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Design, Properties and Recent Application
of Macrocycles in Medicinal Chemistry

Philipp Ermert*

Abstract: Macrocyclic compounds have recently received increasing attention in drug discovery as these com-
pounds offer the potential to modulate difficult targets and to access novel chemotypes. Approaches towards
libraries of macrocyclic compounds based on modular organic synthesis and applications of these technology
platforms to find and improve biologically active compounds are introduced in this minireview. Alternatively, lead
compounds may be obtained by truncation and modification of macrocyclic natural products. Selected medici-
nal chemistry programs are discussed, illustrating a macrocyclization approach toward ligands with improved
properties. The design of such ligands is often informed by X-ray crystal structures of protein-ligand complexes.
Efforts to understand cellular permeability and oral bioavailability of cyclic peptides and non-peptidic macro-
cycles are summarized.

Keywords: Library - Macrocycle drug - Membrane permeability - Modular synthesis - Oral bioavailability

1. Introduction

Macrocycles have received increasing
attention in drug discovery over the past 15
years as these compounds offer potential to
modulate difficult targets such as protein—
protein interactions with large, shallow
(featureless) binding sites or proteases,
which recognize rather large substrates.
Several technology platforms to generate
libraries of macrocyclic compounds have
been developed in the last decade, includ-
ing approaches based on modular organic
synthetic assembly of building blocks as
well as biochemical (e.g. m-RNA display)
and biological (e.g. phage display) ap-
proaches. Macrocyclic natural products
like for example largazole (Fig. 12) or san-
glifehrin A (Fig. 13) inspired the synthe-
sis of simplified analogs. More and more
frequently, macrocyclization is applied in
medicinal chemistry programs as a stan-
dard strategy to improve the properties of
compounds as well as to generate novel
chemotypes. These efforts are reflected
in the publication of a large number of
research papers summarized in a series of
review articles covering the field.l'l In the
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recent past, macrocyclic natural products
or derivatives thereof but also synthetic de
novo designed macrocyclic compounds
were approved by the FDA or are in clini-
cal trials (Fig. 1).[1e:2]

Many macrocycles are ‘beyond rule of
five’ compounds. This chemical space was
traditionally associated with reduced cell
permeability and bioavailability. Therefore,
over the last few years, significant work
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Fig. 1. Macrocyclic drugs which were approved or are in clinical trials: Pasireotide? is a repre-
sentative of the class of cyclic peptide drugs with modified side chains; Eribulin is a simplified
synthetic analog of the complex natural product Halichondrin B; Pacritinib'l, Grazoprevirl?°l and
Lorlatinib®¢?¢l represent de novo designed orally available macrocycles.
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was dedicated to the investigation of the
properties of these compounds.l3 Sets of
cyclic peptides as well as non-peptidic
macrocycles have been studied to under-
stand the factors on which permeability
and oral availability depend. The poten-
tially favorable impact of macrocyclization
on pharmacokinetic properties like passive
permeability and stability (translating into
improved bioavailability) suggest the con-
sideration of macrocyclic prodrugs. Early
examples comprise the conversion of linear
peptides into bio-cleavable macrocyclic
structures; the concept found recent appli-
cation to non-peptidic thrombin inhibitors.

2. Synthesis of Macrocyclic
Compounds

In the present article the discussion of
the generation of libraries of macrocyclic
compounds is limited to chemical synthe-
sis, covering platforms for modular as-
sembly of building blocks and approaches
based on multicomponent reactions. The
latter recently found broader application
in the ring-closing step. Products obtained
by chemical synthesis can be used in any
screening format and their up-scale is read-
ily achieved.

DNA-encoded synthesis, phage dis-
play or mRNA display techniques will
not be discussed. These latter techniques
have been introduced in a review article by
Dougherty et al.l'™ They offer the advan-
tage to access very large (limited to 10°-
10" compounds!!™ml) and diverse libraries
of peptidic compounds. The methods pro-
vide compounds with relatively high MW
and large polar surface area as pointed out
by Yudin;! the presence of tags may limit
the screening application.

2.1 Macrocyclization Reactions

Many reaction types have been em-
ployed in the ring-closing step to obtain
macrocyclic products; a detailed overview
is provided in recent reviews by Marsault
and Peterson.[!*3] Macrolactam and mac-
rolacton formation, ring-closing metathe-
sis and click reactions are used particularly
frequently. This was explained by ready ac-
cessibility of the linear precursors, applica-
bility of the transformations in solution and
on solid support, availability of a variety
of reagents and reaction conditions as well
as tolerance of other functional groups.[!bl
Classical difficulties sometimes occurring
in the synthesis of (often rather strained)
macrocyclic compounds comprise (cyclo)
oligomerization of the linear precursor and
epimerization of labile stereocenters prior
to cyclization. Occasionally the gen-
eration of new chirality elements leading
to the formation of stereoisomers is ob-
served.

Oligomerization, e.g. the formation of
cyclic dimers can be controlled by dilution
and slow addition of the linear precursor
to the reagent or catalyst.l9] In addition,
the choice of solvent!®2dl and temperature
(higher temperatures favoring the cyclo-
monomer)[bl have been reported to be im-
portant (e.g. conversion of 1%, Scheme 1).

The cyclization of 4 (Scheme 2) was
described by Boger et al. to be very sensi-
tive to the conditions applied; 5 (62-63%)
was obtained as major product if EDCI/
HOBt in DMF/CH,CI, 2:8 or FDPP/
DMAP in DMF were used; ring closure
with epimerization was however observed
with PyBOP/DMAP in DMF or in DMF/
CH,CI, 2:8 affording epi-5 (60%) almost
exclusively.l6d]

The success in the head-to-tail cycli-
zation of peptides was found to depend
on ring size and on point of cyclization;
ring closure in the synthesis of cyclic tet-
rapeptides and pentapeptides for example
can go along with cyclooligomerization or
epimerization. Structure-inducing building
blocks bringing the reactive ends in prox-
imity have been broadly applied to favor
the ring-closing reaction.!”]

Occasionally, stable atropisomers re-
sult from macrocyclization.!81 This was ob-
served for instance in a series of macrocy-
clic farnesyl transferase (FTase) inhibitors
described by scientists at Merck.[”1 The op-
tical antipodes (enantiomeric conformers)

of cyclophane 6 were resolved by chiral
HPLC and kinetic data for racemization in
DMSO have been determined: a half-life
of (-)-6 of 60 min at 100 °C or 8.4 min at
120 °C and an activation energy E_of 28.4
kcal/mol for the inter-conversion of (-)-6
and (+)-6 were reported (Fig. 2).

Compound (R)-8 (Fig. 2) was prepared
in the course of an optimization of factor
VIla inhibitors by BMS scientists.[!!-12]
Inhibitor (R)-8 with an additional methyl
group at the meta position of the phenyl
glycine moiety, shows fivefold improved
potency compared with (R)-7 and was
reported to exist as a 1:1 mixture of con-
formational isomers. Priestley et al. pro-
posed the presence of atropisomers due to
hindered rotation of the unsymmetrically
substituted phenylglycin aryl group (see
below, section 3.1.1 for a detailed discus-
sion and additional examples).[!1.12]

Ring closure engaging an S Ar reaction,
displacing the fluorine atom of 9 afforded
the rather strained (14-membered) para-cy-
clophane 10 as a mixture of atropisiomers;
Joulli€ et al. then converted 10 by reduction
and deamination into 11 (Fig. 2).013

At room temperature stable and sepa-
rable rotamers of compounds contain-
ing tertiary amide groups in the mac-
rocyclic scaffold are rarely observed;
examples comprise the natural cyclo-
peptides sanguinamide BU4! (not shown)
and ceratospongamide.l!3-16] Trans,trans-
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Fig. 2. Macrocyclic
farnesyl transferase
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ceratospongamide (12; Scheme 3) and
cis,cis-ceratospongamide (13) are modi-
fied cyclic heptapeptides isolated from
a marine alga/sponge symbiont. The two
proline residues control the conformation
of the macrocycle. The stable (at ambi-
ent temperature) conformational isomers
can be separated by HPLC.[!5! In agree-
ment with the different three-dimensional
structures, the rotamers exhibit different
biological activities. The trans,trans-iso-
mer 12 was described to be an inhibitor of
transcriptional activation induced by IL-13
(expression of secreted phospholipase A2
was inhibited with IC, = 32 nM).l!>.161 The
cis-cis-isomer 13 (the major component of
the natural cyclo-heptapeptidel!62l) was in-
active. Deng et al.l'3] reported the transfor-
mation of either isomer into a 5:1 mixture
of 12 and 13 upon heating in DMSO at
175 °C.1'71 Depending on the synthetic ac-
cess, different distributions of the isomers
were obtained (Scheme 3): Ring closure
between the thiazole carboxylic acid and
L-phenylalanine and subsequent cyclo-
dehydration of the allo-threonine residue
was reported to provide the cis, cis-product
13 exclusively.l!5:16b] If the cyclization was
performed in the presence of the oxazo-
line moiety, mixtures of cis,cis-product 13
(major) and trans,trans-product 12 were
obtained.[!3]

2.2 Macrocycle Libraries by Modular
Organic Synthesis

Progress in synthetic methodologies,
miniaturization, and automation allowed
the synthesis of libraries of macrocyclic
compounds for hit identification. Modular
architecture of macrocycle libraries is im-
portant to synthesize significant numbers
of compounds and to also facilitate rapid
hit amplification and optimization. Based
on synthetic organic chemistry, a variety
of platforms have been elaborated over the
last two decades.

Technologies giving access to librar-
ies of peptide-derived macrocycles, which
mimic an entire functional epitope of a

protein, include the protein epitope mi-
metic approach and the peptide stapling
strategy.

Polyphor’s PEMfinder® technology!!8]
provides  cyclopeptide-like  molecules
(general formula 14, Fig. 3), composed
of a conformation-inducing template and
a peptide chain of 4-20 amino acids.
PEMfinder® compounds mimic [-hairpin
and o-helical functional epitopes of pro-
teins, important exposed structural motifs
involved in many protein—protein interac-
tions. The versatile PEMfinder® technol-
ogy offers many possibilities to modulate
activity, selectivity and ADME properties
by varying ring size, amino acid build-
ing blocks (including non-natural amino
acids, amino acid isosteres) and also the
template. The PEMfinder® technology pro-
vided, among others, POL3026 (15), a po-
tent CXCR4 antagonist,!'82bland POL7001

(16), a novel Pseudomonas aeruginosa
selective antibiotic, targeting LptD, a
B-barrel protein involved in transporting
lipopolysaccharide from the periplasma
to the outer membrane.l'ss POL3026
was further developed into Balixafortide
(POL6326), which is in Phase Ib clinical
trial for combination therapy in advanced
metastatic breast cancer. POL7001 was
developed into Murepavadin (POL7080),
which completed Phase II trials and rep-
resents the first member of a new class
of outer membrane targeting antibiotics
(OMPTA).'8dl A further program to gen-
erate potent and selective protease inhibi-
tors yielded POL6014,118d] a reversible in-
hibitor of human neutrophil elastase (K, =
1.4 nM), which entered clinical develop-
ment for treatment of cystic fibrosis.
Verdine and coworkers used alkyl teth-
ers to stabilize o-helices.['] Key compo-
nents to enhance helicity of peptides are
a-methylated amino acids in (R)- or (S5)-
configuration, bearing olefinic side chains
of variable length. After their incorpora-
tion into peptides at the i- and i+4 or i+7
position they are covalently linked engag-
ing olefin metathesis. The technology was
applied to generate stabilized o-helix mi-
metics of p53 (SAH-p53) peptides, which
exhibit high affinity for MDM?2.[201 The
technology is commercially exploited by
Aileron Therapeutics with ALRN-6924, a
MDM?2/MDMX antagonist for p53 cancer
therapy in clinical evaluation.[2!]
Approaches to prepare arrays of mac-
rocyclic scaffolds with reduced number of
peptidic bonds have been independently
developed by Tranzyme (MATCH™),
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the Broad Institute (DOS) and Polyphor
(MacroFinder®). The use of variable mod-
ules (building blocks) provides access to
different scaffolds. All three technologies
allow all stereoisomers of a given scaffold
to be obtained. Late stage derivatization of
lateral functional groups provides further
amplification of the structural diversity of
the products. In order to synthesize larger
numbers of final products, suitable building
blocks must be accessible in multi-gram
quantity. Usually, some of the building
blocks need to be prepared to adapt to the
needs defined by the synthetic strategy (e.g.
protective group pattern). The ring closure
is often the most critical step. Robust cycli-
zation conditions are of key importance to
avoid loss of material in this late step.

