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2. Ethyl 5-(4-chlorophenyl)thio-2-(diphenylmethylene)aminopentanoate (5b) 
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3. Methyl 5-(4-chlorophenyl)thio-2-(diphenylmethylene)aminopentanoate (6b) 
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4. Ethyl 2-amino-5-phenylthiopentanoate (7a) 
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5. Ethyl 2-amino-5-(4-chlorophenyl)thiopentanoate (7b) 
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6. Methyl 2-amino-5-(4-chlorophenylthio)pentanoate (8b) 
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7. Ethyl 5-phenylthio-2-phthalimidopentanoate (9a) 
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8. Ethyl 5-(4-chlorophenyl)thio-2-phthalimidopentanoate (9b) 
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9. Methyl 5-(4-chlorophenyl)thio-2-phthalimidopentanoate (10b) 
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10. Methyl 4-phenylthio-2-phthalimidobutanoate (12) 
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11. Oxidative desulfurization-fluorination of 9a 
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12. Oxidative desulfurization-fluorination of 10b 
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13. Oxidative desulfurization-fluorination of 12 
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14. Synthesis of 1-bromo-3-(4-chlorophenyl)oxypropane (SI 1) 

To a suspension of NaH (60& in mineral oil, 4.038 g, 101 mg) in DMF (100 mL) 

was added 4-chlorophenol (13.001 g, 101 mmol) at 0 °C. After stirring 1 h at 

this temperature, the solution was over 30 min added to a solution of 

1,3-dibromopropane (31 mL, 303 mmol, 3.0 eq.) in DMF (100 mL) and the 

solution stirred at r.t. for 25.5 h. Afterwards the reaction was quenched with 

half conc. aqueous NaHCO3 (400 mL) and the mixture extracted with CH2Cl2 (3  100 mL). The 

combined organic layers were washed with sat. aqueous NaCl (2  150 mL) and dried over MgSO4. 

The product was purified by vacuum distillation using a 27 cm Vigreux column. Yield: 6.929 g 

(28 mmol, 28%); bp.: 103-104 °C (0.03 mbar). 
1
H NMR (400 MHz, CDCl3): δ 2.31 (p, 

3
JH,H = 6.1 Hz, 

2 H, 2-CH2), 3.59 (t, 
3
JH,H = 6.4 Hz, 2 H, 1-CH2), 4.07 (t, 

3
JH,H = 5.8 Hz, 2 H, 3-CH2), 6.82-6.85 (m, 2 H, 

5/9-CH), 7.22-7.26 (m, 2 H, 6/8-CH). 
13

C NMR (101 MHz, CDCl3): δ 29.9 (t, C-1), 32.2 (t, C-2), 65.6 (t, 

C-3), 115.8 (d, C-5/9), 125.8 (s, C-7), 129.3 (d, C-6/8), 157.3 (s, C-4). MS (EI-GC-inlet): m/z 250/248 

(15/13) [M]
+
, 130/128 (35/100) [C6H5ClO]

+
, 99 (15), 75 (37), 63 (13), 41 (38). 

 

15. Synthesis of ethyl 5-(4-chlorophenyl)oxy-2-(diphenylmethylene)amino-

pentanoate (SI 2) 

To a solution of ethyl N-(diphenylmethylene)glycinate (3 a) (2.734 g, 

10.2 mmol) in DMSO (30 mL) was added KOtBu (1.145 g, 10.2 mmol) at 

0 °C. After stirring for 30 min, 1-bromo-3-(4-chlorophenyl)oxypropane (SI 1) 

(2.545 g, 10.2 mmol) was added and the solution stirred over night. The 

conducted workup is described in the article for compound 5 a. The crude 

product was used in the following step without purification. Yield: 4.026 g 

(crude product). 
1
H NMR (300 MHz, CDCl3): δ 1.26 (t, 

3
JH,H = 7.1 Hz, 3 H, 

13-CH3), 1.65-1.88 (m, 2 H, 3-CH2), 1.98-2.20 (m, 2 H, 4-CH2), 3.81-3.88 (m, 2 H, 5-CH2), 6.72-6.78 

