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Protein-protein interactions (PPIs) constitute an important but challenging class of molecular targets for small
molecules. The PEX5-PEX14 PPI has been shown to play a critical role in glycosome biogenesis and its disruption
impairs the metabolism in Trpanosoma parasites, eventually leading to their death. Therefore, this PPI is a po-
tential molecular target for new drugs against diseases caused by Trypanosoma infections. Here, we report a new
class of peptidomimetic scaffolds to target the PEX5-PEX14 PPI. The molecular design was based on an oxopi-
perazine template for the a-helical mimetics. A structural simplification along with modifications of the central
oxopiperazine scaffold and addressing the lipophilic interactions led to the development of peptidomimetics that
inhibit PEX5-TbPEX14 PPI and display cellular activity against T. b. brucei. This approach provides an alternative

approach towards the development of trypanocidal agents and may be generally useful for the design of helical

mimetics as PPI inhibitors.

1. Introduction

Peroxisomes are small organelles that occur in almost all eukaryotes.
Although their number, morphology, protein composition and spectra of
cellular functions are highly varied between the respective organisms,
an important, common feature of all eukaryotic peroxisomes is that they
lack DNA. Consequently, all enzymes required for their function need to
be imported after being translated in the cytosol. Peroxin (PEX#) are
proteins that are necessary for the biogenesis and import of peroxisomal
proteins. Among many of them, PEX5, PEX13 and PEX14 play an
important role in this pathway. PEXS5 is the import receptor, which binds
peroxisomal transport signal 1 (PTS1) peptide motifs of the matrix
proteins. The cargo-loaded PEXS5 is then recruited to peroxisomes with
the aid of the peroxisomal membrane proteins PEX13 and PEX14 [1-5].

Trypanosoma protists use this mechanism for transporting essential
metabolic enzymes into glycosomes, the peroxisome-related organelles.
Consequently, blocking the peroxin-mediated glycosomal import system
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can lead to severe consequences for the cellular metabolism. For
example, in the bloodstream form of T. brucei protist this would lead to
the accumulation of glycosomal enzymes in the cytosol, loss of ATP and
metabolic catastrophe, leading eventually to cell death. Previously, we
showed that blocking the glycosomal import system by inhibition of the
PEX5-PEX14 protein-protein interaction (PPI) with small molecules
causes mislocalization of glycosomal enzymes, kills T. brucei and T. cruzi,
thus bearing a potential as a new molecular target for the treatment of
Human African Trypanosomiasis (HAT) and Chagas disease [6].

The PEX5-PEX14 PPI is mediated by a canonical a-helix of PEX5,
with the indole and phenyl aromatic systems of the WxxxF/Y (where ‘x’
denotes any, non-proline amino acid) motif addressing the respective
hydrophobic Trp and Phe/Tyr binding pockets on the surface of PEX14
(Fig. 1A) [7-10]. This PPI is characterized by a flat interface, hydro-
phobic, aromatic interactions, and only two shallow, solvent exposed
cavities present in a large interface area, which makes it challenging to
be targeted by small molecules. The previous medicinal chemistry
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Fig. 1. A) Binding mode of PEX5 «a-helix (green) to the N-terminal domain of HsPEX14 (light gray, PDB accession code: 2W84). The parallel-displaced n-t stacked
F17 and F34 residues of PEX14 form the Trp and a Phe pockets addressed by the respective aromatic amino acid side chains of PEX5 WxxxF motif. B) The examples of
previously developed pyrazolo[4,3-c]pyridine 1, 2,3,4,5-tetrahydrobenzo(f] [1,4]oxazepine 2 and dibenzo[b,f] [1,4]oxazepin-11(10H)-one 3 PEX5-PEX14 PPI in-
hibitors. The common binding modes are illustrated: the aromatic residues mimicking the native binding of PEX5 WxxxF fragments to PEX14 Trp and Phe pockets,

and the central core (bold) shielding the solvent-exposed F17 and F34 residues.

campaigns based on the in silico 3D pharmacophore screening [11], the
chemically advanced template search (CATS) algorithm [12] and the
high-throughput screening (HTS) of a compound library [13], which led
to first PEX5-PEX14 PPI inhibitor classes based on a pyrazolo[4,3-c]
pyridine 1, 2,3,4,5-tetrahydrobenzo([f] [1,4]oxazepine 2 and dibenzo[b,
f1 [1,4]oxazepin-11(10H)-one 3 scaffold, respectively (Fig. 1B). The
X-ray structures and/or molecular docking results revealed, that despite
these compounds belong to different chemical classes, they all possess
common binding characteristics: a central core shielding the
solvent-exposed F17 and F34 residues in the PEX14 interface and two
aromatic moieties filling the respective Trp and Phe pockets.

PPIs are attractive molecular targets for new drugs because of their
crucial role in many biochemical and signaling pathways [14]. How-
ever, due to their flat, large and solvent-exposed interfaces, and because
of the absence of deep pockets for ligand binding, they are often dis-
regarded as being challenging or even “undruggable” with drug-like
scaffolds. Therefore, new strategies are investigated to inhibit forma-
tion of protein-protein complexes [15-17], many of which utilize
naturally occurring peptides as templates for design of new PPI in-
hibitors [18-20]. As a continuation of our research on new ways to
target the PEX5-PEX14 PPI, we now turn our attention to peptidomi-
metic scaffolds, which reproduce the spatial arrangement of the aro-
matic moieties of the WxxxF/Y motif of PEX5 and orient them towards
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their respective Trp and Phe hotspots in the PEX14 surface. Arora and
co-workers showed that 2-oxopiperazine dimers derived from o-amino
acids adopt stable conformations that reproduce the arrangement of i,
i+4, and i+7 residues on an 8mer canonical a-helix (Fig. 2A) [21]. Using
this approach, they developed peptidomimetics they called oxopiper-
azine helical mimetics (OHMs) that bind MDM2-p53 and p300-HIF1a
PPI interfaces in low- and sub-micromolar concentrations, respectively
(Fig. 2B). Importantly, they showed that OHMs kill cancer cells in in vitro
cellular assays, as well as in vivo tumor xenograft models. In addition,
the developed oxopiperazine dimers had desirable drug-likeness prop-
erties, such as low molecular weight (MW), good solubility, high
sp>-carbon fraction and good synthetic accessibility [22,23].

All these features make OHM s a potentially useful alternative to the
conventional small-molecular inhibitors targeting PPIs mediated by
a-helices. Surprisingly, a literature search shows that this approach is
underused and besides the recent report by Trebesco et al. on novel
SARS-CoV-2 ACE2/spike interaction inhibitors [24], the 2-oxopipera-
zine scaffold has not been employed in design of a-helical mimetics
targeting other protein complexes than MDM2-p53 and p300-HIF1a. In
this report we investigate a novel approach of disrupting PPIs. Building
on the strategy proposed by Arora and co-workers, we develop the first
peptidomimetic inhibitors of the challenging PEX5-PEX14 PPIL

g, WA,

é5 K/N \)l AN
4 ﬁs +7

oxopiperazine dimer

o p300-HIF 1o PPI
BIIX 0 inhibitor

K/N _ NJ\fO Kp=0.53+0.14 M
; \(_ K/N\/CONHZ (fluorescence assay)

Leu :
i+4 CONH,

" GIn
i+7

Fig. 2. Arora’s approach to target PPIs with 2-oxopiperazine-based a-helical mimetics. A) Oxopiperazine dimer as a peptidomimetic scaffold that reproduces the
arrangement of i, i+4, and i+7 residues on an 8mer canonical o-helix. B) Examples of oxopiperazine dimers targeting p53-Mdm2 and p300-HIF1a PPI.
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2. Results and discussion
2.1. Design and SAR study of oxopiperazine PEX5-PEX14 PPI inhibitors

PEX5-PEX14 PPI is mediated by the WxxxF/Y peptide motifs of the
canonical a-helix of PEX5, with the indole and phenyl ring systems of
Trp i and Phe i+4 residues located on the same face of the helix [7].
These aromatic moieties fill the respective Trp and Phe hot-spots in the
PEX14 surface. The existence of only two hot-spots mediating the pro-
tein complex formation is an important feature that differentiates this
PPI from the MDM2-p53 and p300-HIFla PPIs mediated by three
binding pockets, that have been targeted by Arora and co-workers with
oxopiperazine dimers. Therefore, we assumed, that in the case of
PEX5-PEX14 PPI, a simplified oxopiperazine ‘monomer’ may be suitable
for mimicking the WxxxF fragment of PEX5, without any benefit of
including equivalent of i+7 residue present in the 2-oxopierazine dimers
targeting MDM2-p53 and p300-HIF1a PPIs (Fig. 3A). This simplification
potentially gives an opportunity of utilizing even lower MW inhibitors.

To support this molecular design, we overlayed a prototype 2-oxopi-
perazine ‘monomer’ 4 docked to ThPEX14 with the structure of WxxxF
motif of PEX5 bound to the PEX14 surface (PDB accession code: 2W84)
(Fig. 3B) [7]. We observed that the positioning of the indole and phenyl
moieties in their respective Trp and Phe binding pockets was similar for
2-oxopiperazine 4 and the WxxxF fragment of the native ligand PEX5.

We synthesized compound 4, which displayed a weak PEX5-
TbPEX14 PPI inhibition (K; = 265 pM), as evaluated by AlphaScreeen
[25] assay. We then attempted to adjust the prototype oxopiperazine for
a better fit to the TbPEX14 surface using structure-based design. On
closer inspection of the docking pose of 4 to ThPEX14 (Fig. 3B), the
phenyl ring is shifted out toward the upper rim of the Phe pocket rather
than being deeply inserted into this cavity as in the case of Phe side chain
of the native WxxxF motif (Fig. 3B). Our previous studies on targeting
TbPEX14 demonstrated that in some instances introducing a large,
double aromatic system addressing the shallow Phe pocket is beneficial
for the ligand binding [11]. Hence, we replaced the phenyl in 4 with a
larger indole residue, which resulted in 2-oxopiperazine 5 having a
two-fold improved potency in disrupting the PEX5-TbPEX14 PPI (K; =
133 pM). The analysis of the docking-derived binding mode of 5 to
TbPEX14 showed a more efficient filling of the Phe pocket, which fa-
cilitates stronger n-n interactions with the stacked F17 and F34 side
chains of TbPEX14 than in the case of the parent 4 (Fig. 4A). In addition,
a distance between the carboxylate of the inhibitor and the guanidine of
the R22 side chain allows for hydrogen bonding. A replacement of the
ester group in 5 with a primary amide resulted in a two-fold decrease in
the affinity towards TbPEX14 (6, K; = 288 uM). Substitution of the
secondary amine in 5 with acetyl group produced derivative 7 with a
significantly lower efficacy in disrupting the PEX5-ThPEX14 PPI (K; =
542 pM) compared to the parent compound.
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The direct implementation of 2-oxopiperazine central core to mimic
the helical WxxxF motif of PEX5 furnished only weak PEX5-TbPEX14
PPI inhibitors (Table 1). To improve the ligand binding to ThPEX14, we
next systematically explored the possible modifications within the 2-
oxopiperazine core. First, we expanded the central scaffold of 5 by
one methylene unit and synthesized compound 8 with a 1,4-diazepan-2-
one scaffold instead of a 2-oxopiperazine. The compound was signifi-
cantly more potent in disrupting the PEX5-ThPEX14 PPI (K; = 53 pM),
with respect to the parent molecule. We attributed this to an increased
conformational flexibility of the 7-membered central core, which may
facilitate the positioning of the hydrophobic aromatic rings of the
compound in their respective binding pockets in the ThPEX14 surface
(Fig. 4B). Next, we investigated the 2-oxopiperazine analogs with
various carbonyl positions in the central scaffold. The piperazine-2,5-
dione derivatives 9 and 10 of compound 4 did not inhibit PEX5-
TbPEX14 PPI (K; > 1000 pM, for both). Changing the carbonyl position
in 4 and 5 produced the respective analogs 11 and 12. Propitiously, both
derivatives displayed a markedly higher potency in inhibition of PEX5-
TbPEX14 PPI (K; = 73 and 27 pM, respectively), than that of the parent
compounds. Comparison of the docking-derived binding modes of
compounds 5 and 12 shows a very similar positioning of their aromatic
residues in the corresponding binding pockets in ThbPEX14 (Fig. 4A and
C, respectively). Therefore, it seems that the observed differences in the
activities of these compounds are caused by the unfavorable position of
the carbonyl oxygen in 5, which is in close proximity of the F34 residue
in TbPEX14. However, other factors may contribute to ligand binding to
the flat, solvent-exposed surfaces. For example, our previous works on
the pyrazolo[4,3-c]pyridine PEX5-PEX14 PPI inhibitors similar to 1
(Fig. 1B) showed that the positively charged nitrogen of the ligand
proximal to the upper rim of the Phe pocket in ThPEX14 plays an
important role in facilitating the solvent network around the ligand-
protein complex [26]. The tertiary amine nitrogen in 12 adopts a
similar orientation, which may explain the higher activity of the com-
pound, as compared to 5. The 2,3-dioxo analog 13 of 2-oxopiperazine 5
displayed a stronger inhibition of PEX5-TbPEX14 PPI (K; = 75 pM), with
respect to the parent molecule, albeit its activity was lower than this of
compound 12.

Replacement of the carboxylate group in 5 by a primary carboxamide
led to compound 6 displaying a notable decrease in inhibiting PEX5-
TbPEX14 complex formation. To learn more about the importance of the
C-terminal carboxylate, we performed further structure—activity rela-
tionship studies using the oxopiperazine template present in compounds
11 and 12. First, we synthesized compounds 14 and 15, the alcohol and
acetoxy derivatives of 12. Both compounds displayed a two-fold lower
activity in disrupting PEX5-TbPEX14 PPI (K; = 48 and 58 pM, respec-
tively), than the parent 12. Next, we synthesized compound 16, a de-
rivative of 12 without a C-terminal functional group. The compound was
less active (K;j = 41 pM) than the parent molecule. We also obtained

Fig. 3. A) Design of a prototype oxopiperazine WxxxF mimetic 4 as PEX5-PEX14 PPI inhibitor. B) Comparison of the docked pose of compound 4 (blue) to ThPEX14
(gray) and the structure of WxxxF PEX 5 motif (green) bound to TbPEX14 surface (PDB accession code: 2W84). The positions of the aromatic residues addressing the

respective Trp and Phe pockets of PEX14 are similar in 4 and WxxxF fragment.



M. Marciniak et al.

Fig. 4. Docking-derived binding models of 5 (A), 8 (B), 12 (C) and 19 (D) to
PEX5-TbPEX14 PPI interface.

Table 1
Primary design: activity of compounds 4-7 against ThPEX5-PEX14 PPI, T. b.
brucei and HepG2 cells.

#  Formula® TbPEX14 T. b. brucei HepG2 ECsg St
Ki [pM]°  ECso [pM]° [uM]°
4 H 265 + 43 (33-54) >100 >2.3
] LN] 15
HN= g2y
“'COOMe
5 H 133+ 4 30 (23-37) >100 >3.4
r L)
HN= g2y
“’COOMe
N
7
\\ NH
6 H 288 + >100 >100 -
/ JiNj 11
HN— o2\
“CONH,
N
NH
7 Ac 542 + >100 >100 -
] i”j 46
HNT 07N
“"COOMe
N
NH
1 5+1 4 (3-4)° >50° >14

@ Chemical structure of 1 is shown in Fig. 1B.

b Values were calculated as a Hill curve fit to 12-point titration. The values are
shown as mean (n = 4).

¢ Values are shown as mean (n = 4). Values in parentheses are 95% confidence
intervals.

d Selectivity index is calculated as HepG2 ECso [uM]/T. b. brucei ECso [pM].

¢ Data taken from Ref. [6].
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derivative 17 in which the indole residue addressing the Phe pocket was
linked to the oxopiperazine framework through an amide bond. The
activity of both compound was significantly lower (K; = 195 pM), when
compared to the structurally related derivative 12.

In the pyrazolo[4,3-c]pyridine series of PEX5-TbPEX14 PPI in-
hibitors described previously, the aromatic residue addressing the Trp
pocket in TbPEX14 was linked to the central scaffold through a car-
boxamide bond. We have shown, that such arrangement favors an
important through-water binding to the hydrophilic amino-acid side
chains of the ThPEX14 surface and thus plays an important role in
creating the water envelope around the ligand-protein complex [11,13,
26]. Hence, we decided to verify if a similar design can be adapted for
optimization of the oxopiperazine series and synthesized derivatives 18
and 19. The results of molecular docking suggest a different binding
mode of these analogs than that of the other 2-oxopiperazine
PEX5-TbPEX14 PPI inhibitors (Fig. 4D). Compound 18 displayed a
modest activity (K; = 494 pM). The naphthyl analog 19 was markedly
more potent (Kj = 77 puM), however at the cost of a significantly
increased hydrophobicity. Despite the limited utility of 18 and 19 as
PEX5-TbPEX14 PPI inhibitors, they are based on the unpreceded
(S)-6-oxopiperazine-2-carboxylate scaffold with a C-terminal a-amino
acid residue attached to the N-4 atom, which can be useful for design of
novel peptidomimetics [27].

2.2. NMR validation experiment

To validate the binding mode of 2-oxopiperazines to ThbPEX14 sur-
face, compound 12 was tested in a NMR 'H-!°N 2D heteronuclear single-
quantum coherence correlation experiment. The compound interacted
with the N-terminal domain of ThPEX14 in fast exchange on the NMR
chemical shift time scale (Fig. S1 in supplementary data). The NMR
spectra show that some of the affected resonances are attributable to
assigned residues near the binding site for the PEX5 WxxxF motif. This
indicates compound 12 binds at the binding site expected on the basis of
the docking pose generated (Fig. 4C).