The application of Tranzyme’s ap-
proach (MATCH™)[22] allowed the discov-
ery and development of potent and selec-
tive ghrelin agonist 18 (Fig. 4).[10:22.231 The
approach was based on the general formula
171221 combining a tripeptide sequence
and a tether to accomplish a macrocyclic
structure which was intended to constrain
the pharmacophore motif of peptidergigc
GPCR ligands. Starting from ghrelin ago-
nist 18 hit to lead optimization led to 19
(TZP-101, Ulimorelin), which was evalu-
ated in Phase III clinical trials for the
treatment of post-operative ileus and acute
gastroparesis. The clinical evaluation was
discontinued after failing to meet efficacy
endpoints.[24]

Scientists at the Broad Institute devel-
oped a diversity-oriented approach to ac-
cess macrocyclic compounds with natural
product-like complexity. Libraries were as-
sembled using a build/couple/pair (B/C/P)
strategy. Suitable building blocks are syn-
thesized (‘build’ phase) and combined to
give the linear precursor (‘couple’ step),
which were cyclized (‘pair’ phase).l?1 The
modular synthesis approach allows to gen-
erate libraries of macrocyclic compounds
as well as to perform efficient medicinal
chemistry follow-up programs to optimize
initial hit compounds. This was illustrated
by the identification of the 12-membered
macrocyclic hedgehog pathway inhibitor
robotnikinin (20; Scheme 4)[20 and its op-
timization,[2”? which comprised the synthe-
sis of analogs with alternative aminoalco-
hol linkers, methylation of the macrocycle
N-atom, inversion of the configuration
in position 2, attachment of substituents
to various positions as well as variation
of lateral substituents in given positions.
The effort provided inhibitor 21 with oxy-
gen and nitrogen atoms in reverse positions
in the macrocycle and the phenyl substi-
tuent in position 2 replaced by a 4-chloro-
phenyl group.2”] In contrast to robotniki-
nin, which binds to the Sonic Hedgehog
(Shh) protein, 21 is a Smoothened anta-
gonist.[27]
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Fig. 3. PEMfinder® compounds: POL3026 is a potent CXCR4 antagonist!'®2® and POL7001,

a P. aeruginosa selective antibiotic./8d

Fig. 4. Ghrelin ago-
i nists (18, 19) were
AA2 | ; identified and de-
R;_«O , u H 0z H veloped applying
Qs a3 N \FO M’ﬁ/\( \%0 Tranzyme’s MATCH™
AA1 R‘»?; 48:0 NH ¢} NH o [1b,23]
NH = NH technology.
o o ~ o
17 18 19 (TZP-101, Ulimorelin)
(ECso = 68 nM) [0 (ECsp = 27 nM; F = 16% (rat))
(ECso = 134 nM) 23] (ECso = 29 nM)

The application of the DOS platform
to the identification and improvement of
novel macrocyclic antimalarial agents was
reported more recently by the Schreiber
group.[28] Development of an SAR around
the original lead ML238 (22; Fig. 5)[28al led
to the close analog 23 which was reported
to show good potency, improved solubil-
ity, lowered hERG binding and reduced
plasma protein binding, but still only lim-
ited microsomal stability. The activity of
23 was investigated in vivo.128b]

The MacroFinder® platform (Fig. 6)
was developed independently at Polyphor
Ltd. The approach is based on non-pep-
tidic macrocycles in a molecular weight
range of 400 to 800 Da; 12- to 30-mem-
bered macrocyclic rings are represented.
Conformation-inducing elements like
proline, ortho-, meta-, or para-substituted
aromatic building blocks or biaryl building
blocks are integrated into a macrocyclic
backbone. Currently, the MacroFinder®

library comprises ca. 20’000 unique,
HPLC-purified individual compounds,
which were obtained by modular assem-
bly of chiral and achiral building blocks
in high throughput using mixed solution
phase/solid phase synthesis process engag-
ing parallel synthesis robots or applying a
split-pool approach. Ring-closure reactions
were achieved most often by lactam forma-
tion or metathesis. The stereoisomers of a
given scaffold of the MacroFinder® library
are often represented and always acces-
sible. Each scaffold is represented at least
in a set of 10-20 compounds, intending to
generate hit families rather than singleton
hits. A constant set of substituents is rep-
resented in all scaffolds. The robust syn-
thetic methodologies behind allow rapid
hit amplification and facilitate medicinal
chemistry programs. Screening of a sub-
set of the initial MacroFinder® library and
hit follow-up allowed the identification of
24 (Fig. 6) a potent motilin receptor an-
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Scheme 4. Hedgehog pathway inhibitors identified by Schreiber and colleagues at the Broad
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Fig. 5. Antimalarial compounds discovered and improved applying the DOS platform of the Broad

Institute.?®

tagonist after only two fast optimization
rounds.

While the DOS library and the
MacroFinder® library were developed to
access general, structurally diverse arrays
of macrocyclic compounds, Myers and
colleagues most recently presented a plat-
form for target-oriented modular assembly
of macrolide antibiotics.?%]

InMyers’ approach, 29I macrolide scaf-
folds are obtained by assembling building
blocks (e.g. 25-32; Scheme 5) in a conver-
gent 17-step synthesis.39 Variation of the

modules allows access to alternative scaf-
folds; diversification at late stage by con-
version of suitable functional groups intro-
duced in the course of the synthesis allows
increasing the number of derivatives ob-
tained per scaffold. The azido group pres-
ent in the macrolide intermediates 34 and
36 for example, was further derivatized by
copper-mediated azide alkyne cycloaddi-
tion; the Alloc-protected amine present in
36 was converted into amides after deprot-
ection. The thermolysis conditions applied
in the key cyclization step (e.g. conver-

sion of the hydroxyl-dioxolenone 33 into
34) were reported to be quite general and
applicable to variable scaffolds. The syn-
thesis platform allows the preparation of
compounds that could not be obtained by
semisynthesis (chemical modification of
erythromycin, which is obtained by fer-
mentation).

2.3 Multicomponent Reactions as
Ring-closing Step

As an alternative approach for the ef-
ficient synthesis of sets of macrocyclic
compounds, multicomponent reactions
were employed in the ring-closing step.
Recent illustrations comprise the Ugi re-
action starting from an isocyano carbox-
ylate, an aldehyde and an amine reported
by Domling3! or Yudin’s reaction(3?! en-
gaging amphiphilic aziridin aldehydes in
an isocyanate-based multicomponent reac-
tion. Wessjohann and Rivera engaged elec-
tron-poor phenols as acid component in a
cyclative Ugi/Smiles reaction.33 The syn-
thesis of oxadiazole-containing analogs of
cyclic peptides was described by Yudin.[34

Multicomponent reactions (MCRs)
might also be used to assemble linear cy-
clization precursors as exemplified for the
Petasis reaction®>! (combining an aniline,
glyoxylic acid and a phenylboronic acid
building block) in the context of the syn-
thesis of factor VIla inhibitors (see below,
section 3.1.1, Fig. 7). Isocyanide-based
MCR found application to generate com-
plex linear precursors, which were then
cyclized in a subsequent step engaging,
among other transformations, amide cou-
pling,B3¢! ring-closing metathesisB3”1 or Cu-
mediated alkyne/azide cycloaddition.[38

Cyclic products can be obtained by
direct use of the Ugi-MCR starting with
bifunctional building blocks. In their pio-
neering work, Failli er al. described in
1979 the head-to-tail cyclization of a lin-
ear hexapeptide 37 by reaction with isobu-
tyraldehyde and cyclohexyl isocyanide to
the cyclopeptide 38, which was obtained
as a separable mixture of diastereomers
(Scheme 6).1391 Poor control of the con-
figurational outcome of the Ugi reactions
is well documented.*0] Smaller rings are
difficult to access by this method; the cor-
responding reaction starting from trigly-
cine 39 exclusively gave the cyclodimer
40. Yudin related the difficulty in head-to-
tail cyclization of small peptides in an Ugi
reaction to the slow transannular attack in
the intramolecular acylation step (Mumm
rearrangement of the initially formed ad-
duct).[32!

The utilization of the Ugi reaction to
cyclize via side chain functional groups of
linear peptides (side-chain to side-chain
and side-chain to termini cyclization) has
been only recently investigated by Vasco
et al.*11 As compared with the head-to-tail
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cyclization, better results were obtained
using the flexible Glu and Lys side chains
as acid and amine component. Yields of ca.
60% were reported for most transforma-
tions (e.g. 41 and 42; Scheme 7); head to
Glu-side-chain cyclization (43) was found
to produce lower yields and incomplete
conversion.

The carboxylic acid component can be
replaced by an electron-poor phenol. In a
recent example Morejon et al. reported the
synthesis of N-aryl bridged cyclic peptides
45 by the Ugi-Smiles MCR starting from
peptide 44 with C-terminal 3-nitrotyrosine
residue, n-dodecyl isocyanide and formal-
dehyde or isobutyraldehyde (Scheme 8).1331
The transformation can be performed in
solution and on resin. Although the prod-
ucts contain an ortho-nitro substituted
tertiary aniline moiety, no atropisomerism
was observed. The reaction with isobu-
tyraldehyde afforded two diastereomers.
Remarkably small rings like the 13-mem-
bered para-cyclophan 46 are accessible by
this method.

In the preceding examples, the ring
closure goes along with the incorpora-
tion of an additional variable exocyclic
moiety. If an o-isocyano-m-carboxylate
is used as bifunctional building block,
the variable structural motifs provided by
the aldehyde and the amine component
both end up as independent side chains
directly attached to the macrocyclic scaf-
fold. This is illustrated by the conversion
of isocyano dodecylcarboxylate (47) with
isobutyraldehyde and benzyl amine, pro-
viding 16-membered macrocycle 48, as
described by Domling and coworkers.B!
Comparable results were reported for
o-isocyano-m-carboxylates with addition-
al amide (not shown) or urea (49) groups
(Scheme 9).

