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General methods 

Manual peptide synthesis was performed in polypropylene syringes (5 mL) fitted with a 

polyethylene porous disk. Solvents and soluble reagents were removed by suction. Most chemicals 

were purchased from commercial suppliers Sigma–Aldrich (Madrid, Spain), Iris Biotech GmbH 

(Marktredwitz, Germany), Scharlab (Sentmenat, Spain) or Panreac (Castellar del Vallès, Spain), 

and used without further purification. 

Peptides were analyzed under standard analytical HPLC conditions with a Dionex liquid 

chromatography instrument composed of an UV–vis Dionex UVD170U detector, a P680 Dionex 

bomb, an ASI-100 Dionex automatic injector, and CHROMELEON 6.60 software. Detection was 

performed at 220 nm. Solvent A was 0.1% aq. TFA and solvent B was 0.1% TFA in CH3CN. 

Analysis was carried out with a Kromasil 100 C18 (4.6 mm × 40 mm, 3.5 μm) column with 2–100% 

B over 7 min at a flow rate of 1 mL/min.  

ESI-MS analyses were performed at the Serveis Tècnics de Recerca of the University of 

Girona with an Esquire 6000 ESI ion Trap LC/MS (Bruker Daltonics) instrument equipped with an 

electrospray ion source. The instrument was operated in the positive ESI(+) ion mode. Samples (5 

μL) were introduced into the mass spectrometer ion source directly through an HPLC autosampler. 

The mobile phase (80:20 CH3CN/H2O at a flow rate of 100 μL/min) was delivered by a 1200 Series 

HPLC pump (Agilent). Nitrogen was employed as both the drying and nebulising gas.  

HRMS were recorded on a Bruker MicroTof-QIITM instrument using an electrospray 

ionization source at the Serveis Tècnics de Recerca of the University of Girona. Samples were 

introduced into the mass spectrometer ion source by direct infusion using a syringe pump and were 

externally calibrated using sodium formate. The instrument was operated in the positive ion mode. 
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1
H and 

13
C NMR spectra were measured with a Bruker 400 MHz NMR spectrometer at the 

Serveis Tècnics de Recerca of the University of Girona. Chemical shifts were reported as δ values 

(ppm) directly referenced to the solvent signal. 

Microwave-assisted reactions were performed with a single mode Discover S-Class labstation 

microwave (CEM) (0–300 W). The time, temperature, and power were controlled with the Synergy 

software. The temperature was monitored through an infrared sensor in the floor of the cavity. 

 

Synthesis of Boc-Phe(4-BPin)-OH 

Boc-Phe(4-I)-OMe 

 Boc-Phe(4-I)-OH [1] (2.96 g, 7.57 mmol, 1 equiv) was added to a solution of Cs2CO3 (3.74 g, 

11.35 mmol, 1.5 equiv) in anhydrous DMF (38 mL). The reaction mixture was stirred at room 

temperature for 15 min. After this time, iodomethane (1.14 mL, 18.16 mmol, 2.4 equiv) was added 

and the resulting mixture was stirred at room temperature overnight. The reaction mixture was then 

poured into cold water (150 mL). The resulting solution was adjusted to pH 4–5 by addition of 

aqueous 10% HCl, and the product was extracted with EtOAc/toluene (1:1, 4 × 50 mL). The 

organic layers were combined, washed with brine (60 mL), and dried over anhydrous magnesium 

sulfate. Removal of the solvent afforded a pale yellow oil, which was purified by column 

chromatography. Elution with hexane/EtOAc (15:1) gave Boc-Phe(4-I)-OMe [2] as a white solid 

(2.31 g, 75% yield). tR = 9.40 min (94% purity). 
1
H NMR (400 MHz, CDCl3):  = 7.61 [d, J = 8.2 

Hz, 2 H, CH-3arom, CH-5arom], 6.87 [d, J = 8.2 Hz, 2 H, CH-2arom, CH-6arom], 4.97 [d, J = 7.2 Hz, 1 

H, NH], 4.58-4.54 [m, 1 H, CH-], 3.71 [s, 3 H, OCH3], 3.07 [dd, J = 5.6 and 13.8 Hz, 1 H, CH2-β], 

2.97 [dd, J = 5.6 and 13.8 Hz, 1 H, CH2-β], 1.41 [s, 9 H, C(CH3)3] ppm. 
13

C NMR (75 MHz, 

CDCl3):  = 172.15 [CO2CH3], 155.10 [CONH], 137.71 [C-1arom], 135.84 [CH-3arom, CH-5arom], 
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131.43 [CH-2arom, CH-6arom], 92.63 [C-4arom], 80.20 [C(CH3)3], 54.29 [CH-], 52.44 [OCH3], 38.02 

[CH2-β], 28.39 [(CH3)3C] ppm. MS (ESI): m/z = 305.9 [M – Boc + H]
+
. 

