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1. General Experimental 

 

Structural analogues of Tyr and Phe, and chemicals for synthesis were purchased from Sigma-Aldrich Co., 

PepTech Co., Alfa Aesar, Manchester Organics, Matrix Scientific, Oakwood Products and Toronto Research 

Chemicals. They were of commercial quality and were used as received, apart from the (R,S)-3-fluorotyrosine and 

(S)-3-chlorotyrosine (Aldrich) that were purified by HPLC. The genes in pND1098 vector encoding E. coli 

His6-PpiB and in pND706 vector encoding the E. coli His6-TyrRS were generous gifts of the Dixon group at the 

University of Wollongong, Wollongong, New South Wales, Australia. T7 RNA polymerase (50 000 U.mL-1) was 

purchased from New England BioLabs. The ammonium phosphate, tetrabutylammonium phosphate in methanol 

and E. coli tRNATyr were purchased from Sigma-Aldrich Co. Spectra/Por dialysis membrane (#2, MWCO: 12-14 

000) was purchased from Spectrum Laboratories. Mini-PROTEAN® Tetra Electrophoresis System, acrylamide, 

bis-acrylamide, SDS-PAGE molecular weight standards (low and broad range) and Bio-Safe® Coomassie Blue 

were purchased from Bio-Rad. HisGraviTrap® Kit was purchased from GE Healthcare. Amicon Ultra-4 

(YM-3,000) membrane microcon centrifugal filter devices were purchased from Millipore.  

 
1H and 13C NMR spectra were recorded on a Varian MR400 or a Varian Mercury 300 instrument. ESI MS were obtained 

using a Micromass VG AutoSpec M spectrometer. Elemental analyses were performed using a Eurovector EA3000 

Elemental Analyser. Melting points were determined using a Kofler hot-stage melting point apparatus under a Reichert 

microscope. Mass spectra of biological macromolecules were recorded on an Agilent 1100 series LC/MSD TOF 

instrument (direct injection) operating a positive ionization mode, with the liquid chromatography running a mobile 

phase of a 50:50 (v/v) solution of 0.1% formic acid in acetonitrile: 0.1% aqueous formic acid. The mass spectra were 

recorded and then deconvoluted using the Agilent TOF Protein Confirmation Software. All mass spectra presented here 

were those after deconvolution. Gene sequencing was conducted using the ABI 3730 Genetic Analyser in conjunction 

with BigDye 3.1 at The Australian National University, Canberra. The concentrations of protein and DNA were 

measured using a NanoDrop ND-1000 spectrophotometer (ThermoScientific). SDS-PAGE analyses of proteins were 

conducted with 20% acrylamide.  

 

For purification, HPLC was carried out on a Waters 600 controller with Waters 717plus autosampler and a Waters 2996 

photodiode array detector, running Empower 2 software. For aminoacylation assay, HPLC was carried out using Agilent 

Hewlett Packard series 1100 separation system operating on Chemstation, in conjugation with the Alltech Alltima HP 

C18 5 mM (4.6 x 250 mm) column attached with an Alltech Allguard HP C18 guard cartridge. 

2. Syntheses 

1-(Bromomethyl)-3,5-dimethylbenzene  

 

1-(Bromomethyl)-3,5-dimethylbenzene was prepared from mesitylene by the method of Dailey.[1] The choice of 

α,α,α-trifluorotoluene instead of carbon tetrachloride as the solvent for bromination is for environmental reasons and is 

based on the work of Golding.[2] To a solution of mesitylene (2.0 g, 0.017 mol) in anhydrous α,α,α-trifluorotoluene 

(30.0 mL), N-bromosuccinimide (2.94 g, 0.017) and azobisisobutyronitrile (0.09 g, 0.00055 mol) were added. The 
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resultant mixture was heated under reflux for one hour, then filtered and concentrated, yielding a residue which was 

purified with chromatography from chloroform and hexane to give 1-(bromomethyl)-3,5-dimethylbenzene as a pale 

yellow semi-solid at room temperature (lit.[3] mp 37.5−38 °C). Yield 1.72 g, 52%. 1H NMR (400 MHz, CDCl3): δ 7.07 

(s, 2H; Ar H), 6.99 (s, 1H; Ar H), 4.49 (s, 2H; CH2), 2.37 (s, 6H; (CH3)2); 
13C NMR (101 MHz, CDCl3): δ 138.44 (2C, 

Ar C), 137.67 (Ar C), 130.26 (Ar C), 126.91 (2C, Ar C), 34.00 (CH2), 21.27 (2C, CH3). MS (ESI): m/z (%): 119.0 

(C9H11) (100), 199.2 ([M + H]+) (30). The spectral properties of this compound were identical with those previously 

reported for 1-(bromomethyl)-3,5-dimethylbenzene.[4] 

 

Diethyl 2-acetamido-2-(3,5-dimethylbenzyl)malonate 

 

Diethyl 2-acetamido-2-(3,5-dimethylbenzyl)malonate was prepared from 1-(bromomethyl)-3,5-dimethylbenzene by the 

method  used for alkylation of 3,5-dimethoxybenzyl bromide.[5] A solution of metallic sodium (0.17 g, 0.0075 mol) 

and diethyl acetaminomalonate (1.627 g, 0.0075 mol) in dry ethanol (20.0 mL) was stirred at room temperature for 15 

minutes. To the resultant mixture, 1-(bromomethyl)-3,5-dimethylbenzene (1.5 g, 0.0075 mol) was added, followed by 

heating under reflux for three hours, and filtered. Then water (70.0 mL) was added to the filtrate, affording a separation 

of an oil which crystallized upon cooling, giving diethyl 2-acetamido-2-(3,5-dimethylbenzyl)malonate as white powder. 

Yield 2.51 g, 55%. mp 149.6−152.3 °C (lit.[1] mp 149−150 °C). 1H NMR (400 MHz, CDCl3): δ=6.85 (s, 1H; NH), 6.59 

(s, 2H; Ar H), 6.54 (s, 1H; Ar H), 4.25 (q, J = 7.2 Hz, 4H; (CH2CH3)2), 3.55 (s, 2H; Ar-CH2), 2.23 (s, 6H; (Ar-CH3)2), 

2.01 (s, 3H; (C=O)CH3), 1.28 (t, J = 7.2 Hz, 6H, (CH2CH3)2). 
13C NMR (101 MHz, CDCl3): δ=169.04 (NHC=O), 

167.58 (2C, (C=O)OEt), 137.64 (2C, Ar C), 135.05 (Ar C), 128.80 (Ar C), 127.75 (2C, Ar C), 67.26 (quaternary C), 

62.57 (2C, CH2CH3), 37.60 (Ar-CH2), 22.99 ((C=O)CH3), 21.23 (2C, Ar-CH3), 14.04 (2C, CH2CH3). MS (ESI): m/z 

(%): 358.4 ([M + Na]+) (100), 336.5 ([M + H]+) (10). Anal. calcd for C18H25NO5: C 64.46, H 7.51, N 4.18; found: C 

64.57, H 7.70, N 4.31. 

 

3,5-Dimethyl-DL-phenylalanine 

 

3,5-Dimethyl-DL-phenylalanine was prepared from diethyl 2-acetamido-2-(3,5-dimethylbenzyl)malonate by the method 

of Dailey.[1] A suspension of diethyl 2-acetamido-2-(3,5-dimethylbenzyl)malonate (0.5 g, 0.0015 mol) in 37% aqueous 

hydrochloric acid (6.0 mL) was heated under reflux for eight hours and then filtered. The filtrate was diluted with water 

(25.0 mL), concentrated and cooled in an ice-bath, giving 3,5-dimethyl-DL-phenylalanine as colourless crystals. Yield 

0.81 g, 87%. mp 224.1−231.1 °C decomp. (lit. mp 229−231 °C[1] and 212−214 °C[6]). 1H NMR (400 MHz, D2O): δ 6.98 

(s, 1H; Ar H), 6.92 (s, 2H; Ar H), 3.45−3.48 (m, 1H; CH), 2.91−2.92 (m, 2H; CHHCH), 2.73-2.77 (m, 2H; CHHCH), 

2.28-2.29 ppm (m, 6H; (CH3)2). 
13C NMR (101 MHz, [D6]DMSO): δ 170.58 (C=O), 137.88 (2C, Ar C), 135.02 (Ar C), 

129.05 (Ar C), 127.63 (2C, Ar C), 53.64 (CH), 35.91 (CH2), 21.33 ppm (2C, CH3). MS (ESI): m/z (%): 216.5 ([M + 

