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1. General remarks

All chemicals were purchased from commercial sugppliLaccase fromirametes versicolor
was purchased from Sigma Aldrich and laccase fAgaricus bisporusvas purchased from
ASA Spezialenzyme. Solvents used in extraction @unification were distilled prior to use.
The pH of the buffer was adjusted using a pH 330/3EpH-meter. Analytical thin layer
chromatography (TLC) was performed on precoateidasijel 60 Fss aluminium plates
(Merck) with visualization under UV light and by mersion in permanganate solution
followed by heating. Flash chromatography was edrout on silica gel MN 60, 0.04-0.05
mm (Macherey & Nagel). Melting points were deteredron a Blichi melting point apparatus
B-545 with open capillary tubes and are uncorrect®d/VIS spectra were recorded with a
Varian Cary 50. IR spectra were measured on a r&ikner Spectrum Ong(FT-IR-
spectrometer)'H and**C NMR spectra were recorded at 300 (75) MHz on aavi&"™Inova
using acetortds, CDCk, DMSO-ds or pyridineds. The chemical shifts were referenced to the
solvent signals adyc 2.05 / 29.80 ppm (acetaly), 7.26 / 77.00 ppm (CDg) 2.49 / 39.50
ppm (DMSO¢ds) and 8.74 / 150.35 ppm (pyridirtg} relative to TMS as internal standards.
HSQC, HMBC and COSY spectra were recorded on aa&f¥Inova spectrometer (300
MHz). Coupling constantd [Hz] were directly taken from the spectra and are netamed.
Splitting patterns are designated as s (single@lodiblet), t (triplet), g (quartet), sex (sextet)
and m (multiplet). Low resolution electron impacass spectra (EI-LRMS) and exact electron
impact mass spectra (HRMS) were recorded at 70red Binnigan MAT 95 instrument. The
intensities are reported as percentages relatitleetbase peak (I = 100%).

2. General procedure for the laccase-catalyzed oxation of heterocyclic thiols 1 to the

corresponding disulfides 2

A 50 or 100 mL round bottomed flask with a magnstioer bar was charged with a solution
or suspension of heterocyclic thibl(1 mmol) in methanol (3-6 mL). Acetate buffer (R
pH 4.4, 20-30 mL), laccase fronirametes versicolor(200 U, 10 mg) and ABTS
diammonium salt (13.7 mg, 0.025 mmol) were addetitha reaction mixture was stirred at rt
for the time given. After extraction with EtOAc ¢ 30 mL) or CHCI, (3 x 30 mL), the
combined organic phases were dried over anhydrauSQ@y, filtered and evaporateih

vacua The crude product was purified by flash chromedpgy on Si@. The extraction
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could be also performed with less EtOAc (3 x 10 Blx 5 mL, 3 x 3 mL) and without any
significant loss of yield.

3. Synthesis and analytical data of disulfides

3.1. Synthesis and analytical data of bis(2-benzozalyl) disulfide (2a)

According to the general procedure, 2-mercaptobeazue (a) (151 mg, 1 mmol),
methanol (3 mL), acetate buffer (0.2 M, pH 4.4,18[), laccase (200 U, 10 mdrametes
versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyemeacted for 30 h. After
extraction with CHCI; (3 x 30 mL), the combined organic phases weraddrneer anhydrous
NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on SiO(petroleum ether / EtOAc = 20:1) to give bis(2-b&xazolyl)
disulfide @a) as white powder (89 mg, 59%); mp 94-96 °C {li©2-94°C); R = 0.63
(petroleum ether / EtOAc = 5:19y (300 MHz; CDC}) 7.33-7.37 (4H, m, 5-H and 6-H),
7.50-7.53 (2H, m, 4-H) and 7.68-7.71 (2H, m, 7-B; (75 MHz; CDC}) 110.60 (C-7),
119.84 (C-4), 124.93 (C-5 or C-6), 125.43 (C-5 06)C141.84 (C-3a), 152.58 (C-7a) and
159.89 (C-2);m/z (El, 70 eV) 300 (M, 100%), 268 (M- S, 5), 151 (gHsNOS, 100), 122
(44) and 91 (13).
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Fig. 1*H (300 MHz) and*C (75 MHz) NMR spectra dain CDCk