Boc-Phe(4-BPin)-OMe 

 A solution of Boc-Phe(4-I)-OMe (800 mg, 1.97 mmol, 1 equiv) in degassed anhydrous DMSO 

(2.6 mL) was added to a solution of bis(pinacolato)diboron (B2Pin2, 1 g, 3.95 mmol, 2 equiv), 

PdCl2(dppf) (97 mg, 0.12 mmol, 0.06 equiv), and KOAc (783 mg, 7.90 mmol, 4 equiv) in degassed 

anhydrous DMSO (10 mL). The mixture was stirred under nitrogen at 80 ºC for 24 h. After this 

time, H2O (50 mL) was added and the resulting solution was extracted with EtOAc (3 × 30 mL). 

The combined organic extracts were washed with brine (3 × 25 mL), and dried over anhydrous 

magnesium sulfate. Removal of the solvent gave a dark brown oil, which was purified by column 

chromatography. Elution with hexane/EtOAc (18:1) afforded Boc-Phe(4-BPin)-OMe [3] as a 

colorless oil (693 mg, 87% yield). tR = 8.20 min (94% purity). 
1
H NMR (400 MHz, CDCl3):  = 

7.73 [d, J = 8.0 Hz, 2 H, CH-3arom, CH-5arom], 7.12 [d, J = 8.0 Hz, 2 H, CH-2arom, CH-6arom], 4.94 [d, 

J = 8.0 Hz, 1 H, NH], 4.56-4.61 [m, 1 H, CH-], 3.70 [s, 3 H, OCH3], 3.05-3.15 [m, 2 H, CH2-β], 

1.41 [s, 9 H, C(CH3)3], 1.34 [s, 12 H, (CH3)BPin] ppm. 
13

C NMR (75 MHz, CDCl3):  = 172.37 

[CO2CH3], 155.21 [CONH], 139.35 [C-1arom], 135.15 [CH-3arom, CH-5arom], 128.85 [CH-2arom, CH-

6arom], 83.94 [CBPin], 80.09 [C(CH3)3], 54.48 [CH-], 52.37 [OCH3], 38.56 [CH2-β], 28.44 

[(CH3)3C], 25.01 [(CH3)BPin] ppm. MS (ESI): m/z = 224.0 [M – Boc + H]
+
. 

Boc-Phe(4-BPin)-OH 

 An aqueous solution of LiOH (216 mg, 5.04 mmol, 3 equiv) in H2O (3.30 mL) was added to a 

solution of Boc-Phe(4-BPin)-OMe (680 mg, 1.68 mmol, 1 equiv) in MeOH/THF (1:1, 6.60 mL). 

The reaction mixture was stirred at room temperature for 5 h. After this time, the organic solvents 

were evaporated under reduced pressure and H2O (100 mL) was added to the resulting residue. The 

resulting solution was adjusted to pH 5 by addition of glacial AcOH followed by extraction with 
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EtOAc (4 × 30 mL). The organic layers were combined, washed with brine (50 mL), and dried over 

anhydrous magnesium sulfate. Removal of the solvent afforded Boc-Phe(4-BPin)-OH [4] as a white 

solid (602 mg, 92% yield). tR = 6.43 min (98% purity). 
1
H NMR (400 MHz, CDCl3):  = 7.75 [d, J 

= 7.8 Hz, 2 H, CH-3arom, CH-5arom], 7.19 [d, J = 7.8 Hz, 2 H, CH-2arom, CH-6arom], 4.94 [d, J = 8.0 

Hz, 1 H, NH], 4.62-4.58 [m, 1 H, CH-], 3.21 [dd, J = 5.2 and 13.6 Hz, 1 H, CH2-β], 3.11 [dd, J = 

6.0 and 13.6 Hz, 1 H, CH2-β], 1.42 [s, 9 H, C(CH3)3], 1.34 [s, 12 H, (CH3)BPin] ppm. 
13

C NMR (75 

MHz, CDCl3):  = 175.79 [CO2H], 155.54 [CONH], 139.25 [C-1arom], 135.23 [CH-3arom, CH-5arom], 

128.96 [CH-2arom, CH-6arom], 84.02 [CBPin], 80.46 [C(CH3)3], 54.31 [CH-], 37.90 [CH2-β], 28.41 

[(CH3)3C], 24.97 [(CH3)BPin] ppm. MS (ESI): m/z = 210.0 [M  Boc + H]
+
. 

 

Fmoc-Phe(4-I)-OH 

 A solution of H-Phe(4-I)-OH [1] (3 g, 10.31 mmol, 1 equiv) in dioxane (38 mL) was 

neutralized to pH 7–8 by addition of aqueous 10% Na2CO3. The reaction mixture was stirred at 

room temperature for 30 min and Fmoc-OSu (3.65 g, 10.82 mmol, 1.05 equiv) was then added. 

