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ABSTRACT: Incorporating small modifications to peptidic
macrocycles can have a major influence on their properties. For
instance, N-methylation has been shown to impact permeability. A
better understanding of the relationship between permeability and
structure is of key importance as peptidic drugs are often associated
with unfavorable pharmacokinetic profiles. Starting from a
semipeptidic macrocycle backbone composed of a tripeptide
tethered head-to-tail with an alkyl linker, we investigated two
small changes: peptide-to-peptoid substitution and various methyl
placements on the nonpeptidic linker. Implementing these changes in parallel, we created a collection of 36 compounds. Their
permeability was then assessed in parallel artificial membrane permeability assay (PAMPA) and Caco-2 assays. Our results show a
systematic improvement in permeability associated with one peptoid position in the cycle, while the influence of methyl substitution
varies on a case-by-case basis. Using a combination of molecular dynamics simulations and NMR measurements, we offer hypotheses
to explain such behavior.

■ INTRODUCTION

Macrocycles have recently gathered increasing levels of interest
in medicinal chemistry.1−6 Their unique combination of
conformationally constrained structure and high level of
structural information allows for the design of large, organized
structures suitable to interact with extended and featureless
binding sites such as those found in protein−protein
interactions.7−10 Most Food and Drug Administration (FDA)-
approved macrocyclic drugs belong to natural products (e.g.,
erythromycin, tacrolimus) or peptides (e.g., sandostatin,
eptifibatin).11 Peptidic or semipeptidic scaffolds bridge the gap
between small molecules and biologics, allying synthetic ease
and broad choice of natural and non-natural amino acids
required for rapid and thorough pharmacophoric exploration.
The main challenge with peptides resides in their physicochem-
ical and pharmacokinetics-absorption, distribution, metabolism,
and excretion (PK-ADME) properties. While cyclic peptides are
typically more stable to proteases compared to their linear
counterparts, their high polarity often translates into low
bioavailability.12,13 Nonetheless, some cyclic peptides cross
cell membranes.12,14,15 Developing tools and knowledge to
optimize and better predict their structure−permeability
relationship is therefore a requirement for the field. Such
quest found inspiration in studies of the natural cyclo-
undecapeptide cyclosporine A, which is administered orally.

One prominent structural feature of this natural macrocycle is its
high number of N-methylated residues (7 out of 11) and its
dynamic structural adaptation to its environment (also known as
(aka) chameleonic properties).16−18 The effect of N-methyl-
ation on permeability of cyclic hexa- and heptapeptides has been
systematically investigated since the number and position of N-
methylations may be beneficial or detrimental for perme-
ability.15,19−23 Less explored are the N-alkylated glycinesaka
peptoidsin which side chain has been moved from the α
carbon to the amide nitrogen.24 Similarly to N-methylation, this
modification removes one H-bond donor, yet it also removes
one stereogenic center and induces glycine-like secondary
structures. The peptoid amide also facilitates cis−trans isomer-
ization compared to the corresponding N-methylation.25

Synthetically, the inclusion of peptoids is also compatible with
solid-phase protocols and allows for an almost unlimited variety
of side chains, where virtually any primary amine can be used.26

More recently, the impact of the dynamics of macrocycles in
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response to their environment, which can range from polar in
water, nonhomogeneous in the presence of its target, to
lipophilic in the membrane, has been appreciated.17,18,27,28

A powerful tool to modulate the properties of peptidic
macrocycles is the inclusion of a nonpeptidic tether unit.29−31

This tether can servemultiple purposes: in the context of a target
interacting with a specific sequence, various tethers can be
screened without modifying the peptide recognition sequence,
while providing a simple handle for modulating affinity and PK
properties. Small modifications in size, shape, or functional
groups on the tether can dramatically influence on this kind of
constrained system.32 Additionally, a tether may facilitate
macrocyclization, which can be challenging synthetically.6 The
relationship between structure and permeability is known to be
elusive for this class of compounds, with small structural
modifications often yielding permeability cliffs.14,19,21,23,31,33−36

To support our efforts in this direction31 and pinpoint the
effects of conformational modulation on permeability, we
synthesized a library of closely related compounds based on
chemotype A composed of a tripeptide tethered head-to-tail
with a nonpeptidic linker (Figure 1). Two classes of

modifications were implemented on chemotype A: single
peptoid replacement (B, Figure 1) or regio- and stereo-
controlled linker C-methylation (C, Figure 1). All of the
possible combinations of these variations were generated,
providing a total of 4 × 9 = 36 compounds with identical
molecular weights (except for non-methylated tether deriva-
tives), nearly identical sequence and identical ring sizes, leaving
as little room as possible for confounding factors. The passive
permeability of the resulting macrocycles was measured in the
parallel artificial membrane permeability assay (PAMPA) and
their cellular permeability in the Caco-2 assay.37 We then
selected two pairs of diastereomers that differ only by their
stereochemistry of the tether methyl group yet either differ
greatly in passive permeability or not, and performed molecular
dynamics (MD) simulations coupled with solution NMR to
rationalize the origin of these differences.38

■ RESULTS AND DISCUSSION
Design. The library was designed on a common sequence

(Ala-Leu-Phe-Tether), with a single peptide-to-peptoid sub-
stitution and a single stereocontrolled methyl substitution on
the tether (Figure 1). This created a two-dimensional array of

analogs, which were named according to both the peptide and
the tether substitution parameter. The symbol ⌀ on the peptide
side denotes fully peptidic sequence, and on the tether side, it
denotes no Me substitution. For example, compound A is
named ⌀-⌀, B is termed Nleu-⌀, and compound C is termed
⌀-2R.

Chemistry. Tethers were synthesized as summarized in
Scheme 1. For methyl substitution in position 2 (compound
7S), 5-bromovaleric acid 1 was used as the starting point. Azide
substitution provided acid 2, which was attached to Evans’
oxazolidinone chiral auxiliary to provide precursor 3S. The latter
underwent methylation to generate 4S, which was followed by
hydrolysis to generate azidoacid 5S as described by Orwig et
al.39 Azide reduction generated amino acid 6S, which was
protected as a Boc carbamate to generate tether 7S. Its
enantiomer 7R was obtained using the other enantiomer of
the chiral auxiliary. To generate 3-substituted tethers, (R)-
citronellol 8R was first oxidized to carboxylic acid 9R, then
protected as a methyl ester 10R. Its double bond was then
cleaved oxidatively with ozone followed by oxidative workup,
yielding acid 11R, which was used as a substrate for Curtius
rearrangement to generate Boc-protected aminoester 12R,
which delivered Boc-protected tether 13R after ester hydrolysis.
Its enantiomer was generated identically from (S)-citronellol.
On the other hand, performing the Curtius rearrangement40

from acid 9R generated Boc-protected amine 14R, which was
oxidatively cleaved to Boc-protected tether 15R. Synthesis of 5-
substituted tethers started from Boc-alanine 16R with
homologation using the Arndt−Eistert reaction,41 followed by
esterification to generate ester 18R, which was then reduced to
the corresponding aldehyde 19R. The latter underwent a
Horner−Wadsworth−Emmons olefination to generate unsatu-
rated ester 20R. Saponification followed by double-bond
hydrogenation delivered tether 22R. Its enantiomer was
obtained from Boc-(D) alanine.
With the nine tethers in hand, 36 linear precursors were

assembled on solid support using standard Fmoc solid-phase
peptide synthesis coupled with the native tripeptide and one
peptoid variation for each amino acid position (Scheme 2).
Formation of the three peptoids required different method-
ologies: loading Nphe on resin 30 was accomplished first by
loading bromoacetic acid followed by addition of benzylamine.
For Nleu coupling 28, a similar two-step methodology was used
with the difference that bromoacetic acid was coupled by first
activating it with N,N′-diisopropylcarbodiimide (DIC). Finally,
the Nala peptoid 26 was coupled directly as it is commercially
available in its Fmoc-protected form. The linear peptides were
then cleaved and macrocyclized in solution as indicated in
Scheme 2. Final macrocycles were purified using MS-triggered
preparative high-performance liquid chromatography (HPLC)
(see the Experimental Section).

Permeability Results. The passive and cellular perme-
abilities of the resulting library of 36 macrocycles were
determined using the PAMPA and the Caco-2 monolayer
assays, respectively. The latter was performed in both directions
(apical-to-basolateral and basolateral-to-apical) so as to obtain a
BA/AB value as a measure of efflux. The results of those
experiments are summarized below (Figures 2 and 3) and
available in detail in the Supporting Information (SI) (Tables
S16−S18).
From the PAMPA and Caco-2A→B results, it appears that: (1)

the presence of a leucine peptoid (Nleu) generally increases
both passive and cellular permeability significantly; (2) some

Figure 1. Two classes of modifications implemented on model
compound (A): Nala, Nleu, and Nphe peptoids (B showing Nleu) and
regio/stereocontrolled C-methylation (C showing 2R methylation).
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epimers possess remarkably different passive permeability
values; for instance, Nleu-5R and Nleu-5S differ in passive

permeability by 2 orders of magnitude yet are structurally
distinct only by the orientation of the linker methyl group; and

Scheme 1. Synthesis of the Tethersa

aReagents and conditions: (a) (i) NaN3, dimethyl sulfoxide (DMSO), quant.; (ii) t-BuCOCl, Et3N, tetrahydrofuran (THF), 0 °C; (iii) n-BuLi, (S)-
4-benzyl-2-oxazolidinone, THF, −78 °C, 81%. (b) Potassium bis(trimethylsilyl)amide (KHMDS), MeI, THF, −78 °C, 89%. (c) (i) H2O2, LiOH,
H2O/THF, 98%, diastereomeric excess (de): 75%; (ii) Pd/C, H2, MeOH/AcOH; (iii) (Boc)2O, NaHCO3, dioxane/H2O, 39%. (d) (i) Pyridinium
dichromate (PDC), dimethylformamide (DMF), 72%; (ii) CH2N2, Et2O, 95%. (e) RuCl3, NaIO4, CCl4/acetonitrile (ACN)/H2O, 70%. (f) (i)
diphenylphosphoryl azide (DPPA), Et3N, t-BuOH, reflux, 56%; (ii) LiOH, MeOH/H2O, 80%. (g) Boc2O, NaN3, Zn(OTf)2, Bu4NBr, t-BuOH,
THF, 33%. (h) (i) O3, MeOH, −78 °C; (ii) H2O2, NaOH, H2O, 60%. (i) (i) isobutylchloroformate, Et3N, THF, −10 °C; (ii) CH2N2, Et2O, 52%;
(iii) AgOBn, Et3N, MeOH, 70%. (j) (i) DiBAl-H, dichloromethane (DCM), −78 °C; (ii) triethyl phosphonoacetate, NaH, THF, 0 °C, 72%. (k)
(i) NaOH, H2O/MeOH, 96%; (ii) H2, Pd/C, MeOH, 99%.

Scheme 2. Solid-Phase Synthesisa

aReagents and conditions (exemplified for macrocycle Ø-Ø): (a) (i) Fmoc-Phe-OH, N,N-diisopropylethylamine (DIPEA), DCM, 16 h; (ii)
piperidine, DMF, 2 × 5 min; (b) (i) Fmoc-Leu-OH, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU), DIPEA, DMF, 3 h; (ii) piperidine, DMF, 2 × 5 min; (c) (i) bromoacetic acid, DIPEA, DCM 45 min; (ii)
benzylamine, DMF, 45 min; (d) (i) bromoacetic acid, DIC, DMF, 45 min; (ii) isobutylamine, DMF, 45 min (e) (i) Fmoc-Sar-OH, HATU, DIPEA,
DMF, 3 h; (ii) piperidine, DMF, 2 × 5 min; (f) (i) 30% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/DCM, 2 × 30 min; (ii) (3-
(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one) (DEPBT), DIPEA, DMF, 16−72 h.
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(3) compared to the reference macrocycle ⌀-⌀, some
modifications are detrimental to both passive and cellular
permeabilities, while others are favorable.

From the basolateral to apical (Caco-2B→A) results, we
calculated the BA/AB ratio as a measure of efflux.42 Values range
from 10 to 120, which leaves no doubt that this class of
compounds is generally subject to efflux. It is, however,
interesting to observe that the Nleu peptoid series also stands
out in the Caco-2 assay in both directions, suggesting that
passive permeability is the main differentiating factor for this
series of compounds, not efflux. There is in fact a good
correlation (R2 = 0.91) between PAMPA and Caco-2A→B
permeabilities (Figure 3). This is very different from a series
of similar macrocycles published recently by our group, which
bear a secondary amine instead of the third amide bond, and
which showed very small PAMPA permeability distribution yet
very important, SAR-able variations in Caco-2 permeability.31

To explain the high permeability observed with compounds
containing Nleu, two hypotheses can be invoked: (A) the Nleu
peptoid is intrinsically advantageous compared to leucine; or
(B) position 2 in the ring benefits most from peptoid
substitution. To answer this question, we inverted the positions
of Ala and Leu in the sequence and tried both substitutions
(Figure 4). PAMPA permeability supports hypothesis B: the
permeability-enhancing effect observed in the Nleu series is due
to the N-alkylation at position 2.
There are a few differences between an amino acid and its

peptoid. Namely, the peptoid has (1) no H-bond donor; (2) a

Figure 2. Permeability results in the form of heatmaps. For heatmaps 1−3, the values are expressed as −log(Papp), so lower values mean higher
permeability (in order of increasing permeability: blue, white, red, and black). Heatmap 4 shows the BA/AB ratio, which represents a measure of efflux.

Figure 3. (Top) PAMPA results with standard deviation, ranked;
(middle) statistical analysis of the PAMPA data shows a significant (p <
0.0001; unpaired t-test) effect for the Nleu vs other macrocycles; and
(bottom) a good correlation between PAMPA and Caco-2A→B (R

2 =
0.91).

Figure 4. Inverting peptoid positions to better understand whether
higher permeabilities observed with Nleu are due to its nature or to its
position within the macrocycle.
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slightly stronger H-bond acceptor due to the higher substitution
on the nitrogen atom; (3) a lower cis/trans transition barrier;
(4) higher backbone flexibility due to the absence of a chiral side
chain on the α carbon; and (5) no chirality. We designed
additional compounds based on the original Ala-Leu-Phe-tether
scaffold to untangle some of those effects and pinpoint the most
permeability-enhancing modification introduced by this peptoid
substitution (Figure 5). The 2S linker was chosen for those
additional compounds because this series shows the most
statistically significant differences among themselves in PAMPA
(Figure 2).

Two compounds appear more permeable than Nleu-2S:
NMeLeu-2S and (D)NMeLeu-2S, suggesting that substituting
the amide proton is beneficial. Indeed, both (D)Leu-2S and
αMe-Leu-2S, which still have this amide proton, display a lower
permeability than Nleu-2S. From the point of view of identifying
why Nleu was found to be so successful, we can also rule out the
orientation of the side chain: the three most permeable
compounds are (D)NMeLeu-2S, NMeLeu-2S, and Nleu-2S
and thus all orientation are represented. Two other factors could
explain why (D)NMeLeu-2S and NMeLeu-2S show higher
permeability than Nleu-2S (other than the slight increase in
lipophilicity associated with an additional methyl group, an
effect shared with the poorly permeable αMe-Leu-2S): they
possess lower backbone flexibility, losing the glycine-like effect
of peptoids, and they would be expected to have a smaller cis
population as the methyl is less bulky than the isobutyl
chain.25,43,44 However, these effects do not seem to be as
important as the loss of the H-bond donor (compare αMe-Leu-
2S with Nleu-2S), and do not hold comparison with ⌀-2S, which
also has reduced backbone flexibility and lower expected cis
population. In summary, the strongest factor appears to be the
loss of the H-bond donor. The increased permeability observed
with the Leu-to-Nleu substitution therefore appears to be caused
by a change in the intramolecular H-bonding pattern. While it is
likely that this pattern also explains why the peptoid substitution
was successful at this position and not for Nala andNphe, we did
not investigate this sequence-dependent point further.

As for the influence of the methyl group, no obvious trend
could be observed. Yet, there are some significant differences
between pairs of epimers. Also, the sole exception to the increase
in permeability with Nleu was found in compound Nleu-5S,
while its epimer Nleu-5R is the most permeable of the series. We
decided to investigate this central observation by analyzing the
associated conformations in greater detail using a combination
of structural data (NMR measurements) and computer-
simulated trajectories (molecular dynamics simulations).
A “permeability cliff” such as that observed between Nleu-5R

and Nleu-5S (Figure 6) is also observed, to a lesser extent,

between some other pairs of epimers (e.g., Nala-4R vs 4S with
−log(Pe) = 7.63 and 6.63, Nphe-2R vs 2S with 7.16 and 6.31,
and Nphe-3R vs 3S with 7.49 and 6.49). To obtain a better
understanding of the underlying conformational changes,
extensive MD simulations of the Nleu-5R and Nleu-5S
macrocycles (the most distant epimers in terms of permeability)
were performed in both polar and apolar environments (i.e.,
water and chloroform). The starting conformations used for
simulations showed similar distributions in terms of hydrogen
bonds (H-bonds) and backbone torsional angles (Tables S7 and
S8 in the SI). For each molecule, approximately 50% of the
starting structures had a trans-peptoid bond and 50% had a cis-
peptoid bond. As a control, we used a second pair of peptides
(Nleu-2S and Nleu-2R) with the same structural change but
similar PAMPA permeability (see Table S16 in the SI).
The cumulative 25 μs simulation data for each peptide and

solvent were clustered separately based on the backbone
dihedrals and the polar atom distances. The resulting clusters
could be structurally classified depending on the conformation
of the peptoid bond (i.e., cis or trans; see Tables S9 and S10 in
the SI). The cis−trans isomerization represents a very slow
process in the simulations, which occurred only rarely (Table
S11 in the SI). Due to the low number of transitions, the process
could not be modeled robustly. Therefore, the clusters with the
cis- and trans-peptoid bond are analyzed separately in the
following.
The NMR experiments in chloroform-d showed that the four

compounds adopt at least two different conformations in

Figure 5. Four additional compounds to better elucidate the reason
why a peptoid in this position has a beneficial effect on passive
permeability. All leucine derivatives are in position 2. Numbers in
parentheses indicate a significant difference (p < 0.05; one-way analysis
of variance (ANOVA)/Tukey).

