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ABSTRACT: The synthesis of a small library of N-Boc or N-Fmoc protected (L)-phenylalanines carrying methyl groups at positions
2 and 6, and diverse functionalities at position 4 has been achieved. The approach, which took advantage of a Pd-catalyzed directed
C—H dimethylation of picolinamide derivatives, allowed to alter the electronic/steric properties of the resulting amino acid derivatives
by appending a variety of EWG, EDG, or bulky groups.

INTRODUCTION

The aromatic moiety in the N-terminal message domain of opioid peptides, commonly represented by Tyrl, Phel, and Phe4, is
fundamental in the binding and the activation processes of opioid receptors.! In particular, 2”,6’-dimethyl-(L)-tyrosine (Dmt) has
become one of the most popular non-natural amino acids to replace tyrosine in synthetic opioid peptides.? Indeed, the conformational
restriction imparted by the two extra methyl groups affects the receptor affinity, selectivity and bioactivity of peptides incorporating
this modified amino acid.® In particular, peptides incorporating Dmt1 in lieu of Tyrl in the message domain led to decreased
selectivity profiles as MOP and NOP agonists, in addition to increased biological activities and stabilities. The co-activation of
MOP/NOP or MOP/DOP receptors, in fact, tends to be characterized by strong analgesic potential, associated to low or no undesired
effects, normally expressed by a single receptor activation.*

The important role of Dmt is underlined by the number of reported syntheses of tyrosine derivatives carrying two symmetrically
disposed methyl groups on the aromatic ring.® So far, three conceptually different approaches have been developed for preparing (S)-
2,6-dimethyltyrosine and its derivatives. One approach is based on the enantio- or diastereoselective alkylation of glycine equivalents
(Scheme 1, path a),® while a second one is based on the asymmetric hydrogenation of Z-2-amido-3-(4-acetoxy-2,6-dimethylphenyl)-
2-propenoates (path b).”

Scheme 1. Approaches to (S)-2,6-dimethyltyrosine and its derivatives
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A third and more recent approach is based on the Pd-catalyzed dimethylation at positions 2 and 6 of the aromatic ring of tyrosine
derivatives, as recently reported by Zhang and Ma (path c).® This elegant non-racemizing C—H activation protocol plunges its roots
in the pioneering work of Tremont on the Pd-promoted alkylation of acetanilides,® which laid the foundation for the picolinamide-
based strategy, to achieve the Pd-catalyzed y- and 3-C—H activation of amines, as reported by Daugulis’® more than twenty years
later.X! This chemistry was further extended by Chen?? in the alkylation of y-ortho-C(sp?-H bonds of benzylamides.*®

Inspired by the above works, we envisioned to extend the study of the Pd-catalyzed §-ortho C(sp?)-H activation strategy to
differently 4-substituted (L)-phenylalanine picolinamides (path d), so as to obtain a small library of 2,6-dimethylated derivatives
ready for incorporation in solid phase peptide synthesis (SPPS).

RESULTS AND DISCUSSION

We started our study by converting commercially available 4-fluorophenyl-L-alanine 1 into the corresponding methyl ester, which
was subsequently submitted to a standard amidation protocol with picolinic acid, to afford the fluorinated picolinamide 2 (Scheme
2). Commercially available 4-nitro-L-phenylalanine 3 was analogously converted into the corresponding methyl ester picolinamide
4. Treatment of 4 under hydrogen atmosphere in the presence of Pd/C (10%) in flow conditions, afforded the corresponding aniline
5. This latter was in turn converted into NH-Boc derivative 6, N,N-dimethyl derivative 7, N,N-diallyl derivative 8 and N,N-dibenzyl
derivative 9.

Scheme 2. Synthesis of the functionalized phenylalanine picolinamide methyl ester
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Conditions: a) SOClz, MeOH at 65 °C (99% from 1, 99% from 3 without purification); b) picolinic acid, DIPEA, HATU, DCM at r.t. (91% from 1
Me ester, 91% from 3 Me ester); c) Pd/C (10%), AcOEt, 55 °C, H2 20 bar, flow conditions (97%); d) Boc.O, NaOH 2N, H20/1,4-Dioxane at r.t.
(75%); e) Mel, K2COs, CH3CN, 80 °C (87%) f) AllyIBr, K2COs, CHsCN, 120 °C (80%) g) BnBr, K2COs, CH3CN, 120 °C (82%).

The study of the key dimethylation reaction was next tackled (Table 1). On the one hand, submitting the 4-fluoro-, 4-nitro, 4-NH-
Boc, 4-N-Me; and 4-N-Allyl, derivatives 2, 4, 6, 7, 8 to the same reaction conditions as reported by Zhang and Ma® [CH;l, Pd(OAC),,
(10 mol%), KoCOs3, Toluene, 120 °C] gave no expected methylated product. On the other hand, and to our satisfaction, treatment of
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the N,N-dibenzyl derivative 9 with the same reaction conditions as reported above gave the expected 2,6-dimethylated product 10 in
72 % yield, even if this step requires to be repeated three times to obtain the only dimethylated product (from 18.30 mmol of 9).

Table 1. Tests of the Pd-catalyzed dimethylation

Y CHzsl (5 eq), %
Pd(OAc),, (10 mol%),
K2COs3 (3 eq), Tol, 120 °C

(3 cycles)?

CO,Me CO,Me
NH-PA NH-PA
Y Substrate  Product Isolated yield (%)
F 2 - -
NO, 4 - ;
NHBoc 6 - -
NMe, 7 - -
NAllyl, 8 - -
NBn, 9 10 72%

a) All substrates (2, 4, 6, 7, 8 and 9) were treated with the same conditions, as reported.

These results reveal that the electronic situation of the aromatic ring of the picolinamide substrates is key for the success of the
reaction. In particular, it is likely that the C—H activation* step at the §-ortho C(sp?)-H position (Figure 1, A), and/or the subsequent
Mel oxidative addition step in the catalytic cycle are viable only when the aromatic ring is rich enough to enrich the palladium atom
in turn (Figure 1, B).

Figure 1. Postulated transition states for the 8-ortho C(sp?-H palladation step (A) and the Mel oxidative addition step (B) in
the dimethylation of 9 to 102"
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a) Green dashed bonds refer to forming bonds, red dashed bonds refer to breaking bonds, and the grey dashed one refers to an agostic interaction. b)
A full catalytic cycle is proposed in the SI.

With the key 2,6-dimethylated aniline 10 in hand, we turned our attention to its conversion into a number of non-natural (L)-
phenylalanine derivatives exploiting the rich chemistry of anilines (Scheme 3). Accordingly, debenzylation of 10 gave the primary
aniline 11. This latter could be further transformed into the fluoride 13, the iodide 14, the protodeaminated product 15,%¢ as well as
the nitrile 16" passing through the common diazonium tetrafluoroborate intermediate 12. Treatment of the four intermediates 13-16
with 6N HCI solution allowed ester and amide hydrolysis, and the resulting amino acids hydrochlorides were subsequently protected
as N-tert-butyloxycarbonyl (NH-Boc) synthons, to afford the building blocks 17-20. As expected, the acidic treatment of nitrile 16
brought also about hydrolysis of the nitrile function into the corresponding carboxylic acid. An alternative N-Fmoc protection was
also carried out on the amino acids deriving from 13 and 15, to afford the N-fluorenylmethyloxycarbonyl (N-Fmoc) protected
modified amino acids 21 and 22.

