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Abstract

Stabilized α-helices and nonpeptidic helix mimetics have emerged as powerful molecular 

scaffolds for the discovery of protein–protein interaction inhibitors. Protein-protein interactions 

often involve large contact areas, which are often difficult for small molecules to target with high 

specificity. The hypothesis behind the design of stabilized helices and helix mimetics is that these 

medium-sized molecules may pursue their targets with higher specificity because of a larger 

number of contacts. This protocol describes an optimized synthetic strategy for the preparation of 

stabilized α-helices that feature a carbon-carbon linkage in place of the characteristic N-terminal 

main-chain hydrogen bond of canonical helices. Formation of the carbon-carbon bond is enabled 

by a microwave-assisted ring-closing metathesis reaction between two terminal olefins on the 

peptide chain. The outlined strategy allows the synthesis and purification of a hydrogen bond 

surrogate (HBS) α-helix in ~1 week.

INTRODUCTION

The α-helix, first described by Pauling and Corey in 1951, is the most prevalent protein 

secondary structure1. α-Helices, when situated at protein surfaces, have a significant role in 

biomolecular recognition. In fact, protein-protein interactions are often mediated by α-

helices2,3. Helix lengths tend to be relatively short (8–12 residues) at interfaces, thus 

providing the possibility to selectively modulate cellular processes with synthetic 

mimetics4,5.

The structure of an α-helix is characterized by a hydrogen bond between the C = O of the ith 

amino acid residue and the NH of the i + 4th amino acid residue of a peptide chain, which 

results in a right-handed helix with an average 3.6 residues per turn (Fig. 1). Unfortunately, 

the organization of peptides into this three-dimensional structure is energetically 

demanding6–8, and the simple excision of short peptide sequences from a parent protein 

leads not only to the loss of organized secondary structure but also to an increased 

susceptibility to proteolysis9,10.
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To address these issues, several strategies have been developed for the nucleation and 

stabilization of short peptide sequences into helices; they include helix capping11–13, non-

natural amino acid substitutions14,15, side chain constraints9,16–23 and hydrogen bond 

surrogates (HBS)24. The HBS approach involves simple substitution of an intramolecular 

i→i + 4 hydrogen bond with a covalent linkage, and does not modify the solvent-exposed 

surfaces that may be required for molecular recognition. The HBS approach is particularly 

attractive for stabilizing short peptide sequences consisting of 7–18 residues.

Satterthwait and co-workers25 introduced the hydrogen bond mimic approach when they 

reported that a hydrazone linkage between the i and i + 4 residues resulted in the formation 

of stabilized α-helical peptides. Inspired by their finding, we devised an approach that 

involves the introduction of an i→i + 4 carbon-carbon bond through a ring-closing 

metathesis (RCM) reaction (Fig. 1). The metathesis-based method affords a stable and 

irreversible bond in comparison with the hydrazone strategy, and is applicable to a broader 

range of peptide sequences. The HBS helices have been shown to reproduce the 

conformation of protein α-helices, and have also been successfully used to target protein 

receptors in both cell-free and cell-culture assays10,26–29.

This protocol describes detailed synthetic procedures for the preparation of HBS α-helices. 

The RCM reaction is the key step in our synthesis of HBS peptides, and we have reported 

optimized procedures for this step in solid phase under oil-bath heating and microwave 

irradiation conditions30,31. Recently, we also reported high-yielding procedures for a 

difficult amide bond–formation step required in the synthesis32. Together, the optimized 

solid-phase methodology is compatible with all standard side chain–protecting groups and 

provides efficient synthesis of HBS helices (Fig. 2).

Experimental design

The optimized procedures allow solid-phase synthesis of HBS helices using commercially 

available resins, protected amino acids and reagents. Formation of the key carbon-carbon 

bond is enabled by the incorporation of two terminal olefins on the peptide chain, which are 

used in a microwave-assisted RCM reaction to afford the desired alkene isostere. Coupling 

of 4-pentenoic acid at the N terminus allows the facile introduction of one olefin. An N-allyl 

group on the third amino acid residue from the N terminus provides the partner olefin. The 

synthesis of HBS helices begins with standard solid-phase synthesis of a peptide of n 

residues, which is modified with an N-allylamino acid to obtain 2 (Fig. 2). Sequential 

insertion of two amino acid residues followed by coupling of 4-pentenoic acid gives bis-

olefin 4, which is treated with the metathesis catalyst to obtain the resin-bound stabilized 

helix. Cleavage of the peptide from resin followed by HPLC purification affords the desired 

HBS helix 5.