3.2. Synthesis and analytical data of bis(5-chlor@-benzoxazolyl) disulfide (2b)

According to the general procedure, 5-chloro-2-raptabenzoxazolelp) (92.8 mg, 0.5
mmol), methanol (3 mL), acetate buffer (0.2 M, pH,420 mL), laccase (100 U, 5 mg,
Trametes versicolprand ABTS diammonium salt (6.9 mg, 0.0125 mmoljemeacted for 24
h. After extraction with EtOAc (3 x 30 mL), the cbmed organic phases were dried over
anhydrous NzB50,, filtered and evaporatad vacuo The crude product was purified by flash
chromatography on SiO (petroleum ether / EtOAc = 20:1) to give bis(5earbl2-
benzoxazolyl) disulfide 2b) as white powder (46 mg, 50%); mp 130-132 ;= 0.82
(petroleum ether / EtOAC = 5:1)ma{MeCN)/nm 293 (loge, 4.24), 248 (4.29) and 203
(4.66); Pmax (atr)/cm® 1494, 1443, 1137, 911 and 8¥%; (300 MHz; acetortk) 7.46 (2H, dd,
336-17-1 8.8 Hz,* 4 6.4 1.9 Hz, 6-H), 7.70 (2H, ¢Js.117.1 8.8 Hz, 7-H) and 7.77 (2H, tl,.
nen 1.9 Hz, 4-H);0c (75 MHz; acetords) 112.77 (C-7), 120.27 (C-4), 126.74 (C-6), 131.04
(C-5), 143.85 (C-3a), 152.14 (C-7a) and 162.46 YOz (El, 70 eV) 368 (M, 38%), 336
(M-S, 4), 184 (M- C;H3CINOS, 100) and 156 (28); HRMS (EI,"Mfound: 367.9248 calcd
for C14HeCIoN20,S,: 367.9248.
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Fig. 2'H (300 MHz) andC (75 MHz) NMR spectra db in acetonds
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3.3. Synthesis and analytical data of bis(2-benzd#zolyl) disulfide (2¢)

According to the general procedure, 2-mercaptold@rezole (c) (167 mg, 1 mmol),
methanol (6 mL), acetate buffer (0.2 M, pH 4.4,8D), laccase (200 U, 10 mdrametes
versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyemeacted for 24 h. After
extraction with EtOAc (4 x 30 mL), the combined angc phases were dried over anhydrous
NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on SiJpetroleum ether / EtOAc = 5:1 to 2:1) to give(Bibenzothiazolyl)
disulfide @c) as white powder (129 mg, 78%); mp 176-178 °CX1it78-179 °C):R = 0.61
(petroleum ether / EtOAc = 5:19; (300 MHz; CDC4) 7.36 (2H, ddd®Js. 6.4 7.5 Hz or 8.3
Hz, *J6.11.7.1 7.5 Hz or 8.3 HZ4 6.4 1.2 Hz, 6-H), 7.47 (2H, dddJs.i 5.1 7.2 Hz or 8.4 Hz,
33561 7.2 Hz or 8.4 HZ 5.4 7.4 1.2 Hz, 5-H), 7.78 (2H, ddJsi 5.4 8.0 Hz,*Jspi 6.1 1.2 Hz,
4-H) and 7.94 (2H, ddJe. 7.1 7.9 Hz,*Js.44.7.1 1.2 Hz, 7-H):dc (75 MHz; CDC}) 121.29 (C-
4), 122.68 (C-7), 125.28 (C-6), 126.57 (C-5), 136C-7a), 154.54 (C-3a) and 167.83 (C-2).
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Fig. 3'H (300 MHz) and™C (75 MHz) NMR spectra dfcin CDCk
3.4. Synthesis and analytical data of bis(5-methox8-benzothiazolyl) disulfide (2d)

