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A novel class of macrocyclic peptidomimetics was identified and optimized as potent antagonists to the
human motilin receptor fMOT-R). Well-defined structureactivity relationships allowed for rapid
optimization of potency that eventually led to high affinity antagonistsM@T-R. Potency and antagonist
functional activity were confirmed both in functional and cell-based assays, as well as on isolated rabbit
intestinal smooth muscle strips. Rapid access to this novel class of macrocyclic target structures was made
possible through two efficient and complementary solid-phase parallel synthetic approaches, both of which
are reported herein.

Introduction AA;

Moatilin is a 22-amino acid endogenous peptide released from Ra o RAA3
the endocrine cells of the gut wall and plays an important role AA1 Q >—< 3
in the regulation of intestinal motility. The motilin receptor R1\?‘NH HN4€:0

(previously called GPR38)js a G-protein coupled recepfor
: , ) HN NH
predominantly expressed in the antrum, duodenum, and proximal \TETHE R/
small intestine. Activation oiMOT-R provokes phase Ill-like
peristaltic contractions, as part of the migrating motor complex Figure 1. General structure of macrocyclic peptidomimetics(nino
(MMC), a phenomenon that causes the interdigestive propulsionacid stereochemistry used for illustrative purposes only).
of gut contents along the gastrointestinal (GI) tract. As such,
molecules capable of interacting witiMOT-R are potentially _ )
valuable for the treatment of Gl disorders associated with blocks, as well as for inherently relevant pharmacophoric
impaired GI motility, including conditions such as IBS (irritable  Properties for molecular recognition on GPCR targets. The tether
bowel syndrome?, functional dyspepsia,gastroparesi$,and moiety (Figure 1) was intended not only as a diversity element
short bowel syndromé. but, importantly, as an additional element of control to modulate
The optimization of new motilin agonists was accelerated by the “drug likeness” of final structures. The latter aspect is
the discovery that erythromycin is a potent motilin agonist, a achieved through the use of the tether moiety to systematically
fact responsible for the observed Gl side effects of the vVary the conformation of the molecule as well as the relevant
antibiotic® Analogues of erythromycin devoid of antibiotic ~Physicochemical properties. Thus, once in a library format, the
activity were subsequently optimized as motilin agorfisas, ~ "esulting collection of macrocyclic compounds not only pos-
well as other classes of moleculédvotilin receptor antagonists, ~ Sesses a broad chemical diversity owing to the variety of amino
on the other hand, are fewer and have been less widely?acids displayed at the three positions of the peptidic moiety
explored!! (aliphatic, aromatic, basic, acidic, polar, neutral), but moreover
We report herein results of our efforts toward the identifica- /S0 covers a conformationally diverse space owing to the variety
tion of potent small molecule antagonists to HMOT-R. These of tethers ar_ld their combinations with amino acids of different
molecules belong to the category of macrocyclic peptidomi- Stéreochemistry.
metics and are based on the general structural motif depicted At the outset, approximately 10000 macrocycles from Tran-
in Figure 1. zyme Pharma’s proprietary library (Figure 1) were screened in
Macrocyclization has traditionally been used in peptide a high-throughput fluorescence-based whole cell assay against
chemistry to restrict the conformation of linear peptides and as the cloned human motilin receptor. Once preliminary hits were
a means of decreasing susceptibility toward proteolytic degrada-identified, the activity of the most potent compounds was in
tion12 The macrocyclic structures disclosed herein are pepti- turn confirmed in binding assays (11-point curve). With the
domimetic in nature, with the nonpeptidic “tether” moiety being completion of this hit identification and confirmation process,
their main distinguishing feature (Figure 1). The rationale behind compoundl (Figure 2) was identified as a reasonably strong
such a peptidomimetic structural motif was founded on the use binding antagonist thMOT-R (K; 137 nM, Figure 3). Subse-
of amino acids as a readily available pool of chiral building quently, the antagonist properties bfwere confirmed in a
whole-cell assay (Figure 4).
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Belgium. the compound class. Once the presence of an SAR trend was
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Figure 2. Structure of the Initial Motilin Antagonist Hit Obtained Nether—! 3 ;s
Through HTS. 6 TFA x HN—Tether
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PyBOP, DIPEA, NMP; (c) PG-AAOH, HBTU, DIPEA, NMP; (d) Bts-
o 1001 = Compound 1 AA1-OH, HBTU, DIPEA, NMP;, (e}, PPh, DIAD, THF; (f) Ag(OCOCF),
£ c (K= 137nM) DIPEA, THF, MP-carbonate; (g) PS-thiophenol, KOTMS, THF:EtOH.
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s o and synthesis of the tripeptide fragment using Boc- and/or
DdZ!3 protective groups to obtain tripepti®e The third amino

-10 -9 -8 -7 -6 -5 acid (AA; in Scheme 1, numbered as per standard peptide
Log Concentration (M) of Antagonist nomenclature), containing the betsyl (Bts) grétisas crucial
in achieving efficient tether attachmedti Scheme 1) through