After stirring for 24 h at room temperature, the reaction mixture was concentrated in vacuo. EtOAc 

(50 mL) was added, and the solution was washed with 1 N HCl (30 mL) and H2O (3 × 30 mL). The 

aqueous layers were combined and adjusted to pH 1 and the solution was washed with EtOAc (3 × 

40 mL). All the organic layers were combined, washed with brine (30 mL) and dried over 

anhydrous magnesium sulfate. Removal of the solvent followed by digestion of the resulting 

precipitate in pentane/diethyl ether (1:1, 60 mL) for 2 h afforded Fmoc-Phe(4-I)-OH [5] as a white 

solid (3.21 g, 61% yield). tR = 8.96 min (96% purity). 
1
H NMR (400 MHz, [D6]DMSO):  = 12.78 

[bb, 1 H, CO2H], 7.88 [d, J = 7.2 Hz, 2 H, 2 CHarom-Fmoc], 7.72 [d, J = 8.4 Hz, 1 H, NH], 7.61-7.65 

[m, 4 H, 2 CHarom-Fmoc, CH-3arom, CH-4arom], 7.39-7.43 [m, 2 H, 2 CHarom-Fmoc], 7.27-7.33 [m, 2 

H, 2 CHarom-Fmoc], 7.08 [d, J = 8.0 Hz, 2 H, CH-2arom, CH-6arom], 4.12-4.22 [m, 4 H, CH-, CH2-

Fmoc, CH-Fmoc], 3.04 [dd, J = 4.4 and 13.8 Hz, 1 H, CH2-β], 2.82 [dd, J = 10.8 and 13.8 Hz, 1 H, 
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CH2-β] ppm. 
13

C NMR (75 MHz, [D6]DMSO):  = 173.13 [CO2H], 155.93 [CONH], 143.77, 

140.69, 137.84 [4 Carom-Fmoc, C-1arom], 136.91 [CH-3arom, CH-5arom], 131.61 [CH-2arom, CH-6arom], 

127.63, 127.07, 125.23, 120.12 [8 CHarom-Fmoc], 92.33 [C-4arom], 65.59 [CH2-Fmoc], 55.21 [CH-

], 46.57 [CH-Fmoc], 35.89 [CH2-β] ppm. MS (ESI): m/z = 513.9 [M + H]
+
, 536.0 [M + Na]

+
. 

 

Synthesis of Fmoc-Glu-OpNB 

Fmoc-Glu(Ot-Bu)-OpNB 

 DIPCDI (1.18 mL, 7.64 mmol, 1 equiv) was added to a solution of Fmoc-Glu(Ot-Bu)-OH 

(3.25 g, 8.40 mmol, 1.1 equiv) and p-nitrobenzyl alcohol (1.17 g, 7.64 mmol, 1 equiv) in CH2Cl2 

(7.5 mL). The reaction mixture was stirred at room temperature and DMAP (0.09 g, 0.76 mmol, 0.1 

equiv) was subsequently added. After stirring for 4 h at room temperature, EtOAc (40 mL) was 

added followed by washes with 10% aqueous Na2CO3 (3 × 25 mL) and brine (1 × 25 mL). The 

organic layer was dried over anhydrous MgSO4. Removal of the solvent gave a yellow oil, which 

was purified by column chromatography. Elution with hexane/EtOAc (4:1) afforded Fmoc-Glu(Ot-

Bu)-OpNB [6] as a colorless oil (3 g, 70 % yield). tR = 10.12 min (>99% purity). 
1
H NMR (400 

MHz, CDCl3):  = 8.19 [d, J = 8.4 Hz, 2 H, 2 CHarom-pNB], 7.77 [d, J = 7.6 Hz, 2 H, 2 CHarom-

Fmoc], 7.58 [d, J = 7.2 Hz, 2 H, 2 CHarom-Fmoc], 7.51 [d, J = 8.4 Hz, 2 H, 2 CHarom-pNB], 7.42-

7.38 [m, 2 H, 2 CHarom-Fmoc], 7.32-7.26 [m, 2 H, 2 CHarom-Fmoc], 5.51 [d, J = 8.0 Hz, 1 H, NH], 

5.27 [s, 2 H, CH2-pNB], 4.48-4.35 [m, 3 H, CH2-Fmoc, CH-Fmoc], 4.22-4.18 [m, 1 H, CH-], 

2.40-2.28 [m, 2 H, CH2-γ], 2.23-2.17 [m, 1 H, CH2-β], 2.03-1.98 [m, 1 H, CH2-β], 1.45 [s, 9 H, 

C(CH3)3] ppm. 
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Fmoc-Glu-OpNB 

 Fmoc-Glu(Ot-Bu)-OpNB (1.50 g, 2.68 mmol, 1 equiv) was dissolved in TFA/CH2Cl2 (1:1, 25 

mL) and stirred at room temperature for 2 h. After this time, the solvent mixture was removed under 

vacuum. Diethyl ether was then added and evaporated under vacuum. This process was repeated 

three times in order to completely remove the TFA. The resulting product was dried in vacuo 

overnight to afford Fmoc-Glu-OpNB [6] as a white solid (1.30 g, 96% yield). tR = 8.75 min (95% 

purity). 
1
H NMR (400 MHz, CDCl3):  = 8.19 [d, J = 8.4 Hz, 2 H, 2 CHarom-pNB], 7.76 [d, J = 7.2 

Hz, 2 H, 2 CHarom-Fmoc], 7.57 [d, J = 7.2 Hz, 2 H, 2 CHarom-Fmoc], 7.49 [d, J = 8.4 Hz, 2 H, 2 

CHarom-pNB], 7.41-7.39 [m, 2 H, 2 CHarom-Fmoc], 7.32-7.28 [m, 2 H, 2 CHarom-Fmoc], 5.42 [d, J = 

8.4 Hz, 1 H, NH], 5.25 [s, 2 H, CH2-pNB], 4.53-4.40 [m, 3 H, CH2-Fmoc, CH-Fmoc], 4.21-4.17 

[m, 1 H, CH-], 2.50-2.39 [m, 2 H, CH2-γ], 2.30-2.23 [m, 1 H, CH2-β], 2.04-1.95 [m, 1 H, CH2-β] 

ppm. 