(m, 2 H, 7/11-CH), 7.14-7.21 (m, 2 H, 8/10-CH), 7.27-7.68 (m, 8 H, 8  Ph-CH), 7.78-7.85 (m, 2 H, 

2  Ph-CH). The signals of C-2 und C-12 were covered by signals of the starting material and could 

not be identified. MS-ES(+)-EM: m/z calcd for C26H26ClNO3H
+
: 436.1674/438.1647, found: 

436.1672/438.1653 [M+H]
+
. 

 

16. Synthesis of ethyl 5-(4-chlorophenyl)oxy-2-aminopentanoate (SI 3) 

The product mixture from above (4.001 g) was dissolved in ethanol (40 mL) and 

treated with 15% aqueous citric acid (20 mL). After stirring for 1 h at r.t. the 

workup as described for 7 a followed. The crude product was slightly 

contaminated with benzophenone but had a satisfactory purity to be used in the 

next step. Yield: 488 mg (crude product). 
1
H NMR (400 MHz, CDCl3): δ 1.27 (t, 

3
JH,H = 7.2 Hz, 3 H, 13-CH3), 1.75-2.01 (m, 4 H, 3-CH2 und 4-CH2), 3.60 (dd, 

3
JH,H = 7.3, 5.2 Hz, 1 H, 2-CH), 3.95 (t, 

3
JH,H = 5.9 Hz, 2 H, 5-CH2), 4.18 (q, 

3
JH,H = 7.1 Hz, 2 H, 12-CH2), 6.76-6.86 (m, 2 H, 7/11-CH), 7.17-7.25 (m, 2 H, 8/10-CH). 

13
C NMR (101 

MHz, CDCl3): δ 14.2 (q, C-13), 25.4 (t, C-4), 30.7 (t, C-3), 53.9 (d, C-2), 61.3 (t, C-12), 67.6 (t, C-5), 

115.7 (d, C-7/11), 125.5 (s, C-9), 129.3 (d, C-8/10), 157.5 (s, C-6), 174.7 (s, C-1). MS-ES(+)-EM: m/z 

calcd for C13H18ClNO3H
+
: 272.1048/274.1019, found: 272.1044/274.1018 [M+H]

+
; calcd for 

C13H18ClNO3Na
+
: 294.0867/296.0838, found: 294.0866/296.0840 [M+Na]

+
. 
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17. Synthesis of ethyl 5-(4-chlorophenyl)oxy-2-phthalimidopentanoate (19) 

In a pre-heated oil bath ethyl 2-amino-5-(4-chlorphenyl)oxypentanoate 

(SI 3) (300 mg, 1.10 mmol) and finely mortared phthalic anhydride 

(164 mg, 1.11 mmol) were mixed and heated to 145 °C for 1 h in an open 

vessel. The product was purified by column chromatography (CyH/EtOAc, 

5:1) and isolated as a white solid. Yield: 242 mg (0.60 mmol, 55%): mp.: 

93-94 °C. 
1
H NMR (400 MHz, CDCl3): δ 1.23 (t, 

3
JH,H = 7.1 Hz, 3 H, 

13-CH3), 1.76-1.86 (m, 2 H, 4-CH2), 2.40-2.47 (m, 2 H, 3-CH2), 3.94 (t, 
3
JH,H = 6.2 Hz, 2 H, 5-CH2), 4.21 (m, 2 H, 12-CH2), 4.91 (dd, 

3
JH,H = 10.1, 5.6 Hz, 1 H, 2-CH), 6.76-6.80 

(m, 2 H, 7/11-CH), 7.16-7.20 (m, 2 H, 8/10-CH), 7.72-7.78 (m, 2 H, 17/18-CH), 7.83-7.90 (m, 2 H, 