2.3. Cellular activity of oxopiperazine PEX14-PEX5 PPI inhibitors

Having investigated the structure-activity relationship of oxopiper-
azine PEX5-TbPEX14 PPI inhibitors, we next sought to determine if the
developed compounds possess in vitro cellular activity and whether this
activity correlates with the potency in disrupting the PEX5-TbPEX14 PPI
evaluated in AlphaScreen assay. We tested the compounds for their
trypanocidal activity using T. b. brucei bloodstream form parasites as the
model organism employing peroxisomal import to maintain the crucial
life functions. In addition, we determined the cytotoxicity of the com-
pounds in HepG2 (hepatocyte) cells. The results are presented in
Tables 1-4. In general, we observed a good correlation between the
potency in disrupting the PEX5-ThPEX14 complex formation and the
activity against T. b. brucei. The PEX5-TbPEX14 PPl inhibitors 4, 5, 8, 11,
12, 16, 19 displayed trypanocidal activities in micromolar concentra-
tions whereas the derivatives 6-7, 10, 17 and 18 with low activities in
the AlphaScreen assay did not kill T. b. brucei. Compound 9 was the only
exception form this trend, showing a modest trypanocidal activity
accompanied by an unspecific cytotoxicity. Most of the tested inhibitors
showed selectivity between antiparasitic activity and cytotoxicity
against HepG2 cells. Compounds 8 and 12 were most potent against
bloodstream form of T. b. brucei, displaying low-micromolar ECs( values
comparable to those observed for 1 [6] and some other PEX5-TbPEX14
PPI inhibitors studied previously [12,13].

2.4. Chemistry
The (S)-3-((1H-indol-3-yl)methyl)piperazin-2-one and (S)-3-((1H-

indol-3-yl)methyl)-1,4-diazepan-2-one peptidomimetics 4-8 were syn-
thesized employing a Fukuyama-Mitsunobu cyclization strategy [28] as
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Table 2
Modifications of the central scaffold: activity of compounds 8-13 against
TbPEX5-PEX14 PPI, T. b. brucei and HepG2 cells.

European Journal of Medicinal Chemistry 258 (2023) 115587

Table 3
Modifications of the C-terminus: activity of compounds 14-17 against ThPEX5-
PEX14 PP, T. b. brucei and HepG2 cells.

# Formula® TbPEX14  T. b. brucei HepG2 ECs S1! # Formula® TbPEX14  T. b. brucei HepG2 ECs St
Ki [pM]°  ECso [pM]° [pM]° Ki [pM]°  ECsp [pM]° [uM]°
8 Qj/ H 53+2 5 (4-6) 21 (15-25) 4.2 14 H 48 + 2 14 (12-16)° 24 (16-37) 1.7
., N ., N_O
() (T
HNT 0™y HN N
-, OH
COOMe
N X
NH NH
9 Qj/ H o >1000 29 (24-35) 24 (15-39) <1 15 H 58 + 1 13 (11-6) 29 (24-35) 1.8
n, N_O
r LY (T
HN= g2y HN N
“COOMe , ~OAC
N
NH
10 Qj/ wo, oo oo >100 >100 - 16 H a+2 769 12(6-22) 17
., N._0O
r Ly Y
HN— o2y HN ’ N
“/CONH,
X
NH
11 H 73 +2 13 (8-18) 56 (37-121) 4.3
W _N_O 17 H 195+ 4  >100 >100 -
/ [ f 1, N o
HN N ] [ f
. HN N
“COOMe
o}
N
12 H 27 £1 5 (4-6) 17 (15-19) 3.6 NH
Qj/’w[“fo 1 5+1 4 (3-4)° >50° >14
HN N 2 Chemical structure of 1 is shown in Fig. 1B.
“'coome b Values were calculated as a Hill curve fit to 12-point titration. The values are
N shown as mean (n = 4).
NH ¢ Values are shown as mean (n = 4). Values in parentheses are 95% confidence
13 H 75+ 3 29 (22-38) >100 >3.4 intervals.
QE//”'[NIO d Selectivity index is calculated as HepG2 ECso [uM]/T. b. brucei ECso [pM].
HN NSo ¢ Data taken from Ref. [6].
“'COOMe
AN
NH
Table 4
1 5+1 4 (3-4)° >50¢ >14

# Chemical structure of 1 is shown in Fig. 1B.

b Values were calculated as a Hill curve fit to 12-point titration. The values are
shown as mean (n = 4).

¢ Values are shown as mean (n = 4). Values in parentheses are 95% confidence
intervals.

d Selectivity index is calculated as HepG2 ECso [pM]/T. b. brucei ECso [pM].

¢ Data taken from Ref. [6].

a key step, as shown in Schemes 1 and 2. L-H-Trp-OH was esterified with
MeOH and the amine group of the resulting ester 20 was acylated with
0-NsCl to give the sulfonamide 21, that upon hydrolysis yielded
carboxylate 22. Peptide coupling with L-H-Phe-OMe or L-H-Trp-OMe
followed by Mitsunobu reaction of the respective products 23 and 24
with 2-bromoethanol provided the acyclic precursors of piperazin-2-one
25 and 26. In a similar manner, 24 was reacted with 3-bromopropanol
to provide the 1,4-diazepan-2-one precursor 27. The subsequent
DBU-triggered cyclocondensation reactions of bromides 25-27 followed
by the Ns-deprotection of the respective 2-oxopiperazines 28-30 led to
the target products 4, 5, 8. Amide 6 was obtained from ester 5 by
aminolysis. Alternatively, the secondary amine of 5 was acetylated to
give the tertiary amide 7.
(S)-3-((1H-indol-3-yl)methyl)piperazine-2,5-dione derivatives 9 and
10 were synthesized as shown in Scheme 3. L-Boc-Trp-OH was coupled
with L-H-Phe-OMe using TBTU activation. The obtained intermediate 31

Activity of compounds 18-19 against TbPEX5-PEX14 PPI, T. b. brucei and HepG2
cells.

# Formula® TbPEX14  T. b. brucei HepG2 ECsq s
Ki[pM1°  ECso [pMI° [uMI°
18 o 4 494 + >100 >100 NA
©ANJK[NTO 34
H
N
“'COOMe
N
NH
19 o 4 77 £3 10 (9-12) 33 (31-36) 3.2
N N__O
SEAw]
N
“'COOMe
N
NH
1 5+1 4 (3-4)° >50¢ >14

@ Chemical structure of 1 is shown in Fig. 1B.

b Values were calculated as a Hill curve fit to 12-point titration. The values are
shown as mean (n = 4).

¢ Values are shown as mean (n = 4). Values in parentheses are 95% confidence
intervals.

d Selectivity index is calculated as HepG2 ECso [uM]/T. b. brucei ECso [pM].

¢ Data taken from Ref. [6].
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... _NHNs i ... _NHNs iv
: T T
HN COOMe HN COOH
21 22
Ns H
., N I n. N ]
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Scheme 1. i. SOCl,, MeOH, reflux; ii. 0-NsCl, TEA, DMAP, DCM, 0 °C to rt; iii. LiOH, TEA, water, rt; iv. L-H-Phe-OMe or L-H-Trp-OMe, EDC, HOBt, DIPEA, DCM, 0 °C
to rt; v. 2-bromoethanol or 3-bromopropanol, DEAD, PPhs, THF, 0 °C to rt; vi. DBU, THF, rt; vii. PhSH, Cs3CO3, DMF, rt.
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Scheme 2. i. NH3, MeOH, reflux. ii. Ac,O, DIPEA, DMAP, DCM, O °C to rt.

was subjected to Boc-cleavage under acidic conditions and the resulting
free amine was acylated with bromoacetyl chloride to give the acyclic
piperazine-2,5-dione precursor 32. The intramolecular amide N-alkyl-
ation afforded the cyclic 9 bearing a terminal Phe-OMe, which was
subsequently converted into the corresponding amide 10 by treatment
with concentrated methanolic ammonia.

The (S)-6-((1H-indol-3-yl)methyl)piperazin-2-one-based peptidomi-
metics 11 and 12, having the C-terminal Phe-OMe and Trp-OMe resi-
dues, respectively, were synthesized as shown in Scheme 4. L-H-Trp-OH
was reduced with LAH followed by amine protection with Boc group.
The resulting L-Boc-Trp-ol 33 was oxidized to L-Boc-Trp-al 34 under the
Parikh-Doering conditions [29,30]. The aldehyde 34 was subjected to
reductive amination with L-H-Phe-OMe or L-H-Trp-OMe to provide the
amines 35 and 36, respectively, which were then N-alkylated with ethyl

.. __NHBoc
] i
i HNT 07> NH

bromoacetate. The obtained products 37 and 38 were Boc-deprotected
in acidic conditions/cyclized to the respective target 2-piperazinones
11 and 12. A side reaction of cyclocondensation employing a more
hindered carbonyl occurred, which resulted in a formation of products
39 and 40.

All attempts to obtain the alcohol 14 by reduction of ester 12 using
various conditions and reagents including LiBH, failed. Hence, 14 was
synthesized from 34 using a reductive amination/deprotection/cyclo-
condensation sequence, as shown in Scheme 5. 34 was subjected to
reductive amination with L-Trp-ol to provide the amine 41. The subse-
quent N-alkylation reaction with ethyl bromoacetate gave the amino
esters 42 along with its lactone derivative 43. Removal of the Boc pro-
tecting group in 42 followed by cyclization yielded the target oxopi-
perazine 14. Acetylation of the primary alcohol in 14 provided 15.

The (S)-5-((1H-indol-3-yl)methyl)piperazine-2,3-dione derivative
13 was synthesized by N-Boc deprotection of 36, followed by N-acyla-
tion and subsequent cyclocondensation of the resulting amino ester 44
in presence of TEA, as shown in Scheme 6.

Compounds 16 and 17 were synthesized as shown in Scheme 7.
Aldehyde 34 was subjected to reductive amination with Gly-OMe, fol-
lowed by a deprotection-cyclization sequence of the resulting amino
ester 45 to give 2-oxopiperazine 46. Reductive amination or EDC-
mediated acylation of 46 gave the final derivatives 16 and 17,
respectively.

The (S)-6-oxopiperazine-2-carboxamide derivatives 18 and 19 were
synthesized as shown in Scheme 8. First, L-Boc-Ser-OBn was reacted

. NH
/:< e
HNT 07 NH

jii

"“COOMe “"COOMe
L xHCI_
31
H H H
Qj/ N__O .. N__O .. N__O
I’ 1T I LY LT
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32 9 10

Scheme 3. i. L-H-Phe-OMe TBTU, DIPEA, DMF, O °C to rt; ii. 4 N HCl, 1,4-dioxane, rt; iii. bromoacetyl bromide, DIPEA, DMAP, DCM, O °C to rt; iv. Cs;CO3, DMF, rt.;

v. NH3, MeOH, rt.
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NHBoc
[ 35:R=-Ph

36: R = -3-indolyl

34 /COOMe
R
““COOMe EtOOC
11: R=-Ph 39:R=-Ph

12: R = -3-indolyl 40: R = -3-indolyl

Scheme 4. i. LAH, THF, 0 °C to rt, then (Boc),0, THF, HO, rt; ii. PySO3, TEA, DMSO, rt; iii. L-H-Phe-OMe or L-H-Trp-OMe, NaBH(OAc)3, THF, rt; iv. Ethyl bro-

moacetate, DIPEA, CH5CN, 70 °C; v. 4 N HCl, 1,4-dioxane, rt; vi. TEA, MeOH, rt.
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Scheme 5. i. L-H-Trp-ol, NaBH(OAc)3, THF, rt; ii. Ethyl bromoacetate, DIPEA, CH3CN, 70 °C; iii. 4 N HCl, 1,4-dioxane, rt; iv. TEA, MeOH, rt; v. Ac,0, DIPEA, DMAP,

DCM, 0 °C to rt.
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Scheme 6. i. 4 N HCI, 1,4-dioxane, rt; ii. (COOELt),, TEA, EtOH, reflux; iii. toluene, TEA, reflux.

with SOCI; in the presence of a base to give a cyclic sulfamidite, which
was then oxidized with NalO4/RuCl; to the cyclic sulfamidate 47. In-
termediate 48 was obtained by N-alkylation of L-H-Trp-OMe with
methyl bromoacetate. The cyclic (S)-6-oxopiperazine-2-carboxylate 49
was assembled by a three-step procedure comprising the N-alkylation of
48 with sulfamidate 47, HCl-mediated one-pot Boc-deprotection/
sulfamate cleavage and intramolecular aminolysis. The obtained ester
49 was then deprotected by transfer hydrogenation employing 1,4-
cyclohexadiene and Pd/C catalyst. Finally, 18 and 19 were

synthesized from carboxylate 50 by EDC/HOBt-mediated coupling with
benzylamine and 1-naphthylmethylamine, respectively.

3. Conclusions

Despite a constant progress in development of PPI inhibitors, this
class of therapeutics remains to be difficult to target by small-molecules.
Therefore, there is a considerable interest to identify alternative chem-
ical matter to furnish new leads with desirable activity. Peptidomimetics
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Scheme 7. i Gly-MeOxHCI, NaBH3CN, AcOH, DCM/MeOH, rt; ii. 4 N HCI, 1,4-
dioxane, rt; iii. 3-indoleacetaldehyde, NaBH(OAc)3, THF, rt (for 16) or TEA,
MeOH, rt; iv. 3-indoleacetic acid, EDC, DIPEA, DMAP, DMF, 0 °C to rt (for 17).

have long been recognized as attractive tools to modulate PPIs. In this
study, we adopted a strategy based on oxopiperazine a-helical mimetics
proposed by Arora and co-workers to target the challenging PEX5-
PEX14 PPL. Using a combination of ligand- and structure-based
approach we have designed a novel class of compounds that inhibit
the PEX5-PEX14 PPI at mid- and low-micromolar concentrations. A
systematic re-modelling of the central 2-oxopiperazine core of the
initially designed compound 4 and addressing hydrophobic interactions
in the Phe pocket in PEX14 resulted in a considerable increase of ac-
tivity. Derivative 12 emerged as most potent compound from the oxo-
piperazine series. In addition, the 1,4-diazepan-2-one framework
represented by compound 8 may be considered a valuable scaffold for
development of PEX14-PEX5 PPI inhibitors, which will be investigated
in more details in the future. Importantly, the developed inhibitors were
active in cellular system, some of them showing a low-micromolar try-
panocidal activity against T. brucei. The activity profiles of the devel-
oped agents are comparable to some of the previously developed PEX5-
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PEX14 PPI inhibitors, therefore they constitute interesting starting
points for future optimization. In addition, we believe that the presented
design is not only useful for development of next generation of PEX5-
PEX14 PPI inhibitors, but is a valuable extension of the strategy pro-
posed by Arora and co-workers and has a potential applicability in
development of peptidomimetics against other molecular targets.

4. Experimental section
4.1. Chemistry

If not noted otherwise, all reactions in non-protic solvents were
carried out under argon atmosphere in oven dried glassware with
magnetic stirring. Commercially available chemicals were used without
further purification. Dry solvents (THF, DMF, CH,Cly) were purchased
from Acros Organics. Thin Layer Chromatography (TLC) was carried out
on Merck TLC Silica gel 60 glass plates. Manual flash column chroma-
tography (CC) was performed using Merck Silica gel 60 (particle size
0.040-0.063 mm, 230-400 mesh ASTM). Automated CC was performed
on a Buchi Reveleris Prep purification system using Buchi Reveleris or
Silicycle Silasep silica cartridges for normal phase (SiO3) and Buchi
Reveleris or Silicycle Silasep C-18 cartridges for reverse-phase (RP-C18)
separations. LC-MS analyses performed on an Agilent 1220 Infinity II
Gradient LC System coupled with an Agilent LC/MSD single-quadrupole
detector (column: Poroshell 120, EC-C18, 3.0 x 50 mm, 2.7 pm;
gradient: water/MeCN containing 0.1% (v/v) formic acid each, 5-95%
MeCN; UV detection at 220 and 254 nm). High resolution mass spec-
trometry (HRMS) analyses were carried out using a Thermo Scientific Q-
Exactive apparatus using an electrospray ionization (ESI). NMR data
were recorded on a Varian 300 MHz VNMRS, Agilent 400-MR DD2 400
MHz, Bruker Avance III HD 400 or Varian Inova 500 MHz instruments.
NMR peaks are reported as follows: chemical shift (§) in parts per million
(ppm) relative to residual non-deuterated solvent and/or tetrame-
thylsilane (TMS) as the internal standards. The resonance signals are
described in the following order: multiplicity, coupling constant (in Hz)
and integration. The final compounds 4-19 were >95% pure, as deter-
mined by 'H NMR and/or by LC-MS.
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Scheme 8. i. SOCl,, imidazole, CH5Cl,, -78 °C to rt; ii. NalO4, RuCls, CH3CN, water, 0 °C to rt; iii. methyl bromoacetate, DIPEA, CH5CN, rt; iv. 50, CH3CN, 70 °C; v. 4
N HCl, 1,4-dioxane, rt; vi. TEA, MeOH, rt; vii. 1,4-cyclohexadiene, 10% Pd/C, MeOH, reflux; viii. BaNH, or 1-naphthylmethylamine, EDC, HOBt, DIPEA, DMF, rt.
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4.2. Methyl i-tryptophanate hydrochloride 20

A slurry of L-H-Trp-OH (67.00 g, 328.1 mmol) in dry MeOH (500 mL)
was cooled (-5 °C). SOCly (47.65 mL, 2.0 eq., 656.1 mmol) was added
slowly with constant vigorous stirring at such rate that the reaction
temperature does not exceed 10 °C. The mixture was stirred at room
temperature overnight and the obtained solid was filtered, washed with
cold MeOH and n-hexanes, dried to give 20 (67.88 g, 81%). White solid;
LC-MS (m/z): 219 [M+H]™.