Figure 6. Selected cyclic peptides studied with experimental NMR
analysis and molecular dynamics (MD) simulations.
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solution. The major conformer was identified with all amides in
trans conformation (Table S1 in the SI). It was not possible to
assign the minor conformers due to signal overlap and low
intensity. In the case of Nleu-5R and Nleu-5S, a third conformer
could be identified based on exchange spectroscopy (EXSY)
cross-peaks in the nuclear Overhauser enhancement spectros-
copy (NOESY) spectrum, which is barely detectable in the 1H
spectrum. The corresponding conformer ratios are listed in
Table 1. The results from the MD simulations are compared to

the NMR data of the major conformer (i.e., 3JHN−Hα coupling
constants and nuclear Overhauser effect (NOE)-derived
distances, given in Tables S2−S6 in the SI) to validate the
simulation results.
The clusters with all amides in trans conformation are in good

agreement with the 3JHN−Hα coupling constants (Figure 7),
whereas the clusters containing the cis-peptoid bond deviate
significantly from the experimental values. For Nleu-2R, the
3JHN−Hα coupling analysis is missing as we could not determine
the 3JHN−Hα couplings reliably due to line broadening in the
spectrum. The NOE upper distance bounds are also generally
reproduced in these clusters (Figures S5−S9 in the SI). Based on
these findings, we focus the analysis in the following on those
clusters, which have a reasonable agreement with the NMR data
(i.e., clusters 1 and 4 for Nleu-5R, clusters 1, 5, and 6 for Nleu-
5S, cluster 1 for Nleu-2R, and clusters 1 and 2 for Nleu-2S).
A necessary condition for good membrane permeability is the

adoption of conformations that shield polar groups optimally
from the apolar environment.45−47 Therefore, we first analyzed
the hydrogen-bonding patterns in the clusters in chloroform.
For the peptides in this study, a maximum number of two H-

bonds can be formed in a conformation due to ring strain. As can
be seen in Table 2, the percentage of sampled conformations

with two H-bonds differs significantly between Nleu-5R (30%)
and Nleu-5S (7%). At the same time, the percentage of
conformations without aH-bond is increased for Nleu-5S (25%)
compared to Nleu-5R (8%). For the other pair, Nleu-2R and
Nleu-2S, the percentages are more similar and in between those
of Nleu-5R and Nleu-5S.
For a given molecule in an apolar environment, having access

to conformations in which polar groups are shieldedsuch as
by H-bondingshould be energetically favorable. To assess this
effect, we extracted the potential energy of the peptides (i.e.,
intramolecular and peptide-solvent contributions) from the
trajectories. The normality of each potential-energy distribution
was confirmed by the Shapiro−Wilk test48 (Table S12 in the SI).
The Fisher t-test49 was employed to determine if the means of
the distributions differ statistically significantly (p < 0.05). This
was found to be the case for each pair of distributions (Table S13
in the SI). On average, the potential energy of Nleu-5R is 9 kJ/
mol lower (i.e., more favorable) in chloroform compared to
Nleu-5S, whereas the difference in the average potential energy
between Nleu-2R and Nleu-2S is 6 kJ/mol. In many studies in
the literature, it was found that the three-dimensional (3D)
polar surface area (3D-PSA) is a good measure for the degree of
polar shielding in conformations.31,45,50,51 However, for the
present set of four peptides, no correlation was observed
between the 3D-PSA and the potential energy (Figure S10 in the
SI). The ring strain in the relatively small backbone cycle of the
peptides affects the geometry of the intramolecular H-bonds,

Table 1. Ratios of Conformer Population Observed in NMR
Spectra (CDCl3)

compound ratio

Nleu-2R 100:8
Nleu-2S 100:3
Nleu-5R 100:4:0
Nleu-5S 100:16:1

Figure 7. Root-mean-square deviation (RMSD, in hertz) between 3JHN−Hα coupling constants in chloroform fromNMRmeasurements and fromMD
simulations. Clusters with the peptoid bond in trans conformation are shown in green.

Table 2. Percentage of Sampled Conformations with Zero,
One, or Two Hydrogen Bonds in Chloroforma

number of hydrogen bonds 0 1 2

Nleu-5R (%) 8 63 30
Nleu-5S (%) 25 68 7
Nleu-2R (%) 15 64 21
Nleu-2S (%) 13 74 13

aAnalysis was restricted to the clusters with the trans-peptoid bond.
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which is likely not reflected appropriately in the 3D-PSA
calculation. In summary, the rankingNleu-5R <Nleu-2S <Nleu-
2R < Nleu-5S, which was found in terms of both hydrogen-
bonding patterns and potential energies, matches well with the
experimental permeability data.
The findings described above indicate that the change in

stereochemistry of themethyl group in position 5 betweenNleu-
5R and Nleu-5S leads to different conformational behavior. A
detailed analysis of the H-bonds showed that only Nleu-5S
forms a H-bond between Ala-O and the tether-NH with an
occurrence of 24% in chloroform (Table 3). This H-bond across

the ring of Nleu-5S prevents the formation of other H-bonds
(Figure 8B). Such a conformation with a single H-bond is likely
less favorable (compared to one with more H-bonds) in
chloroform because less polar groups are shielded. In the
dominant conformation of Nleu-5R, on the other hand, two H-
bonds can be formed across the ring (Figure 8A).
Next, we analyzed the torsional-angle distributions in the

backbone ring of the peptides. The change in stereochemistry of
the methyl group at position 5 leads to a shift in the torsional-
angle distributions of the tether units for Nleu-5S compared to
Nleu-5R (Figure 9A). This shift results in a bent conformation
of the ring (Figure 9B), which allows only one H-bond to form
between Ala-O and tether-NH (Figure 10). There is also a shift
in the backbone torsional-angle distributions between Nleu-2R
and Nleu-2S, however, to a much smaller extent (Figure S11 in
the SI).
The results for the simulations in water are given in the SI

(Tables S10−S15). The analysis of the hydrogen-bonding
patterns in water showed that Nleu-5R has a higher percentage
(about 10%) of conformers with noH-bonds compared toNleu-
2R, Nleu-2S, and Nleu-5S (Table S14). In general, however, no
major differences between the peptides could be observed in
water.
The findings, taken together, suggest that the permeability

cliff observed between Nleu-5R and Nleu-5S is related to their

propensity for conformations with a maximized number of
intramolecular H-bonds in the apolar environment. Their ability
to adopt such conformations is in turn affected by the
stereochemistry of the methyl group at position 5 in the tether
as it determines the preferred torsional angles of the tether.

■ CONCLUSIONS
A total of 42 macrocycles were synthesized and their
permeability assessed in the PAMPA and Caco-2 assays. The
combination of these data, NMR measurements, and molecular
dynamics simulations allows us to draw some conclusions that
are hopefully applicable to other systems. The systematic higher
permeability of macrocycles bearing an Nleu peptoid is striking
and well above statistical significance. Our experiments suggest
this effect is due to the removal of this specific H-bond donor,
thus working similarly to the more widely used N-methylation
strategy. This systematic effect shows that “masking” H-bond
donors should be considered early in the design of cyclic
peptides. Possibly, it is a matter of finding the right one(s), i.e.,
those that allow for the most favorable H-bonding patterns in
the rest of the macrocycle.
The methyl position on the tether had little effect in most

cases, with a few notable exceptions. Nala-2S has the lowest
passive permeability, while its epimer is average. Conversely,
Nleu-5R is the most permeable compound from our initial
library, while its counterpart Nleu-5S is the exception among the
Nleu compounds for its low permeability. A detailed analysis of
torsion angles points once more at intramolecular H-bonds.
Nleu-5R and Nleu-5S have different intramolecular H-bonding
patterns. It seems likely that the 2 and 5 positions have the
highest potential to introduce significant conformational
changes due to their proximity to H-bond partners (the tether’s
carbonyl and nitrogen, respectively). These positions might also
have more impact due to the flexible nature of the tether we
used, as they are close to the sp2-like amides. It is also
noteworthy that a simple inversion of stereochemistry was
shown to exert long-distance influence, modifying the phenyl-
alanine’s rotation.
Altogether, this study sheds light on the relationship between

structure and permeability in this class of compounds. The two
seemingly very different substitutions we explored were both
found to affect permeability through a change in the intra-
molecular H-bonding pattern.

■ EXPERIMENTAL SECTION
PAMPA.53,54 Passive permeability assays were run in triplicate on

96-well hydrophobic poly(vinylidene difluoride) (PVDF) plates
(Millipore, 0.45 μM, 200 μL) and 300 μL receptor plates (Millipore).

Table 3. Hydrogen Bond Occurrence in Percentage for the
Sampled Conformations in Chloroforma

H-bond
Nleu-2R
(%)

Nleu-2S
(%)

Nleu-5R
(%)

Nleu-5S
(%)

Nleu-O tether-NH 74 37 28 33
Ala-O tether-NH <1 <1 <1 24
Phe-O Ala-NH <1 35 57 <1
Ala-O Phe-NH 27 25 36 17
aAnalysis was restricted to the clusters with the trans-peptoid bond.

Figure 8. Snapshots of Nleu-5R (A) and Nleu-5S (B) from MD simulations in chloroform. Hydrogen bonds are shown with their percentage of the
absolute occurrence in chloroform in the trans-peptoid clusters. Pictures were generated with PyMol.52
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Assays were carried out using a 10 μL membrane (2% lecithin in
dodecane) with a 100 μMsolution in a phosphate buffer (pH = 6.4) and
shaken for 17 h (25 °C, 50 rpm).
Caco-2 Assay.54−56 Assays were run in triplicate on polycarbonate

Transwell plates (Corning) with hydrophilic filters (0.45 μM,
Millipore). Caco-2 cells were passaged >72 times and grown on the
filter for 22 days, at which point the transepithelial electrical resistance
(TEER) was over 300 Ω cm2. Compounds were tested in an initial 10
μM solution using an Hank’s balanced salt solution (HBSS) buffer (N-

(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES)/NaOH,
pH = 7.4) and a sample was taken after 60 and 120 min at 37 °C.
Propranolol and atenolol were used as control compounds for high and
low permeabilities, respectively. The assays were performed in both
apical-to-basolateral and basolateral-to-apical directions to better assess
the effect of efflux.

Simulation. In the computational studies, two pairs of structurally
similar cyclic peptides were selected, i.e., Nleu-5R/Nleu-5S and Nleu-
2R/Nleu-2S. The first pair presents a “permeability cliff”, i.e., the two
peptides show a large difference in the passive permeability in the
PAMPA assay (Nleu-5R: 5.39; Nleu-5S: 7.21), despite a high structural
similarity. In contrast, the second pair is similar in both structure and
permeability (Nleu-2R: 6.14; Nleu-2S: 5.80). For each of these four
peptides, 250 starting coordinates were generated using the macrocycle
variant of the OMEGA conformer generator from OpenEye.57−59

Conformers were energy-minimized for maximum 2000 steps with the
steepest descent60 approach using the GROMOS software package61

with the GROMOS 54A7 force field.62 Each minimized starting
conformation was solvated in a cubic box of simple-point-charge (SPC)
water63 (on average, 4172 solvent molecules) or chloroform64 (on
average, 980 solventmolecules). For each system, amolecular dynamics
(MD) simulation of 101 ns length was performed under isothermal−
isobaric (NPT) conditions with the leap-frog integration algorithm65

and a time step of 2 fs. The first 1 ns was discarded as equilibration.
Bond lengths were constrained with SHAKE66 and a tolerance of 10−4

nm. Nonbonded interactions were calculated using a twin-range
scheme with a short-range cutoff of 0.8 nm and a long-range cutoff of
1.4 nm. The electrostatic nonbonded contributions beyond the long-
range cutoff were calculated with the reaction-field67 approach, setting
the dielectric permittivity to 6168 for water, and to 4.864 for chloroform.
The temperature was kept constant at 300 K using the weak coupling
scheme69 and a coupling time of 0.1 ps−1. The pressure was kept at
1.031 bar (1 atm) with the same type of algorithm, a coupling time of
0.5 ps−1, and an isothermal compressibility of 0.001654 bar−1 for
chloroform and 0.0004575 bar−1 for water. Translational motion of the
center of mass of the simulation box was removed every 2 ps. Energies
and coordinates were written every 5 ps.

Figure 9. (A) Torsional-angle distributions of the tether in Nleu-5R (blue) and Nleu-5S (orange) in chloroform. The analysis was restricted to the
clusters with the trans-peptoid bond. (B) Torsional angles of the tether (shown in cyan and orange) corresponding to the peaks of the distributions.
Pictures were generated with PyMol.52 The change in the stereocenter also affects the χ1-angle of the phenylalanine residue as the tether conformation
hinders the rotation around this torsion due to a steric clash with the carbonyl group that is facing out of the backbone ring (Figure 10).

Figure 10. (A) Torsional-angle distributions of the χ1 torsional angle of
the phenylalanine residue in Nleu-5R (blue) and Nleu-5S (orange) in
chloroform. Analysis was restricted to the clusters with the trans-
peptoid bond. (B) χ1 torsional angle of the phenylalanine residue
(shown in purple) corresponding to the peaks of the distributions. The
backbone carbonyl interferes with the rotation around this torsion is
highlighted with a red circle. Pictures were generated with PyMol.52
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Trajectory analysis was performed with PyEmma70 and MDTraj.71

The selection of features for the clustering consisted of the distances
between all pairs of polar atoms and the backbone torsional angles,
which resulted in 57 features. This selection was reduced to three to five
dimensions (depending on the peptide) with TICA72 using a
cumulative variance of 0.9 as criterium and a TICA correlation lag
time of 50 ps. Based on these TICs, the frames were clustered with a
common nearest neighbor (CNN) algorithm73,74 using a cutoff of 0.2
and a similarity of 20. Comparison of selected clusters with NMR
experiments was performed with the GROMOS++ package of
programs.75 The coefficients for the Karplus curve were taken from
Vögeli et al.76 Analysis of hydrogen bonds and torsional angles was
performed with MDTraj. The 3D polar surface area (3D-PSA) was
calculated with our implementation28 of the workflow in ref 47 using
PyMol.52 Statistical analysis of all results was carried out using the
Python packages pandas, NumPy and SciPy.77

NMR Measurements. The selected peptides Nleu-5R, Nleu-5S,
Nleu-2R, and Nleu-2S were characterized by NMR in chloroform-d
(Cambridge Isotope Laboratories). The following spectra were
recorded if not stated otherwise: 1H NMR, total correlation
spectroscopy (TOCSY), double-quantum filtered correlation spectros-
copy (COSY), multiplicity edited 13C heteronuclear single quantum
coherence (HSQC), 13C heteronuclear multiple bond correlation
(HMBC), and NOESY. All spectra were measured at 25 °C on a Bruker
Avance III HD 600 MHz spectrometer equipped with a N2-cooled
Prodigy triple resonance probe. 13C HSQC and TOCSY spectra were
recorded with sensitivity enhancement. TOCSY was run with an 80 ms
DIPSI2 isotropic mixing time. The mixing time for the NOESY
experiments was set to 300 ms if not stated otherwise. For compound
Nleu-5R, an EASY-ROESY78 spectrum with 100 ms mixing time was
recorded instead of a NOESY. For all spectra, the time domain in both
dimensions was extended to twice its size by zero filling, apodized with a
cos2 function, and the baseline of the resulting spectra was corrected
with a polynomial of fifth order or using the Whittacker smoother
algorithm.79 Processing was done with Bruker TopSpin version 4.0
(Bruker Biospin AG) and MestReNova 12.0 (Mestrelab Research).
Resonance assignment and volume integration of the ROESY cross-
peaks were performed with SPARKY 3.115.80 The assignments are
summarized in Table S1 in the SI.

3JHN−Hα coupling constants for compounds Nleu-5R, Nleu-5S, Nleu-
2R, and Nleu-2S were extracted directly from the 1H spectrum with
MestReNova and are summarized in Table S2 in the SI.
Volumes were extracted from NOESY and ROESY spectra by

integration of the cross-peaks with a Gaussian function (eq 1).

