzyl 840( 220 28( 4 partial agonist
30c 4-methylbenzyl 1H-indole-3-yl-ethyl 28( 5 69( 6 partial agonist; EC50, 630( 190
30d 4-methylbenzyl phenethyl 140( 30 19( 15 partial agonist
31 4-ethylbenzyl phenethyl 44( 17 26( 5 partial agonist; EC50, 11( 5
32 4-nitrobenzyl phenethyl >1000 10( 4 weak agonist
33a (pyridin-2-yl)methyl benzyl >1000 78( 3 partial agonist
33b (pyridin-2-yl)methyl phenethyl >1000 59( 20 partial agonist
34 4-methoxyphenethyl phenethyl 550( 50 82( 40 partial agonist
35 (thiophen-2-yl)methyl phenethyl 570( 40 91( 9 agonist
36 (furan-2-yl)methyl phenethyl 420( 100 97( 6 agonist; EC50, 23( 2
37 phenyl 1H-indole-3-yl-ethyl 140( 20 91( 4 agonist; EC50, 41( 3

a Inhibition of 125I-His9-ghrelin binding to membranes fromhGHS-R1a transfected LLC cells.b Maximum calcium flux activity is reported relative to
ghrelin at 0.1µM.
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receptor. An indole group was also introduced at position 4 (29a
and29b) without improving the affinity for the ghrelin receptor.
A three-carbon chain bearing the indole group in position 5 of
the triazole yielded compound29c with an improved binding
affinity when compared with that of compound29b. Introducing
a lipophilic chain (compounds28a-c) at the 4 position of the
indole moiety to mimic the octanoyl group of the natural ghrelin
ligand led to compounds having less affinity.

In position 5 of the triazole moiety (R2 group), six different
phenyl and indole-derived substituents were explored linked to
the triazole moiety by an aliphatic chain composed of one, two,
or three carbon atoms. The best compounds were obtained with
a two-carbon chain length (18a, 19b, 19c, 21a, 30c, 31) (IC50

ranging from 6( 3 nM for compound19c to 44( 17 nM for
compound31). In some derivatives, a three-carbon length chain
was well tolerated yielding analogues (16b, 18b, 19d, 19f, 21b,
22b, 25c, 27b, 28c, 29c, and30a) with IC50 ranging from 11(
4 for compound25cto 750( 100 nM for compound16b (Table
1). When triazole derivatives substituted by benzyl or 1H-indol-
3-yl-methyl groups in position R2 were compared, no precise
rule could be defined in terms of structure-activity relationships.
In some cases compounds having a benzyl group had a better
affinity (19e, IC50 121 ( 33 vs19a, IC50 660 ( 40), in some
others those having a 1H-indol-3-yl-methyl group exhibited
better affinity for the GHS-1a receptor (25b, IC50 300( 60 vs
25d, IC50 > 1000 nM). In general, 1H-indole-3-yl-ethyl-
containing compounds at the R2 position were found better
ligands than those with phenethyl moieties (18a, IC50 18 ( 5
vs 18c, IC50 78 ( 15; 23a, IC50 66 ( 11 vs23c, IC50 400 (
130; 24a, IC50 55 ( 8 vs 24c, IC50 640 ( 10; 25a, IC50 80 (
10 vs25e, IC50 310( 30), although it was not always the case
(19b, IC50 11 ( 4 vs19c, IC50 6 ( 3). However, when a three-
carbon chain was placed between the triazole ring and the
aromatic cycle, phenyl-containing compounds seemed to have
slightly better affinity for the GHS-1a receptor (19d, IC50 12 (
3 vs19f, IC50 145( 30). As examples of competition studies,
displacement curves for compounds16, 19b, and25c (Figure
2) are reported.

When tested for their ability to induce intracellular calcium
release, most of the compounds containing a 4-methoxy group
in R1 position were not able to stimulate intracellular calcium
levels (i.e., compounds16, 16a, 16c, 19a-f). Compounds with
a different substitution in the R1 position were able to stimulate
[Ca2+]i accumulation, but a large majority were not fully
efficacious, inducing only 16( 3% (for compound30a) to 88%
(for compound25b) of the total response of ghrelin. The EC50

of the best ligands for the GHS-1a receptor of these partial
agonists were determined (18a, 63% total response, EC50 4 (
1 nM, 18b, 66% total response, 18( 3 nM, 25c, 18% total
response, 15( 2 nM, 30a, 16% total response, 12( 0.7 nM)
(Table 1). As an example, the dose-response curves of
compounds18a, 18b, and30a are reported (Figure 3). On the
basis of these biological results, it was not possible to establish
a clear structure-activity relationship for these partial agonists.
Among the compounds that behaved as full agonists (i.e.,25b,
25d, 29a-c, 35, 36, and37), only 29c exhibited high affinity
for the GHS-1a receptor (IC50 14 ( 2) and moderate potency
on [Ca2+]i accumulation (EC50 120 ( 30 nM). However, it is
quite clear that the presence of a phenyl, 3-methoxybenzyl,
2-methoxybenzyl, 4-fluorobenzyl, phenethyl, 2,2-diphenylethyl,
(naphtalen-1-yl)-methyl,n-hexyl, and 1H-indole-3-yl-ethyl group
in the R1 position was sufficient to generate derivatives with
the best efficacy (particularly in the case of the 1H-indole-3-
yl-ethyl group in the R2 position). As an example, the dose-
response curve for compound29c is reported in Figure 4. Some
of the compounds that were synthesized were not able to
promote [Ca2+]i accumulation, although they were able to
recognize the GHS-1a receptor. For all these compounds, the
R1 group was either a 4-methoxybenzyl or a 2,4-dimethoxy-
benzyl (i.e.,16, 16a, 16c, 19a-f) (Table 1). These compounds
were able to antagonize the [Ca2+]i accumulation induced by
ghrelin. Compounds16 (Kb 14 ( 2 nM), 19b (Kb 5 ( 1 nM),

Figure 2. Ability of compounds16 (0), 19b (4), or 25c(b) to inhibit
binding of 125I-His9-ghrelin to membranes fromhGHS-R1a-trans-
fected LLC cells. Results are expressed as the percentage of radioactiv-
ity bound in the absence of added nonradioactive compounds. In each
experiment, each value was determined in triplicate, and the results
given are means from at least three separate experiments. Nonspecific
binding was determined in the presence of 10µM ghrelin and was
always less than 20% of total binding.

Figure 3. Effects of compounds18a (0), 18b (b), and30a (9) on
[Ca2+]i accumulation in CHO cells expressing thehGHS-R1a. The
results are expressed as the percentage of the fluorescence signal
compared to the maximal response induced by 10µM ghrelin. In each
experiment, each value was determined in triplicate, and the results
given are means from at least three separate experiments.

Figure 4. Effects of compound29c (0) on [Ca2+]i accumulation in
CHO cells expressing thehGHS-R1a. The results are expressed as the
percentage of the fluorescence signal compared to the maximal response
induced by 10µM ghrelin. In each experiment, each value was
determined in triplicate, and the results given are means from at least
three separate experiments.
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19c (Kb 4 ( 1 nM), and19d (Kb 14 ( 4 nM) were among the
most potent ghrelin receptor antagonists (Figure 5 for com-
pounds19c and 19d). They were able to antagonize dose
dependently ghrelin-induced [Ca2+]i accumulation in CHO cells
transiently transfected with the GHS-R1a. Interestingly, in the
presence of various concentrations of compounds16, 19b, 19c,
or 19d, the dose-response curves of ghrelin on [Ca2+]i

accumulation were shifted in a parallel manner indicating a
competitive antagonism (see Figure 6 for compound19b as an
example).

Some of the compounds were tested for their activity on food
intake (Table 2). Each compound was sc injected (160µg/kg)
in the rat. We selected some agonist (29c), partial agonists (18c,
20c, 21a, 21b, 24a, 25c, 29b, 30c), and antagonists (16, 19b,
19c, 19e) compounds according to their in vitro activity on the
GHS-1a receptor. Compound29c that has been reported to be
an in vitro agonist at the GHS-R1a was unable to stimulate food
intake when administered alone. However, when administered
with hexarelin, cumulative food intake at 6 h was increased
with a variation of about 50% when compared with that of
hexarelin alone. As reported in Table 2, when administered
alone, compounds24a, 25c, and30a(all in vitro partial agonists)
elicited a significant increase in cumulative food intake, while
all other compounds were found without effect. When admin-
istered with hexarelin, all compounds, with the exception of
compounds21a which was without any effect and as already

reported compound29c, were able to inhibit hexarelin-induced
food intake in the rat with different potencies that were not in
accordance with their in vitro potency or efficacy. Unexpectedly,
the most potent compound in this series (21b) for the inhibition
of hexarelin-stimulated food intake was not the compound
presenting the best affinity for the GHS-1a receptor (IC50 33 (
7 nM), nor was it found the most potent in vitro agonist (30(
4% of the maximal response on [Ca2+]i accumulation, EC50 49
( 14 nM). There was no clear correlation between in vitro and
in vivo results, some very potent partial agonists in recognizing
the GHS-1a receptor having weak effects on food intake (i.e.,
21a), some potent partial agonist on [Ca2+]i accumulation being
potent antagonist of hexarelin-stimulated food intake (i.e.,20c).
A dose-response study for the most active compound (21b)
that was able to antagonize the effects of hexarelin on food
intake is reported in Table 3. A clear dose-effect could be
found, compound21b being already active at the dose of 20
µg/kg.

Compound21bwas evaluated for its activity on GH secretion
after sc injection in the rat. As can be seen in Table 4, compound
21bdid not have any proper effect on GH release. On the other

Figure 5. Ability of compounds19c (2) and19d (O) to inhibit 0.1
µM ghrelin-induced [Ca2+]i accumulation in CHO cells expressing the
hGHS-R1a. Values are expressed as the percentage of the fluorescence
signal induced by 10µM ghrelin with no added antagonist. In each
experiment, each value was determined in duplicate, and the results
given are means from at least three separate experiments.

Figure 6. Effects of compound19b on ghrelin-induced [Ca2+]i

accumulation in CHO cells expressing thehGHS-R1a. Cells were
incubated with various concentrations of ghrelin in the absence of
compounds (9) or in the presence of indicated concentrations of
compound19b at 10-8 (0), 10-7 (b), or 10-6 M (O). Values are
expressed as the percentage of the fluorescence signal induced by 10
µM ghrelin with no added antagonist. In each experiment, each value
was determined in duplicate, and the results given are means from at
least three separate experiments.

Table 2. Cumulative Food Intake at 6 h after sc Administration of
Compounds Alone or with Hexarelina

compds

cumulative food intake
(g/100 g bw) at 6 h
for 160µg compd

(cumulative food intake
at 6 h for 80µg hexarelin)

cumulative food intake
(g/100 g bw) at 6 h
for 160µg compd
+ 80 µg hexarelin

% variation
vs hexarelinb

saline 0.19( 0.11 0.28( 0.12
16 0.06( 0.03 (0.90( 0.38) 0.33( 0.22 -63
18c 0.01( 0.0 (0.76( 0.20) 0.48( 0.23 -37
19b 0.20( 0.19 (0.70( 0.21) 0.63( 0.20 -10
19c 0.06( 0.02 (0.70( 0.21) 0.48( 0.22 -31
19e 0.17( 0.17 (1.14( 0.11) 0.79( 0.33 -31
20c 0.29( 0.18 (1.10( 0.40) 0.47( 0.41 -57
21a 0.02( 0.01 (0.67( 0.26) 0.64( 0.01 -4
21b 0.01( 0.00 (0.60( 0.17) 0.02( 0.01 -97
24a 0.41( 0.37 (0.78( 0.22) 0.43( 0.20 -45
25c 0.75( 0.35 (0.67( 0.26) 0.53( 0.33 -21
29b 0.27( 0.17 (1.14( 0.11) 0.85( 0.41 -25
29c 0.22( 0.20 (0.59( 0.30) 0.91( 0.36 +54
30a 0.74( 0.31 (1.10( 0.22) 0.49( 0.17 -55
30c 0.30( 0.13 (1.10( 0.22) 0.56( 0.21 -49

a Results are expressed as g of food intake per 100 g of body weight
(mean( SEM). b (Cumulative food intake at 6 h for compound minus
cumulative food intake at 6 h for hexarelin)/cumulative food intake at 6 h
for hexarelin.

Table 3. Inhibition of Hexarelin-Stimulated Cumulative Food Intake at
Various sc Doses of Compound21b (mean( SEM)a

compds
food intake at 6 h

(g/100 g bw)

hexarelin 80µg 1.01( 0.19
+20 µg compound21b 0.46( 0.11
+80 µg compound21b 0.25( 0.13
+160µg compound21b 0.25( 0.13
+320µg compound21b 0.08( 0.05

a Values are the mean of 7-8 determinations. Experiments have been
repeated three times.

Table 4. Effect of Compound21b on GH Secretion in the Rat (sc
Injection)a,b

compd [GH] ng/mL

solvent 2.2( 0.1
hexarelin (80µg) 170( 13
21b (160µg) 13( 2
hexarelin+ 21b (160µg) 183( 17

a GH concentration was determined as described in the Experimental
Section (mean( SEM). b Values are the mean of 5-7 determinations.
Experiments have been repeated three times.
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hand, compound21b (160 µg/kg) was not able to modify
hexarelin-stimulated GH release. Results on GH secretion are
reported in Table 4.

These results indicate that compound21b works efficiently
on the hexarelin-stimulated food intake (about 90% decrease
in the cumulative 6 h period) and is without effect on GH
secretion. The discrepancies observed between in vivo and in
vitro activity might result from different pharmacokinetic and/
or pharmacodynamic properties of compound21b.

Conclusion

A novel class of ghrelin receptor (GHS-R1a) ligands was
identified from substituted 1,2,4-triazoles. These compounds
were easily synthesized from commercially available materials.
They contain only one asymmetric center that was selected at
the beginning of the synthesis from the starting amino acid
residue and conserved throughout the synthesis. SAR studies
allowed us to improve in vitro binding affinity and to discover
potent agonists, partial agonists, and antagonists for the GHS-
1a receptor. The best in vitro receptor antagonists of this series
were found to be compounds19c (JMV2844) (IC50 of 6 ( 3
nM, Kb of 4 ( 1 nM) and19b (JMV2866) (IC50 of 11 ( 4 nM,
Kb of 5 ( 1 nM). The most potent compounds in this series
were tested in vivo for their activity on food intake in the rat.
Compound21b (JMV2810) that was defined in vitro as a partial
agonist at the GHS-R1a was found the most potent compound
in inhibiting hexarelin-stimulated food intake in the rat.
However, it did not show any activity on GH secretion in the
rat. Considering that some of the compounds tested are
antagonists and some partial agonists in vitro at the GHS-1a
receptor, this should infer that the receptor involved in the
modulation of the food intake by the tested compounds depends
on a more complicated mechanism.

Experimental Section

General Procedures.Ascending TLC was performed on pre-
coated plates of silica gel 60 F254 (Merck). Peptide derivatives were
located with charring reagent or ninhydrine. Column chromatog-
raphy was performed with silica gel Kieselguhr Merck G 0.04-
0.063 mm. HPLC purifications were run on a Waters 4000
preparative apparatus on a C18 Deltapak column (100 mm× 40
mm, 15µm, 100 Å), with UV detection at 214 nm, at a flow rate
of 50 mL/min of a mixture of A, water with 0.1% TFA, and B,
acetonitrile with 0.1% TFA in gradient mode. Analytical HPLC
chromatography was performed on a Beckman Gold apparatus
composed of the 126 solvent module, the 168 detector, and the 32
Karat software; runs were performed on a VWR Chromolith column
(50 mm× 3.9 mm) at a flow rate of 5 mL/min from solution A to
solution B in a 3 min gradient (conditions A) or on a Symmetry
Shield C18 column (50 mm× 4.6 mm, 3.5µm) at a flow rate of
1 mL/min from solution A to solution B in a 15 min gradient
(conditions B).1H and13C NMR spectra were recorded in DMSO-
d6 at 300 and 75 MHz or at 400 and 100 MHz, respectively, and
at 300 K. Chemical shifts were reported asδ values (ppm) indirectly
referenced to the solvent signal. Mass spectrum analyses were
recorded on a Quatromicro (Micromass, Manchester, U.K.) triple-
quadrupole mass spectrometer fitted with an electrospray interface.
(L),(D)-Amino acids and derivatives were from Senn Chemicals,
NeoMPS, or Advanced Chemtech. Human ghrelin was purchased
from NeoMPS and iodinated in our laboratory. All reagents were
of analytical grade.

All final compounds were purified by reversed-phase HPLC; the
purity assessed by analytical reversed-phase C18 HPLC was found
superior to 95%, and the structure was confirmed by MS (electro-
spray) and1H NMR and 13C NMR for the most interesting
compounds.

General Procedure for Hydrazide Preparation. When hy-
drazides were not commercially available, they were synthesized
in two steps via the corresponding esters as described below.

Ester Preparation. An amount of 1.0 equiv of carboxylic acid
was dissolved in acetonitrile (0.5 mol/L). Then 1.2 equiv of DBU
and 5.0 equiv of methyl iodide were added dropwise consecutively
under stirring. After 8 h under reflux, the solvent was removed in
vacuo. The residue was diluted in dichloromethane, washed with
aqueous potassium hydrogen sulfate (1 M), saturated aqueous
sodium hydrogen carbonate, and saturated aqueous sodium chloride.
The organic layer was dried over sodium sulfate, filtered, and the
solvent was removed in vacuo to afford the corresponding ester,
as a colorless oil.

Methyl 3-Phenylpropanoate:3.7 g (84%);1H NMR (300 MHz,
DMSO-d6) δ 2.58 (t, 2H,J ) 7 Hz, CH2-CH2-phenyl), 2.84 (t,
2H, J ) 7 Hz, CH2-CH2-phenyl), 3.55 (s, 3H, OCH3), 7.21 (m,
5H, CH phenyl);13C NMR (75 MHz, DMSO-d6) δ 30.7 (CH2-
CH2-phenyl), 35.3 (CH2-CH2-phenyl), 51.5 (OCH3), 126.4 (C4

phenyl), 128.5 (C2 and C6 phenyl), 128.7 (C3 and C5 phenyl), 140.9
(C1 phenyl), 173.0 (CO ester); MS (ES)m/z165.0 [M+ H]+; HPLC
tR, 1.51 min (conditions A).

Methyl 3-(1H-Indol-3-yl)propanoate: 4.0 g (94%);1H NMR
(300 MHz, DMSO-d6) δ 2.64 (t, 2H,J ) 8 Hz, CH2-CH2-indole),
2.94 (t, 2H,J ) 8 Hz, CH2-CH2-indole), 3.55 (s, 3H, OCH3),
6.95 (t, 1H,J ) 7 Hz, H5 indole), 7.04 (t, 1H,J ) 7 Hz, H6 indole),
7.08 (s, 1H, H2 indole), 7.32 (d, 1H,J ) 8 Hz, H4 indole), 7.48 (d,
1H, J ) 8 Hz, H7 indole), 10.78 (brs, 1H, NH indole);13C NMR
(75 MHz, DMSO-d6) δ 20.7 (CH2-CH2-indole), 34.7 (CH2-
CH2-indole), 51.2 (OCH3), 111.8 (C7 indole), 113.5 (C3 indole),
118.5 (C4 and C5 indole), 121.3 (C6 indole), 122.7 (C2 indole), 127.3
(C9 indole), 136.6 (C8 indole), 173.5 (CO ester); MS (ES)m/z204.1
[M + H]+; HPLC tR, 1.50 min (conditions A).

Methyl 4-Phenylbutanoate:1.1 g (100%);1H NMR (300 MHz,
DMSO-d6) δ 1.79 (m, 2H, CH2-CH2-CH2-phenyl), 2.26 (t, 2H,
J ) 7 Hz, CH2-CH2-CH2-phenyl), 2.54 (t, 2H,J ) 7 Hz, CH2-
CH2-CH2-phenyl), 3.55 (s, 3H, OCH3), 7.13-7.16 (m, 3H, H3,
H4, and H5 phenyl), 7.22-7.27 (m, 2H, H2, and H6 phenyl); 13C
NMR (75 MHz, DMSO-d6) δ 26.6 (CH2-CH2-CH2-phenyl), 33.1
(CH2-CH2-CH2-phenyl), 34.7 (CH2-CH2-CH2-phenyl), 51.5
(OCH3), 126.2 (C4 phenyl), 128.6 (C2, C3, C5, and C6 phenyl), 141.7
(C1 phenyl), 173.4 (CO ester); MS (ES)m/z179.1 [M+ H]+. HPLC
tR, 1.68 min (conditions A).

Methyl 2-(1H-Indol-3-yl)acetate:0.78 g (72%);1H NMR (300
MHz, DMSO-d6) δ 3.58 (s, 3H, OCH3), 3.73 (s, 2H, CH2-indole),
6.97 (t, 1H,J ) 8 Hz, H5 indole), 7.07 (t, 1H,J ) 7 Hz, H6 indole),
7.23 (d, 1H,J ) 2 Hz, H2 indole), 7.35 (d, 1H,J ) 8 Hz, H4

indole), 7.47 (d, 1H,J ) 8 Hz, H7 indole), 10.92 (s, 1H, NH indole);
13C NMR (75 MHz, DMSO-d6) δ 31.0 (CH2-indole), 51.9 (OCH3),
107.4 (C3 indole), 111.8 (C7 indole), 118.8 (C4 indole), 118.9 (C5
indole), 121.5 (C6 indole), 124.5 (C2 indole), 127.5 (C9 indole),
136.5 (C8 indole), 172.5 (CO ester); MS (ES)m/z190.1 [M+ H]+;
HPLC tR, 1.37 min (conditions A).

Methyl 4-(1H-Indol-3-yl)butanoate: 0.69 g (52%);1H NMR
(300 MHz, DMSO-d6) δ 1.87 (m, 2H, CH2-CH2-CH2-indole),
2.32 (t, 2H,J ) 7 Hz, CH2-CH2-CH2-indole), 2.67 (t, 2H,J )
7 Hz, CH2-CH2-CH2-indole), 3.55 (s, 3H, OCH3), 6.94 (t, 1H,
J ) 7 Hz, H5 indole), 7.03 (t, 1H,J ) 7 Hz, H6 indole), 7.07 (d,
1H, J ) 2 Hz, H2 indole), 7.31 (d, 1H,J ) 8 Hz, H4 indole), 7.47
(d, 1H,J ) 8 Hz, H7 indole), 10.74 (s, 1H, NH indole);13C NMR
(75 MHz, DMSO-d6) δ 24.4 (CH2-CH2-CH2-indole), 25.7
(CH2-CH2-CH2-indole), 33.4 (CH2-CH2-CH2-indole), 51.5
(OCH3), 111.7 (C7 indole), 114.1 (C3 indole), 118.5 (C4 indole),
118.6 (C5 indole), 121.2 (C6 indole), 122.7 (C2 indole), 127.5 (C9
indole), 136.5 (C8 indole), 173.8 (CO ester); MS (ES)m/z 218.1
[M + H]+; HPLC tR, 1.64 min (conditions A).

Hydrazide Preparation. An amount of 1.0 equiv of the
corresponding ester and 10.0 equiv of hydrazine monohydrate were
dissolved in ethanol (0.3 mol/L). The mixture was stirred overnight
at reflux. The solvent was then removed in vacuo, and the residue
was washed with diethylether and dried in vacuo to afford the
corresponding hydrazide as a white powder.
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3-Phenylpropanehydrazide:3.3 g (91%);1H NMR (300 MHz,
DMSO-d6) δ 2.28 (t, 2H,J ) 7 Hz, CH2-CH2-phenyl), 2.77 (t,
2H, J ) 7 Hz, CH2-CH2-phenyl), 3.69 (brs, 2H, NH2), 7.11-
7.26 (m, 5H, CH aromatic), 8.94 (brs, 1H, NH);13C NMR (75 MHz,
DMSO-d6) δ 31.4 (CH2-CH2-phenyl), 35.5 (CH2-CH2-phenyl),
126.3 (C4 phenyl), 128.6 (C2 and C6 phenyl), 128.7 (C3 and C5

phenyl), 140.1 (C1 phenyl), 173.1 (CO); MS (ES)m/z 165.1 [M+
H]+; HPLC tR, 0.77 min (conditions A).

3-(1H-Indol-3-yl)propanehydrazide: 3.1 g (76%);1H NMR
(300 MHz, DMSO-d6) δ 2.41 (m, 2H, CH2-CH2-indole), 2.90
(m, 2H, CH2-CH2-indole), 5.72 (brs, 2H, NH2), 6.93 (t, 1H,J )
7 Hz, H5 indole), 7.02 (t, 1H,J ) 8 Hz, H6 indole), 7.07 (s, 1H, H2
indole), 7.31 (d, 1H,J ) 8 Hz, H4 indole), 7.48 (d, 1H,J ) 8 Hz,
H7 indole), 9.03 (brs, 1H, NH hydrazide), 10.79 (brs, 1H, NH
indole);13C NMR (75 MHz, DMSO-d6) δ 21.4 (CH2-CH2-indole),
34.7 (CH2-CH2-indole), 111.7 (C7 indole), 114.1 (C3 indole),
118.5 (C4 indole), 118.7 (C5 indole), 121.3 (C6 indole), 122.5 (C2
indole), 127.4 (C9 indole), 136.6 (C8 indole), 171.9 (CO); MS (ES)
m/z 204.1 [M + H]+; HPLC tR, 0.85 min (conditions A).

4-Phenylbutanehydrazide:1.1 g (100%);1H NMR (300 MHz,
DMSO-d6) δ 1.84 (m, 2H, CH2-CH2-CH2-phenyl), 2.00 (t, 2H,
J ) 7 Hz, CH2-CH2-CH2-phenyl), 2.53 (t, 2H,J ) 8 Hz, CH2-
CH2-CH2-phenyl), 4.40 (brs, 2H, NH2), 7.09-7.16 (m, 3H, H2,
H4, and H6 phenyl), 7.21-7.26 (m, 2H, H3, and H5 phenyl), 8.90
(s, 1H, NH);13C NMR (75 MHz, DMSO-d6) δ 27.4 (CH2-CH2-
CH2-phenyl), 33.3 (CH2-CH2-CH2-phenyl), 35.1 (CH2-CH2-
CH2-phenyl), 126.1 (C4 phenyl), 128.7 (C2, C3, C5, and C6 phenyl),
142.1 (C1 phenyl), 171.7 (CO); MS (ES)m/z 179.1 [M + H]+;
HPLC tR, 0.86 min (conditions A).

2-(1H-Indol-3-yl)acetohydrazide: 0.5 g (59%);1H NMR (300
MHz, DMSO-d6) δ 3.46 (s, 2H, CH2-indole), 4.25 (brs, 2H, NH2),
6.96 (t, 1H,J ) 7 Hz, H5 indole), 7.05 (t, 1H,J ) 8 Hz, H6 indole),
7.18 (s, 1H, H2 indole), 7.33 (d, 1H,J ) 8 Hz, H4 indole), 7.57 (d,
1H, J ) 8 Hz, H7 indole), 9.20 (brs, 1H, NH hydrazide), 10.86 (s,
1H, NH indole); 13C NMR (75 MHz, DMSO-d6) δ 31.2 (CH2-
indole), 109.1 (C3 indole), 111.7 (C7 indole), 118.7 (C4 indole),
119.2 (C5 indole), 121.3 (C6 indole), 124.2 (C2 indole), 127.6 (C9
indole), 136.5 (C8 indole), 170.7 (CO); MS (ES)m/z 190.2 [M +
H]+; HPLC tR, 0.78 min (conditions A).

4-(1H-Indol-3-yl)butanehydrazide: 1.0 g (90%);1H NMR (300
MHz, DMSO-d6) δ 1.83 (m, 2H, CH2-CH2-CH2-indole), 2.06
(t, 2H, J ) 7 Hz, CH2-CH2-CH2-indole), 2.62 (t, 2H,J ) 8 Hz,
CH2-CH2-CH2-indole), 4.35 (brs, 2H, NH2), 6.92 (t, 1H,J ) 7
Hz, H5 indole), 7.02 (t, 1H,J ) 7 Hz, H6 indole), 7.06 (s, 1H, H2
indole), 7.29 (d, 1H,J ) 8 Hz, H4 indole), 7.46 (d, 1H,J ) 8 Hz,
H7 indole), 8.93 (brs, 1H, NH hydrazide), 10.72 (s, 1H, NH indole);
13C RMN (75 MHz, DMSO-d6) δ 24.8 (CH2-CH2-CH2-indole),
26.5 (CH2-CH2-CH2-indole), 33.7 (CH2-CH2-CH2-indole),
111.7 (C7 indole), 114.5 (C3 indole), 118.5 (C4 indole), 118.7 (C5
indole), 121.2 (C6 indole), 122.6 (C2 indole), 127.6 (C9 indole),
136.7 (C8 indole), 172.0 (CO); MS (ES)m/z 218.1 [M + H]+;
HPLC tR, 0.93 min (conditions A).

