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ABSTRACT: Passive membrane permeability is a fundamental challenge in the development of bioactive macrocycles. To achieve
this objective, chemists have resorted to various strategies, the most common of which is deployment of N-methylated amino acids
and/or D-amino acids. Here we investigate the effect of heterocyclic grafts on the passive membrane permeability of macrocycles and
report the structural consequences of iterative amino acid replacement by azole rings. Through stepwise substitution of amino acid
residues for heterocycles, we show that lipophilicity and PAMPA permeability of a macrocycle can be vastly improved. Overall,
changes in permeability do not scale linearly as more heterocycles are incorporated, underscoring the subtleties of conformation-
property relationships in this class of molecule. NMR analysis and molecular dynamics simulations provide insights into the structural
consequences of the added heterocycles and foreshadow the emergence of privileged macrocyclic scaffolds for drug discovery.

Introduction

Cyclic peptides have emerged as important scaffolds in drug
discovery due to their large polar surface area and their capacity
to interact with difficult targets that are not accessible to small
molecules.' However, the relatively large polar surface areas
of cyclic peptides commonly confer poor membrane permeabil-
ity, which significantly hampers their development towards in-
tracellular targets.”® The capacity for a peptide macrocycle to
cross membranes greatly depends on its 3D conformation in so-
lution, which can be controlled by backbone modification.”!’
The major contributing factors that are known to be important
include shielding of polar groups by hydrophobic side chains,
as well as achieving balance between open and closed orienta-
tions upon transition between the aqueous environment and the
lipophilic interior of the membrane.!'~'* This is the key mecha-
nism by which cyclosporin A, a macrocyclic undecapeptide, ex-
hibits unusually high permeability (-Log P. = 6.6) despite its
many polar groups and amide linkages.'® To mimic this, modi-
fications such as introduction of D-amino acids, peptoid motifs
and lipophilic groups have been explored (Figure 1a).'"? Sem-
inal work by Lokey has shown the importance of amide N-
methylation, which removes a hydrogen bonding donor, adds
extra lipophilicity and can organise the backbone into confor-
mations that are highly permeable (e.g 1-NMe-3, Fig la). This
can also be achieved with selectivity towards solvent exposed
amides within a macrocycle.'®?° Recently, Fairlie and co-work-
ers have shown that N- or Ca- methylation can lead to increased
permeability by connecting or extending hydrophobic patches
in macrocyclic scaffolds.?! In a study on cyclic hexapeptides,
Kessler determined that there is no linear relationship between
the number of N-methyl groups added to the backbone and the
permeability of the macrocycle.”>*

The properties of peptide macrocycles are defined by the
stereochemistry, allylic strain, and amide E/Z isomerism
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Figure 1: A) Current state-of-the-art methods to improve
permeability in peptide macrocycles. B) Examples of
structural organization in peptide macrocycles by incor-
poration of a single azole heterocycle. C) Schematic over-
view of the work presented in this study.



inherent to o-amino acid residues.’ The interplay between these
factors is manifested in allowable dihedral angles that describe
a peptide bond. While amino acid N-methylation or introduc-
tion of D-amino acids can lead to an improvement in cellular
permeability, we sought more drastic measures to perturb the
local geometric preferences of amino acid residues. The intrin-
sic planarity of aromatic heterocycles was appealing to us, and
we hypothesized that the macrocyclic backbone could be forced
to adopt distinctly different local conformational states, which
might result in previously unappreciated outcomes when con-
sidered in aggregate. Site-selective grafting of medicinally rel-
evant motifs should enable the discovery of other scaffolds
which are amenable to structure-activity studies akin to small
molecules.

The emergence of library-based methods such as
SICLOPPS and RaPID have revolutionized the discovery of bi-
ologically active macrocycles withe high selectivity and speci-
ficity towards challenging intracellular targets.”*>® However,
the physicochemical properties of the leads generated by library
methods can be highly variable, especially if they contain all-L
amino acids or polar side chains.?”*® Given the struggles asso-
ciated with low cellular permeability of large peptide mole-
cules, a privileged scaffold must engender a reasonably perme-
able starting point for further structure/activity studies. In the
present paper we demonstrate the application of this strategy to
18-membered rings, an important and diverse class of peptide
macrocycles.”