Na]+) (100), 194.4 ([M + H]+) (40). Anal. calcd for C11H16NO2Cl: C 57.52, H 7.02, N 6.10; found: C 57.48, H 7.10, N 

6.01. The spectral properties of this compound were identical with those previously reported for 
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3,5-dimethyl-DL-phenylalanine.[6] 

 

Diethyl 2-acetamido-2-(3,5-dimethoxybenzyl)malonate 

HN

O

O

O

O

O

O O
 

Diethyl 2-acetamido-2-(3,5-dimethoxybenzyl)malonate was prepared from 1-(bromomethyl)-3,5-dimethoxybenzene by 

the method of Warne.[5] To a solution of metallic sodium (0.624 g, 0.0271 mol) in dry ethanol (40.0 mL), diethyl 

acetaminomalonate (2.82 g, 0.013 mol) was added. The resultant mixture was stirred at room temperature for 30 

minutes, mixed with 1-(bromomethyl)-3,5-dimethoxybenzene (3.0 g, 0.013 mol), heated under reflux for 1.5 hours, 

concentrated and extracted with ethyl acetate (3 × 15 mL). The combined acetate extracts were washed with saturated 

brine, dried (sodium sulfate), filtered and concentrated, yielding a residue which was recrystallized from ethyl acetate 

and hexane to give diethyl 2-acetamido-2-(3,5-dimethoxybenzyl)malonate as a white solid. Yield 1.138 g, 81%. mp 

113.3−114.9 °C (lit.[5] mp 114 °C); 1H NMR (400 MHz, CDCl3): δ 6.59 (s, 1H; NH), 6.32−6.13 (m, 3H; Ar H), 

4.27−4.24 (m, 4H; (CH2CH3)2), 3.71 (s, 6H; (OCH3)2), 3.56 (s, 2H; Ar-CH2), 2.02 (s, 3H; (C=O)CH3), 1.28 (t, J = 7.2 

Hz, 6H, (CH2CH3)2). 
13C NMR (101 MHz, CDCl3): δ 169.09 (NHC=O), 167.56 (2C, (C=O)OEt), 160.68 (2C, Ar C), 

137.51 (Ar C), 108.10 (2C, Ar C), 99.07 (Ar C), 67.23 (quaternary C), 62.74 (2C, CH2CH3), 55.26 (2C, OCH3), 38.10 

( Ar-CH2), 23.13 ((C=O)CH3), 14.10 (2C, CH2CH3). MS (ESI): m/z (%): 390.5 ([M + Na]+) (100), 368.6 ([M + H]+) 

(20). Anal. calcd for C18H25NO7: C 58.85, H 6.86, N 3.81; found: C 58.85, H 6.99, N 3.91. The spectral properties of 

this compound were identical with those previously reported for Diethyl 

2-acetamido-2-(3,5-dimethoxybenzyl)malonate.[7] 

 

3,5-Dimethoxy-DL-phenylalanine  

 

3,5-Dimethoxy-DL-phenylalanine was prepared from diethyl 2-acetamido-2-(3,5-dimethoxybenzyl)malonate by the 

method of Warne.[5] A solution of diethyl 2-acetamido-2-(3,5-dimethoxybenzyl)malonate (1.0 g, 0.0027 mol) in 37% 

aqueous hydrochloric acid (10.0 mL) and acetic acid (10.0 mL) was heated under reflux for 1.5 hours and then 

concentrated. Recrystallization of the residue from ethanol gave 3,5-dimethoxy-DL-phenylalanine as a white solid. 

Yield 0.57 g, 93%. mp 227.8−231.2 °C. 1H NMR (400 MHz, CD3OD): δ 6.35−6.36 (m, 2H; Ar H), 6.30-6.31 (m, 1H; 

Ar H), 4.15 (dd, J = 7.6, 5.2 Hz, 1H; CH), 3.65 (s, 6H; (CH3)2), 3.13 (dd, J = 14.4, 5.2 Hz, 1H; CHHCH), 2.98 (dd, J = 

14.4, 7.6 Hz, 1H; CHHCH). 13C NMR (101 MHz, CD3OD): δ 171.19 (C=O), 162.81 (2C, Ar C), 137.54 (Ar C), 108.38 

(2C, Ar C), 100.65 (Ar C), 55.80 (2C, CH3), 54.95 (CH), 37.43 (CH2). MS (ESI): m/z (%): 248.6 ([M + Na]+) (100), 

226.6 ([M + H]+) (5). Anal. calcd for C11H16NO4Cl: C 50.48, H 6.16, N 5.35; found: C 50.45, H 6.25, N 5.30.  

 

3,5-Dihydroxy-DL-phenylalanine 
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3,5-Dihydroxy-DL-phenylalanine was prepared from (R,S)-2-amino-3-(3,5-dimethoxyphenyl)propanoic acid by the 

method reported previously.[7,8] A solution of (R,S)-2-amino-3-(3,5-dimethoxyphenyl)propanoic acid (0.5 g, 0.0022 mol) 

in 62% aqueous hydrobromic acid (11.5 mL) and acetic acid (7.0 mL) was heated in a sealed tube at 150 °C for two 

hours. The mixture was diluted with water (10.0 mL), decolorized with charcoal and concentrated, affording a light 

brown residue which was recrystallized from ethanol to gave 3,5-dihydroxy-DL-phenylalanine as a white solid. Yield 

0.28 g, 63%. Mp 307.4−309.6 °C decomp. (lit.[8] mp 312 °C decomp.). 1H NMR (400 MHz, D2O): δ=6.32−6.31 (m, 3H; 

Ar H), 4.28 (dd, J = 7.6, 5.6 Hz, 1H; CH), 3.20 (dd, J = 14.4, 5.6 Hz, 1H; CHHCH), 3.01 (dd, J = 14.4, 7.6 Hz, 1H; 

CHHCH). 13C NMR (101 MHz, D2O): δ 171.18 (C=O), 157.18 (2C, Ar C), 136.72 (Ar C), 108.43 (2C, Ar C), 101.98 

(Ar C), 53.73 (CH), 35.26 ppm (CH2). MS (ESI): m/z (%): 220.2 ([M + Na]+) (100), 198.4 ([M + H]+) (50). Anal. calcd 

for C9H11NO4: C 54.82, H 5.62, N 7.10; found: C 54.47, H 6.02, N 6.98. 

 

1-(Bromomethyl)-3-methoxy-5-methylbenzene 

 

1-(Bromomethyl)-3-methoxy-5-methylbenzene was prepared from 1-methoxy-3,5-dimethylbenzene by the method of 

Bickelhaupt.[9] The choice of solvent for bromination was based on the work of Golding.[2] To a solution of 

1-methoxy-3,5-dimethylbenzene (2.0 g, 0.015 mol) and N-bromosuccinimide (2.655 g, 0.015 mol) in 

α,α,α-trifluorotoluene (160.0 mL) and water (1.32 g, 0.073 mol), benzoyl peroxide (0.363 g, 0.01 mol) was added. The 

resultant mixture was heated under reflux for one hour, then filtered. The filtrate was washed with 3.0 M aqueous 

hydrochloric acid (3 × 50 mL), saturated sodium bicarbonate (3 × 50 mL), water (3 × 50 mL), brine (3 × 50 mL), and 

then dried (sodium sulphate) and concentrated, yielding a residue which, upon purification with chromatography from 

dichloromethane and hexane, gave 1-(bromomethyl)-3-methoxy-5-methylbenzene as a semi-solid at room temperature 

(lit.[10] mp 38 °C). Yield 2.64 g, 82%. 1H NMR (400 MHz, CDCl3): δ 6.68−6.57 (m, 3H; Ar H), 4.46 (s, 2H; CH2), 3.82 

(s, 3H; OCH3), 2.42 (s, 3H; Ar-CH3). 
13C NMR (101 MHz, CDCl3): δ 160.12 (Ar C), 141.64 (Ar C), 138.98 (Ar C), 

123.28 (Ar C), 113.55 (Ar C), 111.62 (Ar C), 56.01 (OCH3), 34.23 (CH2), 22.18 (Ar-CH3). MS (ESI): m/z (%): 135.0 

(C9H11O) (100), 216.3 ([M + H]+) (40). The spectral properties of this compound were identical with those previously 

reported for 1-(bromomethyl)-3-methoxy-5-methylbenzene.[10,11] 

 

2-Fluoro-4-methoxybenzoyl chloride 

 

2-Fluoro-4-methoxybenzoyl chloride was prepared from 2-fluoro-4-methoxybenzoic acid by the method of Bennett and 

