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General methods.  Reagents and solvents were obtained from commercial suppliers and were

used as received unless otherwise noted.  Dichloromethane, acetonitrile (MeCN), triethylamine

(TEA), and diisopropylethylamine (DIEA) were distilled from calcium hydride.  Tetrahydrofuran

(THF) was distilled from sodium/benzophenone ketal.  Solvents were removed from samples

under reduced pressure using a rotary evaporator, followed by drying under high vacuum.  Flash

chromatography was performed using 60 Å pore, 230-400 mesh silica gel and the solvent system

indicated.  Analytical thin-layer chromatography (TLC) was performed using silica gel 60 F254

plates.  Compounds were visualized by staining with potassium permanganate, iodine, ninhydrin

(for amines), and/or by UV absorbance.

Analytical high pressure liquid chromatography (HPLC) analysis was performed using a

Photodiode Array Detector with Controller and Pump.  The analytical column was a 4.6 mm x
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250 mm reversed-phase C18 column.  Retention times were recorded using gradient method A

(flow rate 1 mL/min).  Chiral analytical HPLC was performed using the chiral normal phase

column indicated.  Preparative HPLC purification was performed using a 21.4 mm x 250 mm

reversed-phase C18 column equipped with a guard column.  For purification purposes, the

gradient program used was Method B (flow rate 15 mL/min).  Liquid Chromatography-Mass

Spectrometry (LCMS) analysis was performed using a C18 reversed-phase column (2.1 mm x 50

mm).  Gradient method C was used for analysis (flow rate 0.4 mL/min).

HPLC Method A          HPLC Method B LCMS Method C

Time % CH3CN (0.1% TFA) Time % CH3CN Time % CH3CN (0.1% TFA)
0 10 0 0 0 5

0-25 Ramp to 95 0-40 Ramp to 30 0-8 Ramp to 95
30 95 40-45 Ramp to 95 8-10 95
32 Ramp to 10 50 95 10-12 Ramp to 5

55 Ramp to 0 12-14 5

Nuclear Magnetic Resonance (NMR) spectra were obtained using 400 or 500 MHz

spectrometers with 13C operating frequencies of 100 and 125 MHz.  Spectral data are reported as

chemical shifts (multiplicity, number of hydrogens, coupling constants in Hz).  Chemical shifts

were calibrated to TMS (0 ppm) or the residual solvent peak (1.94 for CHD2CN, 2.50 for

(CHD2)(CD3)SO, 3.31 for CHD2OD, and 7.27 ppm for CHCl3).  Peaks for the major rotamer are

reported, along with representative peaks of the minor rotamer.  All 13C NMR were proton

decoupled and referenced to the solvent peak (1.24 for CD3CN, 49.05 for CD3OD, and 77.0 ppm

for CDCl3).  TOCSY spectra were recorded with a mixing time of 100 ms.  Concentrations of

stock solutions of final products were determined by amino acid analysis (AAA).

Abbreviations used:  Alloc, allyloxycarbonyl; DIEA, diisopropylethylamine; DME, ethylene

glycol dimethyl ether; Fmoc, 9-fluorenylmethyloxycarbonyl; HATU, N-[(dimethylamino)-1H-

1,2,3-triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-

oxide; MeCN, acetonitrile; TEA, triethylamine; TFA, trifluoroacetic acid.
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Synthesis of Thioamide 5

N-(2-Methoxy-2-oxoethyl)-L-leucine Amide.

