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Supplementary Table S1. Co-substrate experiments for Mb-catalyzed reaction of EDA with 

allyl phenyl sulfide (A), to give the Doyle-Kirmse product (DK product), and/or with styrene (B) 

to give the cyclopropanation product (CP product), in the presence and in the absence of 

reductant (Na2S2O4). See section "Doyle-Kirmse reactions with ferric myoglobin" for more 

detailed discussion of these results and those reported in Figure S2.   

 

 

 

Entry Enzyme 
 

Na2S2O4 A B C 
DK product 

(TON) 

CP product

(TON) 

1 -  - 1 mM 10 mM 10 mM 0 0 

2 -  10 mM 1 mM 10 mM 10 mM 0 0 

3 10 M  - - 10 mM 10 mM 0 <5 

4 10 M  - 10 mM - 10 mM 91 0 

5 10 M  10 mM 1 mM 10 mM 10 mM 39 29 

6 10 M  - 1 mM 10 mM 10 mM 29 8 
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Supplementary Table S2. Total turnovers (TTN), rate, and enantioselectivity of Mb, 

Mb(L29S,H64V,V68F), and its reversion variants, in the synthesis of 3. Reaction conditions for 

total turnovers (TTN) determination: 10 mM 1, 20 mM 2a, 1 M Mb catalyst (0.01 mol%), 10 

mM Na2S2O4 in oxygen-free potassium phosphate buffer (50 mM, pH 8) at room temperature for 

12 hours. Reaction conditions for initial rate determination: 10 mM 1, 20 mM 2a, 5 M Mb 

catalyst (0.05 mol%), 10 mM Na2S2O4 in oxygen-free potassium phosphate buffer (50 mM, pH 

8) at room temperature for 10 minutes. Enantiomeric excess was determined by chiral GC. 

Standard errors are within 15%. 

 

 

 

Mb variant 
Total turnovers 

(TTN) 

Rate 

(min-1) 

Enantiomeric 

excess (e.e.) 

WT Mb 1,620 79 0% 

Mb(H64V) 2,230 121 5% 

Mb(V68F) 560 43 1% 

Mb(L29S,H64V) 3,085 118 -1% 

Mb(H64V,V68F) 1,360 33 4% 

Mb(L29S,H64V,V68F) 6,280 167 71% 

 

 

 

 



S4 

 

Supplementary Figure S1. Model of Mb(L29S, H64V,V68F) variant. Active site residues and 

heme bound histidine are shown as stick models. The heme and the mutated active site residues 

are colored in yellow and pink, respectively.  
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Supplementary Figure S2. UV-vis spectra of wild type myoglobin as measured before and after 

addition of allyl phenyl sulfide 1, and after addition of 1 and carbon monoxide. In each case, the 

spectrum is consistent with that of ferric myoglobin (max ≈ 409 nm), indicating that no ferrous 

myoglobin is formed through a reaction with the sulfide reactant. See section "Doyle-Kirmse 

reactions with ferric myoglobin" for more detailed discussion of these results and those 

reported in Table S1.   
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Supplementary Figure S3. Product conversion (a) and enantioselectivity (b) for the synthesis of 

3 from phenyl allyl sulfide (1) and EDA (2a) as catalyzed by different active site variants of 

myoglobin under standard reaction conditions (=10 mM 1, 20 mM 2a, 10 M Mb catalyst (0.1 

mol%), 10 mM Na2S2O4 in oxygen-free potassium phosphate buffer (pH 8) at room 

temperature). 
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Supplementary Figure S4. Representative chiral GC chromatograms corresponding to product 

3 (a) as authentic racemic standard synthesized using Rh2(OAc)4 catalyst, (b) as produced from 

the reaction with Mb(L29S, H64V, V68F), (c) as produced from the reaction with Mb(H64V, 

V68A). The two enantiomers of 3 are labeled ent-A and ent-B. 

