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ABSTRACT

The synthesis of biomimetic helical secondary structures is sought after for the construction of 

innovative nanomaterials and applications in medicinal chemistry such as the development of 

protein-protein interactions modulators. Peptoids, a sequence-defined family of oligomers, 

enable a peptidomimetic strategy, especially considering the easily accessible monomer diversity 

and peptoid helical folding propensity. However, cis-trans isomerization of the backbone tertiary 

amides may impair the peptoid’s adoption of stable secondary structures, notably the all-cis 

polyproline I-like helical conformation. Here we show that cis-inducing NtBu achiral monomers 

strategically positioned within chiral sequences may reinforce the degree of peptoid helicity, 

although a reduced content of chiral side chains. The design principles presented here will 

undoubtedly help to achieve more conformationally stable helical peptoids with desired 

functions.
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INTRODUCTION

N-substituted glycine oligomers, also called “peptoids” have emerged as a very attractive class of 

synthetic amide-based oligomers. There are many reasons for this, ranging from their ease of 

synthesis with unique side chain diversity1 to their conformational versatility which opens up a 

wide range of potential applications relevant to biomaterial science23, therapeutics development, 
45 and catalysis.7,8,9

Peptoids should be regarded as biotic foldamers since their backbone closely resembles that of 

peptides with the side chains attached to the amide nitrogen atoms rather than the C carbons, 

and also because single-chain peptoids may exhibit biopolymer-like conformational behaviours. 

The iterative “submonomer” method10 used to synthesise peptoids generates sequence-defined 

oligomers with protease-resistant tertiary amide bonds,11,12 a desirable property for developing 

peptidomimetic ligands and biomimetic discrete secondary structures. Peptoids have been shown 

to fold in a variety of secondary structures, some of which are reminiscent those of peptides, like 

helices, sheets and turns,13,14,15,16,17,18,19 and others are singular like square helices and 

ribbons.20,21,22 However, cis-trans isomerisation of the peptoid tertiary amide bonds (N,N-

disubstituted amides) is a source of conformational heterogeneity23,24 which may impair the 

formation of well-defined secondary structures. A number of research groups have engineered 

peptoid side chains that allow a local control of the dihedral angles through a set of backbone to 

side chain and side chain to side chain weak non-covalent interactions.25,26,27,28,29,30,31 Two 

peptoid helical conformations have been characterized; one of them has an overall shape 

resembling the naturally-occurring polyproline II, an extended all-trans helix most frequently 

occurring in proline-rich sequences. The other one resembles the all-cis polyproline I helix (PPI) 

which is characterised by a three-fold periodicity and a helical pitch of approximate to 6 

Angstrom. The latter has been observed for proline-rich sequences in hydrophobic solvents, like 

n-PrOH.32 Zuckermann was the first to uncover the role of N chiral aromatic peptoid side 

chains, typically (S)- or (R)-1-phenylethyl (spe/rpe) side chain, on the folding into the PPI-like 

conformation.33 (S)-N-(1-phenylethyl)glycine monomers are, for example, commonly used to 

induce right-handed helices.9,34,35 Sequence requirements and chain length effects were carefully 

studied which established the rules for the formation and stabilisation of chiral PPI-type helical 

secondary structures from aromatic-containing monomers.36,37,38 In contrast, the control of 

peptoid helicity from non-aromatic monomers has been much less investigated.14,30 Recently we 

started to explore new avenues for stabilizing PPI-like peptoid helices avoiding aromatic side 

chains. Two novel aliphatic side chains were added to the peptoid “toolbox”, the bulky tert-butyl 
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and tert-butylethyl side chains, the monomers of which have been termed NtBu and Ns1tbe (S 

configuration) (Figure 1). The very bulky tert-butyl group is the only one known to lock peptoid 

amide bonds in the cis conformation.29 X-ray crystal structures of NtBu oligomers showed their 

PPI-like helix folding and calculations revealed that this conformation is stabilized through weak 

non-covalent interactions, notably London interactions between tBu side chains located on the 

same face of the helix.30 Nonetheless, the lack of NC stereogenic center means that the  

dihedral angles may adopt + and – values (around 85°, Figure 1a) which results in 

conformational heterogeneity in solution. On the other hand, the chiral aliphatic tert-butylethyl 

side chain is one of the best cis-peptoid amide inducer allowing the formation of discrete PPI 

helices of defined handedness.16 

Interestingly, an increase of helicity was observed by CD spectroscopy for the mixed Ac-NtBu-

(Ns1tbe)4-NtBu-OtBu and Ac-(NtBu)2-(Ns1tbe)4-(NtBu)2-OtBu oligomers, compared to their 

parent homo-oligomers composed solely of Ns1tbe residues. This observation was correlated to 

an increase of cis-amide bonds population for the Ns1tbe monomers, suggesting that the two 

types of monomers can act synergistically to achieve extremely robust helices of defined 

handedness. Proof of this is the solid state structure of the octamer Ac-(NtBu)2-(Ns1tbe)4-

(NtBu)2-OtBu, the longest linear peptoid ever solved which revealed a right-handed helix of 

great regularity despite only a 50% content of chiral monomers. These fascinating results 

evoking a Sergeant-and-Soldiers behaviour39 encouraged us to pursue our investigations. Here 

we address the questions of the amount and site-specific placement of achiral NtBu glycine 

monomers within Ns1tbe sequences with respect to peptoid helicity. 2D NMR HSQCAD 

experiments were used to determine the overall backbone amide Kcis/trans in deuterated 

chloroform and acetonitrile and, CD spectroscopy to evaluate variation of peptoid helicity. Two 

crystal structures are also reported with backbone dihedral angles corresponding to the PPI helix.
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Figure 1.Structure and conformational characteristics of the NtBu and Ns1tbe peptoid residues 

used in this study (drawn in blue), see table 2 for the dihedral angles definition. aMeasured for 

the central residue of the crystal structure of H-(NtBu)5-OBn.30 bMeasured for the central residue 

of the crystal structure of Ac-(Ns1tbe)5-OtBu16. The 1 angles have been measured for each tBu 

NC  methyl carbon in case of the representative NtBu monomer; the tBu NC  has been used for 

measuring the 1 angle (-104.4) in case of the representative Ns1tbe monomer.
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RESULTS AND DISCUSSION

Design and synthesis of peptoid oligomers 1-16. Recently, we have proposed two efficient 

structure-inducing peptoid side chains avoiding aromatic groups: the tert-butyl (tBu) and (S)-1-

tert-butylethyl (s1tbe) side chains. The following two mixed peptoids Ac-NtBu-(Ns1tbe)4-NtBu-

OtBu (A) and Ac-(NtBu)2-(Ns1tbe)4-(NtBu)2-OtBu (B) of 6 and 8 residues in length have 

revealed a remarkable level of helicity.16 In the initial design, the NtBu monomers were 

positioned at the N- and C-termini of the peptoid chains, and the amount of chiral side chain was 

66% for the hexamer and 50% for the octamer. The above results pose several questions: (1) 

Should the all-cis inducing NtBu monomers be necessarily positioned at the extremities of the 

oligomers to enhance conformational homogeneity ? (2) Is a single NtBu monomer capable of 

exerting such control over the conformation, and, if so, at which position should it be placed in 

the sequence? (3) Considering the initial design with the achiral monomers at the oligomer’s end, 

to what extent the length of the chiral central Ns1tbe-based segment can be shortened? 