General Procedure for Thioamide 2 Preparation.In a solution
of DCM, amine (1.0 equiv), Boc-D-Trp (1.0 equiv), NMM (2.2
equiv), and BOP (1.0 equiv) were successively added. After 1 h of
stirring at room temperature, the mixture was concentrated in vacuo
and dissolved in AcOEt. The organic layer was successively washed
with aqueous solutions of 1 M KHSO4, saturated NaHCO3, and
brine. The organic layer was then dried over Na2SO4, filtered, and
concentrated in vacuo to yield amide1 that was used without
purification. To 1.0 equiv of amide1 in DME (10 mL/mmol) was
added Lawesson’s reagent (0.5 equiv) under argon. The reaction
mixture was heated to 85°C for 2 h and then concentrated in vacuo.
The residue was purified by chromatography on silica gel with a
mixture of AcOEt/hexane 3/7 as eluent. The thioamide2 was
obtained as a white powder (yields between 35% and 70% for the
two steps).

tert-Butyl (R)-1-(2-(1H-Indol-3-yl)ethylthiocarbamoyl)-2-(1H-
indol-3-yl)ethylcarbamate (2a).Obtained from Boc-D-Trp and
tryptamine: 1.1 g (67%).1H NMR (300 MHz, DMSO-d6, 300 K)
δ 1.27 (s, 9H, CH3 Boc), 2.86 (m, 2H, CH2-CH2-indole), 2.95

(dd, 1H,J ) 14 and 8 Hz, CH2 âTrp), 3.11 (dd, 1H,J ) 14 and
5 Hz, CH2 âTrp), 3.75 (m, 2H, CH2-CH2-indole), 4.53 (m, 1H,
CH RTrp), 6.68 (d, 1H,Jo ) 8 Hz, H4 Trp), 6.95 (t, 1H,Jo ) 7
Hz, H5 Trp), 6.96 (t, 1H,Jo ) 8 Hz, H5 indole), 7.03 (t, 1H,Jo )
6 Hz, H6 Trp), 7.04 (m, 2H, H6 and H2 indole), 7.10 (d, 1H,J )
2 Hz, H2 Trp), 7.12 (d, 1H,Jo ) 8 Hz, H4 indole), 7.30 (d, 2H,Jo

) 8 Hz, H7 indole and H7 Trp), 7.57 (d, 1H,J ) 7 Hz, NH Boc),
9.95 (brs, 1H, NH thioamide), 10.79 (s, 2H, NH indole and NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K)δ 21.2 (CH2-
CH2-indole), 28.5 (CH3 Boc), 31.5 (CâTrp), 46.1 (CH2-CH2-
indole), 62.0 (CRTrp), 78.6 (Cq Boc), 110.5 (C3 indole and C3
Trp), 111.7 (C7 indole and C7 Trp), 118.6 (C4 Trp), 118.7 (C4

indole), 119.0 (C5 indole and C5 Trp), 121.2 (C6 Trp), 121.3 (C6

indole), 123.1 (C2 indole and C2 Trp), 127.5 (C9 indole), 127.8 (C9
Trp), 136.5 (C8 Trp), 136.7 (C8 indole), 155.2 (CO Boc), 204.1
(CS thioamide). MS (ES)m/z 363.29 [M+ H - 100]+, 406.9 [M
+ H - 56]+, 463.1 [M + H]+, 925.4 [2M+ H]+. HPLC tR, 2.01
min (conditions A).

tert-Butyl (R)-1-(Methylthiocarbamoyl)-2-(1H-indol-3-yl)eth-
ylcarbamate (2b). Obtained from Boc-D-Trp and methylamine:
0.3 g (69%).1H NMR (300 MHz, DMSO-d6, 300 K) δ 1.27 (s,
9H, CH3 Boc), 2.91 (d, 3H,J ) 4 Hz, NH-CH3), 2.97 (m, 1H,
CH2 âTrp), 3.14 (dd, 1H,J ) 14 and 5 Hz, CH2 âTrp), 4.49 (m,
1H, CH RTrp), 6.64 (d, 1H,Jo ) 8 Hz, H4 Trp), 6.93 (t, 1H,Jo )
8 Hz, H5 Trp), 7.03 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.11 (s, 1H, H2
Trp), 7.29 (d, 1H,Jo ) 8 Hz, H7 Trp), 7.58 (d, 1H,J ) 8 Hz, NH
Boc), 9.86 (d, 1H,J ) 4 Hz, NH thioamide), 10.75 (s, 1H, NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ 28.5 (CH3

Boc), 31.5 (CâTrp), 32.7 (NH-CH3), 61.8 (CRTrp), 78.6 (Cq
Boc), 110.5 (C3 Trp), 111.7 (C7 Trp), 118.6 (C4 Trp), 118.9 (C5

Trp), 121.2 (C6 Trp), 124.1 (C2 Trp), 127.8 (C9 Trp), 136.5 (C8

Trp), 155.2 (CO Boc), 204.8 (CS thioamide). MS (ES)m/z 234.4
[M + H - 100]+, 277.7 [M+ H - 56]+, 334.2 [M+ H]+, 667.3
[2M + H]+, 689.1 [2M + Na]+. HPLC tR, 1.93 min (conditions
A).

tert-Butyl (R)-1-(2,4-Dimethoxybenzylcarbamoyl)-2-(1H-in-
dol-3-yl)ethylcarbamate (2c).Obtained from Boc-D-Trp and 2,4-
dimethoxybenzylamine.1H NMR (300 MHz, DMSO-d6, 300 K)δ
(ppm) 1.27 (s, 9H, CH3 Boc), 2.97 (dd, 1H,3J ) 8 and 14 Hz,
CH2 âTrp), 3.30 (dd, 1H,3J ) 4 and 14 Hz, CH2 âTrp), 3.71 (s,
3H, CH3O), 3.75 (s, 3H, CH3O), 4.58 (m, 3H, CH2-o,p-
dimethoxybenzyl and CHRTrp), 6.37 (dd, 1H,Jo ) 8 Hz andJm

) 2 Hz, H5 o,p-dimethoxybenzyl), 6.53 (d, 1H,Jm ) 2 Hz, H3

o,p-dimethoxybenzyl), 6.86 (d, 1H,Jo ) 8 Hz, H4 Trp), 6,87 (d,
1H, Jo ) 8 Hz, H6 o,p-dimethoxybenzyl), 6.95 (t, 1H,Jo ) 7 Hz,
H5 Trp), 7.03 (t, 1H,Jo ) 7 Hz, H6 Trp), 7.11 (s, 1H, H2 Trp),
7.30 (d, 1H,Jo ) 8 Hz, H7 Trp), 7.60 (m, 1H, NH Trp), 9.97 (t,
1H, J ) 6 Hz, NH-thioamide), 10.78 (s, 1H, NH indole Trp).13C
NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 28.5 (CH3 Boc), 31.3
(CH2 âTrp), 44.2 (CH2-o,p-dimethoxybenzyl), 55.6 (OCH3), 55.9
(OCH3), 61.9 (CHRTrp), 78.6 (Cq Boc), 98.7 (C3 o,p-dimethoxy-
benzyl), 104.8 (C5 o,p-dimethoxybenzyl), 110.4 (C3 Trp), 111.7
(C7 Trp), 116.7 (C1 o,p-dimethoxybenzyl), 118.6 (C4 Trp), 118.9
(C5 Trp), 121.2 (C6 Trp), 124.4 (C2 Trp), 127.8 (C9 Trp), 130.1
(C6 o,p-dimethoxybenzyl), 136.5 (C8 Trp), 155.5 (CO Boc), 158.6
(C2 o,p-dimethoxybenzyl), 161.1 (C4 o,p-dimethoxybenzyl), 210.4
(CS thioamide). MS (ES)m/z 470.0 [M + H]+. HPLC tR, 1.97
min (conditions A).

General Procedure for Preparation of Triazole 3. To a
solution of 1.0 equiv of thioamide2 of tetrahydrofuran (10 mL/
mmol) was added 2.0 equiv of hydrazide and then 1.1 equiv of
mercury(II) acetate at room temperature. After 2 days, the mixture
was filtered on Celite and the filtrate was concentrated in vacuo.
The residue was purified by chromatography on silica gel with a
mixture of AcOEt/MeOH 96/4 as eluent. The desired compounds
were obtained as a white powder (yield ranging between 40% and
60%).

tert-Butyl (R)-1-(4-(2-(1H-Indol-3-yl)ethyl)-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3yl)ethylcarbamate (3a).Obtained from2aand
formic hydrazide.1H NMR (400 MHz, DMSO-d6) δ 1.28 (s, 9H,
Boc), 2.84 (m, 2H, CH2-CH2-indole), 3.29 (m, 2H, CH2 âTrp),
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4.05 (m, 2H, CH2-CH2-indole), 4.95 (m, 1H, CHRTrp), 6.83
(brs, 1H, H indole), 6.88-6.97 (m, 2H, H indole), 6.98-7.10 (m,
3H, H indole), 7.31 (d, 1H,J ) 8 Hz, H indole), 7.32 (d, 1H,J )
8 Hz, H indole), 7.40 (d, 1H,J ) 8 Hz, H indole), 7.48 (d, 1H,J
) 8 Hz, H indole), 7.63 (d, 1H,J ) 8 Hz, NH Trp), 8.21 (brs, 1H,
H triazole), 10.80 (brs, 1H, NH indole), 10.85 (brs, 1H, NH indole).
MS (ES)m/z 415.0 [M + H - 56]+, 471.3 [M+ H]+, 941.3 [2M
+ H]+.

tert-Butyl (R)-1-(5-((1H-Indol-3-yl)methyl)-4-methyl-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethylcarbamate (3b).Obtained from
2b and 2-(1H-indol-3-yl)acetohydrazide.1H NMR (400 MHz,
DMSO-d6) δ 1.21 (s, 9H, CH3 Boc), 3.10-3.30 (m, 5H, 3H N-CH3

and 2H CH2â), 4.15 (m, 2H, CH2-indole), 4.90 (m, 1H, CHRTrp),
6.90-7.10 (m, 6H, H indole), 7.33 (d, 1H,J ) 8 Hz, H indole),
7.35 (d, 1H,J ) 8 Hz, H indole), 7.41-7.58 (3H, 2H indole, NH
Trp), 10.75 (1H, s, NH indole), 10.90 (1H, s, NH indole). MS (ES)
m/z 471.4 [M + H]+, 941.3 [2M+ H]+.

tert-Butyl (R)-1-(5-(2-(1H-Indol-3-yl)ethyl)-4-methyl-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethylcarbamate (3c).The title com-
pound was obtained as previously described by reacting thioamide
2b with 3-(1H-indol-3-yl)propanehydrazide.1H NMR (400 MHz,
DMSO-d6) δ 1.32 (s, 9H, CH3 Boc), 2.85-3.10 (m, 4H, CH2-
CH2-indole), 3.20 (s, 3H, N-CH3), 3.22-3.40 (m, 2H, CH2 âTrp),
4.92 (m, 1H, CHRTrp), 6.93-7.02 (m, 2H, H indole), 7.04-7.10
(m, 2H, H indole), 7.13 (s, 1H, H indole), 7.16 (s, 1H, H indole),
7.32-7.38 (m, 2H, H indole), 7.42-7.52 (m, 3H, 2H indole and
NH Trp), 10.85 (brs, 2H, NH indole). MS (ES)m/z 485,3 [M +
H]+.

tert-Butyl (R)-1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(2,4-dimethoxy-
benzyl)-4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethylcarbamate
(3d). The title compound was obtained as previously described by
reacting thioamide2cwith 3-(1H-indol-3-yl)propanehydrazide: 1.2
g (65%).1H NMR (300 MHz, DMSO-d6, 300 K) δ 1.21 (s, 9H,
CH3 Boc), 2.90 (m, 4H, CH2-CH2-indole), 3.28 (m, 2H, CH2

âTrp), 3.59 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 5.01 (m, 3H, CH2-
o,p-dimethoxybenzyl and CHRTrp), 6.26 (d, 1H,Jo ) 8 Hz, H5

o,p-dimethoxybenzyl), 6.49 (d, 1H,Jo ) 8 Hz, H6 o,p-dimethoxy-
benzyl), 6.51 (s, 1H, H3 o,p-dimethoxybenzyl), 6.89 (m, 2H, H5
Trp and H5 indole), 7.02 (m, 2H, H6 indole and H6 Trp), 7.03 (s,
1H, H2 indole), 7.05 (s, 1H, H2 Trp), 7.26 (d, 1H,Jo ) 8 Hz, H4

Trp), 7.29 (m, 3H, H4 and H7 indole, H7 Trp), 7.57 (d, 1H,J ) 9
Hz, NH Boc), 10.79 (s, 1H, NH indole), 10.81 (s, 1H, NH indole
Trp). 13C NMR (75 MHz, DMSO-d6, 300 K) δ 22.4 (CH2-CH2-
indole), 25.7 (CH2-CH2-indole), 28.4 (CH3 Boc), 28.9 (CâTrp),
42.6 (CH2-o,p-dimethoxybenzyl), 46.8 (CRTrp), 55.6 (OCH3),
55.8 (OCH3), 78.8 (Cq Boc), 98.9 (C3 o,p-dimethoxybenzyl), 105.1
(C5 o,p-dimethoxybenzyl), 110.0 (C3 Trp), 111.7 (C7 Trp), 111.8
(C7 indole), 112.9 (C3 indole), 114.8 (C1 o,p-dimethoxybenzyl),
118.4 (C4 indole and C4 Trp), 118.7 (C5 indole and C5 Trp), 121.3
(C6 Trp), 121.4 (C6 indole), 123.0 (C2 indole), 125.1 (C2 Trp), 127.1
(C9 indole), 127.5 (C9 Trp), 128.5 (C6 o,p-dimethoxybenzyl), 136.4
(C8 Trp), 136.6 (C8 indole), 155.5 (Cq triazole and CO Boc), 156.1
(Cq triazole), 157.8 (C2 o,p-dimethoxybenzyl), 161.0 (C4 o,p-
dimethoxybenzyl). MS (ES)m/z 621.0 [M + H]+. HPLC tR, 2.20
min (conditions A).

General Procedure for Preparation of Compound 5.The Boc
protecting group of compound3 was removed at room temperature
for 1 h with a solution of AcOEt/HCl 4 M. The mixture was then
concentrated in vacuo, diluted with MeOH, and concentrated several
times in vacuo. The residue was then coupled with Boc-Aib (1.1
equiv), in the presence of BOP (1.1 equiv) and NMM (2.2 equiv)
for 2 h, in DCM. The mixture was then concentrated in vacuo, and
the residue was dissolved in AcOEt. The organic layer was
successively washed with aqueous solutions of 1 M KHSO4,
saturated NaHCO3, and brine. The organic layer was then dried
over Na2SO4, filtered, and concentrated in vacuo to yield the desired
compound which was then treated with AcOEt/HCl 4 M asalready
described. The final compound was purified by preparative HPLC
on a C18 column using a water/acetonitrile/TFA 0.1% gradient
(yield around 50% for the three steps).

(R)-N-(1-(4-(2-(1H-Indol-3-yl)ethyl)-4H-1,2,4-triazol-3-yl)-2-
(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Trifluo-
roacetate Salt (11).Obtained from3a. 1H NMR (400 MHz,
DMSO-d6) δ 1.29 (s, 3H, CH3 Aib), 1.35 (s, 3H, CH3 Aib), 2.85
(m, 1H, 1H N-CH2-CH2-indole), 2.89 (m, 1H, 1H, N-CH2-
CH2-indole), 3.28 (dd, 1H,J ) 14 Hz, J ) 7 Hz, CH2 âTrp),
3.40 (dd, 1H,J ) 14 Hz andJ ) 8 Hz, CH2 âTrp), 4.10 (m, 2H,N-
CH2-CH2-In), 5.25 (m, 1H, CHRTrp), 6.85 (d, 1H,J ) 2 Hz,
H2 indole), 6.90-6.98 (m, 2H, H5 indole), 7.01 (d, 1H,J ) 2 Hz,
H2 indole), 7.02-7.12 (m, 2H, H6 indole), 7.30 (d, 1H,J ) 8.2
Hz, H7 indole), 7.33 (d, 1H,J ) 8 Hz, H7 indole), 7.40 (d, 1H,J
) 8 Hz, H4 indole), 7.47 (d, 1H,J ) 8 Hz, H4 indole), 8.04 (brs,
3H, NH2 Aib, TFA salt), 8.42 (s, 1H, H triazole), 9.01 (d, 1H,J )
8 Hz, NH Trp), 10.81 (s, 1H, NH indole), 10.90 (s, 1H, NH indole).

(R)-N-(1-(5-((1H-Indol-3-yl)methyl)-4-methyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (12).Obtained from3b. 1H NMR (400 MHz,
DMSO-d6) δ 1.20 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 3.32
(d, 3H, N-CH3), 3.30-3.45 (m, 2H, CH2 âTrp), 4.22 (s, 2H, CH2-
indole), 5.30 (m, 1H, CHRTrp), 6.91 (t, 1H,J ) 8 Hz, H5 indole),
6.94 (d, 1H,J ) 8 Hz, H5 indole), 7.02 (t, 1H,J ) 8 Hz, H6 indole),
7.05 (t, 1H,J ) 8 Hz, H6 indole), 7.08 (d, 1H,J ) 2 Hz, H2 indole),
7.12 (d, 1H,J ) 2 Hz, H2 indole), 7.29 (d, 1H,J ) 8 Hz, H7

indole), 7.33 (d, 1H,J ) 8 Hz, H7 indole), 7.48 (d, 1H,J ) 8 Hz,
H4 indole), 7.57 (d, 1H,J ) 8 Hz, H4 indole), 8.00 (brs, 3H, NH2
Aib, TFA salt), 8.85 (d, 1H,J ) 8 Hz, NH amide), 10.82 (s, 1H,
NH indole), 10.98 (s, 1H, NH indole).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-methyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (13).Obtained from3c. 1H NMR (400
MHz, DMSO-d6) δ 1.30 (s, 3H, CH3 Aib), 1.40 (s, 3H, CH3 Aib),
3.00-3.20 (m, 4H, CH2-CH2-indole), 3.36 (s, 3H, N-CH3),
3.45-3.50 (m, 2H, CH2 âTrp), 5.30 (m, 1H, CHRTrp), 6.95-
7.04 (t, 2H, H5 indole), 7.06-7.13 (m, 2H, H6 indole), 7.18 (brs,
2H, H2 indole), 7.34 (d, 1H,J ) 8 Hz, H7 indole), 7.36 (d, 1H,J
) 8 Hz, H7 indole), 7.48 (d, 1H,J ) 8 Hz, H4 indole), 7.58 (d,
1H, J ) 8 Hz, H4 indole), 8.10 (brs, 3H, NH2 Aib, TFA salt), 8.95
(d, 1H,J ) 8 Hz, NH amide), 10.95 (s, 1H, NH indole), 10.96 (s,
1H, NH indole). 13C NMR (100 MHz, DMSO-d6) 22.9 (CH2-
CH2-indole), 24.1 (CH3 Aib), 24.3 (CH3 Aib), 25.9 (CH2-CH2-
indole), 28.8 (CâTrp), 30.7 (NCH3), 46.2 (CRTrp), 57.2 (Cq Aib),
110.2 (C3 indole), 112.3 (2C7 indole), 113.5 (C3 indole), 118.9-
119.2 (2C5, 2C4 indole), 121.9 (2C6 indole), 123.6 (C2 indole), 125.3
(C2 indole), 127.7 (C9 indole), 128.0 (C9 indole), 136.9 (C8 indole),
137.1 (C8 indole), 155.3 (Cq triazole), 155.8 (Cq triazole), 172.2
(CO Aib).

(R)-N-(1-(5-((1H-Indol-3-yl)methyl)-4H-1,2,4-triazol-3-yl)-2-
(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Trifluo-
roacetate Salt (14).Compound14 was obtained by treatment of
compound15 with TFA. 1H NMR (400 MHz, DMSO-d6) δ 1.31
(s, 3H, CH3 Aib), 1.42 (s, 3H, CH3 Aib), 3.19 (dd, 1H,J ) 15 Hz
andJ ) 10 Hz, CH2 âTrp), 3.35 (dd, 1H,J ) 15 Hz,J ) 5 Hz,
CH2 âTrp), 4.15 (s, 2H, CH2 indole), 5.26 (m, 1H, CHRTrp), 6.95
(t, 1H, H5 Trp), 6.96 (t, 1H, H5 indole), 7.05 (t, 1H, H6 Trp), 7.06
(s, 1H, H2 Trp), 7.07 (t, 1H, H6 indole), 7.21 (s, 1H, H2 indole),
7.32 (d, 1H, H7 Trp), 7.37 (d, 1H, H7 indole), 7.51 (d, 1H,J ) 8
Hz, H4 indole), 7.58 (d, 1H,J ) 8 Hz, H4 Trp), 8.00 (s, 3H, NH2
Aib, TFA salt), 8.64 (d, 1H,J ) 9 Hz, NH amide), 10.77 (s, 1H,
NH indole Trp), 10.92 (s, 1H, NH indole).13C NMR (100 MHz,
DMSO-d6) δ 22.9 (CH2-indole), 23.2 (CH3 Aib), 23.3 (CH3 Aib),
29.4 (CâTrp), 48.3 (CRTrp), 56.3 (Cq Aib), 109.7 (C3 indole),
110.3 (C3 Trp), 111.2 (C7 Trp), 111.3 (C7 indole), 118.1 (C4 Trp,
C5 Trp), 118.3 (C4 indole), 118.4 (C5 indole), 120.7 (C6 Trp), 121.0
(C6 indole), 123.4 (C2 indole), 123.6 (C2 Trp), 126.8 (C9 indole),
127.1 (C9 Trp), 136.0 (C8 Trp), 136.2 (C8 indole), 157.5 (Cq
triazole), 161.7 (Cq triazole), 170.8 (CO Aib).

(R)-N-(1-(5-((1H-Indol-3-yl)methyl)-4-(2,4-dimethoxybenzyl)-
4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (15).1H NMR (400 MHz,
DMSO-d6) δ 1.27 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib), 3.25
(dd, 1H,J ) 14 Hz,J ) 6 Hz, CH2 âTrp), 3.38 (dd, 1H,J ) 14
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Hz andJ ) 9 Hz, CH2 âTrp), 3.68 (s, 3H, OCH3), 3.72 (s, 3H,
OCH3), 4.10 (d, 1H,J ) 17 Hz, CH2-indole), 4.16 (d, 1H,J ) 17
Hz, CH2-indole), 4.96 (d, 1H,J ) 17 Hz, CH2 o,p-dimethoxy-
benzyl), 5.12 (d, 1H,J ) 17 Hz, CH2 o,p-dimethoxybenzyl), 5.16
(m, 1H, CH RTrp), 6.21 (dd, 1H,J ) 9 Hz andJ ) 2 Hz, H5

o,p-dimethoxybenzyl), 6.27 (d, 1H,J ) 9 Hz, H6 o,p-dimethoxy-
benzyl), 6.57 (d, 1H,J ) 2 Hz, H3 o,p-dimethoxybenzyl), 6.83 (t,
1H, H5 Trp), 6.94 (t, 1H, H5 indole), 7.02 (t, 1H, H6 Trp), 7.05 (s,
1H, H2 indole),7.06 (t, 1H, H6 indole), 7.07 (s, 1H, H2 Trp), 7.07
(d, 1H, H4 Trp), 7.31 (d, 1H, H7 Trp), 7.33 (d, 1H, H7 indole),
7.36 (d, 1H,J ) 8 Hz, H4 indole), 8.00 (brs, 3H, NH2 Aib, TFA
salt), 8.92 (d, 1H,J ) 8 Hz, NH amide), 10.79 (s, 1H, NH indole
Trp), 10.89 (s, 1H, NH indole).13C NMR (100 MHz, DMSO-d6)
δ 21.2 (CH2 indole), 23.1 (CH3 Aib), 23.2 (CH3 Aib), 28.6 (CâTrp),
41.4 (N-CH2 o,p-dimethoxybenzyl), 45.1 (CRTrp), 55.2 (OCH3),
55.4 (OCH3), 56.2 (Cq Aib), 98.5 (C3 o,p-dimethoxybenzyl), 104.6
(C5 o,p-dimethoxybenzyl), 107.9 (C3 indole), 109.5 (C3 Trp), 111.2
(C7 Trp), 111.3 (C7 indole), 115.1 (C1 o,p-dimethoxybenzyl), 117.8
(C4 Trp), 118.1 (C5 Trp), 118.3 (C4 indole), 118.4 (C5 indole), 120.8
(C6 Trp), 121.1 (C6 indole), 123.5 (C2 indole), 124.3 (C2 Trp), 126.6
(C9 indole), 126.8 (C9 Trp), 127.2 (C6 o,p-dimethoxybenzyl), 136.0
(C8 Trp), 136.2 (C8 indole), 157.5 (Cq triazole), 154.9 (Cq triazole),
157.2 (C2 o,p-dimethoxybenzyl), 160.3 (C4 o,p-dimethoxybenzyl),
171.2 (CO Aib).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(2,4-dimethoxybenzyl)-
4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (16).1H NMR (400 MHz,
DMSO-d6) δ 1.32 (s, 3H, CH3 Aib), 1.36 (s, 3H, CH3 Aib), 2.93
(m, 2H, CH2-CH2-indole), 2.97 (m, 2H, CH2-CH2-indole), 3.31
(dd, 1H,J ) 15 Hz andJ ) 6 Hz, CH2 âTrp), 3.38 (dd, 1H,J )
15 Hz andJ ) 9 Hz, CH2 âTrp), 3.66 (s, 3H,o-OCH3), 3.72 (s,
3H, p-OCH3), 4.93 (d, 1H,J ) 17 Hz, CH2 o,p-dimethoxybenzyl),
5.10 (d, 1H,J ) 17 Hz, CH2 o,p-dimethoxybenzyl), 5.23 (m, 1H,
CH RTrp), 6.31 (dd, 1H, J ) 9 Hz and J ) 2 Hz, H5

o,p-dimethoxybenzyl), 6.45 (d, 1H,J ) 9 Hz, H6 o,p-dimethoxy-
benzyl), 6.59 (d, 1H,J ) 2 Hz, H3 o,p-dimethoxybenzyl), 6.88 (t,
1H, J ) 8 Hz, H5 Trp), 6.94 (t, 1H,J ) 8 Hz, H5 indole), 7.04 (t,
1H, H6 Trp), 7.06 (t, 1H, H6 indole), 7.08 (s, 1H, H2 indole), 7.11
(s, 1H, H2 Trp), 7.18 (d, 1H,J ) 8, H4 Trp), 7.33 (3H, H4, H7

indole, H7 Trp), 8.05 (s, 3H, NH2 Aib, TFA salt), 8.95 (d, 1H,J )
8 Hz, NH amide), 10.80 (s, 1H, NH indole), 10.82 (s, 1H, NH
indole Trp).13C NMR (100 MHz, DMSO-d6) δ 22.4 (CH2-CH2

indole), 23.2 (CH3 Aib), 23.3 (CH3 Aib), 25.4 (CH2-CH2 indole),
28.7 (CâTrp), 41.3 (CH2-o,p-dimethoxybenzyl), 45.3 (CRTrp),
55.2 (p-OCH3), 55.4 (o-OCH3), 56.3 (Cq Aib), 98.6 (C3 o,p-
dimethoxybenzyl), 104.7 (C5 o,p-dimethoxybenzyl), 109.5 (C3 Trp),
111.3 (C7 Trp, C7 indole), 112.9 (C3 indole), 115.2 (C1 o,p-
dimethoxybenzyl), 117.8 (C4 indole), 117.9 (C4 Trp), 118.2 (C5

Trp, C5 indole), 120.9 (C6 Trp, C6 indole), 122.4 (C2 indole), 124.3
(C2 Trp), 126.8 (C9 Indole), 126.9 (C9 Trp), 127.5 (C6 o,p-
dimethoxybenzyl), 136.0 (C8 Trp), 136.2 (C8 indole), 154.6 (2Cq
triazole), 157.3 (C2 o,p-dimethoxybenzyl), 160.4 (C4 o,p-dimethoxy-
benzyl), 171.3 (CO Aib).