= + × −r a b V1,2 1,2
(1/6)

(1)

V1,2 is the volume of the cross-peak between proton 1 and 2, a and b
are fitting parameters, and r1,2 is the corresponding interatomic
distance. A two-point calibration was done with the averaged
interatomic distance (e.g., on both sides of the diagonal) between the
diastereotopic protons NLeu Hα1−Hα2 (1.8 Å) and the distance
between Hα and Hβ* in the alanine residue (2.65 Å).81 In the second
case, the volume was previously divided by 3 to account for the three
protons in the methyl group. Cross-peaks integrated on both sides of
the diagonal were averaged, and error bonds of±20%were added to the
calculated distance. Since the GROMOS++ programs can do
multiplicity correction and averaging over indistinguishable protons
automatically, the reported data do not account for that. The volumes
and the corresponding distances can be found in Tables S3−S6 in the
SI.
Materials and Equipment Used in Synthesis. All solvents and

chemicals were used as purchased without further purification. The
progress of all reactions was monitored on Silicycle silica gel plates
using either ethyl acetate/n-hexane or dichloromethane/methanol.
Column chromatography was performed with SILIFLASH P60 silica
(40−63 μM, 230−400 mesh, 60 Å).
NMR data were recorded on a Bruker Ascent 400. Chemical shifts

are given in parts per million (ppm) (δ relative to the residual solvent
peaks for both 1H and 13C). Chloroform (7.27 ppm), DMSO (2.50

ppm), and MeOH (3.31 ppm) were used as the internal standards for
protons and for carbons (77.0, 39.5, and 49.2 ppm, respectively).

High-resolution mass spectrometry (HRMS) was performed with a
maXis (electrospray ionization quadrupole time-of-flight (ESI-
QTOF)).

Final products were purified on a Waters preparative HPLC system
(Waters Sample Manager 2767, Binary Gradient Module 2545, SQ
Detector 2) with an XSelect Peptide CSH C18 OBD Prep Column
(100 × 19 mm2, 5 μM spherical particle size) with a flow of 20 mL/min
on a 15 min gradient of varying proportions of acetonitrile in water
containing 0.1% formic acid (in both solvents).

Purity analysis of the final macrocycles was performed with UPLC/
MS Acquity H-Class using a BEH C18 column (50 × 2.1 mm2, 1.7 μM
spherical particle size) with a flow of 0.8 mL/min on a 2.5 min gradient
from 5 to 95% acetonitrile in water containing 0.1% formic acid (in both
solvents). All chromatography equipment was purchased at Waters
(Canada). The purity was determined from the UV spectrum, by the
ratio of the area under the curve (AUC) of the expected compound over
the sum of the AUC of all peaks that did not also appear on blanks. All
final macrocycles were obtained with a purity of >95%.

Loading and Capping Procedure 23. To Wang resin (200 mg,
nominal loading: 1.5 mmol/g) was added anhydrous THF (2 mL), and
themixture was left for 30min.Meanwhile, a solution of Fmoc-Phe-OH
(3 equiv) was prepared in anh. THF (2mL). To this solution was added
PPh3 (3 equiv) and diisopropyl azodicarboxylate (DIAD) (3 equiv).
The THF from the resin solution was removed by filtration, and the
amino acid solution was added. The mixture was left on an orbital
shaker overnight. The resin was then filtered and washed in the
following sequence: 3× DMF, 3× DMC, 3× iPrOH, 3× DCM, 3×
iPrOH, 3× DCM. A freshly prepared solution of DCM/Ac2O/DIPEA
(15:2:1, 2 mL) was then added, and the mixture was left on an orbital
shaker for 30 min, after which it was washed using the same sequence as
above.

Loading Procedure for Nphe 30. To a 2-chlorotrityl chloride
resin (200 mg, nominal loading: 1.2 mmol/g) was added anhydrous
DCM (2 mL), and the mixture was left for 30 min. Meanwhile, a
solution of bromoacetic acid (4 equiv) was prepared in anh. DCM (2
mL). To this solution was added DIPEA (8 equiv) The DCM from the
resin solution was removed by filtration, and the bromoacetic acid
solution was added. The mixture was left on an orbital shaker for 1 h.
The resin was then filtered and washed six times with DMF. A solution
of benzylamine (20 equiv) in DMF (2 mL) was added, and the mixture
was left on an orbital shaker for 1 h. The resin was then filtered and
washed six times with DMF.

Deprotection Procedure. To the resin (200 mg) was added a
solution of 20% piperidine in DMF (2 mL), and the mixture was left on
an orbital shaker for 20 min. The resin was then washed twice with
DMF, and a solution of 20% piperidine in DMF (2mL) was added once
more and then left on the orbital shaker for another 20 min. The resin
was then washed six times with DMF.

Coupling Procedure for Amino Acids and Nala 24, 26. A
solution of amino acid (3 equiv) and HATU (2.5 equiv) in DMF (2
mL) was prepared, then DIPEA (5 equiv) was added. The resulting
yellow solution was added to the deprotected resin and left on the
orbital shaker for 3 h. The resin was then filtered and washed in the
following sequence: 3× DMF, 3× DCM, 3× iPrOH, 3× DCM, 3×
iPrOH, 3× DCM.

Coupling Procedure for Nleu 28. A solution of bromoacetic acid
(6.8 equiv) and DIC (8 equiv) in DMF (2 mL) was added to the
deprotected resin and left on the orbital shaker for 1 h. The resin was
then filtered and washed six times with DMF. A solution of
isobutylamine (20 equiv) in DMF (2 mL) was then added to the
resin and left on the orbital shaker for 1 h. The resin was then filtered
and washed six times with DMF.

Cleavage and Deprotection Procedure. A 50% solution of
trifluoroacetic acid (TFA) in DCM was added to the Wang resin (30%
HFIP in DCM for 2-Cl chlorotrityl resin), and the mixture was left on
the orbital shaker for 1 h. The solution was then filtered and
concentrated under reduced pressure, adding DCM when dry (3×) to
remove most of the TFA (or HFIP).
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Macrocyclization Procedure. The linear peptide was dissolved in
DMF (0.025 mol/L), DEPBT was added (1.1 equiv), followed by
DIPEA (3 equiv). The resulting yellow solution was left to stir until
completion, typically around 72 h. It was then filtered on a carbonate
scavenging cartridge and concentrated under reduced pressure. The
crude product was purified on a preparative HPLC-MS.
Synthesis of Tether 7S. The 7R linker was synthesized using the

same procedures.
5-Azidovaleric Acid 2. 5-Bromovaleric acid 1 (5.00 g, 27.6mmol, 1

equiv) was dissolved in DMSO (275 mL, 0.1 M), sodium azide (7.18 g,
110 mmol, 4 equiv) was added, and the mixture was stirred overnight.
Upon completion, 1 M HCl was added (300 mL) and the solution was
extracted with ethyl acetate (3 × 300 mL). The organic phases were
combined and washed with a 1:1 mixture of brine and 1 M HCl (6 ×
300 mL), dried using MgSO4, filtered, and concentrated under reduced
pressure to obtain an orange oil (4.05 g, quantitative) that was used
directly for the next step. 1HNMR (300MHz, CDCl3): δ 11.42 (1H, s),
3.31 (2H, t, J = 6.6 Hz), 2.40 (2H, t, J = 7.2 Hz), 1.77−1.61 (4H, m);
13CNMR (75MHz, CDCl3): δ 178.0, 51.0, 33.3, 28.2, 21.8; HRMS [M
− H]− calcd for C5H9N3O2: 142.0611, found: 142.0621.
1-[(4S)-4-Benzyl-2-oxo-1,3-oxazolidin-3-yl]-5-azido-1-pen-

tanone 3S. 5-Azidovaleric acid 2 (3.95 g, 27.6 mmol, 1 equiv) was
dissolved in THF (92 mL, 0.3 M), and the solution was cooled to −78
°C. Triethylamine (4.62 mL, 33.1 mmol, 1.2 equiv) was added,
followed by trimethylacetyl chloride (3.74 mL, 30.4 mmol, 1.1 equiv),
and the solution was left to stir and warm up to 0 °C for 1 h. In a
separate flask, (S)-4-benzyl-2-oxazolidinone (5.87 g, 33.1 mmol, 1.2
equiv) was dissolved in THF (39 mL, 0.7M) and cooled to−78 °C. To
this solution was added a solution of n-butyllithium in hexanes (33.1
mmol, 1.2 equiv) dropwise. The solution containing the azide was
cooled back to −78 °C, and the oxazolidinone solution was added to it
by a canula. It was left to stir and warm up to 0 °C for 2 h. When
completed, the solution was poured into sat. NH4Cl (300 mL) and
extracted with EtOAc (3 × 300 mL). The organic fractions were
merged, washed with brine (1 × 300 mL), dried using MgSO4, filtered,
and concentrated under reduced pressure to obtain an orange oil. This
crude product was purified by flash chromatography (7:3 hexanes/ethyl
acetate), yielding a colorless oil (6.06 g, 73%). 1H NMR (300 MHz,
CDCl3): δ 7.40−7.25 (3H, m), 7.24−7.17 (2H, m), 4.74−4.63 (1H,
m), 4.27−4.16 (3H, m), 3.39−3.25 (3H, m), 3.10−2.87 (2H, m);
1.87−1.64 (4H, m) 13CNMR (75MHz, CDCl3): δ 172.3, 153.4, 135.2,
129.4, 128.9, 127.3, 66.2, 55.1, 51.1, 37.9, 34.9, 28.2, 21.3; HRMS [M +
Na]+ calcd for C15H18N4O3: 325.1271, found: 325.1278.
(2S)-1-[(4S)-4-Benzyl-2-oxo-1,3-oxazolidin-3-yl]-5-azido-2-

methyl-1-pentanone 4S. 1-[(4S)-4-Benzyl-2-oxo-1,3-oxazolidin-3-
yl]-5-azido-1-pentanone 3S (6.06 g, 20.0 mmol, 1 equiv) was dissolved
in THF (10 mL, 2 M) and cooled to −78 °C. In a separate vessel, a 0.5
M solution of potassium bis(trimethylsilyl)amide in toluene (56 mL,
28.1 mmol, 1.4 equiv) was dissolved in cold (−78 °C) THF (134 mL,
0.15 M). The solution containing the oxazolidinone was then added by
a canula to the KHMDS solution and left to stir for 30 min. Methyl
iodide (3.74 mL, 60 mmol, 3 equiv) was added, left to stir, and warmed
up to 0 °C for 2 h. The reaction mixture was then poured into a
saturated solution of NH4Cl, and the product was extracted with ethyl
acetate (3 × 500 mL). The organic fractions were merged, washed with
brine (1 × 500 mL), dried using MgSO4, filtered, and concentrated
under reduced pressure to obtain a crude yellow oil (6.74 g, quant., de =
69%), which was used directly for the next step. 1H NMR (300 MHz,
CDCl3): δ 7.40−7.25 (3H, m), 7.25−7.15 (2H, m), 4.75−4.65 (1H,
m), 4.28−4.15 (2H, m), 3.82−3.67 (1H, m), 3.39−3.20 (3H, m), 2.78
(1H, dd, J = 13.1, 9.6 Hz), 1.92−1.77 (1H, m), 1.73−1.43 (3H, m),
1.26 (3H, d, J = 6.8 Hz) 13C NMR (75 MHz, CDCl3): δ 176.6, 153.0,
135.1, 129.4, 128.9, 127.4, 66.1, 55.2, 51.3, 37.9, 37.4, 30.3, 26.6, 17.5;
HRMS [M + Na]+ calcd for C16H20N4O3: 339.1428, found: 339.1430.
(2S)-5-Azido-2-methylvaleric Acid 5S. (2S)-1-[(4S)-4-Benzyl-2-

oxo-1,3-oxazolidin-3-yl]-5-azido-2-methyl-1-pentanone 4S (1.51 g,
4.77 mmol, 1 equiv) was dissolved in THF/H2O (3:1, 100 mL, 0.05
M), and the solution was cooled to 0 °C. Hydrogen peroxide (2.70 mL,
23.8 mmol, 5 equiv) was added, followed by lithium hydroxide (228
mg, 9.52 mmol, 2 equiv) and the solution was left to stir until

completion (approximately 20 min). A saturated solution of sodium
sulfite was added (5 mL), and the solution was concentrated under
reduced pressure to remove most of the THF. A saturated solution of
sodium bicarbonate (100 mL) was added, and the product was washed
with dichloromethane (3 × 100 mL). The aqueous phase was acidified
to pH = 1 using 1MHCl and extracted with ethyl acetate (3× 100mL).
The ethyl acetate fractions were combined, dried usingMgSO4, filtered,
and concentrated under reduced pressure to obtain a colorless oil (730
mg, 98%). 1H NMR (300 MHz, CDCl3): δ 10.61 (1H, s), 3.30 (2H, t, J
= 6.6 Hz), 2.57−2.44 (1H, m), 1.83−1.48 (4H, m), 1.22 (3H, d, J = 6.9
Hz); 13C NMR (75 MHz, CDCl3): δ 182.2, 51.2, 38.9, 30.5, 26.5, 16.9;
HRMS [M − H]− calcd for C6H11N3O2: 156.0768, found: 156.0772.

(2S)-5-Amino-2-methylvaleric Acid 6S. (2S)-5-Azido-2-methyl-
valeric acid 5S (3.04 g, 19.3 mmol, 1 equiv) was dissolved in methanol
(40 mL, 0.5 M) with 5% (v/v, 2 mL) acetic acid, palladium on carbon
(10 wt %) was added (310 mg), and the solution was put under 300 psi
of hydrogen and shaken for 16 h. The Pd/C was removed by filtration
over a Celite pad, and the solution was concentrated under reduced
pressure to obtain a colorless oil in quantitative yield. This crude
product was used directly in the next step.

(2S)-2-Methyl-5-(tert-butoxycarbonylamino)valeric Acid 7S.
(2S)-5-Amino-2-methylvaleric acid 6S (2.54 g, 19.4mmol, 1 equiv) was
dissolved in a 2:1 mixture of dioxane and water (60 mL, 0.3 M) and
sodium bicarbonate was added until pH reached 8. Di-tert-butyl
dicarbonate (4.65 g, 21.3 mmol, 1.1 equiv) was added, and the solution
was stirred for 16 h. Upon completion, the dioxane was removed under
reduced pressure, 1 M HCl was added (100 mL), and the product was
extracted with ethyl acetate (3 × 100 mL). The organic fractions were
combined, dried using MgSO4, filtered, and concentrated under
reduced pressure to obtain a colorless oil (3.50 g, 78%). The product
was isolated by flash chromatography (DCM/MeOH, 95:5) and
coevaporated multiple times with toluene to yield a colorless oil (1.73 g,
39%). 1H NMR (400MHz, CDCl3): δ 5.75 (0.2H, br s), 4.60 (0.8H, br
s), 3.13 (2H, br t), 2.55−2.43 (1H, m), 1.77−1.63 (1H, m), 1.59−1.49
(3H, m), 1.45 (9H, s), 1.20 (3H, d, J = 7.0 Hz); 13C NMR (100 MHz,
CDCl3): δ 181.8, 156.0, 79.3, 40.3, 39.0, 30.6, 28.4, 27.7, 16.9; HRMS
[M + Na]+ calcd for C11H21NO4: 254.1363, found: 254.1368.

Synthesis of Tether 13R.The 13S linker was synthesized using the
same procedures.

(3R)-3,7-Dimethyl-6-octenoic Acid 9R. (3R)-3,7-Dimethyl-6-
octen-1-ol 8R (5.00 g, 32.0 mmol, 1 equiv) was dissolved in DMF (100
mL, 0.3 M), and pyridinium dichromate (60.2 g, 160 mmol, 5 equiv)
was added. The solution was stirred for 16 h. Upon completion, diethyl
ether (300 mL) was added, and the mixture was washed with half-sat.
NH4Cl (6 × 300 mL) and brine (1 × 300 mL). The organic fractions
were combined, dried using MgSO4, filtered, and concentrated under
reduced pressure to obtain a colorless oil. The product was isolated by
flash chromatography (hexanes/EtOAc, 17:3) to yield a colorless oil
(3.93 g, 72%). 1H NMR (400 MHz, CDCl3): δ 11.50 (1H, br s), 5.15−
5.05 (1H, m), 2.38 (1H, dd, J = 15.4, 5.9 Hz), 2.16 (1H, dd, J = 15.4, 8.0
Hz), 2.07−1.92 (3H, m), 1.69 (3H, d, J = 1.0 Hz), 1.61 (3H, s), 1.45−
1.34 (1H, m), 1.31−1.21 (1H, m), 0.99 (3H, d, J = 6.6 Hz); 13C NMR
(100 MHz, CDCl3): δ 179.4, 131.7, 124.1, 41.5, 36.7, 29.8, 25.7, 25.4,
19.6, 17.6; HRMS [M − H]− calcd for C10H18O2: 169.1223, found:
169.1233.

Methyl (3R)-3,7-Dimethyl-6-octenoate 10R. (3R)-3,7-Dimeth-
yl-6-octenoic acid 9R (2.51 g, 14.7 mmol, 1 equiv) was dissolved in
diethyl ether (50 mL, 0.3 M). A solution of diazomethane (73.7 mmol,
5 equiv) in diethyl ether (200 mL, 0.37 M) was added, and the reaction
was stirred for 2 h. Upon completion, drops of acetic acid were added
until the solution became colorless. The solvent was concentrated by
reduced pressure to yield a slightly yellow oil (2.60 g, 61%). 1H NMR
(300MHz, CDCl3): δ 5.14−5.04 (1H, m), 3.67 (3H, s), 2.33 (1H, dd, J
= 14.8, 5.9 Hz), 2.12 (1H, dd, J = 15.2, 8.1 Hz), 2.06−1.87 (3H, m),
1.69 (3H, d, J = 0.9Hz), 1.61 (3H, s), 1.43−1.16 (3H,m), 0.95 (3H, 6.6
Hz); 13C NMR (75 MHz, CDCl3): δ 173.7, 131.5, 124.2, 51.3, 41.6,
36.7, 30.0, 25.7, 25.4, 19.6, 17.6; HRMS [M +Na]+ calcd for C11H20O2:
207.1356, found: 207.1358.