Conversely how many consecutive NtBu residues can be placed at the extremities without 

affecting chiral induction from the center to both ends of the oligomers. Peptoid helix folding is a 

chain length-dependent process.37 For example, an increase of ellipticity was observed for Nrpe 

oligomers between 4 and 12 residues in length, suggesting that the helix with cis-amide bonds 

becomes the most favored conformation, only when the oligomer length of 11-13 residues is 

reached. Designing medium-size peptoids displaying a strong conformational stability is still 

challenging. For this reason and also because of the remarkable level of helicity of hexamer A, 

we chose to synthesize a first family of peptoid hexamers (1-6) enabling us to answer points (1) 

and (2) (Table 1). Peptoids 7-11 were designed to evaluate how the length of the chiral and 

achiral segments impact helicity (question 3 above) and peptoids 12-16 were prepared in order to 

evaluate oligomers composed of the same repeated (NtBu-Ns1tbe-Ns1tbe) pattern, thus placing 

the tBu side chains on the same face of the helical structure. This design is of particular 

importance since “functional versions” of the tert-butyl side chain of structure NC(CH3)2CH2R 

have been proposed. They allow mimicking amino acid side chains while retaining the 

conformational properties of the parent tBu group.40 

In view of the difficulties experienced by our group for the solid-phase synthesis of NtBu-based 

oligomers, solution-phase synthesis was preferred in this study.41 Thus, peptoids 1-16 were 

synthesized via a solution-phase submonomer method (SI, Figure S1). All final compounds were 

isolated with purity greater than 95%, as determined by integration of peaks with UV detection 

at 214 nm, after purification by flash silica gel column chromatography or preparative RP-HPLC 

(see ESI for HPLC data). They were characterized by MS to confirm their identity (Table 1). 
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Peptoids 1-16 were further analyzed by NMR experiments (1H, 13C, COSY, HSQC, HMBC and 

HSQCAD, see SI for NMR data) and two crystal structures were also obtained for peptoids 12 

and 14.

Table 1. Sequence of the Peptoid Synthesized, Purity and Mass Spectra Data for Peptoids 

1-16

Peptoid la monomer sequence % 
purityb

expected 
mass observed mass

1 6 Ac-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-OtBu 96% 934.74 935.75 [M+H]+

2 6 Ac-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-OtBu >95% 934.74 935.75 [M+H]+

3 6 Ac-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu 97% 934.74 935.75 [M+H]+

4 6 Ac-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-OtBu 96% 934.74 935.74 [M+H]+

5 6 Ac-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-OtBu 98% 934.74 957.73 [M+Na]+

6 6 Ac-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-OtBu 98% 934.74 935.75 [M+H]+

7 6 Ac-NtBu-Ns1tbe-NtBu-Ns1tbe-NtBu-Ns1tbe-OBn 98% 912.66 913.67 [M+H]+

8 6 Ac-NtBu-Ns1tbe-NtBu-Ns1tbe-NtBu-Ns1tbe-OH 96% 822.62 823.62 [M+H]+

9 6 Ac-NtBu-NtBu-Ns1tbe-Ns1tbe-NtBu-NtBu-OtBu >99% 850.65 851.65 [M+H]+

10 7 Ac-NtBu-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-NtBu-OtBu >97% 991.77 1014.75 
[M+Na]+

11 9 Ac-NtBu-NtBu-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-NtBu-NtBu-
OtBu 95% 1217.93 1218.93 [M+H]+

12 3 Ac-NtBu-Ns1tbe-Ns1tbe -OtBu >99% 511.40 512.40 [M+H]+

13 4 Ac-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu 99% 652.51 653.52 [M+H]+

14 5 Ac-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe -OtBu 98% 793.63 794.63 [M+H]+

15 6 Ac-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu >98% 906.71 907.72 [M+H]+

16 9 Ac-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-
Ns1tbe-OtBu >99% 1302.03 1303.03 [M+H]+

aNumber of residues
bDetermined by integration of the HPLC UV trace at 214 nm.

X-ray Studies for Peptoids 12 and 14.

Crystals of trimer 12 and pentamer 14 suitable for X-ray crystallography were obtained by slow 

evaporation in ethyl acetate (Figure 2) and crystals of 12 were solved in the P1 space group and 

crystals of 14 were solved in the P212121 space group. The high resolution structures of trimer 12 

and pentamer 14 complement the previously reported X-ray structures for NtBu (dimer, trimer 

and pentamer) and Ns1tbe (pentamer) homo-oligomers, and mixed NtBu/Ns1tbe (compound B, 

Table 3) oligomers.16,29,30 The dihedral angles for 12 and 14 are characteristic of the PPI-helical 

fold, primarily the ω values which are indicative of all-cis patterns. Some of the amide bonds 

display a significant distortion from planarity, especially the amide bond between residues 3 and 

4 of 14 (ω = -24.7). The discrepancy between the φ values of the NtBu ( -90) and Ns1tbe 

Page 6 of 26

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



monomers ( -70) has already been noted (see Figure 1).16 The φ torsion angle at the C-terminus 

of 14 is positive (+80.7), the opposite of what is expected from the S configuration. This may 

due to packing considerations together with the greater flexibility of the C-termini of peptoid 

chains. The difference of side-chains 1 dihedral angles between the two types of monomers, has 

also been noted earlier (see Figure 1).16

Figure 2. High resolution structures of peptoid trimer 12 (a) and pentamer 14 (b) as determined 

by X-ray crystallography.

Table 2. Observed torsion angles for peptoids 12 and 14 as determined by X-ray 
crystallography

Peptoid residue    1

12 NtBu 11.6 -92.7 -165.6 -81.0

Ns1tbe -2.1 -67.1 174.2 -101.0

Ns1tbe -5.3 -69.1 - -98.3

14 Ns1tbe -15.6 -69.5 -178.9 -100.4

Ns1tbe -11.3 -71.7 173.4 -100.0

NtBu -13.0 -88.5 -178.2 -60.6

Ns1tbe -24.7 -71.2 -161.7 -105.1

Ns1tbe -3.02 80.7 - -102.8

O

N

H

CH3

C C(CH3)3

O





1

NC
NC

C(i-1)

C

Dihedral angles definition: ω [Cα(i−1); C(i−1); N; Cα], φ [C(i−1); N; Cα; C], ψ [N; Cα;C;N(i+1)], 1 [C(i−1); N; 
NC; NC]

Overall backbone amide Kcis/trans values. Conformational control of a peptoid chain rests first 

on the individual control of its amide bonds geometry, i.e. cis or trans. The PPI-like 

conformation involves a continuous succession of cis-amide bonds. It has been established that 

a b
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NtBu monomers do form cis-amide bonds with their preceding residue, independently of the 

oligomer length. We therefore focussed on the cis/trans isomerization of the Ns1tbe residues 

with their preceding units. For that purpose, we have looked at the NC methyne protons of the 