Yudin and coworkers324042] reported
macrocyclization of linear peptides with
an N-terminal proline residue (52) by
treatment with tert.-butyl isocyanide and
the amphoteric aziridine aldehyde 5143
in trifluoroethanol (Scheme 10). Yudin’s
reaction deviates from the conventional
Ugi reaction with a mono-functionalized
aldehyde in the intramolecular rearrange-
ment; the transannular attack of an ami-
no group is replaced by the attack of the
‘extra(macro)cyclic’  aziridine-N-atom.
Three additional atoms are introduced in
the peptide backbone leading to products
53 with an aziridine moiety and an exo-
cyclic amide group (11 examples; yields
73-88%).1321 Unlike a conventional Ugi
reaction, the aziridine aldehyde mediated
transformation provided peptidomimetic
macrocycles with excellent diastereose-
lectivity. The reaction proceeds with high
stereoselectivity; the (S)-configured alde-
hyde 51 undergoes macrocyclization with
peptides with an N-terminal L-amino acid.
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The method also allows access to medium
sized rings and smaller macrocycles in
good yield as documented with examples
of 9 or 12-membered rings.32 The aziri-
dine ring present in the products 53 can be
opened by treatment with nucleophiles al-
lowing the incorporation of further diver-
sity.[3240441 Competing reaction pathways
have been described. Depending on the
configuration of the aziridine aldehyde and
the linear peptidel3244b] and on the length
of the latterl4244b] predominant formation
of linear products has been reported occa-
sionally. The substrate dependent reactiv-
ity allowed Yudin and coworkers to derive
a plausible reaction path.[42]

The reaction of pentapeptide 54 with
propionaldehyde and (N-isocyanimino)-
triphenyl-phosphorane, which allows to
assemble macrocyclic oxadiazole-con-
taining peptide analogs (Scheme 11), was
also developed by Yudin and coworkers.[34]
The diastereomeric products 55 and 56
were obtained in 68% yield. These authors
described 27 structurally diverse examples
(variation of peptide substrate and alde-
hyde; yields ranging from 13% to 68%,
ring size 15, 18, 21, 24); most often two
diastereomeric products were obtained.[34
Substrates with sarcosine in the position
adjacent to the N-terminal proline provid-
ed the macrocycle as a single diastereomer.
(In the aziridine aldehyde mediated cycli-
zations, the reaction failed with N-methyl
amino acids in the second position).

3. Macrocyclization as Approach to
Improve Compound Properties

Pre-organization of a molecule in the
active conformation is the basis of an en-
tropic advantage leading to improved bind-
ing. This intuitive concept is applied in
nature by converting peptidic strands into
cyclic structures by formation of disulfide
bridges. Early synthetic applications com-
prise the preparation of macrocyclic mim-
ics of terminal loops or helices of peptidic
GPCR ligands.['kl Recently, macrocycliza-
tion has been frequently applied in me-
dicinal chemistry programs as a strategy
to improve the properties of compounds.
Design of macrocyclic inhibitors on the
basis of structural information obtained
from X-ray crystal structures of protein—
ligand complexes was successful in pro-
viding compounds with improved potency
and selectivity, as compared to acyclic
controls. Often macrocyclization also went
along with an improvement of the pharma-
cokinetic properties. In 2016, this was ex-
emplified by numerous case studies, e.g.
by enzyme inhibitors targeting factor VIla
serine protease, or Mer receptor tyrosione
kinase. Potent and selective macrocyclic
inhibitors of MTH1 nudix phosphohydro-
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lase allowed elucidation of the role of this
target in carcinogenesis. Further examples
comprise compounds acting on protein—
protein interactions (PPIs), e.g. macrocy-
clic IL-17A antagonists.

3.1 Examples from Medicinal
Chemistry Programs

3.1.1 Inhibitors of Coagulation Factor
Vila

The coagulation factor VIla (FVIla)
is a serine protease. Upon vessel injury,
association with the tissue factor (TF, a
membrane-bound glycoprotein) results in
formation of a catalytically competent TF/
FVIIa complex.!]

Small molecule inhibitors of FVIIa of-
ten contain a benzamidine group, which
was replaced by a l-amino isoquinoline
moiety in the pyrrolidin phenylglycin am-
ide lead 57 (Fig. 7) described by Priestley et
al. from Bristol-Myers Squibb.l'l] A crys-
tal structure of 57 in complex with FVIla
revealed the proximity of the acetanilido-
and the phenyl group and suggested to link
these substituents to get a macrocyclic in-
hibitor. The 15- to 17-membered macro-
cycles 58-61 were synthesized to evaluate
the optimal linker. Against TF/FVIla, in-
hibitor 60 was found to be the most potent
of the four compounds and to be 11-fold
more potent than the acyclic analog 62.
The activity was attributed to the (R)-60
isomer (K, = 400 nM) after separation of
the enantiomers. TF/FVIIa inhibitors (R)-
7, (R)-63 and (R)-8 (K, 1.6 to 8.0 nM),
analogs of (R)-60 with an alkyl sulfone
substituent attached to the anilide moiety,
were found to be equally potent as the lead
structure 57 (K, = 8 nM). Compared with
the 2 to 10-fold more potent benzamidine
analog (R)-64, the l-amino isoquinoline
derivatives displayed improved selectivity
against a panel of serine proteases.

Compound (R)-8, with an additional
methyl group at the meta position of the
phenyl glycine moiety, showed a 5-fold
improved potency compared to (R)-7 and
was reported to exist as a 1:1 mixture of
conformational isomers. The BMS group
proposed the presence of atropisomers due
to hindered rotation of the unsymmetrically
substituted phenylglycin aryl group.[11.12]

An 11-fold improved potency upon
incorporation of a methyl group in this
position was reported for the related mac-
rocyclic carbamates 65 and 66 (Fig. 8§,
Table 1).l'21 Compound 66 also exists as
a 1:1 mixture of atropisomers (two spe-
cies observed in the 'H-NMR spectrum;
that the two sets of signals were due to
a pair of interconverting conformers was
demonstrated using an NOE-difference ex-
perimentl!2l). On the basis of NMR experi-
ments, an activation energy of 12.4 kcal/
mol was determined for the phenyl ring
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flip; the half-life of a rotameric state of
compound 66 is ca. 30 min.[12]
Introduction of a methyl group in the
benzylic position of the linker in (R)-
configuration gave 67, which is 4-fold
more potent than 65. Introduction of this
benzylic methyl group allowed to lock the
adjacent phenyl ring into the desired atro-

pisomer (with the methyl group pointing
into the S2 pocket of FVIIa); 68 adopts a
single macrocycle conformation in solu-
tion.l2I Blocking rotation is a strategy to
overcome the conformational heterogene-
ity caused by atropisomerism.8! Compared
to 66, inhibitor 68 has a significantly im-
proved potency. The N-methylated amide
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Fig. 7. Coagulation factor TF/Vlla inhibitors: Amide-bridged macrocycles.!'"

69 is as potent as 68. Both compounds ex-
hibit, as compared to the parent compound
65, improved selectivity over a number of
serine proteases; the selectivity over tis-
sue kallikrein was found to be still limited
(Fig. 8, Table 1).1121 Zhang et al. reported
that further development of the compound
by introduction of a cyclopropylsulfonyl
group at the anilide moiety provided the
highly potent compound 70 with good se-
lectivity over the panel of serine proteases
including tissue kallikrein.[#5! Fluorination
at the 4-position of the aminoisoquinoline
ring led to 71, which exhibited improved
permeability and oral availability in dog
(Fig. 8, Table 2).1451 Pharmacokinetic stud-
ies were performed in dog, as compound
71 exhibited better metabolic stability in
dog than in rodents. Compound 71 inhib-
ited thrombus formation with EC, = 360
nM in a rabbit model of electrically in-
duced carotid arterial thrombosis (ECAT).
Because of the poor rodent metabolic sta-
bility and pharmacokinetics the compound
was not further advanced.[*3]

3.1.2 IL-17A Antagonists

The cytokine IL-17A is important in
host defense against infections and is im-
plicated in inflammatory and immune dis-
orders. Secukinumab, a monoclonal anti-
body against IL-17A has been approved by
the FDA for the treatment of psoriasis. An
oral therapy is not available; no small mol-
ecule IL-17A antagonists were advanced
into clinical trials.*6! Scientists at Pfizer
recently described macrocyclic IL-17A in-
hibitors 75 and 76 which were developed
on the basis of structural information ob-
tained by crystallization of a complex of
IL-17A and the acyclic inhibitor 72 (Fig.
9, Table 3).14¢] Inhibitors like compound
72 were first disclosed by Ensemble
Therapeutics Co.[*7]

Antagonist 72 binds to IL-17A with a
K, of 0.66 uM in surface plasmon reso-
nance (SPR) measurements and blocks
the interaction of IL-17A and its recep-
tor IL-17RA (IC,; = 1.14 uM in fluores-
cence energy transfer (FRET) assay).[46b]
The 15-residue high affinity peptide HAP
(73) was identified through phage display
screening (initially providing peptide se-
quence 74) and subsequent optimization.
HAP (73) was reported to inhibit IL-17A
signaling in a cell-based functional assay
with an IC, of 17 nM.B6a The structure
of a complex of IL-17A dimer stabilized
with anti-IL17A F  and two molecules of
peptide 73 was solved.l“¢l In absence of
anti-IL17A F_ no crystals were obtained.

Direct co-crystallization or soaking of
72 into crystals of the cytokine failed to
provide a protein-ligand complex, which
was attributed to protein rearrangement
going along with inhibitor binding.[46b]
Competitive binding experiments by SPR
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demonstrated that inhibitor 72 and HAP
(73) bind to different sites of IL-17A and
that the presence of 73 increases the on-
rates of 72, indicating that HAP (73) sta-
bilizes a conformation of the cytokine to
which ligand 72 binds readily. The deter-
mination of the structure of a complex of
72, IL-17A dimer, anti-IL-17A F, and the
high affinity peptide antagonist HAP (73)
revealed that the acyclic inhibitor 72 binds
in a central pocket at the dimer interface and
adopts a U-shaped conformation bringing
the fluorophenyl alanine side chain and the
terminal dimethyl amide in close proxim-
ity (distance 5.7 A). The relevance of the
crystal structure in solution was confirmed
with covalent reactive probes.[46b]

NMR experiments revealed that the
bound conformation is not populated in
solution.[#6b] To reduce the entropic pen-
alty of the binding, the design of macro-
cyclic inhibitors was considered by Liu
and colleagues. Inhibitors 75 and 76 (Fig.
9) exhibited improved affinity for IL-17A
and significantly improved activity in the
FRET assay.l6bl X-ray structures of IL-
17A in complex with the macrocyclic in-
hibitors demonstrated that 72, 75 and 76
bind in the same mode; the linker and the
modified terminal amide group made ad-
ditional contacts.[46b]

The IL-17A example illustrates the
importance of structural information as
basis of inhibitor design particularly well.
Significant conformational shifts of the apo
IL-17A dimer relative to the complex with
small molecule inhibitors were observed.
Slow on-rates also indicate that inhibitor
binding goes along with significant pro-
tein rearrangement. The flexible and thus
unpredictable nature of the protein made
inhibitor design a difficult task. Structural
information for ligand design is particu-
larly important where there are significant
conformational changes in the protein.

3.1.3 MTH 1 Inhibitors

MTHI1 belongs to the enzyme family
of Nudix (Nucleoside diphosphate linked
to X) phosphohydrolases. MTHI1 catalyz-
es the hydrolysis of oxidized nucleotides
such as 8-0x0-dGTP and thereby prevents
their incorporation into DNA.