We use two different methods for the synthesis of N-allyl-bearing peptides 2 from 1, 

depending on the identity of the N-allylamino acid (Fig. 2)32. The most general approach, 

`method A', involves N-allylation of the third amino acid residue from the N terminus with 

the Tsuji-Trost reaction33,34. The subsequent peptide coupling, although difficult, is affected 

with triphosgene to provide 3. For sequences with glycine as the third residue, `method B' is 

used because it is procedurally more straightforward than method A and provides higher 
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yields. In method B, the N-allyl group is incorporated by bromoacetylation of 1, followed by 

nucleophilic displacement of the bromide with allylamine. Subsequent amino acid coupling 

to N-allylglycine with DIC/HOAt (N,N′-diisopropylcarbodiimide/1-hydroxy-7-

azabenzotriazole) affords the N-allylpeptide in high yields.

The reaction scale is limited by the size of the microwave vessels to 25–500 mg. Within this 

range, the procedure described here works efficiently for a diverse range of sequences, 

except those that feature coupling of amino acids to N-allylthreonine, N-allylvaline and N-

allylisoleucine (β-branched) residues. The two critical steps for the synthesis of HBS helices 

involve triphosgene-mediated coupling of N-allylamino acids and the RCM. Both these 

reactions require anhydrous conditions. The yield of the coupling step is substantially 

improved by treating the N-allylpeptide with fresh aliquots of activated amino acid; the 

number of repetitions is dependent on the sequence and requires optimization.

MATERIALS

REAGENTS

! CAUTION Chemical safety considerations: Most of the reagents used in the protocol 

require protective goggles, gloves and lab coats.

• Knorr Amide MBHA resin (solid support, capacity 0.4 mmol g−1; Novabiochem, 

cat. no. 855118)

• N,N-dimethylformamide (DMF; Sigma-Aldrich, cat. no. 319937) ! CAUTION It is 

toxic.

• Methylene chloride (DCM; Sigma-Aldrich, cat. no. 443484) ! CAUTION It is 

harmful.

• 1-Methyl-2-pyrrolidinone (NMP; Sigma-Aldrich, cat. no. M6762) ! CAUTION It 

is toxic.

• 9-Fluorenylmethyloxycarbonyl (Fmoc) amino acids (Novabiochem)

• Piperidine (Sigma-Aldrich, cat. no. 104094) ! CAUTION It is highly flammable/

toxic.

• 1-(Bis(dimethylamino)methylene)-1H-benzotriazolium hexafluorophosphate 3-

oxide (HBTU; Novabiochem, cat. no. 851006) ! CAUTION It is an irritant/

harmful.

• N,N′-diisopropylethylamine (DIEA; Sigma-Aldrich, cat. no. 550043) ! CAUTION 
It is corrosive/highly flammable.

• Ninhydrin (Sigma-Aldrich, cat. no. 151173) ! CAUTION It is harmful.

• Ethanol (Sigma-Aldrich, cat. no. 459844) ! CAUTION It is highly flammable.

• Phenol (Sigma-Aldrich, cat. no. P3653) ! CAUTION It is toxic/corrosive.

• Potassium cyanide (KCN; Sigma, cat. no. 60178) ! CAUTION It is toxic/

dangerous for the environment.
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• Pyridine (Sigma, cat. no. P3776) ! CAUTION It is highly flammable/harmful.

• Chloranil (Fluka, cat. no. 23290) ! CAUTION It is an irritant/dangerous for the 

environment.

• Acetaldehyde (Sigma-Aldrich, cat. no. 402788) ! CAUTION It is extremely 

flammable/harmful.

• 2-Nitrobenzenesulfonyl chloride (o-NsCl; Aldrich, cat. no. N11507) ! CAUTION 
It is corrosive

• 2,4,6-Collidine (Sigma-Aldrich, cat. no. 27690) ! CAUTION It is harmful. Use of 

a functional fume hood is required.

• Triphenylphosphine (Fluka, cat. no. 93090) ! CAUTION It is harmful.

• Tetrahydrofuran (THF; Sigma-Aldrich, cat. no. 494461) ! CAUTION It is highly 

flammable/irritant.

• Tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3; Aldrich, cat. no. 328774)

• Allyl methyl carbonate (Aldrich, cat. no. 381381) ! CAUTION It is an irritant.

• Sodium diethyldithiocarbamate trihydrate (Sigma-Aldrich, cat. no. 228680) ! 
CAUTION It is harmful.