Niemann.[12] A solution of 2-fluoro-4-methoxybenzoic acid (5.0 g, 0.029 mol) in thionyl chloride (7.0 mL) was heated 

under reflux overnight. The mixture was concentrated, and the resultant residue was recrystallized from petroleum to 

give 2-fluoro-4-methoxybenzoyl chloride as colourless crystals. Yield 5.25g, 95%. Mp 39.9−41.2 °C (lit.[12] mp 

37−40 °C). 1H NMR (400 MHz, CDCl3): δ 8.03 (triplet, J = 8.8 Hz, 1H; Ar H), 6.75 (dd, J = 8.8, 2.4 Hz, 1H; Ar H), 

6.60-6.6 (m, 1H; Ar H), 3.88 (s, 3H; CH3). 
13C NMR (100 MHz, CDCl3): δ 166.73 (d, J = 12.1 Hz, Ar C), 
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161.81-162.25 (2C, C=O and Ar C), 136.34 (Ar C), 113.72 (d, J = 7.1 Hz, Ar C), 110.72 (Ar C), 102.48 (d, J = 24.5 Hz, 

Ar C), 56.25 (CH3). MS (ESI): m/z (%) 211.71 ([M + Na]+) (100), 189.62 ([M + H]+) (20);  

 

(2-Fluoro-4-methoxyphenyl)methanol 

 

(2-Fluoro-4-methoxyphenyl)methanol was prepared from 2-fluoro-4-methoxybenzoyl chloride by the method of 

Bennett and Niemann.[12] To an ice-cooled solution of 2-fluoro-4-methoxybenzoyl chloride (5.0 g, 0.0266 mol) in 

anhydrous diethyl ether (20.0 mL), 0.5 M lithium aluminium hydride in dry diethyl ether was added dropwise while the 

temperature was kept at 0 °C. The mixture was stirred at room temperature for 20 minutes. Then water (5.0 mL) was 

added dropwise. The resultant mixture was poured onto ice water in 5% sulfuric acid. The ether phase was collected and 

the aqueous phase was extracted with diethyl ether (2 × 10 mL). The combined ether extracts were washed with water 

until neutral, dried (sodium sulphate) and concentrated, giving the crude product mixture as light green liquid. It was 

shown by 1H NMR to be the major component of the crude product mixture. The crude product mixture was used on the 

next reaction without further purification, as described in literature.[12] 

 

1-(Chloromethyl)-2-fluoro-4-methoxybenzene 

 

1-(Chloromethyl)-2-fluoro-4-methoxybenzene was prepared from (2-fluoro-4-methoxyphenyl)methanol by the method 

of Bennett and Niemann.[12] A solution of the crude product mixture of (2-fluoro-4-methoxyphenyl)methanol in thionyl 

chloride (25.0 mL) was stirred at room temperature overnight and then warmed at 95 °C for one hour. The mixture was 

concentrated and purified using chromatography from petroleum to give 1-(chloromethyl)-2-fluoro-4-methoxybenzene 

as a clear liquid. The total yield of the reactions over two steps, from 2-fluoro-4-methoxybenzoyl chloride to 

(2-fluoro-4-methoxyphenyl)methanol, and to 1-(chloromethyl)-2-fluoro-4-methoxybenzene is 3.7 g, 80%. 1H NMR 

(400 MHz, CDCl3): δ 7.29 (triplet, J = 8.8 Hz, 1H; Ar H), 6.69 (dd, J = 8.8, 2.8 Hz, 1H; Ar H), 6.62-6.65 (m, 1H; Ar H), 

4.61 (s, 2H; CH2), 3.79 (s, 3H; CH3). 
13C NMR (100 MHz, CDCl3): δ 162.65 (Ar C), 161.48 (d, J = 11.0 Hz, Ar C), 

131.59 (d, J = 5.0 Hz, Ar C), 116.86 (d, J = 15.0 Hz, Ar C), 110.32 (Ar C), 101.84 (d, J =24.8 Hz, Ar C), 55.67 (CH3), 

39.69 (CH2). MS (ESI): m/z (%) 197.7 ([M + Na]+) (100), 175.8 ([M + H]+) (80). Anal. calcd for C8H8ClFO: C 55.03, H 

4.62; found: C 54.96, H 4.61. 

 

Diethyl 2-acetamido-2-(2-fluoro-4-methoxybenzyl)malonate 

 

Diethyl 2-acetamido-2-(2-fluoro-4-methoxybenzyl)malonate was prepared from 

1-(chloromethyl)-2-fluoro-4-methoxybenzene by the method of Bennett and Niemann.[12] To a solution of metallic 

sodium (0.51 g, 0.022 mol) in dry ethanol (40.0 mL), diethyl acetaminomalonate (4.78 g, 0.022 mol) was added. The 



7 
 

resultant mixture was stirred at room temperature for 30 minutes, mixed with 

1-(chloromethyl)-2-fluoro-4-methoxybenzene (3.5 g, 0.02 mol), heated under reflux for four hours, concentrated and 

extracted with ethyl acetate (3 × 10 mL). The combined extracts were washed with saturated brine, dried (sodium 

sulfate), filtered and concentrated, yielding a residue which was recrystallized from ethyl acetate and hexane to give 

diethyl 2-acetamido-2-(2-fluoro-4-methoxybenzyl)malonate as a white solid. Yield 7.83 g, 69%. mp 117.3−119.4 °C (lit. 

mp 120−121.5 °C[12] and 122−124 °C[13]). 1H NMR (400 MHz, CDCl3): δ 6.88 (t, J = 8.8 Hz, 1H; Ar H), 6.57 (dd, J = 

8.8, 2.8 Hz, 1H; Ar H), 6.49-6.53 (m, 1H; Ar H), 4.23 (q, J = 7.2 Hz, 4H; (OCH2CH3)2), 3.73 (s, 3H; OCH3), 3.60 (s, 2H; 

Ar-CH2), 1.96 (s, 3H; (C=O)CH3), 1.25 (t, J = 7.2 Hz, 6H; (OCH2CH3)2). 
13C NMR (100 MHz, CDCl3): δ 169.20 

(NHC=O), 167.67 (2C, (C=O)OEt), 163.22 (Ar C), 160.17 (d, J = 11.0 Hz, Ar C), 132.68 (d, J = 6.6 Hz, Ar C), 113.78 

(d, J = 16.6 Hz, Ar C), 109.95 (Ar C), 101.42 (d, J = 26.2 Hz, Ar C), 66.34 (quaternary C), 62.68(2C, OCH2), 55.49 

(OCH3), 31.30 (Ar−CH2), 22.90 ((C=O)CH3), 13.96 ppm (2C, CH3). MS (ESI): m/z (%): 378.5 ([M + Na]+) (100), 

356.6 ([M + H]+) (20). Anal. calcd for C17H22O6NF: C 57.46, H 6.24, N 3.94; found: C 57.47, H 6.11, N 3.88. 

 

2-Acetamido-3-(2-fluoro-4-methoxyphenyl)propanoic acid 

 

2-Acetamido-3-(2-fluoro-4-methoxyphenyl)propanoic acid was prepared from diethyl 

2-acetamido-2-(2-fluoro-4-methoxybenzyl)malonate by the method of Bennett and Niemann.121 A suspension of diethyl 

2-acetamido-2-(2-fluoro-4-methoxybenzyl)malonate (2.0 g, 0.0056 mol) in 2.5 M aqueous sodium hydroxide (10.0 mL) 

was heated under reflux for six hours. Then 5.0 M aqueous hydrochloric acid (10.0 mL) was added and the mixture was 

heated under reflux for additional two hours, affording, after standing at 4 °C overnight, precipitate which was 

recrystallized from ethanol to give 2-acetamido-3-(2-fluoro-4-methoxyphenyl)propanoic acid as colourless crystals. 

Yield 1.15 g, 80%. mp 168.2−171.3 °C (lit.[12] mp 169.5−171.5 °C). 1H NMR (400 MHz, D2O): δ 7.08-7.13 (m, 1H; Ar 

H), 6.61-6.66 (m, 2H; Ar H), 4.38 (dd, J = 9.2, 5.2 Hz, 1H; CH2CH), 3.70 (s, 3H; OCH3), 3.14 (dd, J = 14.0, 5.2 Hz, 1H; 

CHHCH), 2.75-2.81 (dd, J = 14.0, 9.2 Hz, 1H; CHHCH), 1.87 (s, 3H; (C=O)CH3). 
13C NMR (100 MHz, D2O): δ 

177.08 ((C=O)OH), 172.24 (NHC=O), 161.88 (Ar C), 158.05 (d, J = 11.1 Hz, Ar C), 131.02 (Ar C), 115.77 (d, J = 16.2 

Hz, Ar C), 108.96 (Ar C), 100.64 (d, J = 26.1 Hz, Ar C), 54.65 (CH), 54.62 (OCH3), 29.94 (CH2), 20.99 ((C=O)CH3). 