Improved affinity for the target through
reduced conformational entropy loss has
been postulated(’2cl as an advantage of
macrocyclization. This intuitive view can
be illustrated for example by the cyclic
MTHI inhibitor 79, which was found by
Kettle et al. at AstraZeneca to be 1000-fold
more potent than the linear compound 77
(Fig. 10).[*8] These authors noticed the
close proximity of methoxyethyl side
chain and the N(1)-benzyl group in the
bound conformation of 77 and speculated
this conformation unlikely to be predomi-
nant in solution. Restriction of the motion
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Fig. 8. Coagulation factor TF/Vlla inhibitors: Carbamate-bridged macrocycles.['24%

Table 1. K values: [nM]. °TF/Vlla assay was performed at 25°C; *TF/Vlla assay was performed at

37 °C.r24sl
Cpd TF/FVIla FXa FXIa Thrombin Trypsin Tissue
Kallikrein
K. K. K K. K K.
65 510¢ 610 5700 >13000 3500 35
66 46° 2600 10800 >13000 4500 6
67 140° 4500 9100 4700 >6200 25
68 1.4 >13300 >14200 >11500 >10000 25
69 1.3%/20° >10000 >10000 >10000 >10000 36/21
70 0.16° 1800 2300 3800 450 270
71 0.43° 650
Table 2. Permeability, metabolic stability and oral availability; @dose: 1 mg/kg.*s!
Cpd PAMPA microsomal stability F F
t, [min]
Pc in dog* in rat
[nm/s] human dog Rat % %
(mouse)

69 13

70 50 >120 110 12 1

71 900 45 26 1.9 (3.1) 40 <5

of the flexible chains of 77 might go along
with a large entropic penalty which could
be reduced by preorganization of the mole-
cule in the bioactive conformation through
macrocyclization.

So far indeed, only limited experimen-
tal work is available, comparing thermo-
dynamic data of macrocyclic and linear
ligands.[*9591 An entropic advantage for

the binding of a macrocycle over a flexible
linear control could not be generally dem-
onstrated. The nature and the flexibility of
linker, parts of the macrocycle, not directly
interacting with the target and the ring size,
were found to influence the partitioning of
enthalpy and entropy of binding.[49¢.50]
With a reported IC, value of 0.3 nM,
78 is 1700-fold more potent than the lin-
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ear analog 77. The replacement of a linker
CH,-group with an oxygen atom (affording
79) led to 1000-fold increase in potency
while maintaining the lipophilicity (Table
4).1481 The affinity of 77, 78 and 79 for
MTHI1 was measured by surface plasmon
resonance (SPR) and the results confirmed
those of the enzymatic assay (Table 4). The
macrocyclic inhibitors 78 and 79 showed
significantly longer residence times (t,, >
1 h) than the acyclic control 77, which rap-
idly dissociated.

Macrocyclization led to improved oral
bioavailability (79: F = 64% in rat) but had
little effect on clearance, volume of distri-
bution and half-life which is quite short for
79 as well as for 77 (Table 5).148

Inhibitor 79 is selective and was found
to be inactive against 267 kinases although
the compound contains an aminopyrimi-
dine moiety. The compound was also
profiled in a panel of 153 pharmacologi-
cal targets without observation of notable
activities.

Using a whole cell thermal stabiliza-
tion assay, Kettle et al. assessed 77, 78 and
79 to their ability to penetrate cells and to
bind to MTHI1 and found a good correla-
tion between activity in the enzyme assay
and cellular target engagement.[8! The po-
tent and selective MTHI1 inhibitors 78 and
79 were further tested in panel of tumor
cell lines and found to have an effect on
viability only at top concentration tested
in case of 78 or no effect in case of 79,
indicating that MTHI1 has no essential role
for cancer-cell survival.[*8] As pointed out
by Kettle ef al., this is in contrast to obser-
vations with other small molecule MTHI1
inhibitors, which were reported to display
broad anti-proliferative activity.!8!

3.1.4 Mer Receptor Tyrosine Kinase
Inhibitors

Mer receptor tyrosine kinase (MerTK)
belongs to the TAM (Tyro3, Axl, MerTK)
kinase family. Elevated expression of
MerTK is observed in various human tu-
mor cells. It has a role in promoting anti-
inflammatory responses in the innate im-
mune system (thus suppressing the anti-
tumor immune responses). Inhibitors of
MerTK might therefore provide thera-
peutic effects against MerTK expressing
tumors.[51.521

Zang et al. described UNC2025 (80,
Fig. 11), a potent (IC50 = 0.74 nM), orally
available (F = 100%, mice) inhibitor of
MerTK, which exhibited also a compa-
rably potent activity against Fms-like ty-
rosine kinase 3 (FIt3; IC, = 0.8 nM).551
Flt3 is a cytokine receptor, expressed at the
surface of hematopoietic progenitor cells.
The FIt3 gene is frequently mutated in
acute myeloid leukemia. Inhibitor 80 was
assessed against a panel of 305 kinases
at a concentration of 100 nM (> 100-fold

Ac-lle-His-Val-Thr-lle-Pro-Ala-Asp-Leu-Trp-Asp-Trp-lle-Asn-Lys-OH

high affinity peptide (HAP) 73

lle-Val-Val-Thr-Met-Pro-Ala-Asp-Leu-Trp-Asp-Trp-lle-Lys-Ala 74

Fig. 9. Macrocyclic and peptidic IL17A antagonists.“®

Table 3. Affinity and potency data of macrocyclic IL-17A antagonists 75 and 76 in comparison
with the acyclic compound 72 and the high affinity peptide (HAP) 73.1¢!

hIL-17A Human prim.
Cpd MwW SPR binding k FRET Keratinocytes
K, [nM] M's'  IC, [nM] IC,, [uM]
72 604 660 2.610° 1140 > 10
73 1861 0.9 0.8
75 628 199 1.3:10° 34 0.54
76 612 141 3.110° 9 0.38
f Asp120
o Asp119 i
o HO‘\< i SnH HN N
H 7 o H | »=o
NSNS NZNN N SN
I N>=O' I N>=0 ?
0 N 0 N
2 (X\ O(i /O\F’/O\PiO ©
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Fig. 10. MTH1 inhibitors: Compound 77 was reported to bind at the site of the base of 8-oxo-
dGTP and to form hydrogen bonds with Asp119 and Asp120. The methoxyethyl side chain and
the N(1)-benzyl group are in close proximity with a distance of 3.5 A (X-ray crystal structure by
Kettle et al.*8). NMR experiments suggested that the side chain of 77 is very flexible in solution.
Macrocyclization by Mitsunobu arylether synthesis resulted in 78 and 79.

MerTK IC. ). For 66 kinases an inhibition
> 50% was found at this concentration.
Included in the top 10 kinases were FIt3 and
the TAM family members Axl and Tyro3.

50

An X-ray structure of the related deriv-
ative UNC569 (81) (MerTKIC, =2.9 nM)
in complex with MerTK kinase domain re-
vealed a close spatial proximity of the bu-
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Table 4. Potency of 77, 78 and 79 in enzymatic assay and affinity in SPR; selected DMPK
parameters as reported be Kettle et al.[*¥; 2in human microsomes.

Enzyme SPR SPR residence in vitro Caco2
cpd *¥  mrar ™% logD  clearance’ P, AB
IC,, affinity [min]
bl K, [UWL/min/mg] [x107° cm/s]
[nM]
77 536 440 <1 2.6 35 5.2
78 0.3 0.2 151.7 3.5 186 8.2
79 0.5 0.4 81.2 24 48 3.2

Table 5. Rat pharmacokinetics (dose: 3 pumMol/kg) of macrocycle 79 and its acyclic analog 77 as

reported by Kettle et al.[*®]

Cpd F clearance
[mL/min/kg]
77 31% 29
79 64% 26

Vi half life t ,
[L/kg] (h]

1.1 1.2

0.8 1.3

80 (UNC2025)

81 (UNC569)

Br Br
N~ N~
H > ! a) H > | :
"NTONT N N N~ N
B —
/f -
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85 86
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K,CO3, H,O P
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H ~
2. Pd-C, Hy, MeOH NTONT N
3. conc. aq. HCI, MeOH
OH
84 (UNC3133)

a) Grubb's 2" cat, 1,4-benzoquinone, toluene 110°C, 3 h; 75%

Fig. 11. Synthesis of 84 comprised ring-closing metathesis followed by Suzuki coupling, hydroge-
nation of the double bond and cleavage of the alcohol protective group.®?

tyl chain and the cyclohexyl moiety, sug-
gesting that these groups can be connected
by a linker.[52 Synthesis of 82 (MerTK IC,
= 65 nM) and solution of the crystal struc-
ture of 82 in complex with MerTK kinase

domain confirmed the hypothesis.[5201 A
variety of different linkers changing ring
size, altering conformation, conformation-
al flexibility and position of the hydrogen
bond donor group resulted in two series

of inhibitors, including 83 and UNC3133
(84). The (racemic) macrocyclic inhibitors
83 and 84 exhibit low nanomoloar potency
against MerTK and FIt3.1520] Inhibitor 84
was tested against a panel of 30 kinases ata
concentration 100-fold above MerTK IC, .
Unfortunately, the selectivity of 84 was
found to be worse than that of 80; eight
tyrosine and four serine/threonin kinases
were inhibited with >50%.5201 Selected
activity and pharmacokinetic data of 80,
83 and 84 are depicted in Table 6.

3.2 Lead Structures Derived from
Natural Products

Macrocyclic natural products may
serve as starting points inspiring the syn-
thesis of simplified analogs. The synthesis
and biological evaluation of macrocyclic
largazole and sanglifehrin analogs were
very recently published.

3.2.1 Simplified Largazole Analogs

Histone deacetylase enzymes (HDAC)
are zinc metalloenzymes which catalyze
the cleavage of an acetyl group from lysine
residues in histones and other substrates. 33
HDAC proteins are also called lysine
deacetylases (KDAC). Largazole (87; Fig.
12), a natural 16-membered macrocyclic
depsipeptide isolated from a marine cya-
nobacterium, is a potent class I selective
HDAC inhibitor.541 It is a prodrug; cleav-
age of the octanoyl group releases the lar-
gazole thiol 88 which is thought to coor-
dinate Zn*". The depsipeptide ring system
acts as surface cap recognition group.[3
Several research groups described analogs
of largazole;33b551 very recently Reddy et
al.5%] synthesized simplified analogs with
diverse Zn-binding groups; the thiazole-
thiazoline portion was replaced by a pro-
line dipeptide and the B-hydroxy acid by
aspartate which resulted in a 13-membered
ring cyclic peptide. The C-terminal aspar-
tate amide bond serves as an equivalent
of the C—C double bond. The most active
compounds identified (89 and 90) were hy-
droxamic acids.

Almaliti et al. substituted the thiazole-
thiazoline fragment of largazole with alter-
native capping groups while maintaining
the ring size and war head.!>* Biological
evaluation of the analogs 91-93 revealed
that the bipyridyl analog 92 (the best com-
pound of the series described) showed po-
tency against HDACs comparable to that
of largazole and an even elevated selectiv-
ity for class I HDACs over class Il HDACs
(Table 7).54 Analogs 91-93 were tested
for antiproliferative activity on a NCI 60
cell line panel; Almaliti ef al. found inhib-
itor 92 to be the most active compound
with a profile similar to largazole; in a
HCT116 cell growth inhibition assay 92
had a GI, of 75 nM (largazole: Gl , =
65 nM).154
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Table 6. Potency of linear (80) and macrocyclic (83, 84) inhibtors against selected kinases and in
vivo pharmacokinetic parameters (mice; dose iv and po 3 mg/kg).’5" 5!

Cpd MerTK Axl Tyro3 FIt3
IC,, IC,, IC, IC,

[nM] [nM]  [nM]  [nM]
80 0.74 14 17 0.8
83 1.8 14 25 7.5
84 3.0 17 31 6.8

Systemic A\ Half life F

dss

clearance t,
[mL/min/kg] [L/kg] [h]
9.2 2.3 3.8 100
106 6.8 1.6 16

N S o)
. 0“0 o J/ o
s \ N HO._ N
H
H 3
87 R = CO(CH;)¢CH3, Largazole 89
88R=H
0

91 R = CO(CH,)sCHs

(R ()=

92 R = CO(CH,)sCHs

93 R = CO(CH,)sCHs

Fig. 12. Largazole and simplified analogs.4%¢!