(4R)-5-Methoxycarbonyl-4-methylvaleric Acid 11R. Methyl
(3R)-3,7-dimethyl-6-octenoate 10R (2.60 g, 14.1 mmol, 1 equiv) was
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dissolved in a 2:2:3 mixture of carbon tetrachloride (40 mL),
acetonitrile (40 mL), and water (60 mL). Sodium periodate (12.4 g,
57.9 mmol, 4.1 equiv) was added, followed by ruthenium(III) chloride
(65 mg, 0.31 mmol, 2.2 mol %). The resulting heterogeneous solution
was stirred vigorously for 2 h or until completion. 1 M HCl was added,
and the product was extracted with dichloromethane (3 × 200 mL).
The organic fractions were combined and concentrated under reduced
pressure, then resolubilized in ethyl acetate and extracted with dil.
NaHCO3 (3× 200mL). The aqueous phase was acidified to pH 1 using
1 M HCl and extracted with ethyl acetate (5 × 200 mL). The organic
fractions from the last extraction were combined, dried using MgSO4,
filtered, and concentrated under reduced pressure to obtain a colorless
oil (1.65 g, 67%). 1H NMR (400 MHz, CDCl3): δ 3.67 (3H, s), 2.46−
2.26 (3H, m), 2.23−2.12 (1H, m), 2.07−1.93 (1H, m), 1.77−1.64 (1H,
m), 1.61−1.47 (1H, m), 0.96 (3H, d, J = 6.7 Hz); 13C NMR (100MHz,
CDCl3): δ 179.0, 173.2, 51.5, 41.2, 31.5, 31.2, 29.8, 19.3; HRMS [M +
Na]+ calcd for C8H14O4: 197.0784, found: 197.0786.
Methyl (3R)-3-Methyl-5-(tert-butoxycarbonylamino)-

valerate 12R. (4R)-5-Methoxycarbonyl-4-methylvaleric acid 11R
(2.30 g, 13.2 mmol, 1 equiv) was dissolved in tert-butanol (130 mL,
0.1 M), then diphenylphosphoryl azide (3.13 mL, 14.5 mmol, 1.1
equiv) was added, followed by triethylamine (2.02 mL, 14.5 mmol, 1.1
equiv), and the mixture was refluxed for 16 h. Upon completion, the
solvent was concentrated under reduced pressure and dissolved in ethyl
acetate (100 mL). It was washed with half-sat. NaHCO3 (2 × 100 mL),
water (2 × 100 mL), and brine (1 × 100 mL). The organic fractions
were combined, filtered through a pad of Celite, dried using MgSO4,
filtered, and concentrated under reduced pressure to obtain an orange
oil (2.36 g, 73%), which was used without further purification. 1HNMR
(400 MHz, CDCl3): δ 4.66 (1H, br s), 3.61 (3H, s), 3.18−2.95 (2H,
m), 2.27 (1H, dd, J = 15.0, 6.3 Hz), 2.11 (1H, dd, J = 15.1, 7.7 Hz),
2.03−1.90 (1H, m), 1.52−1.41 (1H, m), 1.38 (9H, s), 1.35−1.28 (1H,
m), 0.91 (3H, d, J = 6.7 Hz); HRMS [M + Na]+ calcd for C12H23NO4:
268.1519, found: 268.1518.
(3R)-3-Methyl-5-(tert-butoxycarbonylamino)valeric Acid

13R. Methyl (3R)-3-methyl-5-(tert-butoxycarbonylamino)valerate
12R (571 mg, 2.33 mmol, 1 equiv) was dissolved in methanol (12
mL, 0.2 M), 1 MNaOHwas added (12 mL, 12 mmol, 5 equiv), and the
reaction was left to stir for 3 h. Upon completion, 1MHCl was added to
pH 2 and the product was extracted with dichloromethane (3 × 50
mL). The organic fractions were combined, dried using MgSO4,
filtered, and concentrated under reduced pressure to obtain a colorless
oil (541mg, quant.). The product was isolated by flash chromatography
(DCM/MeOH, 19:1) to afford a colorless oil (484 mg, 90%). 1HNMR
(300 MHz, CDCl3): δ 10.64 (1H, br s), 6.05 (0.3H, s), 4.67 (0.7H, s),
3.12 (2H, s), 2.43−2.26 (1H, m), 2.18 (1H, dd, J = 15.3, 7.5 Hz), 2.10−
1.90 (1H, m), 1.65−1.48 (1H, m), 1.43 (9H, s), 0.98 (3H, 7.4 Hz); 13C
NMR (75MHz, CDCl3): 178.2, 156.1, 79.3, 41.3, 38.3, 36.5, 28.3, 27.5,
19.5; HRMS [M − H]− calcd for C11H21NO4: 230.1387, found:
230.1388.
Synthesis of Tether 15R.The 15S linker was synthesized using the

same procedures.
(2R)-2,6-Dimethyl-5-heptenylamino 2,2-Dimethylpropio-

nate 14R. (3R)-3,7-Dimethyl-6-octenoic acid 9R (2.03 g, 11.9
mmol, 1 equiv) was dissolved in anhydrous THF (120 mL, 0.1 M),
and the following reagents were added, in order: sodium azide (2.72 g,
3.5 equiv), zinc trifluoromethanesulfonate (143 mg, 0.394 mmol, 3.3
mol %), tetrabutylammonium bromide (577 mg, 1.79 mmol, 15 mol
%), tert-butanol (571 μL, 5.97 mmol, 0.5 equiv), and di-tert-butyl
dicarbonate (2.87 g, 13.13 mmol, 1.1 equiv) The mixture was left to stir
for 16 h. Upon completion, a 10% w/v sodium nitrite solution was
added (240 mL), followed by 120 mL of ethyl acetate and the mixture
was left to stir for 10 min. The two phases were separated, and the
remaining aqueous phase was extracted with further portions of ethyl
acetate (3× 120mL). The organic phases were combined; washed with
NH4Cl (2 × 250 mL), NaHCO3 (2 × 250 mL), and brine (1 × 250
mL); dried using MgSO4; filtered; and concentrated under reduced
pressure to obtain a yellow oil (2.76 g, 96%) The product was isolated
by flash chromatography (hexanes/EtOAc, 9:1) to afford a colorless oil
(1.30 g, 45%). 1H NMR (400 MHz, CDCl3): δ 5.13−5.04 (1H, m),

4.55 (1H, s), 3.15−2.80 (2H, m), 2.09−1.90 (2H, m), 1.68 (3H, d, J =
0.9 Hz); 1.66−1.54 (1H, m), 1.60 (3H, s), 1.45 (9H, s), 1.42−1.31
(1H, m), 1.20−1.07 (1H, m), 0.90 (3H, d, J = 6.8 Hz); 13C NMR (75
MHz, CDCl3): 156.1, 131.5, 124.4, 79.0, 46.5, 34.3, 33.2, 28.4, 25.7,
25.3, 17.6, 17.4; HRMS [M + Na]+ calcd for C14H27NO2: 264.1934,
found: 264.1939.

(4R)-4-Methyl-5-(tert-butoxycarbonylamino)valeric Acid
15R. (2R)-2,6-Dimethyl-5-heptenylamino 2,2-dimethylpropionate
14R (2.40 g, 9.96 mmol, 1 equiv) was dissolved in methanol (50 mL,
0.2 M) and chilled to−78 °C. Ozone was bubbled through the solution
for 45 min followed by oxygen for 30 min. The flask was removed from
the cooling bath, and 30% hydrogen peroxide was added (5.64 mL, 49.7
mmol, 5 equiv), followed by 1M sodium hydroxide (20mL, 19.9mmol,
2 equiv), and it was left to stir for 16 h. Upon completion, the flask was
chilled to 0 °C and a saturated solution of sodium sulfite (5 mL) was
added dropwise to quench excess peroxides. The solution was acidified
to pH 2 using 1 M HCl and extracted with dichloromethane (3 × 50
mL). The organic phases were combined, dried using MgSO4, filtered,
and concentrated under reduced pressure to obtain a slightly yellow oil
(2.33 g, quant.), and the product was isolated by flash chromatography
(hexanes/EtOAc/formic acid, 98:1:1−95:4:1) and then coevaporated
five times with toluene to remove traces of formic acid to afford a
slightly yellow oil (1.29 g, 56%). 1H NMR (400 MHz, CDCl3): δ
12.50−8.10 (1H, br s), 5.95 (0.3H, s), 4.67 (0.7H, s), 3.15−2.92 (2H,
m), 2.51−2.27 (2H, m), 1.82−1.58 (2H, m), 1.45 (9H, s), 0.92 (3H, d,
J = 6.7 Hz); 13CNMR (75MHz, CDCl3): 178.8, 156.2, 79.3, 46.0, 33.2,
31.5, 28.8, 28.4, 17.1; HRMS [M + Na]+ calcd for C11H21NO4:
254.1363, found: 254.1368.

Synthesis of Tether 22R.The 22S linker was synthesized using the
same procedures.

(1S)-3-Diazo-1-methyl-2-oxopropylamino 2,2-Dimethylpro-
pionate 17R. Boc-L-Ala-OH 16R (1.00 g, 5.29 mmol, 1 equiv) was
dissolved in anhydrous THF (21 mL, 0.25 M), and the solution was
cooled to −15 °C. Isobutylchloroformate (564 μL, 5.81 mmol, 1.1
equiv) was added, followed by triethylamine (420 μL, 5.81 mmol, 1.1
equiv) After 15 min of stirring, it was removed from the cooling bath
and left to warm up to room temperature. The resulting white mixture
was filtered on a pad of Celite to obtain a colorless solution. To this
solution was slowly added a freshly prepared solution of diazomethane
in ether (30 mL, 0.88 M, 5 equiv), and the resulting yellow solution was
left to stir for 2.5 h. Upon completion, the solution was quenched with
acetic acid until colorless. It was then washed twice with sat. NaHCO3
(2 × 60 mL), sat. NH4Cl (2 × 60 mL), and brine (1 × 60 mL). The
organic phase was dried using MgSO4, filtered, and concentrated under
reduced pressure to obtain a yellow oil (>100%). This crude product
was purified by flash chromatography (4:1 hexanes/ethyl acetate) to
obtain a yellow crystalline solid (718 mg, 64%). 1H NMR (300 MHz,
CDCl3): δ 5.44 (1H, s), 5.12 (1H, s), 4.23 (1H, s), 1.45 (9H, s), 1.33
(3H, d, J = 7.0 Hz); 13C NMR (75 MHz, CDCl3): δ 194.4, 155.1, 80.0,
53.4, 28.3, 18.5; HRMS [M + Na]+ calcd for C9H15N3O3: 236.1006,
found: 236.1010.

Methyl (3S)-3-(tert-Butoxycarbonylamino)butyrate 18R.
(1S)-3-Diazo-1-methyl-2-oxopropylamino 2,2-dimethylpropionate
17R (718 mg, 3.37 mmol, 1.0 equiv) was dissolved in anhydrous
methanol (34 mL, 0.1 M). To this was added dropwise a solution of
silver benzoate (78mg, 0.34mmol, 0.1 equiv) in triethylamine (3.4 mL,
0.1 M with respect to silver benzoate). After about 5 min, the solution
turned black and was left to stir overnight. Upon completion, the
solution was filtered on Celite and concentrated under reduced
pressure to yield an orange oil, which was solubilized in ethyl acetate
(30 mL); washed with water (1× 30mL), 0.1MHCl (1× 30mL), and
brine (1 × 30 mL); dried using MgSO4; filtered; and concentrated
under reduced pressure to obtain a black oil. This crude product was
purified by flash chromatography (3:1 hexanes/ethyl acetate) to obtain
a yellow solid (628 mg, 86%). 1H NMR (300 MHz, CDCl3): δ 4.91
(1H, s), 4.03 (1H, m), 3.68 (3H, s), 2.50 (2H, m), 1.43 (9H, s), 1.21
(3H, d, J = 6.6 Hz); 13C NMR (75 MHz, CDCl3): δ 172.0, 155.0, 79.3,
51.6, 43.4, 40.6, 28.4, 20.4; HRMS [M + Na]+ calcd for C10H19NO4:
240.1206, found: 240.1212.
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(1S)-2-Formyl-1-methylethylamino 2,2-Dimethylpropionate
19R. Methyl (3S)-3-(tert-butoxycarbonylamino)butyrate 18R (1.53 g,
7.05 mmol, 1 equiv) was dissolved in anhydrous dichloromethane (14
mL, 0.5 M) and chilled to −78 °C. To this was added a 1 M
diisobutylaluminium hydride solution (12.0 mL, 12.0 mmol, 1.7 equiv)
dropwise. Upon completion, the reaction mixture was transferred into a
saturated solution of potassium sodium tartrate (50 mL) and the
mixture was left to stir for 1 h. The two phases were separated, and the
aqueous phase was extracted with dichloromethane (3 × 50 mL). The
organic phases were combined, dried using MgSO4, filtered, and
concentrated under reduced pressure to obtain a yellow oil. The
product was isolated by flash chromatography (DCM/MeOH, 99:1) to
afford a slightly yellow oil (1.05 g, 86%). 1H NMR (300 MHz, CDCl3):
δ 9.76 (1H, t, J = 1.9 Hz), 4.69 (1H, s), 4.23−3.98 (1H, m), 2.70−2.47
(2H, m), 1.43 (9H, s), 1.24 (3H, d, J = 6.6 Hz); 13C NMR (75 MHz,
CDCl3): δ 155.1, 79.6, 50.6, 42.3, 28.3, 21.0, aldehyde signal not
observed; HRMS [M + Na]+ calcd for C11H21NO4: 210.1101, found:
210.1104.
Ethyl (5S,E)-5-(tert-Butoxycarbonylamino)-2-hexenoate

20R. Triethyl 2-phosphonoacetate 19R (1.41 mL, 7.05 mmol, 1.1
equiv) was dissolved in anhydrous THF (8mL, 0.8M), sodium hydride
(200 mg, 8.33 mmol, 1.3 equiv) was added, and the mixture was left to
stir for 1 h. In a separate vessel, (1S)-2-formyl-1-methylethylamino 2,2-
dimethylpropionate (1.11 g, 6.41 mmol, 1 equiv) was dissolved in
anhydrous THF (3.2 mL, 2M). This solution was then added dropwise
to the first solution and left to stir for 1 h. Upon completion, water (10
mL) was added and the product was extracted with dichloromethane (5
× 20 mL). The organic phases were combined, dried using MgSO4,
filtered, and concentrated under reduced pressure to obtain a slightly
yellow oil. This crude product was purified by flash chromatography
(hexanes/ethyl acetate, 17:3) to afford a colorless oil (1.11 g, 68%). 1H
NMR (300 MHz, CDCl3): δ 6.90 (1H, dt, J = 15.6, 7.5 Hz), 5.86 (1H,
dt, J = 15.6, 1.3 Hz), 4.41 (1H, s), 4.18 (2H, q, J = 7.1 Hz), 3.81 (1H, s),
2.40−2.30 (2H, m), 1.43 (9H, s), 1.28 (3H, t, J = 7.1 Hz), 1.14 (3H, d, J
= 6.6 Hz); 13C NMR (75 MHz, CDCl3): δ 166.2, 155.1, 144.6, 124.0,
79.3, 60.3, 45.6, 39.5, 28.3, 20.6, 14.2; HRMS [M + Na]+ calcd for
C13H23NO4: 280.1519, found: 280.1525.
(5S,E)-5-(tert-Butoxycarbonylamino)-2-hexenoic Acid 21R.

Ethyl (5S,E)-5-(tert-butoxycarbonylamino)-2-hexenoate 20R (989
mg, 3.84 mmol, 1 equiv) was dissolved in a 1:1 mixture of water and
methanol (40 mL, 0.1 M), sodium hydroxide (768 mg, 19.2 mmol, 5
equiv) was added, and the solution was stirred for 2 h. Upon
completion, the methanol was largely removed under reduced pressure
and 1 M HCl (20 mL) was added to pH 2. The product was extracted
with dichloromethane (3 × 40 mL). The organic phases were
combined, dried using MgSO4, filtered, and concentrated under
reduced pressure to obtain a white solid (807 mg, 92%) that was used
without further purification. 1H NMR (300 MHz, CDCl3): δ 9.77 (1H,
br s), 7.01 (1H, dt, J = 15.6, 7.5 Hz), 5.87 (1H, dt, J = 15.6, 1.3 Hz), 4.48
(1H, s), 3.84 (1H, s), 2.45−2.30 (2H, m), 1.44 (9H, s), 1.16 (3H, d, J =
6.6 Hz); HRMS [M + Na]+ calcd for C11H19NO4: 252.1206, found:
252.1212.
(5S)-5-(tert-Butoxycarbonylamino)hexanoic Acid 22R.

