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Graphical Abstract:1

“Bovine serum albumin triggered waste-free aerobic oxidative coupling of thiols into disulfides 2
on water: An extended synthesis of bioactive dithiobis(phenylene)bis(benzylideneimine) via 3
sequential oxidative coupling-condensation reactions in one pot from aminothiophenol and 4
benzaldehyde”5

Saima, Aditya G. Lavekar, Rajesh Kumar and Arun K. Sinha *6

7
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9

A green and clean route for the aerobic oxidative coupling of thiols including aromatic, 10
heteroaromatic and aliphatic thiols employing BSA as a biocatalyst "on water" has been developed 11
towards formation of (S-S) disulfides under metal/non-metal- or base-free conditions. The 12
methodology also applicable for successful synthesis of diallyldisulfide (DADS), an important 13
precursor of bioactive allicin. Interestingly, bis(aminophenyl)disulfide generated by oxidation of 14
aminothiophenol could directly react with benzaldehyde to form bioactive bis(aminophenyl) 15
disulphidediimines in sequential (oxidation-condensation) manner with one S-S and two C-N bonds in 16
one pot. 17

18

19
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Highlights19

 A mild and environmentally benign protocol was developed using Bovine Serum 20

Albumin as a catalyst.21

 Aerobic oxidation using water as green solvent. 22

 Broad substrates scope.23

 Extended for the synthesis of bioactive bis(aminophenyl)disulphidediimines in one 24

pot from aminothiophenol and benzaldehydes in sequential manner.25

 Good recyclability upto four cycles.26

27

28
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Bovine serum albumin triggered waste-free aerobic oxidative coupling of 28

thiols into disulfides on water: An extended synthesis of bioactive 29

dithiobis(phenylene)bis(benzylideneimine) via sequential oxidative 30

coupling-condensation reactions in one pot from aminothiophenol and 31

benzaldehyde32

Saima,[a],[b]Aditya G. Lavekar,[a] Rajesh Kumar[c] and Arun K. Sinha*[a],[b]33

[a] C.S.I.R.-Central Drug Research Institute (Council of Scientific and Industrial Research), 34

Lucknow- 226031 (U.P.), India. Fax: (+) 91-522-2771941. 35

[b] Academy of Scientific and Innovative Research (AcSIR), Delhi36

[c] C.S.I.R.-Institute of Himalayan Bioresource Technology (Council of Scientific and 37

Industrial Research), Palampur-176061 (H.P.), India 38

*E-mail: aksinha08@rediffmail.com39

Abstract: Bovine serum albumin (BSA) has been explored for aerobic oxidative coupling of 40

thiols (aromatic, heterocyclic as well as aliphatic) “on water” towards formation of disulfides 41

(S-S) without using any metal/non-metal complexes, bases and additives, which renders the 42

process environmentally benign and economically attractive with good recyclability (upto 43

four cycles). The developed green protocol was further extended for synthesis of 44

diallyldisulfide (DADS), an important constituent of natural occurring allicin. Among various 45

synthesized disulfides, bis(2-aminophenyl)disulfide, obtained by oxidative coupling of 2-46

aminothiophenol in BSA, was further utilized for condensation with benzaldehyde in the 47

same pot thus enabling easy access to bioactive dithiobis(phenylene)bis(benzyldeneimine). 48

This is the first example of BSA catalyzed sequential (oxidation/condensation) reaction 49

where one S-S and two C-N bonds are formed solely "on water."50
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Keywords: Bovine Serum Albumin, Disulfide, Oxidative Coupling-Condensation reactions, 51

Thiophenol, Waste-free Protocol, Water.52

1. Introduction53

The organic synthesis with minimal environmental impact has become focus of chemists and 54

the use of natural catalysts [1-6] (viz. proteins, enzymes, whole cell etc.) have steadily 55

ascended owing to inherited environmental and ecological benefits. In the same vein, the use 56

of water to facilitate eco-sustainable chemical reactions is also gaining momentum because 57

either its use as a solvent or its release as a by-product, will clearly have the least impact on 58

the environment [7-9]. Furthermore, there is representative "on water" [10-16] reactions 59

termed by Sharpless and co-workers [10] where conducting the reaction "on water" can be 60

substantially beneficial because of its high heat capacity, increase in reaction rate, selectivity 61

and an improved safety profile with ease of operation due to the insolubility of both reactants 62

and products in aqueous conditions. In this context, numerous organic transformations 63

including oxidation of aldehyde into carboxylic acid "on water" using molecular oxygen as 64

an environmentally benign and sustainable oxidant have surfaced [11]. Nevertheless, aerobic 65

oxidation reactions promoted by biocatalysts under neutral reaction conditions are rare and 66

lack generality "on water.”67

Among various oxidation reactions, the selective oxidative coupling of thiols (-SH) to 68

corresponding disulfides (S-S bond) under mild reaction conditions is critical from biological 69

and chemical viewpoints [17-26]. The formation of disulfide bond is also a matter of interest 70

for the industrial production of some agrochemicals and pharmaceuticals [27-37] like 71

pyritinol [33], DADS (a major decomposition product of allicin found in Allium sativa) [36] 72

and dithiobis(phenylene)bis(benzyldeneimine), an antimicrobial agent against human 73

pathogens [34,35] (Fig.1).74
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Conventionally, a large number of oxidative coupling protocols [38-55] including ball-75

milling [38], Fe(BTC) [40], diaryltelluride [43], gold nanoparticles [46] and hypervalent 76

iodine(III) [47] have been documented for the synthesis of disulfides [52-55]. However, most 77

of these approaches suffer from inadequacies such as low selectivity due to over oxidation 78

[42] of final product into sulphoxides/sulphones, expensive and toxic nature of catalysts with 79

poor recovery and finally laborious work up procedures with generation of a lot of waste 80

materials. Recently, Wu and co-workers [51] have reported an effective and recyclable 81

photocatalytic method for selective conversion of thiols into disulphides with high turnover 82

number (TON) but visible-light irradiation of quantum dots is necessary. Against this milieu, 83

it is a surprise that only few biocatalysts [56-58] including horseradish peroxidase or 84

mushroom tyrosinase [56], baker’s yeast [57] and enzyme laccases [58] have been known for 85

aerobic oxidative coupling of thiols into disulfides but these reactions occurs in aqueous-86

organic medium along with maintenance of pH conditions [56] and use of ABTS as radical 87

initiator [58]. So there is a strong need to develop such a biocatalytic system for oxidation of 88

thiols to disulfides which comprises all, i.e. inexpensive biocatalyst, aerobic oxygen and 89

water as a sole reaction medium besides recyclability of the biocatalyst (Fig. 2). 90