 

Synthesis of Boc-Tyr(3-B(OH)2,Me)-OH  

Boc-Tyr(3-B(OH)2,Me)-OMe  

 A solution of Boc-Tyr(3-I,Me)-OMe [7] (920 mg, 2.11 mmol, 1 equiv) in degassed anhydrous 

DMSO (9 mL) was added to a solution of bis(pinacolato)diboron (B2Pin2) (1.08 g, 4.23 mmol, 2 

equiv), PdCl2(dppf) (100 mg, 0.12 mmol, 0.06 equiv), and KOAc (840 mg, 8.45 mmol, 4 equiv) in 

degassed anhydrous DMSO (4.5 mL). The mixture was stirred under nitrogen at 80 ºC for 7 h. After 

this time, brine (50 mL) was added and the resulting solution was extracted with EtOAc (3 × 50 

mL). The combined organic extracts were washed with brine (3 × 50 mL), and dried over 

anhydrous magnesium sulfate. Removal of the solvent gave a dark brown oil, which was purified by 

column chromatography. Elution with hexane/EtOAc (4:1) afforded Boc-Tyr(3-B(OH)2,Me)-OMe 

together with Boc-Tyr(3-BPin,Me)-OMe [8]. A solution of CH3CN/H2O (1:1) was then added and 
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stirred at 75 °C for 4 h. The resulting solution was lyophilized to afford a white solid, which was 

purified by column chromatography. Elution with hexane/EtOAc (1:1) yielded Boc-Tyr(3-

B(OH)2,Me)-OMe as a white solid (450 mg, 59% yield). tR = 7.51 min (>99% purity). 
1
H NMR 

(400 MHz, CDCl3):  = 7.57 [d, J = 2.8 Hz, 1 H, CH-2arom], 7.20 [dd, J = 2.8 and 8.4 Hz, 1 H, CH-

6arom], 6.84 [d, J = 8.4 Hz, 1 H, CH-5arom], 5.79 [bs, 2 H, B(OH)2], 4.98 [bs, 1 H, CONH], 4.56-4.54 

[m, 1 H, CH-], 3.89 [s, 3 H, OCH3], 3.73 [s, 3 H, CO2CH3], 3.09 [dd, J = 5.6 and 13.8 Hz, 1 H, 

CH2-β], 3.01 [dd, J = 6.0 and 13.8 Hz, 1 H, CH2-β], 1.41 [s, 9 H, C(CH3)3] ppm. 
13

C NMR (75 

MHz, CDCl3):  = 172.53 [CO2CH3] 163.85 [C-4arom], 155.37 [CONH], 137.87 [CH-2arom], 133.75, 

128.64 [CH-6arom, C-1arom], 110.84, 110.34 [CH-5arom, C-3arom], 80.30 [C(CH3)3], 55.95 [OCH3], 

54.73 [CH-], 52.41 [CO2CH3], 37.60 [CH2-β], 28.41 [(CH3)3C] ppm.  

Boc-Tyr(3-B(OH)2,Me)-OH 

 An aqueous solution of LiOH (3 mL, 4.17 mmol, 3 equiv) was added to a solution of Boc-

Tyr(3-B(OH)2,Me)-OMe (450 mg, 1.27 mmol, 1 equiv) in MeOH/THF (1:1, 6 mL). The reaction 

mixture was stirred at room temperature for 1.5 h. After this time, the organic solvents were 

evaporated under reduced pressure and water (25 mL) was added to the resulting residue. The 

solution was adjusted to pH 5–6 by addition of 1 N HCl followed by extraction with EtOAc (3 × 25 

mL). The organic layers were combined, washed with brine (25 mL), and dried over anhydrous 

magnesium sulfate. Removal of the solvent afforded Boc-Tyr(3-B(OH)2,Me)-OH [8] as a white 

solid (410 mg, 95% yield). tR = 6.84 min (>99% purity). 
1
H NMR (400 MHz, CDCl3):  = 7.60 [s, 1 

H, CH-2arom], 7.25-7.22 [m, 1 H, CH-6arom], 6.82 [d, J = 8.8 Hz, 1 H, CH-5arom], 5.06-5.04 [m, 1 H, 

CONH], 4.51-4.49 [m, 1 H, CH-], 3.87 [s, 2 H, OCH3], 3.13 [dd, J = 4.8 and 13.6 Hz, 1 H, CH2-