According to the general procedure, 2-mercapto-8imegbenzothiazoleld) (98.6 mg, 0.5
mmol), methanol (3 mL), acetate buffer (0.2 M, pH,430 mL), laccase (100 U, 5 mg,
Trametes versicolprand ABTS diammonium salt (6.9 mg, 0.0125 mmoljemeacted for 24
h. After extraction with EtOAc (3 x 30 mL), the cbmed organic phases were dried over
anhydrous NzB5Q,, filtered and evaporatad vacuo The crude product was purified by flash
chromatography on Si(petroleum ethet EtOAc = 5:1 to 2:1) to give bis(5-methoxy-2-
benzothiazolyl) disulfide 2d) as white powder (89 mg, 91%); mp 169-171 Re= 0.42
(petroleum ether / EtOAC = 5:qna{(MeCN)/nm 336 (log;, 4.02), 267 (3.99), 228 (4.35) and
205 (4.45):7max (atr)/cm* 1517, 1493, 1452, 1217 and 109¢;(300 MHz; pyridineds) 3.74
(6H, s, 1"-H), 7.14 (2H, ddJe. 7.1 8.9 Hz,*Jsri 6.1 2.5 Hz, 6-H), 7.69 (2H, dJsi6.1 2.5 Hz,
4-H) and 7.81 (2H, d®Je. 7.1 8.9 Hz, 7-H);0c (75 MHz; pyridineds) 56.08 (C-17), 106.44
(C-4), 116.16 (C-6), 122.85 (C-7), 128.99 (C-7&K.82 (C-3a), 160.24 (C-5) and 169.12 (C-
2); m/z (El, 70 eV) 392 (M, 100%), 361 (M- OCH;, 3), 328 (M - S, 13) and 196 (96);
HRMS (EI, M") found: 391.9782 calcd for,gH::N»0,S,: 391.9782.
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3.5. Synthesis and analytical data of bis(6-ethox3-benzothiazolyl) disulfide (2e)

According to the general procedure, 6-ethoxy-2-met@benzothiazole1lf) (211 mg, 1
mmol), methanol (6 mL), acetate buffer (0.2 M, pH,430 mL), laccase (200 U, 10 mg,
Trametes versicolprand ABTS diammonium salt (13.7 mg, 0.025 mmoljemeacted for 12
h. After extraction with EtOAc (4 x 30 mL), the cbmed organic phases were dried over
anhydrous NzB5Q,, filtered and evaporatad vacuo The crude product was purified by flash
chromatography on SiO(petroleum ether / EtOAc = 5:1 to 2:1) to give(6isthoxy-2-
benzothiazolyl) disulfided) as white powder (187 mg, 89%); mp 136-138 Rc= 0.36
(petroleum ether / EtOAc = 10:Dma{MeCN)/nm 327 (loge, 4.15) and 212 (3.43)max
(atr)/cmi* 2972 and 2870 (&), 1557, 1445, 1209 and 1006-(); d4 (300 MHz; pyridine-
ds) 1.30 (6H, t331-4,2.n 7.0 Hz, 2°-H), 3.99 (4H, g1 -+.2-n 7.0 Hz, 1°-H), 7.20 (2H, ddJs.
hs-H 9.0 Hz,*Js.4.7.4 2.5 Hz, 5-H), 7.52 (2H, dJs.47-4 2.5 Hz, 7-H) and 8.00 (2H, 8Js-r.5.1
9.0 Hz, 4-H);dc (75 MHz; pyridineds) 15.23 (C-2), 64.83 (C-1"), 105.90 (C-7), 117(80
5), 123.91 (C-4), 138.97 (C-7a), 149.73 (C-3a),.18§9C-6) and 164.45 (C-2m/z (El, 70
eV) 420 (M, 100%), 387 (M- SH, 2), 356 (M- S,, 6), 210 (M - CoHgNOS,, 69) and 182
(C/HINOS, 69); HRMS (EI, M) found: 420.0095 calcd forigH16N20,Sy: 420.0095.
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Fig. 5'H (300 MHz) and™C (75 MHz) NMR spectra dfein pyridineds
3.6. Synthesis and analytical data of bis(2-thiazg) disulfide (2f)?

According to the general procedure, 2-mercaptothatif) (117 mg, 1 mmol), methanol (3
mL), acetate buffer (0.2 M, pH 4.4, 20 mL), lacc&@0 U, 10 mgJrametes versicolyrand
ABTS diammonium salt (13.7 mg, 0.025 mmol) werected for 8 h. After extraction with
EtOAc (3 x 30 mL), the combined organic phases wleied over anhydrous NaQ,, filtered
and evaporateth vacuo The crude product was purified by flash chromeapgy on SiQ
(petroleum ether / EtOAc = 5:1) to give bis(2-tlub#) disulfide @f) as white powder (94
mg, 81%); mp 77-79 °C (li,79-80 °C);R; = 0.25 (petroleum ether / EtOAc = 5:); (300
MHz; CDCh) 7.40 (2H, d3J4.45.1: 3.3 Hz, 5-H) and 7.78 (2H, 8.1 5.4 3.3 Hz, 4-H):6¢c (75
MHz; CDCh) 122.41 (C-5), 144.32 (C-4) and 164.80 (C-2).