Table 7. IC,, values of largzole (87) and 92 against HDACs 1, 2 and 3 of class | and HDAC6 of

class I1.54
Cpd HDAC1 HDAC2 HDAC3 HDAC6
IC,, [nM] IC,, [nM] IC,, [nM] IC,, [nM]
Largazole (87) 61 50 1400
92 21 27 13000

3.2.2 Cyclophilin Inhibitors Based
on Structural Simplification of
Sanglifehrin A

Sanglifehrin A (94, Fig. 13) is a bac-
terial 22-membered macrolactone natural
product consisting of a tripeptide por-
tion (valine-meta-tyrosine-piperazic acid)
and an extended polyketide structure. It
exhibits immunosuppressive properties
and binds with nanomolar affinity to cy-
clophilin (Cyp) A, B and C.I57]

CypA is necessary for hepatitis C virus
(HCV) replication. CypA binds to the vi-
ral protein NS5A and is a target for HCV
treatment. Non-immunosuppressive CypA
inhibitors are of interest to treat HCV in-
fection.[572l

Selective oxidative cleavage of the
C(26)—C(27) double bond in the side chain
was reported to give the aldehyde 95 which
maintained the affinity for the cyclophil-
ins but showed no immunosuppressive
activity;7! the simplified derivative 98,
which had the side chain at C(23) removed
as well as the substituents in position 14—
17, was reported to maintain micromolar
affinity for cyclophilins.[57b-l

The analogs 96 and 97 (with substit-
uents present in positions 14-17) have
been described very recently by Steadman
et al. and were found to be significantly
more potent than 98 (Table 8).15721 X-ray
crystal structures of 96 and 98 in complex
with CypA determined by these authors

revealed that the binding mode of the tri-
peptide portion (which is responsible for
all direct hydrogen bonding interactions to
CypA) is well conserved in both structures.
The conformation of the nonpeptidic moi-
ety was found to be different. Inhibitor 96
exhibits like sanglifehrin A and unlike 98,
an intramolecular hydrogen bond between
the amide NH of Val and the oxygen atom
of the substituent at C(15). The thermody-
namic parameters for the binding of 96 and
98 were compared (Table 9); the difference
in affinity of the two compounds could be
attributed to a difference in binding ent-
halpy.571 (That the formation of an intra-
molecular hydrogen bond results in a favor-
able enthalpic contribution to AG of binding
was also observed by DeLorbe er al.[5%)

Steadman et al. also reported the syn-
thesis and biological evaluation of analog
99 with a replacement of the diene group
by a meta-substituted styryl group resulting
in a further rigidified non-peptidic portion.
1572l Compound 99 was reported to bind in a
new mode with the side chain of m-Tyr no
longer making a hydrogen-bonding contact
to His(126) and the styrene moiety under-
going a mt-stacking interaction with the gua-
nidinum side chain of Arg(55). The activity
found for compound 101 confirmed that the
m-Tyr side chain is dispensable in the pres-
ence of the styryl linker.[572l

4. Permeability and Oral
Bioavailability of Macrocyclic
Compounds

Macrocyclic structure is a feature that
is thought to confer permeability and oral
bioavailability. This view is supported by
the observation that macrocycles are en-
riched among orally available beyond rule
of five compounds.!58 Increased diffusion
rates in solution (CDClS, D20/DMSO—d6
9:1 and DMSO-d,) have been reported
by Bogdan et al., comparing macrocyclic
compounds and linear controls engaging
NMR spectroscopy.’! All investigated
macrocyclic compounds were found to
exhibit in all solvents modestly higher dif-
fusion rates (+5% in CDCI,) than the lin-
ear controls.l?! The lipophilicity of the se-
lected compound pairs was reported to be
druglike (logD 0.5-2.5); examples of the
cyclic structures 102a—105a and the cor-
responding linear compounds 102b-105b
are depicted in Fig. 14.

As compared to the corresponding N-
and C-terminal capped linear peptide 107
(Fig. 15), Rezai et al. observed for the mac-
rocyclic peptide 106 increased diffusion
across a phospholipid impregnated mem-
brane.[% In a parallel artificial membrane
permeability assay (PAMPA) apparent dif-
fusion coefficients (P,) were determined;
106 (log P, = —6.2) was found to be at least
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100-fold more permeable than 107 (log P,
< -8.1); for cyclosporine A (CsA) a log
P_ value of —6.6 was reported as a com-
parison.[01 In CDCI, (dielectric constant
4.8;161 solvent used to mimic the center of
a lipid bilayer (dielectric constant 4.0[60.62])
cyclic peptide 106 was found to adopt a
conformation with two transannular hy-
drogen bonds between Leu(3) and Tyr(6).
A H/D exchange experiment showed that
only the amide NH of p-Leu(2) was ex-
changed within 19 h, indicating that only
this NH of 106 is solvent exposed. The
example thus illustrates the important
role of intramolecular hydrogen bonds in
improving membrane permeability. For
classical small molecules!®! as well as for
medium-sized ring-containing compounds
at the border of rule of fivel®¥ intramolecu-
lar hydrogen bonds were also reported to
improve membrane permeability.

4.1 Cyclic Peptides

Sets of cyclic peptides are compara-
tively easy to prepare by modular chemical
synthesis. Large libraries of cyclic peptides
can also be obtained by DNA-encoded syn-
thesis or display technologies. Their role as
important natural products, as well as the
exceptional properties of cyclosporine A
(a cyclic undecapeptide) motivated several
research groups to investigate in more de-
tail factors that influence cellular perme-
ability and oral availability of cyclic pep-
tides. A profound understanding of these
factors might allow an improved design of
libraries of cyclic peptides and beyond of
other macrocyclic structures.

Structural motifs that influence the cel-
lular permeability (and oral availability) of
macrocyclic peptides have been investigat-
ed systematically.[65-78] Removal of hydro-
gen bond donors by internalization (forma-
tion of intramolecular hydrogen bonds) or
by N-methylation, shielding of polar con-
tacts by side chains of B-branched amino
acids or orientation of free NH groups
into the center of bowl-shaped structures
(steric occlusion; no desolvation required)
and increased lipophilicity (more lipophil-
ic, larger side chains) may result in better
permeability. N-Methylation not only re-
moves hydrogen bond donors but has also
an influence on the conformational flex-
ibility of a given scaffold as it reduces the
energy difference between cis and trans
peptide bonds. Kessler and coworkers
found that 23 out of 30 mono-, di-, tri- and
tetramethylated cyclic pentalanine pep-
tides c-[D-Ala-(Ala),] exhibit in DMSO-d,
solution the presence of more than one
conformer.[”21 Other structural motifs pres-
ent in permeable cyclic peptides comprise
heterocycles (e.g. thiazole and oxazole
rings in natural products,!’®! oxadiazoles
in synthetic peptide analogs,34-801 y-amino
acids, (e.g B-hydroxy-y-amino acids and

96
97

98

HO
N = R2
o) R R4
NH o o uN—{ R’
o]
N
H
HO

RZ RS R* RS
OMe Me OMe Me
H H OMe Me

H H H H

HO,
94 R'=
95 R'=
R‘I
O,
No
R R4
99 H OMe
100 Me OMe
101 Me OMe

O HN

N o
N\
re H

RS
Me
Me

Me

R4

RS

R6
CHQC6H4-m-OH
CH206H4-m-OH

Me

Fig. 13. Sanglifehrin A (94) and truncated analogs.®”

Table 8. Biochemical and cellular potency of cyclophilin A inhibitors 96-101; CspA = cyclosporine
A; data taken from Steadman et al.5’d

Cpd TR-FRET
CypA binding
K, [nM]

96 25

97 65

98 2600

99 64

100 11

101 24
CspA 17

functional assay

K. [nM]

PPIlase

16
65

795
14

HCYV genotype 1b
replicon
EC,, [nM]
600
240
4500
320
36
87

Table 9. Thermodynamic data of inhibitors 96 — 98 binding to cyclophilin A.7a

o,B-unsaturated (vinylogous) amino ac-
idsi811) and depsipeptide linkage.[9]

To identify cell-permeable cyclic hexa-
peptide scaffolds, Hewitt ef al. synthesized

Cpd

96
97
98

AG
[kcal/mol]
-10.3
-9.5
-8.2

AH

[kcal/mol]

-9.97
-8.6
7.0

TAS
[kcal/mol]
0.32
0.93
1.2

an 1152-member split pool library (Fig.

16).1651 The predominantly very lipophilic

compounds were prepared and screened
in 12 sublibraries of 96 stereoisomers and
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N-methyl analogs. The generic sequence
was c-[Pro-(Xxx),-Tyr] with L-Pro and p-
Pro in position 1, L-Leu, b-Leu, Me-L-Leu
and Me-D-Leu in position 2-5 and L-Tyr
in position 6. Sar and Gly were included
in addition in positions 2 and 4 to obtain
compounds with reduced lipophilicity.
The 12 sublibraries were evaluated for
passive permeability in a parallel artificial
membrane permeability assay (PAMPA);
compound flux over the artificial mem-
brane was measured by LC-MS analysis.
Hewitt et al. observed that sublibraries
with comparably high representation of
N-methylated compounds or ‘all-Leu’
peptides were enriched with permeable
compounds. Sublibraries with Gly or Sar
residues were reported to be on average
less permeable. Exceptions to the trends
were reported like poorly permeable com-
pounds with four N-methyl groups as well
as non-N-methylated compounds with
high permeability.[65] That there is no strict
correlation of N-methylation degree and
permeability is in line with earlier findings
of Kessler (see below).[66.67]

Deconvolution  strategies  allowed
Hewitt et al. to identify among other com-
pounds the diastereomers 109 and 111
(Fig. 17) as well as 112 and 113 (Fig.
18).1651 Both pairs of stereoisomers dem-
onstrated the importance of the configura-
tion in determining the conformation and
thus the permeability. Compounds 112 and
113 differ in the configuration in position
3 which can be inverted without change in
the backbone conformation or compromis-
ing permeability. Isomer 114, which dif-
fers from 112 in the configuration in posi-
tion 3, 4 and 5 is one of the least perme-
able compounds of the series. In variable
temperature '"H-NMR experiments, the NH
groups of 112 and 113 exhibit (unlike in
114) small temperature shift coefficients,
which is consistent with the presence of
intramolecular hydrogen-bonds and the
relatively high cell permeability of these
two isomers. The molecules adopt a bowl-
shaped conformation with the remaining
NH pointing towards the center of the
bowl.163]

Diversifying the amino acid side chains
by replacement of a single Leu residue in
position 3, 4 or 5 of the permeable scaffold
113 with more polar amino acids were re-
ported.[%] Basic residues (Orn), hydrogen-
bond donors (Thr) or acceptors (4-Pal) led
to poor permeability. The permeability was
retained or improved if the lipophilicity
was retained (substitution of Leu with Val,
Phe, 2-Nal, Cha).

Kessler and coworkers(®® studied
the influence of N-methylation on per-
meability; these authors synthesized
and investigated 54 (out of 62 possible)
N-methylated (1-5 methyl groups) cyclic
hexa-alanine c-[D-Ala-(Ala),] derivatives

102b linear

Fig. 14. Polyfunctional
macrocyclic com-
pounds 102a-105a
were prepared en-
gaging Cu-mediated
alkyne/azide cyclo-
addition in the ring-
closing step. The
macrocycles and their
acyclic equivalents

103a cyclic 104a cyclic
103b linear 104b linear 102b-105b cover the
o} MW range 300-730
o V,PQFNN and ring size 12,
ij\ N’ 18, 21 and 29. The
O’®/\N \ acyclic compounds,
! k(o o) which are identical
——\—( with regard to MW

HN NH
105a cyclic < > O\/l%o

105b linear

and functional groups
represented were de-
signed by cleavage of
C-C bonds.®

c[DLeu-DLeu-Leu-DLeu-Pro-Tyr] (106)

PAMPA: logP, = -6.2

OH

Ac-DLeu-DLeu-Leu-DLeu-Pro-Tyr-OAllyl (107)

PAMPA: logP, < -8.1

Fig. 15. In a parallel artificial membrane permeability assay (PAMPA) cyclic peptide 106 was found
to be at least 100-fold more permeable than the linear peptide 107.6%

Fig. 16. 1152-mem-
ber cyclopeptide split
pool library of stereo-
isomers and N-methyl
variants described by
Hewitt et al.; synthe-
sis started with L-Tyr;
residues in position

2 and 1 are unique in
each sublibrary.!