• 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU; Aldrich, cat. no. 139009) ! CAUTION 
It is corrosive.

• 2-Mercaptoethanol (Aldrich, cat. no. M6250) ! CAUTION It is toxic/dangerous for 

the environment. Use of a functional fume hood is required.

• Bis(trichloromethyl) carbonate (Triphosgene; Aldrich, cat. no. 330752) ! 
CAUTION It is very toxic. Use of a functional fume hood is required.

• Acetic anhydride (Sigma-Aldrich, cat. no. 320102) ! CAUTION It is corrosive.

• Bromoacetic acid (Aldrich, cat. no. 259357) ! CAUTION It is toxic/corrosive/

dangerous for the environment.

• N,N′-diisopropylcarbodiimide (DIC; Aldrich, cat. no. D125407) ! CAUTION It is 

extremely flammable/toxic.

• 1-Hydroxy-7-azabenzotriazole (HOAt; Genscript, cat. no. C01568) ! CAUTION It 

is an irritant.

• Allylamine (Aldrich, cat. no. 241075) ! CAUTION It is highly flammable/toxic/

dangerous for the environment.

• Methanol (Sigma-Aldrich, cat. no. 179337) ! CAUTION It is highly flammable/

toxic.

• 4-Pentenoic acid (Aldrich, cat. no. 245925) ! CAUTION It is corrosive.

• Hoveyda-Grubbs II (Aldrich, cat. no. 569747)
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• Anhydrous 1,2-dichloroethane (DCE, Sigma-Aldrich, cat. no. 284505) ! 
CAUTION It is highly flammable/toxic.

• Trifluoroaetic acid (TFA; Sigma-Aldrich, cat. no. T62200) ! CAUTION It is 

extremely corrosive. Extra precautions are required.

• Distilled water

• Triisopropylsilane (TIPS; Sigma-Aldrich, cat. no. 233781) ! CAUTION It is an 

irritant.

• Diethyl ether (Sigma-Aldrich, cat. no. 472492) ! CAUTION It is extremely 

flammable/harmful.

• Acetonitrile (ACN; Fluka, cat. no. 00687) ! CAUTION It is highly flammable/

harmful.

EQUIPMENT

• Plastic syringe (10 ml) equipped with a frit column plate (or 10 ml solid-phase 

extraction tube equipped with a frit column plate)

• Plastic syringe (2 ml) equipped with a frit column plate (or 2 ml solid-phase 

extraction tube equipped with a frit column plate)

• Vacuum membrane pump

• Microwave reaction vessel with caps (10 ml; CEM, cat. no. 908310)

• Magnetic stir bars (gentle stirring allows homogenous mixing without damaging 

the resin)

• Centrifuge tubes

• HPLC vials

• CEM Discover series microwave reactor with fiber-optic temperature probe and 

magnetic stirrer (CEM)

• Rotary evaporator

• Centrifuge

• Vacuum desiccator

• Analytical HPLC system (see EQUIPMENT SETUP)

• Preparative HPLC system (see EQUIPMENT SETUP)

• Liquid chromatograph–mass spectrometer (LCMS; Agilent 1100 Series Capillary 

LCMSD Trap XCT Spectrometer, Agilent)

• Lyophilizer

• CEM Liberty Series Microwave Peptide Synthesizer (optional; CEM)

• Nitrogen gas
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EQUIPMENT SETUP

CEM Discover Series microwave reactor—Use a CEM Discover series microwave 

reactor equipped with a fiber-optic temperature probe and magnetic stirrer. Table 1 shows 

the optimized parameters for specific synthetic steps.

Analytical HPLC—Use an HPLC gradient system equipped with a detector (220 nm) and 

a reversed-phase C18 column (4.6 mm × 100 mm; 5 μm). Run a linear gradient of 5–95% 

(vol/vol) solvent B in solvent A for 12 min (flow rate 1 ml min−1; solvent A: 0.1% (vol/vol) 

TFA in H2O, solvent B: 0.1% (vol/vol) TFA in acetonitrile) as shown in Table 2. ! 

CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and gloves.

Semipreparative HPLC—Use an HPLC gradient system equipped with a detector (220 

nm) and a reversed-phase C18 column (19 mm × 100 mm; 5 μm). Run a linear gradient of 5–

95% (vol/vol) solvent B in solvent A for 45 min (flow 5 ml min−1; solvent A: 0.1% (vol/vol) 

TFA in H2O, solvent B: 0.1% (vol/vol) TFA in acetonitrile) as shown in Table 2. ! 

CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and gloves.

Liquid chromatograph–mass spectrometer—We used an Agilent 1100 Series 

Capillary LCMSD Trap XCT Spectrometer. Resin-bound peptide (15 mg) is cleaved as 

described in Steps 13–17. The solution is injected into the LCMS with 75% (vol/vol) 

acetonitrile in 0.1% aqueous formic acid as the eluent.

PROCEDURE

Resin preparation ● TIMING 30 min

1| For 0.1 mmol-scale synthesis of an HBS helix, weigh 250 mg of Knorr Amide 

MBHA resin (0.4 mmol g−1) into a solid-phase extraction tube with a frit 

column plate and swell the resin in 3.0 ml of DCM for 20 min.

2| Remove the solvent by vacuum filtration and wash the resin with 2.0 ml of 

DMF.

Peptide synthesis ● TIMING variable

3| Resin-bound peptides of desired sequence are prepared using standard Fmoc 

solid-phase peptide synthesis protocols (Fig. 2)35,36. Briefly, the Fmoc group is 

removed by treatment with 20% (vol/vol) piperidine/DMF. Each Fmoc amino 

acid (0.5 mmol) is activated with HBTU (0.45 mmol) and 5% (vol/vol) 

DIEA/DMF and coupled for 2 h at 25 °C. Peptide synthesis can be performed 

using a synthesizer such as a CEM Liberty Series microwave peptide 

synthesizer.

▲ CRITICAL STEP The progress of peptide synthesis can be monitored using 

Kaiser or chloranil tests (Box 1)37,38, which provide qualitative assessments for 

the presence or absence of free primary and secondary amines; if necessary, 15 

mg of peptide can be cleaved from the resin and analyzed by LCMS35,36.
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4| Synthesis of N-allylpeptide 3 can be performed using method A or method B 

depending on the sequence. Method A is a general approach suitable for any 

sequence; method B offers a streamlined, high-yield approach applicable when 

the R3 residue in the HBS sequence is glycine (Figs. 2 and 3).

(A) A general approach for the synthesis of N-allylpeptides

(i) Preparation of nosyl-protected peptide 6 (Step 4A(i–vi)): Transfer the 

free amino, resin-bound peptide obtained from Step 3 to a microwave 

vessel equipped with a cap and magnetic stir bar. Add 3.0 ml of DCM 

to the resin and swell it for 10 min.

(ii) Add 2-nitrobenzenesulfonylchloride (66 mg, 0.3 mmol) to the resin 

and stir the reaction mixture.

(iii) Add 2,4,6-collidine (66 μl, 0.5 mmol) to the mixture from Step 4A(ii) 

and stir for an additional 5 min.

(iv) Irradiate the mixture using the microwave parameters outlined in 

Table 1.

(v) Filter the resin with a fritted solid-phase extraction tube. Wash the 

resin sequentially with DCM (5 ml × 3), DMF (5 ml × 3), methanol (5 

ml × 3), DMF (5 ml × 3) and DCM (5 ml × 3).

▲ CRITICAL STEP Reaction progress can be monitored by the 

Kaiser test (Box 1)37, or if necessary, by cleaving 15 mg of peptide 

from resin and analyzing it with LCMS.

(vi) Dry nosyl-protected peptide 6 in a vacuum desiccator overnight.

■ PAUSE POINT Dried resin containing 6 may be stored in a 

vacuum desiccator at 25 °C for about a month.

(vii) Introduction of N-allyl group to 6 to obtain N-allylpeptide 7 (Step 

4A(vii–xi)): Transfer the dried, nosyl-protected peptide from Step 

4A(vi) to a 10-ml reaction vessel equipped with a septum cap, and add 

triphenylphosphine (21 mg, 0.08 mmol). Purge the reaction vessel with 

a continuous flow of argon gas for 30 min.

(viii) Add 3 ml of anhydrous THF through a syringe to the argon-flushed 

reaction vessel and gently agitate or shake the reaction vessel to 

dissolve triphenylphosphine.

(ix) Add Pd2(dba)3 (11 mg, 0.01 mmol) followed by allylmethylcarbonate 

(170 μl, 1.5 mmol), and gently agitate the mixture for 2 h.

(x) Filter resin and wash it sequentially with DCM (5 ml × 3), DMF (5 ml 

× 3) and 0.2 M sodium diethyldithiocarbamate trihydrate (5 ml × 3), 

DMF (5 ml × 3) and DCM (5 ml × 3).