(a) 

 

(b) 

 

(c) 
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Experimental Procedures 

Reagents. All the chemicals and reagents were purchased from commercial suppliers (Sigma-

Aldrich, Alfa Aesar) and used without any further purification, unless otherwise stated. All dry 

reactions were carried out under argon atmosphere in oven-dried glassware with magnetic 

stirring using standard gas-tight syringes, cannulae and septa. 1H and 13C NMR spectra were 

measured on Bruker DPX-400 (operating at 400 MHz for 1H and 100 MHz for 13C) or Bruker 

DPX-500 (operating at 500 MHz for 1H and 125 MHz for 13C). Tetramethylsilane (TMS) served 

as the internal standard (0 ppm) for 1H NMR and CDCl3 was used as the internal standard (77.0 

ppm) for 13C NMR. Silica gel chromatography purifications were carried out using AMD Silica 

Gel 60 230-400 mesh.  

 

Analytical Methods. Gas chromatography (GC) analyses were carried out using a Shimadzu 

GC-2010 gas chromatograph equipped with a FID detector and a chiral Cyclosil-B column (30 m 

x 0.25 mm x 0.25 μm).  GC method for measurement of TON and TTN values: 1 μL injection, 

injector temp.: 200 ºC, detector temp: 300 ºC. Gradient: column temperature set at 140 ºC for 3 

min, then to 160 ºC at 1.8 ºC/min, then to 165 ºC at 1 ºC/min, then to 245 oC at 25 ºC/min. Total 

run time was 28.31 min.  

Enantiomeric excess for product 3, 16, 19, 22, and 24 was determined using a Shimadzu 

GC-2010 gas chromatograph equipped with a FID detector and chiral Cyclosil-B column (30 m x 

0.25 mm x 0.25 μm), with the following separation method: 1 μL injection, injector temp.: 200 

ºC, detector temp: 300 ºC. Gradient: column temperature set at 80 ºC for 3 min, then to 180 ºC at 

0.50 ºC/min, then to 200 ºC at 2 ºC/min, then to 245 oC at 25 ºC/min for 6 min. Total run time 

was 220.80 min.  
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Product tR (min) for ent A tR (min) for entB 

3 110.64 111.46 

16 146.90 147.48 

19 117.68, 118.36 118.94, 119.58 

22 22.39 23.37 

24 105.03 105.63 

 

Enantiomeric excess for products 13, 14, 15, 17, 18, 20, 21, 23, 28, 29, and 30 was 

determined by Supercritical Fluid Chromatography (SFC) analysis, using a Jasco Analytical and 

Semi-Preparative SFC instrument equipped with a column oven (35 °C), photodiode array 

detector, a backpressure regulator (12.0 MPa), and a carbon dioxide pump. Daicel Chiralpak IA, 

IB, IC, or IF columns (0.46 cm ID × 25 cm L) were used for separation of enantiomers. All 

samples were eluted using an isocratic solvent system of 5% modifier (see below) in liquid CO2 

at an elution rate of 4 mL/min and detected at λ = 220 nm. Total run time was 10.2 min.  

Product 
Column Modifier Solvent tR (min)  

 for ent A 
tR (min)  
for ent B 

13 IA 2% EtOH in Hexanes  2.72 3.28 

14 IB 2% EtOH in Hexanes 4.20 4.62 

15 IB 2% EtOH in Hexanes 7.08 7.48 

17 IA 2% EtOH in Hexanes 2.33 2.50 

18 IF 10% EtOAc in Hexanes 1.98 2.08 

20 IC 20% EtOH in Hexanes 3.56 4.21 

21 IC 20% EtOH in Hexanes 4.46 5.33 

28 IF 2% EtOH in Hexanes 6.10 6.36 

29 IF 10% EtOH in Hexanes 8.17 8.76 

30 IF 2% EtOH in Hexanes 6.68 6.92 
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Protein expression and purification. Wild-type Mb and the engineered Mb variants were 

expressed in E. coli BL21(DE3) cells as described previously (Bordeaux et al., Angew. Chem. 