Scheme 3. Conversion of the key intermediate 10 into the selectively functionalized NH-Boc and NH-Fmoc 2,6-dimethyl-L-
phenylalanine building blocks 17-22
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Conditions: a) Pd/C (10%), AcOEt, 80 °C, H2 45 bar, flow conditions (quantitative yield); b) HBF4, isoamyl nitrite, THF, —10 °C (without purification
and isolation); ¢) THF, 70 °C MW (70%); d) KI, Cul, acetone, 120 °C MW (35%); e) FeSO4, DMF, r.t. (39%); f) TMSCN, Cu20, CHsCN, 55 °C
(without isolation); g) HCI 6N, at 110 °C (without purification); h) Boc.O, NaOH 2N, H20/1,4-Dioxane at r.t. (17: 72%, 18: 70%, 19: 75%, 20:
10%); i) FmocCl, NaOH 2N, H20/1,4-Dioxane at r.t. (21: 75%, 22: 80%).

Furthermore, direct mild hydrolysis of the key intermediate 10 followed by standard Boc protection of the amine function afforded
the N,N-dibenzyl 2,6-dimetylated N-Boc protected amino acid 23, and subsequent catalytic hydrogenation gave the debenzylated
aniline 24 (Scheme 4).

Scheme 4: Synthesis of the N,N-dibenzyl and free aniline NH-Boc derivatives
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Conditions: a) HCI 3N at 60 °C for one week (without isolation); b) Boc2O, NaOH 2N, H.O/Dioxane at r.t. (70%); c) Hz, Pd/C (10%), AcOEt at r.t.
(70%).

Finally, hydrogen peroxide oxidation® of aniline 11 led to the corresponding nitro derivative 25, which reversed the electron
demand of the aromatic nucleus. Furthermore, anellation of 11 by treatment with potassium thiocyanate and bromine in acetic acid
gave the corresponding aminobenzothiazole 27, whose structure reminds the important Aba-Gly opioid scaffold shape.'® Once again,
a standard two-step protocol allowed to convert the two picolinamides 25 and 27 into the corresponding N-Boc derivatives 26, and
28 (Scheme 5).

Scheme 5. Conversion of intermediate 11 into selectively functionalized NH-Boc 2,6-dimethyl-L-phenylalanine building
blocks 26 and 28
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Conditions: a) EDTA, K2COs, H202 (30%) CHsCN at r.t. (56%); b) HCI 6N, at 110 °C; ¢) Boc20, NaOH 2N, H20/1,4-Dioxane at r.t. (26: 67%, 28:
70%); d) KSCN, Brz, AcOH at r.t. (30%).

PRELIMINARY BIOLOGICAL EVALUATIONS

We started the biological part of this project by SPPS mediated insertion of the newly synthesized amino acids 21 and 22 in N/OFQ(1-
13)-NHy, the shorter active fragment of Nocicpetin.?’ The resulting suitably methylated peptides [(pF)Dmp4](N/OFQ(1-13)-NH2)
and [Dmp4](N/OFQ(1-13)-NH2)21 were then compared with the corresponding non-dimethylated ones, and we disclose here below
our preliminary results.?? Specifically, these compounds were evaluated in an intracellular Ca?* mobilization assay on CHO cells,
transfected to express the recombinant NOP receptor, coupled to the chimeric protein Gaqi5.?* The results obtained are represented
by the dose-response curves in Figure 2. All the examined peptides showed full-agonist behavior. In particular, it has to be noticed
the beneficial effect of [p-EWG]4, and the loss of potency due to the presence of [Dmp]4.2¢ Noteworthy, [(p-F)Dmp]4 showed a
balanced potency profile due to the presence of both p-EWG group and the 2,6-dimethyl groups.

Figure 2. Calcium mobilization assay in CHO~op+ Gagis Cells.
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Concentration-response curves to N/OFQ(1-13)-NHz and N/OFQ(1-13)-NH: analogues. N/OFQ(1-13)-NH2 behaved as a NOP agonists with high
potency (PECso = 9.77 (9.36 — 10.18)) and efficacy (Emax = 352+15).2*

CONCLUSION

In summary, starting from 4-nitro-L-phenylalanine,?® we have achieved the late stage synthesis of a small library of Dmt-like NH-
Boc or NH-Fmoc protected (L)-phenylalanines whose aromatic ring is methylated at positions 2 and 6 and carry diverse functionalities
at position 4. The appended groups can be strong as well as mild electron-withdrawing or releasing ones, bulky (such as p-N,N-
dibenzyl), or having extended aromaticity (such as the aminothiazole fused ring). This goal, which has evident medicinal chemistry
implications, has been achieved by merging the powerful picolinamide enabled Pd-catalyzed C-H 2,6-dimethylation of 4-
dibenzylamino phenylalanine with the rich chemistry of anilines. As above mentioned, we started the biological phase of this project
by inserting — via SPPS — two of the newly synthesized amino acids in the message domain of an active peptide fragment for biological
assessment of their opioid-like properties.2® More in-depth results will be published elsewhere.

EXPERIMENTAL SECTION
Chemistry



General Information
Reagents:

All commercial materials were purchased from Fluorochem and Sigma-Aldrich, and used as received unless otherwise noted.
Pd(OACc), (>98%, Fluorochem) was used in the Pd-catalyzed reactions. Reagents as 4-fluorophenyl-L-alanine 1 (CAS n. 64231-54-
5) and 4-nitro-L-phenylalanine 3 (CAS n. 949-99-5) were purchased from Fluorochem (Hadfield, Derbyshire, UK).

Instruments:

Analytical RP-HPLC analyses were performed on a XBridge® C18 column (4.6 x 150 mm, 5 um particle size) with a flow rate of
0.5 mL/min using a linear gradient of acetonitrile (0.1% TFA) in water (0.1% TFA) from 0% to 100% in 25 minutes. Retention times
(Tr) from analytical RP-HPLC are reported in minutes. When necessary, compounds were purified on a reverse-phase Waters Prep
600 HPLC system equipped with a Jupiter column C18 (250 x 30 mm, 300 A, 15 pum spherical particle size). Gradients used consisted
of A (H.0 + 0.1% TFA) and B (40% H,0 in CH3CN + 0.1% TFA) at a flow rate of 20 mL/min. UV detection wavelength for semi-
preparative HPLC was 220 nm. All final products showed a degree of purity >95% at 220 and 254 nm. The mass spectra were
recorded with a MICROMASS ZMD 2000. TLC were performed on pre-coated plates of silica gel F254 (Merck, Darmstadt,
Germany). *H NMR and *C, DEPT NMR analysis were obtained at ambient temperature using a Varian 400 MHz spectrometer and
were referenced to residual *H signals of the deuterated solvents respectively (5 *H 7.26 for CDCls, § *H 2.50 for DMSO-de, § H
3.31, 4.87 for CD30D); the following abbreviations were used to describe the shape of the peaks: s: singlet; d: doublet; dd: double
doublet; t: triplet; m: multiplet. Optical rotations were obtained on a Jasco P-2000 Polarimeter instrument with a path length of 1 dm
(589 nm), and reported as follows: [a]? (c = g/100 mL, solvent). The infrared analyses were performed with a spectroscopy FT-IR
spectrum 100 (Perkin Elmer Inc., Waltham, Massachusetts, USA). Hydrogenation reaction in AcOEt was performed under
continuous-flow conditions in an H-Cube Pro™ setup (Thalesnano, Hungary) equipped with a module for automatic control of
operational parameters (reaction temperature in °C and pressure in bar, flow rates of liquid feed in mL/min and hydrogen). All
microwave reactions were carried out using a Biotage Initiator + TM 2.0 apparatus (Biotage Sweden). The system can process
reaction volumes between 0.2 and 20 mL at temperatures between 40 °C and 300 °C. The sealed vial is inserted into the microwave
cavity and closed with the cavity lid, then high frequency microwaves (2.45 GHz), generated by magnetron, heat the reaction mixture.
The reactor has an automated power control so that a constant reaction temperature can be automatically maintained throughout the
reaction (indeed, the system has an external probe that measures the average temperature of reaction, given by the constant stirring
of the mixture). After processing, the reaction mixture is immediately cooled with pressurized air.