Figure 4. Functional assay curves for macrocyclesand 16i on 4 ‘ -
hMOT-. Fukuyama-Mitsunobu alkylationt®> Tether protective group

acidolysis then provided acyclic precur§&oSubjecting substrate

5 to silver-assisted macrolactamization under basic conditions
established, as discussed in detail below, the binding affinity delivered the desired macrocyclic product in solution via
was further improved by using two complementary synthetic cyclative releasé® An attractive feature of this cyclative release

approaches. strategy, as is well documented in the literature, is its tendency
. to provide products with higher puriy,since side reactions
Chemistry that do not result in macrolactamization give products that

Two complementary solid-phase parallel synthesis approachesremain attached to the resitiThe crude products thus obtained
were developed and utilized to access the macrocycles describedvere then subjected to parallel silica gel purification. Subsequent
herein. As such, macrocyclésl12a—t, 14d, 14k—n, 153 16a— removal of the Bts protection was performed using solid-
i, and 17a—h were obtained via Method A that involves supported potassium thiophenoxideWhere necessary, side
macrolactamization cyclative release strategy (Scheme 1). Onchain protective groups (such as Bty esters, or ethers) were
the other hand, macrocyclesda—c, 14e—i, and 15b were finally removed by acidolysis. Compounds were ultimately
synthesized using Method B that features a ring-closing me- purified by MS-triggered RP-HPLC, delivering products in good
tathesis (RCM) cyclative release approach (Scheme 2). Bothpurity ready for receptor binding studi&sThis method was
of these solid-phase synthetic methods allowed for systematicexploited to generate not only peptidomimetic macrocycles, but
variations of the diversity elements in the macrocyclic structures, also depsipeptidomimetic macrocycles (eL@ab), as well as
i.e., the three amino acids and the tether moiety (Figure 1). compounds containing other amide bond isosteres, such as

In Method A (Scheme 1), PS-aminomethyl regifunction- hydrazinopeptides (e.@7f) and reduced amide analogué&gé.
alized as its 3-tritylmercapto-propionamide was used as a solid ~ The strategy for Method B is outlined in Scheme 2 and
support. Initially, the trityl group was cleaved and the resulting features an RCM cyclative release as the pivotal 3tép.
thiol was in turn used for C-terminal amino acid attachment Accordingly, linker7 was attached to PS-chlorotrityl resin under
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Table 1. SAR Summary for the Tripeptide Segment of Matilin
Antagonist Lead Structured,(Figure 2). DDL Stereochemistry Is
Indicated for Reference

R, o
Q <4 R w HO
NH HN (D) M
Ry o Do
(D H R\N N N NH2
o H o H o
13a (R=H) (D
12at 13b (R= :\;/\OD
AcNH -~
entry AA AA, AA3 Ki (nM)
1 D-Tyr p-Val Nva 137
12a p-Ala p-Val Nva >10000
12b Tyr p-Val Nva >10000
12c p-Val p-Val Nva 3566
12d D-Lys p-Val Nva >10000
12e p-Glu p-Val Nva >10000
12f p-Phe p-Val Nva 78
129 D-Tyr p-Ala Nva 196
12h D-Tyr Val Nva >10000
12i D-Tyr D-Glu Nva 4898
12j D-Tyr D-Ser Nva >10000
12k D-Tyr p-Phe Nva 1524
12m D-Tyr p-Val Ala 1389
12n D-Tyr p-Val p-Nva 335
12p D-Tyr p-Val Ser 650
12q D-Tyr p-Val Lys 664
12r D-Tyr p-Val Asp 2553
12s D-Tyr p-Val Phe 185
12t D-Tyr p-Val Leu 62
13a >10000
13b >10000

basic conditiong? followed by standard Fmoc chemistry to
synthesize tripeptid8. Similarly to Method A, the AA amino
acid was functionalized with the Bts group, and anchoring of
the olefinic tether9 was likewise effected by Fukuyama
Mitsunobu alkylation. The resulting linear alkylated tripeptide
was then subjected to RCM cyclative-release to yield the
macrocyclic product in solutioff. After parallel silica gel
purification, the Bts group was removed and side chains were

deprotected. Where needed, the unsaturated olefin moiety

formed through RCM was reduced by palladium-catalyzed
hydrogenation to furnish the saturated product. Ultimately, MS-
triggered RP-HPLC purification afforded macrocycles of the
general structurdl.