10
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3.7. Synthesis and analytical data of bis(4-methyitazolyl)-2-disulfide (2g)

According to the general procedure, 2-mercapto-thyihiazole (g) (131 mg, 1 mmol),
methanol (3 mL), acetate buffer (0.2 M, pH 4.4,18[0), laccase (200 U, 10 mdrametes

versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyeveeacted for 8 h. After

extraction with EtOAc (3 x 30 mL), the combined angc phases were dried over anhydrous

NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on SiQ(petroleum ether / EtOAc = 5:1) to give bis(4-nydtmazolyl)-2-
disulfide @g) as white powder (86 mg, 66%); mp 62-63 °C {li61-61.5 °C):R; = 0.44
(petroleum ether / EtOAc = 5:19;; (300 MHz; CDCY) 2.43 (6H, s, 1'-H) and 6.92 (2H, s, 5-

H); dc (75 MHz; CDC}) 17.24 (C-1), 116.87 (C-5), 154.75 (C-4) and 863C-2).
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Fig. 7'H (300 MHz) and™C (75 MHz) NMR spectra dfgin CDCk

3.8. Synthesis and analytical data of bis(4-phenyiiazolyl)-2-disulfide (2h)

According to the general procedure, 2-mercapto-@aplthiazole {h) (193 mg, 1 mmol),
methanol (6 mL), acetate buffer (0.2 M, pH 4.4,8D), laccase (200 U, 10 mdrametes
versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyeveeacted for 8 h. After
extraction with EtOAc (3 x 30 mL), the combined angc phases were dried over anhydrous
NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on Sigpetroleum ether / Ci€l, = 1:1) to give bis(4-phenylthiazolyl)-2-
disulfide @h) as white powder (177 mg, 92%); mp 79-81 ®= 0.44 (petroleum ether /
CH:Cl, = 1:1); max (atr)/cm’® 3024, 2956 and 2929 {B), 1575, 1542, 1386 and 1158;
(300 MHz; DMSO¢g) 7.36-7.47 (6H, m, 3'-H, 4-H and 5°-H), 7.91-7@3, m, 2"-H and
6°-H) and 8.26 (2H, s, 5-Hjic (75 MHz; DMSO4dg) 118.28 (C-5), 125.98 (C-2" and C-6"),
128.54 (C-47), 128.90 (C-3" and C-57), 133.22 ({5-155.81 (C-4) and 163.55 (C-2)/z (El,

70 eV) 384 (M, 100%) and 320 (M- S, 40); HRMS (El, M) found: 383.9911 calcd for
Ci1gH12N2S,: 383.9883.

13
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3.9. Synthesis and analytical data of bis(2-pyridiyl) disulfide (2i)*

According to the general procedure, 2-mercaptopyeidLi) (111 mg, 1 mmol), methanol (3
mL), acetate buffer (0.2 M, pH 4.4, 20 mL), lacc&@0 U, 10 mgJrametes versicolyrand
ABTS diammonium salt (13.7 mg, 0.025 mmol) werected for 5 h. After extraction with
CH.CI, (3 x 30 mL), the combined organic phases wereddoeer anhydrous N8O,
filtered and evaporatdad vacuo The crude product was purified by flash chromedpgy on
SiO, (CH.CI, / EtOAc = 5:1) to give bis(2-pyridinyl) disulfid@i) as pale yellow solid (90
mg, 82%); mp 55-57 °C (lit. 55-56 °C);R; = 0.31 (petroleum ether / EtOAc = 5:); (300
MHz; CDCk) 7.07-7.13 (2H, m, 5-H), 7.56-7.59 (2H, m, 4-H)6@-7.63 (2H, m, 3-H) and
8.46 (2H, ddd>Js.i 6.1 4.8 Hz,“Jsri 6.1 1.3 Hz or 1.8 HZz2J3.4 6.4 1.3 Hz or 1.8 Hz, 6-H)jc
(75 MHz; CDC}) 119.62 (C-3), 121.05 (C-5), 137.34 (C-4), 149636) and 158.89 (C-2).
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Fig. 9'H (300 MHz) and™C (75 MHz) NMR spectra di in CDClk
3.10. Synthesis and analytical data of bis(2-pyrirdinyl) disulfide (2j)*