(S)-methyl-3-(4-fluorophenyl)-2(picolinamido)propanoate (2): To a solution of 4-fluoro-L-phenylalanine (2.28 mmol, 0.500 g)
in anhydrous MeOH (20 mL) was added SOCI; (2.50 mmol, 0.182 mL) in a dropwise manner. The reaction mixture was heated using
an oil bath at reflux overnight. The volatile substances were removed under vacuum to give the crude methyl-4-fluoro-phenylalanine
hydrochloride, which was washed with 10 mL of saturated sodium bicarbonate aqueous solution (to pH ~ 8) and extracted with DCM.
The organic layers were combined and evaporated under vacuum to give the corresponding ester as white solid (0.525 g, 99% yield),
which was used directly for the next step.

A mixture of the previous crude amino product, picolinic acid (2.70 mmol, 0.333 g), HATU (2.70 mmol, 1.02 g) and DIPEA
(5.64 mmol, 0.98 mL) in DCM (40 mL) was stirred at room temperature overnight. Then, the reaction was quenched with a saturated
NH.CI aqueous solution and the two layers were separated. The aqueous layer was extracted with DCM (3 times), and the organic
layers were combined, dried over Na,SOy, filtered and concentrated in vacuum. The residue was purified by flash chromatography
(1:1 petroleum ether/AcOEt) to afford the compound 2 (0.618 g, 91% yield) as white oil. HRMS m/z: [M+H]* calcd for C16H16N2O3F
303.1139; found 303.1137. *H NMR (400 MHz, CDCl3)  8.56 (ddt, J = 4.8, 1.8, 0.9 Hz, 1H), 8.48 (d, J = 8.4 Hz, 1H), 8.15 (dt, J =
7.8, 1.1 Hz, 1H), 7.84 (td, J = 7.7, 1.7 Hz, 1H), 7.43 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.18 — 7.10 (m, 2H), 6.96 (dd, J = 9.2, 8.3 Hz,
2H), 5.05 (dt, J = 8.4, 6.1 Hz, 1H), 3.73 (d, J = 0.9 Hz, 3H), 3.25 (dd, J = 13.9, 7.2 Hz, 1H), 3.17 (dd, J = 13.9, 7.2 Hz, 1H). 3C{H}
NMR (101 MHz, CDCl3) 4 171.8, 164.1, 163.4, 160.9, 149.3, 148.4, 137.5, 131.9, 130.9, 126.6, 122.4, 115.7, 115.5, 53.6, 52.5, 37.6.
F NMR (376 MHz, CDCls) § -115.8. IR 3384, 1740, 1673, 1506, 1218 cm™. [a]&? = -37.22 (c=0.039, MeOH).

(S)-methyl-3-(4-nitrophenyl)-2-(picolinamido)propanoate (4): To a solution of 4-nitro-L-phenylalanine (23.81 mmol, 5.00 g) in
anhydrous MeOH (100 mL) was added SOCI; (26.19 mmol, 1.91 mL) in a dropwise manner. The reaction mixture was heated using
an oil bath at reflux overnight. The volatile substances were removed under vacuum to give the crude methyl-4-nitro-phenylalanine
hydrochloride, which was washed with 30 mL of saturated sodium bicarbonate aqueous solution (to pH ~ 8) and extracted with DCM.
The organic layers were combined and evaporated under vacuum to give the corresponding ester as yellowish solid (6.17 g, 99%
yield), which was used directly for the next step.

A mixture of the previous crude amino product, picolinic acid (28.56 mmol, 3.51 g), HATU (28.56 mmol, 10.86 g) and DIPEA
(59.52 mmol, 10.37 mL) in DCM (150 mL) was stirred at room temperature overnight. Then, the reaction was quenched with a
saturated NH4Cl aqueous solution and the two layers were separated. The aqueous layer was extracted with DCM, and the organic
layers were combined, dried over Na,SOy, filtered and concentrated in vacuum. The residue was purified by flash chromatography
(2:1 petroleum ether/AcOEt) to afford the compound 4 (7.12 g, 91% vyield) as yellowish oil. HRMS m/z: [M+H]* Calcd for
Ci16H16N30s 330.1084; found 330.1087. *H NMR (400 MHz, CDCls) § 8.57 — 8.54 (m, 1H), 8.51 (d, J = 8.4 Hz, 1H), 8.22 — 8.03 (m,
3H), 7.85 (td, J = 7.7, 1.7 Hz, 1H), 7.49 — 7.41 (m, 1H), 7.35 (d, J = 8.7 Hz, 2H), 5.12 (dt, J = 8.4, 6.2 Hz, 1H), 3.76 (s, 3H), 3.41 (dd,
J=13.8,5.8 Hz, 1H), 3.30 (dd, J = 13.8, 6.5 Hz, 1H). *C{*H} NMR (101 MHz, CDCl3) § 171.3, 164.1, 148.4, 144.1, 137.7, 130.4,
126.8, 123.9, 122.6, 53.2, 52.8, 38.2. IR 3373, 1739, 1671, 1512, 1343 cm™%. [a]%® = -23.14 (c=0.028, MeOH).

(S)-methyl-3-(4-aminophenyl)-2-(picolinamido)propanoate (5): The compound 4 was dissolved in AcOEt (150 mL, 0.15 M) and
set up in continuous-flow hydrogenator reactor H-Cube Pro Thales-Nano at the temperature of 55 °C, pressure of 20 bar, flow 0.3
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mL/min with Pd/C (10 mol%) as catalyst. When the reaction was completed, monitored via mass spectrometry, the solvent was
concentrated in vacuum to obtain the crude product 5 (6.70 g, 97% yield) as red-orange oil. HRMS m/z: [M+H]* Calcd for C16H1sN303
300.1342; found 300.1341. *H NMR (400 MHz, DMSO-d6) & 8.79 — 8.55 (m, 2H), 8.07 — 7.89 (m, 2H), 7.67 — 7.51 (m, 1H), 6.83
(d, J = 8.4 Hz, 2H), 6.45 (d, J = 8.4 Hz, 2H), 4.90 (s, 2H), 4.68 (ddd, J = 8.1, 7.1, 6.0 Hz, 1H), 3.65 (s, 3H), 3.05 — 2.92 (m, 2H).
13C{IH} NMR (101 MHz, DMSO) & 171.8, 163.6, 149.1, 148.7, 147.3, 138.0, 129.6, 127.0, 123.5, 122.0, 114.0, 53.8, 52.1, 35.9. IR
3350, 1734, 1668, 1516, 831 cm™®. [a]3? = +3.98 (c=0.034, MeOH).

(S)-methyl-3-(4-((tert-butoxycarbonyl)amino)phenyl)-2-(picolinamido)propanoate (6): The compound 5 (1.13 mmol, 0.340 g)
was solubilized in water/dioxane (1:2) solution (6 mL). The mixture was basified with NaOH 2N aqueous solution until pH 10/11 at
0 °C. Boc20O (1.25 mmol, 0.273 g) was added and the reaction was left stirring at r.t. for 12 hours. The completion of the reaction was
monitored per ESI mass spectrometry and TLC. The dioxane was removed under vacuum and HCI 1N aqueous solution was added
at 0 °C to pH 1. The mixture was extracted with ethyl acetate (3 times) and the organic phases combined were dried over Na,SO, and
concentrated under vacuum. The crude was purified by flash chromatography (1:1 AcOEt/petroleum ether/1% acetic acid) and
crystallized with 2:1 Et,O/petroleum ether to obtain the compound 6 as a white solid (0.340 g, 75% yield). HRMS m/z: [M+H]* Calcd
for C21H26N30s 400.1867; found 400.1866. *H NMR (400 MHz, CDCls) § 8.55 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.48 (d, J = 8.4 Hz,
1H), 8.15 (dt, J = 7.8, 1.1 Hz, 1H), 7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.43 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.27 (d, J = 8.3 Hz, 2H), 7.09
(d, J=8.5Hz, 2H), 6.47 (s, 1H), 5.03 (dt, J = 8.4, 6.0 Hz, 1H), 3.72 (s, 3H), 3.24 — 3.13 (m, 2H), 1.50 (s, 9H). *C{*H} NMR (101
MHz, CDCl3) 6 171.9, 164.0, 152.9, 149.4, 148.4, 137.5, 130.7, 130.0, 126.5, 122.4, 118.7, 80.6, 53.7, 52.5, 37.7, 28.5, 27.6. IR 3315,
1721, 1667, 1515, 1155 cm™. MP 65-67 °C. [a]3® = +5.255 (¢=0.0355, MeOH).