Int. Ed. 2015, 54, 1744–1748). Briefly, cells were grown in TB medium (ampicillin, 100 mg L−1) 

at 37 °C (150 rpm) until OD600 reached 0.6. Cells were then induced with 0.25 mM β-D-1-

thiogalactopyranoside (IPTG) and 0.3 mM δ-aminolevulinic acid (ALA). After induction, 

cultures were shaken at 150 rpm and 27 °C and harvested after 20 h by centrifugation at 

4000 rpm at 4 °C. After cell lysis by sonication, the proteins were purified by Ni-affinity 

chromatography using the following buffers: loading buffer (50 mM KPi, 800 mM NaCl, pH 

7.0), wash buffer 1 (50 mM KPi, 800 mM NaCl, pH 6.2), wash buffer 2 (50 mM KPi, 800 mM 

NaCl, 250 mM glycine, pH 7.0) and elution buffer (50 mM KPi, 800 mM NaCl, 300 mM L-

histidine, pH 7.0). After buffer exchange (50 mM KPi, pH 7.0), the proteins were stored at 4 °C. 

Myoglobin concentration was determined using an extinction coefficient ε410 = 157 mM−1 cm−1 

(Redaelli et al., Chembiochem 2002, 3, 226-233). 

 

Biocatalytic Doyle-Kirmse reactions: Under standard reaction conditions (Table 1, Entry 1), 

reactions were carried out at a 400 μL scale using 10 μM myoglobin (or Mb variant), 10 mM 

allyl phenyl sulfide, 20 mM EDA, and 10 mM sodium dithionite. In a typical procedure, a 

solution containing sodium dithionate (100 mM stock solution) in potassium phosphate buffer 

(50 mM, pH 8.0) was degassed by bubbling argon into the mixture for 4 min in a sealed vial. A 

buffered solution containing myoglobin was carefully degassed in a similar manner in a separate 

vial. The two solutions were then mixed together via cannula. Reactions were initiated by 

addition of 10 μL of allyl phenyl sulfide (from a 0.4 M stock solution in ethanol), followed by 

the addition of 10 µL of EDA (from a 0.8 M stock solution in ethanol) with a syringe, and the 
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reaction mixture was stirred for 12 hours at room temperature, under positive argon pressure. For 

the optimization of the allyl phenyl sulfide : EDA ratio (Table 1), reactions were performed 

according to the general procedure described above, using 10 µM of protein, 10 mM of allyl 

phenyl sulfide and variable amounts of EDA (2.5 mM EDA to 10 mM EDA). Reactions at 

varying catalyst loadings (Table 1) were carried according to the general procedure but varying 

the enzyme concentration from 10 µM to 1 µM of Mb(L29S, H64V, V68F). Reactions for TTN 

determination were carried out according to the general procedure described above using 1 µM 

Mb(L29S, H64V, V68F), 10 mM allyl phenyl sulfide (10 µL of 0.4 M stock solution in ethanol), 

and 20 mM EDA (10 µL of 0.8 M stock solution in ethanol). 

 

Preparative-scale reactions.  A solution containing 10 mM sodium dithionate (1 mL from 100 

mM stock solution) was mixed with 8 mL potassium phosphate buffer (50 mM, pH 8.0) and 

degassed by bubbling argon into the mixture for 10 min in a sealed vial. A buffered solution 

containing 10 μM Mb(H64V,V68F,L29S) (394 μL of 241 μM stock solution) was carefully 

degassed in a similar manner in a separate vial. The two solutions were then mixed together via 

cannula. Reactions were initiated by addition of 14.8 μL of   allyl phenyl sulfide (1) in 250 μL of 

ethanol, followed by the addition of 24 μL of EDA (2a) in 250 μL of ethanol with a syringe. The 

reaction mixture was stirred for 12 hours at room temperature, under positive argon pressure. 