In this context, BSA [59-68] (also known as “Fraction V") an ubiquitous and 91

inexpensive, non-enzymatic transport protein derived from cows, occupies a unique position 92

due to its versatility to catalyze an array of chemical reactions [59-68, 69-71] including the 93

asymmetric thia-Michael [72] reaction. It is one of the most studied proteins that have a 94

strong affinity to bind organic molecules by reversible non-covalent complexation in its 95

hydrophobic pockets thus providing an environment for a number of organic transformations 96

including reduction [60], Knoevenagel condensation [61] and Gewald reaction [62]. Based 97

upon our ongoing interest on BSA catalyzed Aldol/Knoevenagel-Doebner condensation [69], 98

multicomponent Biginelli reaction [70] besides oxidation of tertiary amine to N-oxide at pH 9 99
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by Colonna et al [59], we ventured to explore BSA as a biocatalyst for waste-free aerobic 100

oxidation of thiols to disulfides "on water" which received considerable interest for various 101

chemical transformations [10-16] as water is a cheap, nontoxic solvent as well as it increases 102

the reactivity or selectivity of the reaction, often difficult to attain in organic solvents.103

Among various disulfides (Fig. 1), bis(2-aminophenyl) disulfide [73-81] is 104

particularly known to participate towards formation of bis(2-aminophenyl)disulfidediimines, 105

a Schiff bases ligand [73] (Fig. 3) which possess sound antibacterial activity [74] and are also 106

used as basic scaffold in various chemical transformations [75-78]. Despite promising 107

biological profiles, synthesis of these Schiff bases requires two steps involving metal/base 108

[38,39,42,47] catalyzed oxidation of 2-aminothiophenol into corresponding bis(2-109

aminophenyl)disulfide which upon isolation and purification followed by condensation with 110

benzaldehyde in anhydrous [73] ethanol affords the desired product bis(2-111

aminophenyl)disulfidediimines (Fig. 3) having one S-S and two C-N bonds. Against this 112

drawback, creation of multiple bonds [82-84] in one pot without changing the reaction 113

condition and isolating the intermediate helps in minimizing waste, time and energy which 114

are most important aspects of green chemistry and generally accomplished by tandem [85-88] 115

(consecutive/sequential) reactions. It is worth mentioning that 2-aminothiophenol which is a 116

versatile synthon [73-81], on one side undergoes self-oxidative coupling into product bis(2-117

aminophenyl)disulfide [47] while on the other side it undergoes condensation-cyclisation 118

with benzaldehyde leading to benzothiazole [89-91]. Hence it would be very challenging if 119

aerobic oxidative coupling-condensation between 2-aminothiophenol and benzaldehyde 120

undergoes in a tandem manner in one pot towards formation of bis(2-121

aminophenyl)disulfidediimines (Schiff base) instead of benzothiazole on water (Fig. 3). 122

Further, formation of these Schiff bases [73] on water under neutral conditions would be an 123

interesting preposition as generally condensation between amine and carbonyl rather 124
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demands water removal [92-95] by azeotropic distillation [90] or use of lewis acid [94] 125

catalysts/dehydrating agents [95]. Hence the BSA possessing a rich diversity of surface 126

amino acids would seems effective towards formation of Schiff base as well as disulphides 127

ligands having miscellaneous medicinal and physicochemical profiles [33,35-36,61-62,73-74, 128

99-108].129

In this context, we disclose for the first time, a neutral and waste free protocol for 130

direct aerobic oxidative coupling of thiols into disulfides "on water" utilizing BSA as a 131

biocatalyst which is successfully extended for the synthesis of bis(2-132

aminophenyl)disulphidediimines via sequential (oxidative coupling-condensation) reaction in 133

one pot (Fig. 2 and 3) without using any metal oxidant/catalyst, base or organic solvents. The 134

recyclability of the biocatalyst is also noteworthy which emphatically demonstrates the 135

benign nature of the protocol.136

2. Experimental Section137

2.1 Materials:-138

All the substrates/chemicals were obtained from commercial sources (Sigma Aldrich and 139

Alfa Aesar). The albumins (Bovine, Pig, Sheep, Chicken, Rabbit) and Lipases (PPL= Porcine 140

pancreas lipase, CAL-B= Candida antarctica lipase, CCL= Candida cylindracea; MJL= 141

Mucor javanicus, CRL= Candida rugosa lipase; TLL= Thermomyces lanugenosus lipase; 142

PCL= Pseudomonas cepacia lipase) used in this work have been purchased from Sigma 143

Aldrich. L-Arginine, Lysine and other amino acids were purchased from Sigma Aldrich and 144

Himedia. Distilled water was used in all reactions. The solvents used for isolation/purification 145

of compounds were obtained from commercial sources (Merck) and were used without 146

further purification.147

148
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2.2 Analytical method:149

 The GC-MS analysis was carried out on Shimadzu MS-QP-2010 system equipped with a 150

BP-20 capillary column (SGE international). 1H (300 MHz and 400 MHz) and 13C (75.4 MHz 151

and 100 MHz) NMR spectra were recorded on Bruker Avance-300 and 400 spectrometer. 152

The following abbreviations were used to designate chemical shift multiplicities: s = singlet, 153

br = broad, d = doublet, t = triplet, q = quartet, m = multiplet. The 13C NMR spectras are 154

proton decoupled. Melting points were obtained manually by capillary methods and are 155

uncorrected. Column chromatography was done on silica gel (60-100 mesh size). Thin layer 156

chromatography (TLC) was performed on silica TLC plates and compounds were visualized 157

in iodine and under UV lamp.158

2.3 General Procedure159

2.3.1 General procedure for the synthesis of disulfides (1b-27b):160

Thiophenol (0.25 mmol), BSA (50 mg) and deionised water (600 µL) were stirred at room 161

temperature for 12h or till completion of reaction (monitored by TLC). Then water (2 mL) 162

was added to reaction mixture and extracted with ethyl acetate (3mL X 2), organic part dried 163

over Na2SO4, filtered and then concentrated under rotary evaporator and chromatographed 164

over silica gel by hexane/ethyl acetate (99:1). The obtained disulfides (1b-27b) were 165

characterized and confirmed by comparing the 1H NMR and 13C NMR data with those 166

reported in the literature [38-51,109-117].167

2.3.2 General procedure for bis(2-aminophenyl)disulfidediimine Schiff bases (28b-30b):168

2-Aminothiophenol (0.25 mmol), BSA (50 mg) and deionised water (600 µL) were stirred at 169

room temperature for 18h to obtain the desired intermediate bis(2-aminophenyl)disulfide (4b) 170

followed by addition of benzaldehyde (1.1 equiv.) and BSA (50 mg) in the same pot. The 171

reaction mixture was further stirred at room temperature for 12h (monitored on TLC). After 172
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the completion of reaction, water (2 mL) was added to the reaction mixture and extracted 173

with ethyl acetate (3ml X 2), organic part dried over Na2SO4, filtered and concentrated under 174

rotary evaporator and recrystallized with methanol to obtained pure product. The obtained 175

products (28b-30b) were characterized and confirmed by comparing the 1H NMR and 13C 176