(5S,E)-5-(tert-Butoxycarbonylamino)-2-hexenoic acid 21R (807 mg,
3.52 mmol, 1 equiv) was dissolved in methanol (35 mL, 0.1 M),
palladium on carbon (10 wt %) was added (15 mg), and the solution
was put under hydrogen atmosphere and shaken for 16 h. Upon
completion, the reaction mixture was filtered through a pad of Celite
and concentrated under reduced pressure to afford a colorless oil (796
mg, 98%). 1H NMR (300 MHz, CDCl3): δ 5.56 (0.3H, s), 4.39 (0.7H,
s), 3.66 (1H, s), 2.37 (2H, td, J = 7.4, 2.0 Hz), 1.81−1.57 (3H, m),
1.50−1.41 (3H, m), 1.45 (9H, s), 1.13 (3H, d, J = 6.6 Hz); 13C NMR
(75 MHz, CDCl3): δ 178.5, 155.4, 79.2, 53.4, 46.1, 36.5, 33.6, 28.4,
21.2; HRMS [M + Na]+ calcd for C11H21NO4: 254.1363, found:
254.1369.
(3S,6S,9S)-3-Benzyl-6-isobutyl-9-methyl-1,4,7,10-tetraza-

2,5,8,11-cyclopentadecanetetrone (Ø-Ø). 1H NMR (400 MHz,
MeOD): δ 7.32−7.16 (5H, m), 4.46 (1H, dd, J = 11.5, 4.2 Hz), 4.04−
3.89 (2H, m), 3.53−3.38 (2H, m), 3.07 (1H, dd, J = 14.4, 11.3 Hz),
3.02−2.93 (1H, m), 2.30−2.20 (1H, m), 2.12−2.03 (1H, m), 1.79−

1.66 (3H, m), 1.66−1.58 (3H, m), 1.58−1.49 (3H, m), 1.47 (3H, d, J =
7.2 Hz), 1.40−1.30 (1H, m), 0.87 (3H, d, J = 6.3 Hz), 0.82 (3H, d, J =
6.5 Hz); 13C NMR (100 MHz, MeOD): δ 176.6, 176.5, 174.5, 173.5,
139.6, 130.3, 129.6, 127.7, 56.8, 55.5, 52.3, 40.8, 39.7, 37.7, 36.1, 28.1,
26.1, 23.3, 22.9, 22.1, 16.5; HRMS [M + Na]+ calcd for C23H34N4O4:
453.2472, found: 453.2473.

(6S,9S)-4-Benzyl-6-isobutyl-9-methyl-1,4,7,10-tetraza-
2,5,8,11-cyclopentadecanetetrone (Nphe-Ø). 1H NMR (400
MHz, MeOD): δ 7.33−7.15 (5H, m), 4.79−4.72 (1H, q, J = 7 Hz),
4.50−4.42 (1H, m), 4.28 (1H, d, J = 14.2 Hz), 3.59−3.52 (1H, m),
3.28−3.12 (3H, m), 2.94−2.85 (1H, dd, J = 13.6, 10.1 Hz), 2.29−2.19
(1H, m), 2.11−2.03 (1H, m), 1.99−1.87 (1H, m), 1.83−1.70 (1H, m),
1.67−1.54 (2H, m), 1.53−1.41 (2H, m), 1.32 (3H, d, J = 7 Hz), 0.98
(3H, d, J = 6.7 Hz), 0.92 (3H, d, J = 6.8 Hz), 0.85−0.77 (1H, m); 13C
NMR (400 MHz, MeOD): δ 174.8, 172.6, 170.8, 169.1, 138.6, 129.1,
128.9, 128.2, 126.3, 126.2, 56.1, 55.2, 51.3, 44.3, 37.6, 36.2, 34.1, 27.4,
27.1, 25.5, 23.0, 20.0, 19.9, 19.8, 19.7, 17.2; HRMS [M +Na]+ calcd for
C23H34N4O4: 453.2472, found: 453.2465.

(3S,9S)-3-Benzyl-7-isobutyl-9-methyl-1,4,7,10-tetraza-
2,5,8,11-cyclopentadecanetetrone (Nleu-Ø). 1H NMR (300
MHz, MeOD): δ 7.36−7.19 (5H, m), 4.74−4.66 (1H, m), 4.44−
4.35 (1H, m), 4.07−3.97 (1H, m), 3.66−3.57 (1H, d, J = 15.0 Hz),
3.56−3.39 (2H, m), 3.16−3.01 (1H, m), 3.01−2.88 (2H, m), 2.83−
2.70 (1H, m), 2.25−2.12 (1H, m), 2.05−1.35 (5H, m), 1.35−1.15 (3H,
m), 0.89 (3H, d, J = 6.6 Hz), 0.83 (3H, d, J = 6.6 Hz); 13C NMR (75
MHz, MeOD): δ 177.2, 174.7, 174.2, 173.7, 139.2, 130.4, 130.2, 129.7,
129.6, 127.8, 56.0, 55.0, 54.7, 40.9, 40.0, 39.6, 38.9, 35.7, 32.1, 27.9,
25.9, 23.4, 22.9, 22.7, 22.5, 21.6; HRMS [M + Na]+ calcd for
C23H34N4O4: 453.2472, found: 453.2470.

(3S,6S)-3-Benzyl-6-isobutyl-10-methyl-1,4,7,10-tetraza-
2,5,8,11-cyclopentadecanetetrone (Nala-Ø). 1H NMR (400
MHz, DMSO-d6): δ 8.15 (1H, d, J = 6.3 Hz), 7.97 (1H, d, J = 8.5
Hz), 7.43−7.35 (2H, m), 7.33−7.26 (1H, m), 7.22−7.15 (2H, m), 6.97
(1H, t, J = 5.3Hz), 5.00 (1H, d, J = 17.1Hz), 4.54−4.45 (1H,m), 4.45−
4.34 (2H, m), 4.10−4.01 (1H, m), 3.23 (1H, d, J = 15.7 Hz), 3.20−2.98
(2H, m), 2.28−2.19 (1H, m), 2.03−1.88 (1H, m), 1.69−1.54 (1H, m),
1.54−1.42 (4H, m), 1.42−1.30 (2H, m), 1.22 (3H, d, J = 7.3 Hz), 0.69
(3H, d, J = 6.3 Hz), 0.67 (3H, d, J = 6.2 Hz); 13C NMR (100 MHz,): δ
172.1, 167.5, 137.4, 128.8, 127.4, 126.6, 51.6, 51.0, 50.4, 47.0, 40.7,
40.4, 37.6, 34.2, 27.4, 23.9, 22.9, 22.4, 21.9, 17.0; HRMS [M + Na]+

calcd for C23H34N4O4: 453.2472, found: 453.2468.
(3S,6S,9S,12R)-3-Benzyl-6-isobutyl-9,12-dimethyl-1,4,7,10-

tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-2R). 1H NMR
(400 MHz, DMSO-d6): δ 8.70 (1H, d, J = 7.5 Hz), 8.24 (1H, s),
8.02 (1H, s), 7.32−7.13 (5H,m), 6.72 (1H, d, J = 6.7Hz), 6.59 (1H, d, J
= 7.9 Hz), 4.41−4.31 (1H, m), 4.96−4.84 (2H, m), 2.95−2.72 (2H,
m), 2.23−2.11 (1H, m), 1.69−1.56 (1H, m), 1.54−1.43 (2H, m), 1.40
(3H, d, J = 7.0 Hz), 1.37−1.10 (5H, m), 1.00 (3H, d, J = 6.8 Hz), 0.81
(3H, d, J = 6.5 Hz); 13C NMR (100 MHz, DMSO-d6): δ 176.0, 173.8,
171.6, 170.7, 138.5, 128.9, 128.1, 126.1, 53.9, 49.9, 40.8, 37.7, 36.7,
30.1, 25.9, 24.2, 22.6, 21.4, 18.3, 16.8; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2638.

(3S,6S,9S,12S)-3-Benzyl-6-isobutyl-9,12-dimethyl-1,4,7,10-
tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-2S). 1H NMR
(400 MHz, DMSO-d6): δ 8.13 (1H, d, J = 8.0 Hz, HN Phe), 7.91
(1H, d, J = 7.9Hz, HNAla), 7.81 (1H, d, J = 8.4Hz, HN Leu), 7.50−7.43
(1H, m, HN Linker), 7.30−7.13 (5H, m), 4.23−4.10 (2H, m, Hα Phe
and Hα Ala), 4.03 (1H, td, J = 8.4, 6.3 Hz, Hα Leu), 3.27−3.18 (1H, m,
H5 Linker), 3.17−3.07 (1H, m, Hβ Phe), 2.90 (1H, dd, J = 13.8, 9.1 Hz,
Hβ Phe), 2.39−2.29 (1H, m, H2 Linker), 1.49−1.38 (3H, m, Hβ Leu
and H4 Linker), 1.37−1.28 (4H, m, Hβ Leu, Hγ Leu and H3 Linker),
1.23 (3H, d, J = 7.3 Hz, Hβ Ala), 0.95 (3H, d, J = 6.8 Hz, HMe Linker),
0.81 (3H, d, J = 6.3 Hz, Hδ Leu), 0.78 (3H, d, J = 6.2 Hz, Hδ Leu);

1H
NMR (400 MHz, CDCl3): δ 7.59 (1H, br s, HN Phe), 7.34−7.16 (5H,
m), 6.57 (1H, s, HN Leu), 6.39 (2H, s, HN Ala and HN Linker), 4.79−
4.57 (1H, m, Hα Phe), 4.22−4.08 (1H, m, Hα Ala), 3.90 (1H, br s, Hα

Leu), 3.67−3.52 (1H, m, H5 Linker), 3.46 (1H, dd, J = 14.0, 5.0 Hz, Hβ

Phe), 3.04−2.94 (1H, m, Hβ Phe), 2.93−2.86 (1H, br s, H5 Linker),
2.48−2.36 (1H, m, H2 Linker), 1.57−1.51 (3H, m, Hβ Leu and H3
Linker), 1.49 (3H, d, J = 7.0 Hz, Hβ Ala), 1.45−1.35 (1H, m, Hγ Leu),
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1.32−1.21 (1H, m), 1.13 (3H, d, J = 4.6 Hz, HMe Linker), 0.86 (3H, d, J
= 6.5 Hz, Hδ Leu), 0.80 (3H, d, J = 6.5 Hz, Hδ Leu);

13C NMR (100
MHz, DMSO-d6): δ 175.3, 172.7, 171.1, 170.3, 138.3, 129.0, 128.1,
126.2, 55.1, 52.9, 49.5, 41.1, 38.1, 37.7, 36.2, 30.6, 25.0, 24.2, 22.4, 22.2,
17.7, 15.3; HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found:
467.2640.
(6S,9S,12R)-4-Benzyl-6-isobutyl-9,12-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-2R). 1H NMR
(400 MHz, DMSO-d6): δ 8.37 (1H, d, J = 8.0 Hz), 8.27 (1H, d, J =
5.3 Hz), 7.43−7.34 (2H, m), 7.34−7.26 (1H, m), 7.22−7.13 (2H, m),
7.03−6.95 (1H, m), 5.07 (1H, d, J = 17.1 Hz), 4.46−4.28 (2H, m),
4.28−4.19 (1H, m), 4.05−3.94 (1H, m), 3.16 (1H, d, J = 16.2 Hz),
3.04−2.82 (2H, m), 2.20−2.10 (1H, m), 2.06−1.95 (1H, m), 1.82−
1.68 (1H, m), 1.68−1.54 (1H, m), 1.54−1.37 (3H, m), 1.22 (3H, d, J =
7.2 Hz), 0.87 (3H, d, J = 6.7 Hz), 0.73 (3H, d, J = 2.7 Hz), 0.72 (3H, d, J
= 2.6 Hz); 13C NMR (100 MHz, DMSO-d6): δ 174.2, 173.1, 171.5,
167.6, 137.4, 128.8, 127.4, 126.7, 51.3, 50.7, 50.4, 47.8, 44.1, 40.2, 31.7,
31.4, 29.5, 24.0, 22.9, 21.9, 18.1, 16.6; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2624.
(6S,9S,12S)-4-Benzyl-6-isobutyl-9,12-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-2S). 1H NMR
(400 MHz, DMSO-d6): δ 8.77 (1H, d, J = 6.2 Hz, HN Leu), 8.06
(1H, d, J = 8.7 Hz, HN Ala), 7.46−7.12 (5H, m), 6.89 (1H, s, HN
Linker), 5.32 (1H, br s), 5.18 (1H, d, J = 15 Hz), 4.68−4.57 (1H, m, Hα

Phe), 4.56−4.47 (1H, m, Hα Ala), 4.40−4.21 (1H, m, Hα Leu), 3.77
(1H, d, J = 15.0 Hz, Hβ Phe), 3.21−3.09 (1H, m, H5 Linker), 3.00−2.90
(1H, m, H5 Linker), 2.69−2.68 (m, 1H), 2.48−2.38 (1H, m, H2
Linker), 2.35−2.30 (1H, dt, 3.7, 1.8 Hz), 1.70−1.58 (1H, m, H4
Linker), 1.58−1.48 (1H, m, Hβ Leu), 1.48−1.39 (1H, m, Hγ Leu),
1.33−1.21 (3H, m, H3 Linker), 1.17 (3H, d, J = 7.0 Hz, Hβ Ala), 1.14−
1.07 (1H, m, H4 Linker), 0.93 (3H, d, J = 6.7 Hz, HMe Linker), 0.91−
0.83 (2H, m), 0.66 (3H, d, J = 6.3 Hz, Hδ Leu), 0.41 (3H, d, J = 4.3 Hz,
Hδ Leu);

1H NMR (400 MHz, CDCl3): δ 7.41−7.17 (5H, m), 6.98
(1H, br s, HN Leu), 6.57−6.47 (1H, m, HN Linker), 5.87 (1H, d, J = 7.7
Hz, HN Ala), 5.34 (1H, d, J = 17.1 Hz, Hβ Phe), 4.81−4.73 (1H, m, Hα

Leu), 4.70 (1H, d, J = 14.9 Hz, Hα Nphe), 4.57−4.54 (1H, m, Hα Ala),
4.50 (1H, d, J = 17.1 Hz, Hβ Nphe), 3.51−3.41 (1H, m, H5 Linker),
3.34 (1H, d, J = 14.9 Hz, Hα Nphe), 3.08−2.95 (1H, m, H5 Linker),
2.27−2.12 (1H, m, H2 Linker), 1.64−1.57 (2H, m, H3 Linker), 1.54−
1.40 (3H, m, H4 Linker and Hγ Leu), 1.36 (3H, d, J = 6.8 Hz, Hβ Ala),
1.15 (3H, d, J = 6.7 Hz, HMe Linker), 0.76 (3H, d, J = 6.7 Hz, Hδ Leu),
0.59 (3H, d, J = 6.5 Hz, Hδ Leu);

13C NMR (100 MHz, DMSO-d6): δ
174.9, 168.0, 138.0, 128.8, 128.5, 127.6, 127.3, 126.5, 52.5, 38.6, 37.5,
31.6, 25.8, 23.7, 23.1, 22.9, 22.0, 20.9, 19.7, 18.1, 17.2, 15.1; HRMS [M
+ Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2622.
(3S,9S,12R)-3-Benzyl-7-isobutyl-9,12-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nleu-2R). 1H NMR
(400 MHz, DMSO-d6): δ 8.79 (1H, d, J = 9.2 Hz), 8.41 (1H, s),
8.31 (1H, d, J = 8.5 Hz), 8.21 (1H, d, J = 1.9 Hz), 7.78−7.68 (1H, d, J =
7.9 Hz), 7.48−7.39 (1H, m), 7.32−7.14 (10H, m), 4.69−4.55 (2H, m),
4.48−4.38 (1H, m), 4.32−4.23 (2H, m), 4.20−4.09 (1H, d, J = 18.3
Hz), 3.20−3.11 (2H, m), 3.10−3.01 (2H, m), 3.00−2.81 (2H, m),
2.80−2.69 (2H, m), 2.27−2.03 (3H, m), 1.95−1.82 (1H, m), 1.79−
1.52 (4H, m), 1.47−1.28 (3H, m), 1.21 (3H, d, J = 7.0Hz), 1.17 (3H, d,
J = 6.7 Hz), 1.08 (3H, d, J = 7.2 Hz), 0.93 (3H, d, J = 6.8 Hz), 0.89 (3H,
d, J = 6.7 Hz), 0.82 (3H, d, J = 6.7 Hz), 0.75 (3H, d, J = 6.7 Hz), 0.68
(3H, d, J = 6.7 Hz); 13C NMR (100 MHz, DMSO-d6): δ 176.2, 175.6,
174.02, 170.4, 169.1, 167.9, 138.7, 138.3, 129.2, 129.0, 128.2, 128.1,
126.2, 55.5, 55.0, 54.9, 53.8, 50.7, 44.6, 42.0, 38.4, 36.2, 31.6, 30.8, 27.2,
26.5, 25.8, 20.1, 19.9, 19.7, 17.2, 16.7, 16.4; HRMS [M +Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2625.
(3S,9S,12S)-3-Benzyl-7-isobutyl-9,12-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nleu-2S). 1H NMR
(400 MHz, DMSO-d6): δ 8.36 (1H, d, J = 8.2 Hz, HN Phe), 7.99
(1H, d, J = 8.0 Hz, HN Ala), 7.46−7.36 (1H, m, HN Linker), 7.30−7.15
(5H, m), 4.72−4.65 (1H, m, Hα Ala), 4.25−4.19 (1H, m, Hα Phe), 4.16
(1H, d, J = 14.0 Hz, HαNleu), 3.48−3.39 (1H, m, HβNleu), 3.29−3.24
(1H, m, Hα Nleu), 3.19−3.11 (1H, m, Hβ Phe), 3.11−3.08 (1H, m, Hβ