Nstbe residues, which display separate NMR chemical shifts in the cis and trans conformations 

(determined previously by COSY and NOESY NMR experiments).16 The methyne proton of the 

Ns1tbe is deshielded by approximately 1.0 ppm in the cis conformation ( 4.6 ppm) relative to 

the trans ( 3.6 ppm), in accordance with reported data on both aromatic and aliphatic side-

chains.15,26,28,42 The overall Kcis/trans values were determined in deuterated chloroform, 

acetonitrile, and methanol (for some representative compounds), by integration of the cis and 

trans methyne proton-carbon correlations of 2D-NMR HSQCAD experiments (Table 3). From 

this first series of values corresponding to the overall Kcis/trans for the amide bonds between the 

Ns1tbe residues and their preceding residues, a second series of Kcis/trans values was calculated by 

including the NtBu-based amide linkages. For each sequence, the weighted average Kcis/trans were 

estimated taking a Kcis/trans of 32 for the NtBu monomers (97% of cis). 
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Table 3. Peptoid Structure and Overall Kcis/trans Values as determined by integration of 

HSQCAD NMR spectra in CDCl3 and CD3CN

weighted average of Kcis/trans 
(Ns1tbe residues)c

weighted average of
Kcis/trans 

(all residues)dpeptoid la
% chiral

side 
chains

Monomer
sequenceb

CDCl3 CD3CN CD3OD CDCl3 CD3CN CD3OD

1 6 83 c-c-c-c-c-a > 49.0e > 49.0e > 49.0e > 49 > 49 > 49.0
2 6 83 c-c-c-c-a-c 11.9 7.7 > 15.2 > 11.7
3 6 83 c-c-c-a-c-c 11.2 5.9 > 14.6 > 10.2
4 6 83 c-c-a-c-c-c 16.2 6.3 > 18.8 > 10.5
5 6 83 c-a-c-c-c-c 11.0 7.8 > 14.5 > 11.8
6 6 83 a-c-c-c-c-c 18.0 9.7 29.5 > 20.3 > 13.4 32.7
7 6 50 a-c-a-c-a-c 2.0 1.7 > 17.0 > 16.8
8 6 50 a-c-a-c-a-c - - - -

A16 6 66 a-c-c-c-c-a > 19.0 > 19.0 > 23.3 > 23.3
B16 8 50 a-a-c-c-c-c-a-a > 19.0 > 19.0 > 25.5 > 25.5
9 6 33 a-a-c-c-a-a 23.5 19.5 33.3 > 29.1 > 27.8 43.7
10 7 43 a-a-c-c-c-a-a > 49.0e 32.8 > 49 > 42.0
11 9 33 a-a-a-c-c-c-a-a-a > 49.0e > 49.0 > 49.0 > 49.0
12 3 66 a-c-c 2.4 - > 12.2 -
13 4 75 c-a-c-c 2.0 - > 9.5 -
14 5 80 c-c-a-c-c 3.6 7.7 > 9.3 > 12.5
15 6 66 a-c-c-a-c-c 12.3 6.8 19.6 > 18.8 > 15.2 29.4
16 9 66 a-c-c-a-c-c-a-c-c 4.2 15.0 15.9 > 13.4 > 20.6 26.9

aNumber of residues
bThe achiral NtBu monomers are represented by the letter “a” and the chiral Ns1tbe by “c”
cDetermined for the amide bonds between Ns1tbe residues and their preceding residues
dDetermined for all the residues, considering that the NtBu monomers form exclusively cis-amide bonds with their 
preceding (i-1) residues. Calculation was made with Kcis/trans = 32 for the NtBu monomers (97% of cis)
eTrans rotamers were not detected.

Acetonitrile has been commonly used in structural studies of peptoids, notably those with -

chiral aromatic side chains which were found to adopt the all-cis PPI helix conformation. 

Acetonitrile is recognized to minimize interamide n→*C=O interactions within peptoid, thereby 

destabilizing the trans amide conformation.26 Furthermore, determination of the cis/trans ratio of 

the N-terminal acetamide of diamide peptoid model systems, expected to reproduce the behavior 

of larger peptoid oligomers, indicates that the fraction of cis isomer is generally higher in 

acetonitrile than in methanol or chloroform, at least for uncharged side chains.26 This trend is not 

verified for the peptoids 1-16 (Table 3). Indeed, with the exception of peptoids 14 and 16, the 

fraction of cis isomer is higher in non-polar CDCl3 than in CD3CN, and is even higher in d4-

methanol, as seen from the CD3ODKcis/trans determined for the representative compounds 1, 6, 9, 15 

and 16 for which the trans rotamers are completely or largely suppressed. Also of note from the 

comparison of the overall Kcis/trans for compounds 1-6 is that the positioning of a single cis-

enforcing NtBu monomer at the carboxy terminus proves exceptionally efficient to suppress the 
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trans-amide rotamers. This is consistent with the finding that the carboxy terminus of the PPI 

peptoid helix is structurally less stable than the amino terminus.36 Although the cis/trans 

isomerization of the backbone tertiary amides is totally suppressed in the case of peptoid 1, its 1H 

NMR spectrum (CDCl3) showed a very small amount of residual conformational heterogeneity, 

evidenced for example on the CO2tBu resonance, which is no longer present in d4-methanol. 

There is also evidence that the peptoids containing a central chiral segment of 2 to 4 Ns1tbe 

consecutive residues, surrounded by NtBu residues display the higher overall Kcis/trans (A, B, 9-

11). In contrast, the incorporation of NtBu monomers every two Ns1tbe residues (12-16) does 

not ensure the complete suppression of the peptoid amide cis-trans rotameric isomerism.

Circular dichroism of hexamers 1-6. The CD spectra of oligomers 1-6 are shown in Figure 3. 

All the CD curves are well-defined and display the spectral features that are typically associated 

to the polyproline type I helix of peptoids substituted with aliphatic side-chains, i.e., two minima 

at 190 nm and 225 nm, and a positive maximum around 210 nm.14 In acetonitrile, compound 1 

with the NtBu monomer positioned at the C-terminus displays the more intense ellipticity on a 

per-residue molar basis (MRE = 11 741 at 208 nm, Figure 3a and Figure S2), at a high level 

comparable to that of the nonamer Ac-(Ns1tbe)9-OtBu (MRE = 12 673, 210 nm).16 By contrast, 

hexamers 5 and 6 with the NtBu residues located at the 2nd and first position of the sequence 

(from N to C), display lower ellipticities (MRE = 4324 for 6 at 208 nm), of the same order of 

magnitude as that of the homo-pentamer Ac-(Ns1tbe)5-OtBu (MRE = 4967 at 208 nm).16 

Compounds 2, 3 and 4, form a homogeneous group whose ellipticity at 208 nm (in the range 

