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I. General considerations 

Commercially available racemic secondary allylic alcohols 1a, 2a, 6a and (5R)-13a were 

purchased from Sigma-Aldrich. α,β-unsaturated ketones 1b-4b, 7b, and 13b were also 

obtained from Sigma-Aldrich, whereas the unsaturated ketone 5b was obtained from Alfa-

Aesar.  

Non-commercially available racemic allylic alcohols 3a-5a, 7a-12a, and α,β-unsaturated 

ketones 8b-12b were chemically synthesized, exhibiting physical and spectral data in 

agreement with those reported in the literature (see synthetic procedures and characterization 

data given below).  

Saturated ketones obtained through this sequential approach exhibited physical and 

spectral data in agreement either with the ones obtained from commercial sources (1c-2c, 5c-

7c) or with those previously reported (3c, 4c, 8c-13c) (see characterization data given below). 

Laccase from Trametes versicolor (LTv) was purchased from Sigma-Aldrich. Codex Ene 

Reductase Screening Kit and glucose dehydrogenase (GDH-105) were purchased from 

Codexis Inc. Glucose, NADP
+
 and NADPH were purchased from Sigma-Aldrich. All other 

reagents were obtained from commercial sources and used as received.  

Sequential reactions were performed in a test tube [(19 x 130 x 3) mm] and under 

magnetic stirring, otherwise indicated. The oxidation step mediated by the laccase-TEMPO 

catalytic system was performed open-to-air, while for the bioreduction step, the test tube was 

closed.  

NMR spectra were recorded on a Bruker AV300 MHz spectrometer. All chemical shifts 

(δ) are given in parts per million (ppm) and referenced to the residual solvent signal as 

internal standard. Gas chromatography (GC) analyses were performed on an Agilent HP7820 

GC or on an Agilent HP6890 GC chromatographs equipped with a FID detector. Thin-layer 

chromatography (TLC) was conducted with Merck Silica Gel 60 F254 precoated plates and 

visualized with UV and potassium permanganate stain. Column chromatographies were 

performed using Merck Silica Gel 60 (230-400 mesh).  

In addition to those specified above, the following abbreviations and designations are used 

throughout the Supporting Information: Ar: aryl, Et2O: diethyl ether; MeOH: methanol; 

MTBE: methyl tert-butyl ether, NADP
+
: β-nicotinamide adenine dinucleotide phosphate 

hydrate, NADPH: β-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt 

hydrate, TFA: trifluoroacetic acid, TEMPO: 2,2,6,6-tetramethyl-1-piperidinyloxyl radical. 
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II. Compounds described in this contribution 

 

Figure S1. Structures of racemic allylic alcohols, α,β-unsaturated ketones and saturated 

ketones under study in this manuscript. 
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III. General protocol for the synthesis of racemic secondary allylic alcohols 

The non-commercially available racemic secondary allylic alcohols were synthesized from 

the corresponding α,β-unsaturated ketones following the procedure reported by Gemal and 

Luche.
1
 

To a solution of the corresponding unsaturated ketone 3b-5b, 7b-12b (2 mmol) in MeOH (10 

mL) at 0 ºC, CeCl3
.
7 H2O (826 mg, 2.22 mmol), and sodium borohydride (86 mg, 2.28 mmol) 

were added. The mixture was stirred at 0 ºC for 1 h. After this time, the reaction was 

quenched by the addition of a saturated NH4Cl aqueous solution (30 mL) and extracted with 

Et2O (3 x 15 mL). The combined organics were washed with a saturated NaCl aqueous 

solution (2 x 15 mL), followed by H2O (3 x 15 mL), dried over Na2SO4 and concentrated 

under vacuum. Further purification was not required.  

Synthesized racemic secondary allylic alcohols 3a-5a, 7a-12a exhibited physical and spectral 

data in agreement with those previously reported in the literature: 

 

(±)-2-Methylcyclohex-2-en-1-ol (3a). The title compound was obtained according to the 

general procedure as a reddish oil (141 mg, 1.26 mmol, yield: 63%). 
1
H NMR (300 MHz, 

CDCl3): δ (ppm) 5.53 (s, 1H), 3.98 (s, 1H), 2.00-1.56 (m, 10H); 
13

C NMR (75 MHz, 

CDCl3): δ (ppm) 135.7, 125.8, 68.8, 32.6, 25.8, 21.0, 18.6. Spectral properties are consistent 

with literature values.
2

 

 

(±)-3-Methylcyclohex-2-en-1-ol (4a). The title compound was obtained according to the 

general procedure as a colorless oil (145 mg, 1.3 mmol, yield: 65%). 
1
H NMR (300 MHz, 

CDCl3): δ (ppm) 5.49 (s, 1H), 4.16 (s, 1H), 1.92-1.54 (m, 10H); 
13

C NMR (75 MHz, 

CDCl3): δ (ppm) 138.9, 124.7, 66.2, 32.0, 30.4, 24.0, 19.4. Spectral properties are consistent 

with literature values.
3 
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(±)-1-(Cyclohex-1-en-1-yl)ethan-1-ol (5a). The title compound was obtained according to 

the general procedure as a colorless oil (131 mg, 1.04 mmol, yield: 52%). 
1
H NMR (300 

MHz, CDCl3): δ (ppm) 5.68 (s, 1H), 4.18 (q, 1H, J= 6.4 Hz), 2.03 (m, 3H), 1.67-1.48 (m + 

br s, 6H), 1.27 (d, 3H, J= 6.5 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 141.6, 121.8, 72.5, 

25.3, 24.0, 23.0 (2C), 21.9. Spectral properties are consistent with literature values.
4 

 

(±)-trans-4-Phenylbut-3-en-2-ol (7a). The title compound was obtained according to the 

general procedure as a yellowish oil (273 mg, 1.84 mmol, yield: 92%). 
1
H NMR (300 MHz, 

CDCl3): δ (ppm) 7.43-7.24 (m, 5H), 6.60 (d, 1H, J= 15.9 Hz), 6.29 (dd, 1H, J= 15.9, 6.4 Hz), 

4.52 (m, 1H), 1.73 (br s, 1H), 1.40 (d, 3H, J= 6.3 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 