Nleu), 3.07−2.96 (2H, m, H5 Linker), 2.75 (1H, dd, J = 14.3, 10.9 Hz,
Hβ Phe), 2.34−2.31 (1H, m, H2 Linker), 1.93−1.85 (1H, m, Hγ Nleu),

1.71−1.61 (2H, m, H4 Linker), 1.25−1.22 (2H, m, H3 Linker), 1.20
(3H, d, J = 6.8 Hz, Hβ Ala), 0.91 (3H, d, J = 6.7 Hz, HMe Linker), 0.90
(3H, d, J = 6.3 Hz, Hδ Nleu), 0.84 (3H, d, J = 6.7 Hz, Hα Nleu);

1H
NMR (400 MHz, CDCl3): δ 7.34−7.19 (5H, m), 7.25 (1H, d, J = 7.2
Hz, HN Phe), 6.39 (1H, d, J = 8.9 Hz, HN Ala), 5.70 (1H, br s, HN
Linker), 5.05−4.95 (1H, m, Hα Ala), 4.67 (1H, dd, J = 13.5, 0.9 Hz, Hα

Nleu), 4.50 (1H, dt, J = 9.2, 7.5 Hz, Hα Phe), 3.61−3.49 (1H, m, H5
Linker), 3.44 (1H, dd, J = 14.4, 8.0 Hz, Hβ Nleu), 3.15 (1H, d, J = 13.7
Hz, Hα Nleu), 3.09−3.05 (2H, m, Hβ Phe), 3.03−2.94 (1H, m, Hβ

Nleu), 2.84−2.75 (1H, m, H5 Linker), 2.47−2.38 (1H, m, H2 Linker),
1.96−1.85 (1H, m, HγNleu), 1.59−1.51 (2H, m, H4 Linker), 1.35 (3H,
d, J = 6.7 Hz, Hβ Ala), 1.33−1.25 (3H, m, H3 Linker), 1.08 (3H, d, J =
6.7 Hz, HMe Linker), 0.95 (3H, d, J = 6.7 Hz, HδNleu), 0.92 (3H, d, J =
6.8 Hz, Hδ Nleu);

13C NMR (100 MHz, DMSO-d6): δ 175.4, 175.0,
171.0, 169.4, 138.7, 129.1, 128.9, 128.3, 128.2, 126.3, 56.3, 55.5, 51.4,
44.2, 37.8, 36.2, 32.0, 27.5, 26.0, 20.0, 19.9, 19.8, 17.4, 17.2; HRMS [M
+ Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2626.

(3S,6S,12R)-3-Benzyl-6-isobutyl-10-methyl-12-methyl-
1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-2R).
1H NMR (400 MHz, DMSO-d6): δ 8.84 (1H, d, J = 5.5 Hz), 7.37 (1H,
d, J = 9.4 Hz), 7.32−7.13 (5H, m), 6.36 (1H, d, J = 9.4 Hz), 4.46−4.35
(1H, m), 4.28 (1H, d, J = 15.0 Hz), 3.83−3.73 (1H, m), 3.60 (1H, d, J =
15.0 Hz), 3.21 (3H, s), 2.95−2.86 (1H, m), 2.86−2.79 (1H, m), 2.71−
2.62 (1H, m), 1.82−1.68 (1H, m), 1.65−1.53 (1H, m), 1.48−1.36 (1H,
m), 1.32−1.05 (4H, m), 0.97 (3H, d, J = 6.7 Hz), 0.80 (3H, d, J = 6.5
Hz), 0.74 (3H, 6.5 Hz); 13C NMR (100 MHz, DMSO-d6): δ 178.1,
172.8, 171.9, 171.1, 138.8, 129.2, 128.7, 126.7, 54.1, 53.5, 40.6, 40.4,
40.2, 39.7, 39.5, 39.3, 39.2, 25.0, 24.5, 23.3, 21.3, 18.8; HRMS [M +
Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2626.

(3S,6S,12S)-3-Benzyl-6-isobutyl-10-methyl-12-methyl-
1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-2S).
1H NMR (400 MHz, DMSO-d6): δ 8.29 (1H, d, J = 4.3 Hz, HN

Leu), 8.06 (1H, d, J = 8.7 Hz, HN Phe), 7.32−7.11 (5H, m), 6.87 (1H,
dd, J = 6.7, 2.2 Hz, HN Linker), 4.49 (1H, d, J = 17.8 Hz, HαNala), 4.34
(1H, ddd, J = 11.2, 8.8, 4.1 Hz, Hα Phe), 3.81 (1H, d, J = 17.7 Hz, Hα

Nala), 3.82−3.75 (1H, m, Hα Leu), 3.29−3.23 (2H, m, Hβ Phe and H5
Linker), 2.84 (1H, dd, J = 14.1, 11.4 Hz), 2.83−2.78 (1H, m, H5
Linker), 2.72 (3H, s, HMe Linker), 2.69−2.65 (1H, m, H2 Linker),
1.62−1.50 (1H, m, H3 Linker), 1.47−1.38 (2H, m, H4 Linker), 1.36−
1.22 (2H, m, Hβ Leu and Hγ Leu), 1.21−1.06 (2H, m, Hβ Leu and H3
Linker), 0.96 (3H, d, J = 6.7 Hz, HMe Linker), 0.79 (3H, d, J = 6.2 Hz,
Hδ Leu), 0.71 (3H, d, J = 6.3 Hz, Hδ Leu);

1H NMR (400 MHz,
CDCl3): δ 7.42 (1H, br s, HN Phe), 7.35−7.13 (1H, br s, NH Linker and
NH Leu), 4.65 (1H, br s, Hα Phe), 4.13−3.98 (1H, m), 3.86 (1H, br s,
Hα Leu), 3.62−3.48 (2H, m, H5 Linker), 3.47−3.38 (1H, m, Hβ Phe),
3.18 (3H, s, Hβ Nala), 3.13−3.04 (2H, m, H5 Linker and Hβ Phe), 2.93
(2H, s), 2.89−2.78 (1H, m, H2 Linker), 1.80−1.66 (2H, br s, H3
Linker), 1.54−1.45 (1H, br s, Hγ Leu), 1.16 (3H, d, J = 6.7 Hz, HMe
Linker), 0.95−0.78 (6H, m, Hδ Leu);

13C NMR (100 MHz, DMSO-
d6): δ 175.9, 171.8, 170.8, 169.9, 138.6, 128.9, 128.0, 126.0, 54.0, 53.9,
51.2, 35.9, 34.8, 34.4, 30.3, 23.8, 22.2, 17.1; HRMS [M +Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2632.

(3S,6S,9S,13R)-3-Benzyl-6-isobutyl-9,13-dimethyl-1,4,7,10-
tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-3R). 1H NMR
(400 MHz, DMSO-d6): δ 8.22−8.06 (3H, m), 7.54 (1H, t, J = 5.3
Hz), 7.29−7.11 (5H,m), 4.20−4.12 (1H, m), 3.95−3.86 (1H, m),
3.28−3.18 (1H, m), 3.13 (1H, dd, J = 13.8, 5.2 Hz), 2.99−2.88 (2H,
m), 2.14−2.04 (1H, m), 1.92−1.83 (1H, m), 1.74−1.61 (1H, m),
1.53−1.23 (5H, m), 1.21 (3H, d, J = 7.3 Hz), 0.89 (3H, d, J = 6.8 Hz),
0.82−0.73 (6H, m); 13C NMR (100 MHz, DMSO-d6): δ 172.9, 172.3,
171.2, 170.4, 138.5, 129.0, 128.1, 126.1, 55.3, 53.1, 49.9, 42.4, 40.4,
40.0, 36.4, 36.0, 35.6, 28.5, 24.3, 22.5, 22.2, 20.9, 17.2; HRMS [M +
Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2639.

(3S,6S,9S,13S)-3-Benzyl-6-isobutyl-9,13-dimethyl-1,4,7,10-
tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-3S). 1H NMR
(400 MHz, DMSO-d6): δ 8.52 (1H, d, J = 7 Hz), 8.17−8.05 (1H,
m), 8.05−7.93 (1H, m), 7.30−7.13 (5H, m), 6.90−6.80 (1H, m),
4.39−4.30 (1H, m), 4.08−3.91 (2H, m), 3.27 (1H, dd, J = 13.9, 4.5
Hz), 2.87−2.75 (2H,m), 2.21 (1H, d, J = 10.8Hz), 1.89−1.63 (3H,m),
1.49−1.38 (1H, m), 1.38−1.34 (1H, m), 1.32 (3H, d, J = 7.2 Hz),
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1.26−1.15 (1H, m), 1.15−1.03 (1H, m), 0.93 (3H, d, J = 6.2 Hz), 0.80
(3H, d, J = 6.5 Hz), 0.73 (3H, d, J = 6.3 Hz); 13C NMR (100 MHz,
DMSO-d6): δ 173.2, 172.1, 171.5, 170.2, 138.4, 128.9, 128.1, 126.1,
53.9, 53.2, 50.0, 43.4, 36.5, 35.8, 34.8, 27.4, 24.2, 22.5, 21.7, 21.0, 17.2;
HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2644.
(6S,9S,13R)-4-Benzyl-6-isobutyl-9,13-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-3R). 1H NMR
(400 MHz, DMSO-d6): δ 8.24 (1H, d, J = 6.2 Hz), 7.65 (1H, d, J =
9.2 Hz) 7.42−7.34 (2H, m), 7.33−7.26 (1H, m), 7.23−7.12 (2H, m),
7.01−6.91 (1H, m), 6.55 (3H, br s), 4.99 (1H, d, J = 17.3 Hz), 4.80−
4.70 (1H, m), 4.46 (1H, d, J = 17.1 Hz), 4.34 (1H, d, J = 16.1 Hz),
4.06−3.96 (1H, m), 3.30−3.19 (1H, m), 3.13−3.02 (1H, m), 2.23 (1H,
d, J = 12.5 Hz), 1.85−1.75 (2H, m), 1.74−1.62 (1H, m), 1.51−1.40
(1H, m), 1.40−1.15 (2H, m), 1.23 (3H, d, J = 7.2 Hz), 0.93 (3H, d, J =
6.5 Hz), 0.65 (3H, d, J = 6.5 Hz), 0.60 (3H, d, J = 6.5 Hz); 13C NMR
(100 MHz, DMSO-d6): δ 172.8, 172.6, 172.5, 167.3, 137.5, 128.8,
127.4, 126.4, 51.7, 51.5, 50.6, 45.9, 42.3, 40.9, 40.4, 36.1, 34.7, 28.0,
23.9, 23.9, 22.9, 21.8, 21.6, 17.1; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2622.
(6S,9S,13S)-4-Benzyl-6-isobutyl-9,13-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-3S). 1H NMR
(400 MHz, DMSO-d6): δ 8.69 (1H, s), 8.10 (1H, s), 7.46−7.06 (5H,
m), 6.87 (1H, s), 6.66 (1H, s), 5.34 (1H, s), 4.68−4.44 (1H, m), 4.44−
4.14 (2H, m), 2.93 (2H, s), 2.14−1.64 (3H, m), 1.63−1.35 (3H, m),
1.21−1.00 (3H, m), 0.90 (3H, d, J = 6.8 Hz), 0.65 (2H, s), 0.36 (2H, s);
13C NMR (100 MHz, DMSO-d6): δ 175.1, 173.5, 172.0, 168.0, 138.0,
128.7, 127.3, 126.4, 51.9, 47.5, 42.1, 38.6, 35.8, 33.6, 29.6, 29.3, 24.2,
23.7, 23.0, 22.1, 20.8, 18.4, 17.5; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2621.
(3S,9S,13R)-3-Benzyl-7-isobutyl-9,13-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nleu-3R). 1H NMR
(400 MHz, DMSO-d6): δ 8.23 (1H, d, J = 8.5 Hz), 8.05 (1H, d, J =
7.3 Hz), 7.51−7.41 (1H, m), 7.30−7.12 (6H, m), 4.64−4.52 (1H, m),
4.32−4.22 (1H,m), 4.18 (1H, d, J = 14.0 Hz), 3.22 (1H, d, J = 14.0Hz),
3.20−3.11 (2H, m), 3.10−2.97 (2H, m), 2.76 (1H, dd, J = 14.5, 10.7
Hz), 2.10 (1H, dd, J = 12.2, 9.6 Hz), 1.93−1.73 (3H, m), 1.63−1.50
(1H, m), 1.19 (3H, d, J = 6.8 Hz), 1.14−1.02 (1H, m), 0.92−0.85 (6H,
m), 0.82 (3H, d, J = 6.7Hz); 13CNMR (100MHz, DMSO-d6): δ 174.8,
172.0, 171.0, 169.0, 138.6, 128.9, 128.24, 128.19, 126.2, 56.1, 55.1, 51.3,
44.6, 42.3, 36.3, 35.9, 34.1, 29.0, 27.3, 20.6, 19.8, 19.7, 17.1; HRMS [M
+ Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2626.
(3S,9S,13S)-3-Benzyl-7-isobutyl-9,13-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nleu-3S). 1H NMR
(400 MHz, DMSO-d6): δ 8.36−8.25 (1H, m), 8.21−8.14 (1H, m),
8.08−7.96 (1H, m), 7.66−7.57 (1H, m), 7.36−7.29 (1H, m), 7.29−
7.12 (6H, m), 4.75−4.57 (1H, m), 4.46−4.30 (1H, m), 4.27−4.16 (1H,
m), 3.65−3.53 (1H, m), 3.28−3.17 (3H, m), 3.17−3.05 (2H, m),
3.03−2.86 (2H, m), 2.82−2.69 (1H, m), 2.39−2.27 (1H, m), 2.16−
2.02 (1H, m), 2.00−1.55 (5H, m), 1.31−1.15 (2H, m), 1.16 (3H, dd, J
= 18.9, 6.8 Hz), 0.97−0.87 (6H, m), 0.71 (3H, dd, J = 26.0, 6.7 Hz); 13C
NMR (100 MHz, DMSO-d6): δ 175.1, 172.9, 172.4, 172.1, 170.7,
170.5, 169.9, 168.5, 139.2, 129.5, 129.4, 128.6, 128.5, 126.7, 126.6, 56.4,
55.8, 55.3, 53.4, 51.8, 51.6, 44.8, 44.6, 43.0, 42.2, 40.6, 40.4, 40.2, 39.9,
39.7, 39.5, 39.3, 37.7, 37.1, 36.7, 35.7, 35.1, 30.0, 29.1, 27.7, 26.2, 22.1,
21.7, 20.6, 20.30, 20.25, 20.2, 18.1, 17.9; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2630.
(3S,6S,13R)-3-Benzyl-6-isobutyl-10-methyl-13-methyl-

1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-3R).
1H NMR (400 MHz, DMSO-d6): δ 8.44 (1H, s), 8.32−8.15 (1H, m),
7.61 (1H, s), 7.31−7.06 (5H, m), 4.51−4.35 (2H, m), 3.97−3.86 (1H,
m), 3.81 (1H, d, J = 18.1 Hz), 3.22−3.11 (1H, m), 3.11−2.93 (2H, m),
2.75 (3H, s), 2.39 (1H, d, J = 12.5 Hz), 1.92−1.71 (2H, m), 1.63−1.44
(1H, m), 1.41−1.19 (3H, m), 1.19−1.06 (1H, m), 0.80 (3H, d, J = 6.3
Hz), 0.77 (3H, d, J = 6.0 Hz), 0.71 (3H, 6.3 Hz); HRMS [M + Na]+

calcd for C23H34N4O4: 467.2629, found: 467.2626.
(3S,6S,13S)-3-Benzyl-6-isobutyl-10-methyl-13-methyl-

1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-3S).
1H NMR (400 MHz, DMSO-d6): δ 8.85 (1H, d, J = 5.5 Hz), 8.51−
8.35 (1H, m), 7.31−7.11 (9H, m), 6.50−6.40 (1H, m), 4.50−4.18 (3H,
m), 4.00−3.89 (1H, m), 3.82−3.73 (1H, m), 3.60 (1H, d, J = 15.0 Hz),

3.19 (3H, s), 2.75−2.66 (3H, m), 1.97−1.90 (1H, m), 1.84−1.66 (2H,
m), 1.63−1.51 (1H, m), 1.45−1.33 (1H, m), 1.31−1.25 (1H, m),
1.22−1.16 (3H, m), 1.16−1.04 (1H, m), 0.98 (3H, d, J = 6.8 Hz),
0.83−0.70 (13H, m), 0.67 (2H, d, J = 6.3 Hz); 13C NMR (100 MHz,
DMSO-d6): δ 174.1, 172.2, 171.4, 170.5, 138.2, 133.7, 129.0, 128.7,
128.2, 128.0, 126.2, 53.5, 53.1, 53.0, 40.4, 38.5, 37.2, 36.7, 34.8, 34.1,
28.2, 24.0, 23.7, 22.8, 22.4, 22.1, 21.2, 20.9, 19.1; HRMS [M + Na]+

calcd for C23H34N4O4: 467.2629, found: 467.2631.
(3S,6S,9S,14R)-3-Benzyl-6-isobutyl-9,14-dimethyl-1,4,7,10-

tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-4R). 1H NMR
(400 MHz, DMSO-d6): δ 8.28−8.12 (3H, m), 7.70−7.60 (1H, m),
7.29−7.13 (5H, m), 4.36−4.24 (1H, m), 4.08−3.96 (2H, m), 3.21−
3.08 (2H, m), 2.88 (1H, dd, J = 14.0, 9.1 Hz), 2.70−2.59 (1H, m),
2.13−2.00 (2H, m), 1.77−1.62 (1H, m), 1.51−1.36 (2H, m), 1.34−
1.13 (3H, m), 1.21 (3H, d, J = 7.2 Hz), 0.86−0.77 (6H, m), 0.75 (3H,
6.2 Hz); 13CNMR (100MHz, DMSO-d6): δ 173.7, 172.9, 171.2, 170.1,
138.2, 129.0, 128.1, 126.2, 55.0, 54.9, 53.1, 50.3, 44.6, 40.8, 36.6, 33.2,
32.8, 29.8, 24.3, 22.5, 22.0, 18.0, 17.2; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2641.