(R)-N-(1-(4-(2,4-Dimethoxybenzyl)-5-benzyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (16a).1H NMR (400 MHz, DMSO-d6) δ 1.30
(s, 3H, CH3 Aib), 1.33 (s, 3H, CH3 Aib), 3.26 (dd, 1H,J ) 14 Hz
andJ ) 6 Hz, CH2 âTrp), 3.38 (dd, 1H,J ) 14 Hz andJ ) 9 Hz,
CH2 âTrp), 3.69 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 4.02 (s, 2H,
CH2-benzyl), 4.87 (d, 1H,J ) 17 Hz, CH2-o,p-dimethoxybenzyl),
5.08 (d, 1H,J ) 17 Hz, CH2 o,p-dimethoxybenzyl), 5.17 (m, 1H,
CH RTrp), 6.24 (dd, 1H,J ) 8 Hz, J ) 2 Hz, H5 o,p-
dimethoxybenzyl), 6.28 (d, 1H,J ) 8 Hz, H6 o,p-dimethoxybenzyl),
6.56 (d, 1H,J ) 2 Hz, H3 o,p-dimethoxybenzyl), 6.85 (t, 1H,J )
8 Hz, H5 Trp), 7.02 (t, 1H, H6 Trp), 7.07 (m, 2H, H2, H6 benzyl),
7.08 (s, 1H, H2 Trp), 7.09 (d, 1H, H4 Trp), 7.16-7.29 (m, 3H, H3,
H4, H5 benzyl), 7.31 (d, 1H,J ) 8 Hz, H7 Trp), 8.01 (s, 3H, NH2
Aib, TFA salt), 8.92 (d, 1H,J ) 8 Hz, NH amide), 11.79 (s, 1H,
NH indole Trp). 13C NMR (100 MHz, DMSO-d6) δ 23.2 (2CH3

Aib), 28.7 (C âTrp), 30.2 (CH2-benzyl), 41.3 (CH2-o,p-
dimethoxybenzyl), 45.2 (CRTrp), 55.2 (OCH3), 55.4 (OCH3), 56.2

(Cq Aib), 98.5 (C3 o,p-dimethoxybenzyl), 104.7 (C5 o,p-dimethoxy-
benzyl), 109.5 (C3 Trp), 111.3 (C7 Trp), 115.1 (C1 o,p-dimethoxy-
benzyl), 117.8 (C4 Trp), 118.2 (C5 Trp), 120.8 (C6 Trp), 124.3 (C2

Trp), 126.5 (C4 benzyl), 126.8 (C9 Trp), 127.3 (C6 o,p-dimethoxy-
benzyl), 128.3 (C2,C3, C5, C6 benzyl), 135.8 (C1 benzyl), 136.0 (C8
Trp), 153.4 (Cq triazole), 155.0 (Cq triazole), 157.2 (C2 o,p-
dimethoxybenzyl), 160.3 (C4 o,p-dimethoxybenzyl), 171.3 (CO
Aib).

(R)-N-(1-(4-(2,4-Dimethoxybenzyl)-5-phenethyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (16c).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.26 (s, 3H, CH3 Aib), 1.30 (s, 3H, CH3 Aib),
2.82 (m, 4H, CH2-CH2-phenyl), 3.29 (t, 2H,J ) 8 Hz, CH2 âTrp),
3.61 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 4.85 (d, 1H,J ) 17 Hz,
CH2-o,p-dimethoxybenzyl), 5.02 (d, 1H,J ) 17 Hz, CH2-o,p-
dimethoxybenzyl), 5.18 (m, 1H, CHRTrp), 6.29 (dd, 1H,Jo ) 8
Hz andJm ) 2 Hz, H5 o,p-dimethoxybenzyl), 6.40 (d, 1H,Jo ) 8
Hz, H6 o,p-dimethoxybenzyl), 6.55 (d, 1H,Jm ) 2 Hz, H3 o,p-
dimethoxybenzyl), 6.82 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.99 (t, 1H,Jo

) 8 Hz, H6 Trp), 7.05 (s, 1H, H2 Trp), 7.09-7.24 (m, 6H, H4 Trp
and CHar phenyl), 7.27 (d, 1H,Jo ) 8 Hz, H7 Trp), 7.99 (s3H,
large, NH2 Aib TFA salt), 8.89 (d, 1H,J ) 8 Hz, NH amide),
10.77 (s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300
K) δ (ppm) 23.6 (CH3 Aib), 23.7 (CH3 Aib), 26.5 (CH2-CH2-
phenyl), 29.2 (CH2 âTrp), 32.7 (CH2-CH2-phenyl), 41.6 (CH2-
o,p-dimethoxybenzyl), 45.7 (CHRTrp), 55.7 (OCH3), 55.9 (OCH3),
56.7 (Cq Aib), 99.1 (C3 o,p-dimethoxybenzyl), 105.2 (C5 o,p-
dimethoxybenzyl), 110.0 (C3 Trp), 111.8 (C7 Trp), 115.7 (C1 o,p-
dimethoxybenzyl), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp),
126.5 (C2 Trp and C6 o,p-dimethoxybenzyl), 127.3 (C9 Trp), 128.1
(C4 phenyl), 128.7 (C2, C3, C5 and C6 phenyl), 136.4 (C8 Trp), 140.9
(C1 phenyl), 154.5 (Cq triazole), 155.0 (Cq triazole), 157.8 (C2 o,p-
dimethoxybenzyl), 160.9 (C4 o,p-dimethoxybenzyl), 171.7 (CO
amide).

(R)-N-(1-(4-(3,5-Dimethoxybenzyl)-5-phenethyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (17b).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.24 (s, 3H, CH3 Aib), 1.27 (s, 3H, CH3 Aib),
2.83 (s, 4H, CH2-CH2-phenyl), 3.32 (m, 2H, CH2 âTrp), 3.61 (s,
6H, OCH3), 5.02 (m, 2H, CH2-m-dimethoxybenzyl), 5.18 (m, 1H,
CH RTrp), 6.07 (d, 2H,Jm ) 2 Hz, H2 and H6 m-dimethoxybenzyl),
6.42 (brs, 1H, H4 m-dimethoxybenzyl), 6.83 (t, 1H,Jo ) 7 Hz, H5

Trp), 6.99 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.08 (d, 1H,J ) 2 Hz, H2

Trp), 7.13 (t, 3H,Jo ) 8 Hz, H3, H4 and H5 phenyl), 7.20 (d, 3H,
Jo ) 7 Hz, H2 and H6 phenyl, H4 Trp), 7.28 (d, 1H,Jo ) 8 Hz, H7

Trp), 7.99 (brs, 3H, NH2 Aib), 8.92 (d, 1H,J ) 8 Hz, NH amide),
10.77 (s, 1H, NH indole).13C NMR (75 MHz, DMSO-d6, 300 K)
δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.5 (CH2-CH2-phenyl),
29.2 (CH2 âTrp), 32.7 (CH2-CH2-phenyl), 45.6 (CHRTrp), 45.8
(CH2- m-dimethoxybenzyl), 55.6 (OCH3), 56.8 (Cq Aib), 99.6 (C4
m-dimethoxybenzyl), 104.6 (C2 and C6 m-dimethoxybenzyl), 109.9
(C3 Trp), 111.8 (C7 Trp), 118.2 (C4 Trp), 118.7 (C5 Trp), 121.3
(C6 Trp), 124.8 (C2 Trp), 126.5 (C4 phenyl), 127.3 (C9 Trp), 128.7
(C2, C3, C5 and C6 phenyl), 136.4 (C8 Trp), 138.6 (C1 m-
dimethoxybenzyl), 140.9 (C1 phenyl), 154.6 (Cq triazole), 154.8
(Cq triazole), 161.4 (C3 and C5 m-dimethoxybenzyl), 171.8 (CO
amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(3-methoxybenzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (18a). 1H NMR (400 MHz,
DMSO-d6) δ 1.28 (s, 3H, CH3 Aib), 1.30 (s, 3H, CH3 Aib), 2.92
(m, 2H, CH2-CH2-indole), 2.98 (m, 2H, CH2-CH2-indole), 3.33
(dd, 1H,J ) 15 Hz andJ ) 6 Hz, CH2 âTrp), 3.40 (dd, 1H,J )
15 Hz andJ ) 9 Hz, CH2 âTrp), 3.66 (s, 3H, OCH3), 5.09 (m, 2H,
CH2-m-methoxybenzyl), 5.22 (m, 1H, CHRTrp), 6.38 (d, 1H,J
) 8 Hz, H6 m-methoxybenzyl), 6.59 (s, 1H, H2 m-methoxybenzyl),
6.86 (t, 1H, H5 Trp), 6.87 (d, 1H, H4 m-methoxybenzyl), 6.92 (t,
1H, J ) 7.5 Hz, H5 indole), 7.03 (t, 1H,J ) 7.9 Hz, H6 Trp), 7.05
(t, 1H, H6 indole), 7.07 (s, 1H, H2 indole), 7.11 (s, 1H, H2 Trp),
7.18 (t, 1H, H5 m-methoxybenzyl), 7.19 (d, 1H, H4 Trp), 7.31 (1H,
H4 indole), 7.32 (2H, H7 Trp, H7 indole), 8.00 (s, 3H, NH2 Aib,
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TFA salt), 8.96 (d, 1H,J ) 8 Hz, NH amide), 10.78 (s, 1H, NH
indole), 10.80 (s, 1H, NH indole Trp).13C NMR (100 MHz, DMSO-
d6) δ 22.4 (CH2-CH2-indole), 23.1 (CH3 Aib), 23.3 (CH3 Aib),
25.4 (CH2-CH2 indole), 28.7 (CâTrp), 45.3 (CH2 m-methoxy-
benzyl), 45.4 (CRTrp), 55.0 (OCH3), 56.3 (Cq Aib), 109.5 (C3
Trp), 111.3 (C7 Trp, C7 indole), 112.0 (C2 m-methoxybenzyl), 113.0
(C4 m-methoxybenzyl, C3 indole), 117.8 (C4 Trp, C6 m-methoxy-
benzyl), 118.0 (C4 indole), 118.2 (C5 indole), 118.3 (C5 Trp), 120.8
(C6 indole), 120.9 (C6 Trp), 122.4 (C2 indole), 124.3 (C2 Trp), 126.7
(C9 indole), 126.9 (C9 Trp), 130.0 (C5 m-methoxybenzyl), 136.0
(C8 indole), 136.1 (C8 Trp), 137.2 (C1 m-methoxybenzyl), 154.3
(2Cq triazole), 159.6 (C3 m-methoxybenzyl), 171.4 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-(3-methoxybenzyl)-
4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (18b).1H NMR (400 MHz,
DMSO-d6) δ 1.27 (s, 3H, CH3 Aib), 1.30 (s, 3H, CH3 Aib), 1.92
(m, 2H, CH2-CH2-CH2-indole), 2.62 (m, 2H,CH2-CH2-CH2-
indole), 2.68 (m, 2H, CH2-CH2-CH2-indole), 3.24 (dd, 1H,J )
14.5,J ) 5.8, CH2 âTrp), 3.39 (dd, 1H,J ) 14.5,J ) 9.0, CH2

âTrp), 3.66 (s, 3H,m-OCH3), 5.07 (s, 2H, CH2 m-methoxybenzyl),
5.18 (m, 1H, CHR Trp), 6.35 (d, 1H,J ) 7.5, H6 m-methoxyben-
zyl), 6.54 (brs, 1H, H2 m-methoxybenzyl), 6.84 (t, 1H,J ) 7.5, H5

Trp), 6.87 (dd, 1H,J ) 8.0, J ) 2.1, H4 m-methoxybenzyl), 6.94
(t, 1H, J ) 7.3, H5 indole), 7.02 (t, 1H, H6 Trp), 7.02 (s, 1H, H2
indole), 7.05 (t, 1H,J ) 7.8, H6 indole), 7.08 (d, 1H,J ) 2.1, H2

Trp), 7.13 (d, 1H,J ) 8.1, H4 Trp), 7.17 (t, 1H,J ) 8.1, H5

m-methoxybenzyl), 7.30 (d, 1H, H7 Trp), 7.32 (d, 1H,J ) 8, H7

indole), 7.42 (d, 1H,J ) 7.6, H4 indole), 7.98 (brs, 3H, NH2 Aib,
TFA salt), 8.93 (d, 1H,J ) 8.2, NH amide), 10.71 (s, 1H, NH
indole), 10.77 (s, 1H, NH indole Trp).13C NMR (100 MHz,DMSO-
d6) δ 23.1 (CH3 Aib), 23.3 (CH3 Aib), 23.9 (CH2-CH2-CH2-
indole), 24.3 (CH2-CH2-CH2-indole), 27.4 (CH2-CH2-CH2

indole), 28.8 (CâTrp), 45.2 (CH2- m-methoxybenzyl), 45.4 (C
RTrp), 55.1 (m-OCH3), 56.3 (Cq Aib), 109.5 (C3 Trp), 111.3 (C7

Trp, C7 indole), 111.8 (C2 m-methoxybenzyl), 113.0 (C4 m-
methoxybenzyl), 113.8 (C3 indole), 117.8 (C6 m-methoxybenzyl),
117.9 (C4 Trp), 118.1 (C5 indole), 118.2 (C5 Trp, C4 indole), 120.8
(C6 Trp), 120.9 (C6 indole), 122.2 (C2 indole), 124.3 (C2 Trp), 126.8
(C9 Trp), 127.0 (C9 indole), 130.0 (C5 m-methoxybenzyl), 136.0
(C8 Trp), 136.2 (C8 indole), 137.4 (C1 m-methoxybenzyl), 154.3
(Cq triazole), 154.6 (Cq triazole), 159.7 (C3 m-methoxybenzyl),
171.4 (CO amide).

(R)-N-(1-(4-(3-Methoxybenzyl)-5-phenethyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (18c).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.24 (s, 3H, CH3 Aib), 1.27 (s, 3H, CH3 Aib), 2.82 (m,
4H, CH2-CH2-phenyl), 3.32 (m, 2H, CH2 âTrp), 3.63 (s, 3H,
OCH3), 5.08 (m, 2H, CH2-m-methoxybenzyl), 5.18 (m, 1H, CH
RTrp), 6.35 (d, 1H,Jo ) 8 Hz, H6 m-methoxybenzyl), 6.57 (s, 1H,
H2 m-methoxybenzyl), 6.82 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.84 (d,
1H, Jo ) 8 Hz, H4 m-methoxybenzyl), 6.99 (t, 1H,Jo ) 8 Hz, H6

Trp), 7.08 (m, 1H, H4 phenyl), 7.11-7,16 (m, 5H, H2 and H4 Trp,
H2 and H6 phenyl, H5 m-methoxybenzyl), 7.20 (m, 2H, H3 and H5

phenyl), 7.27 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.01 (brs, 3H, NH2 Aib,
TFA salt), 8.96 (d, 1H,J ) 8 Hz, NH amide), 10.81 (d, 1H,J )
2 Hz, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.4 (CH2-CH2-phenyl),
29.1 (CH2 âTrp), 32.7 (CH2-CH2-phenyl), 45.7 (CHRTrp), 45.8
(CH2-m-methoxybenzyl), 55.5 (OCH3), 56.7 (Cq Aib), 109.8 (C3
Trp), 111.8 (C7 Trp), 112.5 (C2 m-methoxybenzyl), 113.5 (C4
m-methoxybenzyl), 118.2 (C4 Trp), 118.4 (C6 m-methoxybenzyl),
118.7 (C5 Trp), 121.3 (C6 Trp), 124.8 (C2 Trp), 126.5 (C4 phenyl),
127.3 (C9 Trp), 128.7 (C2, C3, C5, and C6 phenyl), 130.5 (C5
m-methoxybenzyl), 136.4 (C8 Trp), 137.7 (C1 m-methoxybenzyl),
140.9 (C1 phenyl), 154.6 (Cq triazole), 154.9 (Cq triazole), 160.1
(C3 m-methoxybenzyl), 171.9 (CO amide).

(R)-N-(1-(4-(3-Methoxybenzyl)-5-benzyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (18d).1H NMR (400 MHz, DMSO-d6) δ 1.25
(s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib), 3.24 (dd, 1H,J ) 14.3,
J ) 5.8, CH2 âTrp), 3.38 (dd, 1H,J ) 14.3,J ) 9.1, CH2 âTrp),

3.61 (s, 3H,m-OCH3), 4.04 (m, 2H, CH2 benzyl), 5.07 (d, 1H,J )
17.4, CH2 m-methoxybenzyl), 5.13 (d, 1H,J ) 17.4, CH2

m-methoxybenzyl), 5.14 (m, 1H, CHRTrp), 6.32 (d, 1H,J ) 7.8,
H6 m-methoxybenzyl), 6.40 (m, 1H, H2 m-methoxybenzyl), 6.82
(t, 1H, H5 Trp), 6.83 (d, 1H,J ) 7.8, H4 m-methoxybenzyl), 7.01
(t, 1H, J ) 8.2, H6 Trp), 7.04 (d, 1H,J ) 8.2, H4 Trp), 7.06 (d,
1H, J ) 2.0, H2 Trp), 7.12 (m, 2H, H2, H6 benzyl), 7.13 (t, 1H,J
) 7.9, H5 m-methoxybenzyl), 7.20 (m, 1H, H4 benzyl), 7.24 (m,
2H, H3, H5 benzyl), 7.29 (d, 1H,J ) 8.2, H7 Trp), 7.99 (brs, 3H,
NH2 Aib, TFA salt), 8.92 (d, 1H,J ) 8.2, NH amide), 10.77 (s,
1H, NH indole Trp).13C NMR (100 MHz, DMSO-d6) δ 23.0 (CH3

Aib), 23.3 (CH3 Aib), 28.6 (Câ Trp), 30.1 (CH2 benzyl), 45.2 (CR
Trp), 45.6 (CH2- m-methoxybenzyl), 54.9 (m-OCH3), 56.2 (Cq
Aib), 109.4 (C3 Trp), 111.2 (C7 Trp), 111.7 (C2 m-methoxybenzyl),
113.1 (C4 m-methoxybenzyl), 117.9 (C4 Trp, C6 m-methoxybenzyl),
118.2 (C5 Trp), 120.8 (C6 Trp), 124.3 (C2 Trp), 126.6 (C4 benzyl),
126.8 (C9 Trp), 128.3 (C3, C5 benzyl), 128.4 (C2, C6 benzyl), 129.9
(C5 m-methoxybenzyl), 135.9 (C1 benzyl, C8 Trp), 137.0 (C1

m-methoxybenzyl), 153.5 (Cq triazole), 154.8 (Cq triazole), 159.5
(C3 m-methoxybenzyl), 171.3 (CO amide).

(R)-N-(1-(5-((1H-Indol-3-yl)methyl)-4-(4-methoxybenzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (19a). 1H NMR (300 MHz,
DMSO-d6) δ (ppm) 1.22 (s, 3H, CH3 Aib), 1.25 (s, 3H, CH3 Aib),
3.22 (dd, 1H,J ) 14 and 6 Hz, CH2 âTrp), 3.34 (dd, 1H,J ) 14
and 9 Hz, CH2 âTrp), 3.68 (s, 3H, OCH3), 4.11 (m, 2H, CH2-
indole), 5.09 (m, 3H, CHRTrp and CH2-p-methoxybenzyl), 6.70
(s, 4H, CHarp-methoxybenzyl), 6.78 (m, 2H, H5 indole and H5

Trp), 6.93 (m, 2H, H6 indole and H6 Trp), 7.01-7,06 (m, 3H, H2

indole, H2 and H4 Trp), 7.31 (m, 3H, H4 and H7 indole, H7 Trp),
7.98 (brs, 3H, NH2 Aib, TFA salt), 8.92 (d, 1H,J ) 8 Hz, NH
amide), 10.77 (s, 1H, NH indole), 10.89 (s, 1H, NH indole Trp).
13C NMR (75 MHz, DMSO-d6) δ (ppm) 21.7 (CH2-indole), 23.5
(CH3 Aib), 23.7 (CH3 Aib), 28.9 (C âTrp), 45.6 (CRTrp), 45.8
(CH2-p-methoxybenzyl), 55.5 (OCH3), 56.7 (Cq Aib), 108.1 (C3
indole), 109.7 (C3 Trp), 111.7 (C7 Trp), 111.9 (C7 indole), 114.5
(C3 and C5 p-methoxybenzyl), 118.3 (C4 Trp), 118.7 (C4 indole),
118.8 (C5 indole), 118.9 (C5 Trp), 121.3 (C6 indole), 121.6 (C6
Trp), 124.2 (C2 indole), 125.3 (C2 Trp), 127.1 (C9 indole), 127.2
(C9 Trp), 127.6 (C1 p-methoxybenzyl), 127.8 (C2 and C6 p-
methoxybenzyl), 136.4 (C8 Trp), 136.7 (C8 indole), 154.2 (Cq
triazole), 155.2 (Cq triazole), 159.2 (C4 p-methoxybenzyl), 171.9
(CO amide).

(R)-N-(1-(4-(4-Methoxybenzyl)-5-phenethyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (19b).1H NMR (300 MHz, DMSO-d6) δ (ppm)
1.28 (s, 3H, CH3 Aib), 1.32 (s, 3H, CH3 Aib), 2.46 (m, 2H, CH2-
CH2-phenyl), 2.82 (m, 2H, CH2-CH2-phenyl), 3.35 (d, 2H,J )
7 Hz, CH2 âTrp), 3.68 (s, 3H, OCH3), 5.02 (s, 2H, CH2-p-
methoxybenzyl), 5.22 (m, 1H, CHRTrp), 6.73-6.81 (s, 4H, CHar
p-methoxybenzyl), 6.84 (t, 1H,Jo ) 7 Hz, H5 Trp), 7.00 (t, 1H,Jo

) 7 Hz, H6 Trp), 7.05-7.11 (m, 4H, H2 and H6 phenyl, H2 and H4

Trp), 7.14-7.22 (m, 3H, H3, H4 and H5 phenyl), 7.29 (d, 1H,Jo )
8 Hz, H7 Trp), 8.09 (brs, 3H, NH2 Aib, TFA salt), 8.99 (d, 1H,J
) 8 Hz, NH amide), 10.83 (s, 1H, NH indole Trp).13C NMR (75
MHz, DMSO-d6) δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.5
(CH2-CH2-phenyl), 29.1 (CâTrp), 32.6 (CH2-CH2-phenyl),
45.5 (CH2-p-methoxybenzyl), 45.7 (CRTrp), 55.5 (OCH3), 56.8
(Cq Aib), 109.7 (C3 Trp), 111.8 (C7 Trp), 114.6 (C3 and C5

p-methoxybenzyl), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp),
124.9 (C2 Trp), 126.6 (C4 phenyl), 127.3 (C9 Trp), 127.6 (C1

p-methoxybenzyl), 128.0 (C2 and C6 p-methoxybenzyl), 128.7 (C2,
C3, C5, and C6 phenyl), 136.4 (C8 Trp), 140.8 (C1 phenyl), 154.5
(Cq triazole), 154.8 (Cq triazole), 159.2 (C4 p-methoxybenzyl),
172.0 (CO amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(4-methoxybenzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (19c). 1H NMR (400 MHz,
DMSO-d6) δ 1.30 (s, 3H, CH3 Aib), 1.33 (s, 3H, CH3 Aib), 2.91
(m, 2H, CH2-CH2-indole), 2.97 (m, 2H, CH2-CH2-indole), 3.37
(d, 2H, CH2 âTrp), 3.71 (s, 3H, OCH3), 5.02 (s, 2H, CH2-p-
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methoxybenzyl), 5.23 (m, 1H, CHRTrp), 6.78 (s, 4H, CHar
p-methoxybenzyl), 6.87 (t, 1H,J ) 8 Hz, H5 Trp), 6.93 (t, 1H,J
) 8 Hz, H5 indole), 7.03 (t, 1H, H6 Trp), 7.05 (t, 1H, H6 indole),
7.07 (s, 1H, H2 indole), 7.09 (s, 1H, H2 Trp), 7.21 (d, 1H,J ) 8
Hz, H4 Trp), 7.32 (3H, H4, H7 indole, H7 Trp), 8.02 (brs, 3H, NH2
Aib, TFA salt), 8.97 (d, 1H,J ) 8 Hz, NH amide), 10.77 (s, 1H,
NH indole), 10.80 (s, 1H, NH indole Trp).13C NMR (100 MHz,
DMSO-d6) δ 22.4 (CH2-CH2 indole), 23.1 (CH3 Aib), 23.4 (CH3

Aib), 25.5 (CH2-CH2 indole), 28.9 (C âTrp), 44.9 (CH2 p-
methoxybenzyl), 45.3 (CRTrp), 55.0 (OCH3), 56.3 (Cq Aib), 109.5
(C3 Trp), 111.3 (C7 Trp, C7 indole), 113.0 (C3 indole), 114.1 (C3,
C5 p-methoxybenzyl), 117.9 (C4 Trp), 118.0 (C4 indole), 118.2 (C5
indole), 118.3 (C5 Trp), 120.9 (C6 indole, C6 Trp), 122.0 (C2 indole),
124.4 (C2 Trp), 126.7 (C9 indole), 126.9 (C9 Trp), 127.3 (C2, C6

p-methoxybenzyl), 127.4 (C1 p-methoxybenzyl), 135.9 (C8 Trp),
136.1 (C8 indole), 154.2 (Cq triazole), 154.5 (Cq triazole), 158.4
C4 p-methoxybenzyl), 171.4 (CO amide).

(R)-N-(1-(4-(4-Methoxybenzyl)-5-(3-phenylpropyl)-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (19d).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.27 (s, 3H, CH3 Aib), 1.31 (s, 3H, CH3 Aib),
1.73 (m, 2H, CH2-CH2-CH2-phenyl), 2.47 (m, 2H, CH2-CH2-
CH2-phenyl), 2.52 (t, 2H,3J ) 7 Hz, CH2-CH2-CH2-phenyl),
3.35 (d, 2H,J ) 7 Hz, CH2 âTrp), 3.68 (s, 3H, OCH3), 4.98 (s,
2H, CH2-p-methoxybenzyl), 5.20 (m, 1H, CHRTrp), 6.75 (s, 4H,
CHarp-methoxybenzyl), 6.82 (t, 1H,Jo ) 7 Hz, H5 Trp), 6.99 (t,
1H, Jo ) 7 Hz, H6 Trp), 7.04-7.07 (m, 4H, H2 and H6 phenyl, H2

and H4 Trp), 7.13-7.24 (m, 3H, H3, H4, and H5 phenyl), 7.29 (d,
1H, Jo ) 8 Hz, H7 Trp), 8.03 (brs, 3H, NH2 Aib, TFA salt), 8.96
(d, 1H,J ) 8 Hz, NH amide), 10.80 (d, 1H,J ) 2 Hz, NH indole
Trp). 13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.6 (CH3

Aib), 23.6 (CH3 Aib), 24.06 (CH2-CH2-CH2-phenyl), 28.5
(CH2-CH2-CH2-phenyl), 29.2 (CH2 âTrp), 34.7 (CH2-CH2-
CH2-phenyl), 45.5 (CH2-p-methoxybenzyl), 45.8 (CHRTrp), 55.5
(OCH3), 56.8 (Cq Aib), 109.8 (C3 Trp), 111.8 (C7 Trp), 114.6 (C3

and C5 p-methoxybenzyl), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.3
(C6 Trp), 124.9 (C2 Trp), 126.2 (C4 phenyl), 127.3 (C9 Trp), 127.8
(C1 p-methoxybenzyl), 127.9 (C2 and C6 p-methoxybenzyl), 128.7
(C2, C3, C5, and C6 phenyl), 136.4 (C8 Trp), 141.7 (C1 phenyl),
154.8 (2Cq triazole), 159.2 (C4 p-methoxybenzyl), 171.9 (CO
amide).

(R)-N-(1-(4-(4-Methoxybenzyl)-5-benzyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (19e).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.24 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 3.26 (dd,
1H, 3J ) 14 and 6 Hz, CH2 âTrp), 3.31 (dd, 1H,3J ) 14 and 9 Hz,
CH2 âTrp), 3.67 (s, 3H, OCH3), 3.99 (s, 2H, CH2 benzyl), 4.99 (s,
2H, CH2-p-methoxybenzyl), 5.12 (m, 1H, CHRTrp), 6.67 (s, 4H,
CHarp-methoxybenzyl), 6.80 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.98 (t,
1H, Jo ) 8 Hz, H6 Trp), 7.02-7.06 (m, 4H, H2 and H6 benzyl, H2

and H4 Trp), 7.12-7.25 (m, 3H, H3, H4, and H5 benzyl), 7.26 (d,
1H, Jo ) 8 Hz, H7 Trp), 8.01 (brs, 3H, NH2 Aib, TFA salt), 8.92
(d, 1H, J ) 8 Hz, NH amide), 10.77 (s, 1H, NH indole Trp).13C
NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5 (CH3 Aib), 23.7
(CH3 Aib), 29.1 (CH2 âTrp), 30.6 (CH2-benzyl), 45.7 (CH2-
p-methoxybenzyl), 45.7 (CHRTrp), 55.5 (OCH3), 56.7 (Cq Aib),
109.8 (C3 Trp), 111.7 (C7 Trp), 114.5 (C3 and C5 p-methoxybenzyl),
118.3 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp), 124.8 (C2 Trp),
127.1 (C2 and C6 benzyl), 127.3 (C9 Trp), 127.6 (C1 p-methoxy-
benzyl), 127.8 (C2 and C6 p-methoxybenzyl), 128.8 (C3, C4, and
C5 benzyl), 136.3 (C1 benzyl), 136.4 (C8 Trp), 153.8 (Cq triazole),
155.2 (Cq triazole), 159.1 (C4 p-methoxybenzyl), 171.9 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-(4-methoxybenzyl)-
4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (19f).1H NMR (300 MHz,
DMSO-d6, 300 K) δ (ppm) 1.27 (s, 3H, CH3 Aib), 1.30 (s, 3H,
CH3 Aib), 1.84 (m, 2H, CH2CH2CH2-indole), 2.58 (m, 2H, CH2-
CH2CH2-indole), 2.65 (m, 2H, CH2CH2CH2-indole), 3.34 (d, 2H,
3J ) 7 Hz, CH2 âTrp), 3.67 (s, 3H, OCH3), 4.96 (s, 2H, CH2-p-
methoxybenzyl), 5.19 (m, 1H, CHRTrp), 6.71 (s, 4H, CH ar
p-methoxybenzyl), 6.89 (t, 1H,Jo )7 Hz, H5 Trp), 6.92 (t, 1H,Jo

)7 Hz, H5 indole), 6.96 (m, 2H, H6 indole, H6 Trp), 7.02 (s, 1H,
H2 indole), 7.05 (s, 1H, H2 Trp), 7.14 (d, 1H,Jo ) 8 Hz, H4 Trp),
7.33 (m, 3H, H4 indole, H7 Trp, H7 indole), 7.90 (d, 1H,J ) 8 Hz,
NH amide), 8.02 (brs, 3H, NH2 Aib, TFA salt), 10.73 (s, 1H, NH
indole), 10.79 (s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-
d6, 300 K) δ (ppm) 23.6 (CH3 Aib), 23.8 (CH3 Aib), 24.3 (CH2-
CH2CH2-indole), 24.8 (CH2CH2CH2-indole), 27.7 (CH2CH2CH2-
indole), 29.1 (CâTrp), 45.5 (CH2-p-methoxybenzyl), 45.8 (C
RTrp), 55.5 (OCH3), 56.8 (Cq Aib), 109.8 (C3 Trp), 111.7 (C7 Trp,
C7 indole), 114.0 (C3 indole), 114.5 (C3, C5 p-methoxybenzyl),
118.3 (C4 indole, C4 Trp), 118.5 (C5 indole), 118.8 (C5 Trp), 121.3
(C6 indole, C6 Trp), 127.3 (C9 indole), 127.4 (C9 Trp), 127.6 (C1

p-methoxybenzyl), 127.9 (C2, C6 p-methoxybenzyl, C2 Trp, C2

indole), 136.1 (C8 indole), 136.4 (C8 Trp), 154.7 (Cq triazole), 155.1
(Cq triazole), 159.2 (C4 p-methoxybenzyl), 171.9 (CO amide).