(S)-methyl-3-(4-(dimethylamino)phenyl)-2-(picolinamido)-propanoate (7): To a solution of the aniline 5 (1.67 mmol, 0.500 g) in
CH3CN (20 mL) was added methyl iodide (4.17 mmol, 0.26 mL) and potassium carbonate (3.34 mmol, 0.46 g). The mixture was
stirred and heated using an oil bath at 80 °C overnight. Then, the solvent was removed under vacuum and the residue was dissolved
in AcOEt and washed with water. Once separated the layers, the solvent was removed under vacuum. The crude mixture was purified
by flash chromatography (2:3 AcOEt/petroleum ether) to afford 7 as a yellowish oil (0.47 g, 87% vyield).

HRMS m/z: [M+Na]* Calcd for C15HzNsOsNa 350.1475; found 350.1473.

IH NMR (400 MHz, CDCl) & 8.56 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.53 — 8.39 (m, 1H), 8.16 (dt, J = 7.8, 1.1 Hz, 1H), 7.83 (td, J =
7.7, 1.7 Hz, 1H), 7.42 (ddd, J = 7.6, 4.7, 1.3 Hz, 1H), 7.14 — 6.96 (m, 2H), 6.69 (d, J = 8.2 Hz, 2H), 5.00 (dt, J = 8.3, 6.0 Hz, 1H),
3.73 (s, 3H), 3.15 (d, J = 6.0 Hz, 2H), 2.92 (s, 6H). “C{*H} NMR (101 MHz, CDCls) 5 172.17, 164.12, 149.57, 148.44, 137.35,
130.11, 126.42, 122.38, 113.09, 53.85, 52.40, 40.96, 37.48. IR 3381, 1736, 1673, 1509, 1344 cm.

[]%* = +0.978 (c=0.015, MeOH).

(S)-methyl-3-(4-(diallylamino)phenyl)-2-(picolinamido)- propanoate (8): To a solution of the aniline 5 (1.67 mmol, 0.500 g) in
CH3CN (20 mL) was added allyl bromide (4.17 mmol, 0.36 mL) and potassium carbonate (3.34 mmol, 0.46 g). The mixture was
stirred and heated using an oil bath at 120 °C overnight. Then, the solvent was removed under vacuum and the residue was dissolved
in AcOEt and washed with water. Once separated the layers, the solvent was removed under vacuum. The crude mixture was purified
by flash chromatography (2:3 AcOEt/petroleum ether) to afford 8 as a yellowish oil (0.50 g, 80% yield).

HRMS m/z: [M+Na]* Calcd for C2H2sN303Na 402.1788; found 402.1774.

IH NMR (400 MHz, CDCl3) & 8.55 (ddt, J = 4.8, 1.9, 1.0 Hz, 1H), 8.46 (d, J = 8.2 Hz, 1H), 8.15 (dg, J = 7.8, 1.3 Hz, 1H), 7.90 —
7.75 (m, 1H), 7.46 — 7.38 (m, 1H), 7.01 (d, J = 8.1 Hz, 2H), 6.62 (s, 2H), 5.82 (d, J = 14.2 Hz, 2H), 5.21 — 5.09 (m, 4H), 4.98 (dt, J
= 8.6, 6.0 Hz, 1H), 3.88 (d, J = 5.0 Hz, 4H), 3.72 (d, J = 2.0 Hz, 3H), 3.13 (d, J = 5.9 Hz, 2H). *C{*H} NMR (101 MHz, CDCls)
172.15, 164.13, 149.57, 148.43, 148.28, 137.34, 134.19, 130.13, 126.42, 123.40, 122.37, 116.25, 112.68, 53.81, 52.89, 52.40, 37.47.
IR 3387, 2979, 1741, 1674, 1509 cm™.

[a]#? = +1.52 (c=0.014, MeOH)

(S)-methyl-3-(4-(dibenzylamino)phenyl)-2-(picolinamido)propanoate (9): To a solution of the aniline 5 (22.40 mmol, 7.32 g) in
CH3CN (150 mL) was added benzyl bromide (56.02 mmol, 6.66 mL) and potassium carbonate (44.81 mmol, 6.19 g). The mixture
was stirred and heated using an oil bath at 120 °C overnight. The crude mixture was purified by flash chromatography (2:3
AcOEt/petroleum ether) to afford 9 as an orange yellowish solid (8.76 g, 82% yield). HRMS m/z: [M+H]* calcd for C3oH3oN3O03
480.2281; found 480.2288. *H NMR (400 MHz, CDCls)  8.54 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.46 (d, J = 8.3 Hz, 1H), 8.15 (dt, J =
7.8, 1.1 Hz, 1H), 7.83 (id, J = 7.7, 1.7 Hz, 1H), 7.41 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.35 — 7.28 (m, 4H), 7.27 — 7.20 (m, 6H), 6.98
(d, J=8.7 Hz, 2H), 6.67 (d, J = 8.4 Hz, 2H), 4.97 (dt, J = 8.3, 6.0 Hz, 1H), 4.61 (s, 4H), 3.70 (s, 3H), 3.17 — 3.05 (m, 2H). 3°C{*H}
NMR (101 MHz, CDCls) 6 171.9, 164.1, 149.5, 148.4, 137.4, 130.3, 130.1, 128.9, 128.8, 128.3, 127.9, 127.6, 127.1, 126.5, 122.4,
56.1,53.7, 52.4, 37.5. IR 3374, 1725, 1665, 1516, 837, 737 cm™. MP 104-106 °C. [a]%® = -4.095 (c=0.0155, MeOH).
(S)-methyl-3-(4-(dibenzylamino)-2,6-dimethylphenyl)-2-(picolinamido)propanoate (10): To a solution of compound 9 (18.30
mmol, 9.28 g) in toluene (150 mL) were added K,COs (54.86 mmol, 7.5 g), CH3l (91.53 mmol, 5.69 mL), and Pd(OAc); (1.83 mmol,
0.41 g). The mixture was stirred and heated using an oil bath at 120 °C overnight. After 24 hours the reaction was cooled to r.t. and
filtered through celite pad, washed with AcOEt (50 mL). The filtrate was concentrated under vacuum to obtain the crude product,
which was then use for other two catalytic reaction at same conditions. The final crude product was purified by flash chromatography
(3:7 AcOEt/petroleum ether), to afford 10 (6.76 g, 72% vyield) as a yellowish solid. HRMS m/z: [M+H]* calcd for CsHz:N3O03
508.2594; found 508.2597. *H NMR (400 MHz, CDCl3) & 8.56 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 7.83 (td, J =
7.7, 1.7 Hz, 1H), 7.42 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.33 — 7.26 (m, 4H), 7.26 — 7.20 (m, 6H), 6.44 (s, 2H), 4.89 (m, J = 7.9 Hz,
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1H), 4.57 (s, 4H), 3.66 (s, 3H), 3.19 — 3.02 (m, 2H), 2.29 (s, 6H). *C{*H} NMR (101 MHz, CDCl3) § 173.0, 164.1, 149.5, 148.4,
148.0, 138.9, 138.1, 137.4, 128.9, 128.7, 128.2, 126.9, 126.4, 122.3, 112.6, 53.8, 52.7, 52.4, 32.4, 20.8. IR 3384, 1738, 1676, 1602,
1494, 731, 700 cm™. MP 77-79 °C. [o]2? = -8.82 (c=0.0085, MeOH).