According to the general procedure, 2-mercaptopdiime (1j) (112 mg, 1 mmol), methanol
(3 mL), acetate buffer (0.2 M, pH 4.4, 20 mL), lase (200 U, 10 mg,rametes versicolQr
and ABTS diammonium salt (13.7 mg, 0.025 mmol) weracted for 5 h. After extraction
with EtOAc (3 x 30 mL), the combined organic phasese dried over anhydrous MO,
filtered and evaporatdad vacuo The crude product was purified by flash chromedpgy on
SiO, (CH.Cl, / EtOAC = 5:1) to give bis(2-pyrimidinyl) disulfed 2]) as white powder (100
mg, 90%); mp 140-142 °C (lit.143-145 °C);R = 0.38 (CHCI, / EtOAc = 5:1);04 (300
MHz; CDCk) 7.35 (2H, tJ41i5.4 4.9 Hz,%J5.1 6.4 4.9 Hz, 5-H) and 8.70 (4H, 8)s.1 5.4 4.8
Hz, *Js.16.1 4.8 Hz, 4-H and 6-H)c (75 MHz; CDC}) 119.11 (C-5), 158.53 (C-4 and C-6)
and 167.83 (C-2)n/z(El, 70 eV) 222 (M, 100%), 158 (M- S,, 97) and 112 (§H4N,S, 24).

16
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3.11. Synthesis and analytical data of bis(4-methy-pyrimidinyl) disulfide (2k) *

According to the general procedure, 2-mercapto-thyhgyrimidine (Lk) (126 mg, 1 mmol),
methanol (3 mL), acetate buffer (0.2 M, pH 4.4,r8D), laccase (200 U, 10 mdrametes
versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyeveeacted for 5 h. After
extraction with EtOAc (3 x 30 mL), the combined angc phases were dried over anhydrous
NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on SO(CH)CIl, / EtOAc = 5:1) to give bis(4-methyl-2-pyrimidinyl)
disulfide @k) as white powder (109 mg, 87%); mp 109-111 °C {10 °C); R = 0.32
(CH.Cl, / EtOAC = 5:1);04 (300 MHz; CDC}) 2.45 (6H, s, 1°-H), 6.90 (2H, QJs.i6.4 5.1
Hz, 5-H) and 8.38 (2H, ¢Js.i6.n 5.1 Hz, 6-H):dc (75 MHz; CDC}) 23.97 (C-1), 117.76
(C-5), 157.37 (C-6), 168.21 (C-4) and 169.18 (C#)z (El, 70 eV) 250 (M, 100%), 217
(M*- HS, 5), 126 (gHeN,S, 11) and 93 (22).
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Fig. 11'H (300 MHz) and*C (75 MHz) NMR spectra dfk in CDCl
3.12. Synthesis and analytical data of bis(5-propy2-pyrimidinyl) disulfide (2I)

According to the general procedure, 2-mercaptoepylpyrimidine (I) (154 mg, 1 mmol),
methanol (3 mL), acetate buffer (0.2 M, pH 4.4,r8D), laccase (200 U, 10 mdrametes
versicolo) and ABTS diammonium salt (13.7 mg, 0.025 mmolyeveeacted for 6 h. After
extraction with EtOAc (3 x 30 mL), the combined angc phases were dried over anhydrous
NaSQy, filtered and evaporateth vacuo The crude product was purified by flash
chromatography on SO(CH.CIl, / EtOAc = 10:1) to give bis(5-propyl-2-pyrimidinyl
disulfide @l) as white powder (130 mg, 85%); mp 71-73 Rg= 0.58 (CHCI, / EtOAcC =
10:1); Ama{MeCN)/nm 273 (loge, 4.43) and 243 (4.46)imax (atr)/cm* 2959 (CH), 1575,
1541 and 1383jy (300 MHz; CDCH) 0.92 (6H, t2Jy 3.1 7.4 Hz, 3°-H), 1.60 (4H, seiJ;-.
ot 7.3 HZ2,3 3.1 7.3 Hz, 2°-H), 2.50 (4H, £J1-412.1 7.8 Hz, 1°-H) and 8.39 (4H, s, 4-H
and 6-H);oc (75 MHz; CDC}§) 13.43 (C-3"), 23.83 (C-2"), 31.74 (C-1), 131(@65), 157.77
(C-4 and C-6) and 166.86 (C-2jyz(El, 70 eV) 306 (M, 100%), 242 (M- S, 32) and 154
(C7H10N2S, 20); HRMS (EI, M) found: 306.0972 calcd forigH1sN4S;: 306.0973.
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Fig. 12'H (300 MHz) and*C (75 MHz) NMR spectra &l in CDCk
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3.13. Synthesis and analytical data of bis(4,6-dirtteyl-2-pyrimidinyl) disulfide (2m) °