MS (ESI): m/z (%): 236.4 ([M + Na]+) (100), 214.6 ([M + H]+) (60). Anal. calcd for C12H14O4NF: C 56.47, H 5.53, N 

5.49; found: C 56.26, H 5.58, N 5.34. 

 

o-Fluoro-DL-tyrosine 

 

o-Fluoro-DL-tyrosine was prepared from 2-acetamido-3-(2-fluoro-4-methoxyphenyl)propanoic acid by the method used 

for the preparation of (R,S)-2-amino-3-(3,5-dimethoxyphenyl)propanoic acid from (R,S)-3,5-dihydroxyphenylalanine.[5] 

A solution of 2-acetamido-3-(2-fluoro-4-methoxyphenyl)propanoic acid (1.0 g, 0.0039 mol) in 62% aqueous 

hydrobromic acid (11.5 mL) and acetic acid (7.0 mL) was heated in a sealed tube at 150 °C for two hours. The mixture 

was diluted with water (10.0 mL), decolorized with charcoal and concentrated, affording a residue which was 

recrystallized from water and ethanol to give o-fluoro-DL-tyrosine as a white solid. Yield 0.5 g, 64%. mp 



8 
 

265.9−270.4 °C decomp. (lit. mp 280−285 °C decomp.[12] and 293−294 °C decomp.[13]). 1H NMR (400 MHz, D2O): δ 

6.96-7.01 (m, 1H; Ar H), 6.35-6.44 (m, 2H; Ar H), 3.51-3.55 (m, 1H; CH2CH), 2.94-2.99 (m, 1H; CHHCH), 2.74-2.79 

(m, 1H; CHHCH). 13C NMR (100 MHz, CDCl3): δ 180.87 ((C=O)OH), 165.59 (d, J = 11.3 Hz, Ar C), 160.95 (Ar C), 

131.66 (d, J = 7.8 Hz, Ar C), 114.33 (Ar C), 109.98 (d, J = 15.6 Hz, Ar C), 104.46 (d, J = 19.9 Hz, Ar C), 56.56 (CH), 

32.75 ppm (CH2). MS (ESI): m/z (%): 222.4 ([M + Na]+) (100), 200.5 ([M + H]+) (75). Anal. calcd for C9H10O3NF: C 

54.27, H 5.06, N 7.03; found: C 53.89, H 5.22, N 6.83. The spectral properties of this compound were identical with 

those previously reported for o-fluoro-DL-tyrosine.[14] 

 

2,4-Dimethoxybenzaldehyde 

 

2,4-Dimethoxybenzaldehyde was prepared from 2,4-dihydroxybenzaldehyde by the method of Vaya.[15] To a solution of 

2,4-dihydroxybenzaldehyde (2.0 g, 0.0145 mol) and cesium carbonate (14.1 g, 0.0435 mol) in dry dimethylformamide 

(200.0 mL), methyl iodide (12.4 g, 0.087 mol) was added dropwise. The resultant mixture was heated under reflux for 

two hours, then cooled and filtered. The filtrate was concentrated, redissolved in dichloromethane (60.0 mL), washed 

with water (3 × 20 mL), dried (sodium sulphate) and concentrated to yield a residue which was purified with 

chromatography from ethyl acetate and hexane to give 2,4-dimethoxybenzaldehyde as a white solid. Yield 2.29g, 95%. 

mp 70.2−70.8 °C (lit.[8] mp 70−71 °C). 1H NMR (400 MHz, CDCl3): δ=10.13 (s, 1H; (C=O)H), 7.58 (d, J = 12.0 Hz, 

1H, Ar H), 6.51 (dd, J = 12.0, 2.8 Hz, 1H, Ar H), 6.47 (d, J = 2.8 Hz, 1H, Ar H), 3.82 (s, 3H; OCH3), 3.77 (s, 3H; 

OCH3). 
13C NMR (100 MHz, CDCl3): δ 205.33 (C=O)H), 166.34 (Ar C), 163.31 (Ar C), 129.48 (Ar C), 118.75 (Ar C), 

106.40 (Ar C), 97.75 (Ar C), 55.35 (2C, OCH3). MS (ESI): m/z (%): 189.3 ([M + Na]+) (100), 167.5 ([M + H]+) (30). 

The spectral properties of this compound were identical with those previously reported for 

2,4-dimethoxybenzaldehyde.[16] 

 

(Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one 

 

(Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one was prepared from 2,4-dimethoxybenzaldehyde by the 

method of Lambooy.116 A suspension of 2,4-dimethoxybenzaldehyde (2.0 g, 0.012 mol), benzoylaminoethanoic acid 

(2.59 g, 0.014 mol) and sodium acetate (1.48 g, 0.018 mol) in dry acetic anhydride (10.0 mL) was heated under reflux 

for one hour, then concentrated to yield a yellow residue which was suspended in water (10.0 mL) and permitted to 

stand overnight. The precipitate was recrystallized from ethanol to give 

(Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one as a yellow solid. Yield 3.23 g, 87%. mp 163.1−180.9 °C 

(lit.[8] mp 173−178 °C). 1H NMR (400 MHz, CD3OD): δ 7.91 (d, J = 11.2 Hz, 1H; (C=O)H), 7.82 (m, 2H; Ar H), 

7.64-7.67 (m, 1H; Ar H), 7.53-7.56 (m, 1H; Ar H), 7.44-7.47 (m, 2H; Ar H), 6.53 (dd, J = 11.2, 3.2 Hz, 1H, Ar H), 

6.43 (d, J = 3.2 Hz, 1H, Ar H), 3.82 (s, 3H; OCH3), 3.73 (s, 3H; OCH3). 
13C NMR (100 MHz, CD3OD): δ=168.27 

(C=O), 167.36 (Ar-C=N), 162.71 (Ar C), 159.52 (Ar C), 133.69 (C(C=O)N=C), 131.71 (Ar C), 130.08 (Ar C), 128.26 

(2C, Ar C), 127.33 (2C, Ar C), 123.04 (Ar C), 114.99 (CH), 105.02 (2C, Ar C), 97.64 (Ar C), 54.88 (OCH3), 53.51 



9 
 

(OCH3). MS (ESI): m/z (%): 332.6 ([M + Na]+) (100), 310.5 ([M + H]+) (40). The spectral properties of this compound 

were identical with those previously reported for (Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one.[17] 

 

(Z)-2-benzamido-3-(2,4-dimethoxyphenyl)acrylic acid 

 

(Z)-2-benzamido-3-(2,4-dimethoxyphenyl)acrylic acid was prepared from 

(Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one by the method of Lambooy.[8] To a solution of 

(Z)-4-(2,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one (2.0 g, 0.0065 mol) in ethanol (30.0 mL) that had been 

heated to 90 °C, 0.5 M aqueous sodium hydroxide (17.0 mL) was added dropwise. The mixture was held at 90 °C for 

two hours, then cooled, acidified with 0.5 M aqueous hydrochloric acid and kept at 0 °C overnight, affording precipitate 

which was recrystallized from water and ethanol to give (Z)-2-benzamido-3-(2,4-dimethoxyphenyl)acrylic acid as 

colourless needles. Yield 1.99 g, 94%. mp 210.3−213.4 °C decomp. (lit.[8] mp 229−230 °C). 1H NMR (400 MHz, 

CD3OD): δ=7.91-7.93 (m, 3H; (C=O)H, Ar H), 7.63 (7.68 (d, J = 8.4 Hz, 1H; Ar H), 7.55-7.58 (m, 1H; Ar H), 

7.47-7.50 (m, 2H; Ar H), 6.54 (d, J = 2.0 Hz, 1H; Ar H), 6.47 (dd, J = 8.8, 2.0 Hz, 1H; Ar H), 3.86 (s, 3H; OCH3), 

3.77 (s, 3H; OCH3). 
13C NMR (100 MHz, CD3OD): δ 169.71(Ar-C=O), 168.75 ((C=O)OH), 164.10 (Ar C), 160.91 (Ar 

C), 135 (Ar C), 133.10 (Ar C), 131.17 (Ar C), 129.65 (2C, Ar C), 128.72 (2C, Ar C), 124.43 (CH), 116.39 (C(C=O)NH), 

106.41 (2C, Ar C), 99.04 (Ar C), 56.27 (OCH3), 55.90 (OCH3). MS (ESI): m/z (%): 350.6 ([M + Na]+) (100), 328.4 ([M 

+ H]+) (70); 

 