The reaction mixture was then extracted with ethyl acetate (3 x 10 mL). The organic layer 

evaporated under reduced pressure and the residue was purified by flash chromatography (10% 

ethyl acetate in hexanes) to yield the desired product 3 as colorless liquid (19.5 mg, 84% isolated 

yield). 
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Product analysis: The reactions were analyzed by adding 20 µL of internal standard 

(benzodioxole, 50 mM in ethanol) to the reaction mixture, followed by extraction with 400 µL of 

dichloromethane and analysis by GC-FID or SFC (see Analytical Methods section for details on 

GC and SFC analyses). Samples for SFC analyses were prepared in a similar manner (i.e., via 

extraction with dichlorometane) and injected at a concentration of ~ 0.5 mg/mL. Calibration 

curves for quantification of the different [2,3]-sigmatropic rearrangement products were 

constructed using authentic (racemic) standards prepared synthetically as described in Synthetic 

Procedures. All measurements were performed at least in duplicate. For each experiment, 

negative control samples containing either no enzyme or no reductant were included. 

 

Doyle-Kirmse reactions with ferric myoglobin. The ability of myoglobin to catalyze Doyle-

Kirmse reactions in the absence of reductant (Table 1, Entry 3) is unlike previously investigated 

myoglobin-catalyzed carbene transfer reactions, which were only catalyzed by ferrous Mb.[3d, 7, 

9a] To verify that ferric Mb is a competent catalyst in Doyle-Kirmse reactions, the control 

experiments described in Figure S2 and Table S1 were carried out. As shown in Figure S2, UV-

vis spectra were acquired before and after addition of allyl phenyl sulfide (1) to ferric Mb. In 

each case, the measured spectrum is consistent with that of ferric myoglobin (max = 409 nm vs. 

max = 434 nm for ferrous Mb). Similarly, no formation of a CO-ferrous Mb complex (max = 424 

nm) was observed upon incubation of ferric Mb with the sulfide and CO (Figure S2). These 

results rule out that ferrous Mb is formed upon reaction with the sulfide reactant. To further 

confirm the reactivity of ferric Mb in Doyle-Kirmse transformations, reactions were carried out 

in the presence of EDA as the carbene donor, allyl phenyl sulfide (1) and/or styrene as the 

substrate(s), and in the presence or in the absence of reductant (Table S1). These experiments 
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show that, in the absence of reductant, the Mb-catalyzed Doyle-Kirmse reaction proceeds 

efficiently (91 TON, Entry 4), whereas negligible cyclopropanation activity is observed (<5 

TON, Entry 3), which is consistent with the dependence of the latter reactivity on ferrous Mb.[3d] 

Similarly, cyclopropanation reactivity is observed in the presence of both substrates only when 

the reductant is added (Entry 5 vs. 6). These results indicate that ferrous Mb is not generated 

upon reaction with EDA and support the notion that ferric Mb is a competent catalyst for Doyle-

Kirmse reactions but not cyclopropanation reactions. In line with these conclusions, hemin (= 

iron(III)-protoporphyrin IX) is also catalytically active in the transformation of 1 and EDA into 3 

in the absence of reductant (100 TON).     
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Synthetic Procedures: 

General procedure for synthesis of authentic standards in racemic form: 

To a flame dried round bottom flask under argon, equipped with a stir bar was added sulfide (1.2 

equiv.) and Rh2(OAC)4 (5 mol%) in dichloromethane (2-3 mL). To this solution was added a 

solution of diazo reagent (1 equiv.) in dichloromethane (1-2 mL) over 15-20 minutes at 0oC. The 

resulting mixture was stirred at room temperature overnight. The solvent was removed under 

reduced pressure and the crude mixture was purified using flash chromatography and a 9:1 

mixture of hexanes and diethyl ether. 