▲ CRITICAL STEP Reaction progress can be monitored by cleaving 

15 mg of peptide from resin and analyzing it with LCMS.
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(xi) Dry resin in a vacuum desiccator overnight.

■ PAUSE POINT Dried resin containing 7 may be stored in a 

vacuum desiccator at 25 °C for about a month.

(xii) Removal of nosyl group from 7 to obtain N-allylpeptide 2 (Step 4A(xii–

xvii)): Transfer the dried resin obtained from Step 4A(xi) to a 

microwave vessel equipped with a cap and magnetic stir bar and purge 

the reaction vessel with a continuous flow of nitrogen gas for 30 min.

(xiii) Add 2 ml anhydrous DMF to resin and stir for 10 min.

(xiv) Add DBU (74 μl; 0.5 mmol) to the reaction mixture and stir for 2 min.

(xv) Add 2-mercaptoethanol (70 μl; 1.0 mmol) to the reaction mixture and 

stir for 2 min at room temperature (RT, 25 °C); follow by microwave 

irradiation under conditions outlined in Table 1.

▲ CRITICAL STEP Deprotection of 2-nitrobenzenesulfonyl group 

releases a yellow chromophore, which provides visual confirmation of 

the reaction progress34.

? TROUBLESHOOTING

(xvi) Filter resin with a fritted solid-phase extraction tube. Wash the resin 

sequentially with DCM (5 ml × 3), DMF (5 ml × 3), methanol (5 ml × 

3), DMF (5 ml × 3) and DCM (5 ml × 3).

(xvii) Dry the resin in a vacuum desiccator overnight.

▲ CRITICAL STEP The progress of this step can be monitored using 

the chloranil test (Box 1)38, which indicates presence of secondary 

amines; if necessary, 15 mg of peptide may be cleaved from the resin 

and analyzed by LCMS.

■ PAUSE POINT Dried resin containing 2 may be stored in a 

vacuum desiccator at 25 °C for about a month.

(xviii) Triphosgene-mediated coupling of Fmoc amino acids to 2 to obtain 3 
(Fig. 4) (Step 4A(xviii–xxiii)): Place the desired Fmoc amino acid (1.0 

mmol) and triphosgene (0.098 mg; 0.33 mmol) in a microwave vessel 

equipped with a cap and magnetic stir bar. Purge the reaction vessel 

with nitrogen gas for 30 min.

(xix) Add 2.1 ml of anhydrous THF to attain a triphosgene concentration of 

0.15 M and stir the reaction mixture.

▲ CRITICAL STEP Use freshly distilled THF.

(xx) Add 2,4,6-collidine (372 μl; 2.8 mmol) to the reaction mixture.

▲ CRITICAL STEP Formation of thick yellow-white precipitate of 

pyridinium salt must be observed after a few minutes of stirring (Fig. 

4, middle panel).
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(xxi) Add activated Fmoc amino acid to the dried resin obtained from Step 

4A(xvii), and subject to microwave irradiation using the parameters 

outlined in Table 1.

▲ CRITICAL STEP Washings between coupling cycles should be 

performed with DCM (5 ml × 3). Washing with other solvents should 

be avoided.

(xxii) Repeat Step 4A(xviii–xxi) twice.

▲ CRITICAL STEP The progress of this step can be monitored using 

the chloranil test (Box 1)38, which indicates presence of secondary 

amines; if necessary, 15 mg of peptide may be cleaved from the resin 

and analyzed by analytical HPLC (Fig. 5) and/or LCMS.

(xxiii) Filter the resin with a fritted solid-phase extraction tube. Wash the 

resin with DCM (5 ml × 3), DMF (5 ml × 3), methanol (5 ml × 3), 5% 

(vol/vol) DIEA in DMF (5 ml × 3) and DMF (5 ml × 3).

■ PAUSE POINT Dried resin containing 3 may be stored in a 

vacuum desiccator at 25 °C for about a month.

? TROUBLESHOOTING

(B) Alternative approach for the preparation of N-allylglycinylpeptides (Fig. 6)

(i) Synthesis of N-allylglycine peptide 2 (Step 4B(i–vi)): Prepare a 

solution containing bromoacetic acid (280 mg; 2 mmol), DIC (310 μl; 

2 mmol) and HOAt (136 mg; 1 mmol) in 2.0 ml DMF.

▲ CRITICAL STEP The observation of a white precipitate indicates 

diisopropylurea formation.