2-Benzamido-3-(2,4-dimethoxyphenyl)propanoic acid 

 

2-Benzamido-3-(2,4-dimethoxyphenyl)propanoic acid was prepared from 

(Z)-2-benzamido-3-(2,4-dimethoxyphenyl)acrylic acid by the method of Lambooy.[8] A solution of 

(Z)-2-benzamido-3-(2,4-dimethoxyphenyl)acrylic acid (1.5 g, 0.0046 mol) in 0.3 M aqueous sodium hydroxide (25.0 

mL) with palladium on carbon (0.075 g) was hydrogenated at 60 p.s.i. at room temperature for two hours. The mixture 

was filtered through celite, acidified and recrystallized from water and acetic acid to give 

2-benzamido-3-(2,4-dimethoxyphenyl)propanoic acid colourless needles. Yield 1.33 g, 88%. mp 150.3−164.2 °C (lit.[8] 

mp 169 °C). 1H NMR (400 MHz, CD3OD): δ 7.70 (m, 2H; Ar H), 7.49−7.40 (m, 3H; Ar H), 7.11 (d, J = 8.4 Hz, 1H; Ar 

H), 6.47 (d, J = 2.4 Hz, 1H; Ar H), 6.41 (dd, J = 8.4, 2.4 Hz, 1H; Ar H), 4.71 (m, 1H; CH), 3.75 (s, 3H; CH3), 3.71 (s, 

3H; CH3), 3.32 (m, 1H; CHHCH), 3.01 (m, 1H; CHHCH). 13C NMR (100 MHz, CD3OD): δ 177.09 ((C=O)OH), 168.34 

(Ar-C=O), 160.02 (Ar-C), 158.47 (Ar-C), 134.23 (Ar-C), 131.25 (Ar-C), 131.10 (Ar-C), 128.11(2C; Ar-C), 126.76 (2C; 

Ar-C), 118.17 (Ar-C), 109.98 (Ar-C), 97.82 (Ar-C), 55.51 (CH), 54.47 (2C; CH3), 31.56 (CH2). MS (ESI): m/z (%): 

352.5 ([M + Na]+) (100), 330.6 ([M + H]+) (60).  

 

2,4-Dihydroxy-DL-phenylalanine 
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2,4-Dihydroxy-DL-phenylalanine was prepared from 2-benzamido-3-(2,4-dimethoxyphenyl)propanoic acid by the 

method of Lambooy.[8] A solution of 2-benzamido-3-(2,4-dimethoxyphenyl)propanoic acid (1.0 g, 0.003 mol) in 62% 

aqueous hydrobromic acid (10.0 mL) and acetic acid (5.0 mL) was heated in a sealed tube under nitrogen at 

150 °C−160 °C for two hours. The mixture was diluted with water (10.0 mL), decolorized with charcoal and 

concentrated, affording a residue which recrystallized from water to give 2,4-dihydroxy-DL-phenylalanine as white 

solid. Yield 0.41 g, 68%. mp 247.3−252.1 °C decomp. (lit.[8] mp 255−257 °C decomp.). 1H NMR (400 MHz, CD3OD): 

δ=6.92-6.93 (m, 1H; Ar H), 6.27−6.38 (m, 2H; Ar H), 4.20-4.22 (m, 1H; CH), 3.27-3.28 (m, 1H; CHHCH), 2.92-2.97 

(m, 1H; CHHCH). 13C NMR (100 MHz, CD3OD): δ 171.65 (C=O), 159.29 (Ar C), 157.77 (Ar C), 132.94 (Ar C), 

112.99 (Ar C), 108.51 (Ar C), 103.66 (Ar C), 54.56 (CH), 32.28 ppm (CH2). MS (ESI): m/z (%): 220.4 ([M + Na]+) 

(100), 198.6 ([M + H]+) (20). Anal. calcd for C9H11NO4: C 54.82, H 5.62, N 7.10; found: C 55.01, H 5.90, N 6.91. 

 

Diethyl 2-acetamido-2-(2-chloro-4-methoxybenzyl)malonate 

 

Diethyl 2-acetamido-2-(2-chloro-4-methoxybenzyl)malonate was prepared from 

1-(bromomethyl)-2-chloro-4-methoxybenzene by the method of McCord.[13] To a solution of metallic sodium (0.11 g, 

0.0047 mol) in dry ethanol (10.0 mL), diethyl acetaminomalonate (1.01 g, 0.0047 mol) was added. The resultant 

mixture was stirred at room temperature for 30 minutes, mixed with 1-(bromomethyl)-2-chloro-4-methoxybenzene (1.0 

g, 0.0042 mol), stirred at room temperature for three hours, concentrated and extracted with ethyl acetate (3 × 4 mL). 

The combined extracts were washed with saturated brine, dried (sodium sulfate), filtered and concentrated, yielding a 

residue which was recrystallized from ethyl acetate and hexane to give diethyl 

2-acetamido-2-(2-chloro-4-methoxybenzyl)malonate as white solid. Yield 1.45 g, 92%. mp 129−131.4 °C (lit.[13] mp 

128−129 °C). 1H NMR (400 MHz, CDCl3): δ 6.95 (d, J = 8.4 Hz, 1H; Ar H), 6.85 (d, J = 2.4 Hz, 1H; Ar H), 6.71 (dd, J 

= 8.4, 2.4 Hz, 1H; Ar H), 6.51 (s, 1H; NH), 4.24 (q, J = 7.2 Hz, 4H; (OCH2CH3)2), 3.75 (s, 3H; OCH3), 3.72 (s, 2H; 

Ar-CH2), 1.99 (s, 3H; (C=O)CH3), 1.29 (t, J = 7.2 Hz, 6H; (OCH2CH3)2). 
13C NMR (100 MHz, CDCl3): δ 169.36 

(NHC=O), 167.79 (2C, (C=O)OEt), 159.31 (Ar C), 135.46 (Ar C), 132.75 (Ar C), 125.05 (Ar C), 114.84 (Ar C), 

113.03 (Ar C), 66.39 (quaternary C), 62.74 (2C, CH2CH3), 55.53 (OCH3), 34.46 (Ar-CH2), 23.13 ((C=O)CH3), 14.02 

(2C, OCH2CH3). MS (ESI): m/z (%): 395.0 ([M + Na]+) (100), 372.2 ([M + H]+) (50). Anal. calcd for C17H22ClNO6: C 

54.92, H 5.96, N 3.77; found: C 54.90, H 5.93, N 3.77. 

 

o-Chloro-DL-tyrosine 

 

o-Chloro-DL-tyrosine was prepared from diethyl 2-acetamido-2-(2-chloro-4-methoxybenzyl)malonate by the method of 

McCord.[13] A solution of diethyl 2-acetamido-2-(2-chloro-4-methoxybenzyl)malonate (1.0 g, 0.0027 mol) in 62% 
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aqueous hydrobromic acid (5.5 mL) and acetic acid (3.0 mL) was heated in a sealed tube at 150 °C for three hours. The 

mixture was diluted with water (10.0 mL), decolorized with charcoal and concentrated, affording a residue which was 

recrystallized from water and ethanol to give o-chloro-DL-tyrosine as white solid. Yield 0.39 g, 67%. mp 

251.2−254.7 °C decomp. (lit.[13] mp 256−257 °C decomp.). 1H NMR (400 MHz, CD3OD): δ 6.85 (d, J = 8.4 Hz, 1H; Ar 

H), 6.56 (d, J = 2.4 Hz, 1H; Ar H), 6.42 (dd, J = 8.4, 2.4 Hz, 1H; Ar H), 3.86 (dd, J = 8.4, 6.4 Hz, 1H; CH2CH), 3.07 

(dd, J = 14.4, 6.4 Hz, 1H; CHHCH), 2.79 (dd, J = 14.4, 8.4 Hz, 1H; CHHCH). 13C NMR (100 MHz, CD3OD): δ 172.06 

(C=O), 160.24 (Ar C), 136.61 (Ar C), 134.43 (Ar C), 124.63 (Ar C), 118.53 (Ar C), 116.69 (Ar C), 54.82 (CH), 35.62 

ppm (CH2). MS (ESI): m/z (%): 238.8 ([M + Na]+) (100), 216.9 ([M + H]+) (75). Anal. calcd for C9H10ClNO3: C 50.13, 

H 4.67, N 6.5; found: C 50.17, H 4.64, N 6.44. The spectral properties of this compound were identical with those 

previously reported for o-chloro-DL-tyrosine.[14] 

 

Diethyl 2-acetamido-2-(4-methoxy-3-methylbenzyl)malonate 

 