16/19-CH). 
13

C NMR (101 MHz, CDCl3): δ 14.1 (q, C-13), 25.5 (t, C-3), 26.1 (t, C-4), 52.0 (d, C-2), 

61.9 (t, C-12), 67.2 (t, C-5), 115.7 (d, C-7/11), 123.6 (d, C-16/19), 125.5 (s, C-9), 129.2 (d, C-8/10), 

131.8 (s, C-15/20), 134.2 (d, C-17/18), 157.4 (s, C-6), 167.7 (s, C-17/21), 169.1 (s, C-1). MS-ES(+)-

EM: m/z calcd for C21H20
35

ClNO5H
+
: 402.1103, found: 402.1095 [M+H]

+
; calcd for C21H20ClNO5Na

+
: 

424.0922/426.0895, found: 424.0916/426.0892 [M+Na]
+
. 

 

18. Reaction of ethyl 5-(4-chlorophenyl)oxy-2-phthalimidopentanoate (19) with 

DBH and Olah’s reagent 

Ethyl 5-(4-chlorophenyl)oxy-2-phthalimidopentanoate (19) (100 mg, 

0.25 mmol) was dissolved in CH2Cl2 (3 mL) and treated with Olah’s 

reagent (0.35 mL, 1.50 mmol, 6.0 eq.) and DBH (286 mg, 1.00 mmol, 

4.0 eq.). After stirring over night and quenching with sat. aqueous 

NaHCO3 and sat. aqueous NaSO3 the mixture was extracted with 

CH2Cl2 (2 × 10 mL) and the combined organic phases washed with 1 M 

aqueous HCl and sat. aqueous NaCl. The organic solution was dried 

over MgSO4 and the solvent evaporated under reduced pressure. Ethyl 

5-(2,6-dibromo-4-chlorphenyl)oxy-2-phthalimidopentanoate was identified as the sole product. Yield: 

141 mg (0.25 mmol, 100%). 
1
H NMR (300 MHz, CDCl3): δ 1.24 (t, 

3
JH,H = 7.1 Hz, 3 H, 13-CH3), 1.83-

1.95 (m, 2 H, 4-CH2), 2.42-2.67 (m, 2 H, 3-CH2), 4.00 (m, 2 H, 5-CH2), 4.23 (m, 2 H, 12-CH2), 4.97 (dd, 
3
JH,H = 10.7, 4.9 Hz, 1 H, 2-CH), 7.48 (s, 2 H, 8/10-CH), 7.72-7.80 (m, 2 H, 17/18-CH), 7.84-7.91 (m, 

2 H, 16/19-CH). MS-ES(+)-EM: m/z calcd for C21H18
79

Br
81

Br
35

ClNO5H
+ 

559.9284 [M+H]
+
, found: 

559.9293, calcd for C21H18
79

Br
81

Br
35

ClNO5Na
+
: 581.9112, found: 581.9110 [M+Na]

+
. 

 

19. Synthesis of ethyl 5-(4-chlorophenyl)thio-5-fluoro-2-phthalimido-

pentanoate (21) 

Making use of a method described by ROBINS und WNUK,
1
 ethyl 

5-(4-chlorophenyl)thio-2-phthalimidopentanoate (5 b) (448 mg, 

1.07 mmol) was dissolved in abs. CH2Cl2 (4 mL) in an argon 

atmosphere and treated with SbCl3 (36 mg, 0.16 mmol, 0.15 eq.) and 

DAST (0.39 mL, 3.21 mmol, 3.0 eq.). The yellow solution was stirred for 

21 h at r.t. and the now red solution neutralized with ice/sat. aqueous 

NaHCO3. The mixture was extracted with CH2Cl2 (3 × 10 mL), the 

organic phases dried over MgSO4 and the product purified by column 

chromatography (CyH/EtOAc, 5:1), which led to a brown oil. The diastereomers were formed in an 

expected 1:1 ratio and could not be separated. Yield: 426 mg (0.98 mmol, 92%). 
1
H NMR (600 MHz, 

