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Abstract

A representative series of structural analogs of the antimitotic tripeptides hemiasterlins have been
designed and synthesized, as potential inhibitors of tubulin polymerization. Relying also on a
computational approach, we aimed to explore unknown extensive changes at the C-fragment, by
incorporating the conformationally required double bond into five- and six-membered rings. Key
steps of the synthetic strategy are a dynamic resolution affording the A-fragment in 97 % ee and
the preparation of six new cyclic C fragments, all potentially able to interact with tubulin by
means of H bonds. Unexpectedly, biological evaluation of these analogs did not provide evidences
neither for cytotoxic effect nor for inhibition of tubulin polymerization.

Keywords
Hemiasterlin; Antimitotic peptides; Tubulin; Cytotoxicity; Dynamic resolution

Introduction

The tubulin/microtubule system plays a key role during mitosis, and disturbing its dynamic
equilibrium can prevent cell division and induce apoptosis. Moreover, this system has been
recognized as an established target of many anticancer drugs [1-3]. However, in most cases,
the clinical use of anti-tubulin drugs is associated with problems of significant toxicity, drug
resistance [4], and bioavailability [5]. Because of these limitations in currently used agents
interacting with tubulin, new drugs with better properties are needed.

Searching for more promising active agents in this field, in particular, aiming to discover
agents that are not substrates for drug efflux pumps such as P-glycoprotein [6,7], we became
interested in hemiasterlins [8] (Fig. 1). Hemiasterlins are a family of natural tripeptides,
discovered and isolated from the South African marine sponge Hemiastrella minor some
years ago [9,10]. The most active members of the family show cytotoxicity in the nanomolar
range and are highly potent inhibitors of microtubule polymerization and bind in the vinca
domain of tubulin [11,12].

Relative to other known antimitotic agents, hemiasterlins possess an attractive combination
of structural simplicity and potent antimitotic activity, making them ideal targets for
synthetic modification [13,14]. A synthetic analog of hemiasterlin 1, taltobulin (HT1-286, 2)
[15-17], wherein a phenyl group replaces the 3-substituted indole ring, advanced to clinical
trials [18-22]. Unlike paclitaxel and vinblastine, taltobulin is a poor substrate for P-
glycoprotein drug transporters and maintains toxicity toward cell lines with high expression
of multidrug resistant (MDR) drug pumps. Hemiasterlins and taltobulin contain three highly
modified amino acids that are responsible for compound stability and in vivo activity. For
the sake of simplicity, they are named fragments A (N-terminus), B (middle amino acid),
and C (C-terminus) [23,24].

Several studies have reported the synthesis of analogs, mostly modified at the N-terminus, to
obtain more SAR information and possibly compounds with relative structural simplicity
and potent activity [25-28]. With regards to fragment C, it is believed that the olefin bond
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plays a constitutive role during the biological interaction; it should serve as a center of
conformational rigidity, presenting the carboxylic acid group in the proper orientation for
binding to tubulin. Thus, owing to the fact that the C-terminus double bond is an essential
requirement for efficient binding and high levels of cyto-toxicity [14], up to now most
synthesized analogs bear this functional group unmodified [29].

These SAR conclusions intrigued us greatly, leading to an interest in exploring more
extensive changes at the C-terminal. We wanted to preserve the double bond while
incorporating it into five- and six-membered rings. This would allow us to explore new ways
to confer rigidity on a hemiasterlin-like skeleton. In particular, we chose to replace the olefin
with substituted benzene rings or five-membered heterocyclic moieties.

Six new hemiasterlin analogues were designed (Fig. 2 compounds 3-8) all contain potential
cyclic bioisosteres of the fragment C double bond. It should be noted that two compounds
(6, 7) were designed lacking the terminal carboxylic acid group and still be potentially able
to interact with tubulin by means of H bonds. We describe their computational
conformational analysis, their synthesis, and evaluation of both cytotoxic effects and ability
to inhibit tubulin polymerization.

Results and discussion

The binding mode for antimitotic peptides within tubulin is still unknown, but experimental
evidence both from SAR and STD-NMR analysis [30] and computational studies established
that taltobulin and other similar peptides (e.g., dolastatins, hemiasterlins and cryptophycins)
bind in proximity of the vinca binding site [31,32]. From such studies some important
geometrical features have been outlined as important for biological activity. In the docked
pose the amide backbone of taltobulin adopts a bent conformation, and some contacts with
the receptor are realized. There are hydrophobic interactions of the gem-dimethyl on the first
residue and the tert-butyl group on the middle residue with lipophilic pockets in p-tubulin.
Further, hydrogen bonds are observed between the two NH hydrogen atoms and -Asp179,
between the B-part CO oxygen and [3-Ser174 and between p-Asn186 and the terminal
carboxylic function. To investigate the effect of modification of the C part of hemiasterlin
on conformational behavior, with regard to possible consequences on bioactivity,
compounds 3-8 and taltobulin were subjected to computational conformational analysis. To
evaluate the similarity of compounds 3-8 with the reference compound 2, the lowest energy
conformations were superimposed accordingly to CFDs (chemical functionality descriptors),
which were selected on the basis of the previously described geometrical requirements
(three hydrophobic, two H bond donor, and two H bond acceptor CFDs, see Fig. 3).

Briefly, compounds 3-8 and taltobulin 2 were studied by means of a MC/EM (Monte Carlo/
Energy Minimization) protocol using the MMFF94 force field with the software Spartan’08
[33]. Conformations up to 6 kcal/mol from the global minimum were kept. In terms of
geometry, for the reference compound taltobulin 2, we obtained results that are in complete
agreement with the previously reported ones [17].
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The structures obtained from conformational analysis of 3-8 were then superimposed on the
global minimum of taltobulin 2 according to the selected CFDs. The success of the
superimposition was measured with the score function of the softwarel (Fig. 4). As
expected, for all compounds the unmodified AB portion generally showed good
superimposition on taltobulin, while more evident differences were observed for the C part,
for which two CFDs were described (hydrophobic on the isopropyl and H bond acceptor on
the carboxylic moiety). Compounds 3-5 showed very different behaviors, depending on the
substituent on the phenyl ring, and the best superimposition was obtained with 4, in which
the methyl substituent on the phenyl superimposed well on the isopropyl of taltobulin 2. The
presence of a methoxy group in 5 produced a severe displacement of the amide backbone,
leading to the lowest superimposition score versus taltobulin 2. Compounds 6-8 overall
showed good superimposition scores; in these cases, the hydrophobic isopropyl group is
retained, and the differences are due to the orientation of the terminal heterocyclic H bond
acceptor moiety. For 6 and 8 the H bond acceptor is an oxygen, while for 7 it is the tetrazole
nitrogen. The best score was obtained for 7, in which the presence of four nitrogen atoms
allowed for a good orientation of the terminal heterocycle as an efficient H bond acceptor.

To summarize, computational studies revealed a good similarity between compounds 3-8
and taltobulin. Compounds 3-5 are valuable in positioning the terminal H bond acceptor
carboxylate moiety, while the phenyl ring in 4 and 5 is less effective in mimicking the
hydrophobic portion of the C part. Compounds 6-8 seem to be more similar to taltobulin 2,
and, in particular, the tetrazole ring of compound 7 matched well with the terminal H bond
acceptor moiety.

For the synthesis of the N-protected A-fragment amino acid 9, we modified a literature
procedure [15], which starts from 2-oxo-3-phenylpropanoic acid to give keto ester 10 in two
steps (Scheme 1). From 10, reaction with hydroxylamine hydrochloride, followed by oxime
reduction with Zn metal in H,SO4/AcOH afforded racemic amino ester 11 in high yield. In
order to obtain enantiopure 11 in multigram scale, thus avoiding diastereocisomer separation
after the condensation step of the A-fragment with the remaining chiral portion of the
molecule, we developed a dynamic resolution protocol. It uses slightly less than one
equivalent of (S)-mandelic acid as the resolving agent with 5 mol% 5-nitrosalicylaldehyde,
as racemizing agent [34]. The mandelate salt of (S)-11 was obtained in 74 % yield and
directly converted to the N-Boc derivative 12 (97 % ee, from chiral HPLC, see Supporting
Information).

From 12, N-Boc-amino acid 9 was obtained by N-methylation, followed by ester hydrolysis.
As fragment B, we employed ()-valine, in place of (.)-tert-leucine, as it represents a known
variation allowing substantial bioequivalence [14]. From the appropriately substituted 3-
amino benzoic esters, reductive amination with formaldehyde afforded without problems the
aromatic fragments C 13-15 of the target compounds 3, 4, and 5 (Scheme 2).

Iscores are reported as obtained by the similarity analysis function implemented in the Spartan’06 software. The score is defined as
[(1 - R2)/N], where R2 is the rms distance between template and molecule centers, and N is the number of similarity centers.

Mol Divers. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lesma et al.

Page 5

For the synthesis of the heterocycle-based fragments C (Scheme 3), we started with
commercially available Boc-.-Val-OH, which was easily converted to the known [35,36]
amide 16. Careful amide dehydration by means of cyanuric chloride in DMF afforded the
corresponding nitrile 17, avoiding possible racemisation [37].

Nitrile 17 in the presence of hydroxylamine hydrochloride at 90 °C gave the N“hydroxy-
imidamide derivative 18, which was easily converted to the oxadiazolone 19 upon treatment
with carbonyldiimidazole. From nitrile 17, the tetrazole derivative 21 was easily obtained by
a click reaction with sodium azide at 130 °C. Finally, from amide 16, reaction with ethyl
bromo pyruvate, followed by cyclization promoted by trifluoroacetic anhydride, cleanly
afforded the oxazole derivative 23. Treatment with HCI in dioxane on 19, 21, and 23 yielded
quantitatively N-deprotected heterocyclic derivatives 20, 22, and 24 as hydrochloride salts.

With all fragment C analogs (13-15, 20, 22, 24) in hand, we then pursued their coupling
with N-Boc-valine and, subsequently, with the A-fragment 9. The first coupling proved to be
difficult with low yield under different reaction conditions (HATU, HOAt, NMM, DMF;
PivCl, DIPEA, THF; oxalyl chloride, Py, DCM; DCC, HOBt, NMM, THF), especially in the
cases of methyl anilines 13-15. In the end, we found that activating N-Boc-valine with
cyanuric fluoride was the best choice to deliver satisfactory yields of the requisite protected
dipeptides 25-30, in reactions with both anilines 13-15 and heterocycle derivatives 20, 22
and 24 (Scheme 4).

After N-Boc deprotection, dipeptides 25-30 were condensed with acid 9 to give tripeptides
31-36 in acceptable yields. Compounds 31-33 and 36 were then submitted to ester
hydrolysis by means of LiOH in aqueous methanol. Deprotected targets 3-8 were finally
obtained as trifluoroacetate salts by treatment with 50 % TFA in CH,Cl,.

The cytotoxicity on HelLa, HT29, SEM, and Jurkat tumor cells and the antitubulin activities
of the various analogues synthesized are shown in Tables 1 and 2.