Results and Discussion

Previously, we reported the synthesis of 1,3,4-oxadiazole-
based cyclic peptides generated from an efficient macrocycliza-
tion between a linear peptide, an aldehyde and N-(isocya-
mino)triphenylphosphorane (PINC).* The oxadiazole ring and
reduced amide (RAH) play important roles in the structural or-
ganization of these scaffolds across a range of ring sizes, such
as in 18-membered 2, which adopts a -turn-like motif around
the oxadiazole and a Type-II B-turn around the peptide region
(Figure 1b).*' Similarly, a thiazole ring within the macrocyclic
natural product Sanguinamide A stabilizes two B-turns yet the
homodetic control containing Ala in its place exhibits confor-
mational flexibility.*>** These findings, amongst others, high-
light the ability of heterocycles to promote structural organisa-
tion within cyclic peptides (Figure 1b).**¢ In the case of San-
guinamide A, the homodetic control shows similar permeability
to the natural product. Furthermore, the macrocyclic natural
product Patellamide C contains several heterocyclic linkages
and displays excellent permeability.’” These reports, while in-
teresting, do not address the question of how heterocycles tend
to influence macrocycle conformation and permeability. In fact,
the Sanguinamide A case exemplifies the “reverse” logic be-
cause the heterocycle in a natural product that possesses base-
line cellular permeability is being replaced by an amide to sub-
stantiate the point that amide bonds can result in undesirable
properties. In this paper our goal was to understand how gradual
depeptidization of a peptide backbone with heterocyclic grafts
effects their structure and permeability and whether this strat-
egy could generate a new class of permeable macrocyclic scaf-
folds (Figure lc).

Our investigations began by searching for a macrocyclic
system and a set of heterocycles to incorporate. We decided to
use 18-membered cyclo(PGLGFA) 1 for several reasons. It is

known to be difficult to achieve permeation in an all-L peptide
backbone,” and 1 is known to display poor permeability (Table
1). Additionally, 1 exhibits a mixture of conformations at room
temperature on the NMR timescale, offering the possibility to
investigate changes in structural organization as a result of het-
erocyclic grafting.® Motivated by previous work with oxazole
and thiazole-based systems alongside our own research with
1,3,4-oxadiazole-based RAH, we chose these as the heterocy-
cles to incorporate into the backbone. Dipeptide building blocks
containing oxazole and thiazole in replacement for a single
amino acid can be made in gram-scale quantities for use in solid
phase peptide synthesis (SPPS) from commercially available
starting materials and serve as frans-amide bond isosteres.*®*
We used this approach to produce linear peptides that contained
one or two heterocyclic grafts using conventional Fmoc/Bu
SPPS with 2-chlorotrityl resin. Subsequently, eleven macrocy-
clic counterparts of homodetic peptide 1 were produced, each
containing one, two or three different grafts within the back-
bone. This allowed us to compare between macrocycles with
grafts in different positions around the ring and with different
numbers of heterocycles in the backbone whilst maintaining the
18-membered ring size. The linear peptides underwent head-to-
tail macrocyclization with the coupling agent DEPBT, produc-
ing amide-linked macrocycles 1, 3, 4 and 5. In addition, we uti-
lized our PINC-mediated macrocyclization with propionalde-
hyde to form macrocycles 2 and 6-11, which contained an ethyl-
linked oxadiazole RAH in the backbone. A key consideration
for oxadiazole-containing macrocycles is the stereochemistry of
the ethyl linker that is generated during the cyclization step. The
stereochemistry was determined to be (R)-6 and (S)-8 after

Table 1: Scope of macrocycles containing multiple heter-
ocyclic grafts.

o o) o o=

Entry Sequence No.of Het  -Log Py Tret
AA4 AA; AA; AAs AAs AAs
1 Pro Gly Leu Gly Phe Ala 0 >8 6.14
2 Pro Gly Leu Gly Phe Odz 1 7.75 6.90
3 Pro Gly Leu Oxz Phe Ala 1 719 7.64
4 Pro Thz Leu Gly Phe Ala 1 7.35 7.33
5 Pro Thz Leu Oxz Phe Ala 2 584 9.47
6 Pro Gly Leu Oxz Phe Odz 2 7.62 776
7 Pro Thz Leu Gly Phe QOdz 2 6.29 8.84
8 Pro Thz Leu Oxz Phe Odz 3 572 10.76
Pro Thz Leu Oxz Tyr Odz 3 6.07 8.89
10 Pro Thz Phe Oxz Phe Odz 3 5.85 10.72
1 Val Thz Leu Oxz Phe Odz 3 6.25 12.00