CDCl3): δ 1.23 (t, 
3
JH,H = 7.1 Hz, 3 H, 13-CH3), 1.94-2.05 (m, 2 H, 4-CH2), 2.38-2.48 (m, 2 H, 3-CH2), 

4.14-4.25 (m, 2 H, 12-CH2), 5.73 (dt, 
2
JH,F = 54.1 Hz, 

3
JH,H = 6.6 Hz, 1 H, 5-CHF), 5.77 (dt, 

2
JH,F = 55.1 Hz, 

3
JH,H = 6.4 Hz, 1 H, 5*-CHF), 7.22-7.31 (m, 2 H, 8/10-CH), 7.37-7.43 (m, 2 H, 
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7/11-CH), 7.74-7.81 (m, 2 H, 17/18-CH), 7.84-7.89 (m, 2 H, 16/19-CH). 
13

C NMR (151 MHz, CDCl3): δ 

14.1 (s, C-13), 24.9 (dt, 
3
JC,F = 3.3 Hz, C-3), 25.2 (dt, 

3
JC,F = 3.5 Hz, C-3*), 31.9 (dt, 

2
JC,F = 23.4 Hz, 

C-4), 32.1 (dt, 
2
JC,F = 23.0 Hz, C-4*), 51.4 (d, C-2), 51.5 (d, C-2*), 62.1 (t, C-12), 100.57 (dd, 

1
JC,F = 219.5 Hz, C-5), 100.60 (dd, 

1
JC,F = 219.3 Hz, C-5*), 123.6 (d, C-16/19), 129.18 (d, C-8/10), 

129.23 (d, C-8*/10*), 130.2 (s, C-6), 130.8 (s, C-6*), 131.61 (s, C-15/20), 131.64 (s, C-15*/20*), 133.7 

(dd, 
4
JC,F = 1.9 Hz, C-7/11), 134.1 (dd, 

4
JC,F = 1.9 Hz, C-7*/11*), 134.4 (d, C-17/18), 134.51 (s, C-9), 

134.54 (s, C-9*), 167.5 (s, C-14/21), 167.6 (s, C-14*/21*), 168.58 (s, C-1), 168.60 (s, C-1*). 
19

F NMR 

(564 MHz, CDCl3): δ −145.6 (ddd, 
2
JF,H = 54.1 Hz, 

3
JF,H = 18.4, 12.8 Hz, 1 F, 5-CHF), −147.0 (dt, 

2
JF,H = 55.2 Hz, 

3
JF,H = 16.8 Hz, 1 F, 5*-CHF). MS-ES(+)-EM: m/z calcd for C21H19ClFNO4SNa

+
: 

458.0600/460.0571, found: 458.0594/460.0571 [M+Na]
+
. 
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20. Ethyl 2-amino-5-benzyloxypentanoate (SI 4) 
1
H NMR (300 MHz, CDCl3): δ 1.27 (t, 

3
JH,H = 7.1 Hz, 3 H, 14-CH3), 1.58-1.92 

(m, 4 H, 3-CH2 und 4-CH2), 3.45 (dd, 
3
JH,H = 7.1, 5.5 Hz, 1 H, 2-CH), 3.50 (t, 

3
JH,H = 6.0 Hz, 2 H, 5-CH2), 4.17 (q, 

3
JH,H = 7.1 Hz, 2 H, 13-CH2), 4.50 (s, 2 H, 

6-CH2), 7.23-7.40 (m, 5 H, 8/12-CH, 9/11-CH und 10-CH). 
13

C NMR (101 MHz, 

CDCl3): δ 14.2 (q, C-14), 25.9 (t, C-4), 31.7 (t, C-3), 54.3 (d, C-2), 60.8 (t, 

C-13), 59.9 (t, C-5), 72.9 (t, C-6), 127.5 (d, C-10), 127.6 (t, C-8/12), 128.3 (t, 