Results and Discussion

Tripeptide SAR. Single variations of each amino acid (AA
AA,, AAj; cf. Figure 1) in the tripeptide portion of the
macrocyclic structures allowed us to rapidly establish the basic
SAR features of this segment of the molecule. To this end, the
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Table 2. Summary of the Tether SAR for the Motilin Antagonist Lead
Structures 1, Figure 2)

Rty it
ki

15a,b
14a-n
entry X Y z method K; (nM)
1 (CH),0 (E)CH=CH A 137
14a (CH); (E/Z) CH=CHCH, B 7295
14b (CH)s  (E/Z) CH=CH B >10000
14c  (CH)s (CHy)2 B >10000
14d (CHps CH; A >10000
14e (CH). (E/Z) CH=CHCH, B >10000
14f  (CHy). (CHy)s B 6064
14g (CHy), (E/Z) CH=CH B 9726
14h  (CH), (CHy) B >10000
14i CH, (CH2)3 B >10000
14k (CHp), CH, A 6064
14m (CH).0 (CHy)2 A 55
14n (CH).0 CH, A 982
15a E)CH,CH=CH(CH,), A 701
15b (CH)s B 1197

hMOT-R, is as follows. At the AA position (Figure 1), a strong
preference is observed foramino acids bearing aromatic side-
chain residues specifically (Table 1p-Amino acids with
aliphatic ((2aand12¢) or ionizable (2d—12€ side chains are
decidedly not tolerated, nor amamino acids that possess
aromatic side chains (e.g2b). Thus, with amino acids at the
AA; position bearing hydrophilic residues that are ionizable at
physiological pH, such as-Lys orp-Glu (12d,€), a 30- to 100-
fold deterioration in receptor binding potends; & 3—10 uM)
was obtained. On the other hand, replacemen-@fr with
the more lipophilico-Phe as the AAresidue resulted in a ca.
2-fold improvement in receptor binding affinityl (vs 12f).
Inversion of configuration at AAthrough the use of-Tyr
resulted in a complete loss of receptor binding affinityve
12b), indicative of a strong stereochemical preference in receptor
binding for b-amino acids at AA

With respect to the AA residue (Figure 1), a marked
preference for amino acids with aliphatic side chains in the
p-configuration, such as-Val, can be clearly detected,(12g
Table 1). Amino acids bearing polar or ionizable residues at
this position, such as-Glu or b-Ser (2i), resulted in a 40-
to 100-fold decrease in receptor binding affinitg & 5 uM).
The stereochemical SAR at the Afosition was established
through the substitution of-Val, which abrogated receptor
binding affinity (1 vs.12h: K; > 10 uM). Replacement ob-Val

amino acid variations applied included changes in the nature with p-Ala resulted in a modest decrease in poteri@g( K;

of side-chain residues, and as such, amino acids with polar,

acidic, neutral, basic, hydrophobic aliphatic, and aromatic side
chains were systematically screened in all three positions.

196 nM). In fact, any alteration to the nature of the side-chain
at the AA position that deviated from a small aliphatic side-
chain residue diminished the binding affinity significantly,

Furthermore, stereochemical SAR was established through thedemonstrating a very restrictive SAR at this position of the

use ofp- andL-amino acids (Table 1). These modifications, as
well as preliminary scanning of the tether (Table 2), were carried

molecule (cf.12i—k).
In contrast, the SAR with respect to the nature of the amino

out in parallel using the solid-phase synthetic strategies describedacid at the AA position (Figure 1) proved to be more permissive

above to allow for higher throughput. Using both Methods A

(Table 1). As such, amino acids with polar or ionizable side

and B (vide supra), the target structures (Tables 1 and 2) werechain residues, such as Ser or Lys, resulted in a mere 5-fold

made in a single librar§?
The specific SAR trends for the tripeptide segment of the

decrease in potency ¢s 12p or 12g), while amino acid residues
such as Phe provided similar binding potendy (s 129.

molecule, on the basis of the radioligand binding assay againstReplacement of Nva with Leu at the Afosition, resulted in
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ca. two-fold potency increasé s 12t. K; 62 nM). Unlike the
cases with the AAand AA; positions, even the inversion of
stereochemistry at the-carbon of the AA amino acid, through

the use ofb-Nva, was tolerated although less preferrédvé

12n: K; 335 nM), since the receptor binding is diminished but
not altogether abrogated as a result of this modification. Thus,
in summary, position AApermits a great deal more flexibility
with respect to the nature of the side chain residue and the
stereochemistry at the amino aciecarbon, as compared to the
more restrictive SAR at the AAand AA; positions.

Impact of Cyclization on Activity. The critical impact of
the cyclic nature of the molecule on binding was established
through the use of the acyclic precursorslt¢Table 1), both
with (13b) and without (38) the tether moiety. It is clear that
the macrocyclic nature of the compound is indispensable for
high binding affinity tohMOT-R in that neither of the acyclic
analogous compounds displayed any binding to hMOT-R up
to the maximum tested concentration of 20l (13ab vs 1).

Tether SAR. The tether portion of the macrocyclic structures
(Figure 1) was also found to play a paramount role in affecting
binding affinity to hMOT-R (1 vs 13ab, Table 1). The SAR
for this portion of the molecule is summarized in Table 2. To
explore the tether SAR in a systematic way using focused
modifications to the structure, the RCM approach (Scheme 2)
was particularly effective in generating several germane ana-
logues to the lead structuré)(

To begin with, the phenoxy moiety of the tether was found
to be very important for receptor binding affinity: replacement

Marsault et al.