(S)-methyl-3-(4-amino-2,6-dimethylphenyl)-2-(picolinamido)propanoate (11): The compound 10 was dissolved in AcOEt (186
mL, 0.05 M) and set up in continuous-flow hydrogenator reactor H-Cube Pro Thales-Nano at the temperature of 80 °C, pressure of
45 bar, flow 1 mL/min with the Pd/C (10 mol%) as catalyst. When the reaction was completed, monitored via mass spectrometry, the
solvent was concentrated in vacuum to afford the crude product, which was purified by flash chromatography (1:1 AcOEt/petroleum
ether) to obtain 11 (3.05 g, quantitative yield) as a yellowish oil. HRMS m/z: [M+H]" calcd for C1gH2,N303 328.1655; found 328.1657.
'H NMR (400 MHz, DMSO) § 8.78 (d, J = 8.2 Hz, 1H), 8.67 (dt, J = 4.9, 1.2 Hz, 1H), 8.05 — 7.93 (m, 2H), 7.62 (tdd, J = 4.8, 2.5,
0.8 Hz, 1H), 6.19 (s, 2H), 4.72 (s, 2H), 4.61 (td, J = 8.4, 6.6 Hz, 1H), 3.61 (s, 3H), 3.19 — 2.03 (m, 2H), 2.14 (s, 6H). *C{'H} NMR
(101 MHz, DMSO) § 173.7, 165.6, 149.9, 149.3, 145.7, 139.4, 138.7, 128.5, 124.1, 123.3, 116.5, 53.6, 53.6, 31.5, 20.8. IR 3360,
2952, 1734, 1670, 1511, 749 cm™. [a]3® = -17.97 (c=0.011, MeOH).

(S)-4-(3-methoxy-3-oxo0-2-(picolinamido)propyl)-3,5-dimethylbenzenediazonium tetrafluoroborate (12): To a solution of
compound 11 (2.41 mmol, 0.79 g) dissolved in anhydrous THF (15 mL), cooled to -10 °C, isoamyl nitrite (4.83 mmol, 0.643 mL)
and HBF, (9.66 mmol, 1.31 mL) were added. The reaction is stirred for 4 hours at -10 °C and a yellow precipitate is formed, which
was directly used as wet crude for the next step. An IR analysis and a diazocopulation assay were performed on the compound 12
with positive results. IR peaks referable to diazonium salt: 2274 cm™™,

(S)-methyl-3-(4-fluoro-2,6-dimethylphenyl)-2-(picolinamido)-propanoate (13): Compound 12 (2.41 mmol, 1.02 g) was used
directly as crude dissolved in anhydrous THF (15 mL) in a sealed reaction vessel of 10-20 mL. The mixture was heated to 70 °C for
5 minutes under microwave irradiations. The resulting brown solution was evaporated under vacuum and the crude was solubilized
in AcOEt, washed with H,O and a saturated aqueous solution of NaHCOs. The solvent of the organic phase was then removed under
vacuum giving a crude product which was purified by flash chromatography (2:3 AcOEt/petroleum ether). The purified product 13
was obtained as a white solid (0.556 g, 70% yield). HRMS m/z: [M+H]* calcd CisH20N,O3F 331.1452; found 331.1455. 'H NMR
(400 MHz, CDCls) 5 8.62 —8.51 (m, 2H), 8.10 (dt, J=7.8, 1.1 Hz, 1H), 7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.43 (ddd, J = 7.6, 4.8, 1.3 Hz,
1H), 6.70 (d, J = 9.4 Hz, 2H), 5.04 — 4.92 (m, 1H), 3.68 (s, 3H), 3.25 — 3.15 (m, 2H), 2.39 (d, J = 0.6 Hz, 6H). *C{*H} NMR (101
MHz, CDCls) 8 172.6, 164.0, 161.3 (d, J = 244.2 Hz), 149.3, 148.4, 139.4 (d, J = 9Hz), 137.5, 129.0, 126.5, 122.4, 1149 (d, J =
21Hz), 52.5, 52.0, 32.6, 20.5. F NMR (376 MHz, CDCl3) § -117.20 (t, J = 9.4 Hz). IR 3365, 2956, 1731, 1658, 1514, 1018 cm™,
MP 117-119 °C. [a]%® = -17.22 (c=0.01, MeOH).

(S)-methyl-3-(4-iodo-2,6-dimethylphenyl)-2-(picolinamido)propanoate (14): To a solution of crude compound 12 (0.704 mmol,
0.300 g) in anhydrous acetone (10 mL), Cul (0.070 mmol, 13.4 mg) and KI (1.76 mmol, 0.292 g) were added, in a sealed reaction
vessel of 10-20 mL. The mixture was heated to 120 °C for 30 min under microwave irradiation. The resulting brown mixture was
filtered through a celite pad and washed with acetone. The solvent was removed under vacuum until a dark solid was obtained, which
was purified by flash chromatography (2:3 AcOEt/petroleum ether) to obtain compound 14 as a white oil (0.11 g, 35% yield). HRMS
m/z: [M+H]* calcd for C15H20N20O31 439.0513; found 439.0514. *H NMR (400 MHz, CDCls) 6 8.70 — 8.51 (m, 2H), 8.11 (d, J = 7.9
Hz, 1H), 7.91 - 7.78 (m, 1H), 7.50 — 7.43 (m, 1H), 7.35 (s, 2H), 4.98 (g, J = 8.1 Hz, 1H), 3.69 (s, 3H), 3.23 — 3.09 (m, 2H), 2.35 (s,
6H). *C{*H} NMR (101 MHz, CDCl5) § 172.4, 164.3, 149.0, 148.4, 139.5, 137.7, 137.1, 133.1, 126.8, 122.6, 92.7, 52.7, 51.9, 32.9,
19.9. IR 3380, 2952, 1739, 1674, 1511, 1170 cm™. [«]33 = -18.67 (c=0.0165, MeOH).

(S)-methyl-3-(2,6-dimethylphenyl)-2-(picolinamido)propanoate (15): To a solution of Fe,SO,4 (0.884 mmol, 0.246 g) in 6 mL of
DMF was added dropwise to the compound 12 (0.884 mmol, 0.3 g) solubilized in DMF (1.51 mL). The reaction was stirred at r.t.
overnight. The solvent was removed under vacuum and the residue was dissolved in DCM. The organic layer was washed with water,
dried over Na,SOs, filtered and concentrated in vacuum. The crude orange oil was purified by flash chromatography (2:3
AcOEt/petroleum ether) obtaining the compound 15 as a yellow solid (0.107 g, 39% yield). HRMS m/z: [M+H]* calcd for C15H21N,05
313.1546; found 313.1544. 'H NMR (400 MHz, CDCl3) & 8.58 (ddd, J = 4.8, 1.8, 1.0 Hz, 2H), 8.11 (dt, J = 7.8, 1.1 Hz, 1H), 7.82
(td, J=7.7,1.7 Hz, 1H), 7.43 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.06 — 6.94 (m, 3H), 5.00 (g, J = 8.1 Hz, 1H), 3.67 (s, 3H), 3.32 - 3.21
(m, 2H), 2.41 (s, 6H). *C{*H} NMR (101 MHz, CDCl3) § 172.8, 164.0, 149.4, 148.4, 137.4, 137.2, 133.3, 128.5, 126.9, 126.5, 122.4,
52.5,52.1, 33.1, 20.3. IR 3389, 1736, 1673, 1508, 746 cm™. MP 94-96 °C. [a]3® = -18.19 (c=0.0085, MeOH).

