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Supplementary Materials. 'H- and *C-NMR spectra were recorded on 400 MHz instrument
and tetramethylsilane were used as standard. The following abbreviations (or combinations
thereof) were used to explain multiplicities: s = singlet, d = doublet, t = triplet, ¢ = quadruplet,
m = multiplet. IR spectra were measured on a FT/IR spectrometer. Melting points were
determined with a micro melting point apparatus without correction. High-resolution mass
spectra (HRMS) were measured on quadrupole or EI-TOF. Hypodiphosphoric acid tetraalkyl

esters were synthesized by the literature methods.!!

Typical procedure for synthesis of the O,0-diethyl S-4-hydroxybutyl phosphorothioic
acid 3ba. In a two-necked flask were placed RhCl3 - 3H>O (5.0 mg, 10 mol%),
bis(4-hydroxybutyl) disulfide 1b (0.25 mmol, 52.5 mg), and hypodiphosphoric acid
tetracthyl esters 2a (0.25 mmol, 68.0 mg) in water (H2O, 0.25 mL) under an argon
atomosphere, and the mixture was heated at 25 °C for 36 h. The mixture was extracted three
times with CHCls. Then, the CHCI3 layer was concentrated under reduced pressure, and the
residue was purified by flash column chromatography on silica gel (eluent: from
AcOEt:MeOH = 50:1 to AcOEt:MeOH = 33:1), and silica gel (eluent: from AcOEt:toluene =
10:1 to AcOEt), giving O,O-diethyl S-4-hydroxybutyl phosphorothioic acid 3ba (75.1 mg,
62%). 3ba: Colorless oil. 'H-NMR (400 MHz, CDCl3) 6 1.37 (6H, J = 7.2, 0.8 Hz), 1.68 (2H,
bquintet, J = 6.0 Hz), 1.82 (2H, bquintet, J = 7.6 Hz), 2.89 (2H, dt, J = 14.8, 7.6 Hz), 3.68 (2H,
t, J = 6.0 Hz), 4.11-4.23 (4H, m). 3*C-NMR (100 MHz, CDCls) 6 16.0 (d, J = 6.7 Hz), 27.3 (d,
J=5.2Hz), 30.5(d, J=3.7 Hz), 31.3, 61.8, 63.5 (d, J = 6.0 Hz). *'P-NMR (162 MHz, CDCls)
0 28.2. IR (neat) v 3436, 2933, 1239, 1015, 972 cm™'. MS (EI) m/z 242 (M*, 6%), 170 (M*-70,

100%). HRMS Calcd for CsH1904PS: 242.0741. Found: 242.0744.

O,0-Diethyl S-3-hydroxypropyl phosphorothioic acid (3aa).?! Yellow oil. "H-NMR (400

MHz, CDCls) § 1.37 (6H, t, J = 7.2 Hz), 1.90 (2H, quintet, J = 6.4 Hz), 3.04 (2H, dt, J = 17.2,
S2



6.8 Hz), 3.80 (2H, t, J = 5.6 Hz), 4.10-4.24 (4H, m). *C-NMR (100 MHz, CDCl3) § 16.0 (d,J
= 7.5 Hz), 27.1, 33.5, 59.1, 63.9 (d, J = 5.9 Hz). 3'P-NMR (162 MHz, CDClz) § 29.5. IR
(neat) v 3418, 2982, 1238, 1016, 973 cm™!. MS (EI) m/z 228 (M*, 7%), 170 (M*-58, 100%)).
HRMS Calcd for C7H1704PS: 228.0585. Found: 228.0575.

0
O3 S(CH,);0H
EtO/ 2/3

O,0-Dimethyl S-4-hydroxybutyl phosphorothioic acid (3bb). Colorless oil. 'H-NMR (400
MHz, CDCl;) 0 1.66-1.71 (3H, m), 1.82 (2H, quintet, J = 7.6 Hz), 2.89 (2H, dt, ] = 15.2, 7.6
Hz), 3.69 2H, t, J = 6.4 Hz), 3.80 (6H, d, J = 12.4 Hz). 3C-NMR (100 MHz, CDCl;) ¢ 27.4
(d, J = 5.2 Hz), 30.5 (d, J = 4.5 Hz), 31.2, 53.8 (d, J = 5.9 Hz), 61.9. 3'P-NMR (162 MHz,
CDCls) 6 31.2. IR (neat) v 3420, 2950, 1241, 1020 cm™. MS (EI) m/z 214 (M*, 2%), 142
(M*-72, 100%). HRMS Calcd for CsH1504PS: 214.0429. Found: 214.0425.

0
MeO~ B _s(CH,),0H
Meo/ 2)4

3,5-Dimethyl-2-(4-hydroxybutylthio)- 1,3, 2-dioxaphosphinate 2-oxide (3be) Colorless oil.
'"H-NMR (400 MHz, CDCI3) 6 0.91 (3H, s), 1.29 (3H, s), 1.66-1.71 (3H, m), 1.84 (2H, quintet,
J =17.6 Hz), 2.97 (2H, quintet, ] = 7.6 Hz), 3.69 (2H, t, J = 6.4 Hz), 3.93 (2H, dd, J = 23.6,
11.2 Hz), 4.13 (2H, dd, J = 10.8, 3.6 Hz). *C-NMR (100 MHz, CDCls) § 20.5, 22.0, 27.4 (d, J
= 4.6 Hz), 29.6 (d, ] = 3.0 Hz), 31.2, 32.5 (d, J = 6.8 Hz), 62.0. *'P-NMR (162 MHz, CDCl3)
0 20.8. IR (neat) v 3400, 2925, 1262, 1053 cm™. MS (EI) m/z 254 (M*, 3%), 182 (M*-72,

100%). HRMS Calcd for CoH1904PS: 254.0742. Found: 254.0758.