NMR data with those reported in the literature [75].177

2.4  (1H &13C) NMR values of isolated compound (1b-30b):178

2.4.1. Diphenyldisulfide (1b) [45] 179

White solid, mp: 58-61°C (lit [45] 61-62°C), 1H NMR (CDCl3, 400 MHz): δ 7.54-7.52 (4H, 180

m), 7.35-7.24 (6H, m); 13C NMR (CDCl3, 100 MHz): δ 137.0, 129.0, 127.6, 127.2.181

2.4.2. Bis(2-naphthalenyl)disulfide (2b) [45]182

White solid, mp:  133-136°C (lit [42] 136-137°C), 1H NMR (CDCl3, 300 MHz): δ 8.03 (2H, 183

s), 7.83-7.75 (6H, m), 7.68 (2H, d, J = 8.63 Hz), 7.52 (4H, m); 13C NMR (CDCl3, 75.4 MHz): 184

δ 134.7, 133.9, 132.9, 129.4, 128.2, 127.9, 127.2, 127.0, 126.7, 126.1.185

2.4.3. Bis(4-methoxyphenyl)disulfide(3b) [45]186

White solid, mp: 33-36°C (lit [44] 34-35°C), 1H NMR (CDCl3, 300 MHz): δ 7.44 (4H, d, J = 187

8.77 Hz), 6.88 (4H, d, J = 8.75 Hz), 3.83 (6H, s); 13C NMR (CDCl3, 75.4 MHz): δ 160.3, 188

133.1, 128.8, 115.0, 55.8. 189

2.4.4. Bis(2-aminophenyl)disulfide (4b) [45]190

Yellow solid, mp: 90-94°C (lit [44] 93-94°C), 1H NMR (CDCl3, 300 MHz): δ 7.21-7.16 (4H, 191

m), 6.74 (2H, d, J = 8.48 Hz), 6.64 (2H, d, J = 8.48 Hz), 4.35 (4H, s); 13C NMR (CDCl3, 75.4 192

MHz): δ 149.1, 137.2, 132.0, 119.2, 118.7, 115.7. 193

2.4.5. Bis(4-hydroxyphenyl)disulfide (5b) [45]194
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Yellow solid, mp: 152 –1540C (lit [44] 150–1510C), 1H NMR (DMSO-d6, 400 MHz): δ 9.83 195

(2H, s), 7.29-7.27 (4H, m), 6.78-6.75 (4H, m); 13C NMR (DMSO-d6, 100 MHz): δ 158.8, 196

133.5, 125.6, 116.8.197

2.4.6. Bis(3,4-dimethoxyphenyl)disulfide (6b) [109]198

White solid, mp: 90-92°C (lit [109] 94°C), 1H NMR (CDCl3, 400 MHz): δ 7.09-7.04 (4H, m), 199

6.82 (2H, d, J= 8Hz), 3.89 (6H, s), 3.85(6H, s); 13C NMR (CDCl3, 100 MHz): δ 149.3, 128.7, 200

124.0, 114.2, 111.4, 56.0.201

2.4. 7. Bis(2-methylphenyl)disulfide (7b) [45]202

White solid, mp: 39-400C (lit. [48] 38-39°C), 1H NMR (CDCl3, 300 MHz): δ 7.42 (4H, d, J = 203

8.14 Hz), 7.14 (4H, d, J = 8.02 Hz), 2.35 (6H, s); 13C NMR (CDCl3, 75.4 MHz): δ 137.8, 204

134.8, 130.2, 129.0, 21.5. 205

2.4.8. Bis(2-methoxyphenyl)disulfide (8b) [41]206

White solid, mp: 119–1200C (lit [41] 120°C), 1H NMR (CDCl3, 400 MHz): δ 7.64-7.61 (2H, 207

m), 7.26-7.22 (2H, m), 6.99-6.95 (2H, m), 6.95–6.89 (2H, m) 3.93 (s, 6H); 13C NMR (CDCl3, 208

100 MHz,): δ 156.5, 127.7, 127.5, 124.5, 121.3, 110.4, 55.9.209

2.4.9. Bis(4-methoxybenzyl)disulfide (9b) [110]210

White solid, mp: 100-102°C (lit [110] 100°C) 1H NMR (CDCl3, 400 MHz): δ 7.20-7.18 (4H, 211

m), 6.90-6.86 (4H, m), 3.83 (3H, s) 3.63 (2H, s); 13C NMR (CDCl3, 100 MHz): δ 159.0, 212

130.5, 129.4, 113.9, 55.29, 42.81.213

2.4.10. Bis(4-methylphenyl)disulfide(10b) [45]214
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White solid, mp: 82-84°C (lit [44] 80-82°C), 1H NMR (CDCl3, 300 MHz): δ 7.43 (4H, d, J = 215

8.19 Hz), 7.15 (4H, d, J = 7.97 Hz), 2.35 (6H, s); 13C NMR (CDCl3, 75.4 MHz): δ 137.9, 216

134.3, 130.2, 129.0. 21.5. 217

2.4.11. Bis(3-chlorophenyl)disulfide (11b) [44]218

White solid, mp: 70-72°C (lit [44] 70-72°C),1H NMR (CDCl3, 300 MHz): δ 7.51 (2H, s), 219

7.39-7.33 (2H, m), 7.26-7.20 (4H, m); 13C NMR (CDCl3, 75.4 MHz): δ 138.8, 135.6, 130.6, 220

128.0, 127.4, 125.8. 221

2.4.12. Bis(2-nitrophenyl)disulfide, (12b) [111]222

Yellow solid, mp: 192°C (lit [112] 192°C), 1H NMR (DMSO-d6, 400 MHz): δ 8.34-8.32 (2H, 223

m), 7.82-7.80 (2H, d, J=8 Hz), 7.7-7.66 (2H, m), 7.51-7.47(2H, m); 13C NMR (DMSO-d6, 224

100 MHz): δ 144.4, 133.8, 132.5, 126.3, 125.7, 125.1.225

2.4.13. Bis(4-fluorophenyl)disulfide (13b) [45]226

Yellowish oil,1H NMR (CDCl3, 400 MHz): δ = 7.49-7.46 (4 H, m), 7.06-7.01 (4H, m); 13C 227