HN
NH2

MeO2C O  To 2.0 g (12 mmol) of L-leucine amide hydrochloride (4) in 20 mL of

dry THF at 0 °C was added 5.0 mL (29 mmol) of DIEA followed by

slow addition of a solution of methyl bromoacetate (1.4 mL, 14 mmol)

in dry THF (20 mL).  The reaction solution was stirred under argon

and allowed to warm up to room temperature over a 20-h period

 before it was diluted with 50 mL of saturated NH4Cl.  After concentration of the reaction

mixture, the product was extracted with EtOAc (2x 50 mL).  The organic layer was further

washed with saturated NaHCO3 (50 mL) and brine (50 mL), dried over Na2SO4, filtered, and

concentrated to afford the product as a white solid (1.87 g, 77% crude yield); this material could

be carried onto the next step without further purification.  Rf = 0.26 (KMnO4/basic, DCM/MeOH

95:5); retention time (analytical HPLC) = 13.1 min; IR (film) 1673, 1745, 2955 cm-1; 1H NMR

(400 MHz, CDCl3) δ 0.90 (d, 3, J = 4.7), 0.92 (d, 3, J = 4.7), 1.44 (m, 1, J = 5.5, 8.8, 14), 1.54

(m, 1, J = 4.8, 8.8, 14), 1.73 (m, 1), 2.1 (bs, 1), 3.08 (dd, 1, J = 4.8, 8.8), 3.29 (d, 1, J = 17.5),

3.43 (d, 1, J = 17.5), 3.68 (s, 3), 6.42 (bs, 1), 7.00 (bs, 1); 13C NMR (125 MHz, CDCl3) δ 21.8,

23.2, 24.9, 43.1, 49.2, 51.9, 61.2, 172.6, 178.1; MS (ES) m/z 203.1 (M+H+), 158.1 (M+H+-

CONH2); HRMS (FAB) m/z 203.1398 (M+H+ C9H19N2O3 requires 203.1396).

N-Allyloxycarbonyl-N-(2-methoxy-2-oxoethyl)-L-leucine Amide.

O N
NH2

O

MeO2C O To 0.37 g (1.8 mmol) of N-(2-methoxy-2-oxoethyl)-L-leucine amide

in 18 mL of dry DCM at 0 °C was added 2.0 mL (11.1 mmol) of DIEA

followed by slow addition of allyl chloroformate (0.55 mL, 5.2 mmol).

The reaction solution was stirred under argon and allowed to warm up

to rt over a 20-h period before it was diluted with 50 mL

of saturated NH4Cl. After concentration of the reaction mixture, the product was extracted with

EtOAc (3x 10 mL).  The organic layer was further washed with saturated NH4Cl (2x 15 mL),

saturated NaHCO3 (15 mL), and brine (15 mL), dried over Na2SO4, filtered, and concentrated.

The crude product was purified by flash chromatography (EtOAc/hexanes 1:2 → 1:1 → 2:1) to

afford the protected leucine amide as a yellow oil (0.41 g, 79% yield).  Rf = 0.51 (ninhydrin, I2,
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EtOAc/hexanes 10:3); 1H NMR (500 MHz, CDCl3, rotamers) δ 0.92-0.99 (m, 6), 1.50-1.59 (m,

1), 1.59-1.66 (m, 1, J = 4.0), 1.79-1.85 (m, 0.6, J = 5.5), 1.90-1.96 (m, 0.5, J = 4.5), 3.74 (s, 1.6),

3.79 (s, 1.4), 3.95-4.06 (m, 2), 4.42 (m, 0.4), 4.59 (dt, 1, J = 1.5, 5.5), 4.63 (dd, 1, J = 4.2, 5.8),

4.71 (dd, 0.7, J = 6.0, 9.0), 5.19-5.35 (m, 2, J = 1.5) 5.84-5.90 (m, 1), 6.44 (bs, 0.6), 6.54 (bs,

0.4), 7.28 (bs, 0.6), 7.78 (bs, 0.4); 13C NMR (125 MHz, CDCl3, rotamers) δ 21.3/21.7, 23.0/23.2,

24.7/24.7, 37.5/38.2, 45.9/47.5, 52.4/52.7, 57.7/59.3, 66.7/67.0, 117.6/118.4, 131.8/132.1,

155.8/155.8, 171.0/171.8, 173.2/173.6; MS (ES) m/z 309.2 (M+Na+), 242.1 (M+H+-CONH2);

HRMS (FAB) m/z 287.1611 (M+H+ C13H23N2O5 requires 287.1607).