136.7, 133.5, 129.4, 128.6 (2C), 127.7, 126.5 (2C), 69.0, 23.4. Spectral properties are 

consistent with literature values.
5 

 

(±)-trans-4-(3-Bromophenyl)but-3-en-2-ol (8a). The title compound was obtained 

according to the general procedure as a white solid (400 mg, 1.76 mmol, yield: 88%). 
1
H 

NMR (300 MHz, CDCl3): δ (ppm) 7.55 (s, 1H), 7.40-7.17 (m, 3H), 6.53 (d, 1H, J= 15.8 Hz), 

6.29 (dd, 1H, J= 15.9, 6.0 Hz), 4.52 (m, 1H), 1.72 (br s, 1H), 1.40 (d, 3H, J= 6.4 Hz); 
13

C 

NMR (75 MHz, CDCl3): δ (ppm) 138.9, 135.1, 130.5, 130.1, 129.3, 127.9, 125.1, 122.8, 

68.6, 23.4. Spectral properties are consistent with literature values.
6 
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(±)-trans-4-(4-Chlorophenyl)but-3-en-2-ol (9a). The title compound was obtained 

according to the general procedure as a white solid (347 mg, 1.90 mmol, yield: 95%). 
1
H 

NMR (300 MHz, CDCl3): δ (ppm) 7.30 (m, 4H), 6.53 (d, 1H, J= 17.3 Hz), 6.25 (dd, 1H, J= 

15.9, 6.2 Hz), 4.50 (m, 1H), 1.81 (br s, 1H), 1.38 (d, 3H, J= 6.5 Hz); 
13

C NMR (75 MHz, 

CDCl3): δ (ppm) 135.2, 134.2, 133.2, 128.7 (2C), 128.1, 127.7 (2C), 68.8, 23.4. Spectral 

properties are consistent with literature values.
7 

 

(±)-trans-4-(4-Bromophenyl)but-3-en-2-ol (10a). The title compound was obtained 

according to the general procedure as a white solid (400 mg, 1.76 mmol, yield: 88%). 
1
H 

NMR (300 MHz, CDCl3): δ (ppm) 7.45 (d, 2H, J= 8.5 Hz), 7.25 (d, 2H, J= 8.4 Hz), 6.52 (d, 

1H, J= 15.9 Hz), 6.27 (dd, 1H, J= 15.9, 6.2 Hz), 4.50 (m, 1H), 1.78 (br s, 1H), 1.39 (d, 3H, 

J= 6.4 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 135.7, 134.3, 131.7 (2C), 128.2, 128.0 

(2C), 121.4, 68.8, 23.4. Spectral properties are consistent with literature values.
6 

 

(±)-trans-4-(4-Nitrophenyl)but-3-en-2-ol (11a). The title compound was obtained according 

to the general procedure as a brown solid (367 mg, 1.9 mmol, yield: 95%). 
1
H NMR (300 

MHz, CDCl3): δ (ppm) 8.16 (d, 2H, J= 8.8 Hz), 7.49 (d, 2H, J= 8.8 Hz), 6.66 (d, 1H, J= 15.9 

Hz), 6.46 (dd, 1H, J= 16.0, 5.6 Hz), 4.56 (m, 1H), 2.08 (br s, 1H), 1.41 (d, 3H, J= 6.4 Hz); 

13
C NMR (75 MHz, CDCl3): δ (ppm) 146.8, 143.4, 138.5, 126.9 (3C), 124.0 (2C), 68.4, 

23.4. Spectral properties are consistent with literature values.
8 
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(±)-trans-3-Methyl-4-phenylbut-3-en-2-ol (12a). The title compound was obtained 

according to the general procedure as a brown oil (292 mg, 1.8 mmol, yield: 90%). 
1
H NMR 

(300 MHz, CDCl3): δ (ppm) 7.39-7.24 (m, 5H), 6.55 (s, 1H), 4.41 (q, 1H, J= 6.5 Hz), 1.91 

(s, 3H), 1.76 (br s, 1H), 1.40 (d, 3H, J= 6.4 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 

142.0, 138.0, 129.4 (2C), 128.5 (2C), 126.8, 124.8, 74.1, 22.2, 13.8. Spectral properties are 

consistent with literature values.
9 

 

IV. Synthesis of α,β-unsaturated ketones 

Following the procedure reported by List and co-workers,
10

 ketones 8b-11b were synthesized 

through an aldol condensation of acetone with the corresponding aldehydes, followed by 

dehydration (Scheme S1). 

 

Scheme S1. Synthesis of ketones 8b-11b. 

 

Synthesis of morpholinium trifluoroacetate 

In order to carry out the aldol condensation, the catalyst morpholinium trifluoroacetate was 

synthesized as follows: To a solution of morpholine (1.7 mL, 20 mmol) in Et2O (40 mL), 

another solution containing trifluoroacetic acid (22 mmol) in Et2O (20 mL) was slowly added 

at 0 °C. After 1 h the reaction was allowed to warm up to room temperature and the white 

precipitate formed was filtered and washed with Et2O and pentane to yield the desired 

catalyst as a white solid (3.9 g, 19.6 mmol, yield: 98%). 
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1
H NMR (300 MHz, DMSO-d6): δ (ppm) 9.00 (s, 2H), 3.77 (t, 4H, J= 4.8 Hz), 3.11 (t, 4H, 

J= 4.9 Hz). Spectral properties are consistent with literature values.
10

 

 

To a solution of the corresponding aldehyde (3-bromobenzaldehyde, 4-chlorobenzaldehyde, 

4-bromobenzaldehyde or 4-nitrobenzaldehyde for 8b, 9b, 10b and 11b, respectively, 5 mmol) 

in acetone (12.5 mL), the morpholinium trifluoroacetate salt was added (201.1 mg, 1 mmol). 

The reaction mixture was stirred at 75 °C in a test tube. After 24 h, the reaction was cooled to 

room temperature, and quenched with an aqueous NaHCO3 saturated solution (15 mL). 

Acetone was removed under reduced pressure and the reaction was extracted with EtOAc (3 

x 15 mL). The organic layers were combined, dried over Na2SO4, and concentrated under 

vacuum. The resulting crudes were purified by column chromatography (EtOAc/n-hexane), 

affording the desired α,β-unsaturated ketones. 