(R)-N-(1-(4-(2-Methoxybenzyl)-5-benzyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (20a).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.24 (s, 3H, CH3 Aib), 1.27 (s, 3H, CH3 Aib), 3.20 (dd,
1H, J ) 14 and 5 Hz, CH2 âTrp), 3.33 (dd, 1H,J ) 14 and 9 Hz,
CH2 âTrp), 3.68 (s, 3H, OCH3), 4.00 (s, 2H, CH2-phenyl), 4.95
(d, 1H, J ) 17 Hz, CH2-o-methoxybenzyl), 5.07 (m, 1H, CH
RTrp), 5.18 (d, 1H,J ) 17 Hz, CH2-o-methoxybenzyl), 6.27 (d,
1H, Jo ) 8 Hz, H3 o-methoxybenzyl), 6.67 (t, 1H,Jo ) 7 Hz, H5

Trp), 6.77 (t, 1H,Jo ) 6 Hz, H6 Trp), 6.92-7.05 (m, 6H, H2 Trp,
H2 and H6 phenyl, H4, H5, and H6 o-methoxybenzyl), 7.14-7.26
(m, 5H, H4 and H7 Trp, H3, H4, and H5 phenyl), 8.03 (brs, 3H,
NH2 Aib, TFA salt), 8.91 (d, 1H,J ) 8 Hz, NH amide), 10.78 (s,
1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 23.5 (CH3 Aib), 23.6 (CH3 Aib), 29.1 (CâTrp), 30.5 (CH2-
phenyl), 42.1 (CH2-o-methoxybenzyl), 45.7 (CHR Trp), 55.9
(OCH3), 56.7 (Cq Aib), 109.8 (C3 Trp), 111.3 (C3 o-methoxyben-
zyl), 111.7 (C7 Trp), 118.2 (C4 Trp), 118.7 (C5 Trp), 120.9 (C5

o-methoxybenzyl), 121.2 (C6 Trp), 123.3 (C1 o-methoxybenzyl),
124.8 (C2 Trp), 126.6 (C4 phenyl), 127.1 (C4 o-methoxybenzyl),
127.2 (C9 Trp), 128.8 (C2, C3, C5 and C6 phenyl), 129.5 (C6
o-methoxybenzyl), 136.0 (C1 phenyl), 136.4 (C8 Trp), 154.0 (Cq
triazole), 155.6 (Cq triazole), 156.5 (C2 o-methoxybenzyl), 171.8
(CO amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(2-methoxy)benzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (20b). 1H NMR (300 MHz,
DMSO-d6, 300 K) δ (ppm) 1.27 (s, 3H, CH3 Aib), 1.29 (s, 3H,
CH3 Aib), 2.90 (m, 2H, CH2-CH2-indole), 2.96 (m, 2H, CH2-
CH2-indole), 3.29 (m, 2H, CH2 âTrp), 3.65 (s, 3H, OCH3), 5.09
(m, 3H, CH2-o-methoxybenzyl and CHRTrp), 6.49 (d, 1H,Jo )
8 Hz, H3 o-methoxybenzyl), 6.76 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.81
(t, 1H, Jo ) 8 Hz, H5 indole), 6.89 (t, 1H,Jo ) 7 Hz, H6 Trp), 6.96
(t, 1H, Jo ) 8 Hz, H6 indole), 6.98 (s, 1H, H2 indole), 7.02 (m, 3H,
H4, H5, and H6 o-methoxybenzyl), 7.07 (d, 1H,Jo ) 6 Hz, H4 Trp),
7.18 (d, 1H, H4 indole), 7.29 (m, 2H, H7 indole and H7 Trp), 8.07
(brs, 3H, NH2 Aib, TFA salt), 8.97 (d, 1H,J ) 8 Hz, NH amide),
10.80 (s, 1H, NH indole), 10.82 (s, 1H, NH indole Trp).13C NMR
(75 MHz, DMSO-d6, 300 K) δ (ppm) 22.8 (CH2-CH2-indole),
23.6 (CH3 Aib), 23.7 (CH3 Aib), 25.8 (CH2-CH2-indole), 29.1
(C âTrp), 42.3 (CH2-o-methoxybenzyl), 45.7 (CRTrp), 55.8
(OCH3), 56.7 (Cq Aib), 109.8 (C3 Trp), 111.5 (C3 o-methoxyben-
zyl), 111.8 (C7 indole and C7 Trp), 113.2 (C3 indole), 118.2 (C4
Trp), 118.4 (C4 indole), 118.7 (C5 indole and C5 Trp), 121.0 (C6

indole), 121.3 (C6 Trp), 121.4 (C5 o-methoxybenzyl), 123.0 (C2
indole and C2 Trp), 123.3 (C1 o-methoxybenzyl), 127.0 (C4
o-methoxybenzyl), 127.1 (C9 indole), 127.3 (C9 Trp), 129.8 (C6

o-methoxybenzyl), 136.4 (C8 indole), 136.6 (C8 Trp), 155.2 (2Cq
triazole), 156.6 (C2 o-methoxybenzyl), 171.9 (CO amide).

(R)-N-(1-(4-(2-Methoxybenzyl)-5-phenethyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (20c).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.26 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib), 2.78-2.92
(m, 4H, CH2-CH2-phenyl), 3.29 (m, 2H, CH2 âTrp), 3.65 (s, 3H,
OCH3), 4.97-5.21 (m, 3H, CHRTrp and CH2-o-methoxybenzyl),
6.52 (d, 1H,Jo ) 7 Hz, H3 o-methoxybenzyl), 6.78 (t, 1H,Jo ) 7
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Hz, H5 Trp), 6.82 (t, 1H,Jo ) 8 Hz, H6 Trp), 6.84-7.04 (m, 3H,
H2 and H6 phenyl, H2 Trp), 7.04-7.10 (m, 3H, H4, H5, and H6

o-methoxybenzyl), 7.15 (d, 1H,Jo ) 7 Hz, H4 Trp), 7.19-7.29
(m, 4H, H3, H4 and H5 phenyl, H7 Trp), 8.03 (brs, 3H, NH2 Aib,
TFA salt), 8.94 (d, 1H,J ) 8 Hz, NH amide), 10.82 (s, 1H, NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.6
(CH3 Aib), 23.7 (CH3 Aib), 26.3 (CH2-CH2-phenyl), 29.0 (C
âTrp), 32.5 (CH2-CH2-phenyl), 42.3 (CH2-o-methoxybenzyl),
45.7 (CRTrp), 55.8 (OCH3), 56.7 (Cq Aib), 109.7 (C3 Trp), 111.5
(C7 Trp), 111.8 (C3 o-methoxybenzyl), 118.2 (C4 Trp), 118.7 (C5

Trp), 121.0 (C6 Trp), 121.3 (C5 o-methoxybenzyl), 123.2 (C1
o-methoxybenzyl), 124.9 (C2 Trp), 126.6 (C4 phenyl), 127.2 (C9
Trp and C4 o-methoxybenzyl), 128.7 (C2, C3, C5 and C6 phenyl),
129.9 (C6 o-methoxybenzyl), 136.4 (C8 Trp), 140.6 (C1 phenyl),
154.8 (Cq triazole), 155.2 (Cq triazole), 156.7 (C2 o-methoxyben-
zyl), 171.9 (CO amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-benzyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (21a).1H NMR (400 MHz, DMSO-d6) δ 1.29
(s, 3H, CH3 Aib), 1.30 (s, 3H, CH3 Aib), 2.88 (m, 2H, CH2-CH2-
indole), 2.97 (m, 2H, CH2-CH2-indole), 3.37 (m, 2H, CH2 âTrp),
5.11 (s, 2H, CH2-benzyl), 5.21 (m, 1H, CHRTrp), 6.86 (t, 1H,J
) 7 Hz, H5 Trp), 6.88 (2H, H2, H6 benzyl), 6.92 (t, 1H,J ) 8 Hz,
H5 indole), 7.03 (t, 1H,J ) 8 Hz, H6 Trp), 7.05 (2H, H6 indole, H2

indole), 7.09 (d, 1H,J ) 2 Hz, H2 Trp), 7.17 (d, 1H,J ) 8 Hz, H4

Trp), 7.26 (2H, H3, H5 benzyl), 7.27 (1H, H4 benzyl), 7.30 (1H, H4
indole), 7.32 (2H, H7 Trp, H7 indole), 8.03 (brs, 3H, NH2 Aib, TFA
salt), 8.95 (d, 1H,J ) 8 Hz, NH amide), 10.77 (s, 1H, NH indole),
10.81 (s, 1H, NH indole Trp).13C NMR (100 MHz, DMSO-d6) δ
22.4 (CH2-CH2 indole), 23.1 (CH3 Aib), 23.3 (CH3 Aib), 25.4
(CH2-CH2 indole), 28.7 (CâTrp), 45.3 (CRTrp, CH2-benzyl),
56.3 (Cq Aib), 109.5 (C3 Trp), 111.3 (C7 Trp, C7 indole), 113.0
(C3 indole), 117.8 (C4 Trp), 118.0 (C4 indole), 118.2 (C5 indole),
118.3 (C5 Trp), 120.9 (C6 Trp, C6 indole), 122.4 (C2 indole), 124.3
(C2 Trp), 125.9 (C4 benzyl), 126.7 (C9 indole), 126.9 (C9 Trp), 127.6
(C2, C6 benzyl), 128.8 (C3, C5 benzyl), 135.7 (C1 benzyl), 136.0
(C8 Trp), 136.1 (C8 indole), 154.3 (Cq triazole), 154.5 (Cq triazole),
171.4 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-benzyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (21b).1H NMR (400 MHz, DMSO-
d6) δ 1.29 (s, 3H, CH3 Aib), 1.31 (s, 3H, CH3 Aib), 1.90 (m, 2H,
CH2-CH2-CH2-indole), 2.61 (m, 2H,CH2-CH2-CH2-indole),
2.69 (m, 2H, CH2-CH2-CH2-indole), 3.37 (m, 2H, CH2 âTrp),
5.09 (s, 2H, CH2 Bzl), 5.20 (m, 1H, CHRTrp), 6.85 (m, 3H, H2,
H6 Bzl, H5 Trp), 6.94 (t, 1H,J ) 7.5, H5 indole), 7.01 (s, 1H, H2
indole), 7.02 (t, 1H,J ) 7.8, H6 Trp), 7.05 (t, 1H,J ) 8, H6 indole),
7.08 (d, 1H,J ) 2.0, H2 Trp), 7.14 (d, 1H,J ) 8.0, H4 Trp), 7.25
(m, 3H, H3, H4, H5 benzyl), 7.31 (d, 1H,J ) 8.0, H7 Trp), 7.32 (d,
1H, J ) 8.0, H7 indole), 7.42 (d, 1H,J ) 7.8, H4 indole), 8.03
(brs, 3H, NH2 Aib, TFA salt), 8.95 (d, 1H,J ) 8.1, NH Trp), 10.73
(s, 1H, NH indole), 10.80 (d, 1H,J ) 2.0, NH indole Trp).13C
NMR (100 MHz, DMSO-d6) δ 23.1 (CH3 Aib), 23.3 (CH3 Aib),
23.8 (CH2-CH2-CH2-indole), 24.1 (CH2-CH2-CH2-indole),
27.2 (CH2-CH2-CH2-indole), 28.7 (CâTrp), 45.4 (CRTrp), 45.5
(CH2 benzyl), 56.3 (Cq Aib), 109.4 (C3 Trp), 111.3 (C7 Trp, C7

indole), 113.6 (C3 indole), 117.8 (C4 Trp), 118.0 (C5 indole), 118.2
(C4 indole), 118.3 (C5 Trp), 120.8 (C6 indole, C6 Trp), 122.2 (C2

indole), 124.3 (C2 Trp), 125.9 (C4 benzyl), 126.8 (C9 Trp), 127.0
(C9 indole), 127.7 (C2, C6 benzyl), 128.7 (C3, C5 benzyl), 135.5
(C1 benzyl), 136.0 (C8 Trp), 136.2 (C8 indole), 154.3 (Cq triazole),
154.7 (Cq triazole), 171.4 (CO amide).

2-Amino-N-((R)-1-(4,5-dibenzyl-4H-1,2,4-triazol-3-yl)-2-(1H-
indol-3-yl)ethyl)-2-methylpropanamide Trifluoroacetate Salt
(21c). 1H NMR (300 MHz, DMSO-d6, 300 K) δ (ppm) 1.23 (s,
3H, CH3 Aib), 1.26 (s, 3H, CH3 Aib), 3.23 (dd, 1H,J ) 14 and 6
Hz, CH2 âTrp), 3.35 (dd, 1H,J ) 14 and 9 Hz, CH2 âTrp), 3.99
(s, 2H, C-CH2-phenyl), 5.10 (m, 3H, N-CH2-phenyl and CH
RTrp), 6.77 (m, 3H, H5 Trp, H2 and H6 phenyl from N-CH2-
phenyl), 6.99 (m, 2H, H2 and H6 Trp), 7.01-7.07 (m, 3H, H4 Trp,
H2 and H6 from C-CH2-phenyl), 7.15-7.23 (m, 6H, H3, H4, and

H5 phenyl from N-CH2-phenyl and from C-CH2-phenyl), 7.25
(d, 1H, J ) 8 Hz, H7 Trp), 8.01 (brs, 3H, NH2 Aib, TFA salt),
8,91 (d, 1H,J ) 8 Hz, NH amide), 10.78 (s, 1H, NH indole Trp).
13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5 (CH3 Aib),
23.7 (CH3 Aib), 29.0 (C âTrp), 30.6 (C-CH2-phenyl), 45.7 (C
RTrp), 46.1 (N-CH2-phenyl), 56.7 (Cq Aib), 109.8 (C3 Trp), 111.7
(C7 Trp), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.2 (C6 Trp), 124.8
(C2 Trp), 126.3 (C4 phenyl from N-CH2-phenyl), 127.0 (C4 phenyl
from C-CH2-phenyl), 127.2 (C9 Trp), 128.0 (C2, C6 phenyl from
N-CH2-phenyl), 128.8 (C2, C3, C5, and C6 from C-CH2-phenyl),
128.9 (C3 and C5 phenyl from N-CH2-phenyl), 135.8 (C1 phenyl
from N-CH2-phenyl), 136.2 (C1 phenyl from C-CH2-phenyl),
136.4 (C8 Trp), 153.9 (Cq triazole), 155.3 (Cq triazole), 171.9 (CO
amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(4-bromobenzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (22a). 1H NMR (400 MHz,
DMSO-d6) δ 1.28 (s, 3H, CH3 Aib), 1.30 (s, 3H, CH3 Aib), 2.90
(m, 2H,CH2-CH2-indole), 3.00 (m, 2H, CH2-CH2-indole), 3.37
(m, 2H, CH2 âTrp), 5.10 (s, 2H, CH2 p-bromobenzyl), 5.13 (m,
1H, CH RTrp), 6.75 (d, 2H,J ) 8.1, H2, H6 p-bromobenzyl), 6.88
(t, 1H, J ) 7.3, H5 Trp), 6.93 (t, 1H,J ) 7.5, H5 indole), 7.03 (t,
1H, J ) 7.0, H6 Trp), 7.05 (m, 1H, H6 indole), 7.07 (d, 1H,J )
1.7, H2 indole), 7.09 (d, 1H,J ) 1.8, H2 Trp), 7.12 (d, 1H,J )
8.2, H4 Trp), 7.28 (d, 1H,J ) 7.9, H4 indole), 7.32 (d, 2H,J )
8.2, H7 Trp, H7 indole), 7.41 (d, 2H,J ) 8.1, H3, H5 p-
bromobenzyl), 8.01 (brs, 3H, NH2 Aib, TFA salt), 8.95 (d, 1H,J
) 7.9, NH amide), 10.77 (brs, 1H, NH indole), 10.80 (brs, 1H,
NH indole Trp).13C NMR (100 MHz, DMSO-d6) δ 22.4 (CH2-
CH2 indole), 23.1 (CH3 Aib), 23.4 (CH3 Aib), 25.4 (CH2-CH2

indole), 28.7 (CâTrp), 44.8 (CH2 p-bromobenzyl), 45.2 (CRTrp,),
56.3 (Cq Aib), 109.4 (C3 Trp), 111.3 (C7 Trp, C7 indole), 113.0
(C3 indole), 117.8 (C4 Trp), 118.0 (C4 indole), 118.2 (C5 indole),
118.3 (C5 Trp), 120.8 (C4 p-bromobenzyl), 120.9 (C6 Trp, C6

indole), 122.5 (C2 indole), 124.4 (C2 Trp), 126.7 (C9 indole), 126.8
(C9 Trp), 128.0 (C2, C6 p-bromobenzyl), 131.6 (C3, C5 p-
bromobenzyl), 135.1 (C1 p-bromobenzyl), 136.1 (C8 Trp, C8 indole),
154.2 (Cq triazole), 154.5 (Cq triazole), 171.4 (CO amide).

N-((R)-1-(4-(4-Bromobenzyl)-5-benzyl-4H-1,2,4-triazol-3-yl)-
2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Trifluo-
roacetate Salt (22c).1H NMR (300 MHz, DMSO-d6, 300 K) δ
(ppm)1.23 (s, 3H, CH3 Aib), 1.25 (s, 3H, CH3 Aib), 3.26 (dd, 1H,
3J ) 14 and 6 Hz, CH2 Trp), 3.34 (dd, 1H,3J ) 14 and 9 Hz, CH2
âTrp), 4.01 (m, 2H, CH2-benzyl), 5.01 (m, 1H, CHRTrp), 5.08
(s, 2H, CH2-p-bromobenzyl), 6.59 (d, 2H,Jo ) 8 Hz, H2 and H6

p-bromobenzyl), 6.81 (t, 1H,Jo ) 7 Hz, H5 Trp), 6.94 (s, 1H, H2
Trp), 6.98 (t, 1H,Jo ) 7 Hz, H6 Trp), 7.06 (m, 2H, H2 and H6

benzyl), 7.12 (d, 1H,Jo ) 7 Hz, H4 Trp), 7.16-7.20 (m, 3H, H3,
H4, and H5 benzyl), 7.26 (d, 1H,Jo ) 8 Hz, H7 Trp), 7.29 (d, 2H,
Jo ) 8 Hz, H3 and H5 p-bromobenzyl), 8.00 (brs, 3H, NH2 Aib,
TFA salt), 8.92 (d, 1H,J ) 8 Hz, NH amide), 10.78 (s, 1H, NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5
(CH3 Aib), 23.8 (CH3 Aib), 29.0 (C âTrp), 30.5 (CH2-benzyl),
45.6 (CH2- p-bromobenzyl), 45.7 (CRTrp), 56.7 (Cq Aib), 109.7
(C3 Trp), 111.8 (C7 Trp), 118.2 (C4 Trp), 118.7 (C5 Trp), 121.2
(C4 p-bromobenzyl), 121.3 (C6 Trp), 124.9 (C2 Trp), 127.0 (C2 and
C6 benzyl), 127.2 (C9 Trp), 128.4 (C2 and C6 p-bromobenzyl), 128.9
(C3, C4 and C5 benzyl), 131.9 (C3 and C5 p-bromobenzyl), 135.2
(C1 p-bromobenzyl), 136.2 (C8 Trp), 136.4 (C1 benzyl), 153.9 (Cq
triazole), 155.3 (Cq triazole), 171.9 (CO amide).

(R)-N-(1-(4-(4-Fluorobenzyl)-5-benzyl-4H-1,2,4-triazol-3-yl)-
2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Trifluo-
roacetate Salt (23b).1H NMR (300 MHz, DMSO-d6, 300 K) δ
(ppm) 1.27 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib), 3.33 (m, 2H,
CH2 âTrp), 4.02 (s, 2H, CH2-benzyl), 5.10 (m, 3H, CH2-p-
fluorobenzyl and CHRTrp), 6.71 (m, 2H, H3 and H5 p-fluoroben-
zyl), 6.80 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.90 (d, 2H,Jo ) 8 Hz, H2

and H6 p-fluorobenzyl), 6.94 (t, 1H,Jo ) 8 Hz, H6 Trp), 6.99-
7.10 (m, 4H, H2 and H4 Trp, H2 and H6 benzyl), 7.20 (m, 3H, H3,
H4 and H5 benzyl), 7.27 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.09 (brs, 3H,
NH2 Aib, TFA salt), 8.97 (d, 1H,J ) 8 Hz, NH amide), 10.79 (s,
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1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 29.0 (CâTrp), 31.1 (CH2-
benzyl), 45.7 (CH2- p-fluorobenzyl), 45.8 (CRTrp), 56.8 (Cq Aib),
109.6 (C3 Trp), 111.8 (C7 Trp), 115.6 and 115.9 (C3 and C5

p-fluorobenzyl), 118.2 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp),
124.8 (C2 Trp), 127.1 (C4 benzyl), 127.2 (C9 Trp), 128.8 and 128.9
(C2 and C6 p-fluorobenzyl), 129.4 (C2, C3, C5, and C6 benzyl), 131.6
(C1 p-fluorobenzyl), 135.9 (C1 benzyl), 136.4 (C8 Trp), 154.0 (C4

p-fluorobenzyl), 155.3 (2Cq triazole), 172.0 (CO amide).
N-((R)-1-(4-(4-Fluorobenzyl)-5-phenethyl-4H-1,2,4-triazol-3-

yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (23c).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.27 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 2.82 (m,
4H, CH2-CH2-phenyl), 3.34 (m, 2H, CH2 âTrp), 5.06 (s, 2H,
CH2-p-fluorobenzyl), 5.16 (m, 1H, CHRTrp), 6.85 (m, 3H, H5
Trp, H3 and H5 p-fluorobenzyl), 6.98-7.04 (m, 4H, H2 and H6 Trp,
H2 and H6 phenyl), 7.09-7.11 (m, 2H, H2 and H6 p-fluorobenzyl),
7.15 (d, 1H,Jo ) 6 Hz, H4 Trp), 7.19 (t, 3H,Jo ) 8 Hz, H3, H4

and H5 phenyl), 7.29 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.01 (brs, 3H,
NH2 Aib, TFA salt), 8.94 (d, 1H,J ) 8 Hz, NH amide), 10.78 (s,
1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.5 (CH2-CH2-phenyl),
29.2 (CâTrp), 32.7 (CH2-CH2-phenyl), 45.4 (CH2-p-fluoroben-
zyl), 45.7 (CRTrp), 56.8 (Cq Aib), 109.8 (C3 Trp), 111.8 (C7 Trp),
115.9 and 116.2 (C3 and C5 p-fluorobenzyl), 118.3 (C4 Trp), 118.7
(C5 Trp), 121.3 (C6 Trp), 124.8 (C2 Trp), 126.5 (C4 phenyl), 127.3
(C9 Trp), 128.5 (C2 and C6 p-fluorobenzyl), 128.7 (C2, C3, C5 and
C6 phenyl), 132.2 (C1 p-fluorobenzyl), 136.4 (C8 Trp), 140.9 (C1

phenyl), 154.5 (Cq triazole), 154.7 (Cq triazole), 160.3 (C4

p-fluorobenzyl), 171.9 (CO amide).
(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(3,4-dichlorobenzyl)-

4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (24a).1H NMR (300 MHz,
DMSO-d6, 300 K) δ (ppm) 1.26 (s, 6H, CH3 Aib), 2.87 (m, 2H,
CH2-CH2-indole), 2.96 (m, 2H, CH2-CH2-indole), 3.32 (m, 2H,
CH2 âTrp), 5.13 (m, 3H, CHRTrp and CH2-m,p-dichlorobenzyl),
6.58 (d, 1H,Jo ) 8 Hz, H6 m,p-dichlorobenzyl), 6.85 (t, 1H,Jo )
7 Hz, H5 Trp), 6.96 (t, 1H,Jo ) 7 Hz, H5 indole), 7.01 (m, 2H, H6
indole and H6 Trp), 7.04 (s, 1H, H2 Trp), 7.08 (s, 1H, H2 indole),
7.13 (d, 1H,Jo ) 8 Hz, H5 m,p-dichlorobenzyl), 7.20-7.30 (m,
4H, H4 and H7 indole, H7 Trp and H2 m,p-dichlorobenzyl), 7.36
(d, 1H, Jo ) 8 Hz, H4 Trp), 8.08 (brs, 3H, NH2 Aib, TFA salt),
8.98 (d, 1H,J ) 8 Hz, NH amide), 10.80 (s, 1H, NH indole), 10.82
(s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 22.8 (CH2-CH2-indole), 23.4 (CH3 Aib), 23.8 (CH3 Aib),
25.8 (CH2-CH2-indole), 29.0 (CâTrp), 44.8 (CH2-m,p-dichlo-
robenzyl), 45.6 (CRTrp), 56.8 (Cq Aib), 109.7 (C3 indole), 111.8
(C7 indole and C7 Trp), 113.3 (C3 Trp), 118.1 (C4 Trp), 118.4 (C5

indole), 118.6 (C4 indole and C5 Trp), 121.3 (C6 indole and C6
Trp), 123.0 (C2 indole and C2 Trp), 126.4 (C6 m,p-dichlorobenzyl),
127.1 (C9 Trp), 127.3 (C9 indole), 128.6 (C2 m,p-dichlorobenzyl),
130.9 (C4 m,p-dichlorobenzyl),131.3 (C5 m,p-dichlorobenzyl), 132.0
(C3 m,p-dichlorobenzyl), 136.4 (C8 Trp), 136.6 (C8 indole), 137.2
(C1 m,p-dichlorobenzyl), 154.7 (Cq triazole), 155.1 (Cq triazole),
172.0 (CO amide).

N-((R)-1-(4-(3,4-Dichlorobenzyl)-5-benzyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (24b).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.24 (s, 3H, CH3 Aib), 1.25 (s, 3H, CH3 Aib), 3.33 (m,
2H, CH2 âTrp), 4.04 (s, 2H, CH2-benzyl), 5.05 (m, 1H, CHRTrp),
5.12 (s, 2H, CH2-m,p-dichlorobenzyl), 6.49 (dd, 1H,Jo ) 8 Hz
andJm ) 2 Hz, H6 m,p-dichlorobenzyl), 6.80 (t, 1H,Jo ) 8 Hz, H5

Trp), 6.87 (d, 1H,Jm ) 2 Hz, H2 Trp), 6.98 (t, 1H,Jo ) 7 Hz, H6

Trp), 7.02-7.10 (m, 3H, H2 and H6 benzyl, H5 m,p-dichlorobenzyl),
7.18 (m, 4H, H3, H4 and H5 benzyl, H2 m,p-dichlorobenzyl), 7.26
(m, 2H, H4 and H7 Trp), 8.04 (brs, 3H, NH2 Aib, TFA salt), 8.94
(d, 1H, J ) 9 Hz, NH amide), 10.81 (s, 1H, NH indole Trp).13C
NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.4 (CH3 Aib), 23.8
(CH3 Aib), 29.0 (CâTrp), 30.4 (CH2-benzyl), 45.1 (CH2- m,p-
dichlorobenzyl), 45.6 (CRTrp), 56.7 (Cq Aib), 109.6 (C3 Trp),
111.8 (C7 Trp), 118.1 (C4 Trp), 118.6 (C5 Trp), 121.3 (C6 Trp),

124.9 (C2 Trp), 126.4 (C6 m,p-dichlorobenzyl and C4 benzyl), 127.0
(C2 m,p-dichlorobenzyl), 127.2 (C9 Trp), 128.4 (C2, C3, C5 and C6

benzyl), 130.7 (C4 and C5 m,p-dichlorobenzyl), 131.8 (C3 m,p-
dichlorobenzyl), 136.0 (C1 benzyl), 136.4 (C8 Trp), 136.7 (C1 m,p-
dichlorobenzyl), 154.1 (Cq triazole), 155.2 (Cq triazole), 172.0 (CO
amide).