(S)-4-(2-((tert-butoxycarbonyl)amino)-2-carboxyethyl)-3,5-dimethylbenzoic acid (20): To a solution of compound 12 (1.76
mmol, 0.750 g) in acetonitrile (100 mL), were added trimethyl-silyl-cyanide (1.76 mmol, 0.220 mL) and Cu.O (0.704 mmol, 0.100
g). The reaction was heated using an oil bath at 55 °C for 12 h leading to a crude orange solution. The solution was cooled to r.t,
filtered through a celite pad and washed with DCM. The filtrate was concentrated under vacuum to reach an orange oil (16). The
crude product was directly hydrolysed with HCI 6N aqueous solution at 110 °C to give the corresponding carboxylic acid. The crude
was directly solubilized in water/dioxane (1:2) solution (30 mL), and basified with NaOH 2N aqueous solution until pH 10/11 at 0
°C. Boc,0 (2.11 mmol, 0.460 g) was added and the reaction was left stirring at r.t. for 12 hours. The completion of the reaction was
monitored by ESI mass spectrometry and TLC. The dioxane was removed under vacuum and HCI 1N aqueous solution was added to
the solution at 0 °C to pH 1. The mixture was extracted with ethyl acetate (3 times) and the organic phases were dried over Na,SO4
and concentrated under vacuum. The crude was purified per flash chromatography (1:1 AcOEt/petroleum ether/1% acetic acid) and
crystallized with 2:1 Et,O/petroleum ether to obtain compound 20, as white solid (0.059 g, yield 10%). T: 15.92 min. HRMS m/z:
[M-H] calcd for C17H22NOs 336.1453; found 336.1456. *H NMR (400 MHz, CD3;0D) (rotameric mixture) & 7.65 (s, 2H), 4.40 (dd,
J = 9.5, 5.6 Hz, 1H), 3.30 — 3.02 (m, 2H), 2.43 (s, 6H), 1.34 (s, 7H), 1.18 (s, 2H). BC{*H} NMR (101 MHz, CD3;0D) (rotamers
mixture) & 175.4, 170.2, 157.6, 141.4, 138.8, 130.4, 129.6, 80.5, 54.4, 33.6, 28.6, 28.1, 20.5. IR 2924, 1687, 1163. MP 80-82 °C.
[a]? = -33.1 (c=0.0145, MeOH).
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(S)-methyl-3-(2,6-dimethyl-4-nitrophenyl)-2-(picolinamido)propanoate (25): The amino compound 11 (4.78 mmol, 1.56 g) was
solubilized in CH3CN (3.5 mL). An aqueous buffer solution of K,CO3 (0.6 M, 1.05 mmol, 0.14 g) and EDTA disodium salt (4x10*
M; 0.7x107° mmol, 2.6 x 10 g) in 1.75 mL of H,O was prepared and added to the mixture. Subsequently, 1.35 mL of H,0, (30%)
were added. The reaction was stirred at r.t. overnight, the formation of a yellow precipitate was observed. CH3;CN was removed under
vacuum and the residue was dissolved in AcOEt. The organic layer was washed with water (10 mL x 3), dried over Na2SO4, filtered
and concentrated in vacuum. The crude was purified by flash chromatography (1:1 AcOEt/petroleum ether) to obtain 25 (0.955 g,
56% yield), as a yellowish solid. HRMS m/z: [M+H]* calcd for C15H20N30s 358.1397; found 358.1393. 'H NMR (400 MHz, CDCls)
8 8.63 (d, J = 8.8 Hz, 1H), 8.61 — 8.54 (m, 1H), 8.07 (dt, J = 7.8, 1.1 Hz, 1H), 7.88 — 7.78 (m, 3H), 7.45 (ddd, J = 7.6, 4.7, 1.3 Hz,
1H), 5.07 (g, J = 8.2 Hz, 1H), 3.71 (s, 3H), 3.36 — 3.25 (m, 2H), 2.51 (s, 6H). 3C{*H} NMR (101 MHz, CDCls) § 172.0, 164.0, 149.0,
148.4, 146.4, 141.3, 139.1, 137.6, 126.7, 123.0, 122.5, 52.8, 51.4, 33.5, 20.6. IR 3389, 1737, 1637, 1508, 1342, 745 cm™*. MP 132-
134 °C. [a]%® = -50.94 (c=0.0195, MeOH).

(S)-methyl-3-(2-amino-5,7-dimethylbenzo[d]thiazol-6-yl)-2-(picolinamido) propanoate (27): To a solution of compound 11 (1.07
mmol, 0.353 g) in AcOH (10 mL), KSCN (4.31 mmol, 0.419 g) and Br; (1.07mmol, 55.6 pul) were added. The reaction was stirred
for 48 h at room temperature. The solvent was removed under vacuum leading to an orange compound that was extracted with
NaHCOs sat. and AcOEt (3 times). The organic phases were collected and dried over Na,SOs, filtered and concentrated under vacuum.
The crude was purified by preparative HPLC obtaining the compound 27 (0.123 g, 30% yield), as a white solid. HRMS m/z: [M+H]*
calcd for C19H21N4O5S 385.1328; found 385.1329. *H NMR (400 MHz, DMSO) § 8.94 (d, J = 8.3 Hz, 1H), 8.66 (dt, J = 4.8, 1.4 Hz,
1H), 8.06 — 7.89 (m, 2H), 7.62 (ddd, J = 6.8, 4.8, 2.0 Hz, 1H), 6.97 (s, 1H), 4.73 (td, J = 8.4, 5.8 Hz, 1H), 4.39 (s, 2H), 3.65 (s, 3H),
3.32-3.11 (m, 2H), 2.31 (s, 3H), 2.27 (s, 3H). *C{*H} NMR (101 MHz, DMSO) § 171.6, 166.7, 163.7, 163.6, 149.1, 148.6, 137.9,
129.7, 129.2 (2CQ), 126.9, 126.6, 122.9, 122.0, 53.1, 52.1, 33.5, 17.9, 17.4. IR 2984, 1742, 1660, 1193, 1135 cm™*. MP 83-85 °C.
[«]3? = -2.67 (c=0.001, MeOH).

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-(dibenzylamino)-2,6-dimethylphenyl)propanoic acid (23): Compound 10 (1.97 mmol,
1.0 g) was hydrolyzed in a milder way than other acidic hydrolysis described in the hydrolysis general procedure (as reported below).
It was solubilized in HCI 3N (11 mL) aqueous solution and maintained under reflux at 60 °C using an oil bath for 1 week. The solution
was concentrated under vacuum to reduce the volume (about 3 mL) and the crude was used for the protection of the amine as Boc.
The previous amine hydrochloride solution was diluted in water/dioxane (1:2) solution (21 mL). The solution was basified with NaOH
2N aqueous solution to reach pH 10 at 0 °C. Boc,0 (2.36 mmol, 0.516 g) was added and the reaction was stirred at r.t. for 12 hours.
The completion of the reaction was monitored by ESI mass spectrometry and TLC, and the dioxane was removed under vacuum. HCI
1N aqueous solution was added at 0 °C to reach pH 1, then the mixture was extracted with ethyl acetate (3 times) and the organic
phases combined were dried over Na,SO4 and concentrated under vacuum. The crude was purified per flash chromatography (1:1
AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford 23, as a pale-yellow solid (0.576 g,
70% yield). Ty 22.67 min. HRMS m/z: [M-H] calcd for CsoH3sN2O4 487.2602; found 487.2606. *H NMR (400 MHz, DMSO)
(rotamers mixture) & 7.36 — 7.27 (m, 4H), 7.26 — 7.17 (m, 6H), 7.04 (d, J = 8.6 Hz, 1H), 6.35 (s, 2H), 4.58 (s, 4H), 3.97 (td, J = 8.4,
5.2 Hz, 1H), 2.96 — 2.69 (m, 2H), 2.12 (s, 6H), 1.31 (s, 7H), 1.13 (s, 2H). *C{*H} NMR (101 MHz, DMSO) § 173.9, 155.3, 146.5,
139.3,137.2,128.4,126.7,122.9, 112.1, 77.9, 53.9, 53.6, 30.6, 28.2, 27.6, 20.5. *H NMR (300 MHz, DMSO at 120 °C) 6 7.34 - 7.13
(m, 7H), 6.46 (s, 2H), 4.55 (s, 4H), 4.19 — 4.03 (m, 1H), 3.05 — 2.75 (m, 2H), 2.18 (s, 6H), 1.31 (s, 9H). IR 2980, 1713, 1603, 1494,
1158 cm, MP 82-84 °C. [a]%® = -133.6 (c=0.0515, MeOH).