 

 

trans-4-(3-Bromophenyl)but-3-en-2-one (8b). The title compound was prepared using the 

previously described procedure and isolated after column chromatography (10% EtOAc/n-

hexane) as a white solid (210 mg, 0.93 mmol, yield: 19%). 
1
H NMR (300 MHz, CDCl3): δ 

(ppm) 7.70 (s, 1H), 7.55-7.41 (m, 3H), 7.29 (t, 1H, J= 7.8 Hz), 6.71 (d, 1H, J= 7.8 Hz), 2.40 

(s, 3H); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 197.9, 141.5, 136.5, 133.2, 130.9, 130.5, 

128.2, 126.8, 123.1, 27.8. Spectral properties are consistent with literature values.
6 
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trans-4-(4-Chlorophenyl)but-3-en-2-one (9b). The title compound was prepared using the 

previously described procedure and isolated after column chromatography (30% EtOAc/n-

hexane) as a white solid (624 mg, 3.45 mmol, yield: 69%). 
1
H NMR (300 MHz, CDCl3): δ 

(ppm) 7.48 (m, 3H), 7.39 (d, 2H, J= 8.3 Hz), 6.70 (d, 1H, J= 13.6 Hz), 2.39 (s, 3H); 
13

C 

NMR (75 MHz, CDCl3): δ (ppm) 198.1, 141.9, 136.4, 132.9, 129.4 (2C), 129.3 (2C), 127.5, 

27.7. Spectral properties are consistent with literature values.
11 

 

 

trans-4-(4-Bromophenyl)but-3-en-2-one (10b). The title compound was prepared using the 

previously described procedure and isolated after column chromatography (30% EtOAc/n-

hexane) as a brown solid (677 mg, 3.00 mmol, yield: 60%). 
1
H NMR (300 MHz, CDCl3): δ 

(ppm) 7.58-7.40 (m, 5H), 6.72 (d, 1H, J= 16.3 Hz), 2.40 (s, 3H); 
13

C NMR (75 MHz, 

CDCl3): δ (ppm) 198.1, 142.0, 133.3, 132.2 (2C), 129.6 (2C), 127.5, 124.8, 27.7. Spectral 

properties are consistent with literature values.
12 

 

trans-4-(4-Nitrophenyl)but-3-en-2-one (11b). The title compound was prepared using the 

previously described procedure and isolated after column chromatography (30% EtOAc/n-

hexane) as a yellowish solid (204 mg, 1.06 mmol, yield: 21%). 
1
H NMR (300 MHz, CDCl3): 

δ (ppm) 8.23 (d, 2H, J= 8.8 Hz), 7.69 (d, 2H, J= 8.8 Hz), 7.53 (d, 1H, J= 16.3 Hz), 6.81 (d, 

1H, J= 16.4 Hz), 2.41 (s, 3H); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 197.6, 148.5, 140.7, 

140.1, 130.4, 128.8 (2C), 124.2 (2C), 28.0. Spectral properties are consistent with literature 

values.
13 
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Another aldol condensation with benzaldehyde and butan-2-one under different conditions 

led to the unsaturated ketone 12b. This procedure was described by Buchwald and co-

workers (Scheme S2).
14

 

 

 

Scheme S2. Synthesis of ketone 12b. 

 

To a solution of butan-2-one (4.48 mL, 50 mmol) and benzaldehyde (2.55 mL, 25 mmol) in 

glacial acetic acid (20 mL), concentrated sulfuric acid was added (1.30 mL) and the reaction 

mixture was stirred for 20 h at room temperature. After this time the mixture was then poured 

into H2O (100 mL) and then carefully neutralized with an aqueous NaOH 3 M solution. The 

resulting mixture was then extracted with EtOAc (3 x 30 mL), the combined organic layers 

were washed with an aqueous NaHCO3 saturated solution (20 mL) and brine (20 mL), dried 

over Na2SO4 and filtered. The solvent was removed under reduced pressure, and the residue 

purified by column chromatography to afford the desired unsaturated ketone 12b.  

 

 

trans-3-Methyl-4-phenylbut-3-en-2-one (12b). The title compound was prepared using the 

previously described procedure and isolated after column chromatography (30% EtOAc/n-

hexane) as a yellowish oil (2.13 g, 13.30 mmol, yield: 53%). 
1
H NMR (300 MHz, CDCl3): δ 

(ppm) 7.50 (s, 1H), 7.41-7.30 (m, 5H), 2.43 (s, 3H), 2.04 (s, 3H); 
13

C NMR (75 MHz, 

CDCl3): δ (ppm) 200.1, 139.7, 137.6, 135.9, 129.7 (2C), 128.6, 128.5 (2C), 25.8, 12.9. 

Spectral properties are consistent with literature values.
15 
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V. Oxidation of racemic allylic secondary alcohols with the laccase‒TEMPO system 

V.1. Optimization of the laccase‒TEMPO reaction conditions 

 

V.1.1. Effect of the substrate concentration 

In an open-to-air test tube, TEMPO (4.1 mg, 33 mol%) was added to a solution of the 

racemic secondary allylic alcohol 1a (10 mg, 0.08 mmol, at 25, 40, or 50 mM, respectively) 

in citrate buffer 50 mM pH 5 (3.2, 2 and 1.6 mL, respectively). The reaction mixture was 

stirred for a few minutes to dissolve all the reagents and then the laccase from Trametes 

versicolor (5 U) was added. The reaction was stirred for 16 h under magnetic stirring at 30 

ºC. After this time, the mixture was extracted with EtOAc (2 x 2 mL). The organic layers 

were combined, dried over Na2SO4, and an aliquot was taken for the determination of the 

conversion value by GC analysis (Table S1). 

 

Table S1. Oxidation of (±)-1a with the laccase-TEMPO system using different substrate 

concentrations. 

 

 

Entry Substrate concentration 

(mM) 

1b (%)
a
 

 

1 25 >99 

2 40 >99 

3 50 >99 
a
 Conversion values measured by GC. 