N-((R)-1-(4-(3,4-Dichlorobenzyl)-5-phenethyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (24c).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.25 (s, 3H, CH3 Aib), 1.26 (s, 3H, CH3 Aib), 2.84 (m,
4H, CH2-CH2-phenyl), 3.34 (d, 2H,J ) 7 Hz, CH2 âTrp), 5.11
(m, 3H, CHRTrp and CH2-m,p-dichlorobenzyl), 6.63 (dd, 1H,Jo

) 8 Hz andJm ) 2 Hz, H6 m,p-dichlorobenzyl), 6.83 (t, 1H,Jo )
8 Hz, H5 Trp), 6.99 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.05 (d, 1H,J )
2 Hz, H2 Trp), 7.12 (m, 5H, CHar phenyl), 7.17 (d, 1H,Jo ) 8 Hz,
H4 Trp), 7.21 (s, 1H, H2 m,p-dichlorobenzyl), 7.27 (d, 1H,Jo ) 8
Hz, H5 m,p-dichlorobenzyl), 7.39 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.02
(brs, 3H, NH2 Aib, TFA salt), 8.94 (d, 1H,J ) 8 Hz, NH amide),
10.78 (s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300
K) δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.4 (CH2-CH2-
phenyl), 29.1 (CâTrp), 32.6 (CH2-CH2-phenyl), 44.7 (CH2-
m,p-dichlorobenzyl), 45.6 (CRTrp), 56.7 (Cq Aib), 109.7 (C3 Trp),
111.8 (C7 Trp), 118.1 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp),
124.9 (C2 Trp), 126.5 (C4 phenyl and C6 m,p-dichlorobenzyl), 127.2
(C9 Trp), 128.7 (C2, C3, C5, and C6 phenyl, C2 m,p-dichlorobenzyl),
130.9 (C4 m,p-dichlorobenzyl), 131.4 (C5 m,p-dichlorobenzyl),
132.0 (C3 m,p-dichlorobenzyl), 136.4 (C8 Trp), 137.2 (C1 m,p-
dichlorobenzyl), 140.8 (C1 phenyl), 154.5 (Cq triazole), 154.7 (Cq
triazole), 171.9 (CO amide).

N-((R)-1-(5-((1H-Indol-3-yl)methyl)-4-phenethyl-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (25b).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.27 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib),
2.39-2.53 (m, 4H, CH2-CH2-phenyl), 3.74 (m, 1H, CH2 âTrp),
3.92 (m, 1H, CH2 âTrp), 3.99 (s, 2H, CH2-indole), 5.21 (m, 1H,
CH RTrp), 6.74 (m, 2H, H5 indole and H5 Trp), 6.90 (t, 1H,Jo )
8 Hz, H6 Trp), 6.92 (t, 1H,Jo ) 8 Hz, H6 indole), 7.01-7.06 (m,
4H, H2 and H6 phenyl, H2 indole and H2 Trp), 7.16 (m, 3H, H3, H4

and H5 phenyl), 7.27 (d, 1H,Jo ) 8 Hz, H4 Trp), 7.32 (d, 1H,Jo

) 8 Hz, H7 Trp), 7.36 (d, 1H,Jo ) 8 Hz, H7 indole), 7.50 (d, 1H,
Jo ) 8 Hz, H4 indole), 7.99 (brs, 3H, NH2 Aib, TFA salt), 9.02 (s,
1H, J ) 8 Hz, NH amide), 10.79 (s, 1H, NH indole Trp), 10.94 (s,
1H, NH indole).13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm)
21.4 (CH2-indole), 23.5 (CH3 Aib), 23.8 (CH3 Aib), 29.5 (CâTrp),
35.8 (CH2-CH2-phenyl), 44.5 (CH2-CH2-phenyl), 45.8 (C
RTrp), 56.7 (Cq Aib), 108.5 (C3 indole), 109.9 (C3 Trp), 114.0 (C7

indole and C7 Trp), 118.4 (C4 Trp), 118.8 (C4 indole and C5 Trp),
119.0 (C5 indole), 121.4 (C6 Trp), 121.7 (C6 indole), 124.0 (C2
indole and C2 Trp), 127.1 (C4 phenyl), 127.7 (C9 indole and C9
Trp), 128.8 (C2 and C6 phenyl), 129.1 (C3 and C5 phenyl), 136.5
(C8 Trp), 136.6 (C8 indole), 137.5 (C1 phenyl), 153.6 (Cq triazole),
155.0 (Cq triazole), 171.8 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-phenethyl-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (25c).1H NMR (300 MHz, DMSO-
d6) δ (ppm) 1.32 (s, 3H, CH3 Aib), 1.37 (s, 3H, CH3 Aib), 1.86
(m, 2H, CH2-CH2-CH2-indole), 2.38 (m, 2H, CH2-CH2-CH2-
indole), 2.65 (m, 4H, CH2-CH2-CH2-indole and CH2-CH2-
phenyl), 3.38 (m, 2H, CH2-CH2-phenyl), 3.74 (m, 1H, CH2 âTrp),
3.92 (m, 1H, CH2 âTrp), 5.23 (m, 1H, CHRTrp), 6.78 (m, 2H, H5
indole and H5 Trp), 6.93 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.01 (m, 3H,
H6 indole, H2 and H6 phenyl), 7.05 (d, 1H,J ) 2 Hz, H2 Trp),
7.08 (d, 1H,J ) 2 Hz, H2 indole), 7.15 (m, 3H, H3, H4 and H5

phenyl), 7.29 (d, 1H,Jo ) 8 Hz, H4 Trp), 7.31 (d, 1H,Jo ) 8 Hz,
H7 Trp), 7.44 (d, 1H,Jo ) 8 Hz, H7 indole), 7.46 (d, 1H,Jo ) 8
Hz, H4 indole), 8.06 (brs, 3H, NH2 Aib, TFA salt), 9.05 (d, 1H, 8
Hz, NH amide), 10.76 (s, 1H, NH indole), 10.85 (d, 1H,J ) 2 Hz,
NH indole Trp).13C NMR (75 MHz, DMSO-d6) δ (ppm) 23.5 (CH3
Aib), 23.6 (CH2-CH2-CH2-indole), 23.9 (CH3 Aib), 24.5 (CH2-
CH2-CH2-indole), 27.3 (CH2-CH2-CH2-indole), 29.4 (CâTrp),
35.7 (CH2-CH2-phenyl), 44.5 (CH2-CH2-phenyl), 46.1 (C
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RTrp), 56.8 (Cq Aib), 109.6 (C3 Trp), 111.8 (C7 Trp), 111.9 (C7

indole), 113.9 (C3 indole), 118.3 (C4 Trp), 118.6 (C5 indole), 118.7
(C4 indole), 118.9 (C5 Trp), 121.3 (C6 Trp), 121.4 (C6 indole), 122.8
(C2 indole and C2 Trp), 127.1 (C4 phenyl), 127.3 (C9 Trp), 127.5
(C9 indole), 128.8 (C2 and C6 phenyl), 129.1 (C3 and C5 phenyl),
136.5 (C1 phenyl), 136.8 (C8 Trp), 137.2 (C8 indole), 154.7 (2Cq
triazole), 172.0 (CO amide).

N-((R)-2-(1H-Indol-3-yl)-1-(4,5-diphenethyl-4H-1,2,4-triazol-
3-yl)ethyl)-2-amino-2-methylpropanamide Trifluoroacetate Salt
(25e). 1H NMR (300 MHz, DMSO-d6, 300 K) δ (ppm) 1.32 (s,
3H, CH3 Aib), 1.37 (s, 3H, CH3 Aib), 2.59 (m, 4H, C-CH2-CH2-
phenyl), 2.83 (t, 2H,J ) 8 Hz, N-CH2-CH2-phenyl), 3.38 (m,
2H, N-CH2-CH2-phenyl), 3.84 (m, 1H, CH2 âTrp), 3.94 (m, 1H,
CH2 âTrp), 5.23 (m, 1H, CHRTrp), 6.84 (m, 2H, H4 phenyl from
C-CH2-CH2-phenyl and H4 phenyl from N-CH2-CH2-phenyl),
6.93 (t, 1H,Jo ) 8 Hz, H5 Trp), 7.00 (t, 1H,Jo ) 8 Hz, H6 Trp),
7.07 (d, 1H,J ) 2 Hz, H2 Trp), 7.11-7.27 (m, 9H, H2, H3, H5 and
H6 phenyl from C-CH2-CH2-phenyl, H2, H3, H5 and H6 phenyl
from N-CH2-CH2-phenyl and H4 Trp), 7.50 (d, 1H,Jo ) 8 Hz,
H7 Trp), 8.07 (brs, 3H, NH2 Aib, TFA salt), 9.04 (d, 1H,J ) 8
Hz, NH amide), 10.85 (s, 1H, NH indole Trp).13C NMR (75 MHz,
DMSO-d6, 300 K) δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib), 25.9
(C-CH2-CH2-phenyl), 29.5 (CâTrp), 32.4 (C-CH2-CH2-
phenyl), 35.8 (N-CH2-CH2-phenyl), 44.2 (N-CH2-CH2-phen-
yl), 45.9 (CRTrp), 56.8 (Cq Aib), 109.7 (C3 Trp), 111.9 (C7 Trp),
118.4 (C4 Trp), 118.9 (C5 Trp), 121.4 (C6 Trp), 124.8 (C2 Trp),
126.6 (C4 phenyl from C-CH2-CH2-phenyl), 127.2 (C4 phenyl
from N-CH2-CH2-phenyl), 127.4 (C9 Trp), 128.7 (C2 and C6

phenyl from C-CH2-CH2-phenyl, C2 and C6 phenyl from
N-CH2-CH2-phenyl), 128.8 (C3 and C5 phenyl from C-CH2-
CH2-phenyl, C3 and C5 phenyl from N-CH2-CH2-phenyl), 136.5
(C1 phenyl from N-CH2-CH2-phenyl), 137.5 (C1 phenyl from
C-CH2-CH2-phenyl), 140.8 (C8 Trp), 154.1 (Cq triazole), 154.7
(Cq triazole), 171.9 (CO amide).

2-Amino-N-((R)-1-(5-benzyl-4-(2,2-diphenylethyl)-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-methylpropanamide Tri-
fluoroacetate Salt (26a).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.29 (s, 3H, CH3 Aib), 1.34 (s, 3H, CH3 Aib), 3.37 (m,
4H, CH2 âTrp and CH2-benzyl), 3.74 (t, 1H,J ) 7 Hz, CH2-
CH(Phe)2), 4.21 (dd, 1H,J ) 14 and 8 Hz, CH2-CH(Phe)2), 4.51
(dd, 1H,J ) 14 and 8 Hz, CH2-CH(Phe)2), 5.08 (m, 1H, CHRTrp),
6.72 (m, 2H, H2 and H6 benzyl), 6.86-6.93 (m, 5H, H3, H4 and H5

benzyl, H5 and H6 Trp), 7.03 (s, 1H, H2 Trp), 7.06-7.25 (m, 10H,
CHar phenyl from CH(Phe)2), 7.33 (d, 1H,Jo ) 8 Hz, H4 Trp),
7.47 (d, 1H,Jo ) 8 Hz, H7 indole), 8.10 (brs, 3H, NH2 Aib, TFA
salt), 8.98 (d, 1H,J ) 8 Hz, NH amide), 10.94 (s, 1H, NH indole
Trp). 13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5 (CH3

Aib), 23.7 (CH3 Aib), 29.4 (CâTrp), 30.1 (CH2-benzyl), 46.0 (C
RTrp), 47.7 (CH2-CH(Phe)2), 51.3 (CH(Phe)2), 56.8 (Cq Aib),
109.8 (C3 Trp), 112.0 (C7 Trp), 118.5 (C4 Trp), 119.0 (C5 Trp),
121.5 (C6 Trp), 124.8 (C2 Trp), 127.1 (C4 phenyl from CH(Phe)2),
127.4 (C9 Trp, C4 benzyl), 128.3 (C2 and C6 phenyl from CH(Phe)2),
128.8-129.1 (C3 and C5 phenyl from CH(Phe)2, C2, C3, C5, and
C6 benzyl), 136.2 (C1 benzyl), 136.5 (C8 Trp), 141.0 (C1 phenyl
from CH(Phe)2), 153.5 (Cq triazole), 155.1 (Cq triazole), 172.0 (CO
amide).

N-((R)-1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(2,2-diphenylethyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (26b). 1H NMR (300 MHz,
DMSO-d6, 300 K) δ (ppm) 1.34 (s, 3H, CH3 Aib), 1.38 (s, 3H,
CH3 Aib), 2.06 (m, 1H, CH2-CH2-indole), 2.30 (m, 1H, CH2-
CH2-indole), 2.78 (m, 2H, CH2-CH2-indole), 3.35 (dd, 1H,J )
14 and 7 Hz, CH2 âTrp), 3.46 (dd, 1H,J ) 14 and 9 Hz, CH2
âTrp), 3.58 (t, 1H,J ) 7 Hz, CH2-CH(Phe)2), 4.14 (dd, 1H,J )
14 and 8 Hz, CH2-CH(Phe)2), 4.39 (dd, 1H,J ) 14 and 7 Hz,
CH2-CH(Phe)2), 5.12 (m, 1H, CHRTrp), 6.50 (m, 2H, H5 indole
and H5 Trp), 6.76 (m, 2H, H6 indole and H6 Trp), 6.87 (m, 2H, H2
indole and H2 Trp), 6.89-6.96 (m, 2H, H4 phenyl), 7.03-7,15 (m,
8H, H2, H3, H5 and H6 phenyl), 7.33 (m, 3H, H4 indole, H4 and H7

Trp), 7.47 (d, 1H,J ) 8 Hz, H7 indole), 8.11 (brs, 3H, NH2 Aib,
TFA salt), 9.04 (d, 1H,J ) 8 Hz, NH amide), 10.76 (s, 1H, NH

indole), 10.96 (s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-
d6, 300 K)δ (ppm) 22.4 (CH2-CH2-indole), 23.6 (CH3 Aib), 23.8
(CH3 Aib), 24.9 (CH2-CH2-indole), 29.6 (C âTrp), 46.1 (CRTrp),
47.5 (CH2-CH(Phe)2), 51.5 (CH2-CH(Phe)2), 56.8 (Cq Aib), 109.8
(C3 Trp), 111.8 (C7 Trp), 112.1 (C7 indole), 113.5 (C3 indole), 118.4
(C4 Trp), 118.7 (C4 and C5 indole), 119.0 (C5 Trp), 121.4 (C6 indole
and C6 Trp), 122.8 (C2 indole), 125.0 (C2 Trp), 127.2 (C9 indole
and C9 Trp), 127.3 (C4 phenyl), 128.2 (C2 and C6 phenyl), 128.7
(C3 and C5 phenyl), 136.6 (C8 indole and C8 Trp), 141.0 (C1 phenyl),
154.6 (2 Cq triazole), 172.0 (CO amide).

(R)-2-Amino-N-(1-(5-benzyl-4-(naphthalen-1-ylmethyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-methylpropan-
amide Trifluoroacetate Salt (27a).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.18 (s, 3H, CH3 Aib), 1.24 (s, 3H, CH3 Aib),
3.17 (dd, 1H,J ) 14 and 5 Hz, CH2 âTrp), 3.36 (dd, 1H,J ) 14
and 9 Hz, CH2 âTrp), 4.05 (m, 2H, CH2-benzyl), 4.90 (m, 1H,
CH RTrp), 5.65 (d, 1H,J ) 18 Hz, CH2-naphtyl), 5.81 (d, 1H,J
) 18 Hz, CH2-naphtyl), 6.12 (d, 1H,Jo ) 7 Hz, H2 naphtyl),
6.38 (t, 1H,Jo ) 7 Hz, H5 Trp), 6.47 (d, 1H,Jo ) 8 Hz, H4 Trp),
6.85 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.03 (d, 1H,J ) 2 Hz, H2 Trp),
7.05-7.12 (m, 5H, CHar benzyl), 7.15 (d, 1H,Jo ) 8 Hz, H7 Trp),
7.19 (d, 1H,Jo ) 8 Hz, H3 naphtyl), 7.58 (m, 2H, H6 and H7

naphtyl), 7.81 (d, 1H,Jo ) 8 Hz, H4 naphtyl), 7.89-8.01 (m, 5H,
NH2 Aib TFA salt, H5 and H8 naphtyl), 8.92 (d, 1H,J ) 8 Hz, NH
amide), 10.73 (s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-
d6, 300 K)δ (ppm) 23.5 (CH3 Aib), 23.6 (CH3 Aib), 29.2 (CâTrp),
30.5 (CH2-benzyl), 44.0 (CH2-naphtyl), 45.6 (CRTrp), 56.6 (Cq
Aib), 109.7 (C3 Trp), 111.7 (C7 Trp), 117.9 (C4 Trp), 118.4 (C5

Trp), 121.1 (C6 Trp), 122.1 (C2 naphtyl), 122.8 (C8 naphtyl), 124.9
(C2 Trp), 125.7 (C3 naphtyl), 126.7 (C6 naphtyl), 126.9 (C9 Trp),
127.0 (C7 naphtyl), 128.2 (C4 benzyl), 128.7-129.1 (C2, C3, C5,
and C6 benzyl, C4 and C5 naphtyl), 129.9 (C9 naphtyl), 131.5 (C1
naphtyl), 133.5 (C10 naphtyl), 136.2 (C1 benzyl), 136.4 (C8 Trp),
154.2 (Cq triazole), 155.7 (Cq triazole), 171.9 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-(naphthalen-1-yl-
methyl)-4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-
2-methylpropanamide Trifluoroacetate Salt (27b).1H NMR (300
MHz, DMSO-d6, 300 K) δ (ppm) 1.20 (s, 3H, CH3 Aib), 1.25 (s,
3H, CH3 Aib), 1.93 (m, 2H, CH2-CH2-CH2-indole), 2.66 (m,
4H, CH2-CH2-CH2-indole), 3.25 (dd, 1H,J ) 14 and 5 Hz, CH2
âTrp), 3.40 (dd, 1H,J ) 14 and 9 Hz, CH2 âTrp), 4.95 (m, 1H,
CH RTrp), 5.66 (d, 1H,J ) 18 Hz, CH2-naphtyl), 5.81 (d, 1H,J
) 18 Hz, CH2-naphtyl), 6.37 (d, 1H,Jo ) 7 Hz, H2 naphtyl),
6.43 (t, 1H,Jo ) 7 Hz, H5 Trp), 6.59 (d, 1H,Jo ) 8 Hz, H4 Trp),
6.86 (m, 3H, H5 and H6 indole, H6 Trp), 6.95 (d, 1H,J ) 2 Hz, H2

indole), 7.00 (d, 1H,Jo ) 8 Hz, H4 indole), 7.06 (d, 1H,J ) 2 Hz,
H2 Trp), 7.20-7.33 (m, 3H, H7 indole, H7 Trp, H3 naphtyl), 7.60
(m, 2H, H6 and H7 naphtyl), 7.87 (d, 1H,Jo ) 8 Hz, H4 naphtyl),
7.99 (m, 5H, NH2 Aib TFA salt, H5 and H8 naphtyl), 8.95 (d, 1H,
J ) 8 Hz, NH amide), 10.70 (s, 1H, NH indole), 10.77 (s, 1H, NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5
(CH3 Aib), 23.6 (CH3 Aib), 24.1 (CH2-CH2-CH2-indole), 24.5
(CH2-CH2-CH2-indole), 27.6 (CH2-CH2-CH2-indole), 29.1 (C
âTrp), 44.1 (CH2-naphtyl), 45.7 (CRTrp), 56.7 (Cq Aib), 109.7
(C3 Trp), 111.7 (C7 indole and C7 Trp), 113.9 (C3 indole), 117.9
(C4 Trp), 118.5 (C4 indole, C5 Trp), 118.6 (C5 indole), 121.1 (C6
Trp), 121.2 (C6 indole), 122.1 (C2 naphtyl), 122.7 (C2 indole), 122.9
(C8 naphtyl), 125.0 (C2 Trp), 125.9 (C3 naphtyl), 126.8 (C6 naphtyl),
127.0 (C9 indole), 127.1 (C7 naphtyl), 127.4 (C9 Trp), 128.5 (C4

naphtyl), 129.2 (C5 naphtyl), 129.9 (C9 naphtyl), 131.6 (C1 naphtyl),
133.6 (C10 naphtyl), 136.4 (C8 Trp), 136.7 (C8 indole), 155.4 (2Cq
triazole), 171.9 (CO amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-(naphthalen-1-ylmethyl)-
4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-meth-
ylpropanamide Trifluoroacetate Salt (27c).1H NMR (400 MHz,
DMSO-d6) δ 1.25 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 2.93
(m, 2H,CH2-CH2-indole), 3.01 (m, 2H, CH2-CH2-indole), 3.30
(dd, 1H,J ) 14.3,J ) 5.8, CH2 âTrp), 3.40 (dd, 1H,J ) 14.3,J
) 8.8, CH2 âTrp), 5.03 (m, 1H, CRH Trp), 5.62 (d, 1H,J ) 18.0,
CH2-naphtyl), 5.76 (d, 1H,J ) 18.0, CH2-naphtyl), 6.36 (d, 1H,
J ) 7.2, H2 naphtyl), 6.51 (t, 1H,J ) 7.4, H5 Trp), 6.72 (d, 1H,J
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) 7.9, H4 Trp), 6.76 (t, 1H,J ) 7.5, H5 indole), 6.92 (t, 1H,J )
7.5, H6 Trp), 7.0 (t, 1H,J ) 7.5, H6 indole), 7.02 (d, 1H,J ) 2.0,
H2 indole), 7.09 (d, 1H,J ) 2.0, H2 Trp), 7.13 (d, 1H,J ) 7.9, H4

indole), 7.26 (d, 1H,J ) 7.9, H7 Trp), 7.27 (t, 1H,J ) 8.2, H3

naphtyl), 7.29 (d, 1H, H7 indole), 7.58-7.64 (m, 2H, H6, H7

naphtyl), 7.88 (d, 1H,J ) 8.2, H4 naphtyl), 7.93 (d, 1H,J ) 7.9,
H8 naphtyl), 7.98 (brs, 2H, NH2 Aib, TFA salt), 8.03 (d, 1H,J )
8.2, H5 naphtyl), 8.96 (d, 1H,J ) 7.9, NH Trp), 10.75 (brs, 1H,
NH indole), 10.77 (brs, 1H, NH indole Trp).13C NMR (100 MHz,
DMSO-d6) δ 22.6 (CH2-CH2 indole), 23.1 (CH3 Aib), 23.2 (CH3

Aib), 25.3 (CH2-CH2 indole), 28.8 (CâTrp), 43.3 (CH2-naphtyl),
45.3 (CRTrp), 56.2 (Cq Aib), 109.4 (C3 Trp), 111.2 (C7 Trp, C7

indole), 112.9 (C3 indole), 117.5 (C4 Trp), 117.8 (C4 indole), 118.0
(C5 Trp), 118.1 (C5 indole), 120.7 (C6 Trp), 120.8 (C6 indole), 121.6
(C2 naphtyl), 122.5 (C2 indole, C8 naphtyl), 124.4 (C2 Trp), 125.4
(C3 naphtyl), 126.3 (C6 naphtyl), 126.6 (C9 Indole, C9 Trp, C7

naphtyl), 127.9 (C4 naphtyl), 128.6 (C5 naphtyl), 129.5 (C9 naphtyl),
131.4 (C1 naphtyl), 133.1 (C10 naphtyl), 135.9 (C8 Trp), 136.1 (C8

indole), 154.7 (2Cq triazole), 171.4 (CO amide).
(R)-N-(2-(1H-Indol-3-yl)-1-(4-(naphthalen-1-ylmethyl)-5-phen-

ethyl-4H-1,2,4-triazol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (27d).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.21 (s, 3H, CH3 Aib), 1.25 (s, 3H, CH3 Aib),
2.46 (m, 2H, CH2-CH2-phenyl), 2.88 (m, 2H, CH2-CH2-
phenyl), 3.26 (dd, 2H,3J ) 14 and 6 Hz, CH2 âTrp), 3.36 (dd, 2H,
3J ) 14 and 9 Hz, CH2 âTrp), 4.99 (m, 1H, CHRTrp), 5.65 (d,
1H, 3J ) 18 Hz, CH2-naphtyl), 5.78 (d, 1H,3J ) 18 Hz, CH2-
naphtyl), 6.29 (d, 1H,Jo ) 7 Hz, H2 naphtyl), 6.45 (t, 1H,Jo ) 7
Hz, H5 Trp), 6.62 (d, 1H,Jo ) 8 Hz, H4 Trp), 6.88 (t, 1H,Jo ) 8
Hz, H6 Trp), 7.04-7.06 (m, 4H, H2 and H7 Trp, H2 and H6 phenyl),
7.07-7.25 (m, 4H, H3 naphtyl, H3, H4 and H5 phenyl), 7.57-7.60
(m, 2H, H6 and H7 naphtyl), 7.86 (d, 1H,Jo ) 8 Hz, H4 naphtyl),
7.98-8.00 (m, 5H, H5 and H8 naphtyl, NH2 Aib, TFA salt), 8.96
(d, 1H, J ) 8 Hz, NH amide), 10.77 (s, 1H, NH indole Trp).13C
NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5 (CH3 Aib), 23.6
(CH3 Aib), 26.3 (CH2CH2-phenyl), 29.2 (CâTrp), 32.6 (CH2-
CH2-phenyl), 43.8 (CH2-naphtyl), 45.6 (CRTrp), 56.7 (Cq Aib),
109.7 (C3 Trp), 111.7 (C7 Trp), 117.9 (C4 Trp), 118.4 (C5 Trp),
121.1 (C6 Trp), 122.1 (C2 naphtyl), 123.0 (C8 naphtyl), 124.9 (C2
Trp), 125.9 (C3 naphtyl), 126.5 (C6 naphtyl), 126.9 (C4 phenyl),
127.0 (C9 Trp and C7 naphtyl), 127.1 (C4 naphtyl), 128.4 (C5
naphtyl), 128.7 (C2, C3, C5, and C6 phenyl), 130.0 (C9 naphtyl),
131.7 (C1 naphtyl), 133.6 (C10 naphtyl), 136.4 (C8 Trp), 140.8 (C1

phenyl), 154.8 (Cq triazole), 155.3 (Cq triazole), 171.9 (CO amide).
2-Amino-N-((R)-1-(5-benzyl-4-hexyl-4H-1,2,4-triazol-3-yl)-2-

(1H-indol-3-yl)ethyl)-2-methylpropanamide Trifluoroacetate Salt
(28a). 1H NMR (300 MHz, DMSO-d6, 300 K) δ (ppm) 0.71 (t,
3H, 3J ) 7 Hz, (CH2)5-CH3), 0.87 (m, 4H, 2 CH2), 0.95 (m, 2H,
CH2-CH3), 1.00 (m, 2H, N-CH2-CH2), 1.36 (s, 6H, CH3 Aib),
3.36 (dd, 1H,3J ) 14 and 7 Hz, CH2 âTrp), 3.41 (dd, 1H,3J ) 14
and 7 Hz, CH2 âTrp), 3.50 (m, 1H, N-CH2), 3.65 (m, 1H, N-CH2),
4.11 (s, 2H, CH2-benzyl), 5.14 (m, 1H, CHRTrp), 6.90 (t, 1H,Jo

) 7 Hz, H5 Trp), 7.01 (t, 1H,Jo ) 7 Hz, H6 Trp), 7.04 (s, 1H, H2
Trp), 7.09 (m, 2H, H2 and H6 benzyl), 7.17-7.29 (m, 4H, H4 Trp,
H3, H4 and H5 benzyl), 7.47 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.10 (brs,
3H, NH2 Aib, TFA salt), 9.05 (d, 1H,J ) 7 Hz, NH amide), 10.84
(s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 14.1 ((CH2)5-CH3), 22.1 (CH2-CH3), 23.8 (CH3 Aib), 23.5
(CH3 Aib), 25.8 (CH3-CH2-CH2-CH2), 29.5 (CâTrp), 30.3 (N-
CH2-CH2), 30.8 (CH2-benzyl and CH3-CH2-CH2), 43.3 (N-
CH2-CH2), 46.1 (CRTrp), 56.8 (Cq Aib), 109.6 (C3 Trp), 111.9
(C7 Trp), 118.2 (C4 Trp), 118.8 (C5 Trp), 121.4 (C6 Trp), 124.7
(C2 Trp), 127.2 (C4 benzyl), 127.3 (C9 Trp), 128.8 (C2, C3, C5 and
C6 benzyl), 136.2 (C1 benzyl), 136.5 (C8 Trp), 153.1 (Cq triazole),
155.1 (Cq triazole), 171.9 (CO amide).