Diethyl 2-acetamido-2-(4-methoxy-3-methylbenzyl)malonate was prepared from 

4-(chloromethyl)-1-methoxy-2-methylbenzene by the method of Wiley.[18] A solution of metallic sodium (0.15 g, 0.0065 

mol) and diethyl acetaminomalonate (1.4 g, 0.0065 mol) in dry ethanol (10.0 mL) was stirred at room temperature for 

30 minutes. To the resultant mixture, 4-(chloromethyl)-1-methoxy-2-methylbenzene (1.0 g, 0.0059 mol) was added 

dropwise. The mixture was heated at reflux for 1.5 hours, then poured onto ice water. The residue oil, which solidified 

soon after separation, was recrystallized from henxane to give diethyl 

2-acetamido-2-(4-methoxy-3-methylbenzyl)malonate as colourless crystals. Yield 1.51 g, 73%. mp 110.3−111.9 °C 

(lit.[18] mp 106−107 °C). 1H NMR (400 MHz, CDCl3): δ 6.67-6.79 (m, 2H; Ar H), 6.53 (s, 1H; Ar H), 4.25 (q, J = 7.2 

Hz, 4H; (CH2CH3)2), 3.77 (s, 3H; OCH3), 3.53 (s, 2H; Ar-CH2), 2.13 (s, 3H; Ar-CH3), 2.01 (s, 3H; (C=O)CH3), 1.28 (t, 

J = 7.2 Hz, 6H; (CH2CH3)2). 
13C NMR (100 MHz, CDCl3): δ 169.12 (NHC=O), 167.43 (2C, (C=O)OEt), 156.84 (Ar C), 

131.98 (Ar C), 127.99 (Ar C), 126.81 (Ar C), 126.37 (Ar C), 109.52 (Ar C), 67.61 (quaternary C), 62.25 (2C, CH2CH3), 

51.99 (OCH3), 36.89 (Ar−CH2), 22.91 ((C=O)CH3), 16.17 (Ar−CH3), 14.12 (2C, CH2CH3). MS (ESI): m/z (%): 374.6 

([M + Na]+) (100), 352.6 ([M + H]+) (80). Anal. calcd for C18H25NO6: C 61.52, H 7.17, N 3.99; found: C, 61.52; H, 

7.17; N, 3.98. 

 

m-Methyl-DL-tyrosine 

 

m-Methyl-DL-tyrosine was prepared from diethyl 2-acetamido-2-(4-methoxy-3-methylbenzyl)malonate by the method 

used for (R,S)-3,5-dihydroxyphenylalanine from (R,S)-2-amino-3-(3,5-dimethoxyphenyl)propanoic acid, as described in 

previous reports.[7,8] A solution of diethyl 2-acetamido-2-(4-methoxy-3-methylbenzyl)malonate (1.0 g, 0.0028 mol) in 

62% aqueous hydrobromic acid (5.5 mL) and acetic acid (3.0 mL) was heated in a sealed tube at 150 °C for three hours. 

The mixture was diluted with water (10.0 mL), decolorized with charcoal and concentrated, affording a residue which 

was recrystallized from water and ethanol to give m-methyl-DL-tyrosine as a white solid. Yield 0.24 g, 43%. mp 
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282−285.4 °C (lit.[18] mp 285 °C decomp.). 1H NMR (400 MHz, D2O): δ 6.98 (d, J = 8.0 Hz, 1H; Ar H), 6.64 (d, J = 2.4 

Hz, 1H; Ar H), 6.58 (dd, J = 8.0, 2.4 Hz, 1H; Ar H), 3.54 (dd, J = 8.8, 6.0 Hz, 1H; CH), 3.03 (dd, J = 14.0, 6.0 Hz, 1H; 

CHHCH), 2.71 (dd, J = 14.0, 8.8 Hz, 1H; CHHCH), 2.21 (s, 3H; CH3). 
13C NMR (100 MHz, D2O): δ 179.02 (C=O), 

156.71 (Ar C), 138.62 (Ar C), 131.39 (Ar C), 125.61 (Ar C), 117.88 (Ar C), 113.54 (Ar C), 56.05 (CH), 35.66 (CH2), 

18.56 ppm (Ar-CH3). MS (ESI): m/z (%): 218.4 ([M + Na]+) (100), 196.6 ([M + H]+) (75). Anal. calcd for C10H13NO3: 

C 61.53, H 6.71, N 7.18; found: C 61.58, H 6.71, N 7.18. The spectral properties of this compound were identical with 

those previously reported for m-methyl-DL-tyrosine.[14] 

 

1-(Bromomethyl)-4-methoxy-2-methylbenzene 

 

1-(Bromomethyl)-4-methoxy-2-methylbenzene was prepared from 4-methoxy-1,2-dimethylbenzene by the method of 

Sabol.[19] α,α,α-Trifluorotoluene was used as a substitute for carbon tetrachloride as the solvent for benzylic 

bromination.[20] To a solution of 4-methoxy-1,2-dimethylbenzene (2.0 g, 0.015 mol) and N-bromosuccinimide (2.86 g, 

0.016 mol) in dry α,α,α-trifluorotoluene (50.0 mL), azobisisobutyronitrile (0.07 g) was added. The resultant mixture 

was heated under reflux for 15 minutes, then cooled, washed with water (3 × 15 mL), dried (sodium sulphate) and 

concentrated to give a light brown oil. 1H NMR of this crude bromination product mixture showed 

1-(bromomethyl)-4-methoxy-2-methylbenzene as the major component. The crude product mixture was used for the 

following reaction without purification, as described in an earlier report.[19] 

 

Diethyl 2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate 

 

Diethyl 2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate was prepared from 

1-(bromomethyl)-4-methoxy-2-methylbenzene by the method of Sabol.[19] To a solution of diethyl acetaminomalonate 

(3.5 g, 0.016 mol) and sodium hydride (0.39 g, 0.016 mol) in dimethylformamide (20.0 mL), the crude bromination 

mixture was added. The mixture was stirred at room temperature overnight, then diluted with water (10.0 mL) and 

extracted with diethyl ether (3 × 10 mL). The combined ether extracts were dried (sodium sulphate) and concentrated, 

and was recrystallized from dichloromethane and hexane to give diethyl 

2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate. The overall yield of the reactions from 

4-methoxy-1,2-dimethylbenzene to 1-(bromomethyl)-4-methoxy-2-methylbenzene, and to diethyl 

2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate is 2.1 g, 40%. mp 105.3−106.9 °C (lit.[19] mp 102−103 °C). 1H 

NMR (400 MHz, CDCl3): δ 6.84 (d, J = 8.4 Hz, 1H; Ar H), 6.55 (d, J = 2.8 Hz, 1H; Ar H), 6.62 (dd, J = 8.4, 2.8 Hz, 1H; 

Ar H), 4.26 (q, J = 7.2 Hz, 4H; (CH2CH3)2), 3.74 (s, 3H; OCH3), 3.61 (s, 2H; Ar-CH2), 2.18 (s, 3H; Ar-CH3), 2.00 (s, 

3H; (C=O)CH3), 1.27 (t, J = 7.2 Hz, 6H; (CH2CH3)2). 
13C NMR (100 MHz, CDCl3): δ 169.28 (NHC=O), 167.99 (2C, 

(C=O)OEt), 158.46 (Ar C), 138.99 (Ar C), 131.52 (Ar C), 125.51 (Ar C), 115.88 (Ar C), 111.21 (Ar C), 67.10 

(quaternary C), 62.64 (2C, CH2CH3), 55.15 (OCH3), 34.08 (Ar-CH2), 23.16 ((C=O)CH3), 19.67 (Ar-CH3), 14.04 (2C, 

CH2CH3). MS (ESI): m/z (%): 374.6 ([M + Na]+) (100), 352.7 ([M + H]+) (60). Anal. calcd for C18H25NO6: C 61.52, H 
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7.17, N 3.99; found: C, 61.53; H, 7.17; N, 3.98. 