 

V.1.2. Effect of the organic solvent 

A different effect in the presence of MTBE as organic co-solvent was observed depending on 

the substrate. Thus, when the racemic allylic alcohols were oils, total conversions were 

achieved in plain buffer media (except for 12a), whereas in order to fully convert substrate 

12a and solid racemic alcohols, the addition of MTBE (20% v/v) was necessary due to their 

low solubility in the buffer. 

In an-open-to-air test tube, TEMPO (4.1 mg, 33 mol%) was added to a solution of the 

racemic alcohol 1a (oil partially soluble in the buffer) or 9a (solid insoluble in the buffer) 
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(0.08 mmol, 50 mM) in 1.6 mL of citrate buffer 50 mM pH 5 or in a biphasic mixture 

containing citrate buffer 50 mM pH 5 and MTBE (20% v/v, for a total volume of 1.92 mL). 

The reaction mixture was stirred for a few minutes to dissolve all the reagents and then the 

laccase from Trametes versicolor (5 U) was added. The reaction was magnetically stirred for 

16 h at 30 ºC. After this time, the mixture was extracted with EtOAc (2 x 2 mL). The organic 

layers were combined, dried over Na2SO4, and an aliquot was taken for the determination of 

the conversion values by GC analysis (Table S2). 

 

Table S2. Effect of MTBE in the laccase-TEMPO-catalyzed oxidation of (±)-1a or (±)-9a. 

 

Entry Substrate R MTBE (% v/v) Conv. 

1b or 9b (%)
a
 

1 1a C4H9 no >99 

2 1a C4H9 yes (20) >99 

3 9a 

9a 

p-Cl-C6H4 no 85 

4 p-Cl-C6H4 yes (20) >99 
a
 Conversion values measured by GC. 

 

V.2. Oxidation of (5R)-carveol 13a with the laccase‒TEMPO system 

In an open-to-air test tube, TEMPO (4.1 mg, 33 mol%) was added to a solution of the mixture 

of isomers of (5R)-carveol 13a (13 mg, 0.08 mmol, 40 mM) in citrate buffer 50 mM pH 5 (2 

mL). The reaction mixture was stirred for a few minutes to dissolve all the reagents and then 

the laccase from Trametes versicolor (5 U) was added. The reaction was maintained under 

magnetic stirring at 30 ºC for 16 h, and then an aliquot was taken for the determination of the 

conversion value by GC analysis. To the remaining reaction crude, TEMPO (4.1 mg, 33 

mol%) and laccase from Trametes versicolor (5 U) were added again. The reaction was 

stirred under the same conditions for other 16 h. After this time, the mixture was extracted 

with EtOAc (2 x 2 mL). The organic layers were combined, dried over Na2SO4, and an 

aliquot was taken for the determination of the new conversion value by GC analysis.  

Assignment of isomers (1R,5R)-13a and (1S,5R)-13a was made by 
1
H-NMR analysis in 

agreement with the spectra reported in literature for cis-13a and trans-13a, respectively.
2
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VI. Ene-reductase (ERED) screenings 

 

All the bioreductions were carried out using two different buffer media: phosphate buffer 100 

mM pH 7 (recommended for these reductases by Codexis Inc.), and citrate buffer 50 mM pH 

5 (buffer used for the oxidation of racemic secondary alcohols with the laccase‒TEMPO 

system, first step of this sequential process): 

 

VI.1. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 1b 

The following conversion values were obtained according to the procedure that has already 

been reported in the Experimental section of the main manuscript (Table S3). 

 

Table S3. Enzymatic screening for the reduction of 1b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 

a
 Conversion values measured by GC analysis. 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 >99 

2 110 >99 >99 

3 112 >99 >99 

4 207 >99 >99 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 >99 >99 
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VI.2. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 2b 

The following conversion values were obtained according to the procedure that has already 

been reported in the Experimental section of the main manuscript (Table S4). 

 

Table S4. Enzymatic screening for the reduction of 2b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 

a
 Conversion values measured by GC analysis. 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 c (%)

a
 

1 103 >99 >99 

2 110 >99 >99 

3 112 >99 >99 

4 207 >99 75 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 >99 66 
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VI.3. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 3b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S5). 

 

Table S5. Enzymatic screening for the reduction of 3b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 

 
 

a
 Conversion values measured by GC analysis. 

b
 Enantiomeric excess values were determined by chiral GC analysis (Figure S2). 

 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 ee (%)

b
 c (%)

a
 ee (%)

b
 

1 103 >99 74 (R) >99 86 (R) 

2 110 >99 76 (R) 82 85 (R) 

3 112 >99 78 (R) 11 81 (R) 

4 207 >99 76 (R) 44 82 (R) 

5 P1-A04 >99 74 (R) >99 77 (R) 

6 P1-E01 >99 82 (R) >99 87 (R) 

7 P1-H09 25 75 (R) 30 87 (R) 
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(±)-3c 

 
 

 
(R)-3c 

 
 

Figure S2. Analytical separation by chiral GC for racemic (above) and enantioenriched 

(below) 3c obtained after carrying out the bioreduction of 3b with ERED-P1-E01 in citrate 

buffer 50 mM pH 5. 
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VI.4. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 4b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S6). 

 

Table S6. Enzymatic screening for the reduction of 4b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversion values measured by GC analysis. 

b
 Enantiomeric excess values were determined by chiral GC analysis (Figure S3). n.d.: not 

determined. 

 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 ee (%)

b
 c (%)

a
 ee (%)

b
 

1 103 84 >99 (S) 37 >99 (S) 

2 110 85 >99 (S) 10 >99 (S) 

3 112 25 >99 (S) <1 n.d. 

4 207 92 >99 (S) 8 >99 (S) 

5 P1-A04 65 >99 (S) 25 >99 (S) 

6 P1-E01 99 >99 (S) 99 >99 (S) 

7 P1-H09 <1 n.d. <1 n.d. 
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(±)-4c 

 
 

 
(S)-4c 

 
 

Figure S3. Analytical separation by chiral GC for racemic (above) and enantioenriched 

(below) 4c obtained after carrying out the bioreduction of 4b with ERED-P1-E01 in citrate 

buffer 50 mM pH 5.  
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VI.5. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 5b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S7). 

 

Table S7. Enzymatic screening for the reduction of 5b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 

a
 Conversion values measured by GC analysis. 