(R)-N-(1-(5-(2-(1H-Indol-3-yl)ethyl)-4-hexyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (28b).1H NMR (400 MHz, DMSO-d6) δ 0.77
(t, 3H, J ) 7.2 (CH2)5-CH3), 1.01 (m, 4H, 2CH2), 1.11 (m, 2H,
CH2-CH3), 1.14 (m, 1H, N-CH2-CH2), 1.33 (m, 1H, N-CH2-
CH2), 1.40 (s, 3H, CH3 Aib), 1.42 (s, 3H, CH3 Aib), 3.05 (m, 2H,

CH2-CH2-indole), 3.10 (m, 2H, CH2-CH2-indole), 3.37 (dd, 1H,
J ) 14.2,J ) 7.6, CH2 âTrp), 3.44 (dd, 1H,J ) 14.2,J ) 7.6,
CH2 âTrp), 3.58 (m, 1H, 1H N-CH2), 3.71 (m, 1H, N-CH2), 5.21
(m, 1H, CHRTrp), 6.96 (t, 1H, H5 Trp), 6.97 (t, 1H, H5 indole),
7.06 (t, 2H, H6 Trp, H6 indole), 7.09 (s, 1H, H2 Trp), 7.13 (s, 1H,
H2 indole), 7.34 (d, 2H, H7 Trp, H7 indole),7.48 (d, 1H, d, H4
indole), 7.50 (d, 1H, H4 Trp), 8.14 (brs, 3H, NH2 Aib, TFA salt),
9.08 (d, 1H,J ) 7.8, NH amide), 10.84 (s, 1H, NH indole), 10.88
(s, 1H, NH indole Trp).13C NMR (100 MHz, DMSO-d6) δ 13.7
(CH2)5-CH3), 21.7 (CH2-CH3), 22.4 (CH2-CH2 indole), 23.1
(CH3 Aib), 23.3 (CH3 Aib), 25.1 (CH2-CH2 indole), 25.5 (CH3-
CH2-CH2-CH2), 29.1 (CâTrp), 29.3 (N-CH2-CH2), 30.4 (CH3-
CH2-CH2), 42.6 (N-CH2-CH2), 45.6 (CRTrp), 56.3 (Cq Aib),
109.2 (C3 Trp), 111.4 (C7 Trp, C7 indole), 112.8 (C3 indole), 117.7
(C4 Trp), 118.0 (C5 indole), 118.2 (C4 indole), 118.4 (C5 Trp), 120.9
(C6 indole, C6 Trp), 122.6 (C2 indole), 124.3 (C2 Trp), 126.8 (C9

Trp), 126.9 (C9 indole), 136.0 (C8 Trp), 136.2 (C8 indole), 154.0
(Cq triazole), 154.1 (Cq triazole), 171.4 (CO amide).

(R)-N-(1-(5-(3-(1H-Indol-3-yl)propyl)-4-hexyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (28c).1H NMR (300 MHz, DMSO-
d6, 300 K)δ (ppm) 0.74 (t, 3H,J ) 6 Hz, CH3-CH2-CH2-CH2-
CH2-CH2), 0.95 (brs, 4H, CH3-CH2-CH2-CH2-CH2-CH2),
1.06 (m, 3H, CH3-CH2-CH2-CH2-CH2-CH2 and N-CH2-
CH2), 1.38 (s, 7H, CH3 Aib and N-CH2-CH2), 1.97 (m, 2H, CH2-
CH2-CH2-indole), 2.71 (m, 4H, CH2-CH2-CH2-indole), 3.37
(m, 2H, CH2 âTrp), 3.56 (m, 2H, N-CH2), 5.15 (m, 1H, CHRTrp),
6.91 (m, 2H, H5 indole and H5 Trp), 7.00 (m, 2H, H6 indole and
H6 Trp), 7.07 (s, 2H, H2 indole and H2 Trp), 7.29 (d, 2H,Jo ) 8
Hz, H7 indole and H7 Trp), 7.45 (d, 2H,J ) 7 Hz, H4 indole and
H4 Trp), 8.15 (brs, 3H, NH2 Aib, TFA salt), 9.10 (d, 1H,J ) 6
Hz, NH amide), 10.77 (s, 1H, NH indole), 10.85 (s, 1H, NH indole
Trp). 13C NMR (75 MHz, DMSO-d6, 300 K)δ (ppm) 14.2 (CH3-
CH2-CH2-CH2-CH2-CH2), 22.2 (CH3-CH2-CH2-CH2-CH2-
CH2 and CH2-CH2-CH2-indole), 23.6 (CH3 Aib), 23.7 (CH3

Aib), 24.5 (CH2-CH2-CH2-indole), 25.9 (CH3-CH2-CH2-
CH2-CH2-CH2), 27.5 (CâTrp and CH2-CH2-CH2-indole), 29.7
(N-CH2-CH2), 30.8 (CH3-CH2-CH2-CH2-CH2-CH2), 43.2
(N-CH2), 46.1 (CRTrp), 56.8 (Cq Aib), 109.5 (C3 Trp), 111.8
(C7 Trp), 111.9 (C7 indole), 113.9 (C3 indole), 118.1 (C4 Trp), 118.5
(C5 indole), 118.6 (C4 indole), 118.9 (C5 Trp), 121.3 (C6 indole
and C6 Trp), 122.8 (C2 indole and C2 Trp), 127.3 (C9 Trp), 127.4
(C9 indole), 136.5 (C8 Trp), 136.8 (C8 indole), 154.7 (2Cq triazole),
172.0 (CO amide).

N-((R)-1-(4-(2-(1H-Indol-3-yl)ethyl)-5-benzyl-4H-1,2,4-triazol-
3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (29a).1H NMR (400 MHz, DMSO-d6, 300 K)
δ (ppm) 1.31 (s, 3H, CH3 Aib), 1.35 (s, 3H, CH3 Aib), 2.51 (m,
2H, CH2-CH2-indole), 3.37 (m, 2H, CH2 âTrp), 3.76-3.90 (m,
4H, CH2-benzyl and CH2-CH2-indole), 5.25 (m, 1H, CHRTrp),
6.88 (t, 2H,Jo ) 7 Hz, H5 indole and H5 Trp), 6.95 (t, 2H,Jo ) 7
Hz, H6 indole and H6 Trp), 7.03 (m, 4H, H2 Trp, H2 indole, H2 and
H6 benzyl), 7.16 (d, 2H,Jo ) 8 Hz, H4 indole and H4 Trp), 7.20-
7,30 (m, 4H, H7 indole, H3, H4 and H5 benzyl), 7.47 (d, 1H,Jo )
8 Hz, H7 Trp), 8.05 (brs, 3H, NH2 Aib, TFA salt), 9.05 (d, 1H,J
) 8 Hz, NH amide), 10.83 (s, 1H, NH indole), 10.88 (s, 1H, NH
indole Trp).13C NMR (100 MHz, DMSO-d6, 300 K)δ (ppm) 23.5
(CH3 Aib), 23.7 (CH3 Aib), 29.6 (CâTrp), 30.3 (CH2-benzyl and
CH2-CH2-indole), 44.1 (CH2-CH2-indole), 46.1 (CRTrp), 56.8
(Cq Aib), 109.8 (C3 Trp), 109.9 (C3 indole), 111.9 (C7 indole and
C7 Trp), 118.3 (C4 Trp), 118.4 (C4 indole), 118.9 (C5 indole and
C5 Trp), 121.3 (C6 Trp), 121.5 (C6 indole), 123.7 (C2 indole), 124.7
(C2 Trp), 127.0 (C9 indole), 127.2 (C4 benzyl), 127.4 (C9 Trp), 128.8
(C3 and C5 benzyl), 129.0 (C2 and C6 benzyl), 136.3 (C1 benzyl),
136.4 (C8 indole and C8 Trp), 153.1 (Cq triazole), 155.3 (Cq
triazole), 171.8 (CO amide).

(R)-N-(1-(4,5-bis(2-(1H-Indol-3-yl)ethyl)-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (29b).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.30 (s, 3H, CH3 Aib), 1.37 (s, 3H, CH3 Aib), 2.50 (m,
2H, N-CH2-CH2-indole), 2.68 (t, 2H,Jo ) 8 Hz, C-CH2-CH2-

Triazole DeriVatiVes as Ghrelin Receptor Ligands Journal of Medicinal Chemistry, 2007, Vol. 50, No. 81953



indole), 2.91 (t, 2H,Jo ) 8 Hz, C-CH2-CH2-indole), 3.34 (m,
2H, N-CH2-CH2-indole), 3.93 (m, 2H, CH2 âTrp), 5.25 (m, 1H,
CH RTrp), 6.72-6.94 (m, 4H, H5 and H6 Trp, H5 indole from
C-CH2-CH2-indole and H5 indole from N-CH2-CH2-indole),
6.98-7.04 (m, 4H, H2 Trp, H6 indole from C-CH2-CH2-indole,
H2 and H6 indole from N-CH2-CH2-indole), 7.11 (s, 1H, H2
indole from C-CH2-CH2-indole), 7.19 (d, 1H,Jo ) 8 Hz, H4

indole from N-CH2-CH2-indole), 7.28 (m, 3H, H4 and H7 Trp,
H7 indole from N-CH2-CH2-indole), 7.40 (d, 1H,Jo ) 8 Hz, H7

indole from C-CH2-CH2-indole), 7.44 (d, 1H,Jo ) 8 Hz, H4

indole from C-CH2-CH2-indole), 8.04 (brs, 3H, NH2 Aib, TFA
salt), 9.69 (d, 1H,J ) 8 Hz, NH amide), 10.73 (s, 1H, NH indole
from C-CH2-CH2-indole), 10.82 (d, 1H,J ) 2 Hz, NH indole
Trp), 10.84 (s, 1H, NH indole from N-CH2-CH2-indole). 13C
NMR (75 MHz, DMSO-d6, 300 K)δ (ppm) 22.7 (C-CH2-CH2-
indole), 23.6 (CH3 Aib), 23.8 (CH3 Aib), 25.4 (C-CH2-CH2-
indole), 26.0 (N-CH2-CH2-indole), 29.6 (CâTrp), 43.9 (N-
CH2-CH2-indole), 46.0 (CRTrp), 56.8 (Cq Aib), 109.5 (C3 indole
from N-CH2-CH2-indole), 109.9 (C3 Trp), 111.7 (C7 Trp), 111.9
(C7 indole from N-CH2-CH2-indole and C7 indole from C-CH2-
CH2-indole), 113.5 (C3 indole from C-CH2-CH2-indole), 118.3
(C4 indole from N-CH2-CH2-indole), 118.4 (C4 Trp), 118.5 (C5

indole from C-CH2-CH2-indole), 118.7 (C4 indole from C-CH2-
CH2-indole), 118.9 (C5 Trp), 119.0 (C5 indole from N-CH2-
CH2-indole), 121.3 (C6 Trp), 121.5 (C6 indole from C-CH2-
CH2-indole and C6 indole from N-CH2-CH2-indole), 122.8 (C2
Trp, C2 indole from C-CH2-CH2-indole and C2 indole from
N-CH2-CH2-indole), 127.1 (C9 Trp), 127.2 (C9 indole from
C-CH2-CH2-indole), 127.4 (C9 indole from N-CH2-CH2-
indole), 136.5 (C8 Trp and C8 indole from C-CH2-CH2-indole),
136.6 (C8 indole from N-CH2-CH2-indole), 154.5 (Cq triazole),
154.8 (Cq triazole), 171.8 (CO amide).

(R)-N-(1-(4-(2-(1H-Indol-3-yl)ethyl)-5-(3-(1H-indol-3-yl)pro-
pyl)-4H-1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-
methylpropanamide Trifluoroacetate Salt (29c).1H NMR (300
MHz, DMSO-d6) δ (ppm) 1.29 (s, 3H, CH3 Aib), 1.35 (s, 3H, CH3
Aib), 1.78 (m, 2H, CH2-CH2-CH2-indole), 2.34 (m, 2H, CH2-
CH2-CH2-indole), 2.48 (m, 2H, N-CH2-CH2-indole), 2.80 (m,
2H, CH2-CH2-CH2-indole), 3.34 (m, 2H, N-CH2-CH2-indole),
3.94 (m, 2H, CH2 âTrp), 5.27 (m, 1H, CHRTrp), 6.73-6.94 (m,
4H, H5 and H6 Trp, H5 indole from N-CH2-CH2-indole and H5

indole from CH2-CH2-CH2-indole), 6.99-7.04 (m, 5H, H2 Trp,
H2 and H6 indole from N-CH2-CH2-indole, H2 and H6 indole
from CH2-CH2-CH2-indole), 7.20 (d, 1H,Jo ) 8 Hz, H4 indole
from N-CH2-CH2-indole), 7.29 (m, 3H, H4 and H7 Trp, H7 indole
from N-CH2-CH2-indole), 7.40 (d, 1H,Jo ) 8 Hz, H7 indole
from CH2-CH2-CH2-indole), 7.44 (d, 1H,Jo ) 8 Hz, H4 indole
from CH2-CH2-CH2-indole), 8.05 (brs, 3H, NH2 Aib, TFA salt),
9.07 (d, 1H,J ) 8 Hz, NH amide), 10.75 (s, 1H, NH indole from
CH2-CH2-CH2-indole), 10.86 (s, 1H, NH indole Trp), 10.90 (s,
1H, NH indole from N-CH2-CH2-indole). 13C NMR (75 MHz,
DMSO-d6) δ (ppm) 23.6 (CH3 Aib), 23.8 (CH3 Aib), 24.5 (CH2-
CH2-CH2-indole), 25.8 (CH2-CH2-CH2-indole), 27.2 (CH2-
CH2-CH2-indole), 29.4 (CâTrp), 44.1 (N-CH2-CH2-indole),
46.0 (CRTrp), 52.9 (N-CH2-CH2-indole), 56.8 (Cq Aib), 109.7
(C3 Trp and C3 indole from N-CH2-CH2-indole), 111.8 (C7 Trp),
111.9 (C7 indole from N-CH2-CH2-indole and C7 indole from
CH2-CH2-CH2-indole), 114.0 (C3 indole from CH2-CH2-CH2-
indole), 118.2 (C4 indole from N-CH2-CH2-indole), 118.3 (C4
Trp), 118.5 (C5 indole from CH2-CH2-CH2-indole), 118.6 (C4
indole from CH2-CH2-CH2-indole), 118.9 (C5 Trp), 119.0 (C5

indole from N-CH2-CH2-indole), 121.3 (C6 Trp), 121.4 (C6

indole from CH2-CH2-CH2-indole), 121.6 (C6 indole from
N-CH2-CH2-indole), 122.7 (C2 Trp, C2 indole from N-CH2-
CH2-indole and C2 indole from CH2-CH2-CH2-indole), 127.1
(C9 Trp), 127.4 (C9 indole from N-CH2-CH2-indole and C9
indole from CH2-CH2-CH2-indole), 136.4 (C8 Trp), 136.5 (C8

indole from CH2-CH2-CH2-indole), 136.7 (C8 indole from
N-CH2-CH2-indole), 154.7 (2 Cq triazole), 171.9 (CO amide).

(R)-N-(1-(4-(4-Methylbenzyl)-5-(3-phenylpropyl)-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-

amide Trifluoroacetate Salt (30a).1H NMR (300 MHz, DMSO-
d6) δ (ppm) 1.25 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 1.73
(m, 2H, CH2-CH2-CH2-phenyl), 2.23 (s, 3H, CH3 p-methylben-
zyl), 2.49-2.54 (m, 4H, CH2-CH2-CH2-phenyl), 3.33 (m, 2H,
CH2 âTrp), 5.04 (s, 2H, CH2-p-methylbenzyl), 5.16 (m, 1H, CH
RTrp), 6.74 (d, 2H,Jo ) 8 Hz, H3 and H5 p-methylbenzyl), 6.80
(t, 1H, Jo ) 7 Hz, H5 Trp), 6.98 (t, 1H,Jo ) 7 Hz, H6 Trp), 7.03
(d, 1H, J ) 2 Hz, H2 Trp), 7.06 (m, 5H, CHar phenyl), 7.14 (d,
1H, Jo ) 7 Hz, H4 Trp), 7.20 (d, 2H,Jo ) 7 Hz, H2 and H6

p-methylbenzyl), 7.27 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.01 (brs, 3H,
NH2 Aib, TFA salt), 8.95 (d, 1H,J ) 8 Hz, NH amide), 10.80 (d,
1H, J ) 2 Hz, NH indole Trp).13C NMR (75 MHz, DMSO-d6) δ
(ppm) 21.0 (CH3 p-methylbenzyl), 23.5 (CH3 Aib), 23.8 (CH3 Aib),
24.0 (CH2-CH2-CH2-phenyl), 28.5 (CH2-CH2-CH2-phenyl),
29.1 (CâTrp), 34.7 (CH2-CH2-CH2-phenyl), 45.7 (CRTrp), 45.8
(CH2-p-methylbenzyl), 56.8 (Cq Aib), 109.8 (C3 Trp), 111.8 (C7

Trp), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp), 124.9 (C2

Trp), 126.2 (C4 phenyl), 126.4 (C3 and C5 p-methylbenzyl), 127.3
(C9 Trp), 128.7 (C2, C3, C5 and C6 phenyl), 129.8 (C2 and C6

p-methylbenzyl), 133.0 (C1 p-methylbenzyl), 136.4 (C8 Trp), 137.5
(C4 p-methylbenzyl), 141.7 (C1 phenyl), 154.8 (2Cq triazole), 171.9
(CO amide).

(R)-N-(1-(4-(4-Methylbenzyl)-5-(3-benzyl)-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (30b).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.22 (s, 3H, CH3 Aib), 1.27 (s, 3H, CH3 Aib), 2.22 (s,
3H, CH3 p-methylbenzyl), 3.22 (dd, 1H,J ) 14 and 6 Hz, CH2
âTrp), 3.33 (dd, 1H,J ) 14 and 9 Hz, CH2 âTrp), 3.99 (s, 2H,
CH2-benzyl), 5.04 (s, 2H, CH2-p-methylbenzyl), 5.09 (m, 1H,
CH RTrp), 6.64 (d, 2H,Jo ) 8 Hz, H3 and H5 p-methylbenzyl),
6.78 (t, 1H,Jo ) 7 Hz, H5 Trp), 6.98 (t, 4H,Jo ) 7 Hz, H6 Trp,
H3, H4 and H5 benzyl), 7.01 (d, 1H,J ) 2 Hz, H2 Trp), 7.07 (d,
2H, Jo ) 7 Hz, H2 and H6 p-methylbenzyl), 7.20 (m, 3H, H4 Trp,
H2 and H6 benzyl), 7.26 (d, 1H,Jo ) 8 Hz, H7 Trp), 7.98 (brs, 3H,
NH2 Aib, TFA salt), 8.89 (d, 1H,J ) 8 Hz, NH amide), 10.74 (s,
1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 21.0 (CH3 p-methylbenzyl), 23.5 (CH3 Aib), 23.7 (CH3 Aib),
29.1 (CâTrp), 30.6 (CH2-benzyl), 45.7 (CRTrp), 46.0 (CH2-p-
methylbenzyl), 56.7 (Cq Aib), 109.8 (C3 Trp), 111.7 (C7 Trp), 118.3
(C4 Trp), 118.6 (C5 Trp), 121.2 (C6 Trp), 124.8 (C2 Trp), 126.3
(C3 and C5 p-methylbenzyl), 127.0 (C4 benzyl), 127.2 (C9 Trp),
128.9 (C2, C3, C5, and C6 benzyl), 129.7 (C2 and C6 p-methylben-
zyl), 132.9 (C1 p-methylbenzyl), 136.3 (C4 p-methylbenzyl), 136.4
(C8 Trp), 137.4 (C1 benzyl), 153.9 (Cq triazole), 155.3 (Cq triazole),
171.8 (CO amide).

(R)-N-(1-(5-(2-(1H-Indol-2-yl)ethyl)-4-(4-methylbenzyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpro-
panamide Trifluoroacetate Salt (30c). 1H NMR (300 MHz,
DMSO-d6, 300 K) δ (ppm) 1.25 (s, 3H, CH3 Aib), 1.28 (s, 3H,
CH3 Aib), 2.23 (s, 3H, CH3-p-methylbenzyl), 2.84-2.97 (m, 4H,
CH2-CH2-indole), 3.32 (m, 2H, CH2 âTrp), 5.04 (s, 2H, CH2-
p-methylbenzyl), 5.16 (m, 1H, CHRTrp), 6.79-6.86 (m, 4H, CH
ar p-methylbenzyl), 6.99-7.05 (m, 4H, H5 and H6 indole, H5 and
H6 Trp), 7.08 (m, 3H, H2 indole, H2 and H4 Trp), 7.25-7.30 (m,
3H, H4 and H7 indole, H7 Trp), 8.00 (brs, 3H, NH2 Aib, TFA salt),
8.94 (d, 1H,J ) 8 Hz, NH amide), 10.76 (s, 1H, NH indole), 10.78
(s, 1H, NH indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ
(ppm) 21.0 (CH3- p-methylbenzyl), 22.8 (CH2-CH2-indole), 23.8
(CH3 Aib), 23.9 (CH3 Aib), 25.9 (CH2-CH2-indole), 28.5 (C
âTrp), 45.7 (CH2- p-methylbenzyl and CRTrp), 56.7 (Cq Aib),
109.9 (C3 Trp), 111.8 (C7 indole and C7 Trp), 113.4 (C3 indole),
118.1 (C4 Trp), 118.3 (C4 indole), 118.5 (C5 indole), 118.7 (C5
Trp), 120.9 (C6 indole and C6 Trp), 121.3 (C2 indole and C2 Trp),
126.3 (C3 and C5 p-methylbenzyl), 127.2 (C9 indole), 127.3 (C9
Trp), 129.8 (C2 and C6 p-methylbenzyl), 133.1 (C1 p-methylbenzyl),
135.8 (C8 indole, C8 Trp), 136.4 (C4 p-methylbenzyl), 154.8 (Cq
triazole), 155.0 (Cq triazole), 171.9 (CO amide).

(R)-N-(1-(4-(4-Methylbenzyl)-5-phenethyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (30d).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.25 (s, 3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 2.23 (s,
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3H, CH3 p-methylbenzyl), 2.83 (m, 4H, CH2-CH2-phenyl), 3.32
(m, 2H, CH2 âTrp), 5.05 (s, 2H, CH2-p-methylbenzyl), 5.18 (m,
1H, CHRTrp), 6.75 (d, 2H,Jo ) 8 Hz, H3 and H5 p-methylbenzyl),
6.82 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.99 (t, 1H,Jo ) 8 Hz, H6 Trp),
7.02-7.11 (m, 6H, H2 Trp and CHar phenyl), 7.15 (d, 1H,Jo ) 7
Hz, H4 Trp), 7.20 (d, 2H,Jo ) 7 Hz, H2 and H6 p-methylbenzyl),
7.28 (d, 1H,Jo ) 8 Hz, H7 Trp), 8.01 (brs, 3H, NH2 Aib, TFA
salt), 8.93 (d, 1H,J ) 8 Hz, NH amide), 10.77 (s, 1H, NH indole
Trp). 13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 21.0 (CH3

p-methylbenzyl), 23.6 (CH3 Aib), 23.8 (CH3 Aib), 26.5 (CH2-
CH2-phenyl), 29.1 (CâTrp), 32.7 (CH2-CH2-phenyl), 45.7 (C
RTrp and CH2-p-methylbenzyl), 56.8 (Cq Aib), 109.8 (C3 Trp),
111.8 (C7 Trp), 118.3 (C4 Trp), 118.7 (C5 Trp), 121.3 (C6 Trp),
124.8 (C2 Trp), 126.4 (C3 and C5 p-methylbenzyl), 126.6 (C4
phenyl), 127.3 (C9 Trp), 128.7 (C2, C3, C5, and C6 phenyl), 129.8
(C2 and C6 p-methylbenzyl), 133.0 (C1 p-methylbenzyl), 136.4 (C8
Trp), 137.5 (C4 p-methylbenzyl), 140.9 (C1 phenyl), 154.5 (Cq
triazole), 154.9 (Cq triazole), 171.9 (CO amide).

(R)-N-(1-(4-(4-Ethylbenzyl)-5-phenethyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (31).1H NMR (300 MHz, DMSO-d6, 300 K)δ
(ppm) 1.10 (t, 3H,J ) 8 Hz, CH3-CH2 p- ethylbenzyl), 1.25 (s,
3H, CH3 Aib), 1.28 (s, 3H, CH3 Aib), 2.53 (q, 2H,J ) 8 Hz, CH3-
CH2 p-ethylbenzyl), 2.83 (m, 4H, CH2-CH2-phenyl), 3.34 (m,
2H, CH2 âTrp), 5.07 (s, 2H, CH2-p-ethylbenzyl), 5.19 (m, 1H,
CH RTrp), 6.77 (d, 2H,Jo ) 8 Hz, H3 and H5 p-ethylbenzyl), 6.81
(t, 1H, Jo ) 7 Hz, H5 Trp), 6.99 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.05-
7.10 (m, 7H, CHar phenyl, H2 and H6 p-ethylbenzyl), 7.13 (d, 1H,
J ) 2 Hz, H2 Trp), 7.20 (d, 1H,Jo ) 7 Hz, H4 Trp), 7.28 (d, 1H,
Jo ) 8 Hz, H7 Trp), 8.03 (brs, 3H, NH2 Aib, TFA salt), 8.94 (d,
1H, J ) 8 Hz, NH amide), 10.79 (s, 1H, NH indole Trp).13C NMR
(75 MHz, DMSO-d6, 300 K) δ (ppm) 15.9 (CH3-CH2 p-
ethylbenzyl), 23.5 (CH3 Aib), 23.8 (CH3 Aib), 26.5 (CH2-CH2-
phenyl), 28.1 (CH3-CH2 p-ethylbenzyl), 29.1 (CâTrp), 32.7
(CH2-CH2-phenyl), 45.7 (CRTrp), 45.8 (CH2-p-ethylbenzyl),
56.8 (Cq Aib), 109.8 (C3 Trp), 111.8 (C7 Trp), 118.3 (C4 Trp),
118.7 (C5 Trp), 121.3 (C6 Trp), 124.9 (C2 Trp), 126.5 (C3 and C5

p-ethylbenzyl), 126.6 (C4 phenyl), 127.3 (C9 Trp), 128.6 (C2 and
C6 p-ethylbenzyl, C2, C3, C5, and C6 phenyl), 133.1 (C1 p-
ethylbenzyl), 136.5 (C8 Trp), 140.8 (C1 phenyl), 143.8 (C4 p-
ethylbenzyl), 154.6 (Cq triazole), 154.9 (Cq triazole), 171.9 (CO
amide).

N-((R)-1-(4-(4-Nitrobenzyl)-5-phenethyl-4H-1,2,4-triazol-3-
yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropanamide Tri-
fluoroacetate Salt (32).1H NMR (300 MHz, DMSO-d6, 300 K)δ
(ppm) 1.28 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib), 2.77-2.94
(m, 4H, CH2-CH2-phenyl), 3.28 (dd, 1H,3J ) 14 and 8 Hz, CH2
âTrp), 3.43 (dd, 1H,3J ) 14 and 7 Hz, CH2 âTrp), 5.05 (m, 1H,
CH RTrp), 5.25 (d, 2H,J ) 7 Hz, CH2-p-nitrobenzyl), 6.72 (t,
1H, Jo ) 7 Hz, H5 Trp), 6.89 (d, 2H,Jo ) 9 Hz, H2 and H6

p-nitrobenzyl), 6.92 (t, 1H,Jo ) 7 Hz, H6 Trp), 7.00 (d, 1H,Jm )
2 Hz, H2 Trp), 7.08-7.15 (m, 4H, H4 and H7 Trp, H2 and H6

phenyl), 7.17 (t, 2H,Jo ) 7 Hz, H3 and H5 phenyl), 7.24 (t, 1H,Jo

) 8 Hz, H4 phenyl), 7.92 (d, 2H,Jo ) 9 Hz, H3 and H5

p-nitrobenzyl), 8.06 (brs, 3H, NH2 Aib, TFA salt), 8.98 (d, 1H,J
) 8 Hz, NH amide), 10.79 (s, 1H, NH indole Trp).13C NMR (75
MHz, DMSO-d6, 300 K)δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3 Aib),
26.4 (CH2-CH2-phenyl), 29.1 (C âTrp), 32.6 (CH2-CH2-
phenyl), 45.3 (CH2-p-nitrobenzyl), 45.7 (CRTrp), 56.8 (Cq Aib),
109.6 (C3 Trp), 111.8 (C7 Trp), 118.1 (C4 Trp), 118.5 (C5 Trp),
121.2 (C6 Trp), 124.1 (C2 and C6 p-nitrobenzyl), 124.8 (C2 Trp),
126.5 (C4 phenyl), 127.2 (C9 Trp, C3 and C5 p-nitrobenzyl), 128.7
(C2, C3, C5, and C6 phenyl), 136.4 (C8 Trp), 140.8 (C1 phenyl),
143.5 (C1 p-nitrobenzyl), 147.1 (C4 p-nitrobenzyl), 154.5 (Cq
triazole), 154.8 (Cq triazole), 172.0 (CO amide).