(ii) Add the solution prepared in the previous step to the free amino, resin-

bound peptide obtained from Step 3, and shake at RT for 2 h.

(iii) Filter the resin with a fritted solid-phase extraction tube.

(iv) Wash the resin sequentially with DMF (5 ml × 3), DCM (5 ml × 3) 

and DMF (5 ml × 3).

(v) Add 1 M allylamine (150 μl; 2 mmol) in DMF to the bromoacetylated, 

resin-bound peptide 8 and shake at RT for 20 min. Remove the solvent 

by vacuum filtration.

(vi) Wash the resin sequentially with DMF (5 ml × 3), methanol (5 ml × 3) 

and DCM (5 ml × 3).

▲ CRITICAL STEP The progress of this synthesis can be monitored 

using the chloranil test (Box 1)38, which indicates presence of 

secondary amines; if necessary, 15 mg of peptide may be cleaved from 

the resin and analyzed by analytical HPLC and/or LCMS.
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■ PAUSE POINT Dried resin containing 2 may be stored in a 

vacuum desiccator at 25 °C for about a month.

(vii) Coupling of Fmoc amino acids to N-allylglycine peptide 2 to obtain 3 
(Step 4B(vii–ix)): Dissolve the desired Fmoc amino acid (2.0 mmol), 

DIC (310 μl; 2 mmol) and HOAt (136 mg; 1 mmol) in DMF (3–5 ml) 

and allow the solution to stir for 15 min at RT.

▲ CRITICAL STEP The observation of a white precipitate indicates 

diisopropylurea formation.

(viii) Transfer the resin bearing the N-allylglycine monomer 2 to a 

microwave vessel equipped with a cap and magnetic stir bar. Treat the 

resin with the solution prepared in Step 4B(vii) and irradiate 

microwave using the parameters outlined in Table 1.

(ix) Filter the resin with a fritted solid-phase extraction tube. Wash the 

resin sequentially with DMF (5 ml × 3), DCM (5 ml × 3) and DMF (5 

ml × 3).

▲ CRITICAL STEP The progress of this synthesis can be monitored 

using chloranil test (Box 1)38, which indicates presence of secondary 

amines; if necessary, 15 mg of peptide can be cleaved from the resin 

and analyzed by analytical HPLC and/or LCMS. For an incomplete 

coupling, repeat Steps 4B(vii–ix) until a negative chloranil test is 

observed.

■ PAUSE POINT Dried resin containing 3 may be stored in a 

vacuum desiccator at 25 °C for about a month.

Synthesis of bis-olefin peptide 4 from 3 ● TIMING 4–5 h

5| Couple the next Fmoc amino acid (0.5 mmol) and 4-pentenoic acid (52 μl; 0.5 

mmol) using standard Fmoc solid-phase peptide synthesis protocols35,36.

▲ CRITICAL STEP Reaction progress can be monitored by the Kaiser test 

(Box 1)37, or, if necessary, by cleaving a small amount of peptide from resin and 

analyzing it with LCMS.

6| Remove solvent by vacuum filtration, and wash resin sequentially with DMF (5 

ml × 3), DCM (5 ml × 3) and methanol (5 ml × 3).

7| Dry bis-olefin peptide 4 in a vacuum desiccator overnight.

■ PAUSE POINT Dried resin containing 4 may be stored in a vacuum 

desiccator at 25 °C for about a month.

Preparation of HBS α-helix 5 using olefin metathesis reaction ● TIMING 2–5 h

8| Transfer the dried resin-bound bis-olefin peptide 4 to a microwave vessel 

equipped with a cap and magnetic stir bar and purge the vessel with nitrogen gas 

for 1 h. The reaction setup for the metathesis step is shown in Figure 7.
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▲ CRITICAL STEP Resin needs to be extensively dried for this reaction.

9| Weigh 12.5 mg of the Hoveyda-Grubbs II catalyst (0.20 moles of catalyst for 

each mole of bis-olefin) and add to the microwave vessel containing the bis-

olefin peptide 4. Allow the nitrogen gas to flow for an additional 30 min.

10| Under nitrogen, add 2 ml anhydrous 1,2-dichloroethane per 0.10 mol of resin 

and stir for 15 min.

▲ CRITICAL STEP Use freshly distilled 1,2-dichloroethane.

11| Irradiate the microwave vessel containing reaction mixture from Step 10 using 

the microwave parameters outlined in Table 1.