Despite their structural similarity with taltobulin 2, we were surprised to find that
compounds 3-8 were devoid of any appreciable cytotoxic activity. Our synthesized
compound 2 (taltobulin), tested in parallel as a reference compound, showed nanomolar 1Csg
values in line with the literature [17]. Compounds 3-5 were also inactive as inhibitors of
tubulin assembly and of the binding of [®H]vinblastine, [3H]dolastatin 10, and
[3H]halichondrin B, while hemiasterlin 1 [9] and 2 were active in all assays. This indicates
that a better orientation of the C-terminus H bond acceptor is required for affinity for
tubulin, despite of the good overall conformational similarity of our compounds with
taltobulin.

Conclusion

In summary, we developed an original approach to the synthesis of hemiasterlin analogs,
aimed at modification of fragment C of the lead compound taltobulin. On the basis of recent
SAR data and of modeling studies, some aromatic and heterocyclic type fragments C were
introduced in place of the C-terminal double bond of taltobulin, with the aim of modulating
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the conformational rigidity of the entire molecule. Contrary to our expectations, biological
evaluation of compounds 3-8 did not afford active analogs. Taking these results into
account and using docking studies, a new structure-based approach is now underway to
evaluate structural modifications, including introduction of additional potential recognition
features for binding to tubulin.

Experimental section

General methods

All solvents were distilled and properly dried, when necessary, prior to use. All chemicals
were purchased from commercial sources and used directly, unless indicated otherwise. All
reactions were run under N, unless otherwise indicated. All reactions were monitored by
thin layer chromatography (TLC) on precoated silica gel 60 F254; spots were visualized
with UV light or by treatment with 1 % KMnQO,4 agueous solution. Products were purified by
flash chromatography on silica gel 60 (230-400 mesh).

All NMR spectra were acquired on a Bruker 400 Avance spectrometer equipped with a z
gradient coil probe operating at a proton frequency of 400.10 MHz. Data are presented as
follows: chemical shift (multiplicity, integration, coupling constant). Chemical shifts (8) are
expressed in ppm relative to TMS at § = 0 ppm for 1H NMR and relative to CDClz at § =
77.16 ppm for 13C NMR. Abbreviations of multiplicity are as follows; s: singlet, d: doublet,
t: triplet, g: quartet, oct: octet, m: multiplet, br: broad. Coupling constant (J) are reported in
hertz (Hz). 13C NMR spectra were recorded using the APT pulse sequence; the signals of
CH and CHg are positive, while CH, and quaternary carbons are negative. High-resolution
MS spectra were recorded with a Waters Micromass Q-ToF micro™ mass spectrometer,
equipped with an ESI source.

Synthetic procedures and characterization data for compounds 3-36

Methyl 3-methyl-2-ox0-3-phenylbutanoate (10)—To a solution of 3-phenylpyruvic
acid (5.0 g, 0.03 mol) in tetrahydrofuran (40 mL) and water (10 mL), methyl iodide (5.7 mL,
0.091 mol), and 5 M aqueous sodium hydroxide solution (18.2 mL, 0.091 mol) were added,
under nitrogen atmosphere with cooling with an ice—water bath. The cooling bath was
removed, and the resulting mixture was heated at reflux for 6 h. The reaction mixture was
allowed to cool to room temperature, and methyl iodide (1.9 mL, 0.03 mol) was added,
followed by 5 M aqueous sodium hydroxide solution (12.2 mL, 0.061 mol). Stirring was
continued overnight at room temperature. The volatiles were removed under reduced
pressure, and the residual aqueous solution was extracted with ethyl acetate to remove non-
acidic components. The residue was cooled and acidified with 1 M aqueous hydrogen
chloride to pH 1.0, and the resulting aqueous layer was extracted with ethyl acetate (3 x 40
mL). The combined organic extracts were washed with saturated aqueous sodium chloride,
dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo to afford 3-
methyl-2-oxo-3-phenylbutanoic acid (5.8 g, 99 %), as a brown oil. This product was used in
the following step without further purification. 1H NMR (300 MHz, CDCl3) & 8.52 (s, br,
1H), 7.45-7.17 (m, 5H), 1.67 (s, 6H). 13C NMR (100 MHz, CDCl3) § 197.8, 161.8, 141.5,
129.0-126.2 (5C), 50.2, 25.3 (2C).
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To a solution of 3-methyl-2-0xo0-3-phenylbutanoic acid (3.0 g, 0.016 mol) in Et,0 (12 mL)
and CH30H (18 mL) at 0 °C, trimethylsilyldiazomethane (2.0 M solution in hexanes, 14
mL, 0.028 mol) was added dropwise. The solvents were removed under reduced pressure,
and the residue was taken up in Et,O/hexane (1:1, 50 mL) and washed with 2 % aqueous
H3PO4 (3 x 50 mL), saturated aqueous NaHCOs3 (3 x 50 mL) and brine (50 mL). The
organic phase was dried over anhydrous Na,SO,4 and concentrated under reduced pressure to
give methyl 3-methyl-2-oxo-3-phenylbutanoate 10 (3.2 g, 99 %), as a straw-colored liquid.
This product was used in the following step without further purification. 1TH NMR (400
MHz, CDCls3) § 7.44-7.22 (m, 5H), 3.64 (s, 3H), 1.66 (s, 6H). 13C NMR (100 MHz, CDCl5)
§197.9, 162.6, 141.8, 128.8-126.2, 52.2, 50.5, 25.2 (2C). HRMS (ESI) calcd for C1,H1503
(MH™) 207.1021, found 207.1023.

Methyl 2-amino-3-methyl-3-phenylbutanoate (11)—A mixture of methyl 3-
methyl-2-oxo-3-phenylbutanoate (3.22 g, 0.016 mol), hydroxylamine hydrochloride (3.34 g,
0.048 mol), and dry methanol (60 mL) was refluxed for 16 h and then evaporated to dryness.
The residue was taken up in saturated aqueous NaCl (50 mL), extracted with ethyl acetate (3
x 50 mL), dried over anhydrous Na,SOg4, and evaporated to give methyl 2-
(hydroxyimino)-3-methyl-3-phenylbutanoate (3.42 g, 99 %). This product was used in the
following step without further purification. 1H NMR (400 MHz, CDCl5) & 8.16 (s, br, 1H),
7.44-7.21 (m, 5H), 3.66 (s, 3H), 1.62 (s, 6H). 13C NMR (75 MHz, CDCl5) § 164.1, 158.9,
143.9, 128.4-126.4 (5C), 52.0, 42.9, 27.1 (2C).

To a solution of methyl 2-(hydroxyimino)-3-methyl-3-phenylbutanoate (3.9 g, 0.018 mol) in
acetic acid (40 mL), 30 % H,SO,4 aqueous solution was added with cooling with an ice-
saltwater bath. Powdered zinc (3.5 g, 0.054 mol) was added to this cooled solution portion
wise. After the addition of the zinc was complete, the reaction mixture was allowed to stir at
room temperature for 16 h. The volatiles were removed under reduced pressure, and the
residual aqueous solution was extracted with ethyl acetate (50 mL). The residue was cooled
and basified with NaHCOg3 saturated aqueous solution, and the resulting aqueous layer was
extracted with ethyl acetate (3 x 50 mL). The combined organic extracts were dried over
anhydrous sodium sulfate, filtered, and concentrated in vacuo to afford pure methyl 2-
amino-3-methyl-3-phenylbutanoate 11 (3.03 g, 83 %), as a foam. 'H NMR (300 MHz,
CDClg) 8 7.42-7.17 (m, 5H), 3.67 (s, 1H), 3.59 (s, 3H), 2.00 (s, br, 2H), 1.40 (s, 6H). 13C
NMR (75 MHz, CDCl3) 6 174.3, 146.1, 128.2-126.3 (5C), 64.0, 51.4, 41.8, 25.8, 23.0.
HRMS (ESI) calcd for C1,H1gNO, (MH™) 208.1338, found 208.1341.

(S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-methyl-3-phenylbutanoate (12)—
To a solution of methyl 2-amino-3-methyl-3-phenylbutanoate (3.92 g, 0.019 mol), isopropyl
acetate (70 mL), and isopropyl alcohol (30 mL), (§-mandelic acid (2.86 g, 0.019 mol) was
added. The resulting mixture was heated to 45 °C for 4 h, before the addition of 5-
nitrosalicylaldehyde (158 mg, 0.95 mmol). The resulting reaction mixture was then stirred at
45 °C for 12 h and cooled at room temperature. The resulting crystalline mandelate salt was
collected by filtration, and the crystals washed with cold isopropyl alcohol and dried under
reduced pressure to afford (S)-1-methoxy-3-methyl-1-oxo-3-phenylbutan-2-aminium (S)-2-

hydroxy-2-phenylacetate (4.35 g, 64 %). [a]2’=+83.2 (c 1.0, MeOH). 'H NMR (300 MHz,
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DMSO-dg) § 7.46-7.13 (m, 10H), 4.95 (s, 1H), 3.81-3.00 (m, 4H), 3.53 (s, 1H), 3.41 (s, 3H),
1.32 (s, 3H), 1.29 (s, 3H). 13C NMR (75 MHz, D,0) § 181.8, 171.9, 145.3, 143.0,
131.7-128.8 (10C), 77.4, 64.6, 55.8, 42.4, 28.1, 25.1.

To a stirred solution of (§)-1-methoxy-3-methyl-1-0xo0-3-phenylbutan-2-aminium (S)-2-
hydroxy-2-phenylacetate (1.86 g, 0.0052 mol) in CH,Cl, (40 mL), triethylamine (3.6 mL,
0.026 mol) and a solution of di-tert-butyl dicarbonate (2.49 g, 0.011 mol) in CH,Cl, (20
mL) were added. The reaction mixture was stirred at room temperature for 16 h. The solvent
was removed under reduced pressure, and the residue was taken up in ethyl acetate (60 mL)
and washed with 1 % aqueous H3POy4 (3 x 50 mL), saturated aqueous NaHCO3 (3 x 50 mL),
and brine (50 mL). The organic phase was dried over anhydrous Na,SO4 and concentrated
under reduced pressure. The residue was purified using silica gel column flash
chromatography (9:1, n-hexane:EtOAC) to give (§-methyl 2-((tert-
butoxycarbonyl)amino)-3-methyl-3-phenylbutanoate 12 (1.5 g, 94 %, 97.1 % ee), as a foam.

[]*’=+36.7 (c 1.0, CHClg). 'H NMR (300 MHz, CDClg) § 7.44-7.15 (m, 5H), 5.00 (d, J =
8.8 Hz, 1H), 4.51 (d, J = 8.8 Hz, 1H), 3.49 (s, 3H), 1.42 (s, 3H), 1.39-1.38 (br, s, 12H). 13C
NMR (100 MHz, CDCls,) § 171.8, 155.4, 144.8, 131.0-122.8 (5C), 79.8, 62.1, 51.6, 41.6,
28.2 and 27.4 (3C, 2 conformers), 25.6, 24.7. HRMS (ESI) calcd for C17H6NO4 (MHY)
308.1862, found 308.1870.