%o
HO(CH2)4S—P\O><
O, 0-Dibutyl S-4-hydroxybutyl phosphorothioic acid (3bd). Colorless oil. 'H-NMR (400 MHz,
CDCl3) 0 0.94 (6H, t, J = 7.2 Hz), 1.42 (4H, sextet, J = 7.6 Hz), 1.64-1.72 (6H, m), 1.82 (2H,
quintet, J = 7.6 Hz), 2.88 (2H, quintet, J = 7.6 Hz), 3.68 (2H, t, ] = 6.4 Hz), 4.04-4.14 (4H, m).
BC-NMR (100 MHz, CDCl3) ¢ 13.6, 18.7, 27.4 (d, J = 5.3 Hz), 30.5 (d, J = 3.7 Hz), 31.3,

32.1(d, J = 7.5 Hz), 62.0, 67.3 (d, ] = 6.0 Hz). 3'P-NMR (162 MHz, CDCls)  27.8. IR (neat)
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v 3436, 2960, 1459, 1244, 1020 cm™'. MS (EI) m/z 298 (M*, 3%), 115 (M™-183, 100%).
HRMS Calcd for C12H2704PS: 298.1368. Found: 298.1386.

0
MBUOSE_ o (cH,).0H
n-Bu0” 24

4-{[Bis(methoxy)phosphinothioyl]thio}butanoic acid (3¢cb) Colorless oil. 'H-NMR (400 MHz,
CDCl3) 0 2.04 (2H, quintet, J = 7.2 Hz), 2.51 (2H, t, J = 7.2 Hz), 2.92 (2H, dt, J = 15.6, 7.2
Hz), 3.81 (6H, d, J = 12.4 Hz). C-NMR (100 MHz, CDCl3) 6 25.8 (d, J = 5.2 Hz), 29.9 (d, J
= 4.5 Hz), 32.3, 53.9 (d, J = 6.0 Hz), 176.9. *'P-NMR (162 MHz, CDCl3) § 30.8. IR (neat) v
2955, 1730, 1213, 1021 em™. MS (EI) m/z 228 (M", 7%), 169 (M*-59, 100%). HRMS Calcd
for C¢H1305PS: 228.0232. Found: 228.0231.

Meo:(lP?—S(CHZ)e,COZH

MeO

4-{[Bis(ethoxy)phosphinothioyl]thio}butanoic acid (3¢a) Colorless oil. '"H-NMR (400 MHz,
CDCls) 6 1.37 (6H, td, J = 7.2, 0.8 Hz), 2.05 (2H, quintet, J = 7.2 Hz), 2.52 (2H, t, ] = 7.2 Hz),
2.92 (2H, dt, J = 15.6, 7.2 Hz), 4.12-4.22 (4H, m). 3C-NMR (100 MHz, CDCl3) 6 16.0 (d, J =
6.7 Hz), 25.9 (d, T = 4.5 Hz), 29.9 (d, J = 3.7 Hz), 32.3, 63.8 (d, J = 6.0 Hz), 176.9. 3'P-NMR
(162 MHz, CDCl3) 6 27.2. IR (neat) v 2933, 1731, 1015, 772 cm’!. MS (EI) m/z 256 (M", 4%),
197 (M*-59, 100%). HRMS Calcd for CsH1705PS: 256.0534. Found: 256.0559.

0
Eto\'ﬁ S(CH,)3CO.H
EtO/ 2)3 2

4-{[Bis(ethoxy)phosphinothioyl]thio}ethylamine (3da) Yellow oil. 'H-NMR (400 MHz,
CDCls) 6 1.36 (6H, t, J = 7.2 Hz), 2.98-3.02 (4H, m), 4.20-4.28 (4H, m). *C-NMR (100 MHz,
CDCl) 0 15.9 (d, J = 6.8 Hz), 32.3 (d, ] =3.8 Hz), 41.3 (d, ] = 4.6 Hz), 66.1 (d, J = 6.1 Hz).
3IP-NMR (162 MHz, CDCl3) d 31.6. IR (neat) v 3367, 2982, 1246, 1018, 971 cm™. MS (EI)
m/z 214 (M"+H, 100%). HRMS Calcd for CsH;703NPS: 214.0661. Found: 214.0658.

0]

I _OFEt
HoN(CH,),S—PZ

OEt

O,0-Diethyl Se-3-hydroxypropyl phosphoroselenoic acid (7aa). Colorless oil. "TH-NMR (400

MHz, CDCl3) 0 1.38 (6H, td, J = 7.2, 0.8 Hz), 1.96 (2H, dt, ] = 12.0, 6.4 Hz), 3.09 (2H, dt, J =
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16.4, 6.8 Hz), 3.78 (2H, t, J = 5.6 Hz), 4.12-4.23 (4H, m). 3C-NMR (100 MHz, CDCls) § 16.0
(d,J=17.5Hz), 23.2 (d, ] = 4.4 Hz), 33.7 (d, ] = 2.3 Hz), 59.7, 63.7 (d, ] = 5.9 Hz). 3'P-NMR
(162 MHz, CDCls) 6 21.4. IR (neat) v 3423, 2921, 1229, 1012 cm™!. MS (EI) m/z 276 (M,
6%), 218 (M*-58, 100%). HRMS Calcd for C7H;704PSe: 276.0030. Found: 276.0036.

)

Il_OEt
HO(CH,)3Se—P_

OEt

O,0-Diethyl Se-4-hydroxybutyl phosphoroselenoic acid (Tba). Colorless oil. "H-NMR (400
MHz, CDCl3) 6 1.37 (6H, t, J = 7.2 Hz), 1.67 (2H, quintet, J = 6.4 Hz), 1.90 (2H, quintet, J =
7.6 Hz), 2.92 (2H, quintet, J = 7.2 Hz), 3.68 (2H, t, J = 6.4 Hz), 4.11-4.22 (4H, m). *C-NMR
(100 MHz, CDCl3) 6 15.9 (d, J = 7.6 Hz), 26.0 (d, ] = 4.6 Hz), 27.8 (d, ] = 4.6 Hz), 32.3, 61.7,
63.4 (d, J = 6.1 Hz). *'P-NMR (162 MHz, CDCl3) 6 20.9 (t, J = 245.7 Hz). IR (neat) v 3434,
2933, 2869, 1241, 1013 ecm™. MS (EI) m/z 290 (M", 6%), 218 (M*-72, 100%). HRMS Calcd

for CsH1904PSe: 290.0186. Found: 290.0168.