▲ CRITICAL STEP The progress of this step may be monitored by cleaving 

15 mg of peptide from the resin and subsequent analysis by analytical HPLC 

(Fig. 8) and/or LCMS.

12| Filter the resin with a fritted solid-phase extraction tube. Wash resin sequentially 

with DMF (5 ml × 3), DCM (5 ml × 3), methanol (5 ml × 3) and DCM (5 ml × 

3), and allow the HBS peptide to air dry.

■ PAUSE POINT Dried resin containing 5 may be stored in a vacuum 

desiccator at 25 °C for about a month.

Cleavage of HBS helix 5 from resin ● TIMING 3 h

13| Add 3.8 ml of the cleavage cocktail (TFA/H2O/TIPS, 95%/2.5%/2.5% (vol/vol/

vol) to the dried, resin-bound HBS helix 5 and stir gently for 2 h.

! CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and 

gloves.

14| Filter the cleavage mixture, wash resin with TFA (2 × 1 ml) and concentrate the 

combined filtrate using a rotary evaporator.

! CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and 

gloves.

15| Slowly add 5 ml of cold diethyl ether to the cleavage mixture from Step 14 to 

precipitate the HBS peptide.

16| Isolate the precipitate by centrifugation (5,000g for 5 min); carefully decant 

ether from the tube. Repeat ether wash two more times.

17| Dissolve remaining solid from Step 16 in a mixture of 0.1% (vol/vol) TFA in 

water and acetonitrile, and lyophilize it.

! CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and 

gloves.

Purification and characterization of HBS α-helix 5 ● TIMING 1–2 d

18| Dissolve 100 mg crude product in 0.4 ml of acetonitrile and 1.6 ml of 0.1% 

aqueous TFA. Inject the solution into a semipreparative HPLC system. Collect 
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fractions (each 5 ml) corresponding to the main peak, and lyophilize aqueous 

solution to obtain the purified product.

! CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and 

gloves.

19| Dissolve 1 mg of the purified HBS peptide in a 1 ml solution of 0.1% aqueous 

TFA (and acetonitrile, if needed), and inject 20 μl of the sample solution to an 

analytical HPLC and 6 μl of the sample solution to an LCMS to determine the 

purity and mass of the peptide.

! CAUTION TFA is extremely corrosive; wear eye protection, a lab coat and 

gloves.

? TROUBLESHOOTING

Step 4A(xv) If yellow color is not observed after the addition of 2-mercaptoethanol, wash 

the resin sequentially with DMF and DCM. Repeat Steps 4A(xii–xv) of nosyl deprotection.

Step 4A(xxiii) To avoid by-products from unreacted starting material, a capping step with 

acetic anhydride is suggested before further elongation of the peptide chain using standard 

procedures35,36.

● TIMING

Steps 1 and 2: 30 min

Step 3: Variable

Step 4A(i–vi): 45 min plus overnight drying time

Step 4A(vii–xi): 3 h plus overnight drying time

Step 4A(xii–xvii): 1 h plus overnight drying time

Step 4A(xviii–xxiii): 3–5 h

Step 4B(i–vi): 3 h

Step 4B(vii–ix): 1h

Steps 5–7: 4–5 h

Steps 8–12: 2–5 h

Steps 13–17: 3 h

Step 18: 1–2 d

Step 19: 30 min–1 h

Box 1: Kaiser test (7 min); Chloranil test (7 min)
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ANTICIPATED RESULTS

This protocol offers an efficient approach for the synthesis of HBS-derived stabilized α-

helices. The yield of purified HBS peptide depends on the specific sequence and the 

equipments used. Figure 8 shows representative HPLC profile for the corresponding crude 

product. Yields of several sequences that have been prepared with this method are shown in 

Table 3. The procedure works well for most sequences except for those that contain a β-

branched residue at the N-allyl position, such as sequence 12 in Table 3. Coupling of such 

residues to the next amino acid is very low yielding. The identity of the peptides was 

confirmed by electrospray ionization mass spectrometry.
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BOX 1 | COLORIMETRIC DETECTION OF RESIN-BOUND PRIMARY OR 
SECONDARY AMINES

Kaiser test

The Kaiser test is a qualitative test used to detect the presence of primary amines based 

on the reaction of amines with ninhydrin. A positive test is indicated by a dark blue color, 

whereas a negative test is indicated by a colorless to pale-yellow color.