Permeability and physical property data for macrocycles 1-11.
Yield over all steps from 2-chlorotrityl chloride resin, conducted
on 0.3 mmol scale. Cyclization conditions A: 1.5 equiv. DEPBT,
3.0 equiv. DIPEA, DMF, 5 mM, RT, 48 h; Cyclization conditions
B: 1.5 eq. propionaldehyde, 1.0 equiv. PINC, 1:1 DCE/MeCN, 25
mM, RT, 3 h. For full details, see the ESI. -Log Py, determined
using PAMPA with carbamazepine as an internal standard. Reten-
tion time determined using LC-MS, gradient 95% H>0/5% MeCN
to 100% MeCN over 15 min.



analysis of NMR-restrained MD simulations for each possible
diastereomer (see Supplementary Information).

With a suite of macrocycles containing varied numbers of
heterocycles in hand, the physicochemical properties were
measured for each compound (Table 1). The passive permeabil-
ity of each derivative was determined using a parallel artificial
membrane permeability assay (PAMPA). The reverse-phase
HPLC retention time was also collected with a gradient method
under identical conditions. This metric has been shown to relate
to permeability in peptide macrocycles, as longer retention
times correlate with lower aqueous solubility, lower polarity
and greater lipophilicity.***> Each of the compounds containing
one or more heterocycle showed improved permeability com-
pared to the homodetic control 1. In general, as the number of
heterocycles in the backbone increases, the permeability also
increases. Interestingly, the same trend was seen for retention
times, which went up as more heterocyclic grafts were added to
the backbone in place of polar amide bonds. This confirmed our
hypothesis that heterocycles can increase lipophilicity, either by
stabilizing non-polar conformations or by reducing polarity by
replacing amide linkages. It was not particularly surprising to
note that incorporation of only one heterocycle led to small in-
creases in permeability. Investigations into derivatives of San-
guinamide A showed that the homodetic control containing Ala
in place of a thiazole displayed very similar permeability by
Caco-2 assay.”> Within our study, significant improvements
were noted upon introduction of a second heterocycle to the
backbone, although this did not hold true for 6 bearing an oxa-
zole and oxadiazole RAH component. This lack of predictabil-
ity in physical properties as more heterocycles are added high-
lights that it is not trivial to understand the impact of grafting
on structure and permeability, which demonstrates the need for
a systematic scaffold development. To our delight, cy-
clo(PThzLOxzF) odz/Et 8, which contains three heterocycles
and only two amide bonds within its backbone, displays the
highest permeability of the set. To probe the effect of different
side chains on the permeability of compound 8, we prepared 9,
10 and 11. Each side chain position is tolerant to change without
large decreases in permeability, although a slight reduction is
seen when switching Prol to Vall. This could be due to un-
masking of the tertiary amine in 8 to a secondary amine in 11
and suggests that the rigid proline motif is a key residue for the
organisation of the structure. Importantly, switching Phe in 8 to
the polar side chain Tyr in 9 did not lead to large changes in
permeability, suggesting that polar residues can be tolerated
within the backbone. Moreover, the retention time of this com-
pound decreased by almost two minutes, indicating that the
aqueous solubility of these compounds can be tuned without
great changes in permeability.*'** Given that the compounds
bearing three grafts all showed excellent permeability despite
changes to their side chains, this framework exemplifies a new
class of privileged structure which addresses a key challenge in
macrocycle development.

Macrocyclic peptides with more than five amino acids gen-
erally fall outside of the rule-of-five.® In fact, the doubly grafted
macrocycles 5, 7 and the triply-grafted macrocycles 8-11 are all
non-Ro5 compliant. Kihlberg and co-workers have studied the
structural motifs which promote high permeability in a macro-
cyclic natural product library of 20,998 members, 70% of which
fell outside of the Ro5. It was found that tertiary amines and
isoxazoles are favourable functional groups, but carbonyl
groups are not.** The installation of a tertiary amine by macro-
cyclization to form the RAH, alongside the replacement of

carbonyl groups with similar azole heterocycles to isoxazole,
support the permeability improvement observed when hetero-
cycles are added to the backbone. Our grafts in place of amide
bonds reduce the amount of HBD in total, although with overall
increase in HBA. Considering these compounds show permea-
bility values that are superior to Cyclosporin A, which is con-
sidered an excellent standard as an orally available, non-Ro5
compliant macrocyclic peptide drug, it is clear that heterocyclic
grafting can have a great impact on the physical properties of
peptide macrocycles.**