Fig. 17. The well
permeable diaste-
reomers 109 and 111
differ only in the con-
figuration at position
4. The most and the
least permeable dia-
stereomers 108/109
and 110/111 differ in
the configuration at a
single center in posi-
tion 5.9

L-Pro
D-Pro

c-[Pro-(Xxx)4-Tyr] C-[DPro-(Xxx)4-Tyr]

2 3 4 5 6
L-Leu L-Leu
D-Leu L-Leu D-Leu L-Leu
L-MeLeu D-Leu L-MelLeu D-Leu

L-Tyr

D-MeLeu L-MeLeu D-Meleu L-MelLeu
Gly D-MeLeu Gly D-MeLeu
Sar Sar

synthesis direction

n
B

configuration  cgco2
_~_OH in position =)
app
“ 4 5 [x 10 cm/s]
0 108 L L 0.38
N '
L 109 L D 23.3
~N
N | SN 10 D L 24
PN
11 D D 16.4

Y
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and evaluated their (intestinal) permeabil-
ity. They found that most of the library
members have poor permeability (Caco2
P b < 1 X 107° cm/s); ten compounds ex-
hibited good permeability (Caco2 Papp >
10 x 107 cm/s). No correlation was found
between the number of N-methyl groups
and the permeability.[06671 The group of
well permeable compounds comprised 4
bis-, 1 tris- and 5 tetra-N-methylated cy-
clic hexa-alanine derivatives, including
compounds 115, 116 and 117 (Fig. 19).
None of these peptides showed PAMPA
permeability, which excludes passive
transcellular pathway as consequence
of increased lipophilicity as an explana-
tion. The position of the N-methyl groups
defines the conformation and thus the
permeability.[%8] Peptides 115 and 116
showed similar P values in apical to
basolateral and in basolateral to apical
transport direction in the Caco?2 assay.[®0]
Asymmetry would be a characteristic of
carrier-mediated transport. On the ba-
sis of investigation of the compounds in
several permeability models, Kessler and
coworkers suggested facilitated diffusion
(spontaneous passive transport of mole-
cules across a cell membrane via specific
carrier transmembrane proteins) as pos-
sible transport route. (6]

That chiral transport systems are in-
volved in the case of these polar peptides
was confirmed by comparing the perme-
ability values of 115, 116 and 117 with the
values of their optical antipodes ent-115,
ent-116 and ent-117.11 The pairs of en-
antiomers showed identical lipophilicities
(logD, ), and PAMPA permeability (log-
P) values but 4-9-fold differences in the
Caco?2 Papp values (Table 10). This result
was interpreted as a proof for participa-
tion of an active transport pathway.[%! The
previously described passively permeable
peptide 1191701 (Scheme 12) and its enan-
tiomer ent-119 however exhibit compa-
rable Caco?2 permeability.[%]

Cyclopeptide 119 was orally adminis-
tered to rat (10 mg/kg) and exhibited 28%
oral bioavailability.[’0 Slow H/D exchange
in CDCI, solution confirmed the presence
of two intramolecular hydrogen bonds in
119. The trimethyl adduct 119 was ob-
tained as a specific N-methylation product
by reaction of immobilized peptide 118
with > 95% selectivity.l70.71]

In line with findings reported for the
cyclic penta-alanines,[72] also for the cyclic
hexa-alanines significant conformational
changes were reported, depending on the
position of the N-methylation. Peptides
115, 116 and 117 adopt a single conforma-
tion in solution. Peptide 116 possesses all-
trans peptide bonds and to type II B-turns;
115 and 117, however, have one cis peptide
bond and Type VI B-turn geometry along
Ala(4)-Ala(5).[08!

HO

112 position 3: D-Leu
113 position 3: L-Leu

112 DPro-DLeu-DLeu-LLeu-DLeu-LTyr; Caco2 Papp =7.910% cm/s
113 DPro-DLeu-LLeu-LLeu-DLeu-LTyr; Caco2 Py, = 3.6-106 cm/s
114 DPro-DLeu-LLeu-DLeu-LLeu-LTyr; Caco2 Py, = 0.14-10% cm/s

114

Fig. 18. 112 and 113 with two transannular and two extra-annular hydrogen bonds; 114 has two

solvent-exposed amide NH-groups.

3 2
0]
2 ,\/IR 1 0 !
5 N 4 N 3
H (6] H e}
R/N ] O S\ ]
o) : oy .©
(R)_f / B N s H o NH
wTNN N (S N
1 ) 6 NEO)
|
o 0 > 5 4
6
115: R=H 116
117: R=CHj3
Cpd/ 1 2 4 5 6
position
115 D-MeAla Ala Ala Ala MeAla Ala
ent-115 MeAla D-Ala D-Ala D-Ala D-MeAla D-Ala
116 D-MeAla Ala Ala Ala Ala MeAla
ent-116 MeAla D-Ala D-Ala D-Ala D-Ala D-MeAla
117 D-MeAla MeAla Ala MeAla MeAla Ala
ent-117 MeAla D-MeAla D-Ala D-MeAla D-MeAla D-Ala

Fig. 19. Sequence of Caco2-permeable N-methylated cyclic hexa-alanines c-[p-Ala-(Ala),] and

their enantiomers. 6669

In summary, passive membrane per-
meability of cyclic peptides seems to de-
pend on polarity of the side chains and
more important on the conformation of
the backbone. Rigid conformations with
internalized or shielded hydrogen bond
donors confer passive permeability. The
configuration of the amino acids as well
as the position of secondary and tertiary

amide groups are key factors determin-
ing the conformation adopted by a cy-
clic peptide. Chiral transport systems are
involved in the uptake of the more polar
(N-methylated) cyclic hexa-alanines.
Their cellular permeability is controlled
by the position of N-methyl groups rather
than their number (and thus the lipophil-
icity increase).
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Kessler and coworkers studied the
impact of multiple N-methylation on the
properties of model peptides with known
biological activity, demonstrating that
this approach may allow to improve oral
bioavailability while retaining potency.[”3]
Also this work not unexpectedly demon-
strated that consequences of the substitu-
tion of the peptide NH by methyl group
strongly depend on the position of the
amide group within the cyclic peptide or
in other words on the impact of the sub-
stitution on the conformation of the cyclic
peptide.

The Veber-Hirschmann peptide c-[Pro-
Phe-D-Trp-Lys-Thr-Phe] (120; Fig. 20)
is a somatostatin receptor agonist with
selectivity for receptor subtypes sst2 and
sst5. Systematic replacement of the amino
acid residues of 120 with one or more cor-
responding N-o-methyl amino acids re-
sulted in 30 analogs. Out of these, seven
compounds retained affinity toward the
receptor subtypes in a range of ca. 3-70
nM, underlining the importance of the
N-methyl position.[73¢! After oral adminis-
tration to rats only the parent compound
120 and the analog 121 showed uptake into
the blood; for 121 an oral bioavailability
of 10% was determined.[73¢I The sequence
of N-alkylated and non-N-alkylated amino
acids of 121 corresponds to that of the per-
meable hexa-alanine template 117.[68]

Two out of seven active compounds,
cyclopeptides 121 (Fig. 20) and 122 (c-
[Pro-Phe-D-Trp-MeLys-Thr-MePhe]),
showed increased Caco2 permeability
compared with 120. Peptide 121 showed
comparable permeability in AB and BA di-
rection; Kessler and colleagues concluded
that no active transport is involved. In rat
serum, 120, 121 and 122 were reported
to be stable. While 121 was found to be
stable to intestinal enzymes, parent com-
pound 120 was degraded. A comparison
of the Caco2 permeability of 121 and its
enantiomer ent-121 revealed a 5-fold dif-
ference in AB direction (1.53 x 107 cm/s
for 121 and 0.31 x 107° cm/s for ent-121),
going along with an increased export ratio
of 3.7 for ent-121 as compared with 1.0 for
121 (Table 11).169]

Hewitt et al. failed to maintain per-
meability when replacing a Leu by ami-
no acids with more polar side chains in
the cyclic hexapeptide 113 (Fig. 18).[63]
N-Methylated versions of the Verber-
Hirschman peptide however exhibit Caco2
permeability although the compounds con-
tain Lys and Thr.

The results suggest that simple
N-methylation to confer bioavailability to a
biologically active cyclopeptide might not
always be productive. N-Methylation might
diminish activity by blocking interactions
with the target protein or by forcing the
cyclopeptide to adopt an inactive structure.

118

(6]
0 1. LiO'Bu, THF © [ 7/
© K T 2 chyDMsSO PN
S f\\l o . 30 \ (R) ot

3. Release

c-[DPro-Tyr-Leu-DLeu-Leu-Leu] c-[DPro-MeTyr-Leu-DMeLeu-MeLeu-Leu]

119

Scheme 12. Passively permeable cyclic peptide 119.7%

Table 10. PAMPA P,

Cpd

115
115
ent-115
116
116
ent-116
117
117
ent-117

119
ent-119

in cm/s, determined at pH 7.4; Caco2 Papp in 10°cm/s.

logD, , PAMPA Caco2 Caco2 Reference
logP,
P, AB efflux ratio
ca. 20 [66,68]
-1.0 -8.2 0.2 0.8 [69]
-1.1 -8.3 1.75 3.1 [69]
ca. 20 [66,68]
<-15 -8.3 0.15 1.0 [69]
<-1.5 -8.2 1.34 2.6 [69]
ca. 20 [66,68]
0.8 7.0 0.56 1.9 [69]
0.7 7.1 2.15 1.5 [69]
>3 —4.4 16 1.5 [69]
>3 —4.3 13 1.3 [69]

O’*
Sty s

% by % ,,,, 0
AN

NH,
120 121 c-[Pro-Phe-MeDTrp-MeLys-Thr-MePhe]

117 c-[MeAla-Ala-MeDAla-MeAla-Ala-MeAla]

Fig. 20. Veber-Hirschmann peptide 120 and the N-methylated analog 121; the numbering corre-
sponds to the somatostatin position.”
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Table 11. Affinity and permeability of the Veber-Hirschmann peptide 120 and the N-methylated
analogs 121 and 122.1%%; aValue reported by Marelli et al.l®

Cpd hsst2 hsst5 log D" Caco2 P F

pK, pK, x 10 cm/s
120 8.01 7.82 <1
121 7.21 7.22 2.0 4.0 (1.53)* 9.9%
122 7.96 7.39 1.8

OH OH
o 0
e o d 7

1\ L\(

ZT

123

1 TN

i
”?”fi

c-[Leu-MeDLeu-MelLeu-Leu-DPro-MeTyr]

119

c-[Leu-DPro-MelLeu-Leu-DPro-MeTyr]
124

Fig. 21. 3D structure of three orally available cyclic hexapeptides 119, 123 and 124 was investi-

gated by Nielsen et al.l""

Table 12. Passive permeability and oral bioavailability of 119, 123 and 124; rat liver microsomal

clearance CL, ;

oral bioavailability F: rat, dose 10 mg/kg.l"? CSA: cyclosporine A. White et al.["%

reported F ca. 28% (10 mg/kg, rats), Lewis et al.™®! found F ca. 30% (10 uM/kg, mice).