REAGENTS

Solution A: 5 g ninhydrin in 100 ml ethanol

Solution B: 80 g phenol in 20 ml ethanol

Solution C: 2 ml of 0.001 M KCN(aq) in 98 ml pyridine

PROCEDURE

1. Transfer a few resin beads into a small test tube.

2. Add 1 drop each of solutions A, B and C.

3. Mix well and heat to 100 °C for 5 min.

▲ CRITICAL STEP The test is not applicable to N-terminal secondary amines.

Chloranil test

The chloranil test is a qualitative test used to detect the presence of secondary amines. 

Dark blue to green beads indicate a positive result. Colorless to pale-yellow beads 

indicate a negative result.

REAGENTS

Solution A: 20 mg chloranil in 100 ml DMF

Solution B: 2 ml of acetaldehyde in 98 ml DMF

PROCEDURE

1. Transfer a few resin beads to a small test tube.

2. Add 1 drop each of solutions A and B and allow to stand at 25 °C for 5 min.

▲ CRITICAL STEP The beads will be dark blue to green only in the case of a 

positive result. The chloranil test will also detect primary amines.
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Figure 1. 
In an HBS helix, an N-terminal hydrogen bond is replaced with a carbon-carbon bond 

obtained from a ring-closing metathesis (RCM) reaction.
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Figure 2. 
Synthesis of HBS α-helices on solid phase (Knorr or Rink amide resins). Depending on 

residue R3, two different procedures are employed for the synthesis of 3. R, R1–R7, amino 

acid side chain functionality.
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Figure 3. 
Synthesis of HBS helix 5 with method A. R, R1–R7, any amino acid side chain.
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Figure 4. 
Reaction setup for the triphosgene-mediated coupling step. Left, reaction vessel with amino 

acid and triphosgene dissolved in THF; middle, appearance of the reaction mixture after 

addition of 2,4,6-collidine; and right, appearance of the reaction mixture after microwave 

irradiation.
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Figure 5. 
Representative analytical HPLC profile of the triphosgene-mediated coupling reaction (Step 

4A(xix–xxiv)). A, N-allyl-AIYRLELL KAEEAN-NH2; B, FmocE-N-allyl-

AIYRLELLKAEEAN-NH2; C, impurity resulting from resin cleavage.
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Figure 6. 
Synthesis of HBS helix 5 with method B. R, R1, R2, R4–R7, any amino acid side chain; R3, 

H.
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Figure 7. 
Reaction setup for the metathesis step. Left, reaction vessel with dried resin; middle, 

reaction vessel with resin and catalyst; right, appearance of the reaction mixture before 

microwave irradiation.
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Figure 8. 
A representative HPLC chromatogram of the olefin metathesis reaction (Step 6). Bis-olefin: 

XFEG*IYRLELLKAEEAN-NH2, where X denotes 4-pentenoic acid residue and G* refers 

to N-allyl glycine; RCM product: reaction product after treatment of bis-olefin with the 

metathesis catalyst.
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TABLE 1

Microwave synthesizer settings for Steps 4A, 4B and the metathesis reaction.

Step 4A(iv) Step 4A(xv) Step 4A(xxi) Step 4B(viii) Step 11

Power (W) 200 100 150 200 150

Ramp time (min) 2 1 2 2 2

Hold time (min) 15 5 30 10 10

Temperature (°C) 100 50 45 120 120

Pressure (p.s.i.) 250 150 250 250 250

Reactions were performed on a CEM Discover microwave system.
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TABLE 2

Analytical and semipreparative HPLC conditions for HBS α-helices
a
.

Analytical scale (flow rate 1 ml min−1) Semipreparative scale (flow rate 5 ml min−1)

Time (min) Solvent B (% (vol/vol) in solvent A) Time (min) Solvent B (% (vol/vol) in solvent A)

0 5 0 5

12 95 45 95

15 100 50 100

17 5 55 5

a
Solvent A: 0.1% (vol/vol) TFA in H20; solvent B: 0.1% (vol/vol) TFA in acetonitrile.
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TABLE 3

Representative yields of various HBS helices prepared by the outlined methods.

HBS helix Sequence
a

% Yield
b

9 XFEA*IYRLELLKAEEAN-NH2 20

10 XFEG*IYRLELLKAEEAN-NH2 25

11 XEFL*LRLWLKAibEEAibN-NH2 17

12 XRKA*YKRLAMK-NH2 10

12 XQET*FSDLWKLLS-NH2 Trace

a
X denotes 4-pentenoic acid residue, and A*, G*, L* and T* refer to N-aLLyL A, G, L and T residues, respectively.

b
Amount of the desired helix after HPLC purification.
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