According to the general procedure, 4,6-dimethyh@-captopyrimidine m) (140 mg, 1
mmol), methanol (3 mL), acetate buffer (0.2 M, pH,420 mL), laccase (200 U, 10 mg,
Trametes versicolgrand ABTS diammonium salt (13.7 mg, 0.025 mmolyemeacted for 8
h. After extraction with EtOAc (3 x 30 mL), the cbmed organic phases were dried over
anhydrous NzB50,, filtered and evaporatad vacuo The crude product was purified by flash
chromatography on S¥O(CH.Cl, / EtOAc = 5:1) to give bis(4,6-dimethyl-2-pyrimidil)
disulfide m) as white powder (132 mg, 95%).

When 1 mmollm was reacted in methanol (1 mL) and acetate b(@&rM, pH 4.4, 10 mL)
with laccase (200 U, 10 m@rametes versicolprand ABTS diammonium salt (13.7 mg,
0.025 mmol) for 8 h and the crude product was etdhwith a) 3 x 3 mL, b) 3 x 5 mL and c)
3 x 10 mL EtOAc, compoung2m was isolated in a) 94%, b) 96% and c) 95% yieldrdfash
chromatography on SKJCH,Cl, / EtOAc = 5:1); mp 166-168 °C (Iit.167-169 °C);R; =
0.65 (CHCI, / EtOAC = 5:1);04 (300 MHz; DMSO¢) 2.33 (12H, s, 1'-H) and 7.06 (2H, s,
5-H); dc (75 MHz; DMSO4g) 23.35 (C-17), 117.66 (C-5), 167.13 (C-2) and 8&7C-4 and
C-6); m/z(El, 70 eV) 278 (M, 92%), 244 (56), 212 (84), 140 (100) and 112 (60).
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Fig. 13'H (300 MHz) and*C (75 MHz) NMR spectra dm in DMSO-ds

4. Computational studies of compounds 2a, 2c and 2f

All the calculations reported in this paper werefpened within Density Functional
Theory, using the Gaussian 03 pack&d¥ NMR chemical shifts of selected compounds
2a, 2cand 2f were calculated as follows: the structures werBnuped with the MM2
force field implemented in Chem3D Pfdn the second step, the optimized structures
were subsequently reoptimized at the UFF, AM1 Idedibwed by the RHF/3-21G level
and finally by B3LYP/6-31G(d) level of theory withithe Gaussian 03 package. In the
final step, the*C NMR chemical shielding of the reoptimized georigstwere computed
once at the mPW1PW91/6-311+G(2d,p)//mPW1PW91/6-8)1&{el of theory in the gas
phasé® The references TMS and benzene for the MSTD appraacording to Sarotti and
Pellegrinet were computed in the same manner a2fnr2cand2f. For comparison with
the experimental>*C NMR chemical shifts the computationally derivédC NMR
chemical shifts were calculated as follows:

Oa = Oref gas pahse Oa gas phask Oref

where ot and o, are the calculated NMR isotropic magnetic shigddiensors of the

reference compound and carbon a of the compoundtefest:otys = 185.81 ppm and
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Openzene= 54.41 ppm at the mPW1PW91/6-311+G(2d,p)// mPWQRM-31G(d) level gas
phase;drs represents the chemical shift of the referencepmund in deuterated DMSO:
otms = 0 ppmM;dpenzene= 128.27 ppm. An HP Compaq with a 2.39 GHz proceasd 2 GB
RAM was used for the calculations.

Fig. 143D structure oRa

4.1. Cartesian of 2a

Row Symbol X Y Z

1 C -3.8899810 0.6172160  0.0000250
2 C -4.1764250 -0.7495250 -0.0000140
3 C -5.4535860 -1.2743820 -0.0000270
4 C -6.4852440 -0.3369730  0.0000030
5 C -6.2270130 1.0407840  0.0000420
6 C -4.9294790 1.5428570  0.0000540
7 C -2.0586290 -0.4223890 -0.0000080
8 H -5.6388040 -2.3416450 -0.0000570
9 H -7.5127440 -0.6844200 -0.0000050
10 H -7.0630060 1.7321210  0.0000640
11 O -2.9782730 -1.4221400 -0.0000360
12 N -2.5063680 0.7856320  0.0000260
13 S -0.4002870 -0.9718020 -0.0000230
14 S 0.4002870  0.9718020 -0.0000270
15 C 49294790 -1.5428570 0.0000580
16 C 3.8899810 -0.6172160 0.0000260
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17
18
19
20
21
22
23
24
25
26
27
28
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6.2270130
4.1764250
6.4852440
7.0630060
5.4535860
2.0586290
7.5127440
5.6388040
4.7263870
2.9782730
2.5063680
-4.7263870