(S)-2-((it Tert-butoxycarbonyl)(methyl)amino)-3-methyl-3-phenylbutanoic acid
(9)—To a vigorously stirred suspension of sodium hydride (0.29 g, 0.012 mol) in dry DMF
(20 mL) cooled with an ice-salt water bath, a solution of (S)-methyl 2-((tert-
butoxycarbonyl)amino)-3-methyl-3-phenylbutanoate (1.5 g, 0.0049 mol) in dry DMF (20
mL) was slowly added. After the bubbling had ceased, methyl iodide (1.5 mL, 0.024 mol)
was added, and the resulting gray suspension was stirred for 18 h at room temperature. The
excess sodium hydride was quenched by cautious addition of saturated aqueous NH,4CI (120
mL), and the resulting aqueous layer was extracted with ethyl acetate (3 x 80 mL). The
combined organic extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo to afford (S)-methyl 2-((tert-butoxycarbonyl)(methyl)amino)-3-

methyl-3-phenylbutanoate (1.49 g, 95 %). [a]QDoz —22.4 (¢ 1.0, CHCI3). IH NMR (400
MHz, CDCls3, mixture of two conformers) 6 7.68-6.73 (m, 5H), 5.30 and 4.92 (m, 1H), 3.60
and 3.59 (m, 3H), 2.81 and 2.75 (m, 3H), 1.69-1.14 (m, 15H). 13C NMR (100 MHz, CDCl5,
mixture of two conformers) 6 170.9, 156.6, 146.5, 133.5-117.7 (5C), 80.5 and 79.9 (1C),
66.9 and 65.3 (1C), 51.4, 42.4, 33.8 and 33.4 (1C), 28.3 (3C), 27.6, 22.6.

(9-Methyl - 2-((tert-butoxycarbonyl)(methyl)amino)-3-methyl-3-phenylbutanoate (1.38 g,
0.0043 mol) was dissolved in methanol (100 mL). While stirring, first H,O (35 mL) and
then an 1 M aqueous solution of lithium hydroxide (35 mL, 0.035 mol) were added. The
resulting mixture was stirred at room temperature for 16 h. The solvent was removed under
reduced pressure, and the residue was washed with CH,Cl, (50 mL). The aqueous layer was
acidified to pH 3 by addition of 5 % aqueous H3PO,4 and extracted with ethyl acetate (3 x 60
mL). The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo to afford (S)-2-((tert-butoxycarbonyl)(methyl)amino)-3-methyl-3-

phenylbutanoic acid 9 (1.29 g, 98 %), as a foam. [a]QDO: —2.0(c 7.0, CHCI3). IH NMR (300
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MHz, CDCl3, mixture of two conformers) 8 7.65-6.86 (m, 5H), 5.12 and 4.94 (m, 1H), 2.75
and 2.61 (m, 3H), 1.70-1.30 (m, 15H). HRMS (ESI) calcd for C17H26NO4 (MH*) 308.1862,
found 308.1866.

Ethyl 3-(methylamino)benzoate (13)—To a stirred solution of ethyl 3-aminobenzoate
(3 9,0.018 mal) in dry CH,Cl,, anhydrous MgSOy (5 g) and 37 % formaldehyde aqueous
solution (1.6 mL, 0.022 mol) were added. The resulting suspension was stirred for 2 h, and
then sodium triacetoxyborohydride (4.6 g, 0.022 mol) was added. The reaction mixture was
stirred at room temperature for 16 h and filtered to remove the magnesium sulfate. A
saturated aqueous NaHCO3 solution (50 mL) was added to the filtrate, and the two layers
were separated, and then the aqueous layer was extracted with ethyl acetate (3 x 40 mL).
The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo. The residue was purified using silica gel column chromatography
(85:15, n-hexane:EtOAC) to give ethyl 3-(methylamino)benzoate 13 (1.57 g, 48 %), as a
foam. *H NMR (300 MHz, CDCl5) § 7.59-7.18 (m, 3H), 7.00-6.75 (m, 1H), 4.35 (q, J=7.2
Hz, 2H), 2.87 (s, 3H), 1.37 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) § 167.1, 149.3,
131.3,129.0, 119.2, 116.8, 112.8, 60.8, 30.6, 14.3. HRMS (ESI) calcd for C19H14NO»
(MH™) 180.1025, found 180.1006.

Methyl 4-methyl-3-(methylamino)benzoate (14)—Starting from methyl 4-methyl-3-
aminobenzoate, the same procedure, as for compound 13, was followed. After the reaction,
the residue was purified using silica gel column chromatography (8:2, n-hexane:EtOAC) to
give methyl 4-methyl-3-(methylamino)benzoate 14 (1.83 g, 56 %), as a foam. *H NMR (300
MHz, CDClI3) § 7.40 (dd, J=7.7 and 1.6 Hz, 1H), 7.34 (s, br, 1H), 7.11 (d, J= 7.7 Hz, 1H),
4.96 (s, br, 1H), 3.89 (s, 3H), 2.94 (s, 3H), 2.21 (s, 3H). 13C NMR (75 MHz, CDCls) §
167.8, 147.1, 129.7, 129.0, 127.3, 118.3, 109.6, 51.8, 30.7, 17.6. HRMS (ESI) calcd for
C1oH14NO, (MH™) 180.1025, found 180.1031.

Methyl 4-methoxy-3-(methylamino)benzoate (15)—Starting from methyl 4-
methoxy-3-aminobenzoate, the same procedure, as for compound 13, was followed. After
the reaction, the residue was purified using silica gel column chromatography (8:2, n-
hexane:EtOAC) to give methyl 4-methyl-3-(methylamino)benzoate 15 (1.76 g, 54 %), as a
foam. ITH NMR (300 MHz, CDCl3) § 7.45 (dd, J = 8.3 and 2.1 Hz, 1H), 7.27 (d, J = 2.1 Hz,
1H), 6.76 (d, J = 8.3 Hz, 1H), 4.87 (s, br, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 2.90 (s, 3H). 13C
NMR (75 MHz, CDCl5) 8 167.6, 150.6, 138.8, 123.1, 119.3, 109.9, 108.2, 55.5, 51.7, 30.3.
HRMS (ESI) calcd for C1gH14NO3 (MH™) 196.0974, found 196.0972.

(S)-Tert-butyl (1-amino-3-methyl-1-oxobutan-2-yl)(methyl)carbamate (16)—
Sodium hydride as 80 % suspension in mineral oil (8.6 mL, 0.14 mol) was added slowly in
portions over a period of 2 h to a cooled (0 °C) solution of N-Boc-valine (3 g, 0.014 mol)
and iodomethane (8.6 mL, 0.14 mol) in anhydrous THF (40 mL). The reaction mixture was
stirred at room temperature for 16 h. The solvent was removed under reduced pressure, and
the residue was taken up in diethyl ether (50 mL). The excess sodium hydride was quenched
by cautious addition of H,O (50 mL), and then the two layers were separated, and the
aqueous layer was washed with diethyl ether (2 x 50 mL). The aqueous layer was acidified
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to pH 3 by addition of 5 % aqueous H3PO,4 and extracted with ethyl acetate (3 x 100 mL).
The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo to afford (S)-2-((tert-butoxycarbonyl)(methyl)amino)-3-

methylbutanoic acid (3.1 g, 97 %). [a]>’= — 71.4 (c 1.1, CHCl3). 'H NMR (400 MHz,
CDCls3, mixture of two conformers) & 4.14 (m, 0.36H, minor conformer), 3.98 (d, J=10.1
Hz, 0.64H, major conformer), 2.91 (s, 3H), 2.40 (m, 0.64H, major conformer), 2.24 (m,
0.36H, minor conformer), 1.50 (s, 9H), 1.06 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz,

3H). 13C NMR (100 MHz, CDCls) § 176.3, 175.3, 157.0, 155.7, 80.9, 80.7, 65.4, 65.1, 28.4,
27.8,27.5,20.1,19.8, 19.1, 19.0.

A solution of (9)-2-((tert-butoxycarbonyl)(methyl)amino)-3-methylbutanoic acid (3.1 g,
0.013 mol), N-methylmorpholine (1.6 mL, 0.015 mol), and ethyl chloroformate (1.4 mL,
0.015 mol) in THF (70 mL) was cooled to —10 °C (ice—saltwater bath). After stirring for 20
min at the same temperature, 30 % NH3 aqueous solution (6 mL, 0.045 mol) was added, and
stirring was continued for another 5 h. The solvent was removed in vacuo, and the residue
was dissolved in ethyl acetate (60 mL). The organic layer was washed with 1 % aqueous
H3POy4 (3 x 50 mL), saturated aqueous NaHCO3 (3 x 50 mL), and brine (50 mL). The
organic phase was dried over anhydrous Na,SOy, filtered, and concentrated in vacuo to
afford (§)-tert-butyl (1-amino-3-methyl-1-oxobutan-2-yl)(methyl)carbamate 16 (2.7 g, 88

%), as a foam. [a]QDO: — 175.1(c 1.0, CHCI3). IH NMR (300 MHz, CDCl3) § 6.19 (s, br,
1H), 5.38 (s, br, 1H), 4.07 (d, J = 11.1 Hz, 1H), 2.79 (s, 3H), 2.24 (m, 1H), 1.46 (s, 9H), 0.96
(d, J=6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 3H). HRMS (ESI) calcd for C11H23N,03 (MH*)
231.1709, found 231.1722.

(S)-Tert-butyl (1-cyano-2-methylpropyl)(methyl)carbamate (17)—To a solution of
(9-tert-butyl (1-amino-3-methyl-1-oxobutan-2-yl)(methyl)carbamate (1.5 g, 0.0065 mol) in
DMF (30 mL) at 0 °C, cyanuric chloride (1.68 g, 9.1 mmol, 1.4 equiv) was added. After
stirring for 1 h at 0 °C, the reaction mixture was quenched with a cold 0.5 M sodium
hydroxide solution (70 mL), and the mixture extracted with ethyl acetate (3 x 40 mL). The
organic layers were combined and washed with water and brine, dried over anhydrous
Na,SQy, filtered, and concentrated. The crude residue was purified by silica gel
chromatography (9:1, n-hexane:EtOACc) to afford (S)-tert-butyl (1-cyano-2-methylpropyl)

(methyl)carbamate 17 (1.11 g, 80 %), as a foam. [a]*’= — 48.7 (c 1.0, CHCl3). 'H NMR
(300 MHz, CDCl3, mixture of two conformers) & 4.82 (s, br, 0.63H, major conformer), 4.51
(s, br, 0.37H, minor conformer), 2.88 (s, 3H), 2.07 (m, 1H), 1.46 (s, 9H), 1.13 (d, J = 6.6 Hz,
3H), 0.90 (d, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) § 117.5, 81.2, 54.0, 30.5, 30.3,
28.2 (3C), 19.3 (2C), 18.1. HRMS (ESI) calcd for C11H»1N»0, (MH™) 213.1603, found
213.1607.