 

VI.6. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 6b 

α,β-Unsaturated ketone 6b could not be isolated starting from the commercially available 

vinyl alcohol (±)-6a, neither using the laccase from Trametes versicolor‒TEMPO system, nor 

using other chemical oxidants such as Dess-Martin periodinane. For this reason, the full 

sequential process for the substrate (±)-6a was carried out selecting the ene-reductase that 

had reduced aromatic unsaturated ketones with the best results in terms of conversion, 

ERED-P1-E01. Furthermore, the sequential process starting from (±)-6a was scaled up to 50 

mg, and the resulting propiophenone was characterized and isolated in good yield (see 

scaled-up reactions Section). 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 c (%)

a
 

1 103 >99 >99 

2 110 >99 23 

3 112 16 <1 

4 207 96 7 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 10 2 
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VI.7. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 7b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S8). 

 

Table S8. Enzymatic screening for the reduction of 7b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 

 

a
 Conversion values measured by GC analysis. 

 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 80 

2 110 >99 51 

3 112 >99 12 

4 207 >99 36 

5 P1-A04 >99 99 

6 P1-E01 >99 >99 

7 P1-H09 89 33 
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VI.8. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 8b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S9). 

 

Table S9. Enzymatic screening for the reduction of 8b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversion values measured by GC analysis.  

 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 >99 

2 110 98 50 

3 112 89 13 

4 207 97 46 

5 P1-A04 >99 99 

6 P1-E01 98 99 

7 P1-H09 87 43 
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VI.9. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 9b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S10). 

 

Table S10. Enzymatic screening for the reduction of 9b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversion values measured by GC analysis.  

 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 99 

2 110 >99 76 

3 112 81 12 

4 207 >99 28 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 36 8 
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VI.10. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 10b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S11). 

 

Table S11. Enzymatic screening for the reduction of 10b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversion values measured by GC analysis.  

 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 >99 

2 110 95 18 

3 112 60 11 

4 207 >99 >99 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 21 4 
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VI.11. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 11b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S12). 

 

Table S12. Enzymatic screening for the reduction of 11b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversions values measured by chiral HPLC.  

 

Entry ERED Phosphate buffer 100 mM pH 7 

c (%)
a
 

Citrate buffer 50 mM pH 5 

c (%)
a
 

1 103 >99 >99 

2 110 >99 >99 

3 112 >99 57 

4 207 >99 83 

5 P1-A04 >99 >99 

6 P1-E01 >99 >99 

7 P1-H09 >99 67 



 
Supporting Information 

 

S27 
 

VI.12. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone 12b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S13). 

 

Table S13. Enzymatic screening for the reduction of 12b using commercially available ene-

reductases in two different buffer media. The ERED and the buffer medium that were later 

selected for the bienzymatic sequential strategy appear in bold font. 

 
 

a
 Conversion values measured by GC analysis. 

b
 Enantiomeric excess values were determined by chiral GC analysis (Figure S4). n.d.: not 

determined. 

 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 ee (%)

b
 c (%)

a
 ee (%)

b
 

1 103 >99 80 (S) >99 82 (S) 

2 110 96 58 (S) 29 <1 

3 112 71 58 (S) 2 n.d. 

4 207 90 25 (S) 14 39 (S) 

5 P1-A04 >99 70 (S) >99 74 (S) 

6 P1-E01 >99 92 (S) >99 92 (S) 

7 P1-H09 29 n.d. 6 n.d. 
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(±)-12c 

 

 

 

(S)-12c 

 

Figure S4. Analytical separation by chiral GC for racemic (above) and enantioenriched 

(below) 12c obtained after carrying out the bioreduction of 12b with ERED-P1-E01 in 

citrate buffer 50 mM pH 5.  
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VI.13. Screening for ERED-catalyzed reactions with α,β-unsaturated ketone (5R)-13b 

The following conversion values were obtained according to the procedure that has been 

already reported in the Experimental section of the main manuscript (Table S14). 

 

Table S14. Enzymatic screening for the reduction of (5R)-13b using commercially available 

ene-reductases in two different buffer media. The ERED and the buffer medium that were 

later selected for the bienzymatic sequential strategy appear in bold font. 

 

 

a
 Conversion and diastereomeric excess values were measured by GC analysis (Figure S5). n.d.: 

not determined. 

 

 

Entry ERED Phosphate buffer 100 mM pH 7 Citrate buffer 50 mM pH 5 

c (%)
a
 de (%)

a
 c (%)

a
 de (%)

a
 

1 103 >99 86 (2R,5R) 98 90 (2R,5R) 

2 110 >99 84 (2R,5R) >99 90 (2R,5R) 

3 112 >99 84 (2R,5R) 8 n.d. 

4 207 >99 84 (2R,5R) >99 86 (2R,5R) 

5 P1-A04 >99 88 (2R,5R) >99 90 (2R,5R) 

6 P1-E01 >99 90 (2R,5R) >99 90 (2R,5R) 

7 P1-H09 >99 56 (2S,5R) 68 17 (2R,5R) 
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(2RS,5R)-dihydrocarvone 13c 

 

 

 

(2R,5R)-13c obtained after the bioreduction with ERED-P1-E01 

 

Figure S5. Analytical separation by achiral GC for the commercial mixture of isomers 

(above) and diastereoenriched (below) 13c obtained after carrying out the bioreduction of 

(5R)-13b with ERED-P1-E01 in citrate buffer 50 mM pH 5. 
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VI.14. Characterization of the saturated ketones 

 

Commercial ketones 

Saturated ketones 1c-7c and 13c obtained through these bioreduction processes exhibited 

physical and spectral data in agreement with the ones obtained from commercial sources. 