(S)-3-(4-amino-2,6-dimethylphenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (24): The benzyl removal reaction was
performed by solubilizing compound 23 (0.246 mmol, 0.118 g) in AcOEt (10 mL) with Pd/C (10%), at r.t., under H, atmosphere.
The reaction was left stirring until complete consumption of the starting material, controlled by ESI mass spectrometry. A yellow
crude oil was obtained, then purified by flash chromatography (4:1 AcOEt/Petroleum ether), then crystallized with 2:1 diethyl
ether/petroleum ether until the compound 24 was obtained, as a white powder (0.052 g, 70% yield). T;: 12.60 min. HRMS m/z: [M-
H]" caled for CieH23N,0O4 307.1663; found 307.1666. *H NMR (400 MHz, DMSO) (rotamers mixture) § 7.03 (d, J = 8.4 Hz, 1H),
6.18 (s, 2H), 3.94 (g, J = 7.6 Hz, 1H), 2.99 — 2.62 (m, 2H), 2.12 (s, 6H), 1.33 (s, 7H), 1.20 (s, 2H). *C{*H} NMR (101 MHz, DMSO)
(rotamers mixture) 5 174.0, 155.3, 146.3, 136.9, 122.1, 113.9, 77.9, 54.1, 30.6, 28.2, 27.7, 20.0. IR 3361, 2984, 1694, 1363, 1171 cm"
1 MP 160-162 °C. [a]3! = +43.2 (c=0.009, MeOH).

General procedure for acidic hydrolysis deprotection:

Once purified the compound was dissolved in HCI 6N aqueous solution (17 equiv.) and heated using an oil bath at 110 °C for 24
hours. The obtained hydrolyzed crude product was concentrated under vacuum to reduce the volume and the crude solution was used
directly for the subsequent protection step.

General procedure for Boc protection (17, 18, 19, 26, 28):

The HCI salt previously synthesized was directly used as crude, and diluted in water/dioxane (1:2) solution (0.2 M). The mixture
was basified with NaOH 2N aqueous solution until reachment of pH value of 10/11 at 0 °C. Boc,0 (1.2 equiv.) was added and the
reaction was left stirring at r.t. for 12 hours. The completion of the reaction was monitored per ESI mass spectrometry and TLC. The
dioxane was removed under vacuum and HCI 1N aqueous solution was added at 0 °C to pH 1. The mixture was extracted with ethyl
acetate (3 times) and the organic phases combined were dried over Na,SO, and concentrated under vacuum. Each crude was purified
by flash chromatography as reported below.

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-fluoro-2,6-dimethylphenyl)propanoic acid (17): The crude was purified by flash
chromatography (3:2 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the product 17
as a white solid, (0.376 g, 72% yield). T: 20.05 min. HRMS m/z: [M-H]- calcd for C1gH21FNO,4 310.1460; found 310.1459. *H NMR
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(400 MHz, DMSO) (rotamers mixture) & 12.61 (s, 1H), 7.16 (d, J = 8.7 Hz, 1H), 6.80 (d, J = 9.8 Hz, 2H), 4.06 (td, J = 8.8, 6.1 Hz,
1H), 3.07 — 2.80 (m, 2H), 2.28 (s, 6H), 1.31 (d, J = 4.3 Hz, 8H), 1.15 (s, 1H). ®C{*H} NMR (101 MHz, DMSO) § 173.5, 160.1 (d, J
=240 Hz), 155.2, 139.4, 131.1, 114.0 (d, J = 20 Hz), 78.0, 53.3, 30.7, 28.1, 27.6, 19.9. °F NMR (376 MHz, DMSO) § -118.24 (t, J
= 0.7 Hz). 'H NMR (300 MHz, DMSO at 120 °C) § 6.76 (d, J = 9.8 Hz, 2H), 4.17 (td, J = 8.6, 6.4 Hz, 1H), 3.18 - 2.85 (m, 2H), 2.32
(s, 6H), 1.32 (s, 9H). IR 2974, 1721, 1651, 1164, 1021 cm™. MP133-135 °C. [a]3® = -30.4 (c=0.025, MeOH).

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-iodo-2,6-dimethylphenyl)propanoic acid (18): The crude was purified by flash
chromatography (3:2 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the product 18
as a white solid, (0.073 g, 70% yield). T;: 22.60 min. HRMS m/z: [M-H]- calcd for C1sH21INO, 418.0521; found 418.0524. *H NMR
(400 MHz, DMSO) (rotamers mixture) 8 12.53 (s, 1H), 7.34 (s, 2H), 7.15 (d, J = 8.6 Hz, 1H), 4.04 (g, J = 8.0, 7.5 Hz, 1H), 3.07 —
2.80 (m, 2H), 2.24 (s, 6H), 1.30 (s, 8H), 1.15 (s, 1H). °C{*H} NMR (101 MHz, DMSO) & 173.4, 155.2, 139.6, 136.1, 135.1, 92.0,
78.0,53.0, 31.0, 28.1, 19.3. IR 3355, 2963, 1726, 1686, 1018, 793 cm™*. MP 128-130 °C. [«]3! = -82.7 (c=0.022, MeOH).

(S)-2-((tert-butoxycarbonyl)amino)-3-(2,6-dimethylphenyl)propanoic acid (19): The crude was purified by flash chromatography
(1:1 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the product 19 as a white solid,
(0.075 g, 75% yield). Tr: 22.03. HRMS m/z: [M-H] calcd for C1sH22NO4 292.1543; found 292.1554. *H NMR (400 MHz, DMSO)
(rotamers mixture) & 12.55 (s, 1H), 7.15 (d, J = 8.6 Hz, 1H), 6.96 (d, J = 1.7 Hz, 3H), 4.07 (td, J = 8.6, 6.1 Hz, 1H), 3.11 — 2.85 (m,
2H), 2.28 (s, 6H), 1.31 (s, 8H), 1.14 (s, 1H). BC{*H} NMR (101 MHz, DMSO) (rotamers mixture) § 173.7, 155.3, 136.7, 135.0,
127.9, 126.0, 78.0, 53.4, 31.3, 28.1, 27.6, 19.9. IR 3301, 2973, 1723, 1656, 1366, 1163, 765 cm™. MP 65-67 °C. [a]3® = +0,855
(c=0.0055, MeOH).