OEt
OEt

HO(CH2)4Se—I|=|’<
4-[Bis(ethoxy)phosphinoseleno]butanoic acid (7ca). Colorless oil. 'H-NMR (400 MHz,
CDCls) 6 1.30 (6H, t, J = 7.2 Hz), 2.06 (2H, quintet, J = 7.2 Hz), 2.85 (2H, t, J = 7.2 Hz), 2.87
(2H, quintet, J = 7.2 Hz), 4.05-4.16 (4H, m). 3*C-NMR (100 MHz, CDCl3) § 16.0 (d, J = 7.6
Hz), 25.3 (d, ] = 4.6 Hz), 26.2 (d, J = 3.8 Hz), 33.4, 63.6 (d, J = 6.1 Hz), 177.2. 3'P-NMR (162
MHz, CDCl3) ¢ 20.5 (t, J = 244.1 Hz). IR (neat) v 3520, 2984, 1730, 1225, 1011 cm’'. MS
(ED) m/z 256 (M, 4%), 197 (M*-59, 100%). HRMS Calcd for CsH170sPS: 256.0534. Found:

256.0559.

(0]
H e—P
2 2/3 \:Et

Diethyl phosphate (4). Yellow oil. 'H-NMR (400 MHz, CDCls) 6 1.35 (7H, td, J = 7.2, 1.2
Hz), 4.11 (4H, quintet, J = 7.2 Hz). *C-NMR (100 MHz, CDCl3) 6 17.0 (d, J = 6.7 Hz), 64.7

(d, J = 6.0 Hz). 3'P-NMR (162 MHz, CDCl3) J 0.7. IR (neat) v 2986, 1226, 1166, 1034 cm™.
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MS (EI) m/z 155 (M*+1, 14%), 154 (M*, 2%), 127 (M*-27, 100%). HRMS Calced for
C4H1204P (M*+1): 155.0473. Found: 155.0472.

o

Et0”

Diethyl phosphite (5). Colorless oil. 'TH-NMR (400 MHz, CDCls) § 1.38 (6H, td, J = 7.2, 2.0
Hz), 4.16 (4H, quintetd, J = 7.2, 1.2 Hz), 6.82 (1H, dd, J = 693.6, 1.6 Hz). '*C-NMR (100
MHz, CDCl3) 6 16.3 (d, J = 6.0 Hz), 61.7 (d, ] = 6.1 Hz). *'P-NMR (162 MHz, CDCl3) § 7.30.
IR (neat) v 3548, 2985, 2910, 1258, 1045 cml. MS (EI) m/z 139 (M*+1, 100%). HRMS
Calcd for C7H1203P (M*™+1): 139.0524. Found: 139.0542.

9
EtO [ _

H
Et0”

Typical procedure for synthesis of the
N-[N-L-y-glutamyl-S-(diethoxyphosphinyl)-L-cysteinyl]glycine 9a. In a two-necked flask
were placed RhClz - 3H>O (5.0 mg, 10 mol%), Glutathione (Oxidized Form) 8 (0.25 mmol,
153.0 mg), and hypodiphosphoric acid tetraethyl esters 2a (0.25 mmol, 68.0 mg) in water
(H20, 1.0 mL) under an argon atmosphere, and the mixture was heated at 40 °C for 36 h. The
mixture was extracted three times with CHCIs. Then, the Water layer was concentrated under
reduced pressure, and the residue was purified by reversed phase column chromatography
(eluent: from H,O/TFA = 100/0.01 to H>O/MeCN/TFA = 95/5/0.01), giving
N-[N-L-y-glutamyl-S-(diethoxyphosphinyl)-L-cysteinyl]glycine 9a (171.0 mg, 77%). 9a: Pale
yellow solid. M.p. 160.0-161.0 °C (H,O/Acetone = 5:1). [a]p*® -20.5° (¢ 0.1, H,0). 'H-NMR
(400 MHz, CDCl3) 6 1.34 (6H, t, J = 7.2 Hz), 2.17 (2H, quintet, ] = 7.6 Hz), 2.54 (2H, octet, J
= 7.6 Hz), 3.11-3.20 (1H, m), 3.34 (1H, td, J = 14.0, 4.8 Hz), 3.85 (1H, t, J = 6.4 Hz), 3.97
(2H, d, J = 3.6 Hz), 4.17-4.25 (4H, m), 4.68 (1H, dd, J = 8.4, 4.8 Hz). *C-NMR (100 MHz,
CDCl3) 0 15.1 (d, J = 6.7 Hz), 25.5, 30.9, 31.0, 41.1, 52.6, 53.3 (d, J = 3.7 Hz), 65.6 (d, ] =
6.8 Hz), 171.5, 172.1, 172.8, 174.3. 3'P-NMR (162 MHz, CDCl3) J 30.6. IR (KBr) v 3285,
1668, 1539, 1204 cm!. HRMS Caled for CisHzsN3OoPS: 443.1127. Caled for M'+H

(C14H27N309PS)2 444.1206. Found: 444.1200.
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NH,  H e
N
HOZC)\/\n/ s—p<OH!
0 OEt
0
0

HO,C

N-[N-L-y-glutamyl-S-(dimethoxyphosphinyl)-L-cysteinyl]glycine (9b). Colorless solid. M.p.
165.3-166.7 °C (H20/Acetone = 5:1). [a]p*® -27.9° (¢ 0.1, H0). 'H-NMR (400 MHz, D:20) ¢
2.20 (2H, q, J = 7.2 Hz), 2.59 (2H, octet, J = 7.2 Hz), 3.16 (1H, ddd, J = 18.0, 13.6, 8.4 Hz),
3.34 (1H, td, J = 14.4, 5.2 Hz), 3.82 (6H, d, ] = 13.2 Hz), 3.99 (3H, m), 4.69 (1H, dd, ] = 8.4,
5.2 Hz). BC-NMR (100 MHz, D;0) ¢ 25.5, 30.85 (d, J = 3.8 Hz), 30.92, 41.1, 52.8, 53.2 (d, J
= 3.7 Hz), 54.8 (d, J = 6.7 Hz), 171.4, 172.4, 172.9, 174.4. 3'P-NMR (162 MHz, D>0) § 34.2.
IR (KBr) v 3447, 3020, 1656, 1223, 1027 cm™'. HRMS Calcd for C12H23N309N3PS: 416.0887.