(S)-Tert-butyl (1-amino-1-(hydroxyimino)-3-methylbutan-2-yl)
(methyl)carbamate (18)—To a solution of (§)-tert-butyl (1-cyano-2-methylpropyl)
(methyl)carbamate (0.4 g, 0.0019 mol) in ethanol (4 mL), H,O (2 mL), hydroxylamine
hydrochloride (0.24 g, 0.0037 mol), and sodium carbonate (0.4 g, 0.0038 mol) were added.
The reaction mixture was stirred at 90 °C for 16 h and then diluted with ethyl acetate (30
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mL). The organic layer was washed with 1 % aqueous H3PO, (3 x 30 mL), saturated
aqueous NaHCOs (3 x 30 mL), and brine (30 mL). The organic phase was dried over
anhydrous NaySQOy, filtered, and concentrated in vacuo to afford (S)-tert-butyl (1 -amino - 1
-(hydroxyimino) -3- methylbutan-2-yl)(methyl)carbamate 18 (0.44 g, 96 %), as a foam.

[a]°= — 51.1(c 1.0, CHCI3). 'H NMR (300 MHz, CDCl3) 8 6.48 (s, br, 1H), 5.64 (s, br,
1H), 4.66 (s, br, 1H), 3.74 (d, J = 10.4 Hz, 1H), 3.00-2.70 (m, 3H), 2.50 (M, 1H), 1.45 (s,
9H), 0.97 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H). 13C NMR (75 MHz, CDClg) § 157.0,
152.5, 80.1, 64.8 and 63.9 (1C), 32.6, 28.4 (3C), 26.4, 20.1, 19.1.HRMS (ESI) calcd for
C11H24N303 (MH*) 246.1818, found 246.1831.

(S)-Tert-butyl methyl(2-methyl-1-(5-o0x0-4,5-dihydro-1,2,4-oxadiazol-3-
yl)propyl)carbamate (19)—To a solution of (§-tert-butyl (1-amino-1-(hydroxyimino)-3-
methylbutan-2-yl)(methyl)carbamate (0.4 g, 0.0016 mol) in tetrahydrofuran (20 mL), 1, 1’-
carbonyldiimidazole (0.4 g, 0.0025 mol) was added, and the mixture was heated at 65 °C for
18 h. The reaction mixture was cooled and concentrated. The residue was dissolved in
CH,Cl, (25 mL) and extracted with a 1 M sodium hydroxide aqueous solution (25 mL). The
aqueous layer was carefully acidified with 1 M hydrochloric acid aqueous solution to pH 3
and extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were dried over
anhydrous sodium sulfate, filtered, and concentrated in vacuo to afford (S)-tert-butyl
methyl(2-methyl-1-(5-o0x0-4,5-dihydro-1,2,4-oxadiazol-3-yl)propyl)carbamate 19 (0.31 g,

72 %), as a foam. [a]”’= — 50.1 (¢ 1.0, CHCl3). 'H NMR (300 MHz, CDCl3) § 9.60 s, br,
1H), 3.85 (d, J = 10.9 Hz, 1H), 2.87 (s, 3H), 2.62 (m, 1H), 1.46 (s, 9H), 1.19-0.69 (m,
6H). 13C NMR (75 MHz, CDCl3) § 159.1, 157.5, 156.6, 81.7, 60.9, 34.2, 28.2 (3C), 27.2,

19.9, 18.9. HRMS (ESI) calcd for C15H,N30, (MH*) 272.1610, found 272.1609.

(S)-3-(2-Methyl-1-(methylamino)propyl)-1,2,4-oxadiazol-5(4H)-one
hydrochloride (20)—(9-Tert-butyl methyl(2-methyl-1-(5-ox0-4,5-dihydro-1,2,4-
oxadiazol-3-yl)propyl)carbamate (0.32 g, 0.0012 mol) was dissolved in 5 mL of a 3 M HCI/
dioxane solution. The mixture was stirred at room temperature for 3 h. The solvent was
removed in vacuo, and the residue was dried under reduced pressure to afford (S)-3-(2-
methyl-1-(methylamino)propyl)-1,2,4-oxadiazol-5(4H)-one hydrochloride 20 (0.28 g, 96%).

[a]?’= — 26.9 (c 1.0, MeOH). 'H NMR (300 MHz, DMSO-dg) § 10.09 (s, br, 2H), 4.24 (d, J
= 6.4 Hz, 1H), 3.61 (s, br, 1H), 2.62 (s, 3H), 2.44 (m, 1H), 1.04 (d, J = 6.8 Hz, 3H), 0.97 (d,
J = 6.8 Hz, 3H). 13C NMR (75 MHz, D,0) § 162.1, 155.4, 60.6, 32.7, 30.0, 18.2, 17.1.
HRMS (ESI) calcd for C;H14N30, (M*) 172.1086, found 172.1099.

(S)-Tert-butyl methyl(2-methyl-1-(1H-tetrazol-5-yl)propyl)carbamate (21)—(S)-
Tert-butyl (1-cyano-2-methylpropyl)(methyl)carbamate (0.4 g, 0.0019 mol), ammonium
chloride (0.8 g, 0.015 mol), and sodium azide (0.85 g, 0.013 mol) were dissolved in dry
DMF (3 mL). The mixture was stirred at 130 °C for 6 h. The mixture was acidified to pH 3
by addition of 1 % aqueous H3PO,4 and extracted with ethyl acetate (3 x 20 mL). The
combined organic extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo to afford (S)-tert-butyl methyl(2-methyl-1-(1H-tetrazol-5-

yl)propyl)carbamate 21 (0.48 g, 99 %), as a foam. [a]”’= — 86.0 (c 1.0, CHClg). 'H NMR
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(300 MHz, CDCl3) § 4.90 (d, J = 11.3 Hz, 1H), 2.89 (s, br, 3H), 2.68 (m, 1H), 1.47 (s, 9H),
1.02 (d, J = 6.6 Hz, 3H), 0.78 (d, J = 6.6 Hz, 3H). 13C NMR (75 MHz, CDCl3) § 156.8,
154.6, 81.9, 56.7, 31.3, 29.1, 28.5 (3C), 19.9, 19.3. HRMS (ESI) calcd for C13Hp5Ns0;
(MH*) 256.1773, found 256.1772.

(S)-N,2-Dimethyl-1-(1H-tetrazol-5-yl)propan-1-amine hydrochloride (22)—
Starting from (S)-Tert-butyl methyl(2-methyl-1-(1H-tetrazol-5-yl)propyl)carbamate, the
same procedure, as for compound 20, was followed, affording (S)-N,2-dimethyl-1-(1H-

tetrazol-5-yl)propan-1-amine hydrochloride 22 (0.34 g, 94 %). [a]ff: — 184 (c 1.0,
MeOH). 1H NMR (300 MHz, DMSO-dg) § 9.96 (s, br, 1H), 9.75 (s, br, 1H), 4.71 (d, J= 5.6
Hz, 1H), 2.67-2.50 (m, 1H), 2.48 (s, 3H), 0.95 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8 Hz,

3H). 13C NMR (75 MHz, D,0) § 154.7, 60.2, 32.3, 30.8, 18.7, 17.0. HRMS (ESI) calcd for
CgH14Ns5 (M*) 156.1249, found 156.1256.

(S)-Ethyl 2-(1-((tert-butoxycarbonyl)(methyl)amino)-2-methylpropyl)oxazole-4-
carboxylate (23)—To a solution of (§)-tert-butyl (1-amino-3-methyl-1-oxobutan-2-yl)
(methyl)carbamate (0.3 g, 0.0013 mol) in THF (15 mL) NaHCOg3 (1.65 g, 0.02 mol) and
ethyl bromopyruvate (1.3 mL, 0.01 mol) were added. The reaction was heated at 65 °C for
16 h. The resulting orange suspension was filtered through celite and concentrated under
reduced pressure. The resulting orange oil was dissolved in THF (2 mL) and to this solution,
pyridine (1.6 mL, 0.02 mol) and tri-fluoroacetic anhydride (1.1 mL, 0.008 mol) were added.
The mixture was stirred at room temperature for 16 h. The reaction mixture was diluted with
ethyl acetate (25 mL) and washed with 1 % aqueous H3PO, (3 x 20 mL), saturated aqueous
NaHCO3 (3 x 20 mL), and brine (20 mL). The organic phase was dried over anhydrous
Na,SOy, filtered, and concentrated in vacuo. The residue was purified using silica gel
column chromatography (85:15, n-hexane:EtOAc) to give (S-ethyl 2-(1-((tert-
butoxycarbonyl)(methyl)amino)-2-methylpropyl)oxazole-4-carboxylate 23 (0.22 g, 53 %),

as afoam.[a]”’= — 94.7 (c 1.0, CHCl3). 'H NMR (400 MHz, CDClg, mixture of two
conformers) 6 8.16 (s, 1H), 5.14 (d, J = 10.7 Hz, 0.55 H, major conformer), 4.89 (d, J=10.7
Hz, 0.45 H, minor conformer), 4.38 (g, J = 7.1 Hz, 2H), 2.76 (s, br, 3H), 2.63-2.38 (m, 1H),
1.46 (s, 9H), 1.37 (t, J= 7.1 Hz, 3H), 0.96 (d, J = 6.1 Hz, 3H), 0.90 (s, br, 3H). 13C NMR
(100 MHz, CDCl3, mixture of two conformers) & 163.7, 161.2, 156.0, 143.7, 133.4, 80.5 and
80.1 (1C), 61.1, 59.9 and 58.2 (1C), 29.4, 28.3 (4C), 20.7, 18.0, 14.3. HRMS (ESI) calcd for
CygH27 NoOg (MH*) 327.1920, found 327.1900.

(S)-Ethyl 2-(2-methyl-1-(methylamino)propyl)oxazole-4-carboxylate
hydrochloride (24)—Starting from (S)-Ethyl 2-(1-((tert-butoxycarbonyl)
(methyl)amino)-2-methylpropyl)oxazole-4-carboxylate, the same procedure, as for
compound 20, was followed, affording (S)-ethyl 2-(2-methyl-1-
(methylamino)propyl)oxazole-4-carboxylate hydrochloride 24(156 mg, 98 %).

[0]?"= — 22.4 (c 1.0, MeOH). 'H NMR (300 MHz, DMSO-dg) § 8.16 (s, 1H), 4.70 (d, J =
7.3 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 2.51 (s, 3H), 2.48 (m, 1H), 1.37 (t, J = 7.1 Hz, 3H),
0.97 (d, J = 6.4 Hz, 3H), 0.92 (d, J = 6.4 Hz, 3H). 13C NMR (75 MHz, D,0) & 165.1, 160.4,
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143.0, 136.3, 64.8, 60.2, 30.8, 29.9, 19.1, 18.8, 15.0. HRMS (ESI) calcd for C11H1gN,03
(M*) 227.1396, found 227.1398.