β], 3.03 [dd, J = 5.2 and 13.6 Hz, 1 H, CH2-β], 1.40 [s, 9 H, C(CH3)3] ppm. 
13

C NMR (75 MHz, 

CDCl3):  = 175.45 [CO2H] 163.74 [C-4arom], 155.49 [CONH], 137.79 [CH-2arom], 134.02, 128.57 

[CH-6arom, C-1arom], 110.82, 110.30 [CH-5arom, C-3arom], 80.33 [C(CH3)3], 55.70 [OCH3], 54.70 

[CH-], 37.28 [CH2-β], 28.43 [(CH3)3C] ppm. 
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Synthesis of Fmoc-Tyr(3-I,Me)-OH  

H-Tyr(3-I,Me)-OMe  

 Boc-Tyr(3-I,Me)-OMe [7] (4.50 g, 10.34 mmol, 1 equiv) was dissolved in TFA/CH2Cl2 (1:1, 

30 mL) and stirred at room temperature for 2 h. After this time, the solvent mixture was removed 

under vacuum. Diethyl ether was then added and evaporated, this process was repeated three times 

to completely remove the TFA. The resulting product was dried in vacuo overnight to afford H-

Tyr(3-I,Me)-OMe [8] as a white solid (3.25 g, 94% yield). tR = 6.65 min (93% purity). 
1
H NMR 

(400 MHz, CDCl3):  = 7.59 [d, J = 2.2 Hz, 1 H, CH-2arom], 7.18 [dd, J = 2.2 and 8.4 Hz, 1 H, CH-

6arom], 6.76 [d, J = 8.4 Hz, 1 H, CH-5arom], 4.18 [t, J = 6.6 Hz, 1 H, CH-], 3.84 [s, 3 H, CO2CH3], 

3.74 [s, 3 H, OCH3], 3.16 [d, J = 6.6 Hz, 2 H, CH2-β] ppm. 
13

C NMR (75 MHz, [D6]DMSO):  = 

169.47 [CO2CH3], 157.14 [C-4arom], 139.79 [CH-2arom], 130.89 [C-1arom], 128.60 [CH-6arom], 111.58 

[CH-5arom], 86.37 [C-3arom], 56.44 [OCH3], 53.20 [CH-], 52.77 [CO2CH3], 34.47 [CH2-β] ppm.  

H-Tyr(3-I,Me)-OH  

 A solution of LiOH (1.24 g, 28.91 mmol, 3 equiv) in water (17 mL) was added to a solution of 

H-Tyr(3-I,Me)-OMe (3.23 g, 9.64 mmol, 1 equiv) in MeOH/THF (1:1, 34 mL). The reaction 

mixture was stirred at room temperature for 2 h. After this time, the organic solvents were 

evaporated under reduced pressure and water (60 mL) was added to the resulting residue. The 

solution was adjusted to pH 5 by addition of glacial AcOH and the resulting precipitate was filtered, 

washed with cold diethyl ether, and dried in vacuo overnight, yielding H-Tyr(3-I,Me)-OH as a 

white solid (3 g, 96% yield). tR = 6.21 min (>99% purity). 
1
H NMR (300 MHz, [D6]DMSO):  = 

7.64 [d, J = 2.1 Hz, 1 H, CH-2arom], 7.24 [dd, J = 2.1 and 8.4 Hz, 1 H, CH-6arom], 6.91 [d, J = 8.4 

Hz, 1 H, CH-5arom], 3.78 [s, 3 H, OCH3], 3.31 [dd, J = 4.5 and 7.7 Hz, 1 H, CH-], 3.00 [dd, J = 4.5 

and 14.1 Hz, 1 H, CH2-β], 2.75 [dd, J = 7.7 and 14.1 Hz, 1 H, CH2-β] ppm. 
13

C NMR (75 MHz, 
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[D6]DMSO):  = 156.37 [C-4arom], 139.60 [CH-2arom], 132.22 [C-1arom], 130.76 [CH-6arom], 111.36 

[CH-5arom], 85.98 [C-3arom], 56.33 [OCH3], 55.74 [CH-], 35.87 [CH2-β] ppm.  

Fmoc-Tyr(3-I,Me)-OH 

 A solution of H-Tyr(3-I,Me)-OH (3 g, 9.34 mmol, 1 equiv) in dioxane (32 mL) was adjusted 

to pH 7–8 by addition of aqueous 10% Na2CO3. The reaction mixture was stirred at room 

temperature for 30 min and Fmoc-OSu (3.31 g, 9.81 mmol, 1.05 equiv) was then added. The 

mixture was stirred for 24 h at room temperature and then concentrated in vacuo. EtOAc (40 mL) 

was added and the organic solution was washed with 1 N HCl (30 mL) and H2O (3 × 30 mL). The 

aqueous layers were combined, adjusted to pH 1 and washed with EtOAc (3 × 40 mL). All the 

organic layers were combined, washed with brine (30 mL) and dried with anhydrous magnesium 

sulfate. Removal of the solvent followed by digestion of the resulting precipitate in pentane/diethyl 

ether (1:1, 50 mL) for 2 h afforded a white solid, which was purified by column chromatography. 