-1.0407840
0.7495250
0.3369730

-1.7321210
1.2743820
0.4223890
0.6844200
2.3416450

-2.6073000
1.4221400

-0.7856320
2.6073000

0.0000440
-0.0000180
0.0000000
0.0000680
-0.0000330
-0.0000120
-0.0000100
-0.0000670
0.0000920
-0.0000420
0.0000290
0.0000840

4.2. Cartesian of 2¢

Row Symbol
1 C
2 C
3 C
4 C
5 C
6 C
7 C
8 H
9 H

Fig. 153D structure ofc

X

3.8918510
4.4792050
5.8604740
6.6556770
6.0848170
4.7086140
2.0414960
6.3056820
7.7352940

Y

0.6066700
-0.6755270
-0.8452800

0.2940300

1.5728820

1.7400370
-0.5787340
-1.8339270

0.1876330

0.0003040
0.0003600
0.0004610
0.0005040
0.0004490
0.0003500
0.0001610
0.0005090
0.0005850
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4 .3. Cartesian of 2f

Row Symbol
1 C
2 C

6.7297460

0.3406400
-0.3406400
-4.7086140
-3.8918510
-6.0848170
-4.4792050
-6.6556770
-6.7297460
-5.8604740
-2.0414960
-7.7352940
-6.3056820
-4.2523680
-2.5093990
4.2523680
-3.2239580
2.5093990

3.2239580

2.4451810
-0.9954270
0.9954270
-1.7400370
-0.6066700
-1.5728820
0.6755270
-0.2940300
-2.4451810
0.8452800
0.5787340
-0.1876330
1.8339270
-2.7232600
-0.6215080
2.7232600
1.8906090
0.6215080
-1.8906090

0.0004850

0.0000560
-0.0000560
-0.0003500
-0.0003040
-0.0004490
-0.0003600
-0.0005040
-0.0004850
-0.0004610
-0.0001610
-0.0005850
-0.0005090
-0.0003050
-0.0001990

0.0003050
-0.0003030

0.0001990

0.0003030

Fig. 16 3D structure off

X
3.5820570
3.2398290

Y

-0.4600380
-1.5452280

-0.8260130
-0.0659100
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3 C 1.8857750  0.4447360  0.2268400
4 N 2.8215120 0.6566200 -0.6538050
5 H 4.4041910 -0.4346450 -1.5302840
6 H 3.7139440 -2.5157100 -0.0331280
7 C -1.8857760  0.4447360 -0.2268420
8 C -3.2398330 -1.5452260  0.0659040
9 C -3.5820580 -0.4600390 0.8260120
10 N -2.8215110 0.6566190  0.6538060
11 H -3.7139510 -2.5157080  0.0331170
12 H -4.4041920 -0.4346470  1.5302820
13 S 1.8870560 -1.1623720  0.9105350
14 S -1.8870510 -1.1623740 -0.9105300
15 S 0.7155490 1.6446980  0.7644130
16 S -0.7155510  1.6446980 -0.7644130

5. The greenness of the laccase-catalyzed oxidata@upling of thiols 1 to disulfides 2

according to the twelve principles of green chemist®

Principle 1 - waste prevention instead of remediatin.

This reaction is a highly selective enzyme-catadypeocess that allows for a substantial
reduction of waste. The oxidative dimerizationtabts 1 delivers analytically pure disulfides
2 in up to 95% vyield. No toxic byproducts are formé&tblecular oxygen as the oxidant is
converted into nontoxic water. Using the oxidatbeeipling of1m to 2m as an example, the
E-factor®®*° (kg waste per kg produdtf the overall process (under the assumption tB&é 1
of the solvent used was lost) amount8108 kg kg'. This value compares well with the E-

factors of other synthetic methods for the synthesidisulfides.

Calculation of the E-factor of the oxidative dinzation of1m to 2m in a mixture of 10 mL
acetate buffer and 1 mL MeOising 3 x 3 mL of EtOAc for work up. The isolateiglg of

pure2m was 94%: (For details see page 21).