 

Ethyl 2-(phenylthio)pent-4-enoate (3): 

S

COOEt  

Following the standard procedure, 86% yield, GC-MS m/z (% relative intensity): 236(61.9), 

195(81.5), 163(88.1), 149(98.1), 121 (93.7), 109 (100); 1H NMR (CDCl3, 500 MHz): δ 7.47 (d, J 

= 5.5 Hz, 2H), 7.30-7.26 (m, 3H), 5.85-5.76 (m, 1H), 5.15-5.08 (m, 2H), 4.18-4.09 (m, 2H), 

3.71-3.67 (m, 1H), 2.66-2.60 (m, 1H), 2.54-2.49 (m, 1H), 1.18-1.14 (m, 3H) ppm, 13C NMR 

(CDCl3, 125 MHz): δ 171.6, 133.9, 133.1, 128.9, 128.0, 118.0, 61.1, 50.3, 35.8, 14.1 ppm.  

tert-Butyl 2-(phenylthio)pent-4-enoate (13): 
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Following the standard procedure, 82% yield, GC-MS m/z (% relative intensity): 264(26.7), 

208(22.5), 163(78.8), 135(36.9), 109(26.8),  57(100); 1H NMR (CDCl3, 400 MHz): δ 7.47 (d, J = 

7.2 Hz, 2H), 7.29-7.26 (m, 3H), 5.85-5.75 (m, 1H), 5.14-5.06 (m, 2H), 3.64 (t, J = 7.6 Hz, 1H), 

2.61-2.54 (m, 1H), 2.49-2.42 (m, 1H), 1.34 (s, 9H) ppm, 13C NMR (CDCl3, 100 MHz): δ 170.7, 

134.0, 133.6, 132.8, 128.8, 127.7, 117.8, 81.5, 50.8, 35.9, 27.8 ppm. 

Cyclohexyl 2-(phenylthio)pent-4-enoate (14): 

 

Following the standard procedure, 76% yield, GC-MS m/z (% relative intensity): 290(63.8), 

163(100), 135(60.2), 99(65.8), 83(90.4), 55(94.6); 1H NMR (CDCl3, 500 MHz): δ 7.46 (d, J = 

6.5 Hz, 2H), 7.30-7.26 (m, 3H), 5.83-5.78 (m, 1H), 5.14-5.07 (m, 2H), 4.76-4.73 (m, 1H), 3.70 

(t, J = 6.0 Hz, 1H), 2.63-2.59 (m, 1H), 2.54-2.49 (m, 1H), 1.75-1.64 (m, 5H), 1.36-1.22 (m, 5H) 

ppm, 13C NMR (CDCl3, 125 MHz): δ 171.1, 133.9, 133.4, 132.7, 128.9, 127.8, 117.9, 73.4, 50.3, 

35.9, 31.5, 31.4, 31.3, 25.3, 23.5 ppm. 

Benzyl 2-(phenylthio)pent-4-enoate (15) 

S

OO
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Following the standard procedure, 76% yield, GC-MS m/z (% relative intensity): 298(23.5), 

163(33.5), 135(39.4), 109(37.5), 91(100), 65(26.4); 1H NMR (CDCl3, 500 MHz): δ 7.45-7.43 

(m, 2H), 7.36-7.35 (m, 3H),  7.29-7.28 (m, 5H), 5.87-5.79 (m, 1H), 5.16-5.09 (m, 4H), 3.80-3.77 

(m, 1H), 2.71-2.65(m, 1H), 2.59-2.54 (m, 1H) ppm, 13C NMR (CDCl3, 125 MHz): δ 171.5, 

135.5, 133.8, 133.3, 132.9, 129.0, 128.5, 128.4, 128.3, 128.1, 118.2, 66.9, 50.3, 35.8 ppm. 

Ethyl 2-((4-chlorophenyl)thio)pent-4-enoate (16): 

 

Following the standard procedure, 80% yield, GC-MS m/z (% relative intensity): 270(81.4), 

229(48.5), 197(84.9), 183(100), 155(74.2), 143(49.6), 108(69.0); 1H NMR (CDCl3, 400 MHz): δ 

7.38-7.36 (m, 2H), 7.26-7.24 (m, 2H), 5.82-5.72 (m, 1H), 5.13-5.07 (m, 2H), 4.12 (q, J = 6.8 Hz, 

2H), 3.65-3.61 (m, 1H), 2.62-2.55 (m, 1H), 2.50-2.43 (m, 1H), 1.18 (t, J = 7.2 Hz, 3H) ppm, 13C 

NMR (CDCl3, 100 MHz): δ 171.4, 134.5, 134.3, 133.6, 131.5, 129.1, 118.2, 61.2, 50.3, 50.2, 

35.6, 14.1 ppm. 