NMR (CDCl3, 100 MHz) δ = 163.8, 161.4, 131.4, 131.3, 116.4, 116.2. 228

2.4.14. Bis(4-bromophenyl)disulfide(14b) [44]229

White solid, mp: 92-96°C (lit [44] 94-95°C), 1H NMR (CDCl3, 300 MHz): δ 7.45-7.42 (4H, 230

m), 7.37-7.33 (4H, m); 13C NMR (CDCl3, 75.4 MHz): δ 135.1, 132.6, 129.8, 121.9.231

2.4.15. Bis(2-bromophenyl)disulfide (15b) [113]232

White solid, mp: 95-97°C (lit [113] 97°C), 1H NMR (CDCl3, 400 MHz): δ 7.57-7.55 (4H, m), 233

7.31-7.27 (2H, m), 7.13-7.08 (2H, m); 13C NMR (CDCl3, 100 MHz): δ 136.2, 132, 128.2, 234

128.0, 127.0, 121.2.235
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2.4.16. Bis(4-chlorophenyl)disulfide (16b) [44]236

White solid, mp: 62-65°C (lit [44] 65-66°C), 1H NMR (CDCl3, 300 MHz): δ 7.45 (4H, d, J = 237

8.65 Hz), 7.31 (4H, d, J = 8.65 Hz); 13C NMR (CDCl3, 75.4 MHz); δ 135.6, 134.1, 129.8, 238

129.7.239

2.4.17. Bis(phenylmethyl)disulfide(17b) [45]240

White solid, mp: 57-60°C (lit [44] 58-59 °C), 1H NMR (CDCl3, 300 MHz): δ 7.39-7.26 (10H, 241

m), 3.64 (4H, s); 13C NMR (CDCl3, 75.4 MHz): δ 137.8, 129.8, 128.9, 127.8, 43.7.242

2.4.18. Dicyclohexyldisulfide (18b) [44]243

Colorless oil, 1H NMR (CDCl3, 300 MHz): δ 2.73-2.64 (2H, m), 2.08-2.04 (4H, m), 1.80-244

1.79 (4H, m), 1.64-1.61 (2H, m), 1.35-1.26 (10H, m), 13C NMR (CDCl3, 75.4 MHz): δ 50.4, 245

41.3, 33.2, 26.5, 26.1.246

2.4.19. L-Cystine( 19b) [49]247

White solid, mp: 238-2390C (lit [43] 240-2420C) 1H NMR (D2O+4%NaOD, 400 MHz): δ 248

3.59-3.57 (2H, m), 3.14-3.09 (2H, m), 2.94-2.88 (2H, m); 13C NMR (D2O+4%NaOD, 100 249

MHz): δ 180.5, 54.8, 43.3.250

2.4.20. Bis(2-pyridinyl)disulphide (20b) [45]251

White solid, mp: 53-56°C (lit [45] 53-54°C), 1H NMR (CDCl3, 300 MHz): δ 8.50 (2H, m), 252

7.63 (4H, m), 7.16-7.13 (1H, m); 13C NMR (CDCl3, 75.4 MHz): δ 158.9, 149.5, 137.4, 121.1, 253

120.0 254

2.4.21. Bis(pyrimidin-2-yl)disulphide (21b) [45]255
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Yellow solid, mp: 144-145°C (lit [45] 143-145°C), 1H NMR (DMSO-d6 + CDCl3, 400 MHz): 256

δ 8.47-8.46 (4H, m), 7.08-7.06 (2H, m); 13C NMR (DMSO-d6 + CDCl3, 100 MHz): δ 173.8, 257

163.0, 123.0258

2.4.22. Bis(2-pyridinoxydyl)disulfide (22b) [114]259

Yellow solid, mp: 202-204°C (lit [114] 205°C), 1H NMR (DMSO-d6, 300 MHz): δ 8.48 (2H, 260

s), 7.80.-7.3 (6H, m); 13C NMR (DMSO-d6, 75.4 MHz): δ 151.0, 139.5, 139.0, 127.9, 124.4, 261

122.7.262

2.4.23. Bis(thiazol-2-yl)disulfide (23b) [115]263

White solid, mp: 79°C (lit [115] 79-80°C), 1H NMR (CDCl3, 300 MHz):δ 7.80 (2H, d) 7.42 264

(2H, d); 13C NMR (CDCl3, 75 MHz): δ 176.9, 144.3, 122.4. 265

2.4.24. Bis(benzo[d]thiazol-2-yl)disulfide (24b) [45]266

White solid, mp: 176-1770C (lit [45] 176-1780C); 1H NMR (CDCl3, 400 MHz): δ 7.98-7.96 267

(2H, d, J= 8Hz), 7.81-7.79 (2H, d, J= 8Hz), 7.51-7.47 (2H, t, J= 8Hz), 7.40-7.36 (2H, t, J= 268

8Hz); 13C NMR (CDCl3, 100 MHz): δ 167.8, 154.6, 136.2, 126.6, 125.3, 122.8, 121.3.269

2.4.25. Bis(benzo[d]oxazol-2-yl)disulfide (25b) [45]270

White solid, mp: 94-96°C (lit [45] 92-94°C), 1H NMR (DMSO-d6, 400 MHz): δ 7.77-7.75 271

(4H, m), 7.44-7.41 (4H, m); 13C NMR (DMSO-d6, 100 MHz): δ 159.8, 152.0, 141.2, 126.0, 272

125.3, 119.7, 111.0 273

2.4.26. 5,5'-disulfanediylbis(1,3,4-thiadiazol-2-amine) (26b) [116]274

White solid, mp: 238-2410C (lit [116] 2390C), 1H NMR (DMSO-d6, 300 MHz): δ 7.74 (2H,275

s); 13C NMR (DMSO-d6, 75.4 MHz): δ 173.0, 149.5.276
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2.4.27. 1,2-diallyldisulphide (27b) [117]277

Yellow oil, 1H NMR (CDCl3, 400MHz): δ 5.92-5.75 (2H, m) 5.24-5.10 (4H, m), 3.16-3.14 278

(4H, m); 13C NMR (CDCl3, 100 MHz): δ 134.39, 118.5, 42.4.279

Spectral data of bis(2-aminophenyl)disulfidediimine Schiff bases (28b-30b):280

2.4.28. 2,2´-disulfanediylbis(N-benzylideneaniline) (28b) [73]281

Yellow solid, mp: 1400C (lit [73] 140°C), 1H NMR (CDCl3, 400 MHz): δ 8.54 (s, 2H), 8.03-282

8.00 (m, 4H), 7.71-7.69 (m, 2H), 7.53-7.49 (m, 6H), 7.28-7.16 (m, 4H), 7.09-7.07 (m, 2H); 283