C-9/11), 138.4 (s, C-7), 176.0 (s, C-1). MS-ES(+)-EM: m/z calcd for 

C14H21NO3Na
+
: 274.1414, found: 252.1599 [M+H]

+
; calcd for C14H21NO3H

+
: 

252.1594, found: 74.1418 [M+Na]
+
.  
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21. Ethyl 5-oxo-2-phthalimidopentanoate (26) 
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22. Ethyl 5,5-difluoro-2-phthalimidopentanoate (27) 
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23. 2-Amino-5,5-difluoropentanoic acid hydrochloride (28) 
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24. Synthesis of ethyl 5-fluoro-2-phthalimidopentanoate (29) 

A solution of ethyl 5-oxo-2-phthalimidopentanoate (25) (291 mg, 1.0 mmol) in 

abs. CH2Cl2 (3 mL) was treated with Deoxo-Fluor® (2.7 M in toluene) 

(0.41 mL, 1.1 mmol) and the solution stirred at r.t. for 18.5 Stunden. After 

quenching with ice/sat. aqueous NaHCO3 the mixture was extracted with 

CH2Cl2 (2 × 10 mL), the combined organic phases dried over MgSO4 and the 

solvent evaporated under reduced pressure. The product was isolated by 

column chromatography (CyH/EtOAc, 2:1) as a yellowish oil. Yield: 62 mg 

(0.21 mmol, 21%). 
1
H NMR (300 MHz, CDCl3): δ 1.24 (t, 

3
JH,H = 7.1 Hz, 3 H, 7-CH3), 1.55-1.90 (m, 

2 H, 4-CH2), 2.25-2.51 (m, 2 H, 3-CH2), 4.22 (m, 2 H, 6-CH2), 4.46 (dm, 
2
JH,F = 47.1 Hz, 2 H, 5-CH2F), 

4.87 (dd, 
3
JH,H = 10.2, 5.4 Hz, 1 H, 2-CH), 7.71-7.81 (m, 2 H, 11/12-CH), 7.83-7.92 (m, 2 H, 

10/13-CH). 
13

C NMR (75 MHz, CDCl3): δ 14.1 (q, C-7), 24.9 (dt, 
3
JC,F = 5.1 Hz, C-3), 27.4 (dt, 

2
JC,F = 20.2 Hz, C-4), 51.8 (d, C-2), 62.0 (t, C-6), 83.0 (dt, 

1
JC,F = 239.5 Hz, C-5), 123.6 (d, C-10/13), 

131.7 (s, C-9/14), 134.3 (d, C-11/12), 167.7 (s, C-8/15), 168.9 (s, C-1). 
19

F NMR (282 MHz, CDCl3): δ 

−219.7 (tt, 
2
JF,H = 47.1 Hz, 

3
JF,H = 25.3 Hz, 1 F, 5-CH2F). MS-ES(+)-EM: m/z calcd for C15H16FNO4H

+
 

294.1136, found: 294.1137 [M+H]
+
, calcd for C15H16FNO4Na

+
: 316.0956, found: 316.0954 [M+Na]

+
; 

calcd for C15H16FNO4CH3OHNa
+
: 348.1218, found: 348.1213 [M+MeOH+Na]

+
. 

5,5'-Oxy-bis(ethyl 2-phthalimidopentanoate) (SI 5) was identified as a byproduct.  

Ethyl 5,5'-oxy-bis(ethyl 2-phthalimidopentanoate) (SI 5) 

Yield: 18 mg (0.03 mmol, 6%). 
1
H NMR (300 MHz, CDCl3): δ 1.23 (t, 

3
JH,H = 7.1 Hz, 6 H, 7/7‘-CH3), 1.53-1.75 (m, 4 H, 4/4‘-CH2), 2.25-2.41 (m, 

4 H, 3/3‘-CH2), 3.68 (t, 
3
JH,H = 6.4 Hz, 4 H, 5/5‘-CH2), 4.21 (m, 4 H, 6/6‘-CH2), 

4.88 (dd, 
3
JH,H = 10.1, 5.6 Hz, 2 H, 2/2‘-CH), 7.71-7.80 (m, 4 H, 

11/11‘/12/12‘-CH), 7.83-7.91 (m, 4 H, 10/10‘/13/13‘-CH). MS-ES(+)-EM: m/z  

calcd for C30H32N2O9Na
+
: 587.2000, found 587.2004 [M+Na]