4.3. Methyl ((2-nitrophenyDsulfonyl)-L-tryptophanate 21

A slurry of 20 (35.00 g. 137.4 mmol) and DMAP (0.84 g, 0.05 eq.,
6.9 mmol) in dry DCM (300 mL) was cooled (0 °C) and TEA (38.33 mL,
2.0 eq., 274.8 mmol) was added slowly. To this suspension was added o-
NsCl (30.45 g, 1.0 eq., 137.4 mmol) portionwise and the resulting
mixture was allowed to reach rt and stirred overnight. 1 M aqueous
solution of citric acid (200 mL) was added and the mixture was shaken in
a separatory funnel. The layers were separated and the aqueous phase
was washed with CHyCly (3 x 75 mL). The combined organic extracts
were washed with water (100 mL), saturated aqueous solution of
NaHCOs3 (100 mL) and saturated aqueous solution of NaCl (100 mL),
dried over anhydrous NaySO, filtered and evaporated in vacuo. The
residue was crystalized from MeOH and the resulting solid was washed
with n-hexanes and dried to give 21 (50.03 g, 90%). Yellow solid; B
NMR (300 MHz, CDCl3) § 8.07 (bs, 1H), 7.92-7.83 (m, 1H), 7.73-7.63
(m, 1H), 7.53 7.60-7.45 (m, 2H), 7.38 (d, J = 7.9 Hz, 1H), 7.25 (d, J =
8.2 Hz, 1H), 7.12 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.06 (d, J = 2.4 Hz,
1H), 6.99 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 6.03 (d, J = 7.6 Hz, 1H), 4.48
(td, J = 7.5, 5.1 Hz, 1H), 3.56 (s, 3H), 3.35 (dd, J = 14.8, 5.1 Hz, 1H),
3.24 (dd, J = 14.7, 7.5 Hz, 1H); °C NMR (75 MHz, CDCls3) § 171.4,
147.0, 136.2, 133.7, 133.3, 132.7, 130.2, 126.7, 125.4, 123.8, 122.2,
119.8,118.3,111.4,108.7, 56.8, 52.6, 29.0; LC-MS (m/2): 404 [M+H] ™.

4.4. ((2-NitrophenyDsulfonyl)-L-tryptophan 22

Compound 21 (58.40 g, 132.8 mmol) was dissolved in THF (400 mL)
and a solution of LiOH x H,0 (18.22 g, 3.0 eq., 398.3 mmol) in water
(100 mL) was added. The mixture was vigorously stirred for 4 h. THF
was evaporated in vacuo and the residue was stirred vigorously with a
DCM and MeOH (8:1, 300 mL). The mixture was acidified with 33%
aqueous solution of HCl keeping the temperature below 20 °C by
external cooling with a mixture of ice and water. The layers were
separated in separatory funnel and the aqueous phase was extracted
with DCM and MeOH (8:1, 4 x 100 mL). The combined organic extracts
were washed with water (2 x 75 mL), dried over anhydrous NasSOy4,
filtered and evaporated in vacuo to give 22 (50.23 g, 90%). Light-brown
solid; 'H NMR (300 MHz, CDCl3) & 8.02 (bs, 1H), 7.91-7.82 (m, 1H),
7.68-7.59 (m, 1H), 7.56-7.44 (m, 2H), 7.38 (d, J = 7.9 Hz, 1H),
7.30-7.21 (m, 1H), 7.19-7.06 (m, 2H), 6.97 (t, J = 7.5 Hz, 1H), 6.01 (d,
J=7.0Hz, 1H), 4.53-4.41 (m, 1H), 3.41 (dd, J = 14.7, 4.9 Hz, 1H), 3.24
(dd, J = 14.8, 7.9 Hz, 1H); '3C NMR (75 MHz, CDCl3) § 174.7, 146.8,
136.2, 133.5, 133.2, 132.8, 130.3, 126.6, 125.5, 124.0, 122.4, 119.9,
118.3, 111.3, 108.5, 56.5, 28.8; LC-MS (m/z): 390 [M+H] .

4.5. Methyl ((4-nitrophenyDsulfonyl)-L-tryptophyl-L-phenylalaninate 23

A solution of 22 (4.00 g, 10.27 mmol) in DMF (100 mL) is cooled (0
°C), followed by the addition of EDC (3.54 g, 1.2.eq., 18.49 mmol), HOBt
(2.08 g, 1.5 eq., 15.41 mmol), L-H-Phe-OMe x HCl (2.22 g, 1.0 eq.,
10.27 mmol) and DIPEA (5.37 mL, 3.0 eq., 30.82 mmol). The mixture
was allowed to reach rt and stirred overnight. AcOEt (120 mL) and water
(150 mL) were added and the mixture was shaken in a separatory funnel.
The layers were separated and the aqueous phase was extracted with EA
(50 mL). The combined organic extracts were washed with 1 M aqueous
solution of citric acid (50 mL), water (50 mL), saturated aqueous
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solution of NaHCO3 (50 mL), water (50 mL) and saturated aqueous so-
lution of NH4ClI (5 x 40 mL), dried over anhydrous NazSO4, filtered and
evaporated in vacuo. The residue was subjected to CC (manual, SiO, n-
hexane/AcOEt 3:1 to 1:2) to give 23 (4.50 g, 80%). Beige solid; I NMR
(500 MHz, CDCl3) 6 8.09 (bs, 1H), 7.76 (dd, J = 7.8, 1.6 Hz, 1H), 7.47
(dd,J=7.9,1.4Hz,1H),7.37 (td,J=7.7,1.6 Hz, 1H), 7.31 (td, J = 7.6,
1.4 Hz, 1H), 7.29-7.18 (m, 4H), 7.13(d, J = 8.1 Hz, 1H), 7.11 (d,J = 7.9
Hz, 1H), 7.09-7.05 (m, 2H), 7.03 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 6.99 (d,
J = 2.4Hz, 1H), 6.83 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.02 (bs, 1H), 4.88
(ddd,J=7.9, 6.9, 5.8 Hz, 1H), 4.14-4.07 (m, 1H), 3.71 (s, 3H), 3.32 (dd,
J=14.9, 4.8 Hz, 1H), 3.16 (dd, J = 13.9, 5.9 Hz, 1H), 3.05 (dd, J = 13.9,
6.9 Hz, 1H), 2.83 (dd, J = 14.9, 10.0 Hz, 1H); °C NMR (126 MHz,
CDCl3) 6 171.5, 170.4, 146.2, 136.3, 135.9, 133.4, 132.6, 131.7, 130.6,
129.3, 128.6, 127.1, 126.2, 125.5, 124.4, 122.1, 119.8, 118.4, 111.3,
108.8, 58.0, 53.4, 52.4, 37.9, 28.8; ESI HRMS (m/2): calcd for
Co7Ho6N40,S8" [M+H]": 551.1595, found: 551.1601.

4.6. Methyl N*-(2-bromoethyl)- N*-((2-nitrophenyl)sulfonyl)-L-
tryptophyl-L-phenylalaninate 25

To a cooled (0 °C) solution of 24 (4.38 g, 7.95 mmol), PPh3 (3.13 g,
1.5 eq., 11.92 mmol) and 2-bromoethanol (0.56 mL, 1.0 eq., 7.95 mmol)
in THF (100 mL) was added 40% solution of DEAD in toluene (4.34 mL,
1.2 eq., 9.34 mmol) dropwise. The reaction mixture is allowed to reach
rt and stirred overnight. The resulting solution was evaporated and the
residue was subjected to CC (automated, 80 g, SiO9, n-hexane/AcOEt 3:1
to 1:1, then: automated, 40 g, RP-C18, water/MeOH gradient) to give 25
(4.01 g, 77%). White solid; H NMR (300 MHz, CDCl3) 6 7.77 (bs, 1H),
7.67-7.58 (m, 1H), 7.46-7.36 (m, 2H), 7.33-7.21 (m, 5H), 7.20-7.06
(m, 5H), 7.00 (ddd, J = 8.0, 6.6, 1.5 Hz, 1H), 6.96 (d, J = 2.3 Hz, 1H),
6.91 (d, J = 7.7 Hz, 1H), 4.68 (ddd, J = 9.2, 7.6, 4.8 Hz, 1H), 4.54 (dd, J
= 8.2, 6.9 Hz, 1H), 3.94-3.78 (m, 1H), 3.78-3.61 (m, 4H), 3.35 (dd, J =
15.0, 6.8 Hz, 1H), 3.24-2.98 (m, 3H), 2.96-2.79 (m, 2H); 13C NMR (75
MHz, CDCl3) 6§ 172.0, 170.3, 147.5, 136.4, 136.2, 133.8, 132.4, 131.8,
131.3, 129.7, 129.4, 127.9, 127.2, 124.4, 124.3, 122.6, 120.2, 118.8,
111.7,109.9,59.7, 54.7, 52.9, 46.7, 38.2, 28.9, 24.7; LC-MS (m/z): 657
and 659 [M+H]".

4.7. Methyl (S)-2-((S)-3-((1H-indol-3-yDmethyl)-4-((2-nitrophenyl)
sulfonyl)-2-oxopiperazin-1-yl)-3-phenylpropanoate 28

To a solution of 25 (4.01 g, 6.10 mmol) in dry THF (150 mL) was
added DBU (1.09 mL, 1.2 eq., 7.32 mmol) dropwise. The mixture was
stirred overnight and concentrated in vacuo. The residue was partitioned
between AcOEt (100 mL) and 1 M aqueous solution of HCI (50 mL). The
mixture was shaken in a separatory funnel and the layers were sepa-
rated. The aqueous phase was extracted with AcOEt (30 mL) and the
combined organic extracts were washed with water (50 mL), saturated
solution of NaCl (50 mL), dried over anhydrous NaySOy, filtered and
evaporated in vacuo. The residue was subjected to CC (automated, 80 g,
SiO9, n-hexane/AcOEt 1:1 to 0:1) to give 28 (3.51 g, 87%). Yellow solid;
H NMR (500 MHz, CDClg) 5 7.71 (bs, 1H), 7.49 (dq, J = 7.9, 0.9 Hz,
1H), 7.43 (dd, J = 7.8, 1.5 Hz, 1H), 7.40-7.33 (m, 2H), 7.31-7.25 (m,
2H), 7.24-7.20 (m, 1H), 7.19-7.15 (m, 2H), 7.08 (ddd, J = 5.4, 2.9, 1.2
Hz, 3H), 7.07-7.00 (m, 2H), 6.70 (d, J = 2.3 Hz, 1H), 5.19 (dd, J = 10.7,
5.6 Hz, 1H), 4.70 (ddd, J = 9.1, 4.0, 1.5 Hz, 1H), 3.92-3.84 (m, 1H),
3.71 (s, 3H), 3.34 (dd, J = 14.5, 5.6 Hz, 1H), 3.30-3.14 (m, 3H),
3.10-2.98 (m, 2H), 2.90 (dd, J = 15.1, 9.1 Hz, 1H); 3¢ NMR (126 MHz,
CDCl3) 6 170.21, 167.29, 146.60, 136.52, 135.76, 133.09, 132.78,
131.55, 130.16, 128.96, 128.76, 126.95, 126.90, 123.88, 123.63,
121.92, 119.66, 118.75, 111.06, 110.33, 77.28, 77.03, 76.78, 59.88,
58.48, 52.47, 45.14, 39.68, 34.04, 27.79; ESI HRMS (m/z): calcd for
CaoH29N40,S8™ [M+H]™: 577.1752, found: 577.1758.
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4.8. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-2-oxopiperazin-1-yl)-
3-phenylpropanoate 4

A mixture of PhSH (0.78 mL, 7.61 mmol), Cs2CO3 (2.48 g, 1.0eq,
7.61 mmol) and acetonitrile (50 mL) was stirred for 1 h, followed by
addition of 28 (2.20 g, 0.5 eq., 3.81 mmol). The stirring was continued
overnight and the mixture was loaded on a short column (15 g of SiOo,
conditioned with n-hexanes). The column was eluted with n-hexanes
until the eluate was colorless and no more non-polar byproducts were
detected by TLC (AcOEt). SiO, was then dried, loaded on a column and
the compound was purified by CC (automated, 40 g, SiOs, AcOEt/
MeOH/TEA 99:0:1 to AcOEt 96:4:1) to give 4 (0.97 g, 65%). Beige solid;
Purity: 95.8% (LC-MS); HNMR (500 MHz, CDCl3) 6 8.19 (bs, 1H), 7.66
(dq, J = 7.9, 0.9 Hz, 1H), 7.37-7.29 (m, 3H), 7.29-7.22 (m, 3H), 7.19
(ddd, J=8.2,7.0,1.2 Hz, 1H), 7.11 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 6.87
(d, J = 2.4 Hz, 1H), 5.17 (dd, J = 10.9, 5.3 Hz, 1H), 3.80-3.69 (m, 4H),
3.45 (ddd, J = 14.5, 3.6, 1.0 Hz, 1H), 3.39 (dd, J = 14.5, 5.3 Hz, 1H),
3.26 (td, J=10.7, 4.3 Hz, 1H), 3.12 (dd, J = 14.5, 10.9 Hz, 1H), 2.95 (dt,
J=11.0, 3.6 Hz, 1H), 2.93-2.87 (m, 2H), 2.76 (ddd, J = 12.6, 10.5, 3.9
Hz, 1H); 3¢ NMR (126 MHz, CDCl3) 6 171.1, 170.4, 137.2, 136.2,
129.0, 128.6, 127.5, 126.7, 123.1, 122.1, 119.4, 119.0, 111.7, 111.1,
59.8, 58.5, 52.3, 46.7, 41.9, 34.2, 27.6; ESI HRMS (m/z): calcd for
Ca3HoeN304 [M+H] ' 392.1969, found: 392.1968.

4.9. Methyl ((4-nitrophenyDsulfonyl)-L-tryptophyl-L-tryptophanate 24

A solution of 22 (10.00 g, 25.68 mmol) in DMF (200 mL) is cooled (0
°C), followed by the addition of EDC (5.91 g, 1.2.eq., 30.82 mmol), HOBt
(5.20 g, 1.5 eq., 38.52 mmol), L-H-Trp-OMe x HCI (6.54 g, 1.0 eq., 25.68
mmol) and DIPEA (9.96 mL, 3.0 eq., 77.04 mmol. The mixture was
allowed to reach rt and stirred overnight. AcOEt (250 mL) and water
(400 mL) were added and the mixture was shaken in a separatory funnel.
The layers were separated and the aqueous phase was extracted with EA
(2 x 50 mL). The combined organic extracts were washed with 1 M
aqueous solution of citric acid (100 mL), water (100 mL), saturated
aqueous solution of NaHCOs3 (75 mL), water (100 mL) and saturated
aqueous solution of NH4CI (5 x 75 mL), dried over anhydrous NaySO4,
filtered and evaporated in vacuo. The residue was subjected to CC
(manual, SiOj, n-hexane/AcOEt 3:1 to 1:2) to give 24 (3.91 g, 26%).
Yellow solid; 'H NMR (300 MHz, CDCl3) 6 8.06 (bs, 1H), 7.81 (bs, 1H),
7.75(dd,J=7.7,1.5Hz,1H), 7.50 (d, J = 7.8 Hz, 1H), 7.46 (dd, J = 7.8,
1.6 Hz, 1H), 7.42-7.27 (m, 3H), 7.25-7.17 (m, 2H), 7.17-7.09 (m, 2H),
7.08-6.99 (m, 2H), 6.92-6.79 (m, 3H), 5.86 (d, J = 5.1 Hz, 1H), 4.88 (q,
J=6.1Hz, 1H), 4.13 (dt, J = 9.8, 5.1 Hz, 1H), 3.68 (s, 3H), 3.38-3.16
(m, 3H), 2.73 (dd, J = 14.9, 9.4 Hz, 1H); 13¢ NMR (75 MHz, CDCl3) &
171.8, 170.2, 146.2, 136.2, 136.1, 133.4, 132.6, 131.8, 130.6, 127.6,
126.3,125.4,123.1,122.22,122.16,119.8,119.6,118.7,118.5, 111.4,
111.2,109.8,109.0, 57.8, 52.9, 52.5, 28.4, 27.5; ESI HRMS (m/2): calcd
for CogHagNs07S™ [M+H]': 590.1704, found: 590.1706.

4.10. Methyl N*-(2-bromoethyl)- N*-((2-nitrophenyDsulfonyl)-L-
tryptophyl-L-tryptophanate 26

To a cooled (0 °C) solution of 24 (3.90 g, 6.61 mmol), PPh;3 (2.60 g,
1.5 eq., 9.92 mmol) and 2-bromoethanol (0.47 mL, 1.0 eq., 6.61 mmol)
in THF (75 mL) was added 40% solution of DEAD in toluene (3.61 mL,
1.2 eq., 7.94 mmol) dropwise. The reaction mixture is allowed to reach
rt and stirred overnight. The resulting solution was evaporated and the
residue was subjected to CC (automated, 80 g, SiO9, n-hexane/AcOEt 3:1
to 1:1, then: automated, 40 g, RP-C18, water/MeOH gradient) to give 26
(2.94 g, 64%). Yellow solid; 1H NMR (500 MHz, CDCl3) 6 8.07 (d, J =
2.3 Hz, 1H), 7.85 (d, J = 2.3 Hz, 1H), 7.55-7.48 (m, 2H), 7.37-7.28 (m,
2H), 7.28-7.23 (m, 2H), 7.20 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.16-7.05
(m, 4H), 7.00 (ddd, J = 8.0, 6.6, 1.5 Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H),
6.88 (d, J = 2.4 Hz, 1H), 6.81 (d, J = 6.9 Hz, 1H), 4.70 (ddd, J = 8.4, 6.9,
4.7 Hz, 1H), 4.57 (dd, J = 8.0, 7.1 Hz, 1H), 3.86 (ddd, J = 15.2,11.4,5.7
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Hz, 1H), 3.76-3.65 (m, 4H), 3.30 (ddt, J = 14.9, 5.9, 1.1 Hz, 2H),
3.18-3.08 (m, 2H), 3.05 (dd, J =15.1, 8.0 Hz, 1H), 2.88 (ddd, J =11.1,
9.4, 5.8 Hz, 1H); '3C NMR (126 MHz, CDCls) 5 172.0, 169.7, 147.0,
136.3,135.9,133.3, 131.7,131.3, 130.6, 126.8, 126.6, 123.84, 123.78,
122.4,122.0,119.74, 119.66, 118.4, 118.3, 111.5, 111.2, 109.2, 109.2,
59.2, 52.8, 52.5, 46.4, 28.6, 27.5, 24.6; ESI HRMS (m/z): calcd for
C31H31N50,SBr [M4+-H]": 696.11221 and 698.11016, found: 696.1122
and 698.1098.