 

Non-commercial ketones 

In order to characterize the saturated ketones 8c-12c, bioreductions of the corresponding 

α,β-unsaturated ketones 8b-12b with the selected EREDs (marked in bold, Tables S9-S13), 

were scaled-up to 25 mg of substrate:  

 

In a test tube, D-(+)-glucose (2 equiv.), GDH-105 (4 mg per mmol substrate), and NADP
+
 

(0.6 mM) were added to a solution of the α,β-unsaturated ketone 8b-12b (25 mg, 30 mM) in 

citrate buffer 50 mM pH 5. The reaction mixture was stirred for a few minutes to dissolve all 

the reagents and then the selected ERED (25 mg) was added. The test tube was closed and the 

reaction was stirred for 24 h under magnetic stirring at 30 ºC. After this time, the mixture was 

extracted with EtOAc (2 x 6 mL). The organic layers were combined, dried over Na2SO4 and 

the solvent was evaporated under reduced pressure, isolating the corresponding saturated 

ketones 8c-12c. Characterization data are given below: 

 

4-(3-Bromophenyl)butan-2-one (8c). The title compound was synthesized using the 

previously described procedure and isolated after extraction as a yellowish oil (20 mg, 0.09 

mmol, yield: 79%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 7.34 (m, 2H), 7.15 (m, 2H), 2.88 

(t, 2H, J= 6.9 Hz), 2.77 (t, 2H, J= 7.2 Hz), 2.16 (s, 3H); 
13

C NMR (75 MHz, CDCl3): δ 

(ppm) 207.3, 143.4, 131.4, 130.1, 129.3, 127.1, 122.5, 44.8, 30.1, 29.2. Spectral properties 

are consistent with literature values.
16 
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4-(4-Chlorophenyl)butan-2-one (9c). The title compound was synthesized using the 

previously described procedure and isolated after extraction as a yellowish oil (18 mg, 0.10 

mmol, yield: 71%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 7.26 (d, 2H, J= 8.5 Hz), 7.13 (d, 

2H, J= 8.5 Hz), 2.88 (t, 2H, J= 7.5 Hz), 2.76 (t, 2H, J= 7.5 Hz), 2.16 (s, 3H); 
13

C NMR (75 

MHz, CDCl3): δ (ppm) 207.7, 139.6, 132.0, 129.8 (2C), 128.7 (2C), 45.0, 30.2, 29.1. 

Spectral properties are consistent with literature values.
17

 

 

4-(4-Bromophenyl)butan-2-one (10c). The title compound was synthesized using the 

previously described procedure and isolated after extraction as a yellowish oil (21 mg, 0.09 

mmol, yield: 83%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 7.41 (d, 2H, J= 8.4 Hz), 7.08 (d, 

2H, J= 8.5 Hz), 2.86 (t, 2H, J= 7.9 Hz), 2.75 (t, 2H, J= 7.9 Hz), 2.15 (s, 3H); 
13

C NMR (75 

MHz, CDCl3): δ (ppm) 207.6, 140.1, 131.6 (2C), 130.2 (2C), 120.0, 44.9, 30.2, 29.2. 

Spectral properties are consistent with literature values.
17

 

 

4-(4-Nitrophenyl)butan-2-one (11c). The title compound was synthesized using the 

previously described procedure and isolated after extraction as a brown oil (18 mg, 0.09 

mmol, yield: 71%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 8.16 (d, 2H, J= 8.7 Hz), 7.37 (d, 

2H, J= 8.7 Hz), 3.02 (t, 2H, J= 7.2 Hz), 2.83 (t, 2H, J= 7.4 Hz), 2.18 (s, 3H); 
13

C NMR (75 

MHz, CDCl3): δ (ppm) 206.7, 149.0, 146.5, 129.3 (2C), 123.7 (2C), 44.1, 30.0, 29.3. 

Spectral properties are consistent with literature values.
17
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(S)-3-Methyl-4-phenylbutan-2-one [(S)-12c]. The title compound was synthesized using the 

previously described procedure and isolated after extraction as a yellowish oil (19 mg, 0.12 

mmol, yield: 75%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 7.33-7.16 (m, 5H), 3.02 (dd, 1H, 

J= 13.4, 6.7 Hz), 2.85 (ddq, 1H, J= 7.6, 7.0, 6.7 Hz), 2.59 (dd, 1H, J= 13.4, 7.6 Hz), 2.11 (s, 

3H), 1.11 (d, 3H, J= 6.9 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 212.3, 139.8, 129.0 

(2C), 128.5 (2C), 126.3, 48.9, 39.0, 29.0, 16.3. Spectral properties are consistent with 

literature values.
18

 

 

In order to measure the ee of 12c, racemic ketone (±)-12c was prepared through 

hydrogenation using palladium on carbon (Pd/C) as catalyst:
19 

 

To a solution of the unsaturated ketone 12b (40 mg, 0.25 mmol) in deoxygenated EtOAc (3 

mL), Pd/C on charcoal (10% w w
-1

, 3 mg) was carefully added and the reaction was stirred 

for 18 h at room temperature under H2 pressure (balloon). Then the reaction was filtered over 

celite and washed with EtOAc (15 mL). The liquid residue was concentrated under vacuum 

to afford (±)-12c as a yellowish oil (28 mg, 0.17 mmol, yield: 69%). 

 

VI.15. Absolute configuration assignment of the optically active saturated ketones 

 

The absolute configuration of 3c enantiomers was assigned according to the data reported 

in the literature by Okamoto et al.
20

 

To assign the absolute configuration of 4c enantiomers, the GC chromatograms obtained 

after the reduction of 4b with ene-reductases were compared to the one obtained after the 

injection of commercially available (R)-4c. 

Absolute configuration assignment of 12c enantiomers was done according to the data 

reported in the literature by Brenna et al.
18

 

The absolute configuration of diastereoisomers (2R,5R)-13c and (2S,5R)-13c was assigned 

by NMR analysis, and the spectra are in agreement with those reported in the literature for 

cis-13c and trans-13c, respectively.
21

 

http://pubs.acs.org/author/Okamoto%2C+Yasunori
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VII. Optimization of the bienzymatic process 

 

VII.1. Ene-reductase-catalyzed bioreductions under magnetic stirring 

As it has been proved by us that the magnetic stirring leads to higher conversions for the 

oxidation of secondary alcohols than the orbital shaking;
22

 in order to combine both steps of 

this sequential process, the reduction of the C=C double bond of the α,β-unsaturated ketone 

1b was studied under magnetic stirring (Scheme S3). 

 

Scheme S3. ERED-catalyzed bioreduction of unsaturated ketone 1c under magnetic stirring. 