(S)-Ethyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-dimethylbutanamido)benzoate
(25)—Boc-Val-OH (934 mg, 4.3 mmol) was dissolved in CH,Clodry (12 mL), pyridine (0.3
mL, 4.3 mmol) was added, and the solution was cooled to =20 °C. Cyanuric fluoride (0.8
mL, 9.46 mmol) was added, and the reaction was left for 1 h at —10 °C. Cold water and
CH,Cl, were added directly in the reaction flask. The two phases were separated, and the
aqueous phase was extracted 3 times with CH,Cl,. The organic phases were reunited and
washed with cold water. The organic phase was then dried on Na,SO4 and evaporated under
reduced pressure. The obtained product was dissolved in CH,Cl,, and compound 13 (1
equiv) was added. The reaction was left stirring for 24 h under N». Once the reaction was
complete, it was washed with ag NaHCO3, H3PO,4 5 % aq solution, H,O, and brine. The
organic phase was then dried with Na,SO,4 and evaporated under reduced pressure. The
residue was purified using silica gel column chromatography (9:1, CH,Cly:EtOAC) to give
(9-ethyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-dimethylbutanamido) benzoate 25 (829

mg, 51 %), as a foam. [a]*’=+98.2 (c 0.5, CHCl3). 'H NMR (400 MHz, CDCl3) § 8.05 (d, J
=7.5Hz, 1H), 7.91 (s, 1H), 7.54 (t, J = 7.5 Hz, 1H), 7.47 (d, J= 7.5 Hz, 1H), 5.14 (d, J =
9.4 Hz, 1H), 4.40 (q, J = 7.1 Hz, 2H), 4.25-4.07 (m, 1H), 3.31 (s, 3H), 1.81 (m, 1H), 1.43 (s,
9H), 1.42 (t, J = 7.1 Hz, 3H), 0.80 (d, J = 6.7 Hz, 3H), 0.74 (d, J = 6.7 Hz, 3H). 13C NMR
(100 MHz, CDCl3) § 172.4, 165.5, 155.3, 143.2, 132.3, 132.1, 129.9, 129.1, 128.5, 79.3,
61.3, 55.6, 37.7, 31.6, 28.3 (3C), 19.5, 17.3, 14.3. HRMS (ESI) calcd for CogH31N205
(MH*) 379.2233, found 379.2241.

(S)-Methyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-dimethylbutanamido)-4-
methylbenzoate (26)—Starting from compound 14, the same procedure, as for 25, was
followed. The residue was purified using silica gel column chromatography (9:1,
CH,Cl,:EtOAC) to give (S)-methyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-

dimethylbutanamido)-4-methylbenzoate 26 (167 mg, 48 %), as a foam. [2]>’=+63.5 (c 1.0,
CHCl3). 'H NMR (400 MHz, CDCl3, mixture of two conformers) & 7.96 (d, J = 7.8 Hz, 1H),
7.84 (s, 1H), 7.42 (d, J=7.8 Hz, 1H), 5.18 (d, J = 9.8 Hz, 0.7H, major conformer), 5.07 (d, J
= 9.8 Hz, 0.3H, minor conformer), 3.94 (s, 2.1H, major conformer), 3.92-3.82 (m, 1H), 3.89
(s, 0.9H, minor conformer), 3.24 (s, 2.1H, major conformer), 3.19 (s, 0.9H, minor
conformer), 2.34 (s, 0.9H, minor conformer), 2.27 (s, 2.1H, major conformer), 1.94-1.69 (m,
1H), 1.40 (s, 9H), 0.82 (d, J = 6.8 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz,
CDCls3, mixture of two conformers) & 172.5, 166.1, 155.3, 142.0, 141.5, 133.5-126.4 (3C),
129.4,79.2,56.1 and 55.5 (1C), 52.2 and 52.1 (1C), 36.4, 31.8 and 31.0 (1C), 28.2 (3C),
19.6, 18.8, 15.4. HRMS (ESI) calcd for CygH31N205(MH*) 379.2233, found 379.2220.

(S)-Methyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-dimethylbutanamido)-4-
methoxybenzoate (27)—Starting from compound 15, the same procedure, as for 25, was
followed. The residue was purified using silica gel column chromatography (9:1,
CH,Cl,:EtOAC) to give (S§)-ethyl 3-(2-((tert-butoxycarbonyl)amino)-N,3-

dimethylbutanamido) benzoate 27 (210 mg, 58 %), as a foam. [a]”’=+54.8 (c 1.0,
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CHClI3). IH NMR (400 MHz, CDCl3, mixture of two conformers) § 8.21-8.01 (m, 1H), 7.89
(d, J=1.7 Hz, 1H), 7.02 (d, J = 8.7 Hz, 1H), 5.25 (d, J = 9.7 Hz, 0.7H, major conformer),
5.10 (d, J=9.7 Hz, 0.3H, minor conformer), 4.09-3.71 (m, 7H), 3.22 (s, 2.1H, major
conformer), 3.18 (s, 0.9H, minor conformer), 1.86-1.70 (m, 1H), 1.42 (s, 9H), 0.93-0.66 (m,
6H). 13C NMR (100 MHz, CDCl3, mixture of two conformers) § 173.7, 166.0, 158.8, 155.3,
131.8-130.5 (3C), 122.9, 111.6, 78.8, 57.3, 54.9, 52.1 and 52.0 (1C), 36.6 and 35.9 (1C),
32.5, 28.3 (3C), 19.4, 17.3. HRMS (ESI) calcd for CygH31N2,0g (MH™) 395.2182, found
395.2185.

Ethyl 3((S)-2-((S)-2-(tert-butoxycarbonyl(methyl)amino)-3-methyl-3-
phenylbutanamido)-N,3-dimethylbutanamido) benzoate (31)—Compound 25 (154
mg, 0.5 mmol) was dissolved in 2 mL of a 3 M HCl/dioxane solution. The mixture was
stirred at room temperature for 3 h. The solvent was removed in vacuo, and the residue was
dried under reduced pressure. Then it was dissolved in CH,Cl, (3 mL), and it was added to a
stirring solution of compound 9 (139 mg, 0.5 mmol) in CH,Cl, (3 mL). The mixture was
then cooled to 0 °C, and PyBop (1.1 equiv), and DIPEA (3 equiv) were added. The reaction
was left to react at room temperature for 24 h. Once the reaction is completed, the solvent
was evaporated, and the residue was dissolved in AcOEt and washed with 1 % H3POy4
aqueous solution, sat NaHCOs, water, and finally with brine. The organic phases are
reunited and dried with Na,SOy4. The solvent is then evaporated under reduced pressure.
Purification by chromatographic column (7:3, n-hexane:EtOAc) afforded product 31 (221

mg, 78 %), as a foam. [a]*’=+31.0 (c 1.0, CHCl3). H NMR (400 MHz, CDCl3, mixture of
two conformers in 7:3 ratio) & 8.03 (m, 1H), 7.84 (s, br, 1H), 7.64-7.11 (m, 7H), 6.01 (m,
0.3H), 5.88 (m, 0.7H), 5.20 (s, br, 0.7H), 4.86 (s, br, 0.3H), 4.42 (q, J = 7.1 Hz, 1.4H), 4.41
(9, J=7.1 Hz, 0.6H), 4.30 (m, 1H, 0.3H), 4.23 (t, br, J = 7.8 Hz, 0.7H), 3.25 (s, br, 3H),
2.92 (s, 3H), 1.76-1.67 (m, 1H), 1.65 (s, br, 5.1H), 1.62 (s, 0.9H), 1.55-1.40 (m, 12H),
0.67-0.46 (m, 6H). 13C NMR (100 MHz, CDCl3, mixture of two conformers) § 171.5 and
171.4 (1C), 169.8 and 168.8 (1C), 165.6, 157.0, 147.3, 143.1, 127.6, 132.3-126.3 (9C), 80.7
and 80.1 (1C), 66.7 and 65.3 (1C), 61.4, 54.0, 42.7, 37.6, 33.5 and 33.1(1C), 31.4, 28.4-27.3
(3C), 25.4, 24.8, 19.4 and 17.4 and 17.1 (2C), 14.3. HRMS (ESI) calcd for C3,H4sN30¢
(MH™) 568.3381, found 568.3387.

Methyl 3-((S)-2-((S)-2-(tert-butoxycarbonyl(methyl)amino)-3-methyl-3-
phenylbutanamido)-N,3-dimethylbutanamido)-4-methylbenzoate (32)—Starting
from compound 26, the same procedure, as for 31, was followed. Purification by
chromatographic column (7:3, n-hexane:EtOAc) afforded product 32 (140 mg, 75 %), as a

foam. [a]QD°=+46.9 (c 1.0, CHCI3). 'H NMR (400 MHz, CDClI3, mixture of 4 conformers in
0.5:0.2:0.15:0.15 ratio) & 8.01-7.14 (m, 8H), 6.15 (d, br, J= 9.6 Hz, 0.5H), 6.11-6.01 (m,
0.35H), 5.93 (d, br, J=8.8 Hz, 0.15H), 5.20 (s, 0.5H), 5.15 (s, 0.15H), 4.87 (s, 0.2H), 4.83
(s, 0.15H), 4.37-4.24 (m, 0.3H), 4.15-4.05 (m, 0.7H), 3.96 (s, 0.6H), 3.93 (s, 1.95H), 3.91 (s,
0.45H), 3.22-3.11 (m, 3H), 2.91-2.82 (m, 3H), 2.30 (s, 0.6H), 2.17 (s, 0.45H), 1.97 (s, 1.95),
1.75 (m, 1H), 1.64 (s, br, 2H), 1.60 (s, br, 4H), 1.53-1.38 (m, 9H), 0.68-0.43 (m, 6H). 13C
NMR (100 MHz, CDCl3, mixture of two conformers) § 172.3 and 172.1 (1C), 169.6 and
169.1 (1C), 166.8, 157.7 and 156.3 (1C), 147.8, 142.7, 141.0, 130.0, 132.7-126.8 (8C), 81.4
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and 80.8 (1C), 67.3 and 66.0 (1C), 54.2 and 54.0 (1C), 53.0, 43.3 and 43.0 (1C), 37.3 and
37.1(1C), 34.1 and 33.8 (1C), 32.3 and 31.3 (1C), 29.0 (3C), 25.9, 25.7, 20.4 and 17.4 (3C).
HRMS (ESI) calcd for C35HagN306(MH*) 568.3387, found 568.3366.