Ethyl 2-((4-methoxyphenyl)thio)pent-4-enoate (17): 

 

Following the standard procedure, 74% yield, GC-MS m/z (% relative intensity): 266(100), 

193(27.4), 179(94.7), 151(57.6), 139(93.0); 1H NMR (CDCl3, 400 MHz): δ 7.41 (d, J =8.8 Hz, 

2H), 6.84 (d, J= 8.4 Hz, 2H), 5.83-5.73 (m, 1H), 5.12-5.05 (m, 2H), 4.11 (q, J = 6.8 Hz, 2H), 

3.78 (s, 3H), 3.53-3.50 (m, 1H), 2.58-2.51 (m, 1H), 2.47-2.40 (m, 1H), 1.19 (t, J = 7.2 Hz, 3H) 
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ppm, 13C NMR (CDCl3, 100 MHz): δ 171.7, 160.2, 136.5, 134.1, 122.7, 117.8, 114.4, 61.0, 55.3,  

50.9, 35.6, 14.1 ppm. 

Ethyl 2-((4-(trifluoromethyl)phenyl)thio)pent-4-enoate (18): 

 

Following the standard procedure, 61% yield, GC-MS m/z (% relative intensity): 304(57.2), 

263(41.3), 231(56.2), 189(100), 127(51.2), 99(50.0); 1H NMR (CDCl3, 500 MHz): δ 7.55-7.51 

(m, 4H), 5.84-5.76 (m, 1H), 5.17-5.11 (m, 2H), 4.17-4.10 (m, 2H), 3.82 (t, J = 7.0 Hz, 1H), 2.70-

2.64 (m, 1H), 2.57-2.52 (m, 1H), 1.19 (t, J = 7.0 Hz, 3H) ppm, 13C NMR (CDCl3, 125 MHz): δ 

171.2, 139.0, 133.3, 131.1, 129.4, 129.2, 125. 7, 125.6, 125.0, 122.8, 118.5, 61.4, 49.3, 35.7, 14.0 

ppm. 

Ethyl 3-methyl-2-(phenylthio)pent-4-enoate (19): 

 

Following the standard procedure, 82% yield, GC-MS m/z (% relative intensity): 250(36), 

195(41.4), 177(26.9), 149(100), 121(93.2); 1H NMR (CDCl3, 400 MHz): δ 7.46-7.43 (m, 2H), 

7.28-7.25 (m, 3H), 5.88-5.72 (m, 1H), 5.16-5.01 (m, 2H), 4.10-4.05 (m, 2H), 3.58-3.51 (m, 1H), 

2.75-2.62 (m, 1H), 1.25-1.12 (m, 6H) ppm, 13C NMR (CDCl3, 100 MHz): δ 171.6, 139.6, 132.6, 

128.9, 128.8, 127.7, 116.0, 61.1, 57.3, 56.8, 39.8, 14.1 ppm. 
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Ethyl 2-(benzylthio)pent-4-enoate (20): 

 

Following the standard procedure, 86% yield, GC-MS m/z (% relative intensity): 250(4.61), 

204(4.8), 128(23.1), 123(46.4), 100(15.9), 91(100);1H NMR (CDCl3, 400 MHz): δ 7.32-7.24 (m, 

5H), 5.75-5.64 (m, 1H), 5.07-5.01 (m, 2H), 4.19-4.13 (m, 2H), 3.85-3.77 (m, 2H), 3.23-3.20 (m, 

1H), 2.61-2.54 (m, 1H), 2.40-2.34 (m, 1H), 1.29-1.26 (m, 3H) ppm, 13C NMR (CDCl3, 100 