Cpd rotatable MW
bonds
[g/mol]
CsA
123 12 785
119 10 755
124 8 725

Nielsen et al. compared the three di-
mensional structure of three orally bioavail-
able cyclic hexapeptides 119, 123 and 124
(Fig. 21) with identical configuration and
sequence of secondary and tertiary amide
bonds.l”!l NMR experiments revealed that

PAMPAP_ CL, F
[10°cm/s] [uUL/min/mg]
21%
<0.1 19.1 18%
1.0 14.0 16%"
6.8 7.3 30%

the structure of all three peptides in CDCl,
solution consists of an antiparallel - sheet
connected by two (type 1) B-turns at the
ends. The structures determined for 119
and 124 in DMSO-d, solution correspond
to those determined in CDCI,. Peptide 123

in contrast was found to adopt in DMSO-d
a ring-shaped structure with no transannu-
lar hydrogen bonds. Slow H-D exchange
(t,, > 700 min) was observed in CDCI,
for the Leu(l) and Leu(4) amide pro-
tons of 119, 123 and 124, indicating that
both amide NHs are hydrogen bonded. In
DMSO-d6, slow H-D exchange was ob-
served for 119 and 124; in line with the
determined structure rapid H-D exchange
(t,,, < 60 min) was reported for the amide
protons of peptide 123.

The passive membrane permeabilities
were determined in a PAMPA assay with
the most rigid peptide 124 exhibiting the
largest value; 124 showed also the best mi-
crosomal stability of the three compounds
(Table 12).

Oral absorption of these cyclic pep-
tides was studied in rats and compared
with cyclosporine A (CsA). Plasma con-
centration curves showed more rapid ab-
sorption of 119 and 124 and slower uptake
of 123 and CsA. Although in vitro passive
permeabilities and metabolic stabilities
of peptides 123 and 119 did not predict
good pharmacokinetic profiles, both com-
pounds showed oral availability. Nielsen
et al. speculated that the less flexible pep-
tides 119 and 124 might be transported by
a shuttle.[’1 Marelli et al.[®] reported for
119 and the enantiomer of 119 well com-
parable Caco2 permeabilities (119: P =
16 x 10 cm/s efflux ratio 1.5; ent-119: P
= 13 x 10" cm/s efflux ratio 1.3; Table 10)
which would be in line with passive diffu-
sion through the lipid bilayer rather than
with involvement of a transporter protein.

Sanguinamide A (125, Fig. 22),4 a
thiazole-containing cyclic heptapeptide
with two prolyl amide bonds, was isolated
from Hexabranchus sanguineus (sea slug,
a marine invertebrate). Fairlie and col-
leagues reported the NMR spectroscopic
characterization in DMSO-d, solution and
determined the conformation at the Phe(3)-
Pro(4) amide bond and at the Ile(5)-Pro(6)
amide bond to be cis and trans.[’] In so-
lution the molecule forms an antiparallel
[B-sheet with a turn at each end. Two amide
NH bonds participate in intramolecular
hydrogen bonds. The compact molecule,
which is orally available in rat (dose 10
mg/kg, F =7%), violates three rule-of-five
parameters.!7576]

The effect of N-methylation on per-
meability of sanguinamide A analogs was
found by Lokey and coworkers to be po-
sition dependent.l”7l N-Methylation of the
exposed Phe(3)NH - to give analog 126
— resulted in improved permeability and
— surprisingly — solubility (Fig. 22, Table
13). The conformation of the macrocycle
(determined in CHCI,) was not changed
and the intramolecular hydrogen bonds
remained unaffected. N-Methylation of
amides which participate in intramolecu-
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Fig. 22. Sanguinamide A and analogs; intramolecular hydrogen bonds indicated by

dashed lines.l">-77

Table 13. Permeability, thermodynamic solubility and oral availability of sanguinamide A and ana-
logs; oral bioavailability determined in rat (dose 10 mg/kg)."s77")

Cpd PAMPA P, Caco2 Papp Solubility in PBS F Reference
[x10® cm/s] [x10° cm/s] [uM]

125 53 1.3 107 7% [75-77]

126 11.0 7.4 172 [77]

127 2.2 8.0 8 51% [76,77]

128 2.1 14.0 8 21% [76,77]

129 17.2 19.3 111 [77]

R

=

HN— 130 (Phepropeptin A), 134; R' = i-Bu, R? = i-Pr HN—
m»“‘ (Phepropeptin A), Rz P mw/*“ﬁ
uN o O 131 (Phepropeptin B), 135; R' = CH,Ph, R* = i-Pr uN o 3
>2:0 132 (Phepropeptin C), 136; R' = i-Bu, R? = s-Bu (lle) »(E :2
R? O O NH 133 (Phepropeptin D), 137; R' = CH,Ph, R2 = s-Bu (lle)R? O Q  NH
HN Y~ HN
: S—NH R S—NH R
130 - 133 134 - 137

Fig. 23. Phepropeptines A-D (130-133) and their proline epimers (134-137).18

lar hydrogen bonds however reduced per-
meability; the NMR spectra of these com-
pounds were reported to show the presence
of multiple conformers.[77]

The replacement of Ala(2) by tert.-butyl
glycine (leading to danamide F (127)7¢]),
Ile and Leu afforded compounds which
exhibited increased Caco2 permeability

as compared to sanguinamide A (125). All
three compounds showed comparably low
solubility. The conformation (hydrogen
bond network) of the macrocyclic scaffold
was reported to be preserved.[76.77]
N-Methylation and increased size/[-
branching of the substituent in position 2
are found in danamide D (128) which has

good oral bioavailability and Caco2 per-
meability.[76.77] The improved permeability
was attributed by Lokey and coworkers to
the combined effects of increased aliphatic
character of the side chain and removal of
the exposed NH.I77I Alteration of the resi-
due in position 2 of 128 to Leu (removed
B-branching) afforded 129 which exhib-
its excellent permeability in Caco2 and
PAMPA assay as well as — compared to
127 or 128 — improved solubility. NMR
data (temperature coefficient T.NH) of
129 suggest that different conformations
are adopted in polar (DMSO-d,) and less
polar (CDCl,) environment, conferring
passive permeability and solubility to the
compound.77]

Phepropeptins A-D (130-133, Fig.
23), lipophilic peptides with high cellular
permeability were recently described by
Lokey and coworkers to exhibit solvent-
dependent conformational behavior.[78]
A comparison with their proline epimers
134-137 revealed a more rapid cell pen-
etration for the natural stereoisomers while
the pairs of diasteromers showed similar
solubility (Table 14). Solution structures
obtained from NMR data and molecular
dynamic simulations in CDCI, (solvent
with low dielectric constant to mimic the
lipid bilayer) and DMSO (solvent with
high dielectric constant to mimic polar
aqueous environment) were reported for
132. In CDCI, compound 132 adopts a
conformation with three intramolecular
hydrogen bonds (two transannular, one
extra-annular) and in DMSO surprisingly
a conformation with four intramolecular
hydrogen bonds (two transannular, two
extra-annular). Neither the number of the
hydrogen bonds nor the polar surface area
allows the solubility/permeability relation
to be understood. Lokey attributed the high
permeability of 132 to the ability to equi-
librize between polar and nonpolar confor-
mation depending on environment.[78]

Whitty et al. used the term ‘chamele-
onic’ behavior to describe the ability of
a compound to present a mostly nonpo-
lar surface in nonpolar environment and
changing the conformation in aqueous
environment to then expose polar func-
tional groups.821 These authors analyzed
20 approved orally available macrocyclic
drugs and concluded that some degree of
chameleonic behavior is required for most
oral drugs with MW > 600-700182:831 and
proposed measures to quantify chamele-
onic properties. Good aqueous solubility
was suggested to require a topological po-
lar surface area TPSA (in A2) of > 0.2 MW;
good passive membrane permeability to
require a 3D polar surface area (molecular
PSA) of < 140 A2in apolar environment.
For compounds with TPSA > 0.2 MW the
amount of PSA to be buried APSA is then
a least TPSA - 140 A2 Whitty ez al. also



MEDICINAL CHEMISTRY

697

CHIMIA 2017, 77, No. 10

pointed out the difficulty to design chame-
leonic properties into a specific molecule.

4.2 Non-peptidic Macrocycles

An example illustrating that con-
formational flexibility translates into
oral availability stems from Polyphor’s
MacroFinder® library. Structures of com-
pound 138 (Fig. 24) have been determined
by NMR methods in DMSO-d, and in
CD,OD solution. In both solvents the
compound adopts well-defined conforma-
tions. Characteristic NOEs indicated all-
trans peptide bonds in both solvents. In
DMSO-d, the NH group of serine is orient-
ed towards the arylether oxygen atom and
the carbonyl group of the B-homoalanine
moiety, suggesting that an intramolecu-
lar hydrogen bond could be formed. In
CD,OD however the serine NH is exposed
to the solvent. The compound was found
to be well soluble (1% DMSO DPBS buf-
fer, pH 7.4; 0.93 g/L) and to show Caco2
permeability of 3.5-4.1 x 10 cm/s in AB
direction (efflux ratio 11-12). In line with
these data, the compound exhibited oral
availability of 25-30% when dosed at 8
mg/kg to rats.[34]

Over et al. studied factors which deter-
mine cell permeability of nonpeptidic, be-
yondruleoffivemacrocycliccompounds. (83
A representative set of 214 macrocyclic
compounds, including regio- and stereo-
isomers was investigated. The compounds
were selected from the DOS (diversity
oriented synthesis) screening collection
(ca. 21’000 macrocyclic compounds/33T) of
the Broad Institute. Solubility, lipophilic-
ity (logD,,) and Caco2 permeability were
determined. 78% of the compounds were
reported to show solubility values above
50 uM; 45% of the compounds exhibited a
drug-like log D (1-3). The Caco2 permea-
bility P ranged from undetectable to 88 X
10 cm/s (median: 1.15 x 106 cm/s); 75%
of all compounds exhibited transport-me-
diated efflux (efflux ratio > 2). A positive
correlation between experimentally mea-
sured log D values and cell permeabilities
was obtained for compound groups with
the same number of hydrogen bond donors.
Hydrogen bond donors and acceptors were
found to limit the permeability.[3>!