4.11. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-4-((2-nitrophenyl)
sulfonyl)-2-oxopiperazin-1-yl)-3-(1H-indol-3-yl)propanoate 29

To a solution of 26 (2.27 g, 3.26 mmol) in dry THF (60 mL) was
added DBU (0.49 mL, 1.0 eq., 3.26 mmol) dropwise. The mixture was
stirred overnight and concentrated in vacuo. The residue was partitioned
between AcOEt (75 mL) and 1 M aqueous solution of HCI (30 mL). The
mixture was shaken in a separatory funnel and the layers were sepa-
rated. The aqueous phase was extracted with AcOEt (15 mL) and the
combined organic extracts were washed with water (35 mL), saturated
solution of NaCl (40 mL), dried over anhydrous NaySOy, filtered and
evaporated in vacuo. The residue was subjected to CC (automated, 40 g,
SiO9, n-hexane/AcOEt 3:1 to 0:1) to give 29 (1.69 g, 84%). Yellow solid;
'H NMR (500 MHz, CDCl3) 6 7.96 (d, J = 2.5 Hz, 1H), 7.71 (d, J = 2.2
Hz, 1H), 7.54-7.48 (m, 2H), 7.46 (dd, J = 8.0, 1.3 Hz, 1H), 7.45-7.42
(m, 1H), 7.39 (ddd, J = 7.9, 7.4, 1.3 Hz, 1H), 7.32 (dt, J = 8.1, 0.9 Hz,
1H), 7.19 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.17-7.09 (m, 4H), 7.02 (ddd,
J=8.0, 6.5, 1.5 Hz, 1H), 6.76 (d, J = 2.4 Hz, 1H), 6.60 (d, J = 2.4 Hz,
1H), 5.23 (dd, J=11.3, 4.8 Hz, 1H), 4.73 (ddd, J = 7.9, 4.3, 1.4 Hz, 1H),
3.73-3.64 (m, 4H), 3.40 (ddd, J = 15.7, 4.9, 1.2 Hz, 1H), 3.23 (dtd, J =
15.7, 4.5, 0.8 Hz, 2H), 3.16-3.06 (m, 2H), 2.96 (ddd, J = 14.8,11.4, 3.6
Hz, 1H), 2.88 (ddd, J = 11.9, 3.6, 2.0 Hz, 1H); >C NMR (126 MHz,
CDCl3) 6 170.7, 167.5, 146.8, 136.0, 135.8, 133.01, 132.97, 131.7,
130.2, 127.1, 127.0, 124.0, 123.9, 123.0, 122.2, 121.8, 119.7, 119.6,
119.1, 118.2, 111.4, 111.0, 110.1, 110.0, 59.8, 57.6, 52.5, 44.5, 40.1,
28.0, 23.6; ESI HRMS (m/z): caled for C3;H3oNs50,ST [M-+H]™:
616.1860, found: 616.1864.

4.12. Methyl (S)-2-((S)-3-((1H-indol-3-yDmethyl)-2-oxopiperazin-1-
y1)-3-(1H-indol-3-y)propanoate 5

A mixture of PhSH (0.50 mL, 4.87 mmol), CsoCO3 (1.59 g, 1.0eq, 4.87
mmol) and acetonitrile (35 mL) was stirred for 1 h, followed by addition
of 29 (1.50 g, 0.5 eq., 3.81 mmol). The stirring was continued overnight
and the mixture was loaded on a short column (10 g of SiO», conditioned
with n-hexanes). The column was eluted with n-hexanes until the eluate
was colorless and no more non-polar byproducts were detected by TLC
(AcOEt). SiO; was then dried, loaded on a column and the compound was
purified by CC (automated, 40 g, SiO;, AcOEt/MeOH/TEA 99:0:1 to
97:2:1) to give 5 (0.93 g, 86%). White solid; Purity: 95.4% (LC-MS); g
NMR (400 MHz, CDCl3) 6 8.05-7.98 (m, 2H), 7.69 (dq, J = 7.9, 0.7 Hz,
1H), 7.57 (dq, J = 7.9, 0.7 Hz, 1H), 7.37-7.30 (m, 2H), 7.23-7.17 (m,
2H), 7.16-7.08 (m, 2H), 6.75 (d, J = 2.4 Hz, 1H), 6.72 (d, J = 2.4 Hz, 1H),
5.44 (dd, J = 11.5, 4.7 Hz, 1H), 3.81-3.73 (m, 4H), 3.41 (ddd, J = 15.7,
4.7,1.2 Hz, 1H), 3.34 (ddd, J = 14.5, 4.0, 0.9 Hz, 1H), 3.28-3.13 (m, 2H),
3.11 (dd, J =10.8, 4.6 Hz, 1H), 3.04 (ddd, J = 11.3, 4.0, 2.4 Hz, 1H), 2.87
(ddd, J = 12.9, 4.5, 2.3 Hz, 1H), 2.80 (ddd, J = 12.8, 10.5, 4.1 Hz, 1H);
13¢ NMR (101 MHz, CDCl3) 5 171.6, 170.8, 136.2, 136.0, 127.8, 127.3,
123.5, 122.5, 122.1, 122.0, 119.52, 119.49, 119.4, 118.5, 111.4, 111.2,
111.0, 110.9, 59.9, 56.9, 52.4, 45.7, 42.0, 27.3, 23.8; ESI HRMS (m/2):
caled for CosHayN4OF [M+H]™: 431.2077, found: 431.2078.

4.13. (S)-2-((S)-3-((1H-indol-3-yl)methyl)-2-oxopiperazin-1-yl)-3-(1H-
indol-3-yl)propanamide 6

A solution of 5 (115 mg, 267 pmol) in 7 N HN3 MeOH (5 mL) was
refluxed for 24 h in a pressure tube. The mixture was then evaporated
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and purified by CC (automated, 4 g, SiO,, AcOEt/MeOH/TEA 99:0:1 to
94:5:1) to give 6 (81 mg, 73%). White solid; Purity: >95% (1H NMR); Bii
NMR (400 MHz, DMSO) 6 10.80 (bs, 1H), 10.77 (bs, 1H), 7.61 (d, J =
7.6 Hz, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.39-7.29 (m, 4H), 7.15-6.94 (m,
7H), 5.37-5.29 (m, 1H), 3.60-3.52 (m, 1H), 3.23 (d, J = 13.7 Hz, 4H),
3.01 (dd, J = 14.7, 10.5 Hz, 1H), 2.86 (d, J = 12.6 Hz, 1H), 2.78-2.61
(m, 2H), 2.10 (bs, 1H); 3C NMR (101 MHz, DMSO) § 172.5, 170.4,
136.6, 136.5, 128.5, 127.8, 127.7, 126.9, 124.0, 123.2, 121.4, 121.3,
118.80, 118.77, 118.72, 118.68, 111.80, 111.76, 111.5, 110.8, 63.4,
60.1, 56.0, 44.44, 41.61, 28.33, 23.95; ESI HRMS (m/z): calced for
Ca4HoeN503 [M+H] ' 416.2081, found: 416.2079.

4.14. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-4-acetyl-2-
oxopiperazin-1-yl)-3-(1H-indol-3-yDpropanoate 7

A solution of 6 (62 mg, 144 pmol) and DMAP (1 mg, 0.05 eq., 7 pmol)
in dry DCM (1 mL) was cooled (0 °C). DIPEA (38 pL, 1.5 eq., 216 pmol)
and AcO (16 pL, 1.2 eq., 173 pmol) were added and the resulting
mixture was allowed to reach rt and stirred overnight. The solution was
evaporated in vacuo and the residue was subjected to CC (manual, SiOa,
n-hexane/AcOEt 4:1 to 0:1), to give 7 (62 mg, 91%). White solid; Purity:
98.0% (LC-MS); H NMR (400 MHz, CDCl3, rotamers in a 1:1 ratio) §
8.38 (bs, 1H), 8.33-8.26 (m, 2H), 7.87 (bs, 1H), 7.60-7.53 (m, 2H),
7.52-7.43 (m, 2H), 7.37 (d, J = 8.1 Hz, 1H), 7.35-7.29 (m, 2H),
7.25-7.21 (m, 2H), 7.21-7.02 (m, 7H), 6.88 (d, J = 2.1 Hz, 1H), 6.75 (d,
J=1.9 Hz, 1H), 6.63 (d, J = 1.9 Hz, 1H), 6.33 (d, J = 2.2 Hz, 1H), 5.58
(dd, J = 11.3, 4.7 Hz, 1H), 5.40 (dd, J = 10.8, 5.2 Hz, 1H), 5.18 (t, J =
4.3 Hz, 1H), 4.47 (dd, J = 8.5, 3.1 Hz, 1H), 4.35 (d, J = 13.6 Hz, 1H),
3.78 (s, 3H), 3.76 (s, 3H), 3.50-3.26 (m, 5H), 3.26-2.99 (m, 6H), 2.87
(dd, J=14.6, 8.8 Hz, 1H), 2.71 (dt, J=11.8, 3.5 Hz, 1H), 2.58 (ddd, J =
14.8, 11.1, 3.9 Hz, 1H), 2.33 (ddd, J = 13.2, 9.7, 3.3 Hz, 1H), 1.95 (s,
3H), 1.40 (s, 3H); '3C NMR (101 MHz, CDCls, rotamers in a 1:1 ratio) &
171.2, 170.7, 169.8, 169.2, 169.0, 168.0, 136.04, 136.00, 135.98,
135.8,128.1,127.33,127.28,127.1, 123.6, 123.4, 122.8, 122.4, 122.3,
122.2, 122.1, 121.7, 119.9, 119.61, 119.58, 119.4, 118.9, 118.44,
118.38, 118.29, 111.4, 111.33, 111.29, 111.0, 110.9, 110.4, 110.10,
110.07,60.4,57.5, 57.4, 56.4, 52.53, 52.51, 43.4, 42.7, 42.6, 35.5, 27.7,
25.9, 23.7, 21.7, 20.2; LC-MS (m/2): 473 [M+H] ™.

4.15. Methyl N*-(3-bromopropyD)- N*-((2-nitrophenyDsulforyD)-L-
tryptophyl-L-tryptophanate

To a cooled (0 °C) solution of 24 (3.90 g, 6.61 mmol), PPhs (2.60 g,
1.5 eq., 9.92 mmol) and 2-bromoethanol (0.60 mL, 1.0 eq., 6.61 mmol)
in THF (75 mL) was added 40% solution of DEAD in toluene (3.61 mL,
1.2 eq., 7.94 mmol) dropwise. The reaction mixture is allowed to reach
rt and stirred overnight. The resulting solution was evaporated and the
residue was subjected to CC (manual, SiO,, n-hexane/AcOEt 3:1 to 1:1,
then: automated, 40 g, RP-C18, water/MeOH gradient) to give 27 (3.68
g, 78%). Yellow solid; 'H NMR (300 MHz, CDCl3) 6 8.07 (bs, 1H), 7.73
(bs, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.36 (d, J =
8.1 Hz, 1H), 7.32-7.28 (m, 2H), 7.27-7.23 (m, 1H), 7.23-7.16 (m, 1H),
7.15-7.08 (m, 3H), 7.07-6.96 (m, 4H), 6.90 (d, J = 2.2 Hz, 1H), 4.70
(ddd, J = 9.3, 6.6, 4.4 Hz, 1H), 4.58 (dd, J = 8.5, 6.5 Hz, 1H), 3.74 (s,
3H), 3.62 (ddd, J = 16.0, 10.6, 5.1 Hz, 1H), 3.53-3.28 (m, 3H),
3.17-2.96 (m, 2H), 2.86 (t, J = 6.0 Hz, 2H), 1.74-1.53 (m, 1H),
1.35-1.15 (m, 1H); *C NMR (75 MHz, CDCl3) § 172.4, 170.3, 146.9,
136.5, 136.0, 133.2, 132.1, 131.3, 130.6, 127.0, 126.9, 124.3, 124.1,
123.8, 122.5, 122.0, 119.8, 119.7, 118.7, 118.5, 111.7, 111.4, 109.6,
109.5, 59.2, 53.1, 52.7, 44.5, 31.7, 30.8, 27.7, 23.9; ESI HRMS (m/2):
caled for C35H33N507SBr [M+H]™: 710.1279 and 712.1258, found:
710.1277 and 712.1253.
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4.16. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-4-((2-nitrophenyl)
sulfonyl)-2-oxo-1,4-diazepan-1-yl)-3-(1H-indol-3-y)propanoate 30

To a solution of 27 (2.86 g, 4.02 mmol) in acetonitrile (60 mL) was
added CsyCO3 (1.57 g, 1.2 eq., 4.83 mmol) and KI (0.17 g, 0.1 eq., 0.40
mmol). The mixture was stirred at 50 °C for 6 h and at rt overnight and
concentrated in vacuo. The residue was partitioned between AcOEt (75
mL) and water (30 mL). The mixture was shaken in a separatory funnel
and the layers were separated. The aqueous phase was extracted with
AcOEt (15 mL) and the combined organic extracts were washed with
water (35 mL), saturated solution of NaCl (40 mL), dried over anhydrous
NaySO0y, filtered and evaporated in vacuo. The residue was subjected to
CC (automated, 40 g, SiO», n-hexane/AcOEt 3:1 to 0:1) to give 30 (0.74
g, 29%). Yellow solid; 'H NMR (500 MHz, CDCl3) 6 8.06 (bs, 1H), 7.83
(s, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.41 (d, J =
7.9 Hz, 1H), 7.33 (dt, J = 8.1, 0.9 Hz, 1H), 7.30 (dd, J = 8.0, 1.3 Hz, 1H),
7.22-7.15 (m, 2H), 7.13-7.05 (m, 4H), 6.97 (ddd, J = 7.9, 6.6, 1.4 Hz,
1H), 6.90 (t,J = 7.6 Hz, 1H), 6.76 (d, J = 2.4 Hz, 1H), 4.92 (dd, J = 10.7,
4.7 Hz, 1H), 4.79 (d, J = 9.6 Hz, 1H), 3.89 (bs, 1H), 3.76 (s, 3H), 3.52
(ddd, J = 15.4, 4.9, 1.1 Hz, 1H), 3.41 (dd, J = 15.4, 10.7 Hz, 1H),
3.36-3.20 (m, 2H), 3.17 (d, J = 14.8 Hz, 1H), 3.04 (dd, J = 15.1, 10.3
Hz, 1H), 1.59 (bs, 2H); 13¢ NMR (75 MHz, CDCl3) §171.8, 171.4, 146.3,
136.4, 136.1, 132.9, 131.5, 130.9, 127.3, 126.7, 124.2, 123.9, 123.7,
122.1, 122.0, 119.8, 119.6, 118.8, 118.4, 111.6, 111.4, 111.0, 109.6,
63.1, 63.0, 52.6,47.5, 43.3 (bs), 29.2, 24.8, 24.7; ESI HRMS (m/z): calcd
for C35H3oN505S™ [M+H]': 630.2017, found: 630.2020.

4.17. Methyl (S)-2-((S)-3-((1H-indol-3-yDmethyD-2-oxo-1,4-diazepan-
1-yD-3-(1H-indol-3-yl)propanoate 8

A mixture of PhSH (0.24 mL, 2.38 mmol), CsoCO3 (0.78 g, 1.0eq,
2.38 mmol) and acetonitrile (30 mL) was stirred for 1 h, followed by
addition of 30 (0.75 g, 0.5 eq., 1.19 mmol). The stirring was continued
overnight and the mixture was loaded on a short column (8 g of SiO,,
conditioned with n-hexanes). The column was eluted with n-hexanes
until the eluate was colorless and no more non-polar byproducts were
detected by TLC (AcOEt). SiO, was then dried, loaded on a column and
the compound was purified by CC (automated, 24 g, SiO2, AcOEt/
MeOH/TEA 99:0:1 to AcOEt 97:2:1) to give 8 (0.53 g, 78%). White solid;
Purity: 98.0% (LC-MS); 'HNMR (500 MHz, CDCl3) 6 8.31 (d, J = 2.2 Hz,
1H), 8.03 (d, J = 2.3 Hz, 1H), 7.63 (dq, J = 7.9, 0.8 Hz, 1H), 7.53 (dq, J
=7.9,0.8 Hz, 1H), 7.37 (dt, J = 8.1, 0.9 Hz, 1H), 7.28 (dt, J = 8.2, 0.9
Hz, 1H), 7.22 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.17-7.11 (m, 2H),
7.06-6.99 (m, 2H), 6.74 (d, J = 2.3 Hz, 1H), 5.11 (dd, J = 10.0, 5.4 Hz,
1H), 3.74 (s, 3H), 3.67 (dd, J = 8.5, 5.7 Hz, 1H), 3.49-3.37 (m, 2H),
3.39-3.26 (m, 2H), 3.11 (ddd, J = 15.8, 6.2, 2.2 Hz, 1H), 3.07-2.98 (m,
2H), 2.57 (ddd, J =13.1,11.3, 3.6 Hz, 1H), 1.55-1.40 (m, 2H); 13¢ NMR
(75 MHz, CDCl3) 6 171.9171.4, 146.3, 136.4, 136.1,9 132., 131.5,
130.9, 127.3, 126.7, 124.2, 123.9, 123.7, 122.1, 122.0, 119.8, 119.6,
118.8,118.4, 111.6, 111.4, 111.0, 109.6, 63.1, 63.0, 52.6, 47.5, 43.3,
29.2, 24.9, 24.7; ESI HRMS (m/z): caled for CogHaoN4O3 [M-+H]™:
445.2234, found: 445.2233.