—N N
\ />—s|-| + ABTS+ laccase + NaOAc + CH3COOH + MeOH + EtOAc /_ \>—s\ N=—
N NS
im 2m N
140 mg 13.7mg 10 mg 59.07mg 80 mg 79.18 mg 807 mg 131 mg

Total amount of the reactants (taking into accautidss of 10% of the solvent used) = 140
mg + 13.7 mg + 10 mg + 59.07 mg + 80 mg + 79.184807 mg = 1188.95 mg.
Amount of the final product = 131 mg.
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Amount of waste = 1188.95 - 131 = 1057.95 mg
E-factor = Amount of waste [kg)/Amount of produkg] = 1057.95/131 8.08 kg kg™.

Principle 2 - atom economy.

The atom econonty of the process is very high; it amount94s6.

The atom economy of the reaction was calculatedrdogy to the following equation:

Molecularweightof thedesiredoroduct

% Atom economy=100x _
Molecularweightof all reactants

Calculation of the atom economy of the oxidativeeliization oflmto 2m.

—N —N

\ )—SH + \ )—SH + 1120,
N N
im im 2m N

140 g/mol 140 g/mol 16 g/mol 278g/mol
Atom economy = 100 x 278/29694%

Principle 3 - less hazardous/toxic chemicals.
In comparison to most of the developed proceduwesprocedure avoids the use of any toxic
reagents like hazardous heavy metal catalysts mlants. Instead totally safe laccase was

used as catalyst.

Principle 4 - Safer products by design.
Does not apply to the developed method.

Principle 5 - Innocuous solvents and auxiliaries.

Acetate buffer was always used as the solvent agttianol as a cosolvent. Both are safe and
environmentally preferred solvents. In addition, wsed ethyl acetate which is a preferred
green solvent in nearly all cases for the extractibthe product.

Principle 6 - Energy efficient by design.
The laccase-catalyzed oxidative coupling was cdroet at room temperature, under air at
atmospheric pressure and at pH 4.4.
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Principle 7 - Preferable renewable raw materials.
The laccase is isolated from renewable raw maseaal is completely biodegradable. The
same holds true for the acetic acid of the acétatier. We assume that the buffer waste from

the reaction is suitable for biotreatment.

Principle 8 - Shorter syntheses (avoid derivatizatin).
Does not apply to the developed reaction.

Principle 9 - Catalytic rather than stoichiometric reagents.

The laccase-catalyzed oxidative coupling of thiotsng aerial oxygen as an oxidant is a
highly efficient biocatalytic transformation. It isharacterized by high turnover numbers.
Using the dimerization dfm to 2m as an example, the TON of the process amourif2d
This value confirms the high catalytic efficiencl/tbe process. The turnover frequencies of
the process are also high; in the above mentiorathgle the TOF i4128 h'. These values
compare well with TONs and TOFs of other synthetethods for the synthesis of disulfides.

Principle 11 - Analytical methodologies for polluton prevention

and

Principle 12 - Inherently safer processes.

The reactions are run at room temperature, undel @xygen, at atmospheric pressure in an
agueous system at pH 4.4. No toxic byproducts avduzed during the reaction, the only
byproduct formed is water. The process developeaahisrently safe and there is no need for

analytical methodologies for pollution prevention.

6. Calculation of TON, TOF and STY for the oxidative coupling of 1m to 2m
Yield of 2m = 94% (for details see page 21).

6.1. Calculation of TON

Molecular weight of laccase frofframetes versicolor 96 000 g/mol.
Specific activity of the laccase = 20 U/mg.
200 U Laccase corresponds to 10 mg, ie 1.041@" mol = 1.0417% 10* mmol.

TON = Amount of the substrate consumed [mmol] / Aumicof catalyst [mmol].
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TON for the oxidative coupling dfm = 0.94 / 1.041% 10“ = 9024

6.2. Calculation of TOF

ToF=TON,
Time

TOF forlm=9024 /8 h 21128 h'.

6.3. Calculation of the space time yield

STY = Desired product quantity [Mol] / Volume [k] Time [h].

STY = 0.00047 [mol] / 0.011 [L¥ 8 [h] =0.005 Molx L x h™*,

7. Determination the activity of laccase fromirametes versicolor'?

A 0.1 M solution of ABTS (0.3 mL) in 0.2 M acetdiaffer (pH 4.4) was diluted with 0.2 M
acetate buffer (2.6 mL, pH 4.4) and treated widokution of laccase in the same buffer (0.1
mL). The change in absorption was followed UV-Vis spectroscopyl(= 414 nm). One unit
was defined as the amount of laccaBenetes versicoldithat converts limol of ABTS per
minute at pH 4.4 at rt.
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