Found: 416.0878.
_OMe
HN
J

HO,C

N-[N-L-y-glutamyl-2-(1,3, 2-dioxaphosphorinane-2-oxide)-L-cysteinyl]glycine ~ (9¢).  Pale
yellow oil. [a]p?® -81.7° (¢ 0.1, H,0). 'H-NMR (400 MHz, D,0) 6 0.97 (6H, s), 2.17 (2H, q, J
= 7.6 Hz), 2.54 (2H, octet, J = 7.2 Hz), 2.95 (1H, dd, ] = 14.4, 9.6 Hz), 3.25 (1H, dd, J = 14.0,
4.8 Hz), 3.88 (4H, d, J = 11.6 Hz), 3.92 (1H, t, J = 6.4 Hz), 3.99 (2H, s), 4.73 (1H, dd, J = 9.2,
4.8 Hz). 3C-NMR (100 MHz, D;0) ¢ 20.7, 26.4 (d, J = 35.6 Hz), 31.7, 32.3 (d, ] = 4.5 Hz),
39.2,41.9, 53.2, 53.5, 77.0 (d, J = 5.9 Hz), 173.1, 173.3, 173.7, 175.2. 3'P-NMR (162 MHz,
D>0) J -2.7. IR (neat) v 3275, 2964, 1732, 1655, 1541, 1058, 819 cm'!. HRMS Calcd for

C15H26N309PS: 455.1127. Caled for M*+H (CisH27N300PS): 456.1206. Found: 456.1201.
I
HO,C S—P_
2 OHN):O O><

HO,C
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0,0-Diethyl S-3-hydroxypropyl phosphorothioic acid (3aa) 'H-NMR
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0,0-Diethyl S-3-hydroxypropyl phosphorothioic acid (3aa) *C-NMR
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0,0-Diethyl S-3-hydroxypropyl phosphorothioic acid (3aa) *'P-NMR
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0,0-Diethyl S-4-hydroxybutyl phosphorothioic acid (3ba) *C-NMR
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0,0-Dimethyl S-4-hydroxybutyl phosphorothioic acid (3bb) 'H-NMR

exp2 Proton
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an non se L]
= =
apwr 41 tn s
af 29412 ai cdc ph
Meo\l'?' S(CH,),OH
Va ( 2)4 "
MeO i g
. :
: :
-
a ° nb <
H 283, 28328 1
i3 8.37538a2F3a783
2apn <"
MG
T T T T T T
9 4 3 2 1 /]
Wy Wy
2.68.18 1.80
0,0-Di hyl S-4-h 1 phosph hioi id (3 BC-NMR
,0-Dimethyl S-4-hydroxybutyl phosphorothioic acid (3bb) "°C-
Sy
s .
Sh I e
St e
S s ,s
St e M
ACQUISITION FLAGS. a -
24509.8 i1 n s e
at 1.300 in n by e
= D e
e
= 3
DECOUPLER PLOT S e : 3
@ n v 370 LR
e 300.0 sc o i
éam Yyvy vs 10242 T T
& = :
apwr 42 ai cdc ph 3 |e
ant 9592 a5
a J

0]
MeO_Il
MeO

_P—S(CH,),OH

S12

/—53.856

53.77

X




0,0-Dimethyl S-4-hydroxybutyl phosphorothioic acid (3bb) *'P-NMR

@2 Phosphorus

svECIAL
date Apr 92018 tem Dot used
oy ©do13 gain ot used
filo /media/KINGST~ spin 16
ON/BoCHICHACHICHAS~ ot 0,008
-POCHEOIE-31P.£44  DWSO 9.000
ou ta 10.000
o~ 50000.0
at 0.600 41 a
= 60000 ia a
'Y 15000 dp ¥
ba 4 ha ma
a 4400 yROCESSTNG
ne 256 1 1.60
ot 12 Dot used
TRANRCTTTER "
ta »1 e -25001.9
strq 161.656 wp 49998.5
tof 4230.9 1 20135
o 56 rfp -969.9
o~ 4.500 -29.0
‘DacovsLER by o
& m
dot 0 we 370
= may sc 0
= v ve 757
g a o 2
et 9592 ai cdc pb

0]
MeO_Il
MeO”

Sesple Reme:

Data Collected on:
Agilent-RG-vanras00
Azchive directory:

Sazple directory:
PidPile: CycPo-SCH240H

Pulse Soquenco: PROTON (s2pul)
Solvent: cdcl3
Data collected on: Dec 6 2019

Operator: vamrl

Rolex. delay 1.500 sec
Pulse 45.0 degroes

Acq. time 3.500 sec

Wideh 6377.6 Bz

16 repetitions

OBSERVE  H1, 399.2568526 iz
DATA PROCESSING

Line broadening 0.2 Hz

PT size 65536
Total time 1 min 20 gec

%o
HO(CH2)4S—P\O><

2%

-0.000

10 9 8

7 6 5 4
e
101 174
1.0

S13



5,5-Dimethyl-2-(4-hydroxybutylthio)-1,3,2-dioxaphosphinate 2-oxide (3bc) *C-NMR

Sesple Namo:

002
77,013
76,601

Data Collacted on:
Agilent-NR-vaarsd00
Archive directory:

32,452
29.607

Sample directory:

490

FidPile: CycPO-SCH240H-13¢
Puloe Sequence: CARBGN (o2pul)

Solveat: cdcld
Data collected ca: Doc 6 2019

Operator: vanrl

700

Relex. delay 1.689 soc
Pulse 45.0 degrees
Acq. tine 1.3:

Wideh 25000.0 Hs

12992 repetitions

OBSERVE C13, 100.3932169 ¥z
DECOUPLE H1, 399.2588507 )iz

37997

Total time 85 hr, 20 min

90
HO(CH2)4S—P\O><

oxpl  PEOSVRORUS s
snoLE PRESATURATION H

date Dec 72019 satmode a
osolvent ode13 wet a
42, - svrcTAL

e not used
aw 42076.9 gain 60
at 0.692 opin 16
= 63536 hat 008
©® 22400 pws0 10.500
ba ¢ alfa 10.000
a 318 r1acs
at 2356 41 a
et 32 ia a