Ethyl 3-((S)-2-((2S,3R)-4-tert-butoxy-3-methyl-4-oxo-2-(2-phenylpropan-2-
yl)butanamido)-N,3-dimethylbutanamido)-4-methoxybenzoate (33)—Starting
from compound 27, the same procedure, as for n31, was followed. Purification by
chromatographic column (8:2, n-hexane:EtOAc) afforded product 33 (198 mg, 75 %), as a

foam. [a]?’=+24.9 (c 1.0, CHCI3). 'H NMR (400 MHz, CDClg, mixture of 4 conformers in
0.45:0.25:0.2:0.1 ratio) & 8.17-6.86 (m, 8H), 6.30 (d, br, 3= 9.1 Hz, 0.45H), 6.22 (d, br, J=
9.1 Hz, 0.2H), 6.01 (d, br, J = 9.1 Hz, 0.1H), 5.92 (d, br, J = 9.1 Hz, 0.25H), 5.28 (s, 0.45H),
5.10 (s, 0.2H), 4.93 (s, 0.25H), 4.78 (s, 0.1H), 4.32-4.15 (m, 1H), 3.95 (s, 0.8H), 3.92 (s,
2.3H), 3.89 (s, 0.8H), 3.7 (s, 0.3H), 3.52 (s, 0.7H), 3.49 (s, 1.1H), 3.19 (s, 0.75H), 3.17 (s,
1.35H), 3.13 (s, 0.3H), 3.11 (s, 0.6H), 2.92 (s, 0.3H), 2.90 (s, 0.6H), 2.87 (s, 0.75H), 2.82 (s,
1.35H), 1.80-1.39 (m, 16H), 0.73-0.47 (m, 6H). 13C NMR (100 MHz, CDCl5, mixture of
two conformers) § 172.7 and 171.5 (1C), 168.8, 166.0, 158.7 and 158.5 (1C), 157.0, 147.7,
147.0, 131.9-125.9 (7C), 123.1 and 122.9 (1C), 111.8 and 111.3 (1C), 80.8 and 80.2 (1C),
66.8 and 65.3 (1C), 55.8, 54.0 and 53.5 (1C), 52.1, 42.6 and 42.3 (1C), 36.7 and 35.9 (1C),
33.6 and 32.9 (1C), 32.2 and 32.1 (1C), 28.4-27.0 (3C), 25.7, 25.4, 19.6 and 19.2 (1C), 17.3
and 16.9 (1C). HRMS (ESI) calcd for CapHagNO, (MH*) 584.3336, found 584.3345.

3-((S)-N,3 Dimethyl-2-((S)-3-methyl-2-(methylamino)-3-
phenylbutanamido)butanamido) benzoic acid trifluoroacetate (3)—Compound
31 (155 mg, 0.27 mmol) was dissolved in MeOH (2 mL) and H,O (1 mL). 1 M LiOH
aqueous solution (0.81 mL, 0.81 mmol) was added, and the reaction was left at 60 °C for 2
h. Then, MeOH was evaporated, and the remaining aqueous solution was extracted with
CH,Cl,. The aqueous phase was then acidified to pH 3 with 5% H3PO,4 aqueous solution
and then extracted with AcOEt. The organic phase was dried with Na,SOy, and the solvent
was then evaporated under reduced pressure. The residue was dissolved in CH,Cl, (1 mL),
and TFA was added (1 mL). The reaction was left at room temperature for 30 min, and then
it was evaporated under vacuum, to afford compound 3 (146 mg, 98 %), as a foam.

[a]*’=+54.6 (c 0.7, MeOH). 'H NMR (400 MHz, CD30D) § 8.10 (d, br, J = 7.6 Hz, 1H),
7.93 (s, br, 1H), 7.63 (t, J = 7.6 Hz, 1H), 7.60-7.52 (m, 3H), 7.48 (t, J = 7.6 Hz, 2H), 7.36 (t,
J=7.3Hz, 1H), 4.29 (d, J = 7.9 Hz, 1H), 4.19 (s, 1H), 3.27 (s, 3H), 2.52 (s, 3H), 1.95 (oct, J
= 7.0 Hz, 1H), 1.58 (s, 3H), 1.55 (s, 3H), 0.84 (d, J = 6.7 Hz, 3H), 0.83 (d, J = 6.7 Hz,

3H). 13C NMR (100 MHz, CD40D) § 171.4, 167.7, 166.8 (g, J = 27.0 Hz, 1C), 165.6,
144.2, 143.6, 133.2, 132.6, 130.4, 129.8, 129.6 (3C), 128.1, 126.7 (2C), 116.0 (g, J = 288.0
Hz, 1C), 71.1, 5.9, 41.2, 37.3, 33.4, 31.9, 26.0, 23.7, 19.1, 17.9. HRMS (ESI) calcd for
CosH34N304 (M*) 440.2549, found 440.2556.

3-((S)-N,3-Dimethyl-2-((S)-3-methyl-2-(methylamino)-3-
phenylbutanamido)butanamido)-4-methylbenzoic acid trifluoroacetate (4)—
Starting from compound 32, the same procedure, as for 3, was followed, affording

compound 4 (136 mg, 96 %), as a foam. [a]”’=+29.9 (c 0.8, MeOH). 1H NMR (400 MHz,
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CD30D, mixture of two conformers in 0.55:0.45 ratio) § 8.05-7.34 (m, 8H), 4.37-4.33 (m,
1H), 4.32 (s, 0.55H), 4.23 (s, 0.45H), 3.24 (s, 1.65H), 3.16 (s, 1.35H), 2.54 (s, 1.35H), 2.48
(s, 1.65H), 2.37 (s, 1.35H), 2.33 (s, 1.65H), 2.04 (m, 0.55H), 1.83 (oct, J = 6.7 Hz, 0.45H),
1.60 (s, 1.35H), 1.59 (s, 1.35H), 1.53 (s, 1.65H), 1.49 (s, 1.65H), 0.95 (d, J = 6.7 Hz, 1.65H),
0.85 (d, J = 6.7 Hz, 1.35H), 0.80-074 (m, 3H). 13C NMR (100 MHz, CD30D, mixture of
two conformers) 6 171.1 and 171.0 (1C), 167.1, 166.8 (g, J = 25.6 Hz, 1C), 165.3 and 165.0
(1C), 143.6 and 143.4 (1C), 141.5, 140.6, 130.3 and 130.2 (1C), 131.7-126.0 (8C), 116.0 (q,
J=288.4Hz, 1C), 70.7 and 70.4 (1C), 54.9, 40.5, 35.8 and 35.6 (1C), 32.8, 30.9 and 30.6
(1C), 25.0, 23.2, 19.0 and 16.5 (1C), 16.80, 18.8 and 15.8 (1C). HRMS (ESI) calcd for
CogH3gN304 (M™) 454.2706, found 454.2711.

3-((S)-N,3-Dimethyl-2-((S)-3-methyl-2-(methylamino)-3-
phenylbutanamido)butanamido)-4-methoxybenzoic acid trifluoroacetate (5)—
Starting from compound 33, the same procedure, as for 3, was followed, affording

compound 5 (80 mg, 98 %), as a foam. [a]>’=+37.6 (c 0.5, MeOH). 'H NMR (400 MHz,
CD30D, mixture of two conformers in 0.55:0.45 ratio) & 8.16 (dd, J=8.7 and 2.1 Hz,
0.45H), 8.14 (dd, J= 8.7 and 2.1 Hz, 0.55H), 8.00 (d, J= 2.1 Hz, 0.45H), 7.87 (d, J= 2.1
Hz, 0.55H), 7.62-7.55 (m, 2H), 7.52-7.45 (m, 2H), 7.41-7.34 (m, 1H), 7.30 (d, J= 8.7 Hz,
0.45H), 7.26 (d, J= 8.7 Hz, 0.55H), 4.49 (d, J= 5.9 Hz, 0.45H), 4.29 (s, 0.45H), 4.25 (d, J =
7.9 Hz, 0.55H), 4.17 (s, 0.55H), 3.96 (s, 1.35H), 3.95 (s, 1.65H), 3.21 (s, 1.35H), 3.13 (s,
1.65H), 2.53 (s, 1.65H), 2.45 (s, 1.35H), 2.37 (s, 1.35H), 2.33 (s, 1.65H), 2.04 (oct, J=6.9
Hz, 0.45H), 1.88 (oct, J = 7.2 Hz, 0.55H), 1.60-1.54 (m, 6H), 0.93 (d, J= 7.0 Hz, 1.35H),
0.85 (d, J= 6.7 Hz, 1.35H), 0.81 (d, J = 6.7 Hz, 1.65H), 075 (d, J = 6.7 Hz, 1.65H). 13C
NMR (100 MHz, CD30D, mixture of two conformers) § 172.1 and 171.7(1C), 167.8, 166.7
(9, J=24.8 Hz, 1C), 165.3 and 165.2 (1C), 143.3, 144.2, 132.6-126.6 (8C), 124.2 and 124.1
(1C), 116.0 (q, J = 288.0 Hz, 1C), 112.8 and 112.4 (1C), 71.2 and 71.1 (1C), 56.2, 55.3,
41.2, 36.2 and 35.8 (1C), 33.4, 32.0 and 31.4 (1C), 25.6, 20.9, 19.7 and 16.9 (1C), 18.9 and
17.8 (1C). HRMS (ESI) calcd for CogH35N305 (M™) 470.2655, found 470.2640.

Tert-butyl (S)-3-methyl-1-(methyl((S)-2-methyl-1-(5-0x0-4,5-dihydro-1,2,4-
oxadiazol-3-yl)propyl)amino)-1-oxobutan-2-yl carbamate (28)—Boc-Val-OH (154
mg, 0.70 mmol) was dissolved in CH,Cl,dry (2 mL), pyridine (0.056 mL, 0.70 mmol) was
added, and the solution was cooled to —20 °C. Cyanuric fluoride (0.13 mL, 1.54 mmol) was
added, and the reaction was left for 1 h at =10 °C. Cold water and CH,Cl, were added
directly in the reaction flask. The two phases were separated, and the aqueous phase was
extracted 3 times with CH,Cl,. The organic phases were reunited and washed with cold
water. The organic phase was then dried on Na;SO,4 and evaporated under reduced pressure.
The obtained product was dissolved in CH,Cl,, and salt 20 (1 equiv) was added, together
with Et3N (2 equiv). The reaction was left stirring for 24 h under N,. Once the reaction was
complete, the solvent was evaporated, and the residue was purified using silica gel column
chromatography (1:1, n-hexane:EtOAc) to give pure compound 28 (207 mg, 80 %), as a

foam. [a]®’= — 76.7 (¢ 0.9, MeOH). IH NMR (400 MHz, CDCl3) § 11.9-11.5 (m, 1H), 6.21
(d, br, J= 8.0 Hz, 1H), 5.11 (d, br, J = 8.8 Hz, 1H), 4.36 (t, J = 8.0 Hz, 1H), 3.20 (s, 3H),
2.53 (m, 1H), 1.89 (m, 1H), 1.43 (s, 9H), 1.09 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H),
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0.98 (d, J = 6.9 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) § 176.3,
160.2, 156.6, 156.3, 79,7, 56.7 (2C), 31.9, 30.4, 28.3 (3C), 26.4, 19.9, 19.4, 18.8, 18.4.
HRMS (ESI) calcd for C17H31N4O5 (MHT) 371.2294, found 371.2278.