Structural analysis of grafted macrocycles

In order to understand the structural effects of heterocyclic
incorporation into the backbone, each compound was fully
characterized using 'H and "C NMR techniques. Solution
structures were obtained from molecular dynamics simulations
using NOE-derived interproton distances derived from ROESY
spectra (See ESI). Additionally, temperature coefficients were
determined from VT-NMR experiments, with coefficients of 4
ppb/K or lower indicating that the amide bond was either in-
volved in an intramolecular hydrogen bond (IMHB) or is non-
solvent exposed.® A general observation that we noticed in
structures grafted with oxazoles and thiazoles was that the azole
ring forces the preceding amide bond to be coplanar in a syn
conformation with the heterocycle, to minimize electronic re-
pulsion between the C=0 group and the azole nitrogen (Figure
2). This observation is consistent across structures of the grafted
macrocycles in this study and in oxazole and thiazole contain-
ing macrocycles in the literature.** However, H-bonds do not
always form between the amide NH’s and the azole nitrogen in
close proximity.
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Figure 2: Conformational preferences of dipeptide-based
azole heterocycles. X = O or S. R = amino acid side
chains.*

We sought to understand the impact of a single heterocycle
on the structure of homodetic sequence cyclo(PGLGFA) 1. Re-
placement of Gly2 with thiazole in cyclo(PThzLGFA) 4 re-
tained the 7:3 mixture of conformational isomers seen in 1,
likely as a result of cis/trans isomerization about the proline
amide bond (Figure 3, right). However, introduction of an oxa-
zole to Gly4 instead of thiazole to Gly2 led to the adoption of a
single set of signals in the 'H NMR spectrum of cy-
clo(PGLOxzFA) 3. The solution structure of 3 displays a very
similar backbone to cyclo(PGLGF)odz/Et 2 containing a Type
I B-turn, but in a different position around the macrocycle (Fig-
ure 3, left). This explains their similar permeability values, alt-
hough 3 exhibits a longer retention time than 2 as a result of
more effective shielding of the remaining amides by side chain
residues.

It is critical to understand how addition of a second hetero-
cycle to each derivative alters their structure and permeability.
Of the three, cyclo(PGLOxzF) odz/Et 6 bearing oxazole and
oxadiazole grafts in the backbone displayed lower permeability
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Figure 3: NMR and structural comparison of singly
grafted macrocycles 3 and 4.

and retention time compared to the other doubly grafted macro-
cycles. In 2, the amide bond between Leu3 and Gly4 is solvent
exposed. Upon oxazole incorporation to this position in 6, there
was complete structural reorganisation and interruption of the
B-turn seen in 2 (Figure 4, top right). In fact, two of the three
remaining amide bonds in 6 are now solvent exposed, alongside
the Gly NH that engages in a hydrogen bond with the RAH ni-
trogen. This explains the dramatic reduction in permeability
compared to the other doubly grafted macrocycles, despite an
overall increase in retention time compared to 1 and 2. This re-
sult is important because it confirms that the conformation of
the macrocycle is the key characteristic in determining permea-
bility within these systems. The other Gly residue in 2 is the i+2
position supporting a Type II B-turn, so grafting in this position
was expected to rearrange the structure significantly. The 'H

Cyclo(PGLGF) Odz/Et, 2 (crystal structure)

NMR spectra of 7, bearing a thiazole in this position, displayed
a 5:1 ratio of conformational isomers with significant overlap
between NH amide protons, indicative of a flexible backbone
(Figure 4, bottom). EXSY cross-peaks were observed in the
ROESY spectrum, confirming that these two species were in
rapid exchange on the NMR timescale (Figure 4, bottom right).
This prevented the generation of a solution structure as it was
not possible to unambiguously characterize the major rotamer
from overlapping peaks in the ROESY spectrum. Alongside the
fact that conformational flexibility can be important for perme-
ability,*” the observation of low VT NMR coefficients for Gly4
and Leu3 in the major rotamer (Gly4, -2.8 ppb/K, Leu3, -3.7
ppb/K) suggests that the conformations of 7 contain several
non-solvent exposed amide bonds and likely enables reasonable
permeation compared to 6.