4.18. Methyl (tert-Butoxycarbonyl)-L-tryptophyl-L-phenylalaninate 31

A solution of L-Boc-Trp-OH (3.50 g, 11.5 mmol) in DMF (50 mL) was
cooled (0 °C), followed by the addition of DIPEA (6.01 mL, 3.0 eq., 34.5
mmol) and TBTU (5.54 g, 1.5 eq., 17.2 mmol). After 30 min, L-H-Phe-
OMe x HC1 (3.72 g, 1.5 eq., 17.2 mmol) was added and the mixture was
allowed to reach rt and stirred overnight. AcOEt (100 mL) and water
(100 mL) were added and the mixture was shaken in a separatory funnel.
The layers were separated and the aqueous phase was extracted with EA
(50 mL). The combined organic extracts were washed with 1 M aqueous
solution of citric acid (40 mL), water (40 mL), saturated aqueous solu-
tion of NaHCOj3 (40 mL), water (40 mL) and saturated aqueous solution
of NH4Cl (3 x 40 mL), dried over anhydrous NaySOg, filtered and
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evaporated in vacuo. The residue was subjected to CC (manual, SiO, n-
hexane/AcOEt 3:1 to 1:2) to give 31 (4.19 g, 78%). White solid; IH NMR
(300 MHz, CDCl3) 6 8.01 (bs, 1H), 7.66 (d, J = 7.7 Hz, 1H), 7.36 (d, J =
8.2 Hz, 1H), 7.24-7.08 (m, 4H), 7.02 (s, 1H), 6.87-6.75 (m, 2H), 6.18 (d,
J=7.5Hz,1H), 5.09 (bs, 1H), 4.79-4.67 (m, 1H), 4.42 (bs, 1H), 3.62 (s,
3H), 3.31 (bs, 1H), 3.13 (dd, J = 14.6, 7.2 Hz, 1H), 2.94 (d, J = 5.8 Hz,
2H), 1.42 (s, 9H); '3C NMR (75 MHz, CDCl3) § 171.3, 171.2, 136.2,
135.6, 129.2, 128.5, 127.5 (bs), 127.0, 123.3, 122.4, 119.9, 119.0,
111.2, 110.8 (bs), 55.2 (bs), 53.2, 52.2, 37.9, 28.3; ESI HRMS (m/2):
caled for CogH3N30d [M+H]™: 446.2336, found: 446.2338.

4.19. Methyl (2-bromoacetyl)-L-tryptophyl-L-phenylalaninate 32

A mixture of 31 (2.67, 7.30 mmol) and 4 M solution of HCI in 1,4-
dioxane (40 mL) was stirred at rt for 3 h. Argon was bubbled through
the mixture followed by evaporation in vacuo. The residue was dissolved
in dry DCM (40 mL) and solution was cooled (0 °C). DMAP (49.0 mg,
0.05 eq., 401 pmol) and DIPEA (2.92 mL, 2.3 eq., 16.78 mmol) were
added followed by a slow addition of bromoacetyl chloride (0.67 mL, 1.1
eq., 8.02 mmol). The mixture was allowed to reach rt and stirred over-
night. 1 M aqueous solution of citric acid (20 mL) was added and the
mixture was shaken in a separatory funnel. The layers were separated
and the aqueous phase was washed with DCM (20 mL). The combined
organic extract was washed with water (20 mL), saturated aqueous so-
lution of NaHCOj3 (20 mL), water (20 mL), saturated aqueous solution of
NacCl (20 mL), dried over anhydrous NasSOs, filtered and evaporated in
vacuo. The residue was subjected to CC (automated, 80 g, SiO5, n-hex-
ane/AcOEt 3:1 to 1:2) to give 32 (1.86 g, 52%). White solid; H NMR
(500 MHz, DMSO) 6 10.83 (d, J = 2.4 Hz, 1H), 8.62 (d, J = 7.6 Hz, 1H),
8.30 (d, J = 8.2 Hz, 1H), 7.32 (dt, J = 8.1, 0.9 Hz, 1H), 7.29-7.24 (m,
2H), 7.23-7.18 (m, 3H), 7.09 (d, J = 2.4 Hz, 1H), 7.06 (ddd, J = 8.1, 6.9,
1.2 Hz, 1H), 6.98 (ddd, J = 7.9, 6.9, 1.1 Hz, 1H), 4.62 (td, J = 8.4, 5.2
Hz, 1H), 4.50 (ddd, J = 8.7, 7.6, 5.9 Hz, 1H), 4.03 (d, J = 3.9 Hz, 2H),
3.58 (s, 3H), 3.14-3.00 (m, 2H), 2.99-2.88 (m, 2H); 13¢ NMR (126 MHz,
DMSO) §171.7,171.1, 165.4, 137.1, 136.0, 129.1, 128.3, 127.3, 126.6,
123.6, 120.9, 118.4, 118.2, 111.3, 109.5, 53.7, 53.2, 51.8, 42.5, 36.6,
27.8; ESTHRMS (m/2): caled for Co3HasN304Br™ [M+H]': 486.1023 and
488.1002, found: 486.1020 and 488.0999.

4.20. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-2,5-dioxopiperazin-
1-yD)-3-phenylpropanoate 9

A mixture of 32 (500 mg, 1.03 mmol), Cs;CO3 (335 mg, 1.0 eq., 1.03
mmol) and dry DMF (10 mL) was stirred at rt overnight. AcOEt (30 mL)
and water (50 mL) were added and the mixture was shaken in a sepa-
ratory funnel. The layers were separated and the aqueous phase was
extracted with EA (20 mL). The combined organic extracts were washed
water (20 mL), saturated aqueous solution of NH4Cl (20 mL), dried over
anhydrous NaySOu, filtered and evaporated in vacuo. The residue was
subjected to CC (manual, SiO3, n-hexane/AcOEt 1:1 to 0:1) to give 9
(224 mg, 54%); White solid; Purity: >95% ('H NMR); 'H NMR (300
MHz, DMSO) § 10.82 (bs, 1H), 8.61 (d, J = 7.6 Hz, 1H), 8.30 (d, J = 8.4
Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.36-7.15 (m, 5H), 7.13-7.02 (m, 2H),
6.98 (t, J = 7.4 Hz, 1H), 4.62 (td, J = 8.3, 5.1 Hz, 1H), 4.50 (td, J = 8.1,
6.0 Hz, 1H), 4.03 (d, J = 1.5 Hz, 2H), 3.58 (s, 3H), 3.17-2.86 (m, 4H);
13¢ NMR (75 MHz, DMSO) § 172.2, 171.6, 165.9, 137.5, 136.5, 129.5,
128.7, 127.8, 127.04, 124.07, 121.3, 118.8, 118.7, 111.7, 110.0, 54.1,
53.7, 52.3, 43.0, 37.1, 28.3; ESI HRMS (m/2): calcd for CosHasN30%
[M+H]": 406.1761, found: 406.1759.

4.21. (S)-2-((S)-3-((1H-indol-3-yl)methyl)-2,5-dioxopiperazin-1-yl)-3-
phenylpropanamide 10

A solution of 9 (75 mg, 185 pmol) in 7 N HN3 MeOH (4 mL) was
refluxed for 24 h in a pressure tube. The mixture was then evaporated
and purified by CC (automated, 4 g, SiO, DCM/MeOH 99:1 to 90:10) to
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give 10 (60 mg, 83%). White solid; Purity: >95% (*H NMR); 'H NMR
(500 MHz, MeOD) § 7.59-7.56 (m, 1H), 7.37-7.35 (m, 1H), 7.26-7.21
(m, 2H), 7.20-7.15 (m, 1H), 7.11-7.06 (m, 4H), 6.96 (s, 1H), 5.00 (dd, J
=9.9, 6.0 Hz, 1H), 4.27 (t, J = 4.3 Hz, 1H), 3.84 (d, J = 17.2 Hz, 1H),
3.36-3.32 (m, 1H, partially overlapped with solvent signal), 3.01 (dd, J
=14.7, 4.1 Hz, 1H), 2.76-2.63 (m, 2H), 1.67 (dd, J = 13.3, 6.0 Hz, 1H);
13C NMR (126 MHz, MeOD) § 173.4, 168.6, 168.3, 137.9, 137.8, 130.2,
129.4, 128.7, 127.8, 125.9, 122.8, 120.3, 119.6, 112.6, 109.0, 57.8,
57.6, 46.7, 34.4, 31.3. LC-MS (m/z): 391 [M+H]™.

4.22. tert-Butyl (S)-(1-hydroxy-3-(1H-indol-3-yDpropan-2-yl)
carbamate 33

To a stirred, cooled (0 °C) suspension of LAH (17.28 g, 3.1 eq.,
455.37 mmol) in anhydrous THF (1000 mL) L-H-Trp-OH (30.00 g,
146.90 mmol) was added in small batches. Then solution was stirred at
rt for 30 min before being slowly heated to reflux. After 48 h the reaction
mixture was cooled (0 °C) and water (90 mL) was slowly added, fol-
lowed by 15% aqueous solution of NaOH (90 mL) and water (270 mL).
Vigorous stirring was maintained for 30 min and the granular inorganic
precipitate formed was removed by suction filtration washed with
AcOEt (400 mL). The filtrate was evaporated in vacuo and the residue
was dissolved in AcOEt (300 mL), washed with saturated aqueous so-
lution of NaCl (3 x 100mL), dried over anhydrous MgSOy, filtered and
evaporated in vacuo. A portion of obtained crude L-H-Trp-ol (10.00 g,
52.56 mmol) was dissolved in a mixture of THF (60 mL) and water (60
mL). NaHCO3 (8.83 g, 2.0 eq.,105.12 mmol) was added and the mixture
was cooled (0 °C). A solution of di-tert-butyl decarbonate (17.21 g, 1.5
eq., 78.85 mmol) in THF (60 mL) was added. After 15 min, the reaction
mixture was brought to rt and stirred overnight. AcOEt (100 mL) was
added and the layers were separated. The aqueous phase was extracted
with AcOEt (2 x 50 mL). The combined organic phase was sequentially
washed with water (75 mL), 1 M aqueous solution of citric acid (50 mL),
water (50 mL), saturated aqueous solution of NaHCO3 (50 mL), dried
over anhydrous NaySO4, filtered and evaporated in vacuo. The obtained
33 (13.87 g, 91%) was pure enough for the subsequent reactions. Pale-
yellow solid; 'H NMR (400 MHz, DMSO) & 10.74 (d, J = 2.4 Hz, 1H),
7.56 (d, J = 7.8 Hz, 1H), 7.31 (dt, J = 8.1, 0.9 Hz, 1H), 7.07 (d, J = 2.3
Hz, 1H), 7.04 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.95 (ddd, J = 8.0,7.0, 1.1
Hz, 1H), 6.51 (d, J = 8.3 Hz, 1H), 4.61 (t, J = 5.7 Hz, 1H), 3.64 (p, J =
6.6 Hz, 1H), 3.41-3.25 (m, 3H), 2.87 (dd, J = 14.5, 6.3 Hz, 1H), 2.70
(dd, J = 14.5, 7.3 Hz, 1H), 1.34 (s, 9H). LC-MS (m/2): 291 [M+H] ™, 235
[M-tBu+H]", 191 [M-COOtBu+H] ™.

4.23. tert-Butyl (S)-(1-(1H-indol-3-yD)-3-oxopropan-2-ylcarbamate 34

To the cooled (0 °C) solution of 33 (6.00 g, 19.71 mmol) in DMSO
(40 mL) was added TEA (8.24 mL, 3.0 eq., 59.14 mmol). A solution of
PySO3 (9.41 g, 3.0 eq., 59.14 mmol) in DMSO (40 mL) was added. The
solution was warmed to rt and stirred for 10 min. The mixture was added
to cooled saturated aqueous solution of NaCl (300 mL) and extracted
with Et30 (2 x 100 mL). The combined organic layer was washed with 1
M aqueous solution of citric acid (2 x 75 mL), water (2 x 75 mL),
saturated aqueous solution of NaHCOs3 (2 x 75 mL), water (2 x 75 mL),
saturated aqueous solution of NaCl (100 mL), dried over anhydrous
NayS0y, filtered and evaporated in vacuo (at rt). The crude product was
dried under high vacuum for 1 h and used immediately in the subse-
quent reactions.

4.24. Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)
propyl)-L-phenylalaninate 35

A mixture of 34 (1.84 g, 6.07 mmol), L-H-Phe-OMe x HCI (1.31 g, 1.0
eq., 6.07 mmol), TEA (0.85 mL, 1.0 eq., 6.07 mmol) and dry THF (50
mL) was stirred at rt for 30 min. AcOH (0.35 mL, 1.0 eq., 6.07 mmol) and
NaBH(OAc)3 (1.93 g, 1.5 eq., 9.11 mmol) were added and the mixture
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was stirred at rt overnight. AcOEt (100 mL) and 2 M aqueous solution of
NaOH (40 mL) were added, and the mixture was stirred vigorously for
20 min. The layers were separated and the aqueous phase was extracted
with AcOEt (30 mL). The combined organic extracts were washed with
water (50 mL), saturated aqueous solution of NaCl (40 mL), dried over
anhydrous NaSOu, filtered and evaporated in vacuo. The residue was
subjected to CC (manual, SiOj, n-hexane/AcOEt 3:1 to 1:2) to give 35
(1.60 g, 58%). Beige solid; 'H NMR (400 MHz, CDCl3) 6 8.09 (bs, 1H),
7.58 (d, J = 7.9 Hz, 1H), 7.39-7.28 (m, 4H), 7.23-7.16 (m, 3H),
7.15-7.07 (m, 1H), 6.83 (d, J = 2.3 Hz, 1H), 4.83 (bs, 1H), 3.93 (bs, 1H),
3.66 (s, 3H), 3.47 (dd, J = 8.0, 5.9 Hz, 1H), 3.04-2.82 (m, 4H), 2.70 (dd,
J=12.1, 5.2 Hz, 1H), 2.44 (dd, J = 12.1, 5.7 Hz, 1H), 1.61 (bs, 1H)*,
1.46 (bs, 8H)*; 13C NMR (101 MHgz, CDCl3) 6 174.9, 155.7,137.5,136.2,
129.2, 128.5, 127.9 (bs), 126.8, 122.6, 122.0, 119.4, 119.1 (bs), 112.0,
111.0, 78.8 (bs), 63.2, 51.7, 50.9 (bs), 50.0 (bs), 39.6, 28.4*, 27.9 (bs)*.
Broadened, low intensity signals are observed in the carbon spectrum
due to the dynamic processes. * - rotamers. ESI HRMS (m/z): calcd for
CosH34N304 [M+H]': 452.2544, found: 425.2542.

4.25. Methyl N-((S)-2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yD)
propyD)-N-(2-ethoxy-2-oxoethyl)-L-phenylalaninate 37

A solution of 35 (433 mg, 0.93 mmol), DIPEA (486 pL, 3.0 eq., 2.79
mmol) and ethyl bromoacetate (206 pL, 2.0 eq., 1.86 mmol) in ACN (10
mL) was stirred at 50° for 5 h. Another portion of DIPEA (486 pL, 3.0 eq.,
2.79 mmol) and ethyl bromoacetate (206 pL, 2.0 eq., 1.86 mmol) was
added and the stirring was continued overnight. The mixture was
evaporated in vacuo and the residue was subjected to CC (automated, 12
g, SiOy, petroleum ether/AcOEt 9:1 to 1:1) to give 37 (212 mg, 78%).
Beige solid; 'H NMR (400 MHz, CDCl3) 6 8.09 (bs, 1H), 7.63 (d, J = 7.8
Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 7.26-7.09 (m, 7H), 6.97 (d, J = 2.4 Hz,
1H), 5.12 (bs, 1H), 4.15 (qd, J = 7.1, 1.4 Hz, 2H), 3.91 (bs, 1H),
3.70-3.50 (m, 6H), 3.11-2.83 (m, 5H), 2.77 (dd, J = 13.7, 7.1 Hz, 1H),
1.45 (bs, 9H), 1.26 (t, J = 7.1 Hz, 3H); °C NMR (101 MHz, CDCls) &
172.5, 171.9, 155.9, 137.8, 136.2, 129.2, 128.4, 127.9 (bs), 126.5,
122.5, 121.9, 119.4, 119.2 (bs), 112.3, 111.0, 78.9 (bs), 66.6, 60.68,
56.2 (bs), 52.6, 51.5, 50.1 (bs), 35.8 (bs), 28.4, 14.2. Broadened, low
intensity signals are observed in the carbon spectrum due to the dynamic
processes; ESI HRMS (m/z): caled for C3gH4oN30¢ [M+H]™: 538.2912,
found: 538.2915.