N-Allyloxycarbonyl-N-(2-methoxy-2-oxoethyl)-L-leucine Thioamide (5).

O N
NH2

O

MeO2C S

To 1.0 g (3.5 mmol) of N-allyloxycarbonyl-N-(2-methoxy-2-

oxoethyl)-L-leucine amide in 50 mL of dry THF was added 0.99 g

(2.4 mmol) of Lawesson’s reagent, which turns the solution faint

yellow and opaque.  The reaction solution was stirred under argon

at rt, and the reaction was stopped at 1.5 h when no more starting

material was observed by TLC.  After concentration of the reaction mixture, the crude product

was redissolved in EtOAc and washed with saturated NaHCO3 (2x 50 mL).  The basic aqueous

layer was acidified by addition of solid KHSO4 and extracted with EtOAc (2 x 20 mL).  The

combined organic layers were further washed with brine (50 mL), dried over Na2SO4, filtered,

and concentrated.  The crude product was purified by flash chromatography (EtOAc/hexanes 1:2

→ 1:1) to afford thioamide 5 as a white solid (0.82 g, 78%).  Rf = 0.55 (UV, EtOAc/hexanes

1:1); retention time (analytical HPLC):  16.2 min; retention time (chiral HPLC, OD column,

85/15 hexanes/isopropanol):  7.1 min; [α]23
D = -76.0 (c = 0.745, in CHCl3); 

1H NMR (500 MHz,

CDCl3, rotamers) δ 0.94-0.96 (m, 6), 1.46-1.56 (m, 1), 1.64-1.72 (m, 1), 2.22 (m, 0.5, J = 6.0,

8.6, 14.5), 2.47 (m, 0.5, J = 4.0, 10.7, 14.8), 3.75 (s, 1.5), 3.82 (s, 1.5), 3.83 (m, 1), 4.09 (t, 1, J =

18.0), 4.61 (dd, 1, J = 1.4, 5.4), 4.65 (t, 1, J = 5.4), 4.86 (dd, 0.4, J = 3.6, 11.1), 4.93 (dd, 0.6, J =

6.1, 9.2), 5.21-5.35 (m, 2, J = 1.3), 5.82-5.92 (m, 1), 7.60 (bs, 0.5), 7.68 (bs, 0.5), 8.66 (bs, 0.5),

9.53 (bs, 0.5); 13C NMR (125 MHz, CDCl3, rotamers) δ 20.9/21.8, 22.9/23.4, 25.0/25.2,

40.3/41.4, 45.6/46.3, 52.5/53.0, 62.8/64.9, 67.0/67.3, 117.8/118.8, 131.6/132.0, 156.0/156.4,

171.1/172.5, 207.0/207.7; MS (ES) m/z 325.2 (M+Na+), 303.1 (M+H+); HRMS (FAB) m/z

303.1373 (M+H+ C13H23N2O4S requires 303.1378).
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Additional Characterized Compounds

N-Allyloxycarbonyl-N-(2-methoxy-2-oxoethyl)-D,L-leucyl Methyl Thioimidate (9).

The crude thioimidate salt 8 can be redissolved in EtOAc and the

organic layer washed with NaHCO3 (1x 10 mL) to neutralize the salt,

which can be monitored as the organic layer turns from dark yellow to

clear or light yellow.  The organic layer then is washed once with

brine to give racemic 9 (84% yield).  rt(analytical HPLC) = 18.5 min; rt(chiral HPLC, OD

column, 85:15 hexanes/isopropanol, both enantiomers) = 8.2 min, 9.3 min; 1H NMR (500 MHz,

CDCl3, rotamers) δ 0.87-0.92 (m, 6), 1.55-1.74 (m, 3), 2.21 (s, 1.2), 2.22 (s, 1.8), 3.64 (s, 1.8),