Amongst the highest permeability compounds in the set is
cyclo(PThzLOxzFA) 5, which contains both oxazole and thia-
zole grafts replacing both Gly2 and Gly4 in 1. A single set of
sharp peaks was observed in the 'H NMR spectrum, indicative
of a rigid structure. The backbone conformation of 5 displays a
bifurcated hydrogen bond between the Leu3 NH and the oxa-
zole and thiazole nitrogen atoms (Figure 5). Since the permea-
bility of this compound is very similar to that of triply grafted
macrocycle 8, we were motivated to understand the similarities
between the two structures. When the oxadiazole RAH was in-
corporated in place of Ala6 in cyclo(PThzLOxzF) odz/Et 8, a
similar backbone conformation to 5 is retained, with direct
transposition of the Phe5/Ala6 amide with the oxadiazole ring,
and replacement of the Ala6 C=0 with the ethyl linker (Figure
5). The similarities in the conformation of these compounds ex-
plain why they exhibit similar physical properties. It can be de-
termined that the oxadiazole graft is not critical for high perme-
ability, given that macrocycles with or without the RAH exhibit
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Figure 4: Structural implications of adding two heterocycles to different positions of oxadiazole based macrocycle 2.



o Ala6

N awMe ~J
-3.1 ppb/K

-5.0 ppb/K
Oxz4 ]/

5 (DMSO)

8 (DMSO)

v A
; Y P
Phe5 I "
H{

Total PSA: 138 A2

Figure 5: Structural characterization of NMR restrained solution structures of 5 and 8 (left) and polar surface areas of

5 and 8 computed using Maestro (right).

similar permeability. Rather, the combination of oxazole and
thiazole adjacent to each other stabilizes a conformation where
the remaining amide NH’s point into the ring and are not ex-
posed to solvent. The importance of the oxadiazole graft is ap-
parent when comparing the temperature coefficients for each of
the amides in S and 8. Whilst Leu3 and Ala6 are well shielded
from solvent, Phe5 is not (Leu3, -2.1 ppb/K, Phe5, -5.0 ppb/K,
Ala6, -3.1 ppb/K). Placement of the oxadiazole adjacent to Phe5
in 8 engages this amide in a strong bifurcated hydrogen bond,
confirmed by very low temperature coefficients (Phe5, +0.5
ppb/K, Leu3, -3.2 ppb/K). Further effects were observed when
analysing the polar surface areas of § and 8 respectively. The
importance of connected hydrophobic surfaces on passive
membrane permeability has been explored by Fairlie and co-
workers.”! Replacement of the polar Ala6 residue with the
oxadiazole RAH removes two amide C=0 groups and an amide
NH, connecting two hydrophobic patches that are disconnected
in § (Figure 5, right). These findings may explain why there is
an overall difference of 1.29 min in the retention times and 23
A? in PSA between 5 and 8 and highlight how heterocycles can
be used to tune the polarities of these scaffolds.

Another important factor to consider is whether the high
permeability seen for 8 is due to conformational flexibility to a
more permeable conformation, or if the compound is locked
into a conformation which is conducive to permeability.*® To
determine this, we carried out NMR analysis in CDCls, a non-
hydrogen bonding solvent that mimics the low dielectric and
lipophilic interior of the membrane.*” VT NMR analysis con-
firmed that the amide bonds of 8 were also non-solvent exposed
in CDCl; (Leu3, -1.0 ppb/K, Phe5, -1.3 ppb/K). NMR-
restrained conformational searches showed a rigid set of con-
formations, all maintaining the same hydrogen bonding pattern
that was seen in DMSO (Figure 6). The oxazole and oxadiazole
grafts remain in a planar orientation. In fact, the only structural

difference between the conformation in DMSO and chloroform
is a 180° flip by the proline residue. This observation indicates
that heterocyclic grafts can rigidify a conformation that enables
excellent permeation.

Pro1 §/>
|

Oxz4

8 (CHCI;) —

Figure 6: Lowest energy structure of 8 in chloroform de-
termined by NMR-restrained conformational searches.