 

In a test tube, D-(+)-glucose (29 mg, 0.16 mmol), GDH-105 (4 mg), and NADP
+
 (0.6 mM) 

were added to a solution of the α,β-unsaturated ketone 1b (10 mg, 0.08 mmol, 40 mM) in 

citrate buffer 50 mM pH 5 (2 mL). The reaction mixture was stirred for a few minutes to 

dissolve all the reagents and then ERED-110 (20 mg) was added. The test tube was closed 

and the reaction was stirred for 24 h under magnetic stirring at 30 ºC. After this time, the 

mixture was extracted with EtOAc (2 x 2 mL). The organic layers were combined, dried over 

Na2SO4, and an aliquot was taken for the determination of the conversion value by GC 

analysis. 

 

VII.2. Ene-reductase-catalyzed bioreductions at shorter reaction times 

The ERED-110-catalyzed bioreduction of 1b to 1c was studied at shorter reaction times (6 h, 

Scheme S4).  

 

Scheme S4. ERED-catalyzed bioreduction of unsaturated ketones 1c at short reaction times 

(6 h). 

 

In a test tube, D-(+)-glucose (29 mg, 0.16 mmol), GDH-105 (4 mg), and NADP
+
 (0.6 mM) 

were added to a solution of the α,β-unsaturated ketone 1b (10 mg, 0.08 mmol, 40 mM) in 
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citrate buffer 50 mM pH 5 (2 mL). The reaction mixture was stirred for a few minutes to 

dissolve all the reagents and then ERED-110 (20 mg) was added. The test tube was closed 

and the reaction was stirred for 6 h under magnetic stirring at 30 ºC. After this time, the 

mixture was extracted with EtOAc (2 x 2 mL). The organic layers were combined, dried over 

Na2SO4, and an aliquot was taken for the determination of the conversion value by GC 

analysis. 

 

VII.3. One-pot two-step cascade approach 

Initially, we attempted to carry out this process as a bienzymatic cascade. For this reason, all 

enzymes and reagents required for both steps were mixed in the presence of the racemic 

allylic alcohol 1a (Scheme S5). 

 

 

Scheme S5. Attempt of chemoenzymatic isomerization of 1a through a one-pot two-step 

cascade. 

In an open-to-air test tube, TEMPO (4.1 mg, 33 mol%), D-(+)-glucose (29 mg, 0.16 mmol), 

GDH-105 (4 mg), and NADP
+
 (0.6 mM) were added to a solution of the racemic secondary 

alcohol 1a (10 mg, 0.08 mmol, 40 mM) in citrate buffer 50 mM pH 5 (2 mL). The reaction 

mixture was stirred for a few minutes to dissolve all the reagents and then the laccase from 

Trametes versicolor (5 U) and ERED-110 (20 mg) were added. The reaction was stirred for 

16 h under magnetic stirring at 30 ºC. After this time, the mixture was extracted with EtOAc 

(2 x 2 mL). The organic layers were combined, dried over Na2SO4, and an aliquot was taken 

for the determination of the conversion value by GC analysis. 

Unfortunately, only the unsaturated ketone 1b was obtained after 16 h. Regarding the results 

obtained, we speculate that the reaction catalyzed by the ene-reductase did not occur due to 

the inactivation of the NADPH recycling system. As the laccase-TEMPO system might 

catalyze the oxidation of the primary hydroxyl group present in the glucose,
23

 GDH-105 was 

then unable to regenerate NADPH. 

Moreover, molecular oxygen is necessary to complete the laccase catalytic cycle,
24

 (therefore, 

it was necessary to work on oxygen-saturated or open-to-air media), whereas many ene-
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reductases are unstable to the presence of oxygen (what often requires developing these 

bioreductions in deoxygenated media).
25

 Thus, when the reduction of the unsaturated ketone 

1b took place in an open-to-air system (Scheme S6), the saturated ketone 1c was only 

obtained in 41% conversion.  

 

Scheme S6. ERED-catalyzed bioreduction of unsaturated ketone 1c in the presence of air. 

In an open-to-air test tube, D-(+)-glucose (29 mg, 0.16 mmol), GDH-105 (4 mg), and NADP
+
 

(0.6 mM) were added to a solution of the α,β-unsaturated ketone 1b (10 mg, 0.08 mmol, 40 

mM) in citrate buffer 50 mM pH 5 (2 mL). The reaction mixture was stirred for a few 

minutes to dissolve all the reagents and then ERED-110 (20 mg) was added. The reaction was 

stirred for 24 h under magnetic stirring at 30 ºC. After this time, the mixture was extracted 

with EtOAc (2 x 2 mL). The organic layers were combined, dried over Na2SO4, and an 

aliquot was taken for the determination of the conversion value by GC analysis. 

 

VIII. Scaling-up reactions 

 

In an open-to-air test tube (30 x 140 x 5 mm), TEMPO (33 mol%) was added to a solution of 

the racemic allylic alcohols 4a, 6a or 12a (50 mg; 40 mM in the buffer medium for 4a and 

6a; 30 mM in the reaction medium for 12a) in citrate buffer 50 mM pH 5 (for substrates 4a 

and 6a, total volume: 11,1 and 9.3, respectively), or in a biphasic mixture composed by 

citrate buffer 50 mM pH 5 (10.25 mL) and MTBE (20% v/v, 2.05 mL) for 12a. The reaction 

mixture was stirred for a few minutes to dissolve all the reagents, and then the laccase from 

Trametes versicolor (24 U for 4a; 23 U for 6a; 19 U for 12a) was added. The reaction was 

maintained under magnetic stirring for 16 h at 30 ºC. Then, D-(+)-glucose (2 equiv.), GDH-

105 (50.4 mg per mmol substrate), NADP
+
 (0.6 mM), and ERED-P1-E01 (50 mg) were 

added. The test tube was closed and the reaction was maintained under magnetic stirring at 30 

ºC for 24 h in order to reach total conversions. During this time, samples (200 µL) were taken 

from the reaction mixture and extracted with EtOAc (2 x 200 µL) for determination of the 

conversion (and enantiomeric excess) values by GC. After this time, the solution was 

centrifuged at 4,900 rpm for 7 min. The supernatant was decanted and extracted with EtOAc 
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(15 x 2 mL) for 6c and 12c, and Et2O (15 x 2 mL) for 4c. The organic layers were combined, 

dried over Na2SO4 and the solvent was evaporated under reduced pressure providing (S)-4c 

(yield 69%, >99% ee), 6c (yield 85%) and (S)-12c (yield 87%, 91% ee). 