TRANBTTTER @ ¥

= 31 ho oa
atrq 161.622 PROCESSTNG
ot 42301 1 1.50
towr 58 o not used
™ 5.250 DrePIAY

©» -20116.1
an n w 48073.5
dot o rf1 26117.6
én nny rtp °
decwave v 17,8
Lo 4 1p 3
et 9390 veor

e 375

s s

v 959

Y n

al cdc ph

140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 =120 ppm

S14



0,0-Dibutyl S-4-hydroxybutyl phosphorothioic acid (3bd) 'H-NMR

@plo Proten

Loz svmcnan
Gt veb 12018 tem  not used
lvent gain not used
file /media/: pin 16
€2/08-CE2UG-P-CaD- Bat 0.008
u-im.fi4 pws0 14.600
ACQUISTTION alfa .00 . meaerme ada 22000 Zenmmoadmeacdmanm
o 6410.3 nass g8323388 £83 8888883333383
3.500 41 $333AAn  aaa R i I I I s e ]
= wen in /// / )
™ 4000 ap Y
bs . oa
a 1.500 'PROCEOSTNG. /
0.20 /

STEORE
E..1.

tpdns

:

¥

\ K

\e

2.9
098
o=

Yoo

0
MBUOSE_ o (GH,),0H
n-Bu0” o

9 8 7 6 5 4 3 2 0 ppm
0,0-Dibutyl S-4-hydroxybutyl phosphorothioic acid (3bd) *C-NMR

@p3  Carbon

e s i

iy o.008

L e \\PES

= Eroom iy

2 w7 § 3 g3

el bt 20308 5

e @ 9 g

ént 9392 ai odc ph s'
n-BuO_ I i,

SP—S(CH,),OH SEE

n-BuO p

S15



0,0-Dibutyl S-4-hydroxybutyl phosphorothioic acid (3bd) *'P-NMR

@2 Fhosphorus

anor svcaL
date reb 12018 temp not used
solveat. cdol3 gain a0t used
£1le g opin 15
AcquIsTTION nst 0.008
o 50000.0 pws0 9.000
at 0.600 alfa 10.000

™ 60000 nass
»n 15000 41 a
bs a
a1 4400 dp ¥
nt 256 ha m

ot . PRocRssTING

TRANGUTTTER 1 1.60
@ 31 fa not used

strq 161.659 DIsPLAY
tof 2. e -25080.4
L 38 wp 49990.5
o 4.500 =f1 201119
pEcovpLER xtp -970.0
e m o -129.8
aot o 1 °

& ooy w0t
= v wo 370
P 4 sc o
ant 9592 va 456
Y 18

o cdo pb

o)
BUOSE_ o (cH,),0H
n-Bu0” 2

120 ~-80 =100 -120

4-{[Bis(methoxy)phosphinothioyl|thio}butanoic acid (3cb) "H-NMR

exp2 Proton
snoLx SPECIAL
date apr 12 2018 temp not used
solvent cdcl3 gain Bot used
f11e @p spin 16
AcquzsTTION hat 0.008
ow 6410.3 pwso 14.600
at 3.500 alfa 10.000 offn
P 4472 ruass SR
o 4000 41 n allm
bs 4 in a
a 1.500 ap ¥
ot 16 hs =
ot 16 PROCRSSTHG
TRANSMITTER » 0.20
ta H fo not used
afrq 299.34¢ DISPLAY
tof 399.3 sp 199.7
towr 58 wp 2993.3
o~ 7.300 rf1 806.2
=fp I3
an €3 rp -12.8
ot o 1p °
& non »ror
& o we 30
aowr 49 s 0
&t 29412 vs 242
@ 12
ai cdc ph

(0]
MeO_ Il
_P—S(CH,)3;CO,H
eO

7.266

3
g
°
T T T T T T T T T
9 8 7 6 5 4 3 2 1 0
W w
5.69 1.09
2.00 2.10
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4-{[Bis(methoxy)phosphinothioyl]thio}butanoic acid (3¢b) *C-NMR

exp2  Carbon

snwre speCIAL l

Gaia; Tomi3siania wue - meaissa
e ey e = =
e s 2
ACQUISITION hat 0.008
20509.0 o 13200
w i P sele s L ph| Pt
b 63750 YLAGS ER R a2 EL- R
@ 17000 i1 n N ole ala ww
o i : N N gz Skag
dai 0.700 dp ¥
. 103400 o
p S
-~ » 100
tn €13 fn not used
T
vt 0310 o 1.0
tpwr 60 19802.0
650 8 prTEd
S-S i
- = o
dof 300.0 1p o
- e ror
- B v 70
dpwr 42 sc
amf 9592 wve 62358
- pr
ai cde ph

(0]
MeO_1Il
P—S(CH,)3CO.H
Meo/ ( 2)3 2

-32.262

176,962

anlil] 0 1 BT
mn

(Ui A kR | i i ¥ i 1
{ \ U e fa A i ST (s } I L VT i ! AL i
i L i s i TN

[T

I
180 160 140 120 100 80 60

4-{[Bis(methoxy)phosphinothioyl]thio}butanoic acid (3cb) 3'P-NMR

svEeIaL.
date Apr 12 2018 tew mot used
solvent ©cdol3 gain not used
file opin 16
on hst 0.008
- 50000.0 pws0 9.000
at 0.600 alfa 10.000
o 60000
o 15000 41 s
b 4 in a
a 400 & ¥
ne 256 he m
ot 16 PROCRSSTNG
TRANDOTTER 1 1.60
o »1 fa ot used
strq 161.656 DISPLAY
tof 4230.9 sp -25075.8
tpvr 58 wp 49990.5
o 4.500 rf1 20107.4
=tp -969.9
a m o -32.2
dot o 1p °
& may vor
&m v wo 370
apwr. 4 s o
eat 9592 va s
Y 22
al cdc ph