MHz): δ 172.1, 137.4, 134.0, 129.1, 128.5, 127.2, 117.6, 61.1, 45.5, 35.8, 35.3, 14.2 ppm 

Ethyl 2-((4-methylbenzyl)thio)pent-4-enoate (21): 

 

Following the standard procedure, 84% yield, GC-MS m/z (% relative intensity): 264(1.0), 

191(5.4), 137(97.9), 105(100), 85(12.8), 77(17.5);1H NMR (CDCl3, 400 MHz): δ 7.22-7.21 (d, 

J= 7.2 Hz, 2H), 7.12-7.10 (d, J = 7.6 Hz, 2H), 5.76-5.66 (m, 1H), 5.08-5.02 (m, 2H), 4.19-4.15 

(m, 2H), 3.83-3.74 (m, 2H), 3.25 (t, J = 8.4 Hz, 1H), 2.62-2.54 (m, 1H), 2.41-2.36 (m, 1H), 2.32 

(s, 3H), 1.30 (t, J= 7.2 Hz, 3H) ppm, 13C NMR (CDCl3, 100 MHz): δ 172.0, 136.8, 134.3, 134.1, 

129.2, 128.9, 117.5, 61.1, 45.5, 35.6, 35.4, 21.1, 14.2 ppm. 
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Ethyl 2-(methylthio)pent-4-enoate (22): 

 

Following the standard procedure, 52% yield, GC-MS m/z (% relative intensity): 174 (64.2), 

133(48.8), 101(100), 61(58.7), 55(99.3); 1H NMR (CDCl3, 400 MHz): δ 5.80-5.75 (m, 1H), 5.13-

5.06 (m, 2H), 4.21-4.16 (m, 2H), 3.24 (t, J = 6.2 Hz, 1H), 2.63-2.60 (m, 1H), 2.43-2.40 (m, 1H), 

2.13 (s, 3H), 1.28 9 (t, J = 7.5 Hz, 3H)  ppm, 13C NMR (CDCl3, 100 MHz): δ 171.7, 134.2, 

117.6, 61.0, 46.8, 34.9, 14.2, 13.8 ppm. 

Ethyl 2-(octylthio)pent-4-enoate (23) 

 

Following the standard procedure, 49% yield, GC-MS m/z (% relative intensity): 272(1.0), 

199(19.2), 160(44.3), 128(100), 100(40.7), 87(47.0), 69(63.0), 55(62.5);1H NMR (CDCl3, 400 

MHz): δ 5.82-5.72 (m, 1H), 5.11-5.04 (m, 2H), 4.18 (q, J = 6.8 Hz, 2H), 3.29 (t, J = 8.0 Hz, 1H), 

2.64-2.56 ( m, 3H), 2.43-2.37 (m, 1H), 1.57-1.53 (m, 2H), 1.25-1.24 (m, 13H), 0.86 (t, J = 6.8 

Hz, 3H) ppm, 13C NMR (CDCl3, 100 MHz): δ 172.2, 134.1, 117.5, 60.9, 46.2, 35.7, 31.7, 31.3, 

29.3, 29.1, 28.8, 22.6, 14.2, 14.0 ppm. 
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Ethyl 2-(cyclohexylthio)pent-4-enoate (24): 

 

Following the standard procedure, 58% yield, GC-MS m/z (% relative intensity): 242(5.0), 

169(11.3), 115(100), 87(41.2), 55(58.1);1H NMR (CDCl3, 400 MHz): δ 5.81-5.71(m, 1H), 5.11-

5.03 (m, 2H), 4.23-4.10 (m, 2H), 3.37 (t, J = 8.4 Hz, 1H), 2.78 (brs, 1H), 2.61-2.54 (m, 1H), 

2.42-2.35 (m, 1H), 2.02-1.99 (m, 1H), 1.88 (brs, 1H), 1.72 (brs, 2H), 1.60-1.56 (m, 1H), 1.30-

1.24 (m, 8H) ppm,  13C NMR (CDCl3, 100 MHz): δ 172.7, 134.3, 117.5, 60.9, 45.1, 43.9, 36.3, 

33.7, 33.5, 26.0, 25.9, 25.6, 14.2 ppm. 