+
; calcd for 

C30H32N2O9CH3OHNa
+
: 619.2262, found: 619.2241 [M+MeOH+Na]

+
. 
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5-Fluoro-2-phthalimidopentanoate (29) 
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25.  (R)-tert-Butyl 5-benzyloxy-2-phthalimidopentanoate (35) 

 

HPLC 

Column: Daicel Chiralpak-IA 

 

Eluent: ACN/H2O 50:50 
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26. (R)-tert-Butyl 5-hydroxy-2-phthalimidopentanoate (43) 
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27.  (R)-tert-Butyl 5-oxo-2-phthalimidopentanoate (36) 
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28. Reaction of 36 with Deoxo-Fluor 

 

  



64 
 

5-Fluoro-2-phthalimido-δ-butyrolactone (38) 
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29. (R)-2-Amino-5,5-difluoropentanoic acid hydrochloride (39) 
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Determination of the pKa value 
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30. Derivatization of 39 with (S)-2-Chloropropionic acid chloride (40) 

(S)-2-Chloropropionic acid chloride (40) 

1
H NMR (300 MHz, toluene-d8): δ 1.05 (d, 

3
JH,H = 6.9 Hz, 3 H, 3-CH3), 3.69 (q, 

3
JH,H = 6.9 Hz, 1 H, 2-CH). 

13
C NMR (75 MHz, toluene-d8): δ 20.8 (q, C-3), 60.4 (d, C-2), 

170.7 (s, C-1). The spectroscopic data are approximately consistent with the ones 

reported by Laue who used CDCl3 as NMR solvent.
2
 

 

(R)-N-[(S)-2-Chloropropionyl]-2-amino-5,5-difluoropentanoic acid (41) 

Yield: 50 mg (0.26 mmol, 96%). 
1
H NMR (600 MHz, toluene-d8): δ 1.39-1.46 (m, 

6 H, 8-CH3 und 8*-CH3),1.46-1.62 (m, 6 H, 3-CH
a
, 4-CH2, 3*-CH

a
, 4*-CH2), 1.76-

1.87 (m, 2 H, 3-CH
b
 und 3*

b
-CH), 3.99-4.08 (m, 2 H, 2-CH und 2*-CH), 4.37-4.45 

(m, 2 H, 7-CH und 7*-CH), 5.27 (tm, 
2
JH,F = 56.7 Hz, 2 H, 5-CH und 5*-CH). 

19
F 

NMR (564 MHz, toluene-d8): δ −116.2/−116.3 (AB-Signal, 
2
JF,F = 282.0 Hz, 

2
JH,F = 56.5 Hz, 

3
JF,H = 17.4 Hz, 2 F, 5-CF2H, 32%), −116.3/−116.4 (AB-signal, 

2
JF,F = 282.0 Hz, 

2
JH,F = 56.7 Hz, 

3
JF,H = 17.4 Hz, 2 F, 5*-CF2H, 68%). MS-ES(+)-EM: m/z calcd for 

C8H12
35

ClF2NO3H
+
: 244.0547, found: 244.0553 [M+H]

+
; calcd for C8H12

35
ClF2NO3Na

+
: 266.0366, found: 

266.0372 [M+Na]
+
; calcd for C8H12

35
ClF2NO3

+
: 288.0185, 288.0191 [M−H+2Na]

+
. MS-ES(−)-EM: m/z 

calculated for C8H11
35

ClF2NO3Na
−
, 242.0385 [M−H]

−
, 242.0390. 
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