Tert-butyl methyl((S)-3-methyl-1-((S)-3-methyl-1-(methyl((S)-2-methyl-1-(5-
ox0-4,5-dihydro-1,2,4-oxadiazol-3-yl)propyl)amino) -1-oxobutan-2-ylamino)-1-
oxo-3-phenylbutan-2-yl)carbamate (34)—Starting from compound 28, the same
procedure, as for 31, was followed. Purification by chromatographic column (3:2, n-

hexane:EtOAC) afforded pure 34 (141 mg, 40 %), as a foam. [a]’= — 63.0 (c 0.9,

MeOH). 1H NMR (300 MHz, 100 °C, DMSO-dg, mixture of two conformers in 4:1 ratio) &
7.47-7.37 (m, 4H), 7.28 (t, br, 3= 7.8 Hz, 2H), 7.21-7.14 (m, 1H), 5.16 (d, br, J=10.5 Hz,
2H), 5.02 (s, 1H), 4.51 (t, J= 7.8 Hz, 1H), 3.01 (s, br, 3H), 2.77 (s, 3H), 2.35 (m, 1H), 2.01
(m, 1H), 1,53 (s, 0.6H), 1.46 (s, 2.6H), 1.45 (s, 2.6H), 1.44 (s, 0.6H), 1.38 (s, 1.8H), 1.37 (s,
7.2H), 0.98 (d, J = 6.8 Hz, 2.4H), 0.95 (d, J = 6.8 Hz, 0.6H), 0.89-0.82 (m, 6H), 0.80 (d, J =
6.8 Hz, 2.4H), 0.73 (d, J = 6.8 Hz, 0.6H). 13C NMR (100 MHz, CDCl3, mixture of two
conformers) 6 169.9 (2C), 156.3 (2C), 146.9, 146.5, 128.2-125.9 (5C), 80.6, 64.8 and 64.6
(1C), 55.2, 55.0, 42.4, 33.5, 32.4, 30.4, 30.0, 28.4-28.2 (3C), 26.2, 25.6, 19.9-18.6 (4 C).
HRMS (ESI) calcd for CygH46N506 (MH*) 560.3448, found 560.3456.

(S)-N,3-Dimethyl-N-((S))-2-methyl-1-(5-0x0-4,5-dihydro-1,2,4-oxadiazol-3-
yl)propyl-2-((S)-3-methyl-2-(methylamino)-3-phenylbutanamido) butanamide
trifluoroacetate (6)—Compound 34 (135 mg, 0.24 mmol) was dissolved in CH,Cl, (1
mL), and TFA was added (1 mL). The reaction was left at room temperature for 30 min, and
then it was evaporated under vacuum, to afford compound 6 (135 mg, 98 %), as a foam.

[]’= - 39.6 (c 1.1, MeOH). 'H NMR (400 MHz, CD30D, mixture of two conformers in
4:1 ratio) § 7.56-7.30 (m, 5H), 5.21 (d, J = 11.4 Hz, 0.8H), 5.18 (d, J = 11.1 Hz, 0.2H),
4.79-4.71 (m, 1H), 4.25 (s, 0.8H), 4.18 (s, 0,2H), 3.23 (s, 2.4H), 3.22 (s, 0.6H), 2.52 (s,
2.4H), 2.51 (s, 0.6H), 2.51-2.39 (m, 1H), 2.22-2.11 (m, 0.8H), 2.06-1.94 (m, 0.2H), 1.57 (s,
0.6H), 1.50 (s, 0.6H), 1.49 (s, 2.4H), 1.40 (s, 2.4H), 1.10-0.83 (m, 12H). 13C NMR (100
MHz, CDCl3, mixture of two conformers) 6 174.1 and 173.4 (1C), 167.0 and 166.3 (1C),
161.0 (g, J = 35 Hz, 1C), 158.1, 144.1 (2C), 129.6-126.6 (5C), 116.2 (q, J = 293.9 Hz, 1C),
70.8 and 70.7 (1C), 56.7, 56.2, 41.3 and 40.7 (1C), 33.4 and 33.3 (1C), 31.6 and 31.4 (1C),
31.0, 28.8 and 26.1 (1C), 27.2, 23.5 and 21.0 (1C), 19.4-18.1 (4C). HRMS (ESI) calcd for
Cp4H3gN50, (M*) 460.2924, found 460.2923.

Tert-butyl(S)-3-methyl-1-methyl-1-(1h-tetrazol-5-yl)propyl)amino-1-oxobutan-2-
ylcarbamate (29)—Starting from salt 22, the same procedure, as for 28, was followed.
The residue was purified using silica gel column chromatography (1:1, n-hexane:EtOAc) to

give pure compound 29 (121 mg, 49 %), as a foam. [a]QDO: —95.0 (¢ 0.9, MeOH). IH NMR
(400 MHz, DMSO-dg) § 7.09 (d, J = 8.2 Hz, 1H), 5.71 (d, J = 11.3 Hz, 1H), 4.05 (t, J=8.8
Hz, 1H), 3.02 (s, 3H), 2.47 (m, 1H), 1.88 (m, 1H), 1.37 (s, 9H), 0.89 (d, J = 6.5 Hz, 3H),
0.86 (d, J = 6.8 Hz, 3H), 0.73 (d, J = 6.5 Hz, 3H), 0.66 (d, J = 6.8 Hz, 3H). 13C NMR (100
MHz, CDCl3, mixture of two conformers) 6 175.8 and 172.7 (1C), 158.1 and 156.0 (1C),
153.6 and 153.2 (1C), 82.4 and 80.1 (1C), 58.5, 55.4, 31.5, 31.0 and 30.5 (1C), 28.7 and
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28.4 (1C), 28.2-28.1 (3C), 20.3-17.6 (4C). HRMS (ESI) calcd for C16H31NgO3 (MH*)
355.2458, found 355.2435.

Tert-butyl methyl((S)-3-methyl-1-(methyl((S)-2-methyl-1-((1h-tetrazol-5-
yhpropyl)amino)-1-oxobutan-2-ylamino)-1-oxo-3-phenylbutan-2-yl)carbamate
(35)—Starting from compound 29, the same procedure, as for 31, was followed.
Purification by chromatographic column (3:2, n-hexane:EtOAc) afforded pure 35 (125 mg,

50 %), as a foam. [a]*’= — 53.5 (c 0.5 MeOH). IH NMR (400 MHz CDCl3) § 9.00-8.60 (s,
br, 1H), 7.42-7.34 (m, 3H), 7.09-7.03 (m, 3H), 5.92 (M, 1H), 5.17 (s, 1H), 4.77 (t, J= 9.8
Hz, 1H), 3.07 (s, 3H), 2.98 (s, 3H), 2.83 (m, 1H), 1.97 (m, 1H), 1.57 (s, 3H), 1.53 (s, 3H),
1.41 (s, 9H), 1.07 (d, J = 6.5 Hz, 3H), 0.99 (d, J = 6.7 Hz, 3H), 0.82 (d, J = 6.7 Hz, 3H),
0.67 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) § 173.4, 169.2, 156.7, 153.0, 146.0,
127.8-126.3 (5C), 81.2, 64.1, 53.8 (2C), 42.3, 33.2, 31.6, 30.8, 28.5 (3C), 27.9, 26.4, 25.7,
20.0, 19.0, 18.9, 17.7. HRMS (ESI) calcd for CogHagN704 (MH*) 544.3611, found
544.3619.

Tert-butyl methyl((S)-3-methyl-1-((methyl((S)-2-methyl-1-(1h-tetrazol-5-
yl)propyl)amino)-1-oxobutan-2-ylamino)-1-oxo-3-phenylbutan-2-yl)carbamate
trifluoroacetate (7)—Starting from compound 35, the same procedure, as for 6, was

followed, affording compound 7 (53 mg, 96 %), as a foam. [a]*’= — 27.9 (c 0.9,

MeOH). 1H NMR (400 MHz, CD30D, mixture of two conformers in 9:1 ratio) & 7.54 (d, br,
J=75Hz, 2H), 7.47 (t, 3= 7.5 Hz, 2H), 7.37 (t, br, J= 7.3 Hz, 1H), 5.79 (d, J = 11.3 Hz,
0.1H), 5.73 (d, J = 11.3 Hz, 0.9H), 4.73 (d, J = 8.3 Hz, 0.9H), 4.72 (d, J = 8.6 Hz, 0.1H),
4.23 (s, 0.9H), 4.17 (s, 0.1H), 3.23 (s, 2.7H), 3.18 (s, 0.3H), 2.66 (m, 1H), 2.53 (s, 3H), 2.10
(m, 1H), 1.52 (s, 0.3H), 1.50 (s, 2.7H), 1.44 (s, 0.3H), 1.41 (s, 2.7H), 1.05 (d, J= 6.7 Hz,
3H), 1.03 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H), 0.86 (d, J = 6.7 Hz, 3H). 13C NMR
(100 MHz, CD30D) § 172.4, 165.6, 160.2 (g, J = 39.0 Hz, 1C), 143.5 (2C), 129.0-126.0
(5C), 116.2 (q, J= 291.0Hz, 1C), 70.2, 55.4, 54.2, 40.7, 32.8, 30.5 and 30.4 (1C, 2
conformers), 28.2, 28.1, 20.3, 18.5, 18.4, 17.7, 17.6, 17.5. HRMS (ESI) calcd for
Cy3H35N70, (M*) 444.3087, found 444.3088.

Ethyl 2-((S)-1-((S)-2-(tert-butoxycarbonylamino)-N,3-dimethylbutanamido)-2-
methylpropyl)oxazole-4-carboxylate (30)—Starting from salt 24, the same procedure,
as for 28, was followed. The residue was purified using silica gel column chromatography
(85:15, n-hexane:EtOAC) to give pure compound 30 (117 mg, 55 %), as a foam.

[a]?’= — 87.3 (c 0.5 MeOH). 'H NMR (400 MHz CDClg, mixture of two conformers in
0.55:0.45 ratio) § 7.29 (s, 1H), 5.29 (d, J = 10.5 Hz, 0.55H), 5.27 (d, J = 8.9 Hz, 0.45H),
4.78 (d, J= 10.3 Hz, 0.45H), 4.74 (d, J = 10.5 Hz, 0.55H), 4.44 (q, J = 7.1 Hz, 0.9H), 4.38
(9, J=7.1Hz, 1.1H), 3.06 (s, 1.35H), 3.1 (s, 1.45H), 2.83-2.67 (m, 1H), 2.24-2.02 (m, 1H),
1.65 (s, 4.95H), 1.63 (s, 4.05H), 1.44 (t, J= 7.1 Hz, 1.35H), 1.40 (t, J = 7.1 Hz, 1.65H),
1.23-0.82 (m, 12H). 13C NMR (100 MHz, CDCl3, mixture of two conformers) & 169.1,
168.1, 160.6 and 160.4 (1C), 158.6 and 157.6 (1C), 150.3, 133.7, 87.3 and 86.9 (1C), 62.5
and 61.9 (1C), 61.7 and 61.2 (1C), 52.5 and 52.4 (1C), 31.6 and 31.4 (1C), 29.8, 29.4 and
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29.3 (1C), 27.3 (3C), 20.5-18.0 (4C), 14.2. HRMS (ESI) calcd for Cy1H3gN30g (MH*)
426.2604, found 426.2613.

Ethyl 2-((6S,9S,12S)-9-isopropyl-2,2,5,11,13-pentamethyl 4,7,10-trioxo-6-(2-
phenylpropan-2-yl)-3-oxa-5,8,11-triazatetradecan-12-yl)-oxazole-4-carboxylate
(36)—Starting from compound 30, the same procedure, as for 31, was followed.