(0]
MeO_ Il

P—S(CH,)3CO,H
MeO/ ( 2)3 2

T T T T
140 120 100 80 60 40 20 o -20 -40 -60 -80 =100 ~-120 ppm
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4-{[Bis(ethoxy)phosphinothioyl|thio}butanoic acid (3ca) 'H-NMR

@2 Proton

SnLE SPECIAL
date Feb 2 2018 temp not used
solvent cdel3 gain not used
file /media/Transc- spin 16
end/HO0C-CH23-5-20- hst 0.008
OET-1M.£44 pw0 14.600
AcquIsTTION alfa 10.000
sw 6410.3 FLAGS
at 3.500 41 n
=p 44872 in n
0® 4000 ap ¥
ba 4 ns
a 1.500 PROCESSING
at 16 1p 0.20
ot 16 fa not used
TRANSWXTTER DISPLAY
& HL sp -199.7
sfrq 399.351 wp 2993.3
tof 399.4 rf1 807.3
tpvr 58 rfp
v 7.300 xp 173.4
DECOUPLER 3 o
an c13 pLOT
dot 0 we 370
an non sc o
om c vs 225
aper 41 en ]
ans 29412 ai cde ph

O
EtO_II
tO/P—S(CH2)3COZH

4-{[Bis(ethoxy)phosphinothioyl]thio}butanoic acid (3ca) *C-NMR

exp3 Carbon
anmu sveczaL
date Feb 32018 tem ot used
veat. 04013 gain not used
£1le /media/Transc- spin 16
/500C-CH23-5-P0~ hst. 0.008
OBe-13c-2.£14 pws0 13.100
alfa 10.000 ol o e ol
-~ 24309.8 rLAG8 nES 3R 3|3
at 1.300 1 a el oo ele
= 63750 in a SRY e 7
S 17000 ap ¥
ba 4 ba =
a 0.700 ProcESITNG
ae 102400 1» 1.00
P 63872 £ 20t used
TRANDETTER
3 c13 e 336.8
strq 100427 wp 18108.9
o) 1027.0 21 9444.0
o =tp 7732.1
o 6.550 -a1.9
1 o S
an m aes
ot 300.0 wo 370 LR
e oy se o
= v va 66110
apwr 4 o 13
et 9592 al ofc ph

0
EtO\II:I’—S(CH )3COLH
Eto/ 2/3 2

25.83¢

176.903
—32.292

S18



4-{[Bis(ethoxy)phosphinothioyl]thio}butanoic acid (3ca) *'P-NMR

exp2  Phosphorus

snwprE seECIAL
date Feb 2 2018 temp not used
olvent cdcld gain not used
£ile /media/Transc- spin 16
2d/HOOC-CH23-5-PO~ hst 0.008
OET-31P.£id pws0 5.000
AcquzsTTION alfa 120.000
50000.0 F1AGS
at 0.600 i1 a
np 60000 in n
® 15000 ap ¥
bs he
a1 4.400 PROCESSING
nt 256 1p 1.60
ot 8 fn not used
TRANSMITTER DpIsPLAY
o P11 sp -25078.8
sfxq 161.659 wp 49998.5
tof 42311 re1 241104
tpwr 58 rfp 970.0
o 4.500 126.5
‘DECOUPLER Y o
an m ProT
aor 0 we 370
an nny sc o
amm w vs 1027
apws 42 en 22
ame 9592 ai edec ph

0
Eto\IIDI—S(CH )3CO,H
Eto/ 2)3 2

4-{[Bis(ethoxy)phosphinothioyl]thio}ethylamine (3da) 'H-NMR

Sample Nemo: ” /OEt
HZN(CHQ)ZS_P\O

a6

Data Collected on:
e o Et
Arehive directorys

Samplo directery:
PidPile: BLOPOSCHICHINHI-1

Pulso Soquenco: PROTON (aZpul)
Solvent: 20
Data collected on: Dac 20 2019

Operator: vmarl

Rolax. doloy 1.500 sec
Puloe 45.0 dogre
Acq. tima 3.500 cac
Wideh 6377.6 Bz
16 repetitions
BRVE  H1, 399.2570224 MHz
DATA PROCEISING

1978
130

Total tine 1 min 20 sec

3
2.8

AW
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4-{[Bis(ethoxy)phosphinothioyl]thio}ethylamine (3da) *C-NMR

STANDARD PHOSPHORUS PARAMETERS

expl CARBON

Lz erzsATIRATION
aate Do 20 2019 satmode s
sotvent a0 wer =
f1le /meata/xmst-  spcTan
oN/BtoPOSCHICHNT~ temp  mot used
-13c.£1d gain o
AcuzsTIon  spia 16
250000 hat 0.008
at 1311 puso 13,838
> 65535 aifa 10.000 .
£b 17000 FLAGS By
bs « u s a3
a1 1.689 in - 12
at 1024 ap ¥ I
ot 1024 he - o
TRANDMTTTER PROCESSTNG EE]
- e .00 ge
P 100.405 fn act uaed ]
cor 1520.7 orseuaY
et 6 o 3s5.0
6.915 wp 152634
DacoupLER = 13812
P, o
aot o 212
w1 o
decave v srom
ape a2 we 375
ant 9390 5o s 8
v 135 53
e 2 i3 "
m cdc 3 H

HN@H)S—g/OH
2 2)2 \OEt

expl PEOSPEORUS H
anrLE PRESATURATION 2
date Dec 20 2019 satmodo a
wat:
file /media/KINGET-
ou/; - tomp not used
-319.£4d gain )
opin
o 48076.9 hat 0.008
at 0.682 pws0 10.500
= 65536 alfa 10.000
Y 22000 viacs
b . a
a 4318 4 8
at 256 ap ¥
ot 8 ha =
TRARRNTTTER pROCRSSTNG
e 31 1 1.50
atrq 161.623 £a Dot used
ot 4230.0 DIsPLAY
g 58 op -~26004.7
o 5.250 wp 48075.5
‘DEcovpLER =1 26006.2
an m xep 0
= o -139.9
o my 1p o
docvave -
apwr a2 v 373
éne 9390 sc 8
va a7
Y 39
ai oo ph