Elution with CH2Cl2/MeOH (95:5) gave Fmoc-Tyr(3-I,Me)-OH as a white solid (2.85 g, 57% 

yield). tR = 9.00 min (>99% purity). 
1
H NMR (400 MHz, [D6]DMSO):  = 12.78 [bb, 1 H, CO2H], 

7.88 [d, J = 7.6 Hz, 2 H, 2 CHarom-Fmoc], 7.71 [d, J = 2.0 Hz, 1 H, CH-2arom], 7.66-7.62 [m, 2 H, 2 

CHarom-Fmoc], 7.43-7.39 [m, 2 H, 2 CHarom-Fmoc], 7.34-7.25 [m, 3 H, 2 CHarom-Fmoc, CH-6arom], 

6.90 [d, J = 8.4 Hz, 1 H, CH-5arom], 4.22-4.10 [m, 4 H, CH-, CH2-Fmoc, CH-Fmoc], 3.77 [s, 3 H, 

OCH3], 3.01 [dd, J = 4.4 and 13.8 Hz, 1 H, CH2-β], 2.77 [dd, J = 10.4 and 13.8 Hz, 1 H, CH2-β] 

ppm. 
13

C NMR (75 MHz, [D6]DMSO):  = 173.20 [CO2H], 156.37 [C-4arom], 155.97 [CONH], 

143.74, 140.67 [4 Carom-Fmoc], 139.46 [CH-2arom], 132.20 [C-1arom], 130.40 [CH-6arom], 127.63, 

127.10, 125.29, 120.11 [8 CHarom-Fmoc], 111.28 [CH-5arom], 85.73 [C-3arom], 65.69 [CH2-Fmoc], 

56.27 [OCH3], 55.61 [CH-], 46.57 [CH-Fmoc], 34.95 [CH2-β] ppm. 
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General procedure for the synthesis of octapeptidyl resins 4, 7 and 10 

 The octapeptidyl resins 4, 7 and 10 were synthesized manually by the solid-phase method by 

using standard Fmoc chemistry. MBHA resin (0.4 mmol/g) was placed in a polypropylene syringe 

fitted with a polyethylene filter disk, and then was swollen with CH2Cl2 (1 × 20 min) and DMF (1 × 

20 min), treated with piperidine/DMF (3:7, 1 × 5 min) and washed with DMF (6 × 1 min). The 

Fmoc-Rink amide linker (4 equiv) was coupled using DIPCDI (4 equiv) and Oxyma (4 equiv) in 

DMF under stirring at room temperature overnight. After this time, the resin was washed with DMF 

(6 × 1 min) and CH2Cl2 (3 × 1 min). Elongation of the peptide sequence was performed through 

sequential Fmoc removal and coupling steps. The Fmoc group was removed with a mixture of 

piperidine/DMF (3:7, 1 × 2 min and 1 × 10 min). Couplings of Fmoc-Glu-OpNB, Fmoc-Phe(4-I)-

OH, or Fmoc-Tyr(3-I,Me)-OH (2 equiv) were perfomed using (1-cyano-2-ethoxy-2-

oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate (COMU) (2 

equiv), ethyl (hydroxyimino)cyanoacetate (Oxyma, 2 equiv) and N,N’-diisopropylethylamine 

(DIPEA, 4 equiv) in DMF at room temperature overnight. The commercially available Fmoc-amino 

acids were incorporated using N,N’-diisopropylcarbodiimide (DIPCDI, 4 equiv) and Oxyma (4 

equiv) in DMF at room temperature for 1 h. Coupling of Boc-Phe(4-BPin)-OH (3 equiv) or Boc-

Tyr(3-B(OH)2,Me)-OH
 
(3 equiv) was mediated by DIPCDI (3 equiv) and Oxyma (3 equiv) in DMF 

at room temperature for 3 h. The completion of the reactions was monitored by the Kaiser test [9]. 

After each coupling and Fmoc group removal step, the resulting resin was washed with DMF (6 × 1 

min). Once the peptidyl sequence was complete, the resin was washed with DMF (6 × 1 min), 

CH2Cl2 (3 × 1 min), and diethyl ether (3 × 1 min). An aliquot of the resulting resin was cleaved 

with TFA/H2O/TIS (95:2.5:2.5) whilst being stirred for 2 h at room temperature. Following TFA 

evaporation and diethyl ether extraction, the crude peptide was dissolved in H2O/CH3CN, 

lyophilized, analysed by HPLC, and characterized by mass spectrometry. 
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Boc-Phe(4-BPin)-Ala-Gln(Tmob)-Leu-Gln(Tmob)-Phe(4-I)-Ala-Glu(Rink-MBHA)-OpNB (4)  

 This peptidyl resin was prepared using the procedure described above employing Fmoc-Glu-

OpNB, Fmoc-Phe(4-I)-OH, and Boc-Phe(4-BPin)-OH. Acidolytic cleavage of an aliquot of the 

resulting resin Boc-Phe(4-BPin)-Ala-Gln(Tmob)-Leu-Gln(Tmob)-Phe(4-I)-Ala-Glu(Rink-

MBHA)-OpNB (4) afforded H-Phe(4-B(OH)2)-Ala-Gln-Leu-Gln-Phe(4-I)-Ala-Gln-OpNB in 

>99% purity, resulting from the hydrolysis of the pinacol boronic ester during HPLC analysis, as 

confirmed by mass spectrometry. tR = 6.91 min. MS (ESI): m/z = 1257.4 [M + H]
+
, 1279.3 [M + 

Na]
+
. 