Table 3. Focused Modifications to the A/APosition

“ . O O
Sl o8
NH HN
Va o] D)Tyr R=0OH;n=1
AT NH HN BPRoh inz) (0)-1-Nal
<¥ (D)Hfe R=H ;n=2
Q
X
16a-i (©)-2-Nal X=NH ©)Tm
X=8 (D)-3-benzothieny-Ala
entry Ar Ki (nM)
14m D-Tyr 55
16a p-Phe 57
16b p-Cha 3247
16c p-Phg >10000
16d p-Hfe 1486
16e p-Trp 255
16f p-2-Nal 79
169 p-3-benzothienyl-Ala 11
16h p-1-Nal 8.3
16i p-Tyr(OMe) 8

aromatic moiety altogetheflbab). These results demonstrated
abundantly the importance of the tether phenoxy moiety as a
whole, as well as the size of the ring imparted by the tether
portion of the molecule, to achieving high potency binding to
hMOT-R. In summary, the tether portion of the molecule
displayed exquisite sensitivity in terms of binding potency SAR,
with slight modifications in chemical nature, including those

of the oxygen atom by a methylene group, with or without the changes that affected the ring size, having a profound influence
presence of double bond unsaturation, essentially abrogatecon the binding affinity tohMOT-R.

binding (L4b,c, Table 2). Likewise, when the aryloxy moiety
was replaced in its entirety, a ca. 10-fold loss of receptor binding
potency ensuedlfb, K; 1.2 uM, Table 2). Further, reducing
the macrocycle ring size by one methylene unit in the “Y”
segment of the tether (Table 2) resulted in a thorough loss of
binding potency14d, 14n). The analogous modification applied
to the “X” segment of the tether also resulted in 17-membered
cyclic structures with very weak binding affinity f®MOT-R
(14e—h, Ki > 6 uM). Moreover, binding potency was signifi-
cantly compromised with the “desoxo” 18-membered ring
analoguesi4ef). Shifting the tether phenyl ring (without the
phenoxy oxygen atom) closer to the secondary amine, by two
methylene units, also served to hamper receptor binding affinity
(14i, Ki > 10 uM). A similar result was obtained with another
related structural modification. Displacement of the tether phenyl
ring (without the phenoxy oxygen atom) away from the
secondary amine by one methylene unit also made for very
weakly potent structured 4k, K; 6 uM). The simplest modifica-
tion turned out to be the most efficient at improving receptor
binding affinity. Thus, replacement of the styrenyl unsaturation
on 1 with an ethylene moiety improved potency 2.5-foldi(n,

Ki 55 nM). This could be a useful structural modification since,
a priori, removal of the electron-rich styrenyl moiety should

Focused Structural Modifications at the AA; Position.
Having established the SAR in the lead structure with broad
brushstrokes (vide supra), we conducted further lead optimiza-
tion through the synthesis of a more narrowly focused selection
of analogues by employing the aforementioned synthetic
methods. The tether with the saturated styrenyl moig&tyn
Table 2) was established as the template for these efforts in
lead optimization for the reason outlined above. Thus, combina-
tion of a saturated tether amdPhe as the AAamino acid {2f,
Table 1) more than doubled the binding potentgg K; 57
nM, Table 3) as compared to the initial lead structu; 137
nM, Table 2). Replacement ofPhe with its saturated analogue,
D-Cha p-cyclohexylalanine), confirmed the absolute necessity
of the presence of an aromatic moiety at the;Asition, as
this change resulted in a 60-fold decrease in poteaép, (K;
3.2uM). This latter finding, combined with the indispensability
of theb-configuration to obtaining high potency, suggested that
the aryl side chain of the Afresidue is engaged inastacking
interaction with the receptor. Furthermore, either truncation or
homologation of the benzyl side-chainm#he, by using-Phg
and D-Hfe, respectively, resulted in a dramatically reduced
binding affinity (16c-d, Ki > 10 uM and K; ~ 1.5 uM,
respectively), a result that demonstrated the importance of

furnish a molecule that is more resistant to oxidation and thus spacing between the macrocyclic scaffold and side-chain
more suitable for drug development. Subsequently, the reducedaromatic ring when interacting wititMOT-R. To further probe

styrenyl structurel4m) was used for further lead optimization
(vide infra).

Reducing ring size by removing a methylene unit in the “Y”
arm of the tether (Table 2), but with the phenoxy moiety of the
tether intact, was also detrimental to potentgr( K; 982 nM).