0
HN(CH)S—'FL/OEt
ZTEET TN 0R

S20



0,0-Diethyl Se-3-hydroxypropyl phosphoroselenoic acid (7aa) 'H-NMR

expl0  Proton

- pr—
dste  Jem 16 2018 temp | mot used
solvent . cded3 gain  new weed
file /media/Transc- spin 16
end/hocha3sepe-oet- hat 0.008
-1h.fid pw90 14.600
acquiszmion  aia 30.000 89375588 RH88388 gfEggaIgassfisgps
= 6a10.3 riacs SIS ARRIIRE BAREASZNGREIACER
- 3500 41 =
np 44872 in n
= w00 ap ¥
b o he
a 1500 procassmi
o 6 1 0.20 P
pd i e no vaed §
TRANSUITTER DISPIAY =
t m e 199,
st 39935 39533
ot 39,4 1 00,7
ol o reo o
2.300 1 a3
P o
s s s
ot o e w0
P - e o
= < v 200
dpwr 41 th 4
anmf 29412 ai cdc ph

O
OEt

[
HO(CHy)3Se—P_
2% SOEt ‘Eggm 38

-0.000

0,0-Diethyl Se-3-hydroxypropyl phosphoroselenoic acid (7aa) 3*C-NMR

expl0 Carbon

ez r—
date e 18 3018 temp | mot used
vk | el gain  meboumed
fie russiasrreass- apin T
/HOCR2350700R - hat 0.008
30610 pusd 131100 aalliie
Acquzszzzon aifa 30%000 LR £5
- 24509, ruacs e :
- S " £ HiE 8 2 $d
np 63750 in n s
- 17000 ap ¥ g
b
a 0700 . moczssmi g
- 103400 15 100 £
= Jesee £n amal g
P— - a2
. €13 sp 184.2 B
e 200.027 wp 14098.0 5
o lomo e sadtr
e o e a2
50 o Zasls
R——— o g
sor g
ot 300.0 we - q
- - o .
- e sies ]
froel a 16 3
amf 9592 ai cdc ph ol

OEt

HO(CHy)3Se—P_
(CHy)3 ~OEt

S21



exp2  Phosphorus

sz sPECIAL
date Jan 18 2018 temp not used
solvent cdc1y gain not used
file spin 16
AcquzsTTION nst 0.008
50000.0 pw90 9.000
at 0.600 alfa 10.000
= 60000 rLAGS
0® 15000 41 n
bs in a
ar 4.400 ap ¥
nt 256 hs
et 4 PROCESSTNG
TRANSMTTTER 1 1.60
e 31 £ not used
sfrq 161.659 DISPLAY
tof 42311 -25077.3
g 58 wp 499985
P 4.500 z£1 24108.9
DECOUPLER =fp -970.0
an m o -118.2
dof o 1p o
an nny »
amm w we 370
apwr 42 sc o
ant 9592 vs 741
s 22
ai cde ph

OEt
OEt

HO(CH,)3Se—P_

0,0-Diethyl Se-3-hydroxypropyl phosphoroselenoic acid (7aa) 3'P-NMR

STANDARD PHOSPHORUS PARAMETERS
Sample Name:
Data Collected on:

Agilent-N@-vaarsd00
Archive directory:

Yoo

Sample directory:

PidPile: EtORtoPOSeCH2ZCHICHICH2OR-1H

3.9

Pulse Sequence: PROTON (s2pul)
Solvent: cdeld
Data collected on: Oct 7 2019

Operator: vamrl

Relax. delay 1.500 sec
Pulse 45.0 degrees

Acq. time 3.500 sec

Width 6377.6 Hz

16 repetitions

OBSERVE M1, 399.2737851 Mz
DATA PROCESSING

Line broadening 0.2 Mz

T size 65536

Total time 1 min 20 sec

0,0-Diethyl Se-4-hydroxybutyl phosphoroselenoic acid (7ba) 'H-NMR

HO(CH,)4Se—P_

OEt
OEt

2.8 2.4 2.0 ppm
[—] e e
2.00 1125 2.1

.92

1

—

1356

T T T T T T T T ! I BT
8 7 6 5 4 3 2 1 0 ppm
w — e
s 2.00 235 »
2.04 13 2.1
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0,0-Diethyl Se-4-hydroxybutyl phosphoroselenoic acid (7ba) 3*C-NMR

STANDARD PHOSPHORUS PARAMETERS
Sazple Nasa:
Data Collacted ea:

Agilent-IOR-vanras00
Archive directory:

17019
76,601
6.8

T
4

Sasple directory:

Pidrilo: BLOBtoPOSeCHICHICHICHIOH-13C

Puloe Soquence: CARBON (a2pul) s
Solvant: cdel3 3
Data collacted oni Oct 7 2019 a4

Oporator: vnmrl

Ralax. dolay 1.689 goc
Pulae 45.0 dograca

6.420

792 zepotitiona
OBSERVE C13, 100.3974775 Mz
DECOUPLE H1, 399.2757001 Milz

57
.50

Total tine 51 min

7
HO(CHy),Se—P_

OEt
OEt

0,0-Diethyl Se-4-hydroxybutyl phosphoroselenoic acid (7ba) *'P-NMR

STANDARD PHOSPHORUS PARAMETRRS
Sample Wase:
Data Collectod ont

Agilent-HMR-vamred00
Archive directory

Sanple directory:
Pidile: EtOEtoPOSeCH2CH2CH2CHIOH-31P

Pulse Sequenco: PROSPEORUS (s2pul)
Solvent: cdeld
Data collected om: Oct 7 2019

Operator: vamel

Relax. delay 4.318 sec
Pulge 45.0 dagraes

Acq. time 0.682 aac

Wideh 48076.9 Hz

8 repetitiona
OBSERVE P31, 161.6289935 ¥z
DECOUPLE H1, 399.2757001 Milz
Power 42 @B

on during acquisition

off during dolay

WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.5 Hz
PT oize 65536
Total time 21 min

o}

HO(CH,),S g/OEt
o—

24 S OEt

R AR E RS T T T T T R e T T IR T T T T R e AR T T T
140 120 100 80 60 40 20 o -20 -40 -60 -80 -100 -120 ppm
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4-[Bis(ethoxy)phosphinoseleno]butanoic acid (7ca) 'H-NMR