Linking macrocyclic scaffold and sub-
stituent using polar functional groups like
ureas, sulfonamides and secondary amines
was associated with poor permeability. In
contrast, hydrophobic groups like phenyl,
pyridyl, isoxazoles, tert. amines led to in-
creased permeability. Thus, side chains at-
tached to the macrocyclic scaffold greatly
influence the cell permeability. The influ-
ence of the coupling group is illustrated
for example by the comparison of the car-
bamate 139 which shows a significantly
higher Caco2 permeability than the closely
related urea 140 (Fig 25, Table 15).185]

Permeability differences were reported
within series of regioisomeric compounds,
e.g. 1,5-triazoles showed higher permea-
bility than the corresponding 1,4-triazoles
(cf- 141 and 149, Fig. 25, Table 16). Also
the configuration can have an important
influence on lipophilicity, passive perme-
ability and efflux. As an example Over et
al. presented a series of stereoisomeric
triazoles (Fig. 25, Table 16): The com-
pounds 141-148 could be distributed into
two groups, according to the configuration
of the two stereocenters in the macrocy-

clic ring. Syn diastereomeres were found
to permeate better than the anti diaste-
reomers. The syn compounds exhibited
higher logD values, lower efflux ratio and
higher P_ I85! Interestingly, the protonated
form of the syn compound 142 was found
in NMR experiments to adopt different
conformations in CDCI3 and in DMSO-d6,
in line with good solubility and permeabil-
ity.[85]

Also the regioisomeric macrocyclic
compounds 150 and 151 or 153 and 154
containing a cyano-substituted salicylic ac-

Table 14. ADME parameters of phepropeptins and their proline epimers. MDCK assay = permea-
bility through a monolayer of Madin-Darby canine kidney low efflux cells, which express low levels
of P-glycoproteins. These cells give a measure of passive transport with minimal interference of

active efflux processes.®

Cpd logD,, solubility MDCK Cpd logD,, solubility MDCK P

P
app
[mg/mL] [x10°
cm/s]
130 2.08 0.17 33
131 2.33 0.05 39
132 2.63 0.06 40
133 2.42 0.01 40

[mg/mL] [x10°% cm/s]

134 2.37 0.15 8
135 2.41 0.07 11
136 2.39 0.07 15
137 2.32 0.03 18
Fig. 24. The

138 in CD30D solution

orally available
MacroFinder® com-
pound 138 exhibits
‘chameleonic’ be-
havior.

o o
N— N—
o~ o=
[e] NH
139 140

141 - 148 149

Fig. 25. Functional groups connecting macrocyclic scaffold and substituent as well as the con-

figuration influence the cellular permeability. s



698

CHIMIA 2017, 71, No. 10

MEeDbICINAL CHEMISTRY

id moiety, differ in permeability. The com-
parison of 150 and 152 provides a further
example illustrating the permeability differ-
ences of diasteromers (Fig. 26, Table 17).

4.3 Macrocyclic Compounds as
Prodrugs

Bioreversible cyclization of the back-
bone of linear peptides as well as of non-
peptidic inhibitors with free amino and
carboxylic acid groups was investigated

to improve permeation through biological
membranes and oral bioavailability.
Cyclization allows  simultaneous
masking of the charged and polar terminal
functional groups, increasing the lipophi-
licity and decreasing the size of a molecule
(smaller hydrodynamic radius) and its
flexibility. In favorable cases, the hydro-
gen bonding potential of a cyclic prodrug
might be reduced due to the formation of
intramolecular hydrogen bonds.

Table 15. Functional groups connecting macrocyclic scaffold and substituent influence perme-

ability; Caco2 P,
inhibitors of efflux transporters.®

Cpd logD
139 1.55
140 0.6

:in 10 cm/s; in parentheses values determined in presence of a cocktail of

Papp AB Efflux ratio
6.2 (20.9) 7.22 (0.92)
0.13 (0.72) 45.39 (2.32)

Table 16. ADME parameters of diastereomers 141 — 148 and their constitutional isomer 149;

Caco2 P,
of efflux transporters.®%

1in 107° cm/s; in parentheses values determined in presence of a cocktail of inhibitors

Cpd C2) C@3) C@21) logD solubility Papp AB  Efflux ratio
141  syn R S S 1.1 >100 UM~ 5.72(13.16) 3.15 (0.68)
142 syn R S R 0.9 98 uM 5.48 (10.20) 2.15(0.71)
143 syn S R S 0.9 >100 UM 4.75( 9.83) 2.44 (0.74)
144  syn S R R 1.2 >100 UM 5.66 (14.09) 2.96 (0.55)
145 anti R R S 0.2 >100uM  0.46 (2.48) 17.59 (1.06)
146 anti S S S 0.5 >100 uM  0.51 (2.48) 17.72 (0.90)
147 anti S S R 0.2 >100uM 051 (2.62) 18.75 (0.90)
148 anti R R R 0.4 99 uM 0.55 (2.46) 16.64 (1.05)
149  syn R S S 2.2 96 UM 22.36 0.99
| |
o} .0
R 70 g )
"0 R J/{S)\O CN RO R
\N . ‘ O \N . (@) \N | o)
AN R PN o2 R?
O\ e} O\ 0 H o)
150 R"=CN,R2=H 152 153 R'"=CN,R2=H
151 R'=H, R2=CN 154 R'=H, R2=CN

Fig. 26. Regioisomeric pairs of macrocycles (150/151; 153/154); 150 and 152 are

diaste

reoisomers. 8%

Described prodrug-moieties include
(acyloxy)alkoxy linkers,[3] as well as
substituted phenylpropionic acid-based!87!
and coumarin-based®8! linkers (Scheme
13). The resulting cyclic prodrugs undergo
a slow esterase catalyzed hydrolysis fol-
lowed by a fast chemical degradation step.

Recently, Andersson et al. used (acyl-
oxy)alkoxy linkers to convert the selec-
tive, nonpeptidic thrombin inhibitor 155
(thrombin: K, = 4.6 nM) into the cyclic
prodrugs 156a and 156b (Fig. 27) and
compared their in vitro ADME properties
with those of the acyclic prodrug 157.[86l
All three compounds were reported to have
good solubility and high passive cell per-
meability (Table 18). Compared with the
linear analog 157, the macrocyclic pro-
drugs 156a and 156b did not exhibit in-
creased cell permeability.

In human plasma, 156a was found to
be stable for 4 h. When incubated with hu-
man or rat hepatocytes, 156a was rapidly
converted into 155. (The methylcarbamoyl
group of the acyclic prodrug 157 was re-
ported to be almost completely resistant
to metabolism). The bioavailability of 155
after oral or intraduodenal administration
of 155 or 156a to rat was compared. A
5-fold higher AUC, , for 155 was reported
after oral administration of 156a com-
pared to administration of 155. The oral
bioavailability of 155 after administra-
tion of 156a was unfortunately only 2.5%.
Administration of 156a to the duodenum
showed a bioavailability of 1.6%, exclud-
ing acid-mediated degradation of the pro-
drug as explanation for the low oral bio-
availability.

Borchardt and colleagues previously
described the conversion of the hexapep-
tide 158 into a (acyloxy)alkoxy-linked
cyclic prodrug 159 (Fig. 28).186b-<1 NMR
spectroscopic data indicated that 159
adopts a B-turn conformation in aqueous
solution,[8¢¢l stabilized by an intramolecu-
lar hydrogen bond between Gly(3) NH and
the carbamoyl C=O0 of the pro moiety. The
prodrug moiety allowed alteration of the
liability of the hexapeptide to enzymatic
degradation.[86t] As compared with 158,
prodrug 159 (P AB = 0.13 x 107 cm/s)
exhibits an at least 76-fold improved (but
still poor) permeability. Compared with the
intrinsic permeability of 158, determined
in the presence of peptidase inhibitors ®,,
AB = 0.04 x 10 cm/s), the 1mprovement
was only ca. 3-fold.[3¢P] The improved per-
meability seems in case of the peptide 158
to be owed to the improved stability rather
than to the compact structure of the pro-
drug. To achieve permeability, shielding
of most polar contacts or internalization
by formation of intramolecular hydrogen
bonds in apolar environment would be
required, as found for permeable cyclic
peptides.
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5. Conclusions

Several approaches towards diverse
libraries of macrocyclic compounds have
been developed over the last decade and
demonstrated to provide ligands address-
ing a broad variety of biological targets
including the notoriously difficult protein—
protein interactions. Recently, also target-
oriented modular synthesis for the conver-
gent assembly of macrolide antibiotics has
been described. Truncation and modifica-
tion of macrocyclic natural products serve
as alternative sources for lead structures.

In medicinal chemistry programs, mac-
rocyclization was successfully applied to
improve the properties of linear lead struc-
tures, often informed by X-ray crystal
structures of complexes of a linear ligand
and its target protein, revealing that two
substituents of the ligands were in close
proximity.

Many macrocycles are ‘beyond rule of
five’ compounds which were traditionally
associated with reduced cell permeability
and bioavailability. Therefore, over the
last few years, significant work was dedi-
cated to the investigation of the properties
of these compounds. Studies addressing
the membrane permeability of cyclic pep-
tides revealed a strong dependence on the
backbone conformation and the polarity of
the side chains. Configuration and o-N-
methylation are key factors determining
the conformation. Peptides with mostly
non-polar side chains might be passively
transported; the compounds must adopt a
compact conformation with minimal ex-
posure of polar groups. More polar cyclo-
peptides seem to rely on active transport
or facilitated diffusion; their transport de-
pends on recognition of their spatial struc-
ture.[66.99 The effect of an N-methylation is
position-dependent and may favorably in-
fluence the permeability of a cyclopeptide
scaffold but may also lead to reduced po-
tency on target. In agreement with the find-
ings of the studies of peptidic macrocycles
also non-peptidic macrocycles exhibit sig-
nificantly different cellular permeability
values for stereoisomers and regioisomers.
The accurate prediction of average perme-
ability is possible based on calculated (2D)
molecular descriptors; discrimination be-
tween stereo- and regioisomers, however
would require methods that take into ac-
count the 3D structure.[70082851 The ideal
bRo5 macrocyclic compound can adapt to
its environment. In polar solvent or at the
target protein surface, polar contacts are
displayed; in apolar solvent or in the mem-
brane bilayer, polar contacts are shielded
or internalized. The formation of intramo-
lecular hydrogen bonds and the presence
of sufficient rotatable bonds in the peptide
scaffold is the basis of the flexible adapta-
tion of a compound to the polarity of its

Table 17. Caco2 permeability of regioisomers and diasteromers; Papp: in 10° cm/s; in parentheses
values determined in presence of a cocktail of inhibitors of efflux transporters. 3

Cpd logD
150 0.2
151 0.1
152 0.9
153 0.75
154 0.35

Papp AB Efflux ratio
3.75 (6.36) 4.95 (0.78)
0.77 (1.89) 12.2 (1.4)
10.5 (23.08) 4.2 (0.81)

16.03 (27.12) 1.86 (0.62)
3.17 (5.93) 5.13 (1.03)

Esterase
—_—

Esterase
—_—

HN

|

Esterase
—

compound

o OH

——— "HN—{compound}—co;
-RCHO
-Co,

e —— *HsN—-_compound COy

—_— +HsN*_—ncomound COy

Scheme 13. Bioreversible macrocyclization of linear active compounds with zwitterionic

character.[85-881

thrombin K; = 4.6 nM

o 0
o o0 N o7
HO,C NH NH, )\ J< | P
N O R™ 0" “\H H
N_ O
HN " iy O
7 o) N__O N__O o
HN HN
Cl P
= o o
Cl Cl
155 156a R =H 157
156b R = Me

Fig. 27. (Acyloxy)alkoxy-bridged thrombin inhibitor prodrugs.®

environment, which confers permeability
and aqueous solubility. This ‘chameleon-
ic’ behavior®2'has been described in a few
examples including cyclosporine A, more
recently sanguinamide A derivatives (129;

Fig. 22)175-771 and phepropeptines (e.g. 132,
Fig. 23)[781 and was also observed in non-
peptidic macrocycles like MacroFinder®
compound 138 (Fig. 24) and DOS com-
pound 142 (Fig. 25, Table 16). The two lat-
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Table 18. ADME parameters reported for inhibitor 1565 and prodrugs 156a,b and 157.(¢4

Cpd MW TPSA Solubility log D Caco-2 Papp AB Efflux
ratio
[A?] [uM] [x10° cm/s]

155 470 125 >100 -0.5 0.1 24
156a 526 126 120 2.3 48 5.6
156b 540 126 340 2.6 45 4.8

157 542 126 160 2.9 54 33

H \NH
\_(O\/O\( ©
NH O O HN

H-Trp-Ala-Gly-Gly-Asp-Ala-OH
158

Fig. 28. Hexapeptide 158 and cyclic prodrug 159.(65-¢l

ter examples illustrate that such properties
can be designed into macrocycles.
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