6100-6900) is intermediate those of compound 1 and 5/6. On the whole, there appears to be a 

trend toward ellipticity decreasing with increasing remoteness of the NtBu monomer from the 

carboxy terminus. This was further verified in MeOH, in which the spectral intensity at 208 nm 

consistently decreases when the NtBu unit moves away from the carboxy terminus (Figure 3b 

and 4). The strongest CD intensity of hexamer 1 within the group of peptoids 1-6 is consistent 

with an all cis-amide backbone (Kcis/trans > 49 in deuterated chloroform, acetonitrile and 

methanol, Table 3). The CD3CNKcis/trans values between 10.2 and 13.4 for hexamers 2-6 are 

indicative of a remaining backbone amide conformational heterogeneity (trans rotamers 

populated at 7-9%), comparable to that of the peptoid hexamer Ac-(Ns1tbe)6-OtBu (CD3CNKcis/trans 

= 10.4).16 An increase of ellipticity (compound 2) and a decrease (compound 6) are observed by 

switching the solvent from acetonitrile to methanol, but more generally, this first series of 

peptoids is not much affected by solvent polarity, which is consistent with the fact that the 

conformation is primarily governed by steric interactions.15This is in contrast with the CD 

Page 10 of 26

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



spectra of the Ns1tbe homooligomers which were decreased in methanol relative to those in 

acetonitrile.16 This suggests that the presence of a single bulky NtBu residue within the peptoid 

sequence may already have a positive effect on the conformational stability.

Figure 3. CD spectra of hexamers 1-6 and reference compound Ac-(Ns1tbe)6 in acetonitrile (a) and methanol (b).
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Figure 4. MRE values of hexamers 1-6 and reference compound Ac-(Ns1tbe)6 at 208 nm in MeOH

Of note, is the significant difference between the intensity of the negative band at 190 nm 

between the homo-oligomer Ac-(Ns1tbe)6-OtBu and the hexamers 1-6. For hexamers 1-6, the 

negative band at 190 nm also tends to increase with the decrease of the positive band at 210 nm. 

Interestingly, the CD curves of hexamers 1 (c-c-c-c-c-a) and A (a-c-c-c-c-a) in acetonitrile and 

methanol are virtually superposable (Figure 5), which in the light of the previous results, show 

that within this group of peptoids, a single NtBu monomer strategically positioned at the C-

terminus is sufficient to achieve a robust helical structure. Also of note is that, once a first NtBu 

is positioned at the C-terminus, a second mutation of a chiral Ns1tbe monomer by a NtBu at the 

N-terminus is not detrimental to peptoid helicity, albeit a decrease of the amount of chiral side-

a b

Page 11 of 26

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



chains from 83% (1) to 66% (A). “Ends effects” have been observed previously in the study of 

peptoids and retropeptoids composed of aromatic chiral and achiral monomers.36 It has been 

shown, for example, that placing a bulky chiral Nrpe monomer on the carboxy terminus rather 

than on the amino terminus dramatically increased CD intensity.

Figure 5. CD spectra of hexamers 1 and A in acetonitrile (a) and methanol (b).

Circular dichroism of hexamers 7-11.

The CD spectra of the alternated (NtBu-Ns1tbe)3 hexamer 7 and its corresponding free carboxy 

acid 8 are shown in figures S3-S5. The hexamer 7 is better structured in methanol than in 

acetonitrile with a MRE value at 208 nm in methanol nearly twice that in acetonitrile. The CD 

spectrum of 7 in MeOH is close to those of hexamers A and 15 in shape and intensity (Figure 

S4). In contrast, a significant decrease of helical fold was observed for the free acid hexamer 8, 

notably in acetonitrile and acetonitrile/aqueous buffer solutions, as compared to the ellipticity in 

methanol (Figure S5). 

All three compounds 9-11 are characterized by a central chiral portion (2 or 3 Ns1tbe residues), 

flanked on both ends by achiral segments of same length (2 or 3 NtBu residues). Their CD 

curves were compared to those of the reference compounds A and B (Figure 6). The CD curves 

of peptoids 9-11 in acetonitrile show a profile similar to those of compounds A and B, albeit 

with reduced intensities of the maxima. The positive band of peptoids 9 and 11 (211 nm) is blue 

shifted by 3 nm relative to that of peptoid A (208 nm), which seems to be in line with their 

smaller chiral content. (33% for 9 and 11 vs 66% for A, Tables 2). The decline in the ellipticity 

of peptoids 9-11 relative to A in acetonitrile, as estimated in the region of the spectra at around 

210 nm, is more pronounced for the nonamer 11 (- 43%), than for the heptamer 10 (- 31%) and 

the hexamer 9 (- 26%). We find that in methanol; more intense CD spectra are obtained, 

a b
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indicating a more robust helical fold. The oligomers 9 and 11 display the strongest intensities 

(MRE209 nm > 12 000), after the octamer B (MRE209 nm = 15 000). It is premature to establish a 

relationship between the monomer composition of this sub-family of peptoids (9-11, A and B) 

and their conformational properties, but some notable observations can be made. In both 

solvents, the intensity of the negative band at 190 nm increases with the increase of proportion of 

s1tbe chiral side-chains (SI, Table S2), suggesting a contribution from coupling interactions 

between the s1tbe side chains and backbone groups. Also, the per-residue molar ellipticity of 

peptoid 9 (a-a-c-c-a-a) is remarkable, considering its short length and low percentage of chiral 

side chains (33%). The MRE intensity of peptoid 9 at 208 nm is at the same level as that of 

hexamer 1, which has 83% of chiral side-chains (SI, Figure S6). In addition, the CD spectrum of 

hexamer 9 in methanol has comparable shape and intensity to that of the nonamer 11 (a-a-a-c-c-

c-a-a-a), also composed of only 33% of chiral residues. This is the first time that peptoids 

composed of just one-third -chiral side chains give a stronger CD signal than their parent 

peptoid comprising only chiral side chains. 

The few compounds studied here owning the generic sequence (a)x(c)y(a)x with (a) and (c) 

corresponding to the achiral NtBu and chiral Ns1tbe monomers, respectively, show that this 

design principle is advantageous to achieve a stable helical folding with a low content of chiral 

side chains. The central segment in the oligomers studied is able to transfer its chirality with 

great efficacy to both ends of the oligomers. 

Figure 6. CD spectra of peptoids 9-11, A and B in acetonitrile (a) and methanol (b).
Circular dichroism of peptoids 12-16.

Characterization of peptoids 12-16 by CD shows that the minimum chain length to obtain the 

characteristic helix-like profile is the pentamer length (14) (Figure 7). Indeed, trimers 12 and 

tetramers 13 show no helical structure by CD (Figure 7 and 8). The CD spectra of pentamer 14 

a b
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and hexamer 15 show that the signal intensity increases with increasing the length by one 

residue. In contrast, comparison of spectra for hexamer 15 (a-c-c)2 and nonamer 16 (a-c-c)3 in 

acetonitrile and methanol shows that the intensity at ≈ 210 nm does not increase with the 

oligomer length. The positive band of 16 is even slightly diminished (and red-shifted by 3 nm) 

relative to 15 (Figure 7), despite the fact that the overall backbone amide cis:trans ratio is higher 

for 16 (CD3CNKcis/trans  = 20.6) than for 15 (CD3CNKcis/trans  = 15.2). These observations suggest that 

the (a-c-c)n sequence design does not allow for an optimal propagation of the chiral secondary 

structure.