)

o ( HO,C(CHy),Se—p— Ot
Sample Name: e—
N 2 23 SOEt

Agilent-RMR-vnnrad00
Archive directory:

Sample directory:
PidPile: BLORtoPOSeCHICHICH2COOR-18
Pulse Soquence: PROTON (s2pul)

Solveat: cdel:
Data collected on: Sep 19 2019

Operator: vamr1

\—1.206

Relax. delay 1.500 sec

16 repetitions
OBSERVE  H1, 399.2736147 Mz
DATA PROCESSING

Lino broadening 0.2 Hx
PT oizo 65536

Total time 1 min 20 gec

10n
1.206

F

9 8 7 6 5 4 3 2 1 0 ppn
b - —
3.9 2.02 5.9
2.00 2.07

4-[Bis(ethoxy)phosphinoseleno]butanoic acid (7ca) *C-NMR

STANDARD PHOSPHORUS PARAMETERS
Sample Name:

Data Collected on:
Agilent-NR-vomr

.31
76588

2400
Archive directory:

Sasple directory:

PidFile: EEOEtoPOSeCHZCH2CH2COOH-13C

15,895

Pul. + CARBON (s2pul)
Sols
Data collected on: Sep 19 2019

15,971

Operator: vnmrl

&

Relax. delay 1.689 sec
Pulse 45.0 degrees
Acq. time 1.311 sec

Width 25000.0 Hz

500 repetitions

OBSERVE C13, 100.3974760 MHz
DECOUPLE K1, 399.2757881 Mz
Power 42 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Ez

PT size 65536

Total time 51 min

63648

(0]
H e
2 2/3 \OEt
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4-[Bis(ethoxy)phosphinoseleno]butanoic acid (7ca) *'P-NMR

STANDARD PHOSPEORUS PARAMETRRS

Sesple Neme:

82

Data Collected on:
Agileat-10m-vaurs400
Azchive directory:

Sample directory:
PLaPile: BLOBLoPOSGCHICHICHICOOH-31P

Pulse Sequence: PROSPHORUS (a2pul)
Solvent: edel3
Data collected on: Sep 19 2019

Operator: vamrl

Rolax. dolay 4.318 gec
Pulse 45.0 degreen

Acq. timo 0.682 sec

Wideh 48076.9 Hz

4 repotitiona
OBSERVE P31, 161.6289935 MHz
DRCOUPLE H1, 399.2757881 Mz
Power 42 @

on during acquisition

off during delay

WALTZ-16 modulated

DATA PROCBSSING

Line broadening 1.5 Hz

PT aize 65536

Total time 21 min

O

Il_OEt
HO2C(CH2)3SG_P\

Et

/—1.959

«p2 Proton
anwLz sPECIAL
date  Aug 30 2018 temp Dot used
solveat a0 gain Dot used
f£1lo /media/KIGST- spin 16
O/MoOHO0PO5G~1E. £~ hat 0.008
18 pwso 14.600
acquzs: alta 10.000 2
aw 6410.3 28
™ 3.500 11 a <9
= 872 1n a
o 4000 4o ¥
ba « ne mm
a 1.500 PROCRSZTIO
at 1 1 0.20
ot 16 ta not used
TRARBMITTER DreRIAY
@ mn e .8
sfrq 399322 wp 3280.0
tof 399.3 rf1 2665.0
towx 50 xfp 1912.7
Il 7.300 1 -164.9
» o
a 13 Loz o
ot 0w %0 RS
dn non so 230 .2
ann o ve 19938 3
apwr 41 e 23
aar 29412 ai ofc pb

3.40 3.30 3.20 ppm
T e —

1.00

"
g

7.

——e

a.011

To

m m
o 0O
\/
'IU=
[92]
OH
Q
(©)
N
T

7.0 6.5 6.0 5.5 ’ 5.0 4.5 4.0 ., 3.5 3.0 2.5
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N-[N-L-y-glutamyl-S-(diethoxyphosphinyl)-L-cysteinyl]glycine (9a) *C-NMR

GERTRERY

HUURHE

£

R A

220

N-[N-L-y-glutamyl-S-(diethoxyphosphinyl)-L-cysteinyl]glycine (92a) 3'P-NMR

§
§
b

200

SPECIAL
e not used
gain not used
spin 16
hst 0.008
pw90 13.100
alf 10.000
FLAGS
11 n
in n
ap ¥
ha
b

EtO

0
;;
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N-[N-L-y-glutamyl-S-(dimethoxyphosphinyl)-L-cysteinyl]glycine (9b) 'H-NMR
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N-[N-L-y-glutamyl-S-(dimethoxyphosphinyl)-L-cysteinyl]glycine (9b) '*C-NMR
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N-[N-L-y-glutamyl-S-(dimethoxyphosphinyl)-L-cysteinyl]glycine (9b) 3'P-NMR
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N-[N-L-y-glutamyl-2-(1,3,2-dioxaphosphorinane-2-oxide)-L-cysteinyl|glycine (9¢) 'H-NMR
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N-[N-L-y-glutamyl-2-(1,3,2-dioxaphosphorinane-2-oxide)-L-cysteinyl] glycine (9¢) *C-NMR
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N-[N-L-y-glutamyl-2-(1,3,2-dioxaphosphorinane-2-oxide)-L-cysteinyl] glycine (9¢) *'P-NMR

exp2  Phosphorus

snwLE sPECIAL
date Feb 62018 temp not used
..... & a0 gain not used
£ile spin 16
AcquIsTTION hst 0.008
50000.0 pw90 9.000
at 0.600 alfa 10.000
np 60000 FLAGS
©® 15000 41 a
s 4 dn n
a1 4.400 ap ¥
nt 256 hs
ot 200 PROCESSTNG
TRANSMITTER 1 1.60
ta P31 £a not used
£rq 161.660 DIsPLAY
tof 4231.0 sp 24873.4
tpvr 58 wp 49998.5
4.500 z£1 24874.9
‘DECOUPLER o [
m -46.8
dot o 1p 0
an nay rroT
amm w we 370
apvr 42 sc o
ant 9592 vs 12805
=Y 29
ai cde ph

S29