(R)-2-Amino-N-(1-(5-benzyl-4-(pyridin-2-ylmethyl)-4H-1,2,4-
triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-methylpropanamide Tri-
fluoroacetate Salt (33a).1H NMR (300 MHz, DMSO-d6, 300 K)
δ (ppm) 1.23 (s, 3H, CH3 Aib), 1.27 (s, 3H, CH3 Aib), 3.34 (dd,
1H, J ) 14 and 6 Hz, CH2 âTrp), 3.43 (dd, 1H,J ) 14 and 9 Hz,
CH2 âTrp), 4.13 (s, 2H, CH2-benzyl), 5.22 (s, 1H, CHRTrp), 5.35

(s, 2H, CH2-o-pyridyl), 6.80 (t, 1H,Jo ) 8 Hz, H5 Trp), 6.92 (t,
1H, Jo ) 8 Hz, H5 pyridyl), 6.97 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.04
(d, 1H,Jo ) 8 Hz, H4 Trp), 7.07 (d, 1H,J ) 2 Hz, H2 Trp), 7.10-
7.16 (m, 5H, CHar benzyl), 7.19 (s, 1H, H3 o-pyridyl), 7.26 (d,
1H, Jo ) 8 Hz, H7 Trp), 7.57 (t, 1H,Jo ) 9 Hz, H4 o-pyridyl),
8.16 (brs, 3H, NH2 Aib, TFA salt), 8.36 (d, 1H,JRâ ) 5 Hz, H6

o-pyridyl), 9.01 (d, 1H,J ) 8 Hz, NH amide), 10.85 (s, 1H, NH
indole Trp).13C NMR (75 MHz, DMSO-d6, 300 K) δ (ppm) 23.4
(CH3 Aib), 23.7 (CH3 Aib), 28.6 (C âTrp), 30.4 (CH2-benzyl),
45.7 (CRTrp), 47.7 (CH2- o-pyridyl), 56.7 (Cq Aib), 109.8 (C3
Trp), 111.8 (C7 Trp), 118.3 (C4 Trp), 118.6 (C5 Trp), 121.2 (C6

Trp), 121.7 (C3 o-pyridyl), 123.3 (C5 o-pyridyl), 124.8 (C2 Trp),
127.1 (C4 benzyl), 127.3 (C9 Trp), 128.8 (C2 and C6 benzyl), 129.0
(C3 and C5 benzyl), 135.6 (C1 benzyl), 136.4 (C8 Trp), 137.5 (C4

o-pyridyl), 149.5 (C6 o-pyridyl), 154.1 (Cq triazole), 154.2 (Cq
triazole), 155.7 (C2 o-pyridyl), 172.0 (CO amide).

(R)-2-Amino-N-(1-(5-phenethyl-4-(pyridin-2-ylmethyl)-4H-
1,2,4-triazol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-methylpropan-
amide Trifluoroacetate Salt (33b).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.26 (s, 3H, CH3 Aib), 1.29 (s, 3H, CH3 Aib),
2.95 (m, 4H, CH2-CH2-phenyl), 3.40 (m, 2H, CH2 âTrp), 5.26
(m, 1H, CHRTrp), 5.37 (s, 2H, CH2-o-pyridyl), 6.83 (t, 1H,Jo )
7 Hz, H5 Trp), 6.98 (t, 1H,Jo ) 8 Hz, H6 Trp), 7.11-7.30 (m,
10H, H2, H4 and H7 Trp, CHar phenyl, H3 and H5 o-pyridyl), 7.71
(t, 1H, Jo ) 7 Hz, H4 o-pyridyl), 8.22 (brs, 3H, NH2 Aib, TFA
salt), 8.42 (d, 1H,JRâ ) 4 Hz, H6 o-pyridyl), 9.05 (d, 1H,J ) 8
Hz, NH amide), 10.87 (s, 1H, NH indole Trp).13C NMR (75 MHz,
DMSO-d6, 300 K) δ (ppm) 23.4 (CH3 Aib), 23.7 (CH3 Aib), 26.4
(CH2-CH2-phenyl), 28.6 (CâTrp), 32.5 (CH2-CH2-phenyl),
45.7 (CRTrp), 47.6 (CH2 o-pyridyl), 56.8 (Cq Aib), 109.8 (C3 Trp),
111.8 (C7 Trp), 118.3 (C4 Trp), 118.6 (C5 Trp), 121.2 (C6 Trp),
122.0 (C3 o-pyridyl), 123.6 (C5 o-pyridyl), 126.3 (C2 Trp), 126.6
(C4 phenyl), 127.3 (C9 Trp), 128.7 (C2, C3, C5, and C6 phenyl),
136.4 (C8 trypophane), 137.7 (C4 o-pyridyl), 140.7 (C1 phenyl),
150.1 (C6 o-pyridyl), 154.9 (Cq triazole), 155.2 (Cq triazole), 158.7
(C2 o-pyridyl), 172.0 (CO amide).

N-((R)-1-(4-(4-Methoxyphenethyl)-5-phenethyl-4H-1,2,4-tri-
azol-3-yl)-2-(1H-indol-3-yl)ethyl)-2-amino-2-methylpropan-
amide Trifluoroacetate Salt (34).1H NMR (300 MHz, DMSO-
d6, 300 K) δ (ppm) 1.30 (s, 3H, CH3 Aib), 1.35 (s, 3H, CH3 Aib),
2.55 (m, 4H, CH2-CH2-phenyl and CH2-CH2-p-methoxyben-
zyl), 2.83 (t, 2H,J ) 8 Hz, CH2-CH2-phenyl), 3.37 (m, 2H, CH2-
CH2-p-methoxybenzyl), 3.65 (s, 3H, OCH3), 3.77 (m, 1H, CH2
âTrp), 3.89 (m, 1H, CH2 âTrp), 5.20 (m, 1H, CHRTrp), 6.72 (s,
4H, CHarp-methoxybenzyl), 6.94 (t, 1H,Jo ) 7 Hz, H5 Trp), 7.02
(t, 1H, Jo ) 8 Hz, H6 Trp), 7.05 (d, 1H,J ) 2 Hz, H2 Trp), 7.11
(d, 2H,Jo ) 7 Hz, H2 and H6 phenyl), 7.16 (d, 1H,Jo ) 7 Hz, H4

Trp), 7.25 (m, 3H, H3, H4, H5 phenyl), 7.50 (d, 1H,Jo ) 8 Hz, H7

Trp), 8.05 (brs, 3H, NH2 Aib, TFA salt), 9.02 (d, 1H,J ) 8 Hz,
NH amide), 10.83 (d, 1H,J ) 2 Hz, NH indole Trp).13C NMR
(75 MHz, DMSO-d6, 300 K) δ (ppm) 23.5 (CH3 Aib), 23.8 (CH3

Aib), 26.0 (CH2-CH2-phenyl), 29.5 (CâTrp), 32.5 (CH2-CH2-
phenyl), 35.0 (CH2-CH2-p- methoxybenzyl), 44.4 (CH2-CH2-
p-methoxybenzyl), 45.8 (CRTrp), 55.4 (OCH3), 56.8 (Cq Aib),
109.9 (C3 Trp), 111.9 (C7 Trp), 114.2 (C3 and C5 p-methoxybenzyl),
118.4 (C4 Trp), 118.9 (C5 Trp), 121.4 (C6 Trp), 124.7 (C2 Trp),
126.5 (C4 phenyl), 127.4 (C9 Trp), 128.7 (C2, C3, C5, and C6 phenyl),
129.4 (C1 p-methoxybenzyl), 130.3 (C2 and C6 p-methoxybenzyl),
136.5 (C8 Trp), 141.0 (C1 phenyl), 154.0 (Cq triazole), 154.5 (Cq
triazole), 158.6 (C4 p-methoxybenzyl), 171.8 (CO amide).

In Vitro hGHSR-1a Evaluation.Transient transfection of LLC
PK-1 cells and membrane preparation were performed as previously
described.31 LLC PK-1 cells were grown at 37°C, 5% CO2 in
Dulbecco’s modified eagle’s medium (DMEM) supplemented with
10% FCS (v/v), glutamine (2 mM), and antibiotics (50 units/mL
penicillin and 50µg/mL streptomycin). LLC PK-1 cells were
transiently transfected with 1µg of hGHS-R1a using electroporation
(Easyject Optima apparatus, Equibio) according to the manufac-
turer’s protocol (Equibio). Electroporation was carried out at room
temperature according to the manufacturer’s instructions with the
following parameters: 250 V, 1500µF, and infinite internal
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resistance. Transfected cells were plated in 10 cm culture dishes
containing complete growth medium without phenol red. Ap-
proximately 48 h post-transfection, cells were washed three times
with phosphate-buffered saline, pH 6.95, once with 10 mL of
homogenization buffer (HB) containing 50 mM Tris (pH 7.3), 5
mM MgCl2, 2.5 mM EDTA, and 30µg/mL bacitracin, and were
then collected by scrapping. The cells underwent two cycles of
freeze/thawing and were then centrifuged at 10 000g for 20 min at
4 °C. The membrane pellet was resuspended in a minimal volume
of HB, aliquoted, and stored at-80 °C until use. Membrane protein
concentration was determined by the Bradford method using the
Bio-Rad protein assay kit.

Receptor Binding Studies.Isolated plasma membranes from
LLC PK-1 cells (10µg of protein) were incubated in HB for 60
min at 25 °C (steady-state conditions) with 60 pM125I-His9-
ghrelin (Amersham) in the presence or absence of competing
compounds. Nonspecific binding was defined using an excess (1
µM) of ghrelin and was always less than 20% of total binding.
The binding reaction was stopped by addition of 4 mL of ice-cold
HB followed by rapid filtration over Whatman GF/C filters
presoaked with 0.5% polyethyleneimine to prevent excessive
binding of radioligand to the filters. Filters were rinsed three times
with 3 mL of ice-cold wash buffer (50 mM Tris (pH 7.3), 10 mM
MgCl2, 2.5 mM EDTA, and 0.015% (w/v) Triton X-100), and the
radioactivity bound to membranes was measured in aγ counter.

Intracellular Calcium Mobilization Assay. The calcium experi-
ments were performed using the benchtop scanning fluorometer
FlexStation II machine (pharmacologie and screening plateform of
the Institut Fe´dératif de Recherche 3, Montpellier, France). CHO
cells were transiently transfected with thehGHS-1a receptor, using
electroporation, and were then plated into 96-well black-bottom
plates (80 000 cells/well). Twenty-four hours later the cells were
washed with 150µL buffer A (Hanks’ balanced salt solution, 0.5%
BSA, 20 mM CaCl2, 2.5 mM probenecid, pH 7.4) and were then
loaded with 1µM of the fluorescent calcium indicator Fluo-4AM
prepared in buffer A, containing 0.06% pluronic acid (a mild ionic
detergent which facilitates Fluo-4AM ester loading). The cells were
left to incubate for 1 h in the dark at 37 °C. Following the
incubation, excess Fluo-4AM was removed from the cells by
washing twice with 100µL of buffer A, and 50µL of the same
buffer was then added to each well. The cells were left at room
temperature for 30 min to allow complete de-esterification of
intracellular Fluo-4AM esters. The black-bottom plate containing
the cells, as well as the plate containing the compounds to be tested,
was then placed into the temperature-regulated FlexStation machine.
The machine records the fluorescence output over a period of 60
s, with the compounds being automatically distributed into the wells
containing the cells after 15 s. The Fluo-4AM exhibits a large
fluorescence intensity increase on binding of calcium, and therefore
the fluorescence output is used directly as a measure of intracellular
calcium mobilization. The excitation and emission wavelengths
were 485 and 525 nm, respectively. The basal fluorescence intensity
of dye-loaded cells was 800-1200 arbitrary units, and the
fluorescence peak upon maximal response was 5000-7000 units.
To assess the ability of each of the compounds to induce calcium
mobilization, they were tested at a concentration of 10µM in
triplicate, in at least two independent experiments. In each case,
the change in fluorescence upon addition of the compound was
compared with the basal fluorescence output measured with the
control (addition of buffer A only). The maximum fluorescent
output was equivalent to that achieved when the cells where
stimulated with 1µM ghrelin. For the compounds behaving as
agonists and displaying a high affinity binding forhGHS-R1a in
radiolabeled binding experiments, the EC50 (the molar concentration
of the agonist producing 50% of the maximal possible effect of
that agonist) was determined using a dose-response curve. In the
case of high affinity antagonists, the IC50 andKb were determined
using antagonist inhibition curves in the presence of 0.1µM ghrelin
(submaximal concentration). The IC50 was calculated as the molar
concentration of antagonist that reduced the maximal response of
ghrelin by 50%, and an estimation of theKb was made using the

Cheng-Prusoff equation.32 Schild analysis33 was also used to
determine the EC50 of ghrelin in the presence of different
concentrations of antagonist, and from this the pA2 and the exact
Kb were determined.

In Vivo Experiments in the Rat. A. Growth Hormone Assay.
Compounds were dissolved in DMSO (10-2 M) and brought to
the final volume with saline. Animals, male 10-day-old Sprague-
Dawley rats weighing about 25 g (Charles River, Calco, Italy), were
used. Rat pups were received on the fifth day after birth and were
housed in our facilities under controlled conditions (22( 2 °C,
65% humidity, and artificial light from 06:00 to 20:00 h). A standard
dry diet and water were available ad libitum to the dams. One hour
before the experiments, pups were separated from their respective
dams and were divided randomly into groups of eight each. All
the experiments were performed in accordance with the Italian
Guidelines for the Use of Animals in Medical Research.

Pups were acutely challenged with solvent (DMSO, final dilution
1:300), hexarelin (80µg/kg sc), or the compound to be tested (160
µg/kg sc). For combined treatments (test compounds plus hexarelin),
test compounds were administered 10 min before hexarelin. Pups
were killed by decapitation 15 min later. Trunk blood was collected
and centrifuged immediately. Plasma samples were stored at-20
°C until assayed for the determination of plasma GH concentrations.
GH was assayed in plasma using a commercial rat GH enzyme
immunoassay kit (Spibio, Montigny le Bretonneux, France). Values
are expressed in terms of NIDDK-rat-GHRP-2 standard (potency
2 IU/mg) as ng/mL plasma. The minimum detectable value of rat
GH was about 1.0 ng/mL, and intra-assay variability was about
6%.

B. Experiments on Food Intake.Young adult male Sprague-
Dawley rats (Charles River Laboratories, Calco, Italy) weighing
125-150 g were used. All rats were housed in single cages under
controlled conditions (22( 2 °C, 65% humidity, artificial light
from 08:00 to 20:00 h) with ad libitum access to standard rat chow
and water. Rats had 1 week of acclimation in individual home cages
and animal room conditions. The following week, they were trained
daily to mimic the experimental procedure. At the end of training,
rats were administered sc (around 10:00-11:00 a.m.) with graded
doses of the compounds to test (0, 20, 80, 160, 320µg/kg) at time
-10 min and hexarelin (80µg/kg) at time 0 to stimulate the feeding
behavior. Immediately after, the animals were returned to their home
cages, which contained a known amount of standard rat chow and
ad libitum water. The remaining food was carefully collected and
weighed to the nearest 0.1 g every hour for the following 6 h. In
all the experiments hexarelin stimulated the intake of about 1 g of
standard dry pellet food per 100 g of body weight of rats. Food
intake was normalized for the body weight of the animals and
expressed as g of food eaten for 100 g of body weight. Statistical
analysis of food intake eaten in the first 2 h and in the total period
of observation of 6 h was performed by one-way ANOVA followed
by Dunnett’st test for multiple comparisons. AP value less than
0.05 was considered significant.
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An efficient and original stereocontrolled transannular rearrangement starting from activated
2,5-diketopiperazines has been developed, an opportunity for the medicinal chemistry field, which
requests access to novel biological scaffolds. This powerful ring contraction, which can be related to a
stereoselective aza-version of the Chan rearrangement, allows for example the one-step synthesis of
various tetramic acids, access to 2-disubstituted statins, or the synthesis of relevant lactam-constrained
dipeptide mimetics using a TRAL–RCM sequence.

Introduction

Access to new therapeutic entities depends greatly on the discovery
of original and pertinent scaffolds, connected with the develop-
ment of innovative synthetic reactions. In the perpetual quest for
pioneering compounds, we recently described an unprecedented
ring contraction reaction. The transannular rearrangement of
activated lactams (TRAL) leads to 4-hydroxy-3-pyrrolin-2-ones
2 starting from suitable Boc-activated 2,5-diketopiperazines 1
(Scheme 1).1 This powerful rearrangement could be seen as a new
intramolecular N→C acyl migration reaction of cyclic imides. It
can be related to a highly stereocontrolled aza-version of the Chan
rearrangement,2 or to the interesting reaction of acyclic imides
described by Hamada et al.3

Scheme 1 TRAL and TRAL-alkylation. Access to statins.

By adding an alkylating agent during the course of the
TRAL, bis-Boc cyclo-[Gly-X] 1 can be easily converted into its
dialkylated pyrrolidine-2,4-dione 3 in an exceptionally diastereos-
elective manner (TRAL-alkylation, Scheme 1). This regioselective
ring contraction allows then the one-step synthesis of various

aInstitut des Biomolécules Max Mousseron, UMR CNRS 5247, Université
Montpellier 1, Université Montpellier 2, Place Eugène Bataillon, 34095
Montpellier Cedex 5, France. E-mail: dewynter@univ-montp2.fr
bGroupe Matière Condensée et Matériaux, UMR 6626, Université de Rennes
1, Campus de Beaulieu, 35042 Rennes Cedex, France
† CCDC reference number 643845. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b810352f

substituted pyrrolidine-2,4-diones or tetramic acids, key patterns
founded in several biological compounds.4 Moreover, the first
successful application of the TRAL leads to a highly selective
synthesis of various novel 2-disubstituted statins 4.5,6

After a full account of our results on the TRAL/TRAL-
alkylation, including a debate on various activating groups of the
2,5-diketopiperazines (DKPs), we will extend the discussion to the
postulated mechanism and then report on original applications
of TRAL, such as the asymmetric synthesis of original lactam-
constrained dipeptide mimetics as a key route to promising
heterocyclic scaffolds.

Results and discussion

The transannular rearrangement of activated lactams (TRAL):
a serendipitous finding

Stereoselective ring contraction of DKPs into 3-aminotetramates

While our efforts were initially devoted to the stereoselective 3-
or 6-alkylation of bis-(N-tert-butoxycarbonyl)-DKPs (bis-Boc-
DKPs), by taking advantage of the electrophilicity of such
substituted lactams, we made an unexpected observation. Instead
of displaying a predictable protecting group character, under
certain basic conditions, the two Boc moieties acted as electron
withdrawing activators, allowing the unusual transformation of
symmetrical and unsymmetrical bis-Boc-DKPs 1 into the corre-
sponding 3-aminopyrrolidine-2,4-diones 2 (Scheme 1).

A preliminary study has concentrated on the reaction with
diprotected bis-Boc-DKPs 5a–f, in the presence of t-BuOK
(Table 1).

Contradictorily to the few examples described in the literature
concerning the reactions on Boc-protected DKPs under basic
conditions,7,8 we highlighted a new kind of reactivity. According
to chiral HPLC analyses, 1H NMR and 13C NMR studies, we ob-
served that the keto–enolic equilibrium of pyrrolidine-2,4-diones
was always shifted towards the enol formation. We noticed a totally
regioselective ring contraction which allows the exclusion from the
ring system of the Boc-N1 of the DKPs, leading to the formation
of the corresponding aminotetramates 6a–f in good yields with

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3989–3996 | 3989



Table 1 Stereocontrolled ring contraction of activated DKPs

Entry 5 R1 R2 6/7 Yielda (%) eeb (%)

1 5a H Boc 6a 72 —
2 5b Me (S) Boc 6b 60 >99
3 5c Me (R) Boc 6c 64 >99
4 5d iPr (S) Boc 6d 82 >99
5 5e iPr (R) Boc 6e 84 >99
6 5f sBu (S) Boc 6f 71 >95
7 5g iPr (S) Z 6g 0 —
8 5h H Bz 6h 69 —
9 5i iPr (S) Bz 6i 98 87

10 5j iPr (R) Bz 6j 98 87
11 5k H Ac 7 37 —

a Yield of product isolated by flash chromatography. b The ee values were
determined by HPLC on a chiral phase.

excellent enantioselectivities and with absolute retention of the
initial configuration.

The examination of the feasibility of this serendipitous rear-
rangement was then extended to other conventional N-protecting
groups that could be perceived as lactamic activators of the
TRAL. While no reaction was detected with a bis-Z-DKP (entry
7, Table 1), the reaction of bis-Bz-DKPs occurred with higher
yields but lower stereoselectivity, contrasting with the exceptional
enantioselectivity described for the bis-Boc-DKPs (entries 8–10,
Table 1). This tiny fall in stereoselectivity could be explained by the
increased facility of racemisation of the bis-Bz-DKPs in alkaline
media.

Interestingly, when we investigated the switch to bis-Ac-DKP
5k, the tris-acetylated DKP 7 was produced in moderate yield
with no trace of the corresponding tetramate (entry 11, Ta-
ble 1). Ascribing this to an intermolecular acetyl migration,
since unprotected DKP was simultaneously generated, we then
exploited this peculiarity for the synthesis of an interesting
scaffold. The reduction of the DKP 7 using LiAlH(OtBu)3 allowed
us access to the dehydro product 8, in good yield, in a Perkin-like
elimination with concomitant cleavage of the neighboring acetyl
group. The Z-stereochemistry of this compound was established
using 1H NMR spectra by comparison with previously described
analyses.9

Further applications of the TRAL to other symmetrical DKPs,
such as di-protected cyclo-[X-X] (X = Ala, Val, Glu(OMe)),
provide original substituted pyrrolidine-2,4-diones, in which the
two alkyl chains belong to the same half-space of the heterocyclic
moiety (Table 2).

Table 2 TRAL on symmetrical DKPs

Entry 9 R 10 Yielda (%) deb (%)

1 9a Me (S) 10a 66 67
2 9b iPr (S) 10b 68 >95
3 9c MeO2C(CH2) (S) 10c 29 >95

a Yield of product isolated by flash chromatography. b The de values were
determined by HPLC of the crude product.

Claisen-like rearrangement applied to the TRAL products
(obtained from unsymmetrical DKPs)

With the scope of the TRAL on unsymmetrical DKPs established,
the synthetic value of the tetramate adducts was then investigated.
The asymmetric Claisen-like rearrangement described for 3-O-
allyl(isopropylidene)ascorbate10 was successfully transposed to the
bis-Bz-pyrrolidine-2,4-dione 6j and to the bis-Boc-pyrrolidine-2,4-
dione 6e. After an appropriate O-allylation, derivatives 11j and
11e followed a sigmatropic rearrangement to yield 12j and 12e in
a stereocontrolled manner (Scheme 2).

Scheme 2 Claisen-like rearrangement. Reagents and conditions: (a) KOH,
DMSO, CH2=CHCH2Br; (b) microwave irradiation, toluene–DMSO,
170 ◦C, 30 min.

The stereochemistry of this Claisen-like rearrangement was
unambiguously determined by X-ray diffraction crystal analysis
of the major compound 12j enantioenriched by recrystallization
(Scheme 3).‡

The high diastereoselectivity of this sigmatropic rearrangement
could be easily explained by the structural parameters of the
Zimmermann–Traxler chair transition state, as illustrated by
Scheme 4.

In agreement with our preliminary studies on TRAL, benzoyl
groups also appear to be a suitable alternative to Boc activating
groups here.

‡ C24H24O4N2, Mr = 404.45, orthorhombic, P212121, a = 10.4911(5),
b = 12.2289(6), c = 16.1319(7) Å, V = 2069.6(2) Å3, Z = 4, DX =
1.298 Mg.m-3, l(Mo Ka) = 0.71073 Å, m = 0.89 cm-1, F(000) =
856, T = 110(1) K. CCDC 643845. These data can also be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.uk/data_request/cif.
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Scheme 3 X-Ray analysis of (3S,5R)-12j.

Scheme 4 Zimmermann–Traxler chair transition state.

Stereoselective ring contraction of DKPs in the presence of an
alkylating agent: the TRAL-alkylation

To improve the access to more functionalized tetramates, we have
already described a viable route for the relevant regioselective
and stereoselective ring contraction of DKPs into pyrrolidine-2,4-
diones in the presence of an alkylating agent. By using symmetrical
or unsymmetrical DKPs, we could obtain a range of derivatives
bearing the two side chains R1 and R2 on the same face of the
heterocyclic ring (Table 3).

Towards a plausible mechanism to explain the stereoselectivity of
the TRAL

The transannular rearrangement of activated lactams (TRAL), an
intramolecular acylation of an imide enolate, could be related
to the Dieckmann and Gabriel–Colman reactions or to the
early step of the Dakin–West reaction. However, a better match
could be made with the Chan reaction,2 a rearrangement of an
acyloxyacetate to a 2-hydroxy-3-keto-ester in the presence of a
strong base (Scheme 5). Its aza-version has been developed on
acyclic imides by Hamada et al.3 and extended to biological hits
by Wipf and Methot,11 and White et al.,12,13 as illustrated by the
Holton Taxol total synthesis.14

Scheme 5 The Chan rearrangement.

As suggested by Wipf and co-workers, only the s-cis conforma-
tion of the ester and the tertiary amide of the incriminated imide
moiety is able to undergo the Chan rearrangement. A transposi-
tion of this interpretation could allow us to connect the success of
the TRAL to the unique presence of the s-cis conformation, since
bis-Boc-DKPs could be likened to constrained cyclic systems of
two imides.

Concerning the mechanism of the TRAL, we anticipated that
the TRAL of activated DKPs could sensibly follow the Chan–
Hamada reaction (Scheme 6). We proposed that after a suitable
deprotonation of the activated DKP under basic conditions, the
kinetic enolate would be formed. The transannular attack of
the enolate, and nucleophilic acyl substitution with the adjacent
carbonyl of the imide group could afford an aziridine intermediate,

Table 3 TRAL-alkylation of unsymmetrical and symmetrical DKPs

Entry 5 R1 R2X R 13 Yielda (%) deb (%)

1 5a H CH2=CHCH2Br = R2 13a 62 >95
2 5a H BnBr = R2 13b 57 >95
3 5e iPr (R) CH3I = R1 13c 60 >95
4 5e iPr (R) BnBr = R1 13d 72 >95
5 5e iPr (R) EtO2CCH2I = R1 13e 69 >95
6 5e iPr (R) CH2=CHCH2Br = R1 13f 76 >99
7 5e iPr (R) (CH3)2C=CHCH2Br = R1 13g 84 >95
8 5f iBu (S) CH2=CHCH2Br = R1 13h 68 >95

a Yield of product isolated by flash chromatography. b The 13C NMR spectra gave only one set of peaks.
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Scheme 6 Postulated mechanism for the TRAL, by analogy with the
Chan reaction.

in accordance with the oxirane formation described for the Chan
reaction.

To explain the exceptional stereoselectivity of the TRAL, we
could postulate that the aziridine ring would be positioned on
the less bulky half-space rather than on the face containing the
side chain R1. Prototropy on the oxanion could lead to the
anionic intermediate shown. In the presence of an alkylating
reagent such as R2–X, we have anticipated that the constrained
ring system could hinder the attack of the sp3 carbanion on the
face where the Boc-aziridine moiety is located. The electrophile
could then only add to the open half-space of the heterocycle,
where the R1 group is pointed away from the Boc-aziridine
moiety. In the last step, the opening of the aziridine affords the
resulting bis-Boc 3-aminopyrrolidine-2,4-dione or its enolic form.
The possibility of immediate ring opening of the in situ formed
aziridine intermediate could be also considered. This opening
could be induced by the alkoxide anion, followed by prototropy
to the nitrogen anion, affording an anionic intermediate which
could attack the electrophile R2–X. Taking into account the high
reactivity of 2-oxyaziridines, the ring opening of the proposed 2-
hydroxyaziridine intermediate in a final stage of the process is less
likely.15

TRAL: a key route to promising scaffolds

Besides the first described application of the TRAL leading to
the synthesis of statin analogues, we describe here an original
access to promising heterocyclic scaffolds, using a tandem TRAL–
metathesis approach.

Asymmetric synthesis of original lactam-constrained dipeptide
mimetics

The concept of conformational constraint has emerged as the
favourite method in medicinal chemistry of “freezing” the bioac-
tive conformation of the initial peptide in order to optimize its ac-
tivity, its receptor selectivity or the duration of its action.16–26 Since
the lactam-bridged dipeptides described by Freidinger et al. have
been well recognized to be a significant type of conformational
constraint in peptides27,28 and since the ring-closing metathesis
reaction has been shown to be a powerful method of accessing
rigidified dipeptides of biological interest,29–32 we chose to design
a new and efficient method leading to original lactam-constrained
dipeptide mimetics.