Ethyl 2-(phenylthio)penta-3,4-dienoate (28): 

 

Following the standard procedure, 59% yield, GC-MS m/z (% relative intensity): 205(19.3), 

161(78.6), 128(38.3), 97(100);1H NMR (CDCl3, 400 MHz): δ 7.47-7.46 (m, 2H), 7.30 (m, 3H), 

5.38-5.33 (m, 1H), 4.83-4.79 (m, 1H), 4.75-4.70 (m, 1H), 4.31 (d, J = 8.8 Hz, 1H), 4.15 (q, J = 

7.2 Hz, 2H), 1.20 (t, J = 6.8 Hz, 3H) ppm,  13C NMR (CDCl3, 100 MHz): δ 209.0, 169.9, 133.9, 

132.6, 128.9, 128.3, 87.3,  77.4, 61.6, 50.8, 14.1 ppm. 
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Benzyl 2-(phenylthio)penta-3,4-dienoate (29): 

S

OO

 

Following the standard procedure, 51% yield, GC-MS m/z (% relative intensity): 296(10), 

177(21.2), 128(37.6), 91(100), 65(26.9);1H NMR (CDCl3, 500 MHz): δ 7.47-7.46 (m, 2H), 7.45-

7.24 (m, 8H), 5.45-5.41 (m, 1H), 5.15-5.14 (m, 2H), 4.86-4.75 (m, 2H), 4.41-4.40 (m, 1H) ppm, 

13C NMR (CDCl3, 125 MHz): δ 209.1, 169.8, 135.1, 134.0, 132.5, 129.1, 128.9, 128.6, 128.4, 

128.4, 87.1, 77.6, 67.3, 50.8 ppm,  

Ethyl 2-((4-chlorophenyl)thio)penta-3,4-dienoate (30): 

 

Following the standard procedure, 41% yield, GC-MS m/z (% relative intensity): 268(58.2), 

195(100), 181(48.0), 160(28.4), 115(30.8); 1H NMR (CDCl3, 500 MHz): δ 7.39 (d, J= 8.5 Hz, 

2H), 7.27 (d, J = 8.5 Hz, 2H), 5.35-5.31 (m, 1H), 4.84-4.80 (m, 1H), 4.76-4.73 (m,1H), 4.26 (d, J 

= 9.0 Hz, 1H), 4.15-4.11(m, 2H), 1.21(t, J= 7.0 Hz, 3H), 13C NMR (CDCl3, 125 MHz): δ 209.1, 

169.6, 135.2, 134.7, 131.1, 129.0, 87.1, 77.6, 61.7, 50.8, 14.1 ppm. 

Ethyl 2-(o-tolylthio)penta-3,4-dienoate (31): 
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Following the standard procedure, 49% yield, GC-MS m/z (% relative intensity): 248(28.9), 

175(100), 161(24.4), 115(2.5), 97(39.3);1H NMR (CDCl3, 500 MHz): δ 7.46 (d, J = 7.5 Hz, 1H), 

7.21-7.20 (m, 2H), 7.15-7.11 (m, 1H), 5.40 (q, J= 6.5 Hz, 1H), 4.82-4.79 (m, 1H), 4.73-4.69 (m, 

1H), 4.28 (d, J = 7.5 Hz, 1H), 4.13-4.07 (m, 2H), 2.46 (s, 3H), 1.19 (t, J = 7.5 Hz, 3H) ppm, 13C 

NMR (CDCl3, 125 MHz): δ 209.0, 169.9, 141.3, 134.7, 132.1, 130.1, 128.6, 126.3, 87.3,77.4, 

61.6, 50.2, 20.8, 14.0 ppm. 
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1H and 13C NMR spectra: 
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