4.26. Methyl (S)-2-((S)-3-((1H-indol-3-yl)methyl)-5-oxopiperazin-1-
yl)-3-phenylpropanoate 11 and ethyl 2-((2S,5S)-5-((1H-indol-3-yl)
methyl)-2-benzyl-3-oxopiperazin-1-ylacetate 39

A mixture of 37 (370 mg, 0.69 mmol) and 4 M solution of HCl in 1,4-
dioxane (4 mL) was stirred at rt for 2 h. Argon was bubbled through the
mixture followed by evaporation in vacuo. The residue was partitioned
between AcOEt (5 mL) and saturated aqueous solution of NaHCO3 (3
mL). The layers were separated and the aqueous phase was washed with
AcOEt (2 mL). The combined organic fraction was washed with satu-
rated aqueous solution of NaCl (2 mL), dried, filtered and evaporated in
vacuo. The residue was subjected to CC (automated, 4 g, SiO», petroleum
ether/AcOEt 9:1 to 1:5) to give 11 (100 mg, 37%) and 39 (61 mg, 22%).
11: White solid; Purity: 95.1% (LC-MS); H NMR (400 MHz, CDCl3) &
8.36 (bs, 1H), 7.54-7.47 (m, 1H), 7.39 (dt, J = 8.2, 1.0 Hz, 1H),
7.35-7.30 (m, 2H), 7.28-7.19 (m, 4H), 7.15 (ddd, J = 8.1, 7.0, 1.1 Hz,
1H), 6.93 (d, J = 2.4 Hz, 1H), 5.90 (bs, 1H), 3.76-3.64 (m, 4H), 3.57 (t,
J =7.7 Hz, 1H), 3.48 (d, J = 16.5 Hz, 1H), 3.40 (d, J = 17.6 Hz, 1H),
3.21 (dd, J = 12.3, 3.8 Hz, 1H), 3.14 (dd, J = 13.8, 7.7 Hz, 1H),
3.04-2.94 (m, 2H), 2.76 (dd, J = 14.2, 9.0 Hz, 1H), 2.57 (dd, J = 12.0,
7.2 Hz, 1H); 13C NMR (101 MHz, CDCl3) 5 171.51 169.0, 137.6, 136.5,
129.1, 128.5, 127.0, 126.7, 123.0, 122.4, 119.7, 118.5, 111.5, 110.6,
67.4, 53.8, 52.1, 51.4, 50.8, 35.5, 30.3; ESI HRMS (m/z): calcd for
Ca3HoeN303 [M+H]™: 392.1969, found: 392.1968.39: White solid 'H
NMR (400 MHz, CDCl3) § 8.20 (bs, 1H), 7.44-7.31 (m, 6H), 7.28-7.23
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(m, 1H), 7.20 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.11 (ddd, J = 8.0, 7.0, 1.0
Hz, 1H), 6.75 (d, J = 2.4 Hz, 1H), 5.94 (d, J = 3.3 Hz, 1H), 4.16 (q, J =
7.1 Hz, 2H), 3.75 (t, J = 4.8 Hz, 1H), 3.66-3.45 (m, 3H), 3.34 (dd, J =
14.2,5.1 Hz, 1H), 3.17 (dd, J = 14.2, 4.4 Hz, 1H), 3.09 (dd, J = 12.5, 3.9
Hz, 1H), 2.88 (dd, J = 12.5, 4.8 Hz, 1H), 2.72 (dd, J = 14.2, 5.4 Hz, 1H),
2.56 (dd, J = 14.2, 8.9 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H); 13C NMR (101
MHz, CDCl3) § 170.8, 170.4, 138.1, 136.4, 130.4, 128.1, 127.1, 126.5,
123.0, 122.2, 119.5, 118.5, 111.3, 111.2, 64.5, 60.7, 55.4, 51.1, 50.7,
35.7, 30.5, 14.2; ESI HRMS (m/z): caled for Co4HagN3O3 [M-+H]™:
406.2125, found: 406.2125.

4.27. Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)
propyD-L-tryptophanate 36

A mixture of 34 (500 mg, 1.74 mmol), L-H-Trp-OMe x HCl (443 mg,
1.0 eq., 1.74 mmol), TEA (242 pL, 1.0 eq., 1.74 mmol) and dry THF (20
mL) was stirred at rt for 30 min. AcOH (100 pL, 1.0 eq., 1.74 mmol) and
NaBH(OAc)3 (552 mg, 1.5 eq., 2.60 mmol) were added and the mixture
was stirred at rt overnight. AcOEt (50 mL) and 2 M aqueous solution of
NaOH (20 mL) were added, and the mixture was stirred vigorously for
20 min. The layers were separated and the aqueous phase was extracted
with AcOEt (15 mL). The combined organic extracts were washed with
water (25 mL), saturated aqueous solution of NaCl (20 mL), dried over
anhydrous NaySOy, filtered and evaporated in vacuo. The residue was
subjected to CC (manual, SiO, n-hexane/AcOEt 3:1 to 1:2) to give 36
(580 mg, 68%). Beige solid; H NMR (400 MHz, CDCl3) 6 8.22 (bs, 1H),
7.99 (bs, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.36 (d,
J=28.0Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.26-7.10 (m, 3H), 7.03 (t, J =
7.7 Hz, 1H), 6.96 (d, J = 2.4 Hz, 1H), 6.54 (d, J = 2.3 Hz, 1H), 4.97 (bs,
1H), 3.93 (bs, 1H), 3.65 (s, 3H), 3.60-3.54 (m, 1H), 3.19 (dd, J = 14.4,
5.3 Hz, 1H), 3.05 (dd, J = 14.4, 7.9 Hz, 1H), 3.05-2.89 (m, 1H), 2.78
(dd, J=14.4,7.9 Hz, 1H), 2.65 (dd, J = 12.2, 4.9 Hz, 1H), 2.50-2.37 (m,
1H), 1.44 (s, 9H); °C NMR (101 MHz, CDCls) § 175.2, 155.8, 136.3,
136.1, 127.8 (bs), 127.5, 123.1, 122.6, 122.1, 121.9, 119.5, 119.3,
119.0 (bs), 118.8,111.8,111.3,111.2,111.0, 79.1 (bs), 62.2, 51.8, 50.8
(bs), 50.0 (bs), 29.0, 28.5 (bs), 27.9 (bs). Broadened, low intensity sig-
nals are observed in the carbon spectrum due to the dynamic processes.
ESI HRMS (m/z): caled for CogHssN4OF [M+H]™: 491.2653, found:
491.2650.

4.28. Methyl N-((S)-2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)
propyl)-N-(2-ethoxy-2-oxoethyl)-L-tryptophanate 38

A solution of 36 (250 mg, 0.51 mmol), DIPEA (197 pL, 3.0 eq., 0.51
mmol) and ethyl bromoacetate (256 pL, 2.0 eq., 1.86 mmol) in ACN was
stirred at 50° for 3 h. Another portion of DIPEA (486 pL, 3.0 eq., 2.79
mmol) and ethyl bromoacetate (206 pL, 2.0 eq., 1.86 mmol) was added
and the stirring was continued overnight. The mixture was evaporated in
vacuo and the residue was subjected to CC (manual, SiO, petroleum
ether/AcOEt 5:1 to 3:2) to give 38 (212 mg, 78%). White solid; IH NMR
(400 MHz, CDCl3) 6 7.97 (bs, 1H), 7.91 (bs, 1H), 7.56 (d, J = 7.9 Hz, 1H),
7.50 (d, J= 7.9 Hz, 1H), 7.33 (dt, J = 8.1, 1.0 Hz, 1H), 7.29 (dt, J = 8.1,
0.9 Hz, 1H), 7.21-7.13 (m, 2H), 7.12-7.04 (m, 2H), 7.00 (bs, 1H), 6.79
(bs, 1H), 5.22 (bs, 1H), 4.14 (qd, J = 7.2, 1.9 Hz, 2H), 3.90 (bs, 1H),
3.79-3.71 (m, 1H), 3.61-3.57 (m, 5H), 3.19 (dd, J = 14.5, 7.9 Hz, 1H),
3.03-2.85 (m, 4H), 2.72 (dd, J = 13.6, 7.2 Hz, 1H), 1.41 (s, 9H), 1.25 (t,
J = 7.1 Hz, 3H); 3C NMR (101 MHz, CDCl) § 173.0, 172.2, 156.0,
136.2, 136.1, 128.0 (bs), 127.3, 123.1 (bs), 122.5, 121.9, 121.8, 119.4,
119.3,119.2 (bs), 118.4,112.4,111.7,111.2,111.0 (bs), 78.9 (bs), 65.5
(bs), 60.7, 56.4 (bs), 54.0 (bs), 52.9 (bs), 51.5, 50.3 (bs), 28.4, 25.3 (bs),
14.2. Broadened, low intensity signals are observed in the carbon
spectrum due to the dynamic processes; ESI HRMS (m/z): caled for
C31H39N40¢ [M+H]™: 563.2864, found: 563.2864.
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4.29. Methyl (S)-2-((S)-3-((1H-indol-3-yDmethyD-5-oxopiperazin-1-
yD-3-(1H-indol-3-yDpropanoate 12 and ethyl 2-((2S,5S)-2,5-bis((1H-
indol-3-yDmethyl)-3-oxopiperazin-1-yDacetate 40

A mixture of 38 (225 mg, 0.39 mmol) and 4 M solution of HCl in 1,4-
dioxane (4 mL) was stirred at rt for 1 h. Argon was bubbled through the
mixture followed by evaporation in vacuo. The residue was partitioned
between AcOEt (10 mL) and saturated aqueous solution of NaHCOs3 (10
mL). The layers were separated and the aqueous phase was washed with
AcOEt (5 mL). The combined organic fraction was washed with satu-
rated aqueous solution of NaCl (5 mL), dried, filtered and evaporated in
vacuo. The residue was subjected to CC (automated, 4 g, SiO,, petroleum
ether/AcOEt 4:1 to 0:1) to give 12 (120 mg, 71%) and 40 (32 mg, 18%).
12: White solid; Purity: 95.3% (LC-MS); 1H NMR (400 MHz, CDCl3)
8.29 (s, 1H), 8.17 (s, 1H), 7.64-7.59 (m, 1H), 7.49-7.42 (m, 1H),
7.37-7.32 (m, 2H), 7.24-7.05 (m, 4H), 6.99 (d, J = 2.4 Hz, 1H), 6.75 (d,
J = 2.4 Hz, 1H), 5.94 (s, 1H), 3.74-3.62 (m, 5H), 3.47 (d, J = 5.5 Hz,
2H), 3.31 (dd, J = 14.7, 7.9 Hz, 1H), 3.21 (dd, J = 12.1, 4.0 Hz, 1H),
3.14 (dd, J=14.6,7.3 Hz, 1H), 2.95 (dd, J = 14.2, 5.7 Hz, 1H), 2.73 (dd,
J =14.2, 8.9 Hz, 1H), 2.56 (dd, J = 12.0, 7.3 Hz, 1H); 13¢ NMR (101
MHz, CDCl3) 6§ 171.9, 169.2, 136.5, 136.1, 127.3, 127.0, 123.1, 122.7,
122.4, 122.1, 119.6, 119.5, 118.5, 118.4, 111.5, 111.4, 111.4, 110.4,
66.3, 53.8, 52.1, 51.4, 50.6, 30.3, 25.2; ESI HRMS (m/z): calcd for
CasHzyN40% [M-+H]T: 431.2078, found: 431.2079. 40: Beige solid; 'H
NMR (400 MHz, CDCl3) 6 8.35 (bs, 1H), 8.19 (bs, 1H), 7.80 (d, J = 7.2
Hz, 1H), 7.42-7.08 (m, 7H), 7.04 (t,J = 7.5 Hz, 1H), 6.34 (d, J = 2.5 Hz,
1H), 5.98 (d, J = 3.2 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 3.78 (t, J = 4.5
Hz, 1H), 3.68-3.51 (m, 4H), 3.30 (dd, J = 15.2, 4.3 Hz, 1H), 3.06 (dd, J
=12.4, 4.0 Hz, 1H), 2.88 (dd, J = 12.3, 4.8 Hz, 1H), 2.67 (dd, J = 14.1,
5.3 Hz, 1H), 2.49 (dd, J = 14.1, 8.9 Hz, 1H), 1.26 (t, J = 7.1 Hz, 3H); 3¢
NMR (101 MHz, CDCl3) 6 171.6, 170.7, 136.3, 136.0, 128.1, 127.0,
123.9,123.1,122.0,121.7,119.6,119.40,119.37,118.4,111.9, 111.3,
111.1, 110.9, 64.1, 60.7, 55.4, 51.0, 50.6, 30.4, 25.7, 14.2; ESI HRMS
(m/2): calcd for CogHagN4O3 [M+-H]™: 445.2234, found: 445.2234.

4.30. tert-Butyl ((S)-1-(((S)-1-hydroxy-3-(1H-indol-3-y)propan-2-yl)
amino)-3-(1H-indol-3-yDpropan-2-yDcarbamate 41

A mixture of L-H-Trp-ol (1.01 g, 1.0 eq., 5.31 mmol), 34 (1.53 g,
5.31 mmol), AcOH (0.30 mL, 1.0eq., 5.31 mmol), NaBH(OAc)3 (1.69 g,
1.5 eq., 7.96 mmol) and dry THF (40 mL) was stirred at rt overnight.
AcOEt (150 mL) and saturated aqueous solution of NaHCO3 (100 mL)
were added, and the mixture was stirred vigorously for 30 min. The
layers were separated and the aqueous phase was extracted with AcOEt
(40 mL). The combined organic extracts were washed with water (75
mL), saturated aqueous solution of NaCl (75 mL), dried over anhydrous
NaySOy, filtered and evaporated in vacuo. The residue was subjected to
CC (automated, 40 g, SiO2, AcOEt/MeOH/TEA 99:0:1 to 90:9:1) to give
41 (1.20 g, 49%). White solid,; 'H NMR (400 MHz, DMSO) 6 10.79-10.71
(m, 2H), 7.57-7.50 (m, 1H), 7.47-7.41 (m, 1H), 7.34-7.27 (m, 2H),
7.09-6.98 (m, 4H), 6.98-6.88 (m, 2H), 6.62 (d, J = 8.3 Hz, 1H),
4.43-4.31 (m, 1H), 3.71 (q, J = 6.7 Hz, 1H), 3.33-3.17 (m, 2H),
2.83-2.54 (m, 7H), 1.34 (s, 9H); 13¢ NMR (101 MHz, DMSO) § 155.9,
136.7, 136.6, 128.03, 128.00, 123.7, 123.5, 121.2, 119.0, 118.8,
118.60, 118.55, 112.1, 112.0, 111.74, 111.70, 77.8, 63.5, 60.4, 51.9,
50.4, 49.1, 28.7, 27.3; ESI HRMS (m/2): calced for CoyH3sN,OF [M+H]™:
463.2704, found: 463.2705.

4.31. tert-butyl ((S)-1-((S)-5-((1H-indol-3-yDmethyl)-2-
oxomorpholino)-3-(1H-indol-3-yDpropan-2-yl)carbamate 43 and (S)-6-
((1H-indol-3-yD)methyD)-4-((S)-1-hydroxy-3-(1H-indol-3-yl)propan-2-yl)
piperazin-2-one 14

A solution of 41 (500 mg, 1.08 mmol), DIPEA (486 pL, 3.0 eq., 2.79
mmol) and ethyl bromoacetate (309 pL, 3.0 eq., 2.79 mmol) in ACN was
stirred at 60° for 7 h. The mixture was evaporated in vacuo and subjected
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to CC (automated, 12 g, SiO,, n-hexane/AcOEt 3:1 to 0:1) to give 42
(383 mg, 66%, LC-MS (m/z)) that did not give satisfactory NMR spectra
and 43 (54 mg, 10%). 43: White solid, 'H NMR (400 MHz, CDCl3) § 8.15
(bs, 1H), 8.09 (bs, 1H), 7.67-7.59 (m, 1H), 7.47-7.30 (m, 3H),
7.24-7.05 (m, 4H), 6.96-6.93 (m, 1H), 6.84 (d, J = 2.4 Hz, 1H), 4.61 (bs,
1H), 4.28-4.03 (m, 3H), 3.70-3.42 (m, 2H), 3.18-3.10 (m, 1H),
3.08-2.95 (m, 2H), 2.89 (dd, J = 14.3, 4.5 Hz, 1H), 2.82-2.66 (m, 2H),
2.58(dd, J=12.8, 8.4 Hz, 1H), 1.45 (s, 9H); 13C NMR (101 MHz, CDCl3)
6 168.8, 155.8, 136.22, 136.22, 127.9, 127.1, 122.9, 122.8, 122.7,
122.23,122.16,119.68,119.63,119.0,118.4,111.4, 111.2, 79.5, 70.5,
70.2, 57.1, 55.9, 51.7, 48.6, 29.7, 28.4, 21.4. LC-MS (m/2): 503
[M+H]". The crude 42 (350 mg, 0.71 mmol) was dissolved in 4 M so-
lution of HCl in 1,4-dioxane (6 mL) and the solution was stirred at rt for
1 h. Argon was bubbled through the mixture followed by evaporation in
vacuo. The residue was dissolved in MeOH (4 mL) and TEA (396 pL, 4.0
eq., 2.84 mmol) and stirred overnight at rt. The mixture was evaporated
in vacuo and the crude was purified by CC (automated, 4g, RP-C18,
water/CH3CN gradient) to give 14 (151 mg, 53%). Beige solid; Purity:
96.1% (LC-MS); 'H NMR (400 MHz, DMSO) & 10.82 (d, J = 2.4 Hz, 1H),
10.76 (d, J = 2.3 Hz, 1H), 7.75 (d, J = 2.2 Hz, 1H), 7.49-7.39 (m, 2H),
7.32 (dt, J =4.5, 0.9 Hz, 1H), 7.30 (dt, J = 4.5, 0.9 Hz, 1H), 7.09 (d, J =
2.4 Hz, 1H), 7.07-6.99 (m, 2H), 6.98-6.87 (m, 3H), 4.33 (t, J = 5.2 Hz,
1H), 3.52-3.42 (m, 2H), 3.41-3.30 (m, 1H), 3.30-3.15 (m, 2H),
2.85-2.70 (m, 5H), 2.66-2.53 (m, 2H); 3C NMR (101 MHz, DMSO) &
169.0, 136.6, 127.75, 127.72, 124.0, 123.7, 121.3, 121.2, 118.77,
118.76,118.66, 118.60,112.7,111.84,111.82, 111.0, 65.5, 60.8, 53.3,
52.5, 49.8, 40.6, 40.4, 40.2, 40.0, 39.7, 39.5, 39.3, 30.2, 22.6; ESI HRMS
(m/2): caled for Co4HayN4O3 [M+H]™: 403.2128, found: 403.2130.