The indispensability of the tether phenoxy moiety to receptor
binding potency was further exemplified through the results
obtained with a 15-membered ring structure and an 18-
membered ring analogue, in which the tether was bereft of any

a variety of aromatic amino acids, fused aromatic rings were
investigated with the following results. Interestingly, inasmuch
asD-Trp was found to be detrimental to bindingeg K; 255
nM), its isosterep-2-Nal (0-2-naphthylalanine) had little impact
on affinity (16f, Ki 79 nM). In the same series, the isomeric
p-1-Nal and its congeneav-3-benzothienylalanine were found
to drastically improve affinity, with equilibrium binding con-
stants in the 10 nM rangel§g and 16h). On the other hand,
simple O-methylation of the tyrosine phenol moiety was found
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Table 4. Amide Bond Replacements and Secondary Amine

Functionalization
= 2
Xo 7

X4 Y1
fre, O
D
HO O

17a-g
entry X1 X2 Y1 Yo Z Ki (nM)
14m NH O NH (@] NH 55
17a O O NH (0] NH 192
17b NH (0] (0] (0] NH 1876
17c N-Me O NH (0] NH >10000
17d NH (0] N-Me (0] NH 222
17e NH H,H NH (@] NH 3237
17f NH-NH (0] NH O NH 2373
179 NH O NH (@) N-Me 2777
17h NH O NH (0] N-Ac 6391

alLeu was used as AAinstead of Nva.

to bring a further 7-fold increase in potenc¥6{, K; 8 nM).
These latter results reinforced the hypothesis af-stacking
interaction between the ligands ahMOT-R and confirmed
that this part of the molecule is interacting with a particularly
hydrophobic environmentlég—i vs 14m) on hMOT-R.
Modifications to the Amide Bond and the Secondary
Amine Moieties. Constraint-producing amino acids, such as
N-methyl amino acids, are often used as probes for the
biologically active conformation of peptidé%.Switching the
hydrogen to a methyl group in an amide bond not only affects

the hydrogen bonding properties of the amide bond in question,

thus potentially modulating the ligardeceptor interaction if

such an interaction serves in binding the ligand to the receptor,

Journal of Medicinal Chemig&ry

does not play a prominent role in the interaction of these
molecules with the receptor. Replacement of the; A\,
amide by the corresponding secondary amine reduced binding
potency tremendoushi{e K; 3.2uM). To be noted, reduction
of that amide to the amine brings about an important change in
the environment, imparting on one hand more flexibility to the
molecule, and, on the other hand, introducing a positive charge.
Replacement of the AAAA, amide bond by a hydrazinoam-
ide?® also led to a sharp decrease in bindia@f( K; 2.4 uM).2°

In contrast, replacement of the neighboring AAA ; amide
by an ester bond brought a 40-fold decrease in potehtly (s
14m, Table 4). This pointed to a different role for the proton of
that amide, either structurally in the molecule or in regards to
its interaction with the receptor. Methylation of the same amide,
on the other hand, resulted in a mere 4-fold decrease in binding
potency (7d, Ki 222 nM) with respect td4m. It should be
kept in mind that this part of the molecule is more tolerant of
important changes such as inversion of stereochemistry at the
AA; position (for examplel2nvs 1, Table 1) or in the nature
of the amino acid.

Finally, methylation of the secondary amine in the original
leadl also led to a sharp decrease in binding poted&g(K;i
2.8 uM) and N-acetylation had an even more pronounced
detrimental effect on bindinglZh, K; 6.4 uM). This latter
observation is in agreement with the observations of Peeters et
al. pointing to a direct interaction between the protonated amine
moiety of both motilin and erythromycin A with residue Glu119
in the third transmembrane domain of the motilin recepior.

Functional and Ex Vivo Assays.Figure 3 shows the binding
curve of the most potent antagonists reported herein, whereas
Figure 4 shows the CHO-cell functional assay results. Com-
pounds were initially screened in competition binding assays
performed on isolated membranes expressingth®T-R, with
radioiodinated porcine motilin ¥3]-motilin peptide) (Figure

The most interesting compounds were in turn tested in an

but moreover, as is well documented, it also brings about subtle @8quorin-based functional assay performed on whole CHO cells

but significant structural ramifications. In the latter regard, the
impact of N-methylation of an amino acid residue in a peptide
chain is principally two-fold: (i) the ratio of the cidrans

expressing the human motilin recept&tOT-r) (Figure 4).
Inhibition of motilin-induced C#&" release was measured for
all compounds. All compounds were found to be antagonists,

rotamers of the amide bond is affected, with the relative energy devoid of any agonist activity at concentrations up to.A0.

of the cis isomer lowered, and (ii) the torsional (“backbone”)
angles are influenced with thetorsional angle of thereceding
residue being the most affectéThe N-methylation of amino
acids in the macrocyclic structure, whether at the,A8sition
(17¢ K; > 10uM, Table 4) or at the AAposition (L7d, K; 222
nM, Table 4), resulted in an appreciable loss of potency, with
the adverse effect at AX17¢) particularly pronounced. These

The most potent compouridbi was also tested in an ex vivo
assay on rabbit duodenum smooth muscle strips. Briefly, isolated
segments of rabbit duodenum smooth muscle were suspended
in an organ chamber filled with Krebs buffer and connected to
an isotonic force transducer loaded hwvi 1 gweight. Muscle
strips were first challenged with 1® M acetylcholine until a
stable maximal contraction was obtained. Afterward, a gose

results imply that either the hydrogen of the amide serves as arésponse to motilin was recorded (30to 104 M) in the

pharmacophore in receptor binding (e.g., through hydrogen
bonding interactions), or that the conformational restraints
brought about to the macrocyclic “backbone” through N-
methylation (vide supra) are detrimental to the desirable
conformation of the macrocyclic ligand.