 

o-Methyl-DL-tyrosine 

 

o-Methyl-DL-tyrosine was prepared from diethyl 2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate by the method 

used for the hydrolysis of (R,S)-2-amino-3-(3,5-dimethoxyphenyl)propanoic acid.[7,8] A solution of diethyl 

2-acetamido-2-(4-methoxy-2-methylbenzyl)malonate (1.0 g, 0.0032 mol) in 62% aqueous hydrobromic acid (5.5 mL) 

and acetic acid (3.0 mL) was heated in a sealed tube at 150 °C for three hours. The mixture was diluted with water (10.0 

mL), decolorized with charcoal and concentrated, affording a residue which was recrystallized from water and ethanol 

to give o-methyl-DL-tyrosine as white solid. Yield 0.44 g, 71%. mp 246.4−247.1 °C (lit.[19] mp 245−249°C). 1H NMR 

(400 MHz, D2O): δ 6.83 (d, J = 8.0 Hz, 1H; Ar H), 6.50 (d, J = 2.4 Hz, 1H; Ar H), 6.45 (dd, J = 8.0, 2.4 Hz, 1H; Ar H), 

3.41 (dd, J = 8.8, 6.0 Hz, 1H; CH), 2.89 (dd, J = 14.0, 6.0 Hz, 1H; CHHCH), 2.56 (dd, J = 14.0, 8.8 Hz, 1H; CHHCH), 

2.07 (s, 3H; CH3). 
13C NMR (100 MHz, D2O): δ 178.63 (C=O), 156.47 (Ar C), 138.31 (Ar C), 131.45 (Ar C), 125.32 

(Ar C), 118.01 (Ar C), 113.24 (Ar C), 55.89 (CH), 35.36 (CH2), 17.26 (CH3). MS (ESI): m/z (%): 218.4 ([M + Na]+) 

(100), 196.8 ([M + H]+) (40). Anal. calcd for C10H13NO3: C 61.53, H 6.71, N 7.18; found: C 61.53, H 6.70, N 7.18. The 

spectral properties of this compound were identical with those previously reported for o-methyl-DL-tyrosine.[14] 

 

1-(Bromomethyl)-4-methoxy-2-nitrobenzene 

 

1-(Bromomethyl)-4-methoxy-2-nitrobenzene was prepared from 4-methoxy-1-methyl-2-nitrobenzene by the method of 

Katritzky.[21] Again α,α,α-trifluorotoluene was used as solvent for the bromination of 

4-methoxy-1-methyl-2-nitrobenzene.[20] To a solution of 4-methoxy-1-methyl-2-nitrobenzene (2.0 g, 0.012 mol) and 

N-bromosuccinimide (2.33 g, 0.013 mol) in dry α,α,α-trifluorotoluene (40.0 mL), azobisisobutyronitrile (0.06 g) was 

added. The resultant mixture was refluxed under strong illumination using a 400-W General Electric sunlamp for six 

hours, then cooled and filtered. The filtrate was concentrated to yield a light brown oil which was purified with 

chromatography from benzene and hexane to give 1-(bromomethyl)-4-methoxy-2-nitrobenzene as light yellow crystals. 

Yield 1.33g, 45%. mp 64.1−65.2 °C (lit.[21] mp 63−64 °C). 1H NMR (400 MHz, CDCl3): δ 7.52-7.53 (m, 1H; Ar H), 

7.42-7.45 (m, 1H; Ar H), 7.09-7.13 (m, 1H; Ar H), 4.78 (s, 2H; CH2), 3.87 (s, 3H; CH3). 
13C NMR (101 MHz, CDCl3): 

δ 160.15 (Ar C), 148.62 (Ar C), 133.68 (Ar C), 124.75 (Ar C), 119.91 (Ar C), 110.52 (Ar C), 56.08 (CH3), 29.30 ppm 

(CH2). MS (ESI): m/z (%): 269.6 (C9H11) (100), 248.2 ([M + H]+) (30). The spectral properties of this compound were 

identical with those previously reported for 1-(bromomethyl)-4-methoxy-2-nitrobenzene.[21] 

 

Diethyl 2-acetamido-2-(4-methoxy-2-nitrobenzyl)malonate 
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Diethyl 2-acetamido-2-(4-methoxy-2-nitrobenzyl)malonate was prepared from 

1-(bromomethyl)-4-methoxy-2-nitrobenzene by the method of McCord.[13] To a solution of metallic sodium (0.1 g, 

0.0045 mol) in dry ethanol (10.0 mL), diethyl acetaminomalonate (0.97 g, 0.0045 mol) was added. The resultant 

mixture was stirred at room temperature for 30 minutes, mixed with 1-(bromomethyl)-4-methoxy-2-nitrobenzene (1.0 g, 

0.004 mol), heated under reflux for three hours, then filtered. The filtrate was cooled and kept at 0 °C overnight. The 

precipitate was recrystallized from ethanol to give diethyl 2-acetamido-2-(4-methoxy-2-nitrobenzyl)malonate as white 

solid. Yield 1.02 g, 66%. mp 110.1−111.7 °C (lit.[13] mp 108−109 °C). 1H NMR (400 MHz, CDCl3): δ 7.32 (d, J = 2.4 

Hz, 1H; Ar H), 7.13 (d, J = 8.4 Hz, 1H; Ar H), 7.01 (dd, J = 8.4, 2.4 Hz, 1H; Ar H), 6.45 (broad absorption, 1H; NH), 

4.23 (q, J = 7.2 Hz, 4H; (CH2CH3)2), 3.97 (s, 2H; Ar-CH2), 3.83 (s, 3H; OCH3), 1.95 (s, 3H; (C=O)CH3), 1.26 (t, J = 7.2 

Hz, 6H; (CH2CH3)2). 
13C NMR (100 MHz, CDCl3): δ 169.49 (NHC=O), 167.64 (2C, (C=O)OEt), 159.23 (Ar C), 

150.99 (Ar C), 134.72 (Ar C), 121.61 (Ar C), 119.01 (Ar C), 109.74 (Ar C), 66.48 (quaternary C), 62.99 (2C, CH2CH3), 

55.90 (OCH3), 33.83 (Ar-CH2), 22.94 ((C=O)CH3), 13.99 (2C; CH2CH3).MS (ESI): m/z (%): 405.3 ([M + Na]+) (100), 

383.3 ([M + H]+) (10). Anal. calcd for C17H22N2O8: C 53.40, H 5.80, N 7.33; found: C 53.41, H 5.78, N 7.37.  

 

o-Nitro-DL-tyrosine 

 

o-Nitro-DL-tyrosine was prepared from diethyl 2-acetamido-2-(4-methoxy-2-nitrobenzyl)malonate by the method of 

McCord.[13] A solution of diethyl 2-acetamido-2-(4-methoxy-2-nitrobenzyl)malonate (1.0 g, 0.0026 mol) in 62% 

aqueous hydrobromic acid (5.5 mL) and acetic acid (3.0 mL) was heated in a sealed tube at 150 °C for three hours. The 

mixture was diluted with water (10.0 mL), decolorized with charcoal and concentrated, affording a residue which was 

recrystallized from water and ethanol to give o-nitro-DL-tyrosine as white solid. Yield 0.46 g, 77%. mp 213.3−231.8 °C 

decomp. (lit.[13] mp 225-231 °C decomp.). 1H NMR (400 MHz, CD3OD): δ 7.31 (d, J = 2.8 Hz, 1H; Ar H), 7.18 (d, J = 

8.4 Hz, 1H; Ar H), 6.97 (dd, J = 8.4, 2.8 Hz, 1H; Ar H), 4.11 (m, 1H; CH), 3.35 (m, 1H; CHHCH), 3.16 (m, 1H; 

CHHCH). 13C NMR (100 MHz, CD3OD): δ 170.37 (C=O), 157.27 (Ar C), 149.40 (Ar C), 134.32 (Ar C), 121.31 (Ar C), 

120.40 (Ar C), 111.83 (Ar C), 53.25 (CH), 33.10 (CH2). MS (ESI): m/z (%): 227.4 ([M + H]+) (90), 249.4 ([M + Na]+) 

(20), 181.3 (100). Anal. calcd for C9H10N2O5: C 47.79, H 4.46, N 12.38; found: C 47.66, H 4.53, N 12.30. 

 

3. Compound characterization 

Diethyl 2-acetamido-2-(3-methoxy-5-methylbenzyl)malonate 
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3-Hydroxy-5-methyl-DL-phenylalanine 
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4. ESI Mass spectrometry of purified proteins 

 

Purified protein solutions (50 µL) were analyzed by ESI mass spectrometry by direct injection into the spectrometer 

running a mobile phase of a 50:50 (v/v) solution of 0.1% formic acid in acetonitrile: 0.1% aqueous formic acid. 

Deconvoluted mass spectra of PpiB synthesized in the presence of Phe and Tyr analogues are shown below. 

 

 

Figure S1. Mass spectral analysis of His6-PpiB synthesized in the presence of m-tyrosine (1b). 

 

 

Figure S2. Mass spectral analysis of His6-PpiB synthesized in the presence of m-methylphenylalanine (2b). 