Purification by chromatographic column (3:2, n-hexane:EtOAc) afforded pure 36 (70 mg, 42

%), as a foam. [a]*’= — 4.1 (c 0.5, MeOH). 1H NMR (400 MHz, CDCl3, mixture of two
conformers in 1.5:1 ratio) 6 8.12 (s, 1H), 7.48-7.29 (m, 5H), 7.12 (m, 0.6H), 7.05 (m, 0.4H),
5.25 (m, 1H), 4.92 (dd, J= 8.8 and 4.7 Hz, 0.6H), 4.82 (dd, J = 8.4 and 7.0 Hz, 0.4H), 4.44
(9, J=7.1Hz, 1.2H), 4.37 (g, J = 7.1 Hz, 0.8H), 4.33 (s, 1H), 3.20 (s, 1.2H), 3.19 (s, 1.8H),
2.30 (s, 3H), 2.23-2.07 (m, 2H), 1.62 and 1.47 (2s, 15H), 1.44 (t, J= 7.1 Hz, 1.8H), 1.40 (t, J
= 7.1 Hz, 1.2H), 1.25-1.18 (m, 3H), 1.06 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 Hz, 1.2H),
0.96-0.86 (m, 4.8H). 13C NMR (100 MHz, CDCl5, mixture of two conformers) & 169.2 and
169.0 (1C), 167.7, 161.6 and 161.3 (1C), 158.3, 153.5, 151.0, 144.8, 131.3, 129.6-126.6
(5C), 85.7, 71.4, 62.4 and 61.8 (1C), 55.2 and 55.0 (1C), 53.0 and 52.9 (1C), 42.6, 32.6 and
32.3(1C), 32.2, 32.0, 30.6, 27.7 (3C), 21.5 (2C), 20.1-17.1 (4C), 14.9. HRMS (ESI) calcd
for C33H51N407 (MH+) 615.3758, found 615.3761.

2-((S)-1-((S)-N,3-Dimethyl-2-((S)-3-methyl-2-(methylamino)-3-
phenylbutanamido)butanamido)-2-methylpropyl)oxazole-4-carboxylic acid
trifluoroacetate (8)—Starting from compound 36, the same procedure, as for 3, was

followed, affording compound 8 (63 mg, 95 %), as a foam. [a]>’= — 30.1 (c 0.5,

MeOH). H NMR (400 MHz, CD30D) 8 8.37 (s, 1H), 7.54-7.49 (m, 2H), 7.45 (t, br, J= 7.3
Hz, 2H), 7.35 (t, br, J = 7.3 Hz, 1H), 5.75 (d, br, J = 11.8 Hz, 1H), 5.11 (d, br, J = 9.4 Hz,
1H), 4.33 (s, 1H), 3.04 (s, 3H), 2.63 (s, 3H), 2.38-2.22 (M, 2H), 1.55 (s, 3H), 1.54 (s, 3H),
1.06 (m, 6H), 0.87 (M, 6H). 13C NMR (100 MHz, CD30D) § 169.6 (2C), 162.2, 160.0 (g, J
=37.2 Hz, 1C), 158.9, 151.2, 143.0, 130.5, 128.9-126.0 (5C), 116.1 (g, J = 288.0 Hz, 1C),
70.0, 55.7,52.2,42.5, 33.2, 30.6, 28.1, 28.0, 22.8, 22.0, 18.7, 18.6, 17.6, 17.2. HRMS (ESI)
caled for CogHaoN4Os (M) 487.2920, found 487.2922.

Biological evaluation

Antiproliferative assays

Human T-cell leukemia (Jurkat) and human B-cell leukemia (SEM) were grown in
RPMI-1640 medium, (Gibco, Milano, Italy). Human cervix carcinoma (HeLa) and human
colon adenocarcinoma (HT-29) cells were grown in DMEM medium (Gibco, Milano, Italy).
Both media were supplemented with 115 units/mL of penicillin G (Gibco, Milano, Italy),
115 pg/mL of streptomycin, (Invitrogen, Milano, Italy) and 10% fetal bovine serum
(Invitrogen, Milano, Italy). All these cell lines were purchased from ATCC. Stock solutions
(10 mM) of the different compounds were obtained by dissolving them in DMSO.
Individual wells of a 96-well tissue culture microtiter plates were inoculated with 100 pL of
complete medium containing 8 x 103 cells. The plates were incubated at 37 °Cina
humidified 5 % CO, incubator for 18 h prior to the experiments. After medium removal,
100 pL of fresh medium containing the test compound at different concentrations was added
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to each well and incubated at 37 °C for 72 h. Cell viability was assayed by the (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide test, and absorbance was measured
at 560 nm using Victor3 TM 1420 Multilabel Counter (PerkinElmer, Waltham, MA, USA).
The 1C50 was defined as the compound concentration required to inhibit cell proliferation
by 50 %.

Effects on tubulin polymerization and on colchicine binding to tubulin

To evaluate the effect of the compounds on tubulin assembly in vitro [38], varying
concentrations of compounds were preincubated with 10 uM bovine brain tubulin in
glutamate buffer at 30 °C and then cooled to 0 °C. After addition of 0.4 mM GTP, the
mixtures were transferred to 0 °C cuvettes in a recording spectrophotometer and warmed to
30 °C. Tubulin assembly was followed turbidimetrically at 350 nm. The 1Csq was defined as
the compound concentration that inhibited the extent of assembly by 50 % after a 20 min
incubation. The ability of the test compounds to inhibit vinblastine, dolastatin, and
halicondrin B binding to tubulin was measured as described [11]. Briefly, experimentswere
performed in 0.1 M 4-morpholinethanesulfonate (pH 6.9 in 1 M stock solution adjusted with
NaOH)-0.5 mM MgCl; containing 10 pM tubulin (1.0 mg/mL), 10 uM radiolabeled ligand,
and inhibitors at different concentrations. Reaction volume was 0.3 mL, incubation time 15
min at rt (around 20 °C). Ligands were mixed prior to tubulin addition. Duplicate aliquots of
each reaction mixture were applied to syringe columns of Sephadex G-50 (superfine)
swollen in 0.1 M Mes-0.5 mM MgCly(pH = 6.9).

Computational details

Conformational analysis was performed with the software Spartan’08 [33] by means of the
“conformer distribution” function, using the default search method (“Systematic™ or
“Monte-Carlo” is automatically chosen as that which leads to the smaller number of moves,
depending on the number of rotatable bonds in the molecule). The MMFF force field was
used for the energy minimization of the found structures. The structures were then clustered
according to the default setting of the software (which consists in pruning out higher energy
conformers, and keeping a diverse set of the low energy conformers using the RMS-torsion
definition of nearness). Superimposition of the global minimum of compounds 3-8 with
HTI-286 was made with the alignment tool of the software (according to selected CFDs) and
measured with the alignment score function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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R! = R2 = Me: Hemiasterlin, 1
R! = H, R? = Me: Hemiasterlin A
R' = R? = H: Hemiasterlin B

R! = Me, R? = H: Hemiasterlin C

R2
3
: N : N\:/\rCOQH
N0 A
fragment A (N-terminus) fragment C (C-terminus)

fragment B (middle amino acid)

Taltobulin (HTI-286, 2)

Fig. 1.
Tubulin polymerization inhibitors hemiasterlins and taltobulin
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Fig. 2.

Hemiasterlin analogues 3-8 containing cyclic fragments C (C-terminus)
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Fig. 3.
Selected CFDs on taltobulin 2 for similarity analysis of compounds 3-8. The following

colors are used: blue hydrophobic, yellow H bond donor, green H bond acceptor. Hydrogen
atoms are omitted for clarity. (Color figure online)
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3 (0.72)

e

5 (0.69) 6 (0.79)

Fig. 4.
Superimpositions of compounds 3-8 with taltobulin 2 (green). Hydrogen atoms are omitted

for clarity. Scores from CFDs superimposition with taltobulin are indicated in brackets.
(Color figure online)
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two steps

(ref. 15) CO,Me

2-0X0-3-phenyl 10
propanoic acid

e, f

93%

oh CO,Me C_,g Ph CO,Me

NH, 60% AN.5,c
11 12

H
Ph (5). CO,

/N\Boc

9
Scheme 1.

Reaction conditions: a NH,OH-HCI, MeOH, 65 °C, 16 h. b Zn, 30 % H,SO4aq, AcOH, rt,

16 h. ¢ (§-mandelic acid, 5 mol% 5-nitrosalicylaldehyde, 7:3 isopropyl acetate/2-propanol
mixture, 45 °C, 12 h. d Boc,0, EtsN, CH,Cl,, r.t., 16 h. e NaH, Mel, DMF, r.t., 18 h.f1 M
LiOH aq, MeOH, H,0, r.t.,, 16 h
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H,N CO,R! MeHN CO,R!

a
R2 48% for 13 R2

56% for 14
R1=Et R2=H 54% for 15 13 R1=Et R2=H
R' = Me, R% = Me 14 R' = Me, R? = Me
R' = Me, R? = OMe 15 R' = Me, R = OMe

Scheme 2.
Reaction conditions: a 37 % HCHO ag, Na(AcO)3BH, MgSO,, CH,Cly, r.t., 16 h

Mol Divers. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lesma et al. Page 30

|
N co,n ref.36 a
Bocm 2 : Boc/N\:)LNHz . Boc/N\_/
PN 85% P 80% PN
Boc-L-Val-OH 16 17
| N-OH | NfO\F
| / @)
b BOC/N.J\NHQ c Boc/N\./LN
17 : : H
96% N 72% N
18 19
HNVA >i0
. HCI s N
96% <N
20
N RN
| |
e N N HN AL
17 Boc © H —= .HCI I H
99% N 94% N
21 22
CO,Et
f g _ /B\% />\
16 Boc \/L — . HIC :
53% 98% N
23 24

Scheme 3.
Reaction conditions: a Cyanuric chloride, DMF, 0 °C, 1 h. b NH,OH.HCI, Na,CO3, EtOH,

H,0, 90 °C, 16 h. ¢ CDI, THF, 65 °C, 18 h. d 3 M HCl in dioxane, r.t., 3 h. e NaN3, NH4CI,
DMF, 130 °C, 6 h. f Ethyl bromopyruvate, NaHCO3, THF, 65°C, 16 h. g TFAA, Py, THF,
r.t., 16 h.
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Scheme 4.

.TFA

Reaction conditions: a Boc-Val-F (from Boc-Val-OH, pyridine, cyanuric fluoride, CH,Cly,
-10 °C, 1 h), CH,Cly, r.t., 24 h. b3 M HCl in dioxane, r.t.,, 3 h. c Acid 9, PyBOP, DIPEA,
CHyCly, r.t., 24 h.d 1 M LiOH ag, MeOH, H,0, 60 °C, 2 h. €50 % TFA in CHyCl>, r.t., 30

min
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Table 1
In vitro cytotoxic activity of compounds 2-8
Compd  1Csq (UM)
HelLa HT29 SEM Jurkat
2 0.0002 +0.0001  0.0003 +0.0001  0.0001 + 0.00005  0.0002 % 0.0005
3 47+05 1.9+05 >10 0.15+0.02
4 53206 2702 >10 0.29 £ 0.05
5 >10 >10 >10 >10
6 >10 >10 >10 >10
7 >10 >10 >10 >10
8 >10 >10 >10 >10
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