Figure 7. CD spectra of peptoids 12, 15 and 16 corresponding to (a-c-c)n  (n = 1, 2, 3), in acetonitrile (a) and 
methanol (b).

Figure 8. CD spectra of peptoids 13 (c-a-c-c), 14 (c-c-a-c-c) and 15 (a-c-c-a-c-c), in acetonitrile (a) and methanol 
(b).

Temperature study of compound 16

Previously, we demonstrated the thermal conformational stability of the PPI-like helix of the 

homo-nonamer Ac-(Ns1tbe)9-OtBu.16 In contrast, the degree of helical fold significantly 

decreased upon heating the solution of the nonamer 16, AcO-(NtBu-Ns1tbe-Ns1tbe)3-OtBu, in 

a b

a b
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acetonitrile from 15 to 75 °C, demonstrating the lesser thermal stability of Ns1tbe-based peptoid 

sequences incorporating NtBu monomers at every two residues (SI, Figure S7). Nevertheless, 

when the sample was cooled back to 15 °C, reversibility took place, giving back a CD spectrum 

of same shape and intensity than at start (SI, Figure S8). The helical folding sensitivity of the 

nonamer 16 to an increase of temperature was also examined by NMR by measuring the average 

Kcis/trans for the Ns1tbe units within the peptoid backbone at various temperatures (CD3CN, 15-75 

°C) (Table S3). We observed a gradually decrease in  AVGKcis/trans with increasing the temperature, 

going from a value of 18.3 at 15 °C (95% of cis rotamer) to 2.1 at 75 °C (68% of cis rotamer). 

We therefore confirm that the decrease of helical folding upon elevating the temperature can be 

essentially ascribed to the increase of cis/trans rotameric heterogeneity.

In summary, we investigated the effect of site-specific placement of NtBu cis-inducer monomer 

on the helical secondary structure of Ns1tbe-based sequences. The synthesized oligomers 1-16 

comprising exclusively aliphatic side-chains, chain lengths between 3 and 9 residues, of which 

ten are hexamers, and percentages of chiral monomers ranging from 33 to 83% were analyzed by 

NMR, CD spectroscopy and X-ray diffraction for two of them. The degree of helical fold was 

estimated by CD at around 210 nm which corresponds to the more relevant signal for the PPI-

like helix of peptoids carrying aliphatic side-chains. Switching the solvent from acetonitrile to 

methanol increased the fraction of cis isomer as seen from the NMR of the representative 

peptoids 1, 6, 9, 15 and 16. This observation is commensurate with the CD spectra of the 

peptoids in methanol which are either identical or greater in intensity as compared to those 

observed in acetonitrile. At this time no correlation can be found between the intensity of the 

negative band at 190 nm and the monomer composition of the peptoids. It is noteworthy that the 

CD spectrum of the short length tetramer 13 only displays this negative band around 190 nm. A 

single mutation of each of the six Ns1tbe residues of homo-oligomer (Ns1tbe)6 to NtBu residue 

(hexamers 1-6) was used to probe the influence of the positioning of a single achiral tBu side 

chain on the helical structure. We show that a single NtBu monomer at the carboxy terminus 

enables to completely suppress the backbone trans-amide rotamers and consequently reinforce 

the helical fold of peptoid hexamers. This finding is consistent with the fact that the carboxy 

terminus of the peptoid helix is recognized to be less structurally stable than the amino 

terminus.36 We anticipate that this favorable C-terminal stabilizing “end effect” might also 

operate in longer peptoids, including oligomers carrying aromatic side chains. Of the ten 

hexamer sequences studied, peptoid 9 consisting of two central Ns1tbe residues flanked at both 

ends by two NtBu residues revealed a remarkable helical folding, especially in methanol, in view 
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of its rather short length and low content of chiral sides chains (33%). Overall, the sequence 

design consisting of a central chiral segment flanked by achiral parts (9-11) permits an efficient 

helical chirality transfer to the peptoid extremities. In contrast, the incorporation of NtBu 

monomers every two residues, thus forming an achiral helix face, results in a slight decrease of 

helicity. Our finding will be useful to reinforce the stability of organosoluble peptoid helices 

aimed at interacting with a biological hydrophobic environment such as phospholipidic 

membranes. Work is now in progress to extend the scope of our finding to peptoids 

incorporating chiral aromatic monomers, hydrosoluble monomers and functional monomers. 

EXPERIMENTAL SECTION

General methods. THF, CH2Cl2 were dried over aluminum oxide via a solvent purification 

system. EtOAc, CH2Cl2, cyclohexane, and MeOH for column chromatography were obtained 

from commercial sources and were used as received. All other solvents and chemicals obtained 

from commercial sources were used as received. Melting points were determined on a Stuart 

Scientific SMP3 microscope apparatus and are uncorrected. NMR spectra were recorded on a 

400 MHz Bruker Avance III HD spectrometer or a 500 MHz Bruker AC-500 spectrometer. 

Chemical shifts are referenced to the residual solvent peak and J values are given in hertz. The 

following multiplicity abbreviations are used: (s) singlet, (ls) large singlet, (d) doublet, (t) triplet, 

(q) quartet, (m) massif, and (br) broad. Where applicable, assignments were based on COSY, 

HMBC, HSQC, and 13Cexperiments. TLC was performed on Merck TLC aluminum sheets, 

silicagel 60, F254. Progression of reactions was, when applicable, followed by TLC. Visualizing 

of spots was effected with UV-light and/or vanillin in EtOH/H2SO4. Flash chromatography was 

performed with Merck silica gel 60, 40−63 μ m. HRMS was recorded on a Micromass Q-Tof 

Micro (3000 V) apparatus or a Q Exactive Quadrupole-Orbitrap Mass Spectrometer. LC−MS 

was recorded a Q Exactive Quadrupole-Orbitrap mass spectrometer coupled to a UPLC Ultimate 

3000 (Kinetex EVO C18; 1.7 μm; 100 mm × 2.1 mm column with a flow rate of 0.45 mL min−1 

with the following gradient: a linear gradient of solvent B from 5% to 95% over 7.5 min (solvent 

A = H2O + 0.1% formic acid, solvent B = acetonitrile + 0.1% formic acid) equipped with a DAD 

UV/vis 3000 RS detector. HPLC analysis was performed on a Dionex instrument equipped with 

an Uptisphere (ODB, 5 μm, 120 Å, 4.6 × 250 mm) and a Dionex UVD 340 detector. X-ray data 

were collected at 100 K with an Oxford Diffraction Xcalibur 2 diffractometer equipped with a 

copper microsource (λ = 1.5418 Å).

NMR experiments. A Bruker Avance III HD 500 spectrometer operating at 500.13 MHz for 1H 

and 125.77 MHz for 13C with a 5 mm pulsed-field z-gradient TXI probe was used. For each 
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sample, the probe was carefully tuned, and all normal and adiabatic pulses were well calibrated. 