Boc-Tyr(3-B(OH)2,Me)-Ala-Gln(Tmob)-Gly-Gln(Tmob)-Phe(4-I)-Ala-Glu(Rink-MBHA)-OpNB 

(7)  

 This peptidyl resin was prepared using the procedure described above employing Fmoc-Glu-

OpNB, Fmoc-Phe(4-I)-OH, and Boc-Tyr(3-B(OH)2,Me)-OH. Acidolytic cleavage of an aliquot of 

the resulting resin Boc-Tyr(3-B(OH)2,Me)-Ala-Gln(Tmob)-Gly-Gln(Tmob)-Phe(4-I)-Ala-

Glu(Rink-MBHA)-OpNB (7) afforded H-Tyr(3-B(OH)2,Me)-Ala-Gln-Gly-Gln-Phe(4-I)-Ala-Gln-

OpNB in 57% purity, as confirmed by mass spectrometry. tR = 6.55 min. MS (ESI): m/z = 1231.4 

[M + H]
+
, 1253.4 [M + Na]

+
. 

Boc-Tyr(3-B(OH)2,Me)-Ala-Gln(Tmob)-Leu-Gln(Tmob)-Tyr(3-I,Me)-Ala-Glu(Rink-MBHA)-

OpNB (10)  

 This peptidyl resin was prepared using the procedure described above employing Fmoc-Glu-

OpNB), Fmoc-Tyr(3-I,Me)-OH, and Boc-Tyr(3-B(OH)2,Me)-OH. Acidolytic cleavage of an aliquot 

of the resulting resin Boc-Tyr(3-B(OH)2,Me)-Ala-Gln(Tmob)-Leu-Gln(Tmob)-Tyr(3-I,Me)-Ala-

Glu(Rink-MBHA)-OpNB (10) afforded H-Tyr(3-B(OH)2,Me)-Ala-Gln-Leu-Gln-Tyr(3-I,Me)-Ala-

Gln-OpNB in 98% purity, as confirmed by mass spectrometry. tR = 7.02 min. MS (ESI): m/z = 

1317.5 [M + H]
+
, 1339.5 [M + Na]

+
. 
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General method for the synthesis of the biaryl cyclic peptidyl resins 5, 8 and 11 

using a microwave-assisted solid-phase intramolecular Suzuki–Miyaura 

arylation 

 A 15 mL reaction vessel containing a magnetic stirring bar was charged with the 

corresponding linear octapeptidyl resin 4, 7 or 10 (53–130 mg), Pd2(dba)3 (0.2 equiv), P(o-tolyl)3 or 

SPhos (0.4 equiv), and KF (4 equiv). Thoroughly degassed DME/EtOH/H2O (9:9:2, 0.30–0.73 mL) 

was then added under nitrogen. The reaction mixture was heated at 120 ºC under microwave 

irradiation for 30 min. After the reaction time, upon cooling, the solvent was removed and the resin 

was washed with DMF (6 × 1 min), EtOH (6 × 1 min), CH2Cl2 (6 × 1min), and diethyl ether (3 × 1 

min). An aliquot of the resulting biaryl cyclic peptidyl resin was cleaved with TFA/H2O/TIS 

(95:2.5:2.5) whilst being stirred for 2 h at room temperature. Following TFA evaporation and 

diethyl ether extraction, the crude peptide was dissolved in H2O/CH3CN (1:1), and lyophilized, 

analysed by HPLC, and characterized by mass spectrometry.  

Biaryl cyclic peptidyl resin 5 

 This biaryl cyclic peptidyl resin was prepared from the linear peptidyl resin Boc-Phe(4-BPin)-

Ala-Gln(Tmob)-Leu-Gln(Tmob)-Phe(4-I)-Ala-Glu(Rink-MBHA)-OpNB (4) (130 mg) following 

the procedure described above using P(o-tolyl)3 as ligand. These conditions also led to the removal 

of the pNB group. Acidolytic cleavage of an aliquot of the resulting resin 5 afforded the biaryl 

cyclic peptide 6 in 18% purity. tR = 5.66 min. MS (ESI): m/z = 950.4 [M + H]
+
, 972.4 [M + Na]

+
. 

Biaryl cyclic peptidyl resin 8 

 This biaryl cyclic peptidyl resin was prepared from the linear peptidyl resin Boc-Tyr(3-

B(OH)2,Me)-Ala-Gln(Tmob)-Gly-Gln(Tmob)-Phe(4-I)-Ala-Glu(Rink-MBHA)-OpNB (7) (53 mg) 

following the procedure described above using SPhos as ligand. These conditions also led to the 
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removal of the pNB group. Acidolytic cleavage of an aliquot of the resulting resin 8 afforded the 

biaryl cyclic peptide 9 in 36% purity. tR = 5.63 min. MS (ESI): m/z = 924.4 [M + H]
+
. 