To help distinguish the cause of the adverse impact of the
N-methylation on the binding affinity, the amide to ester isosteric

replacement was also explored. This modification brought about

the removal of the N-H portion of the amide bond without the

presence of several concentrations of the antagonist. A Schild
plot was constructed to determine tH#i has pA 7.0.

Conclusion.We have identified potent macrocyclic antago-
nists to the human motilin receptor. As described, this compound
class is characterized by well-defined SAR. These molecules
hold great potential for the treatment of Gl disorders associated
with impaired gut motility.

Starting from an initial hit identified by high throughput
screening, a rapid, 17-fold improvement in binding potency was

steric bias imposed by N-methylation and its attendant effects achieved by discrete modifications on the four diversity points

on the “backbone” dihedral angles. The incorporation of an ester of the molecule. The role of amide bonds in the macrocycles

bond between AA and AAy, generated the corresponding was also investigated by incorporation of amide isosteric

macrocyclic depsipeptide with a four-fold decrease in binding modifications.

potency (7avs 14m). Comparison of the binding potencies of This process was made possible by two versatile and powerful
17¢ 17a and 14m seemed to indicate that the amide proton solid-phase strategies enabling the rapid, parallel synthesis of
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this new class of macrocyclic peptidomimetics. More applica-  Capping the Resin.A volume of 3.5 mL of a DCM-Ac,0—
tions of this methodology will be reported in due course. DIPEA (20:5:1, v/v/v) solution was added to the Minikan in a glass
vial, and the vial was agitated on an orbital shaker for 1 h. The
resin was washed for 5 min periods with the following solvents:
3 x DCM, 3 x (DCM—MeOH 3:1), 3x DCM. The Minikan was
Bts-protected amino acids and Bts-Cl were synthesized asthen dried in air (1 h) and then under vacuum until full dryness
reported by Vedejs et &.DdzOPh, Ddz-azide, and Ddz-protected was attained.
amino acids were either synthesized by the method of Birr €t al. Boc Deprotection3! 3.5 mL of a 33% TFA, 3% ESiH (v/v)
or purchased directly from Advanced ChemTech (Louisville, KY) solution in DCM was added to the Minikan in a glass vial, and the
or Orpegen (Germany). Unprotected amino acids as well as Boc- vial was agitated fol h on anorbital shaker. The resin was then
and Fmoc-protected amino acids and coupling reagents werewashed for 5 min periods with the following solvents:x3DCM,
purchased from specialized amino acid manufacturers (Novabio- 3 x (DCM—MeOH 3:1), 3x DCM. The Minikan was dried in air
chem, Advanced ChemTech, Bachem, Chem-Impex, Peptech). (1 h) and then under vacuum until full dryness was attained.
The side chains of Tyr and Ser were protectedBas ethers, Coupling of BocD-Val-OH. Bocd-Val-OH (152 mg, 0.7 mmol)
those of Asp and Glu were protected !Bs esters, and those of ~Was added to a glass vial, followed by 3.5 mL of NMP. To this
Lys and Trp as Boc carbamates. In all cases where an acid-labilemixture was added HBTU (252 mg, 0.66 mmol, 0.95 equiv), and
side-chain protective group was employed, the use of Ddz (methodthe resulting mixture was agitated until a homogeneous solution
A) or Fmoc (method B) protection on theamino group allowed was obtained. DIPEA (18aL, 1.05 mmol, 1.5 equiv) was added,
for orthogonal deprotection of the latter in the presence of the side followed by the Minikan. The glass vial was agitated on an orbital

chain protection. In all cases, side-chain-protected amino acids wereshaker overnight. The resin was washed for 5 min periods with the
purchased with protection in p|ace. foIIowing solvents: 2x DCM, 1 x THF, 1 x NMP, 1 x (DCM—

Reagents and chemicals were generally purchased from Aldrich M@OH 3:1), 1x (THF—MeOH 3:1), 1x (DCM—MeOH 3:1),
or VWR. Solvents for reactions were of DriSolv quality (anhydrous) 1 * (THF—MeOH 3:1), 2x DCM. The Minikan was first dried in
as manufactured by EM Science. PS-aminomethyl resin function- &r (1 h) and then under vacuum until full dryness was attained.
alized with tritylmercaptopropionate linker and trityl chloride resin ~ Boc Deprotection?? As indicated above.
were purchased from Rapp Polymere (Germany). MP-carbonate ~Coupling of Bts-(0)Tyr(OMe)-OH. Bts-()Tyr(OMe)-OH (277

and PS-thiophenol resins were purchased from Argonaut Technolo-Md. 0.7 mmol) was added to a glass vial, followed by 3.5 mL of
gies, Inc. (Foster City, CA). NMP. To this mixture was added HBTU (252 mg, 0.66 mmol, 0.95

equiv), and the resulting mixture was agitated until a homogeneous
solution was obtained. DIPEA (18a., 1.05 mmol, 1.5 equiv) was