For each 2D heteronuclear 1H/13C HSQCAD (Bruker sequence: hsqcedetgpsisp2.3) experiments 

were performed with quadrature phase detection in dimensions, using Echo-Antiecho detection 

mode in the indirect one. For each 768 increments in the indirect dimension, 2K data points were 

collected and 8 transients were accumulated in the direct dimension. Adiabatic 13C decoupling 

(Bruker sequence : bi_p5m4sp_4sp.2) was performed during acquisition. The spectral widths 

(SW) were fixed to 8 ppm for 1H and to 165 ppm for 13C. A π/2 shifted square sine-bell function 

was applied in the two dimensions before Fourier transformation. Spectra were acquired and 

treated with Bruker Topspin version 3.5pl5 and referenced to solvent. All NMR spectra were 

recorded at 298K.

Circular Dichroism Spectroscopy in the far-UV range. Peptoid stock solutions were prepared 

by dissolving at least 2 mg of each peptoid, weighed using a high-precision balance (Sartorius), 

in spectroscopic grade acetonitrile or methanol. The stock solutions then were diluted with 

spectroscopic grade solvent to the concentration of 500 μM. CD experiments were carried out in 

a Chirascan-plus spectropolarimeter equipped with a Peltier system (Applied Photophysics Ltd, 

Surrey, UK). CD spectra were obtained in a flat quartz cell (path length 0.01 cm) at 293°K using 

a scan rate of 0.5 nm/sec, in the far-UV range (180 to 260 nm) and are the average of three 

successive measurements. The spectrum of a solvent blank was subtracted from the raw CD data, 

and the resulting data were expressed in terms of per-amide molar ellipticity (deg.cm2.dmol-1), as 

calculated per mole of amide groups present and normalized by the molar concentration of 

peptoid.

General procedure for the solution-phase synthesis of peptoids 1-16 by the submonomer 

protocol. tert-Butyl bromoacetate was used as starting material for all synthesized compounds 

with the exception of the synthesis of hexamers 7 and 8 for which benzyl bromoacetate was 

used. The commercially available primary amines tert-butylamine or the (2S)-3,3-dimethylbutan-

2-amine (s1tbe amine) were employed for the substitution steps. The bromoacetamide 

compounds were purified by flash silica gel chromatography prior to their reaction with the 

submonomer primary amine building blocks

General procedure A: Submonomer bromine atom substitution with primary amines. To a 

solution of tert-butyl bromoacetate (or benzyl bromoacetate for the synthesis of peptoid 7) or 

crude bromoacetyl amide (1.0 equiv, 0.2 M) in EtOAc or THF at rt was added Et3N (2.0 equiv.) 

followed by the chosen primary amine (4.0 equiv.). After stirring overnight at room temperature, 

the resulting mixture was diluted with EtOAc (10mL per mmol of starting material) and filtered, 

washing the solids with EtOAc. The filtrate was then concentrated under reduced pressure. 
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EtOAc was added to the residue which was then concentrated under reduced pressure. This was 

repeated twice and the residue was dried in vacuo, yielding the desired crude secondary amine 

which was used in the next step without further purification.

General procedure B: Submonomer bromoacetylation. To a solution of the crude secondary 

amine (1.0 equiv, 0.2 M) in dry THF (or EtOAc) at -10°C under argon was added Et3N (1.2 

equiv.) and then bromoacetyl bromide (1.05 equiv.). After stirring for 1 h at -10°C the resulting 

mixture was diluted with EtOAc (10 mL per mmol of starting material) and the salts were 

filtered, washing the solid with EtOAc. The filtrate was then concentrated in vacuo, yielding the 

crude bromoacetyl amide which was purified by flash column chromatography on silica gel. 

General procedure C: terminal N-acetylation. To a solution of a peptoid (1 equiv.) and Et3N 

(1.4 equiv.) in dry EtOAc (0.2 M) at 0°C under Ar, was added dropwise AcCl (1.2 equiv.) and 

the reaction mixture was stirred overnight at room temperature. The mixture was filtered, and the 

solids washed with EtOAc. The filtrate was then concentrated in vacuo, yielding the crude N-

terminal acetylated compound which was purified by flash column chromatography on silica gel 

Peptoid hexamer 1 (Ac-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-OtBu). The peptoid 

1 was synthesized in 12 steps from tert-butyl bromoacetate (390 mg, 2.0 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 1 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (89 mg, 0.095 mmol); Rf = 0.54 (100% EtOAc). m.p. 227.5-228.5 

°C HRMS (TOF MS ES+) m/z calcd for C52H99N6O8 [M+H]+ 935.7518; found 935.7525. 

Analytical HPLC purity 96%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.82-1.06 (m, 60H, CH(CH3)C(CH3)3), 1.42 (s, 9H, 

NtBu), 1.52 (s, 9H, CO2tBu), 2.09 (s, 3H, COCH3) 3.68-4.26 (m, 12H, NCH2CO), 4.62-4.79 (m, 

5H, H methyne cis rotamer).

Peptoid hexamer 2 (Ac-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-OtBu). The peptoid 

2 was synthesized in 12 steps from tert-butyl bromoacetate (390 mg, 2.0 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 2 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (350 mg, 0.374 mmol); Rf = 0.64 (100% EtOAc). m.p. 168.5-

169.5 °C HRMS (TOF MS ES+) m/z calcd for C52H99N6O8 [M+H]+: 935.7518; found: 935.7524. 

Analytical HPLC purity 95%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.81-1.35 (m, 60H, CH(CH3)C(CH3)3), 1.41 (s, 9H, 

NtBu), 1.45 (s, 3H, CO2tBu), 1.50 (s, 6H, CO2tBu), 2.10, (s, 3H, COCH3), 3.61-4.44 (m, 12.37H, 

NCH2CO and H methyne trans rotamer), 4.64-4.80 (m, 4.63H, H methyne cis rotamer).
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Peptoid hexamer 3 (Ac-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu). The peptoid 

3 was synthesized in 12 steps from tert-butyl bromoacetate (150 mg, 0.77 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 3 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (72 mg, 0.077mmol); Rf = 0.74 (100% EtOAc). m.p. 178.5- 179.5 

°C HRMS (TOF MS ES+) m/z calcd for C52H99N6O8 [M+H]+: 935.7518; found: 935.7516. 

Analytical HPLC purity 97%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.73-1.30 (m, 60H, CH(CH3)C(CH3)3), 1.38 (s, 9H, 

NtBu), 1.42 (s, 3H, CO2tBu), 1.52 (s, 6H, CO2tBu), 2.05-2.15 (m, 3H, COCH3), 3.46-4.26 (m, 

12.56H, NCH2CO and H methyne trans rotamer), 4.61 -4.81 (m, 4.44H, H methyne cis rotamer).

Peptoid hexamer 4 (Ac-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-OtBu). The peptoid 

4 was synthesized in 12 steps from tert-butyl bromoacetate (164 mg, 0.84 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 4 was isolated as white solid after purification by flash column 

chromatography on silica gel. (44 mg, 0.047mmol); Rf = 0.60 (100% EtOAc). m.p. 140.5-141.5 

°C; HRMS (TOF MS ES+) m/z calcd for C52H99N6O8 [M+H]+: 935.7518; found: 935.7495. 