 

Characterization data are given below:   

 

(S)-3-Methylcyclohexanone [(S)-4c]. The title compound was obtained through the 

bienzymatic strategy as colorless oil (34.5 mg, 0.31 mmol, yield: 69%). 
1
H NMR (300 MHz, 

CDCl3): δ (ppm) 2.39-2.16 (m, 3H), 2.06-1.81 (m, 4H), 1.72-1.57 (m, 1H), 1.38-1.18 (m, 

1H), 1.00 (d, 3H, J= 6.2 Hz); 
13

C NMR (75 MHz, CDCl3): δ (ppm) 212.0, 50.0, 41.1, 34.2, 

33.3, 25.3, 22.1. Spectral data and physical properties are in agreement with the ones 

obtained from a sample obtained from commercial sources. 

 

(±)-4c 

 

 

 

(S)-4c 
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Figure S6. Analytical separation by chiral GC for racemic (above) and enantioenriched 

(below) 4c obtained at 50-mg scale through the two-step sequential process starting from the 

racemic allylic alcohol 4a using the laccase‒TEMPO system and ERED-P1-E01. 

 

 

Propiophenone (6c). The title compound was obtained through the bienzymatic strategy as 

colorless oil (42.5 mg, 0.32 mmol, yield: 85%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 7.99 

(d, 2H, J= 8.1 Hz), 7.60-7.45 (m, 3H), 3.03 (q, 2H, J= 7.5 Hz), 1.25 (t, 3H, J= 7.2 Hz);
 13

C 

NMR (75 MHz, CDCl3): δ (ppm) 201.0, 137.0, 133.0, 128.7 (2C), 128.1 (2C), 31.9, 8.3. 

Spectral data and physical properties are in agreement with the commercial sources. 

 

 

(S)-3-Methyl-4-phenylbutan-2-one [(S)-12c]. The title compound was obtained through 

the bienzymatic strategy as yellowish oil (44 mg, 0.27 mmol, yield: 87%). Spectral data 

and physical properties were in agreement with literature and with those previously 

reported in this Supporting Information (see Section VI.14). 
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(±)-12c 

 

(S)-12c 

 

Figure S7. Analytical separation by chiral GC for racemic (above) and enantioenriched 

(below) 12c obtained at 50-mg scale through the one-pot two-step sequential process starting 

from the racemic allylic alcohol 12a using the laccase‒TEMPO system and ERED-P1-E01. 
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IX. Analytical data 

IX.1. GC analyses for the determination of ratio of products (and ee/de for chiral saturated 

ketones) 

The following GC columns were used:  

A: Hewlett Packard HP-1 (30 m x 0.32 cm x 0.25 µm, 12.2 psi N2). 

B: CP-ChiraSil-DEX CB (25 m x 0.32 cm x 0.25 µm, 12.2 psi N2). 

C: RT-BetaDEXe (30 m x 0.25 cm x 0.25 µm, 12.2 psi N2). 

D: DB-1701 (30 m x 0.25 cm x 0.25 µm, 12.2 psi N2). 

Table S15. Retention times for compounds 1-10, 12 and 13 obtained by GC analysis. 

Compound Column Program
a
 Retention time (min) 

Alcohol 

 

Unsaturated  

ketone 

Saturated  

Ketone 

(R)
b
 (S)

b
 

1 A 40/0/2.5/80/0/20/200/0 5.5 6.6 5.1 

2 A 40/10/7/0/20/200/0 3.2 3.9 3.0 

3 B 50/3/2.5/120/0/20/180/4 26.8 20.5 19.5 19.2 

4 C 70/0/2/140/0/20/180/5 18.6; 20.5
c
 23.3 14.4 15.0 

5 B 50/3/2.5/120/0/20/180/4 28.2; 28.4
c
 23.8 20.9 

6 B 50/3/2.5/120/0/20/180/4 32.0; 32.3 24.1 25.2 

7 A 70/3/2.5/180/2 10.7 11.5 7.6 

8 B 110/0/2.5/120/0/10/160/0/20/180/7 12.8 11.8 10.0 

9 B 110/0/2.5/120/0/10/160/0/20/180/7 11.6 10.8 9.4 

10 B 110/0/2.5/120/0/10/160/0/20/180/7 13.4 12.5 10.4 

12 B 50/3/2.5/120/0/10/160/0/20/180/4 35.6 34.7 30.5 31.0 

13 D 80/6.5/10/160/5/20/200/2/20/280/1  13.6; 13.9
d
 14.1 13.3

e
 13.4

f
 

a
 GC programme: initial temp. (ºC) / time (min) / ramp (ºC/min) / temp. (ºC) / time (min) / ramp 

(ºC/min) / final temp. (ºC) / time (min). 
b
 Only for chiral saturated ketones. 

c
 The enantiomers of these racemic allylic alcohols appeared separated in these programs. 

d
 The two isomers of (5R)-carveol appeared separated in this program: first isomer (1S,5R) and 

second isomer (1R,5R).  
e
 R corresponds to the (2R,5R)-13c isomer.

 f
 S corresponds to the (2S,5R)-13c isomer. 
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IX.2. HPLC analyses for the determination of ratio of products for compound 11 

The ratio of products obtained through the bienzymatic process for the saturated ketone 4-(4-

nitrophenyl)butan-2-one 11c was determined by HPLC analysis using calibration curves. 

The following HPLC conditions were used:  

Column Daicel Chiralpak OD (25 cm x 4.6 mm, 5 µm particle size); eluent: n-hexane / 2-

PrOH (90:10), 30 ºC, flow 0.8 mL/min. 

Table S16. Retention times for the compounds 11a, 11b and 11c obtained by chiral HPLC 

under the previously described conditions. 

Retention time (min) 

11a 11b 11c 

12.4 17.4 11.2 
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X. NMR spectra  
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