Experimental Section

The following abbreviations are used through the experimental

part: DCM: dichloromethane; TFA: trifluoroacetic acid; MeOH: added, followed by the Minikan. The glass vial was agitated on an

methanol; THF: tetrahydrofuran; NMPN-methylpyrrolidinone . . . . :
. ) . orbital shaker overnight. The resin was washed for 5 min periods
Representative Example of Procedure A: Synthesis of Mac- with the following sequence: % DCM, 1 x THF, 1 x NMP

rocycle 16i. The synthesis was carried out in microreactors using ; , (DCM—MeOH 3:1), 1x (THF—MeOH 3:1), 1x (DCM—

the IRORI Minikan technology (see Supporting Information section \,o 5 3:1), 1x (THF-—I\/,IeOH 3:1), 2x DCM. The Minikan was
for more details). Typically, 110 mg of PS-aminomethyl resin - yieq in ajr (1 h) and then under vacuum until full dryness was
functionalized with arStritylmercaptopropionate linker (resi) attained.

(loading: 1.2 mmoly™) was loaded into each Minikan. Method Tether 4 Attachment. Boc-protected tether alcohdb® (219

and quantities apply to a single Minikan. In practice, multiple mg, 0.75 mmol) was added to a glass vial, followed by 3.5 mL of
Minil_<ans (generally fiye) were processed simultaneously to syn- THI’:. To this mixture was added triphenylp,hosphine (197 mg, 0.75
thesize macrocycles in parallel. mmol, 1.0 equiv), and the resulting mixture was stirred until a
Trityl Deprotection. An amount of 3.5 mL of a 10% (v/V) TFA,  homogeneous solution was obtained. The Minikan was then added
5% (v/v) EGSiH solution in DCM was added to the Minikan ina  tg the solution, followed by DIAD (14@L, 0.75 mmol, 1.0 equiv).
glass vial, and the vial was agitated for315 min (i.e., 3 cycles  The resultant reaction mixture was agitated on an orbital shaker
of 15 min duration) on an orbital shaker. The resin was then washed overnight. The resin was then washed for 5 min cycles with the

for 5 min with each of the following solvents: 8 DCM, 3 x following solvents: 2x DCM, 1 x Toluene, 1x EtOH, 1 x

(DCM—MeOH 3:1), 3x DCM. The Minikan was then dried in Toluene, 1x (DCM—MeOH 3:1), 1x (THF—MeOH 3:1), 1x

air (1 h) and subsequently under vacuum until full dryness was (DCM—MeOH 3:1), 1 x (THF—MeOH 3:1), 2 x DCM. The

attained. Minikan was dried in air (1 h) and then under vacuum until full
Coupling of Nva. Boc-Nva-OH (152 mg, 0.70 mmol) was added dryness was attained.

to a glass vial, followed by 3.5 mL of NMP. To this mixture was Boc Deprotection34 See above.

added PyBOP (346 mg, 0.66 mmol, 0.95 equiv), and the mixture  Macrocyclization. An amount of 65 mg of MP-carbonate resin

was agitated until a homogeneous solution was obtained. DIPEA (0.18 mmol) was weighed iata 4 mL glass vial. The Minikan

(183uL, 1.05 mmol, 1.5 equiv) was then added, followed by the was opened and its contents transferred to the vial, followed by

Minikan. The glass vial was agitated on an orbital shaker overnight. addition of Ag(OCOCE) (29 mg, 0.13 mmol, 1.0 equiv). Finally,

The resin was washed for 5 min periods with the following 1.5 mL anhydrous THF was added, followed by DIPEA (50 mL,

solvents: 2x DCM, 1 x THF, 1 x NMP, 1 x (DCM—MeOH 0.29 mmol). The reaction mixture was agitated on an orbital shaker

3:1), 1x (THF—MeOH 3:1), 1x (DCM—MeOH 3:1), 1x (THF— at ambient temperature overnight. The solution was then filtered
MeOH 3:1), 2x DCM. The Minikan was then dried in air (1 h)  and the resin washed with THF 22 mL). The crude macrocycle
and then under vacuum until full dryness was attained. was then coarsely purified by silica gel chromatography on an ISCO