13C NMR (100 MHz; CDCl3): δ 160.0, 148.9, 136.0, 132.1, 131.7, 129.1, 128.8, 126.9, 126.0 284

, 117.2.285

2.4.29. 2,2´-disulfanediylbis(N-(4-methoxybenzylidene)aniline) (29b)[73]286

Yellow solid, mp: 1400C (lit [73] 139 -140°C), 1H NMR (CDCl3, 400 MHz): δ 8.44 (1H, s), 287

7.97-7.95 (4H, m), 7.66 (1H, m),7.28–7.02 (12H, m), 3.91 (6H, s); 13C NMR (CDCl3, 100 288

MHz) : δ 162.5, 159.2, 149.2, 131.9, 130.9, 129.2, 126.8, 126.4, 125.8, 117.1, 114.2, 55.3.289

2.4.30. 2,2'-disulfanediylbis(N-(pyridin-2-ylmethylene)aniline) (30b)[74]290

Yellow solid, mp: 1410C (lit [74] 139-140°C),1H NMR (DMSO-d6, 400 MHz,) δ 8.72 (s, 291

2H), 8.30 – 8.21 (m, 2H), 7.62 – 7.50 (m, 5H), 7.44 – 7.23 (m, 9H); 13C NMR (DMSO-d6, 292

100 MHz) : 160.4, 154.5, 149.7, 147.8, 136.8, 132.7, 127.9, 127.1, 126.0, 125.5, 122.2, 293

117.3.294

3.0 Results and Discussion295

Inspired by the outcomes of recent reports [69-72] on the decisive role of BSA catalyzed (i) 296

enone formation in ionic liquid [69] and (ii) thia-Michael addition to chalcone in water [72], 297
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we planned to carry out the BSA catalyzed one-pot multicomponent reaction among 298

benzaldehyde, acetone and thiophenol in water via enone formation followed by thia-Michael 299

addition in the same pot (see supporting information). Unpredictably, we got some competing 300

side product (58% on GC-MS basis) which upon isolation and characterization by NMR, GC-301

MS and HPLC comparison with standard [44], was confirmed to be diphenyldisulfide (see 302

S.I.). This result encouraged us to stir a mixture of thiophenol (0.25 mmol) (1a) and bovine 303

serum albumin [69,70] (50 mg, 0.00075 mmol, molecular weight = 66000 [59]) "on water" 304

[10] under aerobic [11] conditions for 12h, thereby providing diphenyldisulfide (1b) in 85% 305

yield (Entry 1, Table 1, GC-MS basis). Delighted by this serendipitous BSA protein catalysis 306

of 1a, we screened different commercially available serum proteins viz. rabbit, sheep, pig, 307

chicken, egg albumin to improve the yield of 1b, however, in all cases 1b was obtained in 308

poor yield (Entry 2-6, Table 1).309

During the screening of different serum proteins (Entries 1-6, Table 1), it was realized that 310

conversion of thiol (1a) into disulfide (1b) with protein BSA (Entry 1, Table 1) was found 311

optimum which may be due to the rich varieties of surface amino acids [61,62] present in it. 312

Recently, Laccase enzyme [58] has also been utilized for oxidative coupling of thiols into 313

disulfides, therefore, we further planned to employ some well exploited and commercially 314

available enzymes [71] (Entries 7-12, Table 1) like CAL-B (Candida antarctica lipase), CRL 315

(Candida rugosa lipase), MJL (Mucor javanicus lipase), PCL (Pseudomonas cepacia lipase), 316

and CCL(Candida cylindracea lipase) for oxidation of thiol (1a) into disulfide (1b) on water 317

but none of these lipases showed any significant product (1b) formation (Entries 7-12, Table 318

1) in comparison to protein BSA (Entry 1, Table 1).319

Next to improve the yield of 1b beyond 85% (Entry 1, Table 1), variations in time, 320

effect of temperature, solvents and amount of BSA were studied (Entries 2-15,Table 2). 321

During variations in time (Entries 1-3, Table 2), it was found that 12 h ( Entry 1) was 322
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sufficient for the oxidative coupling of 1a while increase (24 h) or decrease (6 h) in reaction 323

time did not show any improvement in yield of 1b (Entries 2-3, Table 2). Further, variations 324

in reaction temperature (Entries 4-5,Table 2) and amount of BSA (Entries 6-7) did not show 325

any influence on the improvement of yield of 1b. Thereafter, the change in reaction medium 326

from water to organic solvents (Entries 8-12,Table 2) were taken into account but no 327

significant improvement in the yield of 1b was observed. Further to validate our perception 328

regarding the crucial role of BSA, dissolved oxygen in water or aerobic oxygen for oxidation 329

of 1a into 1b, we performed a set of three reactions i) aerobic oxidation of 1a without BSA in 330

water (Entry 13, Table 2), ii) oxidation of 1a with BSA and water under N2 atmosphere (to 331

ward off oxygen) (Entry 14, Table 2) and iii) oxidation of 1a with BSA in degassed water (to 332

ward off oxygen) under N2 atmosphere (Entry 15) wherein yield of 1b was obtained in 0%, 333

37% and traces amount respectively (on the basis of GC-MS analysis). These findings clearly 334

highlighted the crucial role of BSA and aerial oxygen for facile oxidative coupling of 1a into 335

1b. Among various proposed reaction pathway for oxidative coupling of thiols, a thiyl radical 336

[58] pathway is generally known for S-S bond formation. To ascertain whether the aerobic 337

oxidation of 1a follows a free radical pathway or not, an experiment with 10 mol% BHT (a 338

free radical quencher) (Entry 16, Table 2) as well as oxidation of 1a in dark (Entry 17, Table 339

2) were conducted and in both cases 1b was obtained in good yield, hence, ruling out the 340

possibility of free radical pathway.341

After optimal reaction conditions in hand for oxidative coupling of 1a, we examined 342

the scope of different substituted thiols to form the disulfides (1b-18b, Table 3) including 343

synthesis of a physiologically important cystine (19b, Table 3). As shown in Table 3 (1b-344

19b), a wide range of thiophenols with electron-donating (2b-10b, Table 3) and electron-345

withdrawing (11b-16b) substituents have provided good to excellent yields (upto 97%) of 346

disulfides [96-98] wherein some of disulfides possess cytotoxic [97], leishmanial [98] and 347
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antibacterial activities [74]. Delightedly, amino or hydroxy substituted thiophenol (4a and 5a, 348

Table 3) also successfully underwent oxidative coupling to form corresponding disulfide (4b 349

and 5b, Table 3) in good yield (upto 85%) whereas previous protocols [44-46] documented 350

the formation of the same disulphides (4b and 5b) in poor yield due to additional interaction 351

of -NH2 or -OH proton verses -SH proton of thiophenol with catalysts/reagents [44]. 352