(S)-2-((tert-butoxycarbonyl)amino)-3-(2,6-dimethyl-4-nitrophenyl)propanoic acid (26): The crude was purified by flash
chromatography (7:3 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the product 26
as a pale yellow solid, (0.605 g, 67% yield). T: 19.52 min. HRMS m/z: [M-H]" calcd for C1sH21N2Os 337.1405; found 337.1405. H
NMR (400 MHz, DMSO) (rotamers mixture) & 12.75 (s, 1H), 7.87 (s, 2H), 7.26 (d, J = 8.6 Hz, 1H), 4.16 (td, J = 9.1, 5.6 Hz, 1H),
3.19 - 2.97 (m, 2H), 2.42 (s, 6H), 1.27 (s, 7H), 1.13 (s, 2H). B*C{*H} NMR (101 MHz, DMSO) (rotamers mixture) § 173.0, 155.2,
145.4,143.8, 139.3, 122.1, 78.1, 52.6, 31.6, 28.0, 27.5, 19.8. *H NMR (300 MHz, 120 °C, DMSO) § 7.82 (s, 2H), 6.53 (s, 1H), 4.25
(9, J=8.2 Hz, 1H), 3.31 - 3.02 (m, 2H), 2.45 (s, 6H), 1.37 — 1.25 (m, 9H). IR 3250, 2980, 1716, 1639, 1510, 1341, 1160 cm™. MP
170-172 °C. [a]%® = -164.2 (c=0.05, MeOH).

(S)-3-(2-amino-5,7-dimethylbenzo[d]thiazol-6-yl)-2-((tert-butoxycarbonyl)amino)propanoic acid (28): The crude was purified
by flash chromatography (4:1 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the
product 28 as a white solid, (0.082 g, 70% vyield). T,: 13.64 min. HRMS m/z: [M-H] calcd for C17H2N30,S 364.1336; found
364.1339. 'H NMR (400 MHz, CD3;0D) (rotamers mixture) & 7.08 (s, 1H), 4.35 (dd, J = 9.1, 6.0 Hz, 1H), 3.29 — 2.99 (m, 2H), 2.43
(s, 3H), 2.42 (s, 3H), 1.33 (s, 7H), 1.11 (s, 2H). *C{*H} NMR (101 MHz, CD3;0D) (rotamers mixture) & 175.8, 169.4, 157.6, 149.6,
137.0, 130.9, 130.0, 129.6, 118.1, 80.4, 55.2, 33.3, 28.6, 28.1, 20.9, 19.6. IR 2927, 1692, 1513, 1158 cm™, MP 190-192 °C. [«]3® =
-41.1 (c=0.009, MeOH).

General procedure for Fmoc protection (21, 22):

The HCI salt previously synthesized was used as crude. It was diluted in water/dioxane (1:2) solution (0.2 M) and basified with
NaOH 2N aqueous solution until pH 10/11 at 0 °C. FmocCl (0,9 eq) was added and the reaction was left stirring at r.t. for 2 hours.
The reaction was monitored by ESI mass spectrometry and TLC, at the complete consumption of starting material. The dioxane was
then removed under vacuum and HCI 1N aqueous solution was added at 0 °C to pH 1. The mixture was extracted with ethyl acetate
(3 times) and the organic phases combined were dried over Na.SO4 and concentrated under vacuum. Each crude was purified by flash
chromatography as reported below.

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(4-fluoro-2,6-dimethylphenyl)propanoic acid (21): The crude was
purified by flash chromatography (3:7 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to
afford 21 as a white solid, (0.393 g, 75% yield). T;: 23.33 min. HRMS m/z: [M+H]"* calcd for C,sH2sNO4F 434.1762; found 434.1762.
'H NMR (400 MHz, CDs0D) 6 7.79 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 4.2 Hz, 2H), 7.38 (t, J = 6.9 Hz, 2H), 7.30 (q, J = 6.9 Hz, 2H),
6.70 (d, J = 9.6 Hz, 2H), 4.42 — 4.36 (m, 1H), 4.26 (dd, J = 10.3, 6.9 Hz, 2H), 4.14 (t, J = 6.7 Hz, 1H), 3.28 — 2.90 (m, 2H), 2.35 (s,
6H). *C{*H} NMR (101 MHz, CD;0D) § 175.3, 162.4 (d, J = 243 Hz), 158.3, 145.2, 142.5, 140.8, 131.5, 128.7, 128.1, 126.2, 120.9,
115.4 (d, J = 21 Hz), 67.9, 55.2, 46.9, 32.6, 20.5. IR 3313, 1716, 1696, 1533, 730 cm™*. MP 197-199 °C. [a]%* = -3.32 (c=0.006,
MeOH).

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(2,6-dimethylphenyl)propanoic acid (22): The crude was purified by flash
chromatography (7:3 AcOEt/petroleum ether/1% acetic acid) and crystallized with 2:1 Et,O/petroleum ether to afford the product 22
as a white solid, (0.109 g, 80% yield). T.: 23.30 min. HRMS m/z: [M-H] calcd for C6H24NO4 414.1711; found 414.1715. [2M-H]
calcd for CsoH9N20g 829.3494; found 829.3503. H NMR (400 MHz, DMSO) § 12.65 (s, 1H), 7.88 (d, J = 7.6 Hz, 2H), 7.83 (d, J =
8.8 Hz, 1H), 7.72 — 7.61 (m, 2H), 7.49 — 7.36 (m, 2H), 7.32 (td, J = 7.5, 1.2 Hz, 2H), 6.98 — 6.89 (m, 3H), 4.24 — 4.07 (m, 4H), 3.16
—2.91 (m, 2H), 2.30 (s, 6H). *C{*H} NMR (101 MHz, DMSO) § 173.5, 155.9, 143.8, 140.7, 136.7, 134.9, 128.0, 127.6, 127.0, 126.1,
125.3, 120.1, 65.7, 53.9, 46.5, 31.3, 19.9. IR 3319, 2962, 1726, 1702, 1258, 1016, 794, 737 cm™, MP 153-155 °C. [a]33 = -284.7
(c=0.04, MeOH).
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Calcium mobilization assay: CHO cells stably coexpressing the human NOP and the C-terminally modified Gogis protein were used
for calcium mobilization experiments. Cells were generated and cultured as described previously?’. Cells were maintained in DEMEM
/ F-12 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin, 100 pg/ml hygromicin B and 200
pg/ml G418, and cultured at 37 °C in 5% CO; humidified air. Cells were seeded at a density of 50,000 cells/well into 96-well black,
clear-bottom plates. The following day, the cells were incubated with medium supplemented with 2.5 mM probenecid, 3 uM of the
calcium sensitive fluorescent dye Fluo-4 AM and 0.01% pluronic acid, for 30 min at 37 °C. After that time the loading solution was
aspirated and 100 pl/well of HBSS supplemented with 20 mM HEPES, 2.5 mM probenecid and 500 pM Brilliant Black (Sigma
Aldrich) was added. Concentrated solutions (1 mM) of N/OFQ(1-13)-NH; and analogues, were made in bidistilled water and kept at
—20 °C. Peptides serial dilutions were carried out in HBSS / HEPES (20 mM) buffer (containing 0.02% bovine serum albumin fraction
V). After placing both plates (cell culture and master plate) into the fluorometric imaging plate reader FlexStation Il (Molecular
Devices, Sunnyvale, CA), fluorescence changes were measured. On-line additions of the peptides were carried out in a volume of 50
pl/well. To facilitate drug diffusion into the wells, the present study was performed at 37 °C. Maximum change in fluorescence,
expressed as percent over the baseline fluorescence, was used to determine agonist response. All data are expressed as the mean +
standard error of the mean (SEM.) of 3 experiments. Concentration-response curves to agonists were fitted to the classical four-
parameter logistic nonlinear regression model: Effect=Baseline+(Emxx—Baseline)/(1+1009ECy, Loglcompound).Hillslope) = Cyryes fitting
were performed using PRISM 6.0 (GraphPad Software In., San Diego).
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