3.66 (s, 1.2), 3.81 (d, 0.4, J = 17.5), 3.85 (d, 0.6, J = 18.0), 4.00 (d, 1, J = 18.0), 4.56 (q, 0.6, J =

2.0), 4.57 (q, 0.6, J = 2.0), 4.61 (q, 0.4, J = 2.0), 4.62 (q, 0.4, J = 2.0), 4.83 (dd, 0.4, J = 5.0, 9.0),

4.98 (dd, 0.6, J = 6.0, 9.0), 5.12 (q, 0.25, J = 1.5), 5.14 (q, 0.25, J = 1.5), 5.17 (q, 0.2, J = 1.5),

5.19 (q, 0.5, J = 1.5), 5.23 (q, 0.3, J = 1.5), 5.28 (q, 0.2, J = 1.5), 5.32 (q, 0.2, J = 1.5), 5.82 (m,

0.6, J = 5.5, 10.5), 5.90 (m, 0.4, J = 5.5, 10.5), 9.24 (bs, 1); 13C NMR (125 MHz, CDCl3) δ

21.8/22.0, 22.8/22.9, 24.3/24.5, 38.8, 39.0, 51.9, 66.5/66.6, 117.1, 132.3/132.4, 155.7/155.8,

169.8/170.0; MS (ES) m/z 317.3 (M+H+).

Allyl N-(2-Methoxy-2-oxoethyl)-N-(1(S)-cyano-3-methylbutyl) Carbamate (10).

Major side product from treatment of thioimidate 9 with base such as

DIEA.   R f =  (UV, EtOAc/hexanes 1:1); IR (film) 1716.2, 1757.9,

2242.3 cm-1; 1H NMR (500 MHz, CDCl3, rotamers) δ 0.96 (d, 3, J =

6.5), 0.98 (d, 3, J = 6.5), 1.63-1.71 (m, 2), 1.79 (m, 1, J = 6.5), 3.76 (s,

3), 3.97 (d, 1, J = 18.0), 4.11 (d, 1, J = 18.0), 4.14 (d, 0.1, J = 16.5), 4.61 (d, 1.2, J = 5.5), 4.64-

4.68 (m, 0.8), 5.03 (t, 0.3, J = 7.5), 5.21-5.36 (m, 2.7), 5.82-5.95 (m, 1); 13C NMR (125 MHz,

CDCl3, rotamers) δ  21.9, 22.4, 24.8, 40.7/41.2, 45.8/46.4, 46.9/47.0, 52.6, 67.4/67.6,

117.5/117.7, 118.2/119.0, 131.8/132.0, 154.4/155.0, 169.3; MS (FAB) m/z 269 (M+H+), 242

(M+H+-CN).

Allyl 3,4-Dihydro- 6-isobutyl-5-methylthio-3-oxopyrazine-1(2H)-carboxylate (12).

O N SMe
O

NH

O Side product from alkylation of thioimide 7 .  Rf = 0.39 (UV,

EtOAc/hexanes 1:1); rt (analytical HPLC) = 15.7 min; 1H NMR (400

MHz, CDCl3) δ 0.93 (t, 6, J = 6.8), 1.72 (m, 1, J = 6.8), 2.29 (s, 3), 2.78

(d, 2, J = 6.4), 4.22 (s, 2), 4.64 (d, 2, J = 6.0), 5.27 (dd, 1, J = 1.2, 10.4),

O N SMe
O

MeO2C NH

O N C

O

MeO2C
N
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5.34 (dd, 1, J = 1.6, 17.2), 5.93 (m, 1), 7.57 (s, 1); MS (ES) m/z 285.1 (M+H+), 244.1 (M+H+-

allyl)

4-((1(S)-(t-Butoxycarbonyl)-5,6-dihydro-2-methylpropyl)amino)-4,5-dihydro-5(S)-isobutyl-

2(3H)-pyrazinone (@Leu-Val t-Butyl Ester, 13).