Interestingly, BSA possesses rich variety of amino acids which will interact efficiently with   353

-SH of thiophenol in water whereas strong hydrogen bonding ability of –OH and –NH2 in 354

water may attenuate their interaction with biocatalyst (BSA) thereby permitting smooth 355

oxidative coupling of thiophenols (4a and 5a) into disulfides (4b and 5b, Table 3). 356

Apart from aromatic disulphides (1b-17b, Table 3), many heteroaromatic disulfides (20b-26b, 357

Table 4) are privileged scaffolds of some medicinally active compounds [27-37], thus high 358

therapeutic profile and their recent biocatalyzed synthesis by U. Beifuss et al [58] propelled 359

us to target synthesis of these heteroaromatic disulfides (20b-26b, Table 4) in our neutral 360

catalytic system (BSA/water) devoid of any additives or use of organic solvent. We 361

successfully obtained six membered heterocyclic disulfides with excellent yield (upto 90%) 362

having pyridine and pyrimidine ring (20b-26b, Table 4) which are documented for production 363

of a dendritic cell-based vaccine for HIV [35] as well as a drug for neuropsychological 364

disorders [33]. Similarly, five membered heterocyclic disulfides (23b-26b, Table 4) were also 365

obtained in moderate yield (upto 65%).366

In order to further extend the application of developed protocol for oxidation of aliphatic 367

thiols, the synthesis of bioactive [36, 99-101] diallyl-disulfide (DADS) (27b), a well-known 368

secondary metabolite of garlic (Allium sativa) was targeted. Thus, BSA catalyzed oxidation 369

of allylthiol (Scheme1) on water provided diallyldisulfide (DADS) in 78% yield (isolated) 370

under environmentally benign aerobic condition.371
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Mechanistically, we hypothesized that acidic and basic amino acid functionalities in the side 372

chain of BSA [64-67] might be responsible for oxidative coupling of thiophenols into 373

disulfides in aqueous condition. In fact, structurally the BSA, a non-redox carrier protein, 374

contains side chains of acidic (Asp, Glu) [64] and basic (Arg, Lys, His)[64] amino acids 375

which could act as an ambiphile [102-104] in water. In this view, disulfides formation might 376

be driven through transition state {A} (Scheme 2) wherein sulfur of thiophenol interacts with 377

acidic hydrogen of surface amino acid side chains of BSA analogues to carbonyl oxygen 378

activation by oxyanion hole [105-108] in enzyme catalysis [59-68, 105-107] or amino acid 379

catalysis [97] thereby imparting the partial positive character to sulfur of thiophenol. On the 380

other side the basic amino side chains [59-71] of BSA as reported previously [70,102] by 381

Zhao et al. [62] or heterocyclic amino acids like histidine [62,63,105] present in BSA could 382

somewhat behave like base thereby their interaction with -SH proton (of another molecule of 383

thiophenol) impart nucleophilic character to sulfur. Overall  this ambiphilic [49,102-104] 384

(electrophilic and nucleophilic) activation triggers interaction of nucleophilic (δ-) and 385

electrophilic (δ+) sulfur, which was further assisted by aerobic oxygen and water through 386

hydrogen bonding (HB) leading to diphenyldisulfide with removal of water as the only by 387

product.388

Furthermore to investigate an insight in the crucial role of amino acids (acidic or basic) side 389

chain present in BSA, we carried out oxidative coupling of thiophenol (1a) with 390

commercially available acidic (Glutamic acid, Aspartic acid) and basic (Arginine and Lysine) 391

amino acids in water (see S.I.). To our delight, arginine provided maximum yield (52%) 392

while glutamic acid provided 37% yield of 1b (see S.I.) which overall supports the synergetic 393

role of both acidic and basic amino acid functionalities present in BSA which might be 394

responsible for high yield of disulfide (85%, 1b, Table 3) under above catalytic system (i.e. 395
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BSA-water-air). Further, reduction in yield of disulfide (1b) with acylated and denatured [70] 396

BSA also confirms our mechanistic postulate (see S.I.).397

Having established substrates scope and plausible mechanism, we proceeded to assess 398

the recyclability of the biocatalytic system for oxidation of 4-methoxy thiophenol (3a) into 399

bis(4-methoxyphenyl) disulfide (3b, Table 3) where the recovered catalyst retained activity 400

upto four cycles, thereafter yield of 3b decreased below 90% (Fig. 4) due to coagulation of 401

BSA. The E-factor (see S.I.) of our biocatalytic system were also found to be low for 3b402

which further confirms environmental compatibility of this biocatalytic protocol according to 403

green chemistry metrics. 404

To probe the practical applicability of our catalytic system (Table 3) for disulfides synthesis, 405

preparative scale oxidative coupling reaction of 4-methoxythiophenol (3a, 1g, 7.1 mmol) 406

using BSA (200 mg) in water (2 mL), at room temperature (16 h) formed corresponding 407

disulphide, bis(4-methoxyphenyl)disulfide (3b, Table 3) in excellent yield upto 92% (see S.I.)408

precluding any metal/non-metal complexes, bases and additives as shown in Table 5 which 409

clearly demonstrates its applicability in comparison to reported protocols [38-47, 56-58,118-410

133]. 411

After the successful oxidation of thiols (aromatic, heterocyclic, aliphatic) into corresponding 412

disulfides (1b-27b, Table 3, 4 and scheme 1) and establishing the mechanistic study (Scheme 413

2), we envisioned that bis(2-amino diphenyl)disulfide, an amino functionalised disulfide (4b, 414

Table 3), can further be reacted with benzaldehyde to form bis(aminophenyl)disulfidediimine 415

which possesses good antimicrobial activity against human pathogens [73] and also 416

documented as an important ligand in synthetic chemistry [74] besides acting as a basic 417

scaffold for various organic synthesis [75-79]. Thus, in order to examine the application of 418

our developed biocatalytic green protocol for tandem [85-88] oxidative coupling as well as 419

condensation reactions between aminothiophenol and benzaldehyde, we particularly added 420



Page 20 of 36

Acc
ep

te
d 

M
an

us
cr

ip
t

20

benzaldehyde in parts (to avoid benzothiazole formation) [89-91] to a well stirred mixture of 421

2-aminothiophenol and BSA in water but unfortunately, the desired bis(2-422

aminophenyl)disulfidediimine was formed only in trace amount with many side-products 423

(Scheme 3). So in order to elude the multiple product formation due to competitive reactions 424