4.32. (S)-2-((S)-3-((1H-indol-3-yl)methyl)-5-oxopiperazin-1-yl)-3-(1H-
indol-3-yDpropyl acetate 15

A solution of 14 (90 mg, 224 pmol) and DMAP (1 mg, 0.05 eq., 13
pmol) in dry THF (1 mL) was cooled (0 °C). DIPEA (47 pL, 1.5 eq., 336
pmol) and Acy0 (35 pL, 1.2 eq., 173 pmol) were added and the resulting
mixture was allowed to reach rt and stirred overnight. The solution was
evaporated in vacuo and The residue was subjected to CC (manual, SiO,,
n-hexane/AcOEt 3:1 to 1/2), to give 15 (68 mg, 68%). White solid;
Purity: 98.2% (LC-MS); 'H NMR (400 MHz, CDCls) 5 'H NMR (400 MHz,
CDClg) 6 8.22 (bs, 1H), 8.12 (bs, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.49 (d, J
= 7.8 Hz, 1H), 7.39-7.33 (m, 2H), 7.24-7.18 (m, 2H), 7.17-7.06 (m,
2H), 7.00 (d, J = 2.2 Hz, 1H), 6.77 (d, J = 2.2 Hz, 1H), 5.94 (bs, 1H),
4.22 (dd, J = 11.8, 7.2 Hz, 1H), 4.18-4.03 (m, 1H), 3.81-3.68 (m, 1H),
3.55(d, J =16.3 Hz, 1H), 3.47 (d, J = 16.5 Hz, 1H), 3.33-3.23 (m, 1H),
3.16-2.98 (m, 2H), 2.93 (dd, J = 14.2, 5.9 Hz, 1H), 2.88-2.72 (m, 2H),
2.63 (dd, J =11.7, 6.6 Hz, 1H), 2.03 (s, 3H); '3C NMR (101 MHz, CDCl3)
§170.9, 169.6, 136.5, 136.3, 127.3, 127.0, 123.0, 122.6, 122.4, 122.1,
119.7, 119.5, 118.53, 118.49, 112.5, 111.43, 111.38, 110.7, 63.55,
61.63, 53.2, 52.2, 50.9, 30.4, 23.7, 21.0; ESI HRMS (m/z): calcd for
CoeHaoN4O3 [M+H]": 445.2234, found: 445.2234.

4.33. Methyl ((S)-2-(2-ethoxy-2-oxoacetamido)-3-(1H-indol-3-yl)
propyD-L-tryptophanate 44

A mixture of 36 (80 mg, 163 pmol) and 4 N HCI solution in 1,4-
dioxane (1 mL) was stirred at rt for 1 h. The mixture was concentrated
in vacuo. The resulting crude methyl ((S)-2-amino-3-(1H-indol-3-yl)
propyl)-L-tryptophanate hydrochloride was dissolved in EtOH (0.5 mL).
TEA (45 pL, 2.0 eq., 326 pmol) and (COOEt), (221 pL, 10.0 eq., 1.63
mmol) were added and the mixture was refluxed for 10 h. The solution
was concentrated in vacuo and the residue was purified by CC (auto-
mated, 4g, RP-C18, water/CH3CN gradient) to give 44 (41 mg, 51%).
White solid; 1H NMR (400 MHz, CD30D) 6 7.51 (q, J = 1.0 Hz, 1H), 7.49
(q, J = 1.0 Hz, 1H), 7.33 (dt, J = 8.1, 0.9 Hz, 1H), 7.29 (dt, J = 8.1, 0.9
Hz, 1H), 7.13-7.02 (m, 3H), 7.00 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.94
(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.84 (s, 1H), 4.31-4.16 (m, 3H),
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3.59-3.52 (m, 4H), 3.13 (ddd, J = 14.2, 6.2, 0.6 Hz, 1H), 3.01 (ddd, J =
14.4, 7.6, 0.6 Hz, 1H), 2.96-2.80 (m, 2H), 2.75 (dd, J = 12.3, 4.6 Hz,
1H), 2.58 (dd, J = 12.3, 7.4 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H); °C NMR
(101 MHz, CD30D) 6 174.9, 159.9, 157.6, 136.7, 136.6, 127.4, 127.2,
123.1, 122.7, 121.1, 120.9, 118.5, 118.3, 118.0, 117.8, 111.0, 110.8,
110.3,109.6, 62.4,62.1,51.1,50.8, 49.7, 28.4, 27.4, 12.8; LC-MS (m/2):
491 [M+H]".

4.34. Methyl (S)-2-((S)-5-((1H-indol-3-yl)methyl)-2, 3-dioxopiperazin-
1-yD-3-(1H-indol-3-yl)propanoate 13

A mixture of 44 (30 mg, 61 pmol), TEA (26 pL, 3.0 eq., 183 pmol) and
toluene (0.5 mL) was refluxed for 16 h and evaporated in vacuo. The
residue was purified by CC (automated, 4g, RP-C18, water/CH3CN
gradient) to give 13 (22 mg, 81%). White solid; Purity: 95.7% (LC-MS);
'H NMR (400 MHz, CD3OD) 6 7.48 (d, J = 7.9 Hz, 1H), 7.37-7.29 (m,
3H), 7.14-7.07 (m, 2H), 7.04-6.97 (m, 2H), 6.83 (s, 1H), 6.75 (s, 1H),
5.15 (dd, J = 10.9, 5.4 Hz, 1H), 3.73 (s, 3H), 3.56-3.32 (m, 4H), 3.22
(dd, J=12.6,7.1 Hz, 1H), 2.78 (dd, J = 14.3, 6.0 Hz, 1H), 2.59 (dd, J =
14.3, 8.1 Hz, 1H); '3C NMR (101 MHz, CDs0D) 6 170.4, 158.6, 157.6,
136.71, 136.65, 126.99, 126.95, 123.4, 123.0, 121.3, 121.2, 118.7,
118.6,117.7,117.6,111.2,111.0, 109.1, 108.8, 59.4, 51.6, 49.9, 47.9,
28.2, 23.8; LC-MS (m/z): 445 [M+H]".

4.35. Methyl (S)-(2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)
propylglycinate 45

A mixture of 34 (7.00 g, 24.28 mmol), Gly-OMe x HCl (3.05 g, 1.0
eq., 24.28 mmol), TEA (3.28 mL, 1.0 eq., 24.28 mmol), dry CH,Cl; (100
mL) and MeOH (50 mL) was stirred at rt for 30 min. AcOH (1.39 mL, 1.0
eq., 24.28 mmol) was added, followed by NaBH3CN (2.29 g, 1.5 eq.,
36.42 mmol) and the mixture was stirred at rt overnight. CH2Cly (250
mL) was added, followed by saturated aqueous solution of NaHCO3
(150 mL). The mixture was stirred vigorously for 20 min. The layers
were separated and the aqueous phase was extracted with DCM (2 x 75
mL). The combined organic extracts were washed with water (150 mL),
saturated aqueous solution of NaCl (150 mL), dried over anhydrous
NayS0y, filtered and evaporated in vacuo. The residue was subjected to
CC (manual, SiO,, n-hexane/AcOEt 3:1 to 0:1) to give 45 (6.81 g, 77%).
Beige solid; TH NMR (400 MHz, DMSO) 6 10.75 (d, J = 2.0 Hz, 1H), 7.54
(d, J = 7.8 Hz, 1H), 7.30 (dt, J = 8.1, 1.0 Hz, 1H), 7.07 (d, J = 2.2 Hz,
1H), 7.03 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.94 (ddd, J = 7.9, 7.0, 1.0 Hz,
1H), 6.61 (d, J = 8.3 Hz, 1H), 3.74-3.65 (m, 1H), 3.57 (s, 3H), 3.28 (d, J
= 2.2 Hz, 2H), 2.84-2.71 (m, 2H), 2.53-2.49 (m, 2H), 2.00 (bs, 1H),
1.34 (s, 9H);'3C NMR (101 MHz, DMSO) § 173.1, 155.9, 136.6, 128.0,
123.6, 121.2, 118.9, 118.6, 111.8, 111.7, 79.6, 77.9, 52.2, 51.7, 51.5,
50.6, 28.71; ESTHRMS (m/z): caled for C;9HgN4OF [M+H]™: 362.2074,
found: 362.2072.

4.36. (S)-6-((1H-indol-3-yl)methyl)piperazin-2-one 46

Compound 45 (3.20 g, 9.57 mmol) was dissolved in 4 M solution of
HCI in 1,4-dioxane (50 mL) and the solution was stirred at rt for 1 h.
Argon was bubbled through the mixture followed by evaporation in
vacuo. The residue was dissolved in MeOH (50 mL) and TEA (1.60 mL,
1.2 eq., 11.49 mmol) and stirred overnight at rt. The mixture was
evaporated in vacuo and the crude was purified by CC (automated, 24g,
RP-C18, water/CH3CN gradient) to give 46 (0.96 g, 44%). Beige solid;
'H NMR (400 MHz, CDCl3) 6 8.62 (bs, 1H), 7.58-7.51 (m, 1H), 7.37 (dt,
J=28.2,0.9 Hz, 1H), 7.21 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.13 (ddd, J =
8.0, 7.0, 1.0 Hz, 1H), 6.99 (d, J = 2.3 Hz, 1H), 6.02 (bs, 1H), 3.82-3.70
(m, 1H), 3.57-3.41 (m, 2H), 3.23 (dd, J = 13.0, 4.2 Hz, 1H), 3.02 (ddd, J
= 14.2, 4.9, 0.8 Hz, 1H), 2.82-2.69 (m, 2H), 1.81 (bs, 1H); °C NMR
(101 MHz, CDCl3) 6 170.1, 136.6, 127.0, 123.1, 122.4, 119.7, 118.4,
111.6, 110.0, 53.1, 49.6, 48.2, 30.4; LC-MS (m/2): 230 [M+H] .
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4.37. (S)-4-(2-(1H-indol-3-yDethyD-6-((1H-indol-3-yl)methyl)
piperazin-2-one 16

3-indoleacetaldehyde was synthesized as described [31] and was
used immediately without further characterization. A solution of 46 (38
mg, 165 pmol), 3-indoleacetaldehyde (53 mg, 2.0 eq., 330 pmol), AcOH
(9 pL, 1.0 eq., 165 pmol) in dry THF (1 mL) was stirred at rt for 15 min.
NaBH(OAc)3 (53 mg, 1.5 eq., 248 pmol) and the mixture was stirred at rt
overnight. AcOEt (10 mL) was added, followed by saturated aqueous
solution of NaHCOj3 (10 mL). The mixture was stirred vigorously for 20
min. The layers were separated and the aqueous phase was extracted
with AcOEt (2 x 2 mL). The combined organic extracts were washed
with water (5 mL), saturated aqueous solution of NaCl (5 mL), dried over
anhydrous NaSO4, filtered and evaporated in vacuo. The residue was
subjected to CC (automated, SiO3, CH2Cl; to CHoCly/MeOH 95:5) to give
16 (54 mg, 73%). Beige solid; Purity: 95.7% (LC-MS); 1y NMR (400
MHz, CD30D) 6 7.52 (dt, J = 7.9, 0.9 Hz, 1H), 7.47 (dt, J = 7.9, 1.0 Hz,
1H), 7.34 (dt, J = 8.2, 0.9 Hz, 1H), 7.30 (dt, J = 8.1, 0.9 Hz, 1H),
7.14-7.03 (m, 2H), 7.02-6.93 (m, 4H), 3.82-3.71 (m, 1H), 3.21 (d, J =
16.6 Hz, 1H), 3.11 (d, J = 16.6 Hz, 1H), 3.04-2.94 (m, 2H), 2.93-2.85
(m, 2H), 2.78 (ddd, J = 11.9, 4.2, 1.0 Hz, 1H), 2.74-2.64 (m, 2H), 2.43
(dd, J=11.9, 7.1 Hz, 1H); 13C NMR (101 MHz, CD30D) § 170.5, 136.7,
136.7, 127.3, 127.3, 123.1, 121.8, 121.1, 120.8, 118.5, 118.1, 117.9,
117.8, 112.3, 111.0, 110.8, 109.8, 57.7, 56.0, 53.3, 52.1, 29.6, 22.3;
LC-MS (m/z): 373 [M+H]".

4.38. (S)-4-(2-(1H-indol-3-yDacetyD)-6-((1H-indol-3-yDmethyl)
piperazin-2-one 17

A solution of 46 (150 mg, 0.66 mmol) and DMAP (4 mg, 0.05 eq., 33
pmol) in DMF (2 mL) was cooled (0 °C). DIPEA (228 pL, 2.0 eq., 1.31
mmol), (1LH-indol-3-yl)acetic acid (115 mg, 1.0 eq., 0.66 mmol) and EDC
(208 mg, 1.5 eq., 0.98 mmol) were added and the resulting mixture was
allowed to reach rt and stirred overnight. The mixture was poured on
water (10 mL) and extracted with AcOEt (3 x 5 mL). The combined
organic extract was washed with saturated aqueous solution of NH4ClI (5
x 5mL), dried over anhydrous NaySQOy, filtered and evaporated in vacuo.
The residue was subjected to CC (automated, 4g, RP-C18, water/CH3CN
gradient), to give 17 (110 mg, 44%). White solid; Purity: 97.8% (LC-
MS); 'H NMR (400 MHz, rotamers, CD30D) § 7.59 (dt,J =7.9, 1.0 Hz, 1
Hminor), 7-45 (dt, J = 7.8, 1.0 Hz, 1Hpiner), 7.40 (dt, J = 8.1, 0.9 Hz,
1Hmajor), 7.38-7.26 (m, 4Hmajor and 3Hminor), 7.20-7.14 (m, 1Hminor),
7.14-7.12 (m, 1Hpajor), 7.12-7.03 (m, 4Hmpinor), 7.03-6.99 (m, 1Hmajor),
6.99-6.91 (m, 1Hmajor and 2Hpyinor), 6.60 (s, 1Hmajor), 4.33 (d, J = 18.4
Hz, 1Hmajor), 4.20 (d, J = 17.7 Hz, 1Hminor), 4.09 (d, J = 17.7 Hz,
1Hminor), 3.92-3.69 (m, 3Hmajor and 3Hminor), 3.69-3.62 (m, 1Hminor),
3.62-3.54 (m, 1Hmajor and 1Hminor), 3-47-3.37 (m, 1Hmajor), 3.24 (dd, J
=13.7,7.9 Hz, leajor)’ 2.92-2.81 (m, 1Hmajor and 1Hpinor), 2.81-2.64
(m, 1Hmajor and 1Hmpinor); 13C NMR (101 MHz, rotamers, CD30D) &
171.8, 171.7, 168.4, 167.7, 136.74, 136.68, 136.5, 127.19, 127.14,
126.9,126.6,123.6, 123.2,123.0, 122.7, 121.4, 121.32, 121.30, 121.0,
118.72, 118.68, 118.5, 118.1, 117.9, 117.79, 117.76, 111.1, 111.0,
110.9, 109.2, 108.8, 106.9, 106.8, 51.6, 51.3, 48.31, 46.6, 45.2, 41.5,
31.2, 31.1, 29.2, 28.5; ESI HRMS (m/2): calcd for CosHa3N403 [M+H]':
387.1816, found: 387.1816.

4.39. 4-(S)-benzyl-3-tert-butyl-1,2, 3-oxathiazolidine-3,4-dicarboxylate-
2,2-dioxide 47

To a cooled (0 °C), stirred solution of imidazole (13.83 g, 203.4
mmol) in dry CH,Cl, (160 mL) was added a solution of SOCl; (4.92 mL,
0.33 eq., 67.8 mmol) in dry CH,Cl, (20 mL), dropwise, over 30 min. The
mixture was then allowed to reach rt, stirred for 30 min and cooled
(—78 °C). Subsequently, a solution of L-Boc-Ser-OBn (10.00g, 0.13 eq.,
33.90 mmol) in dry CH,Cl, (40 mL) was added, dropwise, over 30 min.
The mixture was stirred at —78 °C for further 10 min, after which it was
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brought to room temperature and stirred for 1 h. 1 M aqueous solution of
citric acid (300 mL) and the mixture was shaken in a separatory funnel.
The layers were separated and the aqueous phase was washed with
CH2Cl; (3 x 50 mL). The combined organic extracts were washed with
water (75 mL), saturated aqueous solution of NaCl (75 mL), dried over
anhydrous NaySOy, filtered and evaporated in vacuo. The resulting crude
4-(S)-benzyl-3-tert-butyl-1,2,3-oxathiazolidine-3,4-dicarboxylate-2,2-
oxide was dissolved in CH3CN (70 mL) and the solution was cooled to 0
°C. Subsequently, RuClgxH>0 (38.0 mg, 0.005 eq., 170 pmol) and NalO4
(7.29 g, 1.0 eq., 33.90 mmol) were added. The mixture was allowed to
reach rt and stirred for 1 h. Water (70 mL) and AcOEt (120 mL) were
added and the mixture was shaken in a separatory funnel. The layers
were separated and the aqueous phase was extracted with AcOEt (3 x 30
mL). The combined organic extracts were washed with saturated
aqueous solution of NaHCOs3 (70 mL), water (70 mL) and saturated
aqueous solution of NaCl (70 mL), dried over anhydrous NaySO4, filtered
and evaporated in vacuo. The residue was dissolved in a 1:1 mixture of
CH,Cly/Etp0 and kept in the freezer. The crystals were filtered and dried
to give 47 (10.43 g, 86%). White crystals, H NMR (400 MHz, CDCl3) 6
7.42-7.30 (m, 5H), 5.32 (d, J = 12.1 Hz, 1H), 5.22 (d, J = 12.1 Hz, 1H),
4.86-4.79 (m, 1H), 4.76 (dd, J = 9.4, 6.7 Hz, 1H), 4.66 (dd, J = 9.4, 2.0
Hz, 1H), 1.49 (s, 9H); 13C NMR (101 MHz, CDCl3) § 166.9, 148.0, 134.4,
128.8, 128.7, 128.4, 86.3, 68.5, 67.4, 57.6, 27.8.