To 0.87 g (2.1 mmol) of the 3 in 10 mL of dry THF was added 10 mL of

diethylamine (97 mmol), followed by Pd(PPh3)4 (0.48 g, 0.4 mmol).

The reaction solution was stirred under argon at rt for 3 h.  After

concentration of the mixture, the crude product was purified by flash

chromatography to separate the diastereomers (EtOH/EtOAc/TEA

1:99:0.5◊ 2:98:0.5◊ 3:97:0.5).  The overall yield of the reaction was 69%.  Rf = 0.32 (UV,

EtOH/EtOAc/TEA 10:90:1); 1H NMR (400 MHz, CD3OD) δ 0.98-1.04 (m, 12), 1.39 (m, 1, J =

5.0, 9.6, 14.3), 1.49 (s, 9), 1.72 (m, 1, J = 4.6, 10.7, 15.3), 1.70-1.80 (m, 1), 2.12 (m, 1, J = 6.6),

3.36 (d,1,  J = 18.3), 3.44 (d, 1, J = 18.3), 3.69 (dd, 1, J = 5.0, 10.8), 4.65 (d, 1, J = 5.9); 13C

NMR (125 MHz, CDCl3) δ 18.1, 18.4, 21.2, 23.2, 24.5, 27.8, 28.0, 31.3, 39.0, 45.2, 51.1, 57.4,

82.6, 170.5, 174.5, 180.1; MS (ES) m/z 326.3 (M+H+), 270.3 (M+H+-tBu).

Cbz-Lys(Boc)-@Leu-Val t-Butyl Ester (14).

To 74.5 mg (0.22 mmol) of 13 in 10 mL of dry DCM and 1

mL of dry DMF was added 60 µL (0.34 mmol) of DIEA, 0.13

g (0.34 mmol) of Cbz-Lys(Boc), and 0.13 g (0.34 mmol) of

HATU.  The reaction mixture was stirred under nitrogen at rt

for 20 h.  After the solution was concentrated, the crude

product was purified by flash chromatography (EtOAc/hexanes 1:2 → 1:1 → 2:1) to afford 13

(113 mg, 72% yield).  Rf = 0.18 (UV, EtOAc/hexanes 1:1). Retention time (analytical HPLC) =

26.8 min; 1H NMR (500 MHz, CDCl3) δ 0.79-1.05 (m, 12), 1.30-1.64 (m, 9), 1.43 (s, 18), 2.17

(m, 1, J = 6.5), 2.95-3.15 (m, 2), 4.05-4.07 (m, 0.2), 4.15 (d, 0.8, J = 18.0), 4.29 (d, 0.7, J = 18.0),

4.53-4.63 (m, 1), 4.65-4.78 (m, 0.8), 4.88-5.00 (m, 1.3), 5.06 (d, 1, J = 12.0), 5.12 (d, 1, J =

12.0), 5.68-5.83 (m, 1), 6.61-6.71 (m, 1), 7.24-7.39 (m, 5), 8.10-8.30 (m, 1); 13C NMR (125

MHz, CDCl3) δ  13.51, 17.90, 18.46, 18.91, 22.13, 22.54, 22.83, 24.72, 27.55, 27.70, 27.83,

28.22, 29.40, 30.42, 31.80, 31.90, 39.47, 39.91, 45.42, 48.52, 51.13, 57.91, 64.14, 66.61, 82.95,

127.71, 127.86, 128.22, 136.17, 155.61, 156.29, 170.35, 171.84, 172.09, 175.96; MS (ES) m/z

688.3 (M+H+), 632.2 (M+H+-tBu); HRMS (FAB) m/z 688.4301 (M+H+ C36H58N5O8 requires

688.4285).

HN N
H

N

CO2tBu

O

CbzHN

O

N

N

N
H

CO2tBu

O
BocHN
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