(Scheme 4), we next followed tandem sequential [88] reaction wherein initial formation of 425

diiminedisulfide (4b) was achieved in 18 h. After that benzaldehyde (1.1eq) was added in the 426

same pot and further stirred for 12h at r.t. which successfully furnished desired product (28b) 427

in 77% yield (Scheme 3) via oxidative coupling and condensation reaction in one pot. 428

Similarly, disulfidediimines (29b-30b) were also obtained with good yields via tandem-429

sequential oxidative coupling-condensation in the same pot under aerobic aqueous conditions 430

(Scheme 4) while reported methods [73-74] involve multi steps and demand anhydrous 431

conditions. Thus among the richness of various organic transformations catalyzed by BSA 432

[134], our method may be employed as a mild approach for disulfides synthesis along with 433

extended approach towards Schiff bases 434

4.0 Conclusions435

In summary, this is the first report on bovine serum albumin (BSA) catalyzed oxidative 436

coupling of a series of thiols (aromatic, aliphatic and heterocyclic) into disulfides (S-S bonds) 437

“on water” under neutral conditions whose significant features are: (i) metal and base-free 438

protocol, (ii) air as a green oxidant, (iii) water as a green solvent, (iv) mild reaction 439

conditions and easy isolation of the products, (v) waste free protocol and (vi) good 440

recyclability with high atom economy and low E factor. More importantly, the versatility of 441

protocol finds application for synthesis of 4,5-dithia-1,7-octadiene (diallyldisulphide 442

commonly known as DADS), a biologically important secondary metabolite of garlic (Allium 443

sativa). Furthermore, the utility of the methodology for an efficient construction of 444
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biologically active bis(aminophenyl)disulfidediimine is also demonstrated where BSA 445

catalyzed one S-S and two C-N bonds are formed for the first time solely "on water" in one 446

pot via sequential oxidative coupling of 2-aminothiophenol into intermediate bis(2-447

aminophenyl)disulfide followed by condensation with benzaldehyde without isolation of 448

intermediate, thus the developed protocol is of great value from the green chemistry 449

perspective and organic synthesis due to inexpensive nature of BSA, air as a green oxidant 450

and water as a solvent. Work is underway toward the further development of relevant 451

reactions.452
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Figure Captions664

Figure 1: Biological active scaffolds containing S-S bond665

Figure 2: BSA catalysed first oxidative coupling of thiols into disulfides (S-S bond) 666

under neutral condition667

Figure 3: Synthesis of Schiff bases with one S-S and two C-N bonds via oxidative 668

coupling-condensation reactions in one pot669

Figure 4: Recyclability of BSA in developed protocol670
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Table 1: Screening of different serum proteins and enzymes for oxidation of thiophenol 671

(1a) into disulfide (1b)[a]672

[a] Experimental conditions: 0.25 mmol  1a, 600 µL H2O for 12 hr; [b] yield on the basis 673

of GC-MS; (BSA=Bovine serum albumin; CAL-B= Candida antarctica lipase-B; CRL= 674

Candida rugosa lipase; MJL=Mucor javanicus lipase; TLL= Thermomyces lanugenosus 675

lipase; PCL= Pseudomonas cepacia lipase; CCL=Candida cylindracea lipase.)676

Table 2: Optimization of BSA catalyzed disulfide synthesis [a]677

[a] Experimental conditions: 0.25 mmol 1a, 600 µL solvent; BSA= Bovine serum albumin 678

50 mg; [b] Yield on the basis of GC-MS; [c] without BSA; [d] under N2 atmosphere; [e] in 679

the presence of BHT ( Butylatedhydroxytoluene); [f] reaction in dark680

Table 3: Substrate scope for oxidative coupling of aromatic thiols into disulfides in 681

BSA-water-oxygen catalytic system[a]682

[a] Reaction conditions: Thiol 0.25 mmol, BSA 50 mg, water 600 µL, rt, reaction time 683

(12-48 h); [b] Isolated yield; [c] yield on GC-MS basis684

Table 4: Substrate scope for oxidative coupling of heterocyclic thiols into disulfides in 685

BSA-water-oxygen catalytic system[a]686

[a] Experimental conditions: Thiol 0.25 mmol, BSA= 50 mg, Water= 600 µL; [b] 687

Isolated yield688

Table 5: Substrate scope for oxidative coupling of heterocyclic thiols into disulfides in 689

BSA-water-oxygen catalytic system[a]690

691

Scheme 1: Synthesis of diallyldisulfide (DADS)692
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Scheme 2: Plausible mechanism for disulfide formation693

Scheme 3: Formation of bis(aminophenyl)disulfidediimine in tandem sequential manner694

695
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Tables695

Table 1: Screening of different serum proteins and enzymes for oxidation of thiophenol 696
(1a) into disulfide (1b)[a]697

S. No. Biocatalyst % Yieldb

[a] Experimental conditions: 0.25 mmol 1a, 600 L H2O for 12h; [b]
yield on the basis of GC-MS; (BSA=Bovine serum albumin; CAL-B=
Candida antarctica lipase-B; CRL= Candida rugosa lipase;
MJL=Mucor javanicus lipase; TLL= Thermomyces lanugenosus lipase;
PCL= Pseudomonas cepacia lipase; CCL=Candida cylindracea lipase.)

1a
1b

Biocatalyst (50 mg)

H2O, R.T.

SH S
S

% Yieldb S. No. Biocatalyst

2

BSA

Rabbit serum albumin

Sheep serum albumin

Pig serum albumin

Egg serum albumin

Chicken albumin

1

2

3

4

5

6

85%

12%

16%

13%

11%

10%

7

8

9

10

11

12

CAL-B

CRL

MJL

TLL

PCL

CCL

nd

2

nd

nd

nd

nd

698

699

Table 2: Optimization of BSA catalyzed disulfide synthesis[a]700

S. No. Solvent % Yieldb

[a] Experimental conditions: 0.25 mmol 1a, 600 L solvent; BSA= Bovine serum albumin 50 mg; [b] Yield on the basis of

GC-MS; [c] without BSA; [d] under N2 atmosphere; [e] in the presence of BHT ( Butylated hydroxytoluene); [f ] reaction in

dark.

TemperatureBSA (mg) Time
(h)

1

2

3

4

5

6

7

8

9

MeOH

DMF

DMSO

Water

Water

(Degassed)Water

Water

Water

50

50

50

50

50

25

100

50

50

12

24

06

12

12

12

12

12

12

R.T.

R.T.

R.T.

040C

500C

R.T.

R.T.

R.T.

R.T.

85

82

68

48

52

45

81

22

42

S. No. Solvent BSA (mg) Time
(h)

Temperature % Yieldb

10

11

12

13

14

15

16

17

50

50

50

-

50

50

50

50

Water

Water

Water

Water

Water

Water

Water

TBME

EtOH

12

12

12

12

12

12

12

12

R.T.