Biaryl cyclic peptidyl resin 11 

 This biaryl cyclic peptidyl resin was prepared from the linear peptidyl resin Boc-Tyr(3-

B(OH)2,Me)-Ala-Gln(Tmob)-Leu-Gln(Tmob)-Tyr(3-I,Me)-Ala-Glu(Rink-MBHA)-OpNB (10) 

(53 mg) following the procedure described above using SPhos as ligand. These conditions also led 

to the removal of the pNB group. Acidolytic cleavage of an aliquot of the resulting resin 11 

afforded the biaryl cyclic peptide 12 in 21% purity. tR = 5.71 min. MS (ESI): m/z = 1010.5 [M + 

H]
+
. 

 

General method for the synthesis of the biaryl bicyclic peptides 1, 2 and 3 

 The N-terminal Boc group of the corresponding biaryl cyclic tripeptidyl resin 5, 8 or 11 was 

removed by treatment with a solution of TMSOTf and 2,6-lutidine in CH2Cl2 (final concentrations: 

2 M TMSOTf and 3 M 2,6-lutidine) (3 × 30 min) at room temperature, and the resulting resin was 

washed with CH2Cl2 (5 × 1 min), MeOH (3 × 5 min), and DMF (5 × 1 min) [10].
 
Removal of the 

Boc group was monitored by the colorimetric Kaiser test [9]. Then, peptide cyclization was 

achieved with (ethyl cyano(hydroxyimino)acetate-O
2
)-tri-1-pyrrolidinylphosphonium 

hexafluorophosphate (PyOxim) (5 equiv), Oxyma (5 equiv) and DIPEA (10 equiv) in NMP at room 

temperature for 24 h. After this time, the resin was washed with NMP (6 × 1 min), CH2Cl2 (3 × 

1min), and diethyl ether (3 × 1 min). The completion of the cyclization was monitored by the Kaiser 

test [9]. The resulting biaryl bicyclic peptidyl resin was cleaved with TFA/H2O/TIS (95:2.5:2.5) 

whilst being stirred for 2 h at room temperature. Following TFA evaporation and diethyl ether 

extraction, the crude peptide was dissolved in H2O/CH3CN (1:1), lyophilized, and characterized by 

ESI-MS, tandem mass spectrometry and HRMS. 
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Biaryl bicyclic peptide 1 

 The biaryl bicyclic peptide 1 was prepared from biaryl cyclic peptidyl resin 5 following the 

general procedure described above. Acidolytic cleavage of the resulting resin gave the expected 

biaryl bicyclic peptide 1, as confirmed by mass spectrometry. MS (ESI): m/z = 914.4 [M  18 + 

H]
+
, 932.4 [M + H]

+
. HRMS (ESI): calcd. for C45H61N11O11Na [M + Na]

+
 954.4444, found 

954.4448. 

Biaryl bicyclic peptide 2 

 The biaryl bicyclic peptide 2 was prepared from biaryl cyclic peptidyl resin 8 following the 

general procedure described above. Acidolytic cleavage of an aliquot of the resulting resin gave the 

expected biaryl bicyclic peptide 2, as confirmed by mass spectrometry. MS (ESI): m/z = 888.4 [M  

18 + H]
+
, 910.4 [M  18 + Na]

+
. HRMS (ESI): calcd. for C42H53N11O11Na [M  18 + Na]

+
 

910.3818, found 910.3804. 

Biaryl bicyclic peptide 3 

 The biaryl bicyclic peptide 3 was prepared from biaryl cyclic peptidyl resin 11 following the 

general procedure described above. Acidolytic cleavage of the resulting resin gave the expected 

biaryl bicyclic peptide 3, as confirmed by mass spectrometry. MS (ESI): m/z = 974.5 [M  18 + 

H]
+
, 992.5 [M + H]

+
. HRMS (ESI): calcd. for C47H63N11O12Na [M  18 + Na]

+
 996.4550, found 

996.4558. 
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1H NMR (400 MHz, CDCl3)  

 

13C NMR (75 MHz, CDCl3)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S30 

 

Boc-Tyr(3-B(OH)2,Me)-OH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC ( = 220 nm) 

 

OH

O

BocHN

MeO

B
OHHO



S31 

 

13C NMR (75 MHz, CDCl3)  

 

1H NMR (400 MHz, CDCl3)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S32 

 

H-Tyr(3-I,Me)-OMe 

 

 

 

HPLC ( = 220 nm) 

OMe

O

H2N

MeO

I

HPLC ( = 220 nm) 

 



S33 

 

1H NMR (400 MHz, CDCl3)  

13C NMR (75 MHz, DMSO-d6)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S34 

 

OH

O

H2N

MeO

I

H-Tyr(3-I,Me)-OH  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC ( = 220 nm) 

 



S35 
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HPLC (λ = 220 nm) 
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HPLC (λ = 220 nm) 
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HPLC (λ = 220 nm) 
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