(3S,6S,9S,14S)-3-Benzyl-6-isobutyl-9,14-dimethyl-1,4,7,10-
tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-4S). 1H NMR
(400 MHz, DMSO-d6): δ 8.48 (1H, d, J = 6.7 Hz), 8.18 (1H, s),
8.05 (1H, s), 7.30−7.12 (7H, m), 4.41−4.30 (1H, m), 4.07−3.90 (2H,
m), 3.27−3.17 (1H, m), 3.14−3.01 (1H, m), 2.86−2.68 (2H, m),
2.26−2.16 (1H, m), 1.75−1.63 (1H, m), 1.48−1.37 (1H, m), 1.31 (3H,
d, J = 7.2 Hz), 1.27−1.17 (1H, m), 1.13−1.01 (1H, m), 0.85 (3H, d, J =
6.7 Hz), 0.79 (3H, d, J = 6.3 Hz), 0.73 (3H, d, J = 6.3 Hz); 13C NMR
(100 MHz, DMSO-d6): δ 173.1, 173.0, 171.4, 170.3, 138.3, 128.9,
128.1, 126.1, 54.2, 53.3, 50.0, 44.1, 40.2, 36.8, 32.2, 31.8, 29.6, 24.2,
22.5, 21.8, 17.6, 17.1; HRMS [M + Na]+ calcd for C23H34N4O4:
467.2629, found: 467.2613.

(6S,9S,14R)-4-Benzyl-6-isobutyl-9,14-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nphe-4R). 1H NMR
(400 MHz, DMSO-d6): δ 7.98 (1H, d, J = 8.5 Hz), 7.63 (1H, d, J =
8.0 Hz), 7.45−7.12 (7H, m), 6.86−6.75 (1H, m), 4.97 (1H, d, J = 17.1
Hz), 4.68−4.57 (1H, m), 4.55−4.36 (2H, m), 4.26−4.17 (1H, m),
3.18−3.07 (1H, m), 3.01−2.79 (2H, m), 2.22−2.10 (1H, m), 1.64−
1.36 (6H, m), 1.33−1.10 (9H, m), 1.03−0.92 (1H, m), 0.90−0.75 (2H,
m), 0.68 (3H, d, J = 6.5 Hz), 0.63 (3H, d, J = 6.3 Hz); 13C NMR (100
MHz, DMSO-d6): δ 175.0, 172.8, 172.5, 167.6, 137.3, 128.8, 127.5,
126.5, 51.8, 51.4, 49.9, 41.3, 40.8, 37.9, 32.1, 26.6, 23.9, 23.0, 21.7, 17.5,
16.8; HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found:
467.2623.

(6S,9S,14S)-4-Benzyl-6-isobutyl-9,14-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nphe-4S). 1H NMR
(400 MHz, DMSO-d6): δ 8.20 (1H, d, J = 6.2 Hz), 7.86 (1H, d, J =
8.7 Hz), 7.48−7.34 (2H, m), 7.34−7.24 (1H, m), 7.24−7.13 (2H, m),
7.12−7.01 (1H, m), 4.93 (1H, d, J = 17.1 Hz), 4.74−4.57 (1H, m),
4.51−4.32 (2H, m), 4.10−3.97 (1H, m), 3.27 (1H, d, J = 15.7 Hz),
3.12−2.98 (1H, m), 2.95−2.79 (1H, m), 2.37−2.21 (1H, m), 2.06−
1.78 (2H, m), 1.65−1.26 (5H,m), 1.22 (3H, d, J = 7.3Hz), 0.83 (3H, d,
J = 6.7 Hz), 0.75−0.55 (6H, m); 13C NMR (100 MHz, DMSO-d6): δ
173.3, 172.8, 172.5, 167.5, 137.4, 128.8, 127.4, 126.5, 51.5, 51.0, 50.4,
46.4, 43.7, 40.7, 31.4, 30.9, 29.2, 24.0, 22.8, 22.0, 17.8, 17.1; HRMS [M
+ Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2621.

(3S,9S,14R)-3-Benzyl-7-isobutyl-9,14-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nleu-4R). 1H NMR
(400 MHz, DMSO-d6): δ 8.12−7.99 (2H, m), 7.44−7.34 (1H, m),
7.31−7.10 (6H, m), 4.53−4.43 (1H, m), 4.34−4.24 (1H, m), 4.18 (1H,
d, J = 14.2 Hz), 3.24−3.12 (2H, m), 3.11−2.99 (1H, m), 2.99−2.76
(3H, m), 2.19−1.94 (2H, m), 1.93−1.72 (4H, m), 1.49−1.30 (2H, m),
1.19 (3H, d, J = 6.7 Hz), 1.12 (1H, d, J = 6.3 Hz), 1.09−1.00 (1H, m),
0.94−0.83 (7H, m), 0.81 (3H, d, J = 6.5 Hz), 0.77−0.64 (2H, m); 13C
NMR (100 MHz, DMSO-d6): δ 174.8, 173.3, 170.6, 168.5, 138.6,
129.1, 128.9, 128.1, 126.1, 56.0, 54.9, 54.7, 51.5, 45.2, 45.0, 36.3, 33.0,
31.2, 30.7, 27.4, 19.9, 19.79, 19.75, 18.7, 16.6; HRMS [M + Na]+ calcd
for C23H34N4O4: 467.2629, found: 467.2620.

(3S,9S,14S)-3-Benzyl-7-isobutyl-9,14-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nleu-4S). 1H NMR
(400 MHz, DMSO-d6): δ 8.39 (1H, dd, J = 70.7, 6.42 Hz), 8.00
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(1H, dd, J = 46.4, 8.4 Hz), 7.87 (1H, dt, J = 84.4, 5.5 Hz), 7.31−7.11
(5H,m), 4.68 (1H, dt, J = 51.1, 7.2 Hz), 4.25 (1H, dd, J = 120.0, 18Hz),
4.35 (1H, m), 3.19−2.72 (6H, m), 2.07 (1H, dm, 181.8 Hz), 2.06−1.21
(6H, m), 1.14 (3H, dd, J = 28.1, 6.6 Hz), 0.90−0.75 (6H, m), 0.68 (3H,
dd, J = 11.0, 6.7 Hz); HRMS [M + Na]+ calcd for C23H34N4O4:
467.2629, found: 467.2622.
(3S,6S,14R)-3-Benzyl-6-isobutyl-10-methyl-14-methyl-

1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-4R).
1H NMR (400 MHz, DMSO-d6): δ 8.07 (1H, d, J = 6.5 Hz), 7.90 (1H,
d, J = 8.9 Hz), 7.53−7.45 (1H, m), 7.27−7.10 (5H, m), 4.47−4.30 (2H,
m), 3.97−3.89 (1H, m), 3.86 (1H, d, J = 18.1 Hz), 3.28−3.18 (1H, m),
3.15 (1H, s), 3.11−3.03 (1H, m), 2.75 (3H, s), 2.35−2.22 (1H, m),
2.13−2.03 (1H, m), 1.67−1.55 (1H, m), 1.55−1.43 (1H, m), 1.43−
1.35 (1H, m), 1.35−1.25 (1H, m), 1.20−1.07 (2H, m), 0.88−0.78 (6H,
m), 0.77−0.69 (3H, d, J = 6.5 Hz); 13C NMR (100MHz, DMSO-d6): δ
173.4, 171.8, 170.7, 168.9, 138.0, 129.1, 128.8, 128.2, 128.0, 126.1, 54.1,
53.4, 52.1, 45.2, 40.1, 37.2, 34.7, 32.6, 32.1, 30.7, 24.1, 22.4, 21.9, 18.7;
HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2628.
(3S,6S,14S)-3-Benzyl-6-isobutyl-10-methyl-14-methyl-

1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-4S).
1H NMR (400 MHz, DMSO-d6): δ 8.58 (1H, d, J = 5.5 Hz), 8.21
(1H, m), 7.98 (1H, d, J = 8.5 Hz), 7.14−6.88 (11H, m), 6.33 (1H, d, J =
9.1 Hz), 4.25−3.99 (3H, m), 3.71−3.61 (1H, m), 3.60−3.51 (1H, m),
3.37 (1H, d, J = 15.0 Hz), 3.23−3.14 (2H, m), 3.04−2.92 (2H, m), 2.97
(3H, s), 2.87−2.73 (1H, m), 2.56 (2H, d, J = 13.3 Hz), 2.33 (1H, d, J =
11.8 Hz), 2.27 (2H, s), 2.21−2.07 (1H, m), 1.98−1.86 (1H, m), 1.80−
1.70 (1H, m), 1.53−1.21 (3H, m), 1.21−0.81 (6H, m), 0.73 (2H, d, J =
6.7 Hz), 0.66 (2H, d, J = 6.7 Hz), 0.56 (5H, 6.3 Hz), 0.53−0.43 (5H,
m); 13C NMR (100 MHz, DMSO-d6): δ 174.9, 172.8, 172.1, 171.8,
171.4, 170.35, 170.31, 169.6, 138.4, 138.2, 129.05, 128.98, 128.7, 128.2,
128.00, 127.96, 126.2, 126.1, 53.9, 52.9, 52.1, 45.6, 44.5, 39.8, 39.04,
39.02, 37.2, 36.1, 34.4, 32.9, 30.7, 29.8, 29.5, 29.1, 24.0, 23.9, 22.8, 22.2,
20.9, 18.5, 17.9; HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629,
found: 467.2627.
(3S,6S,9S,15R)-3-Benzyl-6-isobutyl-9,15-dimethyl-1,4,7,10-

tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-5R). 1H NMR
(400 MHz, MeOD): δ 7.33−7.14 (5H, m), 4.56 (1H, dd, J = 11.4,
3.9 Hz), 4.10−4.02 (1H, m), 3.89−3.76 (2H, m), 3.47 (1H, dd, J =
14.7, 3.9 Hz), 2.98 (1H, dd, J = 15.4, 11.7Hz), 2.22 (1H, dt, J = 13.3, 3.9
Hz), 2.05 (1H, td, J = 13.0, 3.4Hz), 1.75−1.61 (2H,m), 1.53 (3H, d, J =
7.2 Hz), 1.52−1.38 (3H, m), 1.38−1.27 (2H, m), 1.10 (3H, d, J = 6.5
Hz), 0.87 (3H, d, J = 6.5 Hz), 0.81 (3H, d, J = 6.5 Hz); 13C NMR (100
MHz, MeOD): δ 176.5, 176.4, 174.7, 172.9, 139.6, 130.2, 129.6, 127.7,
56.1, 55.7, 52.4, 46.8, 40.8, 38.2, 36.2, 35.5, 26.1, 23.3, 22.9, 22.0, 21.9,
16.3; HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found:
467.2640.
(3S,6S,9S,15S)-3-Benzyl-6-isobutyl-9,15-dimethyl-1,4,7,10-

tetraza-2,5,8,11-cyclopentadecanetetrone (Ø-5S). 1H NMR
(400 MHz, MeOD): δ 7.31−7.16 (5H, m), 4.14−4.02 (2H, m),
3.79−3.68 (1H, m), 3.58−3.52 (1H, m), 3.49−3.33 (2H, m), 2.20−
2.04 (2H, m), 1.84−1.56 (5H, m), 1.55−1.40 (2H, m), 1.33 (3H, d, J =
7.3 Hz), 1.16 (3H, d, J = 6.7 Hz), 0.91 (3H, d, J = 6.7 Hz), 0.87 (3H, d, J
= 6.5 Hz); 13C NMR (100 MHz, MeOD): δ 175.6, 175.4, 172.3, 171.3,
138.8, 128.7, 128.0, 126.1, 90.0 58.0, 53.4, 50.3, 45.9, 37.5, 34.5, 34.2,
33.4, 24.7, 22.1, 21.6, 20.4, 20.0, 15.1; HRMS [M + Na]+ calcd for
C23H34N4O4: 467.2629, found: 467.2630.
(6S,9S,15R)-4-Benzyl-6-isobutyl-9,15-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-5R). 1H NMR
(400 MHz, MeOD): δ 7.49−7.24 (5H, m), 4.99−4.90 (2H, m), 4.67
(1H, d, J = 16.7 Hz), 4.41 (1H, d, J = 16.6 Hz), 4.24 (1H, q, J = 7.3 Hz),
3.79−3.69 (1H, m), 3.60 (1H, d, J = 16.4 Hz), 2.45−2.36 (1H, m),
2.04−1.94 (1H, m), 1.85−1.73 (1H, m), 1.64−1.44 (5H, m), 1.38 (3H,
d, J = 7.3Hz), 1.31−1.21 (1H, m), 0.99 (3H, d, J = 6.5 Hz), 0.78 (3H, d,
J = 6.5 Hz), 0.72 (3H, d, 6.5 Hz); 13C NMR (100 MHz, MeOD): δ
177.2, 176.0, 175.6, 138.1, 130.5, 129.3, 128.4, 54.4, 53.7, 52.3, 49.3,
47.3, 42.7, 36.0, 35.2, 26.0, 24.4, 23.7, 22.3, 22.1, 17.1; HRMS [M +
Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2625.
(6S,9S,15S)-4-Benzyl-6-isobutyl-9,15-dimethyl-1,4,7,10-tet-

raza-2,5,8,11-cyclopentadecanetetrone (Nphe-5S). 1H NMR
(400 MHz, MeOD): δ 7.45−7.35 (2H, m), 7.35−7.28 (1H, m),

7.28−7.18 (2H, m), 5.27 (1H, d, J = 17.4 Hz), 4.69 (1H, dd, J = 16.5,
1.2 Hz), 4.42 (1H, d, J = 17.4 Hz), 4.21 (1H, q, J = 7.2 Hz), 4.00 (1H,
dd, J = 8.6, 5.7 Hz), 3.78−3.67 (1H, m), 3.25 (1H, d, J = 16.6 Hz),
2.21−2.11 (2H, m), 1.81−1.49 (7H, m), 1.35 (3H, d, J = 7.2 Hz), 1.14
(3H, d, J = 6.5Hz), 0.88−0.79 (6H,m); 13CNMR (100MHz,MeOD):
δ 177.4, 176.1, 173.8, 170.7, 138.1, 130.3, 129.0, 127.8, 53.3, 52.3, 52.0,
51.5, 47.5, 41.8, 36.1, 34.9, 25.8, 24.4, 23.6, 22.3, 21.7, 16.9; HRMS [M
+ Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2630.

(3S,9S,15R)-3-Benzyl-7-isobutyl-9,15-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nleu-5R). 1H NMR
(400 MHz, DMSO-d6): δ 8.06−7.94 (1H, m), 7.83−7.68 (1H, m),
7.68−7.50 (2H, m), 7.30−7.11 (5H, m), 6.96 (1H, s), 4.79−4.62 (1H,
m), 4.61−4.51 (1H, m), 4.49−4.35 (1H, m), 3.84−3.67 (1H, m),
3.60−3.44 (1H, m), 3.21−3.03 (2H, m), 3.01−2.88 (1H, m),2.87−
2.74 (1H, m), 2.34−2.17 (1H, m), 2.14−1.92 (1H, m), 1.90−1.71 (2H,
m), 1.58−1.30 (3H, m), 1.31−1.20 (1H, m), 1.16 (2H, d, J = 6.4 Hz),
1.06 (2H, d, J = 6.6 Hz), 0.91 (2H, d, J = 6.6 Hz), 0.88−0.83 (2H, m),
0.83−0.78 (2H, d, J = 6.6 Hz), 0.74−0.64 (3H, m); 13C NMR (100
MHz, DMSO-d6): δ 173.2, 172.1, 172.0, 171.3, 170.2, 169.6, 168.5,
168.1, 138.3, 137.7, 129.1, 128.14, 128.10, 126.3, 126.2, 55.5, 54.5, 54.2,
54.1, 52.9, 50.1, 43.4, 43.1, 42.8, 40.4, 37.4, 35.7, 35.3, 34.6, 34.0, 33.2,
27.1, 25.5, 22.6, 21.6, 21.4, 20.1, 20.04, 19.96, 19.8, 19.4, 17.9, 17.5;
HRMS [M + Na]+ calcd for C23H34N4O4: 467.2629, found: 467.2623.