R.T.

R.T.

R.T.

R.T.

R.T.

R.T.

R.T.

32

28

57

ndc

37d

Tracesd

81e

82f

1a
1b

BSA

Solvent

SH S
S

2

701
702

703
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Table 3: Substrate scope for oxidative coupling of aromatic thiols into disulfides in 704
BSA-water-oxygen catalytic systema705

S
S

83% (85%)c

S
S

80%

S
S

F

F

83%

S
S

Cl

Cl

79%

S
S

S
S

Br

Br
O

O

O

O
81%

80%

S
S

Cl
Cl

71%

S
S

NH2

NH2

85%

S
S

HO

OH

80%

S
S

O

O

75%

S
S

Br

Br82%

1b

17b

13b

16b

11b 14b 15b

6b

4b

9b

5b(12h)

(20h)

(14h)

(14h)

(15h) (16h) (16h)

(18h)

(18h)

(22h)

(16h)

S
S

NO2

NO2

79%
12b ( 18h)

[a] Reaction conditions: Thiol 0.25 mmol, BSA 50 mg, water 600 µL, rt, reaction time (12-48h); [b[ Isolated yield;
[c] yield on GC-MS basis.

Aerobic condition, H2O, R.T.

Bovine Serum Albumin

Ar=Aromatic, Heteroaromatic
Aliphatic

SH S
S

Ar
Ar2 Ar

72%

S
S

20%

S
S

2b

18b

(16h)

(48h)

S
S

83%
7b (16h)

S
S

90% (93%)c

S
S

O

O

97%

S
S

O

O84%
10b

3b

8b (14h)

(14h)

(14h)

1a-19a
1b-19bb

NH2

HO

O

S

NH2

OH

O

S

42%
19b (48h)

706

707

Table 4: Substrate scope for oxidative coupling of heterocyclic thiols into disulfides in 708
BSA-water-oxygen catalytic systema709

86%

N S
S N

O

O
N

N S
S N

N

88%

S

N

S

S

S

N

65% O

N

S

S

O

N

50%

N

S

N

S

S

N
N

S
NH2

H2N
40%

N

S

S

S

N

S

56%

22b

23b
24b 25b

26b

(16h)(16h)

(30h)

(30h) (30h)
(30hr)

21b
20b
90%

N S
S N

(14h)

BSA, air

H2O,

Y

X SH

X=N,C Y=C,O,S,N

n n=0-1
Y

X S
S Y

X

n

n

20a-26a 20b-26bb

[a] Experimental conditions: Thiol 0.25 mmol, BSA= 50 mg, Water= 600 L
[b] Isolated yield.

2

R.T.

710
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Table 5: Comparison of different protocols for the synthesis of disulphides from thiols with our 711
BSA catalyzed protocol in neutral condition:712

713

714

715

716

Biocatalyst

Sr 
No

Catalyst Conditions Temp. Solvent Ref Sr 
No

Catalyst Conditio
ns

Temp. Solvent Ref

1 Laccase pH 4.4 --- MeOH 58 2 Horse radish peroxidase pH 6.0 --- ACN 56

3 Mushroom tyrosinase pH 6.8 --- ACN 56 4 Baker’s Yeast pH 7.2, 
Incubatio
n at 

370C 20% 
EtOH,

57

5 Ethyl Lactate --- 600C Ethyl 
Lactate

39 6 BSA --- Room 
temp.

“On 
Water”

Our 
work

Organocatalyst
7 Arginine --- 500C Water, 49

Transition Metal
8 Fe(BTC) ---- 700C MeCN 40 9 Cu(NO3)2. 3H2O --- RT Acetone 118

10 [Rh(cod)2]BF4 ---- 40C DCM 119 11 Ni (Nickel) 
nanoparticles

--- RT MeCN, 120

12 Cu nanoparticles ---- MW DMF 121 13 Au (Gold) nanoparticles --- ---- ---- 46

14 Cobalt(II) phthalocyanines ---- 122

Oxidants and other catalysts used
15 (NH4)2Cr2O7/silica chloride ---- Reflux DCM 123 16 [bmim][SeO2(OCH3)] MW 600C 124

17 [Al(NO3)3.9H2O] and silica 
sulfuric acid (SiO2–OSO3H)

---- RT DCM 125,
126

18 [hmim][Br] O2 500C 44

19 HNO3 ---- 00C DCM, 127 20 2,6-Dicarboxy-
pyridinium-
chlorochromate

--- RT MeCN, 131

21 DDQ ---- 00C DCM, 128 22 K3PO4 --- 370C MeCN, 132

23 CsF–Celite ---- RT or 
Reflux

MeCN, 129 24 Quantum dots --- --- --- 51

25 Et3N Sonication Air 
Sonication

DMF, 42 25 Hypervalent iodine --- --- --- 47

27 Al2O3 ---- ---- ---- 38 28 Diaryl tellurides Air 
Sensitizer

00C ---- 43

29 Ascorbyl radical RT Water 130 30 Mn(III) Schiff–base 00C MeOH 133
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Figures and Schemes716

N

S S

N

HO

HO

OH

S
S

Pyritinol Diallyldisulf ide
(DADS)

OH

S
S

N

N

Dithiobis(phenylene)bis
(benzylideneimine)

717

Figure: 1718

SH
S

S

earlier
work

our
protocol

R= aromatic,
heteroaromatic,
aliphatic

Et3N,DMF [42]
or PhI(OAc)2,iPrOH [47] Limitations

i. use of metal complexes or base
ii. use of toxic reaction media
iii. use of additives

BSA (as a biocatalyst)

O2 (as an oxidant)

H2O ( as a green solvent)

Advantages
i. metal and base free
ii. devoid of additives or pH
iii. recyclable upto four times

R R

R

Disulfides

719

Figure: 2720
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NH2

SH

S
S

NH2

NH2

BSA/Air
on water

CHO

N

S

Previous
Protocol

S
S

NH2

NH2

S
S

N

N

CHO

Tandem
SequentialOur

Protocol

Oxidative Coupling[38,42,45,47]

Condensation/Cyclisation [89-91]

on water

CHO
Condensation

Anhy. EtOH [73,74]

bis(2-a minophenyl)disulf idediimines
bis (2-aminophenyl) disulf ide

Benzothiazole

( in same pot)

(a sc hiff base )

cat. Cu/ aldehyde [75-79]

721

Figure: 3722

BSA/
Aerob

n

723

Figure: 4724

S
SBSA, Air

H2O, R.T. 27b (78%, 18h)27a
2

SH

725

Scheme:1726
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