4.40. Methyl (2-methoxy-2-oxoethyl)-L-tryptophanate 48

L-H-Trp-OMe x HCI (5.00 g, 19.6 mmol) was dissolved in CH3CN (60
mL). DIPEA (9.47 mL, 2.5 eq., 54.5 mmol) was added followed by
dropwise addition of methyl bromoacetate (2.25 mL, 1.2 eq., 23.5
mmol). The solution was stirred at rt overnight and concentrated in
vacuo. The residue was partitioned between AcOEt (75 mL) and water
(50 mL). The phases were separated and the aqueous phase was washed
with AcOEt (40 mL). The combined organic layers were washed with
saturated aqueous solution of NH4Cl (50 mL), dried over anhydrous
NayS0y, filtered and concentrated in vacuo. The residue was subjected to
CC (manual, SiOj, cyclohexane/AcOEt 4:1 to 1:1) to give 48 (5.69,
88%). Pale-yellow oil; 'H NMR (400 MHz, CDCl3) 6 8.20 (bs, 1H), 7.60
(ddd, J=7.8,1.3, 0.6 Hz, 1H), 7.34 (dt, J = 8.1, 1.0 Hz, 1H), 7.18 (ddd,
J=8.2,7.1,1.2 Hz, 1H), 7.11 (ddd, J = 8.1, 7.0, 1.1 Hz, 2H), 7.09 (d, J
= 2.4 Hz, 1H), 3.70 (dd, J = 7.3, 5.8 Hz, 1H), 3.66 (s, 3H), 3.63 (s, 3H),
3.47 (d,J =17.2 Hz, 1H), 3.35 (d, J = 17.2 Hz, 1H), 3.25 (ddd, J = 14.5,
5.8,0.8 Hz, 1H), 3.14 (ddd, J = 14.5, 7.3, 0.7 Hz, 1H), 2.11 (bs, 1H); 13C
NMR (101 MHz, CDCly) § 174.4, 172.2, 136.2, 127.4, 123.0, 122.1,
119.4, 118.7, 111.2, 110.8, 61.1, 51.9, 51.8, 49.1, 29.2; LC-MS (m/2):
291 [M+H] ™.

4.41. Benzyl (S)-4-((S)-3-(1H-indol-3-yD)-1-methoxy-1-oxopropan-2-
yl)-6-oxopiperazine-2-carboxylate 49

A mixture of 48 (579 mg, 2.00 mmol) and 47 (950 mg, 1.33 eq., 2.66
mmol) in CH3CN (30 mL) was stirred at 70 °C overnight. The mixture
was concentrated in vacuo and the crude intermediate (LC/MS (ESI+):
568 [M-SOsH-+H] ") was treated with 4 N solution of HCl in 1,4-dioxane
(20 mL). The mixture was stirred at rt for 1 h and concentrated in vacuo.
The residue was partitioned between AcOEt (40 mL) and saturated
aqueous solution of NaHCO3 (20 mL). The phases were separated and
the aqueous phase was washed with AcOEt (10 mL). The combined
organic layers were washed with saturated aqueous solution of NaCl (20
mlL), dried over anhydrous NaySO4, filtered and concentrated in vacuo.
The residue was subjected to CC (manual, SiO», cyclohexane/AcOEt 3:1
to 0:1) to give 49 (400 mg, 35%). White solid; 1H NMR (400 MHz,
CDCls) § 8.07 (bs, 1H), 7.53 (ddt, J = 7.7, 1.2, 0.7 Hz, 1H), 7.35 (dt, J =
8.1, 1.0 Hz, 1H), 7.33-7.27 (m, 3H), 7.24-7.16 (m, 3H), 7.12 (ddd, J =
8.0,7.0,1.1 Hz, 1H), 7.00 (d, J = 2.3 Hz, 1H), 6.40 (d, J = 2.6 Hz, 1H),
5.10 (d, J = 12.0 Hz, 1H), 4.93 (d, J = 12.1 Hz, 1H), 4.12 (ddd, J = 5.0,
4.1, 2.5 Hz, 1H), 3.70-3.58 (m, 4H), 3.48 (d, J = 6.0 Hz, 2H), 3.40 (dd, J
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=12.2,5.1 Hz, 1H), 3.22 (ddd, J = 14.9, 8.1, 0.9 Hz, 1H), 3.07 (dd, J =
12.2, 4.1 Hz, 1H), 2.95 (ddd, J = 14.8, 6.9, 1.0 Hz, 1H); '3C NMR (101
MHz, CDCl3) 6 171.5, 170.0, 168.6, 136.0, 134.8, 128.6, 128.6, 127.2,
122.6,122.1,119.4,118.5,111.24, 111.19, 67.6, 65.9, 54.4, 54.2, 51.4,
47.3, 25.2; LC-MS (m/z): 436 [M+H]™.

4.42. (S)-4-((S)-3-(1H-indol-3-yl)-1-methoxy-1-oxopropan-2-yl)-6-
oxopiperazine-2-carboxylic acid 50

49 (322 mg, 739 pmol) and 1,4-cyclohexadiene (419 pL, 6.0 eq., 739
pmol) were dissolved in MeOH (5 mL). Argon was passed through the
solution for 20 min, followed by addition of 10% Pd/C (64,4 mg, 20% wt
%). The mixture was then stirred at reflux for 4 h, cooled to rt, filtered
and evaporated in vacuo. The residue was subjected to CC (automated,
4g, RP-C18, water/CH3CN gradient) to give 50 (255 mg, 75%). White
powder; 'H NMR (400 MHz, DMSO) 5 12.82 (bs, 1H), 10.82 (d, J = 2.5
Hz, 1H), 7.94 (d, J = 3.2 Hz, 1H), 7.47 (dt, J = 7.9, 0.9 Hz, 1H),
7.34-7.27 (m, 1H), 7.09 (d, J = 2.4 Hz, 1H), 7.04 (ddd, J = 8.2, 7.0, 1.2
Hz, 1H), 6.96 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 3.94 (q, J = 3.8 Hz, 1H),
3.61-3.54 (m, 1H), 3.51 (s, 3H), 3.25 (ddd, J = 8.4, 5.8, 2.8 Hz, 2H),
3.14-3.05 (m, 1H), 2.90-2.75 (m, 2H); 3C NMR (101 MHz, DMSO) &
173.0, 171.5, 167.8, 136.5, 127.4, 123.9, 121.4, 118.8, 118.5, 111.8,
110.1, 66.2, 54.8, 53.9, 51.5, 25.27; LC-MS (m/2): 346 [M+H] ™.

4.43. Methyl (S)-2-((S)-3-(benzylcarbamoyl)-5-oxopiperazin-1-yl)-3-
(1H-indol-3-yDpropanoate 18

A solution of 50 (68.0 mg, 197 pmol), benzylamine (24.8 mg, 1.0 eq.,
232 pmol), EDC (45.4 mg, 1.2 eq., 237 pmol), HOBt (39.9 mg, 1.5 eq.,
296 pmol), DIPEA (68.5 pL, 2.0 eq., 394 pmol) and DMF (1 mL) was
stirred at rt overnight. The mixture was partitioned between AcOEt (5
mL) and saturated aqueous solution of NH4Cl (2 mL). The phases were
separated and the aqueous phase was washed with AcOEt (2 mL). The
combined organic layers were washed with saturated aqueous solution
of NH4Cl (5 x 2 mlL), dried over anhydrous NajSOg, filtered and
concentrated in vacuo. The residue was subjected to CC (automated, 4g,
SiO4, CH,Cly to CH,Clo/MeOH 95:5) to give 18 (51.0 mg, 73%). White
solid; Purity: 98.2% (LC-MS); 'H NMR (400 MHz, CDCl3) § 8.00 (bs, 1H),
7.55-7.48 (m, 1H), 7.33-7.29 (m, 2H), 7.25-7.15 (m, 6H), 7.14-7.08
(m, 2H), 6.94 (d, J = 2.4 Hz, 1H), 4.40-4.26 (m, 2H), 3.91 (q, J = 3.7 Hz,
1H), 3.62-3.55 (m, 4H), 3.51 (dd, J = 12.3, 3.1 Hz, 1H), 3.31 (s, 2H),
3.22 (ddd, J = 14.8, 7.8, 0.8 Hz, 1H), 2.98 (ddd, J = 14.7, 6.8, 0.8 Hz,
1H), 2.86 (dd, J = 12.3, 4.3 Hz, 1H); 13¢ NMR (101 MHz, CDCl3) &
171.6, 170.5, 169.6, 137.9, 136.1, 128.6, 127.7, 127.5, 127.1, 123.0,
122.1, 119.4, 118.4, 111.2, 111.0, 65.9, 55.8, 54.7, 51.5, 47.2, 43.5,
25.2; LC-MS (m/2): 435 [M+H] ™.

4.44. Methyl (S)-3-(1H-indol-3-yl)-2-((S)-3-((naphthalen-1-ylmethyl)
carbamoyl)-5-oxopiperazin-1-yl)propanoate 19

A solution of 50 (80.0 mg, 232 pmol), 1-naphthylmethylamine
(36.42 mg, 1.0 eq., 232 pmol), EDC (52.4 mg, 1.2 eq., 278 pmol),
HOBt (47.0 mg, 1.5 eq., 348 pmol), DIPEA (80.6 pL, 2.0 eq., 464 pmol)
and DMF (1 mL) was stirred at rt overnight. The mixture was partitioned
between AcOEt (5 mL) and saturated aqueous solution of NH4Cl (2 mL).
The phases were separated and the aqueous phase was washed with
AcOEt (2 mL). The combined organic layers were washed with saturated
aqueous solution of NH4Cl (5 x 2 mL), dried over anhydrous NasSOy,
filtered and concentrated in vacuo. The residue was subjected to CC
(automated, 4g, SiO2, CHoCly to CH2Cly/MeOH 95:5) to give 19 (80.0
mg, 71%). White solid; Purity: 95.5% (LC-MS); H NMR (400 MHz,
CD30D) 6 8.02-7.94 (m, 1H), 7.85-7.75 (m, 1H), 7.75-7.69 (m, 1H),
7.49-7.39 (m, 4H), 7.37 (dd, J = 8.2, 7.0 Hz, 1H), 7.32 (dt, J = 8.1, 0.9
Hz, 1H), 7.09 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.04-6.95 (m, 2H),
4.82-4.68 (m, 2H), 4.00 (t, J = 3.7 Hz, 1H), 3.65 (dd, J = 8.7, 6.5 Hz,
1H), 3.55 (s, 3H), 3.49-3.40 (m, 2H), 3.34 (s, 1H), 3.13 (ddd, J = 14.5,
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8.7, 0.8 Hz, 1H), 2.93-2.83 (m, 2H); '3C NMR (101 MHz, CD30D) §
171.74,171.73, 170.6, 136.6, 133.8, 133.3, 131.2, 128.3, 127.8, 127.2,
125.9, 125.6, 125.4, 125.0, 123.0, 122.8, 121.0, 118.3, 117.8, 110.9,
109.8, 65.9, 55.4, 54.2, 50.3, 47.2, 46.95, 40.98, 25.0; LC-MS (m/z): 485
[M-+H]T.

4.45. Protein expression and purification

The N-terminal domain of and TbPEX14 (aa 19-84) were cloned into
pETM-11 (EMBL). The plasmids were transformed into E. coli BL21.5 ml
of the overnight culture was inoculated in 500 ml of the autoinduction
medium [32] supplemented with 50 pg of kanamycin. When the cell
density (OD600) reached 0.8, the temperature was lowered to 18 °C and
the cells were grown overnight. The cells were harvested by centrifu-
gation and dissolved in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl,
10 mM B-mercaptoethanol, 20 mM imidazole, 10 mg/ml DNAsel, 1 mM
AEBSF) and lysed by sonication. The lysates, clarified by centrifugation,
were passed over a Ni-NTA agarose resin (Qiagen, Germany)
pre-equilibrated with buffer A (50 mM Tris pH 8.0, 300 mM NacCl, 10
mM p-mercaptoethanol, 20 mM imidazole) and the protein of interest
was eluted with the same buffer containing 250 mM imidazole. The
concentrated eluates were further purified on a Superdex 75 Hiload
16/60 column (GE Healthcare) in phosphate-buffered saline (PBS).

4.46. AlphaScreen assay

AlphaScreen assay was used to derive the inhibition constant (Ki)
values for the PEX5-TbPEX14 inhibitors, according to the published
protocol [6]. 3 nM N-His-PEX14 was mixed with 10 nM biotinylated
PEX5-derived peptide (ALSENWAQEFLA) in PBS supplemented with 5
mg/mL of BSA and 0.01% (v/v) Tween-20.5 pg/mL of streptavidin
donor beads and 5 pg/mL of nickel chelate acceptor beads (PerkinElmer)
were added to the mixture. The serial dilutions of the inhibitors were
prepared in DMSO and mixed while keeping constant the concentration
of DMSO (5%; this concentration was shown to have no effect on the
assay readout). Apparent binding constants of this system (Kg 1+1) was
measured for each experimental condition. This indicates that K; of an
inhibitor can be calculated based on the equation:

ECso
1+ Lr]

dL*T

>

(ECs5p — median effective concentration measured by AlphaScreen, Lt
— Protein concentration, Kg;+r — apparent binding constant in the
system at given peptide concentration T).

The competition curves were measured using a serial dilution of the
inhibitor while keeping the concentrations of all other assay components
constant. Data were measured in a quadruplicate. The inhibitor ECsg
was calculated from the Hill sigmoidal fitting fixing the asymptotes at
the maximal assay signal (no inhibitor added) and O, respectively. The
signal was determined according to the bead manufacturer instructions.
The data were analyzed using Origin Pro 9.0 [33].

4.47. 'H-15N HSQC NMR assay

Compound 12 was tested using 'H-'°N 2D correlation spectra on a
Bruker Avance ITI 600 MHz spectrometer (*H frequency 600 MHz) with a
QCI cryoprobe. Samples were made up with 200 pM uniformly °N-
labelled TcPEX14 protein in phosphate NMR buffer (pH 6.5, 20 mM
NacCl, 5 mM NayPOy) in water, supplemented with 10% D50. Compound
12 was dissolved in DMSO-dg and gliquots were added to the test
samples at 2.5:1, 5:1 and 10:1 and DMSO-dg was added to the reference
sample.
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4.48. In vitro trypanocidal activity of compounds against T. b. brucei

T. b. brucei bloodstream form (Lister 427, MITat 1.2) parasites were
grown in a HMI-11 medium [34] containing 10% fetal bovine serum
(FBS) at 37 °C with 5% CO,. Antitrypanosomal activities of the com-
pounds were tested using resazurin-based 96-well plate assay. Twofold
serial dilutions of each compound (10 wells in each row) were prepared
in 96-well plates in HMI-11 medium (100 pL/well, quadruplicates). As
controls, each row included a well without compound and a well with
medium alone. 100 pL of parasite cultures (4 x 10%/mL) were inoculated
in all wells, except in the well with media alone. Final concentration of
parasites was 2 x 10%/mL. The plates were incubated for 66 h. Resazurin
(25 pL of 0.1 mg/mL in Hanks Balanced Salt Solution) was added to all
wells and the plates were further incubated until 72 h timepoint.
Reduction of resazurin by living cells was quantified by measuring the
fluorescence with a Synergy H1 microplate reader (excitation 530 nm,
emission 585 nm). After subtracting the background fluorescence of the
well with media alone, percent survival values were calculated by
setting the fluorescence of the wells without compound to “100% sur-
vival”. Nonlinear regression graphs were plotted in GraphPad Software
GraphPad Prism 6.04 [35] to yield sigmoidal dose—response curves and
half-maximal effective concentration (ECso) values were determined.

4.49. Cytotoxicity of compounds against HepG2 cells

HepG2 (Hepatocyte) cells were seeded in 96-well plates (5000 cells/
well in rows B—H) and grown overnight at 37 °C in humidified incubator
with 5% CO,. Compounds were tested in triplicate from 100 to 3.125 pM
(twofold serial dilutions, from row H to row C). Row A contained me-
dium alone and served as a negative control. Row B contained cells alone
without inhibitors and served as a positive control. Hygromycin B
(InvivoGen) was used as a positive control for cytotoxicity. After incu-
bation for 66 h, 25 pL of 0.1 mg/mL resazurin (dissolved in Hanks
Balanced Salt Solution HBSS, Sigma) was added to all wells. Plates were
further incubated for 6 h. Fluorescence was measured, and the data were
processed as described above for the T. b. brucei cytotoxicity assay.

4.50. Molecular docking

The structures of the compounds were generated using ChemOffice
17. The library of compounds was prepared for docking generating the
3D models using YASARA ligand preparation protocols. ThPEX14 pro-
tein (PDB accession code: 5L87) was prepared for docking using Yasara
Structure [36], by removing the cognate ligand, adding missing side
chains and missing hydrogens, and generating protonation states using
YASARA Structure’s built-in “Clean” command. Docking was performed
with YASARA implementation of AutoDock VINA [37,38]. The grid box
was generated using as reference the 5L87 native ligand present in the
TbPEX14 protein structure, using coordinates: x-axis = 24.0 A, y-axis =
32.0 A, z-axis = 28.0 A. Exhaustiveness parameter was set to 24 to fully
exploit VINA’s multithreading searches generating 16 poses per ligand.
Poses were selected by manual inspection according to the fulfillment of
the known ThPEX14 ligands’ pharmacophore model.
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