Mass reconstruction of  +TOF MS: 0.081 to 0.479 min from Sample 12 (ZQ L-M-Tyr) of 20_04_12 ZQ S... Max. 2557.9 cps.
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Mass reconstruction of  +TOF MS: 0.079 to 0.639 min from Sample 5 (ZQW  3-Me) of 17_11_11 ZQW.w... Max. 4.5e4 cps.
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Figure S3. Mass spectral analysis of His6-PpiB synthesized in the presence of m-chlorophenylalanine (3b). 

 

 

 

Figure S4. Mass spectral analysis of His6-PpiB synthesized in the presence of p-fluorophenylalanine (5a). 

 

 

Mass reconstruction of  +TOF MS: 0.048 to 0.283 min from Sample 9 (ZQW 3-Cl) of 11_11_11 ZQW.wiff... Max. 3.8e4 cps.
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Mass reconstruction of  +TOF MS: 0.070 to 0.359 min from Sample 4 (ZQ 4-F Phe) of 20_04_12 ZQ Sa... Max. 2.8e5 cps.
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Figure S5. Mass spectral analysis of His6-PpiB synthesized in the presence of m-fluorophenylalanine (5b). 

 

 

Figure S6. Mass spectral analysis of His6-PpiB synthesized in the presence of o-fluorophenylalanine (5c). 

 

Mass reconstruction of  +TOF MS: 0.078 to 0.530 min from Sample 3 (ZQ 3-F Phe) of 20_04_12 ZQ Sa... Max. 1.5e5 cps.
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Mass reconstruction of  +TOF MS: 0.047 to 0.481 min from Sample 1 (ZQmF) of 121214ZQW.wiff Agilen... Max. 2.2e4 cps.
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Figure S7. Mass spectral analysis of His6-PpiB synthesized in the presence of 3,5-difluorophenylalanine (6). 

 

 

Figure S8. Mass spectral analysis of His6-PpiB synthesized in the presence of 3,5-dihydroxyphenylalanine (9). 

 

Mass reconstruction of  +TOF MS: 0.081 to 0.569 min from Sample 13 (ZQ 3,5-Di F) of 20_04_12 ZQ Sa... Max. 8.4e4 cps.
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Mass reconstruction of  +TOF MS: 0.063 to 0.244 min from Sample 19 (ZQW D) of 28_09_12 Tom Mant... Max. 1.8e5 cps.
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Figure S9. Mass spectral analysis of His6-PpiB synthesized in the presence of 3-hydroxy-5-methylphenylalanine (10). 

 

 

Figure S10. Mass spectral analysis of His6-PpiB synthesized in the presence of 0.2 mM phenylalanine and 2.0 mM 

p-fluorophenylalanine (5a). 

 

Mass reconstruction of  +TOF MS: 0.160 to 1.608 min from Sample 3 (ZQOHMe2) of 121214ZQW.wiff A... Max. 646.5 cps.
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Mass reconstruction of  +TOF MS: 0.089 to 0.396 min from Sample 2 (ZQ 4F + Phe) of 17_08_12 HK Sa... Max. 1.7e5 cps.
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Figure S11. Mass spectral analysis of His6-PpiB synthesized in the presence of 0.2 mM phenylalanine and 2.0 mM 

m-fluorophenylalanine (5b). 

 

 

Figure S12. Mass spectral analysis of His6-PpiB synthesized in the presence of 0.2 mM phenylalanine and 2.0 mM 

o-fluorophenylalanine (5c). 

 

 

Mass reconstruction of  +TOF MS: 0.111 to 0.347 min from Sample 5 (ZQ 3F + Phe) of 17_08_12 HK Sa... Max. 2.6e5 cps.
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Mass reconstruction of  +TOF MS: 0.094 to 0.384 min from Sample 4 (ZQ 2F + Phe) of 17_08_12 HK Sa... Max. 1.2e5 cps.
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Figure S13. Mass spectral analysis of His6-PpiB synthesized in the presence of m-fluorotyrosine (15a). 

 

 

Figure S14. Mass spectral analysis of His6-PpiB synthesized in the presence of o-fluorotyrosine (15b). 

 

 

Mass reconstruction of  +TOF MS: 0.049 to 0.194 min from Sample 3 (ZQW 4) of 190313 ZQW.wiff Agil... Max. 1.6e5 cps.
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Mass reconstruction of  +TOF MS: 0.155 to 1.584 min from Sample 3 (ZQ 2-F Tyr) of 24_8_12 HK ZQ S... Max. 2.6e4 cps.
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Figure S15. Mass spectral analysis of His6-PpiB synthesized in the presence of 3,4-dihydroxyphenylalanine (16a). 

 

 

 

Figure S16. Mass spectral analysis of His6-PpiB synthesized in the presence of 2,4-dihydroxyphenylalanine (16b). 

 

Mass reconstruction of  +TOF MS: 0.053 to 0.433 min from Sample 2 (ZQW 1) of 10062014ZQW.wiff Ag... Max. 4.7e5 cps.
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Mass reconstruction of  +TOF MS: 0.139 to 0.971 min from Sample 2 (ZQ 2-OH Tyr) of 24_8_12 HK ZQ ... Max. 3.3e4 cps.

1.91e4 1.92e4 1.93e4 1.94e4 1.95e4 1.96e4 1.97e4 1.98e4 1.99e4
Mass, Da

2000.0

4000.0

6000.0

8000.0

1.0e4

1.2e4

1.4e4

1.6e4

1.8e4

2.0e4

2.2e4

2.4e4

2.6e4

2.8e4

3.0e4

3.2e4

19299.2787

19271.6839

19281.8766

19320.6793

19254.7251 19341.2640

19364.1660 19478.0944

19389.6242
19496.2937 19518.561419223.3564 19606.2756 19680.8779 19852.709319166.2000



30 
 

 

Figure S17. Mass spectral analysis of His6-PpiB synthesized in the presence of m-chlorotyrosine (17a). 

 

 

Figure S18. Mass spectral analysis of His6-PpiB synthesized in the presence of o-chlorotyrosine (17b). 

 

 

Mass reconstruction of  +TOF MS: 0.042 to 0.205 min from Sample 4 (ZQW 5) of 190313 ZQW.wiff Agil... Max. 1.6e5 cps.
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Mass reconstruction of  +TOF MS: 0.091 to 0.308 min from Sample 3 (ZQ 2-Cl Tyr) of 11_05_12 ZQW M... Max. 6.5e5 cps.
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Figure S19. Mass spectral analysis of His6-PpiB synthesized in the presence of m-methyltyrosine (18a). 

 

 

 

Figure S20. Mass spectral analysis of His6-PpiB synthesized in the presence of o-methyltyrosine (18b). 

 

Mass reconstruction of  +TOF MS: 0.085 to 0.664 min from Sample 8 (ZQW 3-Me Tyr) of 3_9_12 ZQW ... Max. 1.2e4 cps.
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Figure S21. Mass spectral analysis of His6-PpiB synthesized in the presence of 0.2 mM tyrosine and 2.0 mM 

m-fluorotyrosine (15a). 

 

 

 

Figure S22. Mass spectral analysis of His6-PpiB synthesized in the presence of 0.2 mM tyrosine and 2.0 mM 

o-fluorotyrosine (15b). 

 

5. Representative HPLC of the aminoacylation of tyrosine 
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The KM of Tyr with E. coli TyrRS has been reported to be 0.0061 mM. Therefore, a concentration of 0.2 mM, which is 

over 30 times greater than the KM, was used in this assay. After pre-incubation of 0.2 mM Tyr with 0.05 μM E. coli 

His6-TyrRS in tris buffer, in the presence of 1.0 mM ATP at 37 °C for one minute, reaction was initiated by adding E. 

coli tRNATyr to a total concentration of 60 μM. The reaction was allowed to proceed for 90 seconds. The rate of the 

aminoacylation reaction was determined by HPLC analysis of aliquots taken from the reaction mixture and quenched 

with 0.1% SDS every 15 seconds. At higher concentrations of E. coli His6-TyrRS, aminoacylation occurs too fast to be 

monitored.  

 

In a representative HPLC trace (Figure S23), peaks corresponding to AMP and ATP are observed at 8.1 min and 25.8 

min, respectively. HPLC analysis of the reaction mixture shows that the level of AMP increases proportionally with 

time (Figure 5c). By comparison, the amount of AMP in the control stayed unchanged throughout the assay (Figure 5c). 

The low amount of AMP presenting in the control is presumably attributable to minor decomposition of ATP on storage. 

A separate HPLC analysis of ATP alone showed a comparable amount of AMP (Data not shown). 

 

 

 

Figure S23. Representative HPLC trace. Analysis of aliquot taken from the reaction of Tyr after incubating for 90 

seconds. 
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