AA; Cleavage and Loading Quantification.To determine the Combiflash (DCM-MeOH 95:5) and then used as such for the
effectiveness of anchoring the first amino acid, one Minikan was following step.
cleaved in order to determine the effective loading on the resin.  Bts Deprotection3® The Bts-protected macrocycle was dissolved
Propylamine:THF (3 mL, 1:1 v/v) was added to the Minikan in a in 1.4 mL of a THF-EtOH 95% (1:1, v/v) m a 4 mLglass vial.
vial, and the mixture was agitated for 1 h. After filtration, the An amount of 166-180 mg of PS-thiophenoxide resin was added
Minikan was washed twice for 5 min by agitating the vial with 3 (0.22-0.25 mmol, approximately 20 equiv) to the vial. The solution
mL of THF. The solvents were combined, and the filtrate was was then agitated on an orbital shaker for 2 h. The solution was
concentrated in vacuum. The residue was quantified by HPLC/ filtered into another glass vial, and the resin was rinsed with a
CLND to give 0.11 mmol of Boc-Nva-NHPr. The effective loading THF—EtOH 95% solution (1:1 v/v, % 2 mL). After combination
of the resin thus became 1.0 mnwi', or 83% of the initial of the organic phases, the volatiles were removed under vacuum.
theoretical resin loading. The amount of macrocycle in the crude was quantified using an
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HPLC—CLND detector, and found to be 13 mg (21% overall yield
based on the effective loading of Nva).

RP-HPLC Purification. Crude macrocyclé6i was purified on
a Waters FractionLynx MS-triggered reverse phase preparative
system, using a water:methanol gradient containing 0.1% TFA as
the eluent. Macrocycléd6i was obtained as a colorless film (5.2
mg as quantified by HPLECLND). HPLC purity: 98.8% (UV
detector), 100% (ELSD detector), 100% (CLND detector).
HRMS: G;1H44N4Os, calc: 552.3311, found: 552.33210.0016.
1H NMR (300 MHz, CB,OD) 6 (ppm) 8.77 (d, 1H, 9 Hz); 7.75 (d,
1H, 3 Hz); 7.217.05 (m, 4H); 6.876.73 (m, 4H); 4.46-4.38
(m, 1H); 4.15-4.00 (m, 3H); 3.79 (d, 1H, 12 Hz); 3.74 (s, 3H);
3.29-3.04 (m, 5H); 2.71 (dt, 1H, 12 Hz; 6 Hz); 2.62.53 (m,
1H); 2.20 (dt, 1H, 12 Hz; 3 Hz); 2.131.98 (m, 2H); 1.66-1.33
(m, 5H); 1.12 (s, 3H, 6 Hz); 1.02 (d, 3H, 6 Hz); 0.96 (t, 3H, 6 Hz).
13C NMR (75.5 MHz, CRQOD) ¢ (ppm) 174.80; 174.21; 160.44;
127.31; 132.47; 131.46; 131.32; 128.43; 122.11; 114.89; 111.41,
65.88; 63.69; 61.48; 55.59; 54.20; 48.10; 42.40; 38.48; 34.31; 31.32;
30.09; 29.08; 20.57; 20.26; 19.52; 13.67.

Typically, compounds were obtained as TFA salts. They were
dissolved at 10 mM concentration in DMSO in a 96-well plates
and stored at-60 °C until tested. For characterization purposes,
selected macrocycles underwent a salt exchange step using ion- 1)
exchange resin to generate the corresponding hydrochloride salts.
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Collet, A. Design and Synthesis of Hydrazinopeptides, and Their

Evaluation as Human Leukocyte Elastase Inhibitdrdvied. Chem.

1998 41, 4833-4843 and Supporting Information section for

modifications.

(29) Note that the macrocycle resulting from the replacement of amide
by hydrazinoamide is a 19-membered ring instead of an 18-membered
ring.

(30) Xu, L.; Depoortere, I.; Vertongen, P.; Waelbroeck, M.; Robberecht,
P.; Peeters, T. L. Motilin and Erythromycin-A Share a Common
Binding Site in the Third Transmembrane Segment of the Motilin
ReceptorBiochem. Pharm2005 70, 879-887.

(31) In the case of Ddz side chain deprotection, the substrate was treated
with 2% TFA, 3% ESiH, DCM for 15 min and the Minikan was
washed similarly.

(32) In the case of Ddz deprotection, the resin was treated with 1% TFA,
3% ESiH in DCM for 3 cycles of 15 min and washed as indicated.

(33) Please refer to the Supporting Information section for the synthesis
and numbering of tether building blocks.

(34) In the case of Ddz deprotection, a 2% TFA, 3%S#il solution in
DCM was used for 1 h.

(35) Preparation of PS-thiophenoxide resin (1 g of resin): 1 g of PS-

thiophenol resin was added to 30 mL of THEtOH 95% (1:1, v/v),

followed by addition of potassium trimethylsilanolate (0.19 g, 1.5

mmol, 1.1 equiv). The mixture was agitated fboh under nitrogen
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Abbreviations: Bts, betsyl, or benzothiazol-2-sulfonyOT-R,

human motilin receptor; MMC, migrating motor complex; GPCR,

G-protein coupled receptor; Gl, gastro-intestinal; IBS, irritable bowel

syndrome; PS, polystyrene resin; RP-HPLC, reverse phase high

performance liquid chromatography; AA, amino acid; MP, macroporous
polystyrene resin.
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