(3S,9S,15S)-3-Benzyl-7-isobutyl-9,15-dimethyl-1,4,7,10-tet-
raza-2,5,8,11-cyclopentadecanetetrone (Nleu-5S). 1H NMR
(400 MHz, MeOD): δ 7.32−7.15 (5H, m), 4.57 (1H, q, J = 7.2 Hz),
4.44 (1H, dd, J = 11.7, 3.6 Hz), 4.07 (1H, d, J = 14.7 Hz), 3.84−3.71
(1H, m), 3.65−3.54 (1H, m), 3.42 (1H, dd, J = 14.4, 3.6 Hz), 3.24−
3.15 (1H, m), 2.94 (1H, dd, J = 14.2, 11.6 Hz), 2.15−2.04 (2H, m),
1.94−1.80 (2H, m), 1.75−1.51 (2H, m), 1.45−1.35 (1H, m), 1.32 (3H,
d, J = 7.2 Hz), 1.15 (3H, d, J = 6.5 Hz), 0.97 (3H, d, J = 6.5 Hz), 0.89
(3H, d, J = 6.7 Hz); 13C NMR (100 MHz, MeOD): δ 177.8, 177.2,
173.2, 171.7, 139.8, 130.1, 129.6, 127.7, 59.2, 57.1, 53.9, 47.8, 47.6,
37.2, 36.0, 35.6, 29.7, 24.8, 22.9, 20.61, 20.57, 16.6; HRMS [M + Na]+

calcd for C23H34N4O4: 467.2629, found: 467.2621.
(3S,6S,15R)-3-Benzyl-6-isobutyl-10-methyl-15-methyl-

1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-5R).
1H NMR (400 MHz, MeOD): δ 7.33−7.15 (5H, m), 4.57 (1H, dd, J =
11.8, 3.9 Hz), 4.10−4.02 (1H, m), 3.89−3.76 (2H, m), 3.47 (1H, dd, J
= 14.4, 3.9 Hz), 2.98 (1H, dd, J = 15.3, 11.7 Hz), 2.22 (1H, dt, J = 13.3,
3.8 Hz), 2.05 (1H, td, J = 13.3, 3.4 Hz), 1.74−1.61 (2H, m), 1.58−1.41
(3H, m), 1.53 (3H, d, J = 7.2 Hz), 1.41−1.28 (2H, m), 1.10 (3H, d, J =
6.5 Hz), 0.87 (3H, d, J = 6.3 Hz), 0.82 (3H, d, J = 6.5 Hz); 13C NMR
(100 MHz, MeOD): δ 177.3, 174.8, 174.4, 173.0, 139.4, 130.4, 130.2,
129.7, 129.6, 127.8, 55.9, 55.0, 54.7, 47.2, 40.8, 39.9, 38.7, 35.7, 31.9,
25.9, 23.4, 23.3, 22.0, 21.6; HRMS [M + Na]+ calcd for C23H34N4O4:
467.2629, found: 467.2628.

(3S,6S,15S)-3-Benzyl-6-isobutyl-10-methyl-15-methyl-
1,4,7,10-tetraza-2,5,8,11-cyclopentadecanetetrone (Nala-5S).
1H NMR (300 MHz, MeOD): δ 4.34−4.14 (5H, m), 4.70−4.60
(1H, m), 4.39−4.23 (1H, m), 4.14−3.90 (1H, m), 3.55 (1H, d, J = 15.0
Hz), 3.25−3.13 (3H, m), 2.99−2.86 (1H, dd, J = 13.5, 10.6 Hz), 2.64−
1.75 (4H, m), 1.74−1.25 (6H, m), 1.25−1.12 (3H, m), 0.92−0.74 (6H,
m); 13C NMR (75 MHz, MeOD): δ 175.2, 171.9, 137.0, 128.8, 128.1,
126.4, 55.6, 53.5, 52.8, 46.1, 39.5, 38.6, 37.3, 34.4, 32.9, 31.1, 24.4, 24.3,
22.0, 21.6, 19.9, 17.1, 17.0; HRMS [M + Na]+ calcd for C23H34N4O4:
467.2629, found: 467.2629.

(3S,6S)-3-Benzyl-10-isobutyl-6-methyl-1,4,7,10-tetraazacy-
clopentadecane-2,5,8,11-tetraone (32). 1H NMR (400 MHz,
DMSO-d6): δ 8.89 (0.6H, d, J = 5.3 Hz, HN Ala), 8.77 (0.4H, d, J = 5.6
Hz, HN Ala), 8.48 (0.4H, br s), 8.42 (0.4H, d, J = 9.1 Hz, HN Phe),
7.45−7.40 (0.4H, m, HN Linker), 7.37 (0.6H, d, J = 9.6 Hz, HN Phe),
7.31−7.12 (5H, m), 6.47 (0.6H, d, J = 8.5 Hz, HN Linker), 6.30 (0.2H,
br s), 4.45−4.28 (1H, m, Hα Phe), 4.16 (1H, d, J = 14.7 Hz, Hα Nleu),
3.93−3.76 (1H, m, Hα Ala), 3.62 (1H, d, J = 14.7 Hz, Hα Nleu), 3.66−
3.58 (2H, m), 3.25−3.17 (1H, m, H5 Linker), 3.16−3.08 (1H, m, Hβ

Phe), 2.99−2.90 (1H, ddd, J = 9.9, 6.8, 3.2 Hz, Hβ Phe), 2.87−2.75
(1H, m, H5 Linker), 2.74−2.65 (1H, m), 2.41−2.29 (0.4H, m), 2.04−
1.95 (0.6H, dt, J = 14.3, 3.4 Hz), 1.89−1.69 (1H, m, Hγ Nleu), 1.64−
1.34 (2H, m, H4 Linker), 1.16−1.04 (1H, m), 1.00 (1H, d, J = 7.3 Hz,
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HβAla), 0.92 (1.5H, d, J = 6.7Hz, Hδ Leu), 0.87 (1.5H, d, J = 6.7Hz, Hδ

Leu), 0.82 (1.5H, d, J = 6.7 Hz, Hδ Leu), 0.75 (1.5H, d, J = 6.7 Hz, Hδ

Leu). HRMS [M + Na]+ calcd for C23H34N4O4: 453.2472, found:
453.2472.
(3S,9S)-3-Benzyl-9-isobutyl-7-methyl-1,4,7,10-tetraazacy-

clopentadecane-2,5,8,11-tetraone (33). 1H NMR (400 MHz,
DMSO-d6): δ 8.32 (1H, d, J = 8.4 Hz, HN Phe), 7.92 (1H, d, J = 8.4 Hz,
HN Leu), 7.37 (1H, t, J = 5.6 Hz, HN Linker), 7.31−7.14 (5H, m),
4.75−4.62 (1H, m, Hα Leu), 4.29 (1H, d, J = 14.2 Hz, Hα Nala), 4.27−
4.21 (1H, m, Hα Phe), 3.21 (1H, d, J = 14.0 Hz, Hα Nala), 3.17−3.10
(1H, m, Hβ Phe), 3.13 (3H, s, Hβ Nala), 3.04 (1H, q, J = 5.8 Hz, H5

Linker), 2.73 (1H, dd, J = 14.0, 10.3 Hz), 2.22 (1H, ddd, J = 12.6, 9.7,
4.7 Hz, H2 Linker), 1.95−1.87 (1H, m, H2 Linker), 1.68−1.54 (2H, m,
H4 Linker andHγ Leu), 1.53−1.32 (4H,m,HβLeu), 1.26−1.13 (1H,m,
H4 Linker), 0.89 (6H, dd, J = 6.5, 5.5 Hz, Hδ Leu). HRMS [M + Na]+

calcd for C23H34N4O4: 453.2472, found: 453.2470.
(3S,6S,9S,12S)-3-Benzyl-6-isobutyl-7,9,12-trimethyl-

1,4,7,10-tetraazacyclopentadecane-2,5,8,11-tetraone (NMe-
Leu-2S). 1H NMR (400 MHz, DMSO-d6): δ 8.06 (dd, J = 32.5, 7.7
Hz, 1H), 7.70 (dd, J = 17.3, 8.5 Hz, 1H), 7.56 (dd, J = 7.9, 3.5 Hz, 1H),
7.30−7.15 (m, 5H), 4.66−4.52 (m, 2H), 4.11−4.04 (m, 1H), 3.23−
3.07 (m, 3H), 2.88 (d, J = 10.2 Hz, 2H), 2.28 (s, 2H), 2.11 (s, 1H),
1.84−1.69 (m, 1H), 1.63−1.53 (m, 1H), 1.46−1.31 (m, 2H) 1.28−
1.19 (m, 2H), 1.14 (dd, J = 14.8, 6.8 Hz, 3H), 0.98 (d, J = 6.1 Hz, 1H),
0.93 (d, J = 6.7 Hz, 3H), 0.86 (d, J = 6.4 Hz, 3H), 0.83 (d, J = 6.6 Hz,
3H). 13C NMR (101 MHz, DMSO): δ 175.4, 171.7, 170.6, 169.4,
137.8, 129.0, 128.2, 126.4, 58.6, 54.3, 44.4, 37.4, 36.5, 36.2, 35.6, 30.0,
28.5, 24.3, 23.1, 21.8, 18.0, 15.8. HRMS [M + Na]+ calcd for
C25H38N4O4: 481.2785, found: 481.2797.
(3S,6S,9S,12S)-3-Benzyl-6-isobutyl-6,9,12-trimethyl-

1,4,7,10-tetraazacyclopentadecane-2,5,8,11-tetraone (αMe-
Leu-2S). 1H NMR (400 MHz, DMSO-d6): δ 8.52 (s, 1H), 8.34 (d, J
= 5.2 Hz, 1H), 7.31−7.14 (m, 6H), 6.87 (dd, J = 8.8, 2.0 Hz, 1H), 4.03
(dd, J = 7.2, 5.3 Hz, 1H), 3.82−3.76 (m, 1H), 3.41−3.37 (m, 1H),
3.29−3.24 (m, 2H), 2.79 (dd, J = 13.6, 2.7 Hz, 1H), 2.32−2.23 (m,
1H), 1.96 (d, J = 6.8 Hz, 1H), 1.66−1.42 (m, 4H), 1.32 (d, J = 8.8 Hz,
1H), 1.17 (d, J = 7.1Hz, 3H), 1.13−1.07 (m, 1H), 0.96 (s, 3H), 0.88 (d,
J = 6.7 Hz, 3H), 0.84 (d, J = 6.6 Hz, 3H), 0.79 (d, J = 6.6 Hz, 3H). 13C
NMR (101 MHz, DMSO): δ 176.6, 174.5, 174.3, 170.3, 139.5, 129.1,
128.0, 126.0, 59.1, 57.7, 49.4, 38.0, 33.5, 30.2, 25.2, 24.8, 23.8, 23.5,
23.3, 17.7, 15.9. HRMS [M + Na]+ calcd for C25H38N4O4: 481.2785,
found: 481.2790.
(3S,6R,9S,12S)-3-Benzyl-6-isobutyl-7,9,12-trimethyl-

1,4,7,10-tetraazacyclopentadecane-2,5,8,11-tetraone ((D)-
NMeLeu-2S). 1H NMR (400 MHz, DMSO-d6): δ 8.02 (d, J = 9.1
Hz, 1H), 7.83 (d, J = 8.3 Hz, 1H), 7.63 (t, J = 5.8 Hz, 1H), 7.33−7.11
(m, 5H), 4.76 (dd, J = 8.3, 6.8 Hz, 2H), 4.43 (td, J = 9.6, 5.1 Hz, 1H),
3.25−3.15 (m, 1H), 3.04 (dd, J = 13.7, 5.1 Hz, 1H), 2.94−2.86 (m,
1H), 2.83 (s, 3H), 2.72 (dd, J = 13.7, 10.0 Hz, 1H), 2.35 (q, J = 6.5 Hz,
1H), 1.46 (ddd, J = 13.4, 8.4, 6.7Hz, 2H), 1.37−1.19 (m, 3H), 1.15 (d, J
= 6.7 Hz, 3H), 1.13−1.06 (m, 1H), 1.03−0.97 (m, 1H), 0.92 (d, J = 6.6
Hz, 3H), 0.82 (d, J = 6.5 Hz, 3H), 0.72 (d, J = 6.5 Hz, 3H). 13C NMR
(101 MHz, DMSO): δ 175.0, 173.6, 171.1, 169.9, 138.2, 129.0, 128.0,
126.1, 54.4, 54.2, 44.2, 37.4, 37.0, 36.1, 31.4, 29.9, 26.1, 24.1, 22.6, 22.3,
17.5, 15.9. HRMS [M + Na]+ calcd for C25H38N4O4: 481.2785, found:
481.2793.
(3S,6R,9S,12S)-3-Benzyl-6-isobutyl-9,12-dimethyl-1,4,7,10-

tetraazacyclopentadecane-2,5,8,11-tetraone ((D)Leu-2S). 1H
NMR (400 MHz, DMSO-d6): δ 8.63−8.42 (m, 2H), 8.01 (dd, J =
21.2, 7.6 Hz, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.27−7.14 (m, 6H), 4.36−
4.31 (m, 1H), 4.28−4.22 (m, 1H), 4.18−4.12 (m, 1H), 4.08−4.01 (m,
1H), 3.92−3.83 (m, 1H), 3.17 (ddd, J = 13.8, 3.8, 1.8 Hz, 1H), 2.76−
2.65 (m, 2H), 2.37−2.29 (m, 1H), 2.15 (d, J = 3.8 Hz, 1H), 1.61 (s,
1H), 1.30−1.20 (m, 4H), 1.15 (d, J = 7.1 Hz, 2H), 1.05−0.97 (m, 3H),
0.77 (d, J = 6.4 Hz, 3H), 0.68 (t, J = 6.2 Hz, 3H). 13C NMR (101 MHz,
DMSO): δ 175.6, 174.5, 171.7, 170.8, 129.0, 128.0, 127.9, 126.0, 48.2,
38.1, 26.1, 23.9, 23.8, 22.9, 22.7, 22.2, 21.9, 17.4, 16.4, 16.0. HRMS [M
+ Na]+ calcd for C24H36N4O4: 467.2629, found: 467.2630.
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ACN, acetonitrile; DEPBT, (3-(diethoxyphosphoryloxy)-1,2,3-
benzotriazin-4(3H)-one); DIBAL, diisobutylaluminium hy-
dride; DIC, N,N′-diisopropylcarbodiimide; DIPEA, N,N-
diisopropylethylamine; DPPA, diphenylphosphoryl azide;
EXSY, exchange spectroscopy; KHMDS, potassium bis-
(trimethylsilyl)amide; Nala, alanine peptoid (N-methylgly-
cine); Nleu, leucine peptoid (N-isobutylglycine); Nphe,
phenylalanine peptoid (N-benzylglycine); PDC, pyridinium
dichromate
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Thoma, M.; Newville, M.; Kümmerer, M.; Bolingbroke, M.; Tartre, M.;
Pak, M.; Smith, N. J.; Nowaczyk, N.; Shebanov, N.; Pavlyk, O.;
Brodtkorb, P. A.; Lee, P.; McGibbon, R. T.; Feldbauer, R.; Lewis, S.;
Tygier, S.; Sievert, S.; Vigna, S.; Peterson, S.; More, S.; Pudlik, T.;
Oshima, T.; Pingel, T. J.; Robitaille, T. P.; Spura, T.; Jones, T. R.; Cera,
T.; Leslie, T.; Zito, T.; Krauss, T.; Upadhyay, U.; Halchenko, Y. O.;
Vázquez-Baeza, Y. SciPy 1.0: Fundamental Algorithms for Scientific
Computing in Python. Nat. Methods 2020, 17, 261−272.
(78) Thiele, C. M.; Petzold, K.; Schleucher, J. EASY ROESY: Reliable
Cross-Peak Integration in Adiabatic Symmetrized ROESY. Chem. −
Eur. J. 2009, 15, 585−588.
(79) Eilers, P. H. C. A Perfect Smoother. Anal. Chem. 2003, 75, 3631−
3636.

(80) Kneller, T. D.; Goddard, D. G. SPARKY3; University of
California: San Francisco, 2004.
(81) Neuhaus, D. Nuclear Overhauser Effect. Encyclopedia of Magnetic
Resonance; John Wiley & Sons, Ltd., 2011; pp 1−16.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.0c02036
J. Med. Chem. 2021, 64, 5365−5383

5383

https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1063/1.469273
https://doi.org/10.1063/1.469273
https://doi.org/10.1063/1.469273
https://doi.org/10.1063/1.1379764
https://doi.org/10.1063/1.1379764
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1021/acs.jctc.5b00743
https://doi.org/10.1021/acs.jctc.5b00743
https://doi.org/10.1016/j.bpj.2015.08.015
https://doi.org/10.1016/j.bpj.2015.08.015
https://doi.org/10.1103/PhysRevLett.72.3634
https://doi.org/10.1103/PhysRevLett.72.3634
https://doi.org/10.1063/1.3301140
https://doi.org/10.1063/1.3301140
https://doi.org/10.1063/1.3301140
https://doi.org/10.1063/5.0025797
https://doi.org/10.1063/5.0025797
https://doi.org/10.1063/5.0025797
https://doi.org/10.1021/ct2003622
https://doi.org/10.1021/ct2003622
https://doi.org/10.1016/j.dib.2015.08.020
https://doi.org/10.1016/j.dib.2015.08.020
https://doi.org/10.1016/j.dib.2015.08.020
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1002/chem.200802027
https://doi.org/10.1002/chem.200802027
https://doi.org/10.1021/ac034173t
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c02036?rel=cite-as&ref=PDF&jav=VoR