Curiously, the structure of 8 closely resembles a family of
semi-peptidic natural products called Bistratamides, 18-mem-
bered macrocycles which typically contain one or more thiazole
or oxazole in the backbone. Specifically, Bistratamide G fea-
tures one thiazole and two oxazole grafts, and is moderately cy-
totoxic to the HCT-116 cancer cell line.*® Overlay of the back-
bone of 8 with a crystal structure of Bistratamide G shows over-
whelming similarity, with expected deviations in the linker re-
gion of the oxadiazole and the proline ring (Figure 7). This com-
parison highlights the role of heterocycles in accessing biologi-
cally relevant conformations. Separate studies by Kihlberg and
Whitty suggest that small to medium-sized macrocycles gener-
ally bind with compact, globular conformations whilst larger
bRo5 macrocycles are well suited to interact with flat binding
sites by edge-on or face-on approach.’'*> The planarity of 8



dictated by the oxazole and oxadiazole substituents suggests
that azole grafted peptides can access conformational space that
is more akin to larger macrocycles compared to other similarly
sized macrocycles of its kind.
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Figure 7: Overlay of the backbone of Bistratamide G
(blue) with triply grafted macrocycle 8 (red).

Since the majority of the compounds synthesized do not
have any classical secondary structure, we used the recently de-
veloped macrocycle conformational mapping (MCM) tool to
extract further structural details derived from heterocyclic graft-
ing.> It is clear that the oxazole and thiazoles are important in
stabilizing the structure of 8, so we produced a AMCM map to
compare the conformational relationships of 8 alongside 2,
which only contains the oxadiazole RAH (Figure 8). Each of
the heterocyclic grafts exhibits strong control over the ¢/y
space, occupying angles approaching -180° in 8. The confor-
mation of the oxadiazole RAH is similar in both cases, as shown
by the small magnitude of change in the vector and remains
close to -180°. There is a tight distribution of dihedral angles in
8 that span across very small ¢/ space, whereas the dihedrals
in 2 are spread over many regions of the MCM plot. This anal-
ysis emphasizes how heterocycles can bias dihedral angles into
specific areas of macrocycle drug-like conformational space
that promotes high permeability, which is of fundamental im-
portance for the development of privileged macrocycle scaf-
folds based on this study.**

Conclusions

In this paper, we have initiated a research program that pur-
sues the design and development of privileged macrocycle scaf-
folds with favourable permeability. This addresses a key chal-
lenge in macrocycle development by tackling the issue of per-
meability at an early stage. Our approach moves away from the
typical amino acid-like building blocks such as N-methyl and
D-amino acids, utilizing azole heterocycles that introduce pla-
nar conformational restraints. We have studied the structure-
permeability relationships between macrocycles containing dif-
ferent numbers of azoles in the backbone. As more heterocycles
are placed in the backbone, permeability tends to increase, alt-
hough this is not always the case. The properties of the macro-
cycle after grafting are not always predictable, which justifies
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Figure 8: MCM plots of 2 and 8, and AMCM plot com-
paring 2 with 8.

the need for systematic studies in other ring sizes. The permea-
bility landscape of azole grafted macrocycles greatly depends
on their 3D conformation in solution. NMR-restrained MD sim-
ulations and conformational searches showed that a combina-
tion of oxazole and thiazole grafts arranges the backbone into a
conformation where all the remaining amides are non-solvent
exposed. The changes in lipophilicity of these scaffolds are
tuneable as more heterocycles replace polar amide bonds. By
replacing an Ala residue for the oxadiazole RAH, two hydro-
phobic surfaces can be connected, which leads to higher perme-
ability and lipophilicity.”! The conformations induced by the
planar heterocycles embedded in the backbone might offer a
unique type of protein binding compared to other macrocycles
of this size.>! Future studies will utilize heterocycles to demon-
strate y space control in addition to the ¢/y control described
here.** ¢ Importantly, the thiazole and oxazole motifs included
in this study could conceivably be amenable to further function-
alization at the C-5 position, which would extend the scope to
mimic other amino acids and enable structure-activity relation-
ships in an analogous fashion to small molecules.””*® Our study
shifts the discourse on privileged scaffolds to macrocycles and
suggests permeability as the focal point, which will likely con-
tribute to the emergence of other molecules for early stages of
discovery campaigns. The discovery of privileged motifs dis-
closed in this work should also find use in training sets for ma-
chine learning approaches. This is because unnatural macrocy-
cles with demonstrably high levels of passive membrane per-
meability represent much-needed datapoints to empower A.I.-



driven searches for new and improved scaffolds with favourable
drug-like properties.
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DEPBT = (3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-
4(3H)-one); DIPEA = diisopropylethyl amine, PINC = N-(iso-
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azole, Thz = Thiazole, RAH = reduced amide heterocycle, Ro5
= rule of five, HBA = hydrogen bond acceptor, HBD = hydro-
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= polar surface area.
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