Analytical HPLC purity 96%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.81-1.10 (m, 60H, CH(CH3)C(CH3)3), 1.41 (s, 9H, 

NtBu), 1.46 (s, 2.2H, CO2tBu) 1.51 (s, 6.8H, CO2tBu), 2.02 (s, 2.34H, COCH3), 2.05, (s, 0.25H, 

COCH3) 2.08 (s, 0.41H, COCH3), 3.61-4.44 (m, 12.54H, NCH2CO and H methyne trans 

rotamer), 4.64-4.80 (m, 4.46H, H methyne cis rotamer).

Peptoid hexamer 5 (Ac-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-OtBu). The peptoid 

5 was synthesized in 12 steps from tert-butyl bromoacetate (134 mg, 0.68 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 5 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (142 mg, 0.15 mmol); Rf = 0.70 (EtOAc). m.p. 160.1-160.5 °C 

HRMS (TOF MS ES+) m/z calcd for C52H98N6O8Na [M+Na]+: 957.7339; found: 957.7305. 

Analytical HPLC purity 98%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.81-1.08 (m, 59.2H, CH(CH3)C(CH3)3), 1.33 (d, J= 7.3 

Hz, 0.8H, CH(CH3)C(CH3)3 trans rotamer), 1.39 (s, 2.5H, CO2tBu), 1.42 (s, 9H, NtBu), 1.51 (s, 

6.5H, CO2tBu), 1.98-2.22 (3H, COCH3), 3.5-4.37 (m, 12.54H, NCH2CO and H methyne trans 

rotamer), 4.50-4.90 (m, 4.46H, H methyne cis rotamer).
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Peptoid hexamer 6 (Ac-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-Ns1tbe-OtBu). The peptoid 

6 was synthesized in 12 steps from tert-butyl bromoacetate (97 mg, 0.50 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 6 was isolated as a solid after purification by flash column 

chromatography on silica gel. (149 mg, 0.16 mmol); Rf = 0.70 (EtOAc). m.p. 148.2-148.6 °C 

HRMS (TOF MS ES+) m/z calcd for C52H99N6O8 [M+H]+: 935.7518; found: 935.7491. 

Analytical HPLC purity 98%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.82-1.08 (m, 59.2H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.33 (d, J= 6.8 Hz, 0.8H, CH(CH3)C(CH3)3 trans rotamer), 1.40-

1.54 (m, 18H, NtBu and CO2tBu), 1.98-2.21 (m, 3H, COCH3), 3.46-4.28 (m, 12.50H, NCH2CO 

and H methyne trans rotamer), 4.62-4.79 (m, 4.50H, H methyne cis rotamer).

Peptoid hexamer 7 (Ac-NtBu-Ns1tbe-NtBu -Ns1tbe-NtBu-Ns1tbe-OBn). The peptoid 7 

was synthesized in 12 steps from benzyl bromoacetate (452 mg, 1.97 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 7 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (110 mg, 0.12 mmol); Rf = 0.85 (EtOAc). m.p. 134.7-135.2 °C. 

HRMS (TOF MS ES+) m/z calcd for C51H89N6O8 [M+H]+: 913.6736; found: 913.6724 

Analytical HPLC purity 98%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.73-1.18 (m, 33H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.22-1.32 (m, 3H, CH(CH3)C(CH3)3 trans rotamer), 1.33-1.53 

(m, 27H, NtBu), 1.95-2.16 (m, 3H, COCH3), 3.25-4.56 (m, 13.0H, NCH2CO and H methyne 

trans rotamer), 4.74 (s, 2H, OCH2Ph), 5.01-5.31 (m, 2.0H, H methyne cis rotamer), 7.28-7.45 

(m, 5H, Ph).

Peptoid hexamer 8 (Ac-NtBu-Ns1tbe-NtBu -Ns1tbe-NtBu-Ns1tbe-OH). To a solution of 

peptoid 7 (50 mg, 0.055 mmol) in MeOH (5 mL), carefully purged with argon was added a 

catalytic amount of 10% Pd/C (5 mg). The suspension was then stirred for 30 min under an 

atmosphere of hydrogen. The mixture was filtered through a plug of celite which was rinsed with 

MeOH. The solvent was removed in vacuo to yield peptoid 8 as a white solid after purification 

by flash column chromatography on silica gel. (45.5 mg, 0.054 mmol); Rf= 0.50 (EtOAc). m.p. 

213.9-214.4 °C. HRMS (TOF MS ES+) m/z calcd for C44H83N6O8 [M+H]+: 823.6266; found: 

823.6267. Analytical HPLC purity 96%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.78-1.13 (m, 34.1H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.23-1.51 (m, 28.9H, NtBu and CH(CH3)C(CH3)3 trans rotamer), 

Page 20 of 26

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2.01-2.34 (m, 3H, COCH3), 3.29-4.51 (m, 12.63H, NCH2CO and H methyne trans rotamer), 

4.58-4.80 (m, 2.37H, H methyne cis rotamer), 11.64 (bs, 1H, CO2H).

Peptoid hexamer 9 (Ac-NtBu-NtBu-Ns1tbe-Ns1tbe-NtBu-NtBu-OtBu). The peptoid 9 was 

synthesized in 12 steps from tert-butyl bromoacetate (264 mg, 1.35 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 9 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (248 mg, 0.29 mmol); Rf = 0.84 (EtOAc). m.p. 144.3-144.7°C. 

HRMS (TOF MS ES+) m/z calcd for C46H87N6O8 [M+H]+: 851.6580; found: 851.6578. 

Analytical HPLC purity 99%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.84-0.94 (m, 18H, CH(CH3)C(CH3)3), 0.98-1.07 (m, 6H 

CH(CH3)C(CH3)3 cis rotamer), 1.35-1.46 (m, 36H, NtBu), 1.50 (s, 9H, CO2tBu), 1.88- 2.04 (m, 

3H, COCH3), 3.37-4.40 (m, 12H, NCH2CO), 4.57-4.79 (m, 2H, H methyne cis rotamer).

Peptoid heptamer 10 (Ac-NtBu-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-NtBu-OtBu). The 

peptoid 10 was synthesized in 14 steps from tert-butyl bromoacetate (264 mg, 1.35 mmol) 

according to procedures A and B for the submonomer elongation steps and procedure C for the 

final N-terminal acetylation. Peptoid 1 was isolated as a white foam after purification by flash 

column chromatography on silica gel. (178 mg, 0.18 mmol); Rf = 0.80 (EtOAc). HRMS (TOF 

MS ES+) m/z calculated for C54H101N7O9Na [M+Na]+: 1014.7553; found: 1014.7476. Analytical 

HPLC purity 97%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.84-1.08 (m, 36H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.36-1.47 (m, 36H, NtBu), 1.51 (s, 9H, CO2tBu), 1.90- 2.10 (m, 

3H, COCH3), 3.70-4.37 (m, 19H, NCH2CO), 4.61-4.86 (m, 3H, H methyne cis rotamer).