Using a highly stereoselective chemical sequence, TRAL fol-
lowed by a ring-closing metathesis reaction (RCM), we have
been able to access unprecedented heterocyclic scaffolds 14–
16 (Scheme 7), that could be received as dipeptide mimetics.

Scheme 7 Lactam-constrained dipeptide mimetics.

Furthermore, the presence of a quaternary stereogenic carbon
center enhances the significance of these bicyclic derivatives,
regarding the fact that aza-cyclic a-aminoacids with quaternary
stereocenters are part of biologically active natural products
with therapeutic potential,33–35 and are useful building blocks for
natural product synthesis and enantioselective syntheses.36–40

In order to add more constraints on the pyrrolidine-2,4-dione
moieties, we first imagined linking the side chains of the dipeptide
mimetic, taking the opportunity given by the TRAL to choose
their spatial arrangement. First of all, as we already demonstrated,
the bis-Boc cyclo-[Gly-Gly] 5a can be easily converted into
its dialkylated pyrrolidine-2,4-dione 13a in a diastereoselective
manner (Scheme 8). With both allyl chains being in the same
half-space and properly positioned for cyclization, the use of a
Grubbs’ catalyst II in the second step leads to the over-constrained
derivative 14a in good yield.

Scheme 8 Synthesis of bicyclo-compound 14a starting from bis-Boc
cyclo-[Gly-Gly]. Reagents and conditions: (a) (i) LiHMDS, -78 ◦C, THF
(ii) CH2=CHCH2Br, 62%; (b) 2% mol Grubbs’ catalyst II, CH2Cl2, r.t.,
84%. About 14a: the 13C NMR spectrum of the crude material gave only
one set of peaks.

In the quest for novel heterocyclic scaffolds and encouraged
by the efficiency of this pioneering ring-closing metathesis on
pyrrolidine-2,4-dione derivatives, we decided to expand our strat-
egy to the synthesis of spiro-derivatives.

By taking advantage of the potential for high stereoselectivity of
one of our previously reported synthetic sequences, the TRAL and
O-allylation followed by a Claisen-like rearrangement, we already
knew how to access 3-allyl-3-aminopyrrolidine-2,4-dione 12e from
bis-Boc cyclo-[Gly-D-Val] 5e (Scheme 2).

Taking a bet on this totally diastereoselective sequence, we were
then able to transpose it to the O,N-diallyl derivative 17, which
could be accessed from the same aminotetramate intermediate
6e by using two equivalents of base and allyl bromide. The
sigmatropic rearrangement provided the new C,N-diallyl 18 in
good yield in a stereocontrolled manner. This reaction was carried
out under microwave conditions, which appeared to be more
efficient than thermal conditions.

A suitable intramolecular cyclization by ring-closing metathesis
of the pyrrolidine-2,4-dione 18, allowed the new stereoselective
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Scheme 9 TRAL and O-allylation followed by a Claisen-like rearrangement. Reagents and conditions: (a) tBuOK, THF, r.t., 84%; (b) KOH (2.0 equiv.),
DMSO, CH2=CHCH2Br (2.0 equiv.), 76%; (c) microwave irradiation, toluene–DMSO, 170 ◦C, 30 min, 73%; (d) 2% mol Grubbs’ catalyst II, DCM, r.t.,
88%. About 15a: the 13C NMR spectrum of the crude material gave only one set of peaks.

construction of the innovative [5 + 6] spiro-derivative 15a in
excellent yield (Scheme 9).

This unprecedented spiro-scaffold could be classified as a
significant lactam-constrained dipeptide mimetic. In addition it
could be also considered a more complex derivative of Baiki-
ain, a cyclic a-amino acid isolated from the heartwood of
Rhodesian teak (Baikiaea plurijuga).41 This interesting natural
compound is an unsaturated derivative of pipecolic acid, which
is a non-proteinogenic amino acid present in pharmacologi-
cally active molecules such as immunosupressors or antitumor
antibiotics.42

Finally, regarding the fact that using RCM to synthesize an
eight-membered cycle is still challenging,43,44 we performed the
cyclization starting from the intermediate compound 16a, to
build the [5 + 4] spiro-derivative 15b, another lactam-constrained
dipeptide mimetic (Scheme 10). We were delighted to observe
that the aminotetramate 17 was easily converted into the novel
bicyclo-derivative 16a, in good yield, probably helped by the steric
constraints induced by the N-Boc group. This optically active
compound 16a can be considered as an interesting bicyclo- and
dehydro- quaternary dipeptide mimetic.

Scheme 10 Synthesis of a [5 + 4] spiro-derivative. Reagents and conditions:
(a) 2% mol Grubbs’ catalyst II, CH2Cl2, r.t., 78%; (b) microwave
irradiation, toluene–DMSO, 170 ◦C, 30 min.

Interestingly, under microwaves or thermal conditions, the
sigmatropic rearrangement of 16a was unsuccesful, leading to
a partial cleavage of the Boc protecting group. In order to
give an explanation, we first postulated two ring-conformations
for 16a, the chair-like and boat-like conformations. A careful
examination of the 1H NMR spectrum of the eight-membered
ring part of the cyclic system, showed unambiguously that the

allylic methylene protons on the nitrogen side possess anisochrony,
exhibited as a significant splitting of signals (Dd = 1.42 ppm).
This allowed us to conclude on a chair-like favorite conformation.
This observation was also confirmed by molecular modelling
studies on 16a (Scheme 11a).45 We then had to admit that the
boat-like conformer was critical for the transannular reaction
(Scheme 11b).

Scheme 11 (a) The predicted lower energy conformation of 16a: the
chair-like favorite conformation observed by molecular modelling studies
and 1H NMR; (b) the boat-like conformer probably crucial for the
transannular Claisen rearrangement reaction.

Conclusions

In conclusion, we have devised a powerful method for accessing
new lactam-constrained dipeptide mimetics, new chemical entities
that could be of broad interest in the quest for original scaf-
folds for drug discovery. The success of this strategy is closely
linked to the access to suitable building blocks for the ring-
closing metathesis, which can only be obtained by the highly
stereocontrolled TRAL. The association of the TRAL and an
unprecedented ring-closing metathesis on pyrrolidine-2,4-dione
derivatives provided lactam-constrained dipeptide mimetics in
good yields with remarkable stereoselectivity. We believe that this
study will offer a strong incentive for the construction of larger
or structurally modified dipeptide mimetics and potentially novel
biological hits.
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Experimental

General procedures

All solvents were dried and freshly distilled prior to use. TLC was
performed with Merck-Kieselgel 60 F254 plates, and spots were
visualized with UV light and/or by staining with ninhydrin solu-
tion followed by heating. Flash chromatography was performed on
Merck-Kieselgel 60 (230–400 mesh). Melting points were recorded
on Buchi 510 melting apparatus. Optical rotations were measured
with a 1 cm cell (concentration c given in g 100mL-1solvent) on
a Perkin Elmer Polarimeter at 20 ◦C with a sodium lamp (589
nm). HPLC analyses were performed on a Waters-Millennium
(column 250 ¥ 4.6 mm Nucleosil C18 5 m, detection UV). High
resolution mass spectra (HRMS) were obtained on a JEOL JMS-
SX-102 high resolution magnetic sector mass spectrometer. 1H
NMR and 13C NMR spectra were recorded with Bruker 200 MHz,
Bruker AC250 MHz, Bruker Advance 300 MHz or Bruker A DRX
400 MHz spectrometers. Chemicals shifts are reported in d relative
to an internal standard of residual chloroform (d = 7.26 for 1H
NMR and 77.16 for 13C NMR) or DMSO-d6 (d = 2.50 for 1H
NMR and 39.52 for 13C NMR). The reported 1H NMR signals
were assigned using standard 2D NMR techniques or by direct
comparison to the 1H NMR spectra of the corresponding starting
materials. The reported 13C NMR signals were assigned using
DEPT-135 and HMQC techniques or by direct comparison of the
13C NMR spectra of the corresponding starting materials.

1,4-Di(benzoyl)-piperazine-2,5-dione 5h

Typical procedure for the benzoylation of DKP. A solution of
piperazine-2,5-dione (0.198 g, 1.74 mmol) and benzoic anhydride
(1.572 g, 6.95 mmol) in toluene (2 mL) was irradiated for
20 min at 180 ◦C (Biotage Initiator apparatus). The medium
was then concentrated in vacuo and 10 mL of CH2Cl2 were
added. The organic layer was washed with a saturated solution
of NaHCO3, dried over MgSO4 and concentrated in vacuo. The
crude residue was purified by column chromatography (CH2Cl2–
AcOEt (100 : 0 → 90 : 10)), providing 1,4-di(benzoyl)-piperazine-
2,5-dione 5h in 56% yield (0.318 g) as a white powder. Mp
(decomposed) = 207 ◦C; 1H NMR (CDCl3, 400 MHz): d 4.54
(s, 4H), 7.39–7.65 (m, 10H); 13C NMR (CDCl3, 100 MHz): d 48.8,
128.5, 128.9, 133.1, 133.8, 166.6, 170.9; HRMS (FAB+) m/z calcd
for C18H14N2O4 [M + H+] 323.1032, found 323.1042.

(3R)-1,4-Di(benzoyl)-3-isopropylpiperazine-2,5-dione 5j

Mp = 77 ◦C; [a]20
D = -17.6 (c = 1.08, CH2Cl2); 1H NMR (CDCl3,

300 MHz): d 1.18 (t, 6H), 2.22–2.41 (m, 1H), 4.48 (d, 1H, JAB =
18.8 Hz), 4.88 (d, 1H, JAB = 18.8 Hz), 4.94 (d, 1H, J = 8.4 Hz),
7.40–7.71 (m, 10H); 13C NMR (CDCl3, 75 MHz): d 19.5, 19.7, 32.6,
48.5, 64.2, 128.3 to 132.9, 134.1, 134.3, 167.0, 167.9, 171.1, 171.6;
HRMS (FAB+) m/z calcd for C21H20N2O4 [M + H+] 365.1501,
found 365.1514.

1-(Benzoyl)-3-[(benzoyl)amino]-4-hydroxy-3-pyrrolin-2-one 6h

Typical procedure for the rearrangement. To a solution of 1,4-
di(benzoyl)-piperazine-2,5-dione 5h (0.077 g, 0.24 mmol) in dry
THF (5 mL) was added tBuOK (0.030 g, 0.26 mmol) at r.t. The

solution was stirred for 12 hours under an argon atmosphere. The
medium was then diluted with AcOEt (10 mL), washed with a
solution of 0.1 N HCl (20 mL), and dried over anhydrous MgSO4.

The solvent was removed in vacuo and the desired compound was
obtained (0.054 g, 69% yield) as a yellow oil. 1H NMR (CDCl3,
300 MHz): d 4.44 (s, 2H), 7.21–8.05 (m, 11H), 12.50 (m, 1H);
13C NMR (CDCl3, 75 MHz): d 46.8, 104.2, 127.4 to 133.4, 131.0,
134.3, 156.5, 165.3, 167.2, 168.3; HRMS (FAB+) m/z calcd for
C18H14N2O4 [M + H+] 323.1032, found 323.1026.

(5R)-1-(Benzoyl)-3-[(benzoyl)amino]-4-hydroxy-5-isopropyl-3-
pyrrolin-2-one 6j

Mp = 94 ◦C; [a]20
D = -137.3 (c = 1.02, CH2Cl2); 1H NMR (CDCl3,

300 MHz): d 0.96 (d, 3H, J = 7.0 Hz), 1.16 (d, 3H, J = 7.1 Hz),
2.39–2.55 (m, 1H), 4.89 (d, 1H, J = 2.8 Hz), 7.29–8.02 (m, 11H),
12.57 (m, 1H); 13C NMR (CDCl3, 75 MHz): d 16.6, 18.0, 29.3,
61.4, 103.9, 127.4 to 133.2, 131.0, 134.9, 160.1, 165.8, 167.2, 168.7;
HRMS (FAB+) m/z calcd for C21H20N2O4 [M + H+] 365.1501,
found 365.1495.

1,4-Di(acetyl)-piperazine-2,5-dione 5k

A solution of piperazine-2,5-dione (0.424 g, 3.72 mmol) in acetic
anhydride (2 mL) was irradiated for 26 min at 180 ◦C (Biotage
Initiator apparatus). The medium was then concentrated in
vacuo and purified by column chromatography (CH2Cl2–AcOEt
(100 : 0 → 90 : 10)), providing 1,4-diacetyl-piperazine-2,5-dione
in 76% yield (0.560 g) as white crystals. Mp = 97 ◦C; 1H NMR
(CDCl3, 400 MHz): d 2.52 (s, 6H), 4.55 (s, 4H); 13C NMR (CDCl3,
100 MHz): d 26.7, 47.1, 166.0, 170.8; HRMS (FAB+) m/z calcd
for C8H10N2O4 [M + H+] 199.0719, found 199.0730.

1,2,4-Tri(acetyl)-piperazine-2,5-dione 7

To a solution of 1,4-di(acetyl)-piperazine-2,5-dione 5k (0.070 g,
0.35 mmol) in dry THF (5 mL) was added tBuOK (0.044 g,
0.39 mmol) at r.t. The solution was stirred for 12 hours under
an argon atmosphere. The medium was then diluted with AcOEt
(10 mL), washed with a solution of 0.1 N HCl (20 mL), dried
over anhydrous MgSO4 and concentrated in vacuo. The crude
residue was purified by column chromatography (CH2Cl2–AcOEt,
100 : 0 → 96 : 4). The desired compound was obtained (0.031 g,
37% yield) as a colorless oil. 1H NMR (CDCl3, 400 MHz): d 2.41 (s,
3H), 2.52 (s, 3H), 2.55 (s, 3H), 3.82 (d, 1H, JAB = 18.1 Hz), 4.95 (d,
1H, JAB = 18.1 Hz), 6.08 (s, 1H); 13C NMR (CDCl3, 100 MHz):
d 26.6, 26.9, 27.4, 46.5, 68.5, 162.3, 165.0, 170.6, 171.2, 197.5;
HRMS (FAB+) m/z calcd for C10H12N2O5 [M + H+] 241.0824,
found 241.0825.

(Z)-1-Acetyl-3-ethylene-piperazine-2,5-dione 8

To a solution of 1,2,4-tri(acetyl)-piperazine-2,5-dione 7 (0.162 g,
0.68 mmol) in 10 mL of dry THF was added LiAlH(OtBu)3

(1.01 mmol) at r.t. under stirring and an argon atmosphere.
After 2 hours, AcOEt (30 mL) was added. The organic layer was
washed with 0.1 N HCl, dried over MgSO4 and concentrated in
vacuo. The crude residue was then purified by silica gel column
chromatography (CH2Cl2–MeOH (100 : 0 → 96 : 4)). The desired
compound was obtained (0.103 g, 83% yield) as a white powder.
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Mp = 145 ◦C; 1H NMR (CDCl3, 300 MHz): d 1.80 (d, 3H, J = 7.6
Hz), 2.54 (s, 3H), 4.37 (s, 2H), 6.34 (q, J = 7.6 Hz), 8.66 (br s, 1H);
13C NMR (CDCl3, 75 MHz): d 11.7, 27.1, 45.9, 119.4, 127.3, 159.7,
163.9, 172.6; HRMS (FAB+) m/z calcd for C8H10N2O3 [M + H+]
183.0770, found 183.0775.

(5R)-4-Allyloxy-1-benzoyl-3-[(benzoyl)amino]-5-isopropyl-3-
pyrrolin-2-one 11j

To a solution of (5R)-1-(benzoyl)-3-[(benzoyl)amino]-4-hydroxy-
5-isopropyl-3-pyrrolin-2-one 6j (0.152 g, 0.42 mmol) in dry DMSO
(5 mL) was added KOH in powder form (0.021 g, 0.37 mmol)
with stirring. Gentle warming was necessary for dissolution. The
mixture changed color from pink to deep violet. Allyl bromide
(0.03 mL, 0.38 mmol) was then added and the medium was
allowed to stir under an argon atmosphere for 6 h. AcOEt (10 mL)
was then added. The organic layer was washed with 0.1 N HCl
(10 mL), dried over MgSO4 and concentrated in vacuo. The crude
residue was purified by column chromatography (CH2Cl2–AcOEt,
100 : 0 → 80 : 20), providing the derivative 11j (0.120 g) as a
colorless oil in 71% yield. [a]20

D = -160.4 (c = 1.11, CH2Cl2); 1H
NMR (CDCl3, 300 MHz): d 1.10 (d, 3H, J = 7.0 Hz), 1.23 (d,
3H, J = 7.1 Hz), 2.45–2.59 (m, 1H), 4.77–4.92 (m, 2H), 5.00 (d,
1H, J = 2.5 Hz), 5.24–5.39 (m, 2H), 5.85–6.02 (m, 1H), 7.33–
7.82 (m, 11H); 13C NMR (CDCl3, 75 MHz): d 17.3, 18.0, 29.7,
61.8, 71.5, 103.1, 119.1, 127.4 to 132.3, 132.7, 134.9, 168.1, 168.2,
168.3, 169.0; HRMS (FAB+) m/z calcd for C24H24N2O4 [M + H+]
405.1814, found 405.1819.

(3S,5R)-3-Allyl-1-(benzoyl)-3-[(benzoyl)amino]-5-
isopropylpyrrolidine-2,4-dione 12j

A solution of (5R)-4-allyloxy-1-benzoyl-3-[(benzoyl)amino]-5-
isopropyl-3-pyrrolin-2-one 11j (0.020 g, 0.05 mmol) in toluene
(3 mL) with some drops of DMSO was irradiated for 30 min
at 170 ◦C (Biotage Initiator apparatus). The medium was then
concentrated in vacuo and the crude residue was purified by
column chromatography (CH2Cl2–AcOEt, 100 : 0 → 95 : 5),
providing 12j in 74% yield (0.015 g) as a colorless oil. 1H NMR
(CDCl3, 300 MHz): d 1.17 (d, 3H, J = 6.9 Hz), 1.19 (d, 3H, J =
6.6 Hz), 2.50–2.62 (m, 3H), 4.73 (d, 1H, J = 4.4 Hz), 5.20–5.36
(m, 2H), 5.64–5.81 (m, 1H), 6.51 (br s, 1H), 7.32–7.95 (m, 10H);
13C NMR (CDCl3, 75 MHz): d 18.9, 19.4, 29.8, 38.2, 62.6, 67.3,
123.0, 127.4 to 133.9, 166.7, 170.2, 171.0, 205.1.

1-tert-Butoxycarbonylamino-8,9-dioxo-7-aza-bicyclo[4.2.1]non-3-
ene-7-carboxylic acid tert-butyl ester 14a

To a stirred solution of 3,5-trans-diallyl-1-(tert-butoxycarbonyl)-
3-[(tert-butoxycarbonyl)amino]pyrrolidine-2,4-dione 13a (0.226 g,
0.57 mmol) in dichloromethane (8 mL) was added Grubbs’
catalyst (2% mol of benzylidene-[1,3-bis-(2,4,6-trimethylphenyl)-
2-imidazolidinylidene]-dichloro (tricyclohexyl phosphane) ruthe-
nium, 0.010 g in 2 mL of dichloromethane, 0.0115 mmol). The
reaction mixture was stirred for 2 h. DMSO (0.04 mL, 0.48 mmol,
50 equiv. related to catalyst) was then added and the solution was
stirred for an additional 12 hours. After concentration in vacuo,
the residue was purified by flash chromatography on silica gel
(CH2Cl2–AcOEt, 100 : 0 → 85 : 15) to give the compound 14a
(0.176 g, 84% yield) as a solid. Mp = 104 ◦C; tr = 10.937 min; 1H

NMR (CDCl3, 200 MHz): d 1.35 (s, 9H), 1.54 (s, 9H), 2.22–2.33
(m, 1H), 2.55–2.68 (m, 1H), 2.36–2.48 (m, 1H), 2.80–2.92 (m, 1H),
4.70 (m, 1H), 5.40 (s, 1H), 5.46–5.61 (m, 2H); 13C NMR (CDCl3,
100 MHz): d 28.0, 28.2, 30.3, 33.7, 62.0, 64.4, 81.6, 84.2, 121.9,
124.5, 148.4, 154.6, 170.3, 204.7. HRMS (FAB+) m/z calcd for
C18H26N2O6 [M + H+] 367.4092, found 367.4101.

(5R)-4-Allyloxy-3-[allyl-(tert-butoxycarbonyl)amino]-1-(tert-
butoxycarbonyl)-5-isopropyl-3-pyrrolin-2-one 17

To a stirred solution of (5R)-1-(tert-butoxycarbonyl)-3-[(tert-
butoxycarbonyl)amino]-4-hydroxy-5-isopropyl-3-pyrrolin-2-one
6e (0.713 g, 2.00 mmol) in dry DMSO (8 mL) was added KOH
powder (0.280 g, 5.01 mmol). Gentle warming was necessary for
total dissolution. The mixture turned from pink to deep violet.
Allyl bromide (0.44 mL, 5.01 mmol) was then added and the
medium was stirred under an argon atmosphere for 12 hours.
The reaction mixture was diluted with AcOEt (16 mL) and then
washed with 0.1 N HCl (16 mL). The organic layer was dried over
anhydrous MgSO4 and concentrated in vacuo. The crude residue
was purified by flash chromatography on silica gel (CH2Cl2–
AcOEt, 100 : 0 → 80 : 20), providing the derivative 17 (0.665 g) as
a colorless oil in 76% yield. [a]20

D = -46.0 (c = 2.20, CH2Cl2); tr =
14.549 min; 1H NMR (CDCl3, 400 MHz): d 0.79 (d, 3H, J = 6.9
Hz), 1.10 (d, 3H, J = 7.2 Hz), 1.41 (s, 9H), 1.53 (s, 9H), 2.38–2.50
(m, 1H), 3.79–4.34 (m, 2H), 4.28 (s, 1H), 4.68–4.87 (m, 2H), 5.10–
5.40 (m, 4H), 5.81–6.00 (m, 2H); 13C NMR (CDCl3, 100 MHz): d
16.4, 18.9, 28.2, 28.4, 29.5, 52.1, 62.2, 71.5, 81.1, 82.8, 109.3, 119.0,
131.7, 133.2, 149.3, 154.9, 166.9, 167.9; HRMS (FAB+) m/z calcd
for C23H36N2O6 [M + H+] 437.2652, found 437.2627.

(3S,5R)-3-Allyl-3-[allyl-(tert-butoxycarbonyl)amino]-1-(tert-
butoxycarbonyl)-5-isopropylpyrrolidine-2,4-dione 18

A solution of (5R)-4-allyloxy-3-[allyl-(tert-butoxycarbonyl)-
amino]-1-(tert-butoxycarbonyl)-5-isopropyl-3-pyrrolin-2-one 17
(0.180 g, 0.45 mmol) in toluene (3 mL) containing some drops
of DMSO, was irradiated for 30 min at 170 ◦C (Biotage Initiator
apparatus). The medium was then concentrated in vacuo and the
crude residue was purified by column chromatography on silica
gel (CH2Cl2–AcOEt, 100 : 0 → 95 : 5), providing compound 18
as a colorless oil (0.143 g, 73% yield). [a]20

D = -98.0 (c = 1.48,
CH2Cl2); tr = 15.413 min; 1H NMR (CDCl3, 300 MHz): d 1.06 (d,
3H, J = 7.1 Hz), 1.18 (d, 3H, J = 6.9 Hz), 1.40 (s, 9H), 1.55 (s, 9H),
2.39–2.52 (m, 1H), 2.39–2.67 (m, 2H), 3.93 (d, 1H, J = 5.9 Hz),
4.01 (br s, 2H), 5.10–5.23 (m, 2H), 5.10–5.40 (m, 2H), 5.48–5.62
(m, 1H), 5.81–5.98 (m, 1H); 13C NMR (CDCl3, 75 MHz): d 18.6,
21.4, 28.0, 28.1, 31.4, 37.4, 46.3, 68.4, 69.4, 81.8, 83.4, 115.8, 122.1,
128.4, 135.6, 150.0, 155.3, 171.8, 206.8; HRMS (FAB+) m/z calcd
for C23H36N2O6 [M + H+] 437.2652, found 437.2649.

Baikiain spiro-derivative 15a

To a stirred solution of (3S,5R)-3-allyl-3-[allyl-(tert-butoxy-
carbonyl)amino]-1-(tert-butoxycarbonyl)-5-isopropylpyrrolidine-
2,4-dione 18 (0.105 g, 0.24 mmol) in dichloromethane (5 mL) was
added Grubbs’ catalyst (2% mol of benzylidene-[1,3-bis-(2,4,6-
trimethylphenyl)-2-imidazolidinylidene]-dichloro (tricyclohexyl
phosphane) ruthenium, 0.004 g, in 2 mL of dichloromethane,
0.0048 mmol). The reaction mixture was stirred for 2 hours.
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DMSO (0.02 mL, 0.24 mmol, 50 equiv. related to catalyst)
was then added and the solution was stirred for an additional
12 hours. After concentration in vacuo, the residue was purified
by flash chromatography on silica gel (CH2Cl2–AcOEt, 100 :
0 → 98 : 2) to produce the compound 15a (0.086 g, 88% yield) as
a solid. Mp = 124 ◦C; tr = 14.275 min; [a]20

D = -89.0 (c = 1.90,
CH2Cl2); 1H NMR (CDCl3, 300 MHz): d 1.04 (d, 3H, J = 7.0
Hz), 1.08 (d, 3H, J = 7.2 Hz), 1.35 (s, 9H), 1.50 (s, 9H), 2.24–2.36
(m, 1H), 2.40–2.52 (m, 2H), 3.98–4.02 (m, 2H), 4.23 (d, 1H,
J = 4.5 Hz), 5.60–5.70 (m, 1H), 5.86–5.94 (m, 1H); 13C NMR
(CDCl3, 75 MHz): d 19.1, 19.2, 28.0, 28.2, 30.6, 30.9, 43.6, 62.8,
67.0, 81.7, 83.8, 118.5, 126.0, 150.0, 155.1, 171.1, 206.2; HRMS
(FAB+) m/z calcd for C21H32N2O6 [M + H+] 409.2339, found
409.2347.

(3R)-3-isoPropyl-1-oxo-1,3,5,8-tetrahydro-4-oxa-2,9-diaza-
cyclopentacyclooctene-2,9-dicarboxylic acid di-tert-butyl ester 16a

To a stirred solution of (5R)-4-allyloxy-3-[allyl-(tert-butoxy-
carbonyl)amino]-1-(tert-butoxycarbonyl)-5-isopropyl-3-pyrrolin-
2-one 17 (0.403 g, 0.92 mmol) in dichloromethane (20 mL)
was added Grubbs’ catalyst (2% mol of benzylidene-[1,3-bis-
(2,4,6-trimethylphenyl)-2-imidazolidinylidene]-dichloro (tricyclo-
hexyl phosphane) ruthenium, 0.016 g, in 2 mL of dichloromethane,
0.0185 mmol). The reaction mixture was stirred for 2 h. DMSO
(0.08 mL, 0.92 mmol, 50 equiv. related to catalyst) was then
added and the solution was stirred for an additional 12 hours.
After concentration in vacuo, the residue was purified by flash
chromatography on silica gel (CH2Cl2–AcOEt, 100 : 0 → 80 : 20)
to produce the compound 16a (0.295 g, 78% yield) as a colorless oil.
The 1H NMR spectrum of compound 16a gave two sets of peaks
for the methyl protons of one Boc and also two sets of peaks for the
isopropyl group. A high-temperature 1H NMR study in DMSO-d6

allowed us to correlate this observation with E/Z isomerisation
of the N1-Boc. Coalescence of the proton resonances occurred
at 120 ◦C. Once back at room temperature, the splitting of the
signals returned and the NMR spectrum was identical to the
initial spectrum, allowing us to prove that the compound was
not damaged. [a]20

D = -66.9 (c = 1.45, CH2Cl2); tr = 13.428 min;
1H NMR (DMSO-d6, 400 MHz) at 25 ◦C: d 0.60 (m, 1H), 0.72
(d, 2H, J = 7.0 Hz), 0.90 (m, 1H), 0.97 (d, 2H, J = 7.2 Hz), 1.28
(s, 3H), 1.34 (s, 6H), 1.53 (s, 9H), 2.18–2.37 (m, 1H), 3.39–3.61
(m, 1H), 4.17 (d, 1H, J = 2.5 Hz), 4.42–5.15 (m, 3H), 5.72–5.92
(m, 2H);13C NMR (CDCl3, 100 MHz) at 25 ◦C: d 16.0, 18.5,
18.8, 28.1, 28.3, 29.8, 30.2, 49.7, 62.2, 63.6, 81.2, 81.5, 82.6, 109.0,
121.2, 136.5, 149.3, 154.6, 166.3, 167.3; HRMS (FAB+) m/z calcd
for C21H32N2O6 [M + H+] 409.2339, found 409.2324.
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