Peptoid nonamer 11 (Ac-NtBu-NtBu-NtBu-Ns1tbe-Ns1tbe-Ns1tbe-NtBu-NtBu-NtBu-

OtBu). The peptoid 11 was synthesized in 17 steps from tert-butyl bromoacetate (264 mg, 1.35 

mmol) according to procedures A and B for the submonomer elongation steps and procedure C 

for the final N-terminal acetylation. Peptoid 11 was isolated as a white solid after purification by 

flash column chromatography on silica gel. (252 mg, 0.21 mmol); Rf = 0.87 (EtOAc). m.p. 

165.9-166.7°C HRMS (TOF MS ES+) m/z calcd for C66H124N9O11 [M+H]+: 1218.9342; found: 

1218.9441. Analytical HPLC purity 95%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.81-1.08 (m, 36H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.32-1.49 (m, 54H, NtBu), 1.52 (s, 9H, CO2tBu), 1.89- 2.10 (m, 

3H, COCH3), 3.42-4.39 (m, 14 H, NCH2CO), 4.62-4.82 (m, 3H, H methyne cis rotamer).
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Peptoid trimer 12 (Ac-NtBu-Ns1tbe-Ns1tbe-OtBu). The peptoid 12 was synthesized in 6 

steps from tert-butyl bromoacetate (74 mg, 0.38 mmol) according to procedures A and B for the 

submonomer elongation steps and procedure C for the final N-terminal acetylation. Peptoid 12 

was isolated as a white solid after purification by flash column chromatography on silica gel. (94 

mg, 0.18 mmol); Rf =0.48 (EtOAc/cyclohexane 60:40). m.p. 200-201 °C HRMS (TOF MS ES+) 

m/z calcd for C28H54N3O5 [M+H]+: 512.4058; found: 512.4059. Analytical HPLC purity 99%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.84-1.10 (m, 21.9H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.21-1.28 (m, 2.1H, CH(CH3)C(CH3)3 trans rotamer), 1.39-1.52 

(m, 18H, NtBu and CO2tBu), 1.93-2.06 (m, 3H, COCH3), 3.48-3.61 (m, 0.70H, H methyne trans 

rotamer), 3.70-4.36 (m, 6H, NCH2CO), 4.64-4.82 (m, 1.30H, H methyne cis rotamer).

Peptoid tetramer 13 (Ac-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu). The peptoid 13 was 

synthesized in 8 steps from tert-butyl bromoacetate (70 mg, 0.36 mmol) according to procedures 

A and B for the submonomer elongation steps and procedure C for the final N-terminal 

acetylation. Peptoid 13 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (56 mg, 0.08 mmol); Rf =0.53 (EtOAc/cyclohexane 60:40). m.p. 

118.3-118.9 °C HRMS (TOF MS ES+) m/z calcd for C36H69N4O6 [M+H]+: 653.5211; found: 

653.5214. Analytical HPLC purity 99%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.84-1.10 (m, 33.06H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.22-1.32 (m, 2.94H, CH(CH3)C(CH3)3 trans rotamer), 1.35-1.55 

(m, 18H, NtBu and CO2tBu), 1.89-2.06 (m, 2.02H, COCH3), 2.11-2.18 (m, 0.98H, COCH3), 

3.34-4.41 (m, 8.98H, NCH2CO and H methyne trans rotamer), 4.61-4.81 (m, 2.02H, H methyne 

cis rotamer).

Peptoid pentamer 14 (Ac-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu). The peptoid 14 

was synthesized in 10 steps from tert-butyl bromoacetate (96 mg, 0.49 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 14 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (67mg, 0.08 mmol); Rf= 0.60 (EtOAc). m.p. 224-225 °C. HRMS 

(TOF MS ES+) m/z calcd for C44H84N5O7 [M+H]+: 794.6365; found: 794.6371. Analytical 

HPLC purity 98%.
1H NMR (400 MHz, CDCl3)  (ppm): 0.78-1.12 (m, 45.36H, CH(CH3)C(CH3)3 and 

CH(CH3)C(CH3)3 cis rotamer), 1.22-1.60 (m, 20.64H, NtBu and CO2tBu and CH(CH3)C(CH3)3 

trans rotamer), 1.92-2.08 (m, 2.31H, COCH3), 2.12-2.24 (m, 0.69H, COCH3), 3.34-4.46 (m, 

10.88H, NCH2CO and H methyne trans rotamer), 4.60-4.86 (m, 3.12H, H methyne cis rotamer).
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Peptoid hexamer 15 (Ac-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-OtBu). The peptoid 

15 was synthesized in 12 steps from tert-butyl bromoacetate (97 mg, 0.49 mmol) according to 

procedures A and B for the submonomer elongation steps and procedure C for the final N-

terminal acetylation. Peptoid 15 was isolated as a white solid after purification by flash column 

chromatography on silica gel. (42 mg, 0.046 mmol); Rf= 0.66 (100% EtOAc). m.p. 135.8-136.5 

°C. HRMS (TOF MS ES+) m/z calcd for for C50H95N6O8 [M+H]+: 907.7205; found: 907.7216. 

Analytical HPLC purity 98%.
1H NMR (400 MHz,CDCl3)  (ppm): 0.79-1.26 (m, 48H, CH(CH3)C(CH3)3), 1.27-1.55 (m, 27H, 

NtBu and CO2tBu), 1.93-2.14 (m, 3H, COCH3), 3.45-4.30 (m, 12.69H, NCH2CO and H methyne 

trans rotamer), 4.62-4.77 (m, 3.31H, H methyne cis rotamer).

Peptoid nonamer 16 (Ac-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-Ns1tbe-NtBu-Ns1tbe-

Ns1tbe-OtBu). The peptoid 16 was synthesized in 18 steps from tert-butyl bromoacetate (292 

mg, 1.50 mmol) according to procedures A and B for the submonomer elongation steps and 

procedure C for the final N-terminal acetylation. Peptoid 16 was isolated as a white solid after 

purification by flash column chromatography on silica gel. (22 mg, 0.017 mmol); Rf= 0.55 

(100% EtOAc). m.p. 153.4-154.0 °C. HRMS (TOF MS ES+) m/z calcd for C72H136N9O11 

[M+H]+: 1303.0353; found: 1303.0353. Analytical HPLC purity 99%.
1H NMR (400 MHz,CDCl3)  (ppm): 0.76-1.16 (m, 72H, CH(CH3)C(CH3)3), 1.31-1.51 (m, 36H, 

NtBu and CO2tBu), 1.91-2.03(m, 3H, COCH3), 3.39-4.37 (m, 19.2H, NCH2CO and H methyne 

trans rotamer), 4.60- 4.81(m, 4.8H, H methyne cis rotamer).

ASSOCIATED CONTENT
General synthetic scheme, HPLC traces, 1H NMR and HSQCAD spectra, CD of a number of 

different peptoid oligomers, crystal structure report for peptoids 12 and 14.

X-ray crystallographic data for compounds 12 (CCDC 1960900) (CIF) and 14 (CCDC 1960948) 

(CIF).
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