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Scheme S1. Mechanistic Models. (A) Stepwise oxygen insertion model via an epoxyindole 
intermediate, (B) concerted oxygen insertion mechanisms via a dioxetane intermediate 
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Synthesis and Characterization of Probes 1 and 2 
 

Scheme Methyl-based probe 1 was synthesized from indole-3-carboxaldehyde using a three-
step sequence involving Wittig olefination, reduction, and hydrolysis.1 Hydroxyl-containing 
tryptophan analog 2 was generated from indole using a SnCl4-mediated epoxide opening followed 
by saponification.2  

Reagents were purchased from commercial sources, and used as received. Anhydrous toluene 
(PhMe) and methanol (MeOH) were dispensed from a solvent purification system, in which the 
solvent was dried by passage through two columns of activated alumina under argon. A 
CombiFlash® RF–4x purification system was used for chromatographic purifications. Silica gel 
was purchased from Sorbent Technologies (cat. #30930M-25, 60 Å, 40–63 μm). Preparative HPLC 
purification was conducted using an Agilent Preparative System fitted with a Waters T3 C-18 19 
mm x 150 mm column. Final compounds were determined to be >95% pure by HPLC analysis 
using a Waters Analytical System equipped with a Acquity T3 C-18 2.1 mm x 50 mm column. 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker 400 
AVANCE spectrometer (400 MHz). Chemical shifts (δ) for protons are reported in parts per 
million (ppm) downfield from tetramethylsilane, and are referenced to the proton resonance of 
residual protic species in the NMR solvent (e.g. CHCl3 δ = 7.27 ppm). NMR data are represented 
as follows: chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet), coupling constant in Hertz (Hz), and integration. Uncorrected melting points were 
measured on a Thomas Hoover Capillary Melting Point Apparatus. 
 

 
 
(E)-ethyl 3-(1H-indol-3-yl)-2-methylacrylate 
Indole-2-carboxaldehyde (1.45 g, 10.0 mmol) and (carbethoxyethylidene)triphenylphosphorane 
(5.44 g, 15.0 mmol) were added to a 250 mL round-bottom flask, and the flask was attached to a 
reflux condenser. The system was evacuated and backfilled with N2 (3x), PhMe (0.080 L) was 
injected, and the flask was placed in a 120 °C oil bath. After 4 h, the reaction was cooled to room 
temperature, and quenched with 1 N HCl (75 mL). The aqueous phase was extracted with EtOAc 
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(75 mL), and the combined organic layers were washed with H2O (100 mL) and brine (100 mL). 
The organic solution was dried over MgSO4, filtered, and the solvent was removed in vacuo. 
Chromatographic purification (EtOAc/hexanes 1:3) afforded the title compound as a tan solid 
(2.03 g, 89%). m.p. 133–135 °C (literature1: 135–136 °C). The 1H NMR spectrum matched the 
previously reported data.1 1H NMR (400 MHz, CDCl3) δ 8.75 (s, 1 H), 8.11–8.07 (m, 1 H), 7.86–
7.81 (m, 1 H), 7.50 (d, J = 2.7 Hz, 1 H), 7.45–7.40 (m, 1 H), 7.32–7.21 (m, 1 H), 4.33 (q, J = 7.1 
Hz, 2 H), 2.21 (d, J = 1.3 Hz, 3 H), 1.40 (t, J = 7.1 Hz, 3 H). 
 

 
 
Ethyl 3-(1H-indol-3-yl)-2-methylpropanoate  
(E)-ethyl 3-(1H-indol-3-yl)-2-methylacrylate (1.00 g, 4.36 mmol) and Pd/C (10% wt, 185 mg, 
0.174 mmol) were added to a 100 mL round-bottom flask, which was sealed with a three-way 
flushing adaptor. The system was evacuated and backfilled with N2 (3x), and then MeOH (12 mL) 
was injected. The flask was evacuated and backfilled with H2 (3x), and the suspension was stirred 
under a balloon of H2 at rt for 16 h. Next, the reaction mixture was passed through celite, and the 
filter pad was washed with EtOAc (2 x 20 mL). The solvent was removed in vacuo, and the 
resulting oil was filtered through a pad of SiO2 (EtOAc) to provide the title compound as a brown 
oil (1.01 g, quantitative). The 1H NMR spectrum matched the previously reported data.1 1H NMR 
(400 MHz, CDCl3) δ 8.01 (s, 1 H), 7.65–7.60 (m, 1 H), 7.36 (dt, J = 8.1, 1.0 Hz, 1 H), 7.20 (ddd, 
J = 8.2, 7.0, 1.3 Hz, 1 H), 7.14 (ddd, J = 8.0, 7.0, 1.1 Hz, 1 H), 7.01 (d, J = 2.4 Hz, 1 H), 4.12 (q, J 
= 7.1 Hz, 2 H), 3.25–3.15 (m, 1 H), 2.93–2.80 (m, 2 H), 1.24–1.18 (m, 6 H). 
 

 
 
3-(1H-indol-3-yl)-2-methylpropanoic acid  
Ethyl 3-(1H-indol-3-yl)-2-methylpropanoate (0.150 g, 0.649 mmol) and EtOH (2.5 mL) were 
added to a 25 mL round-bottom flask. 1 N NaOH (2.5 mL) was injected, the flask was attached to 
a reflux condenser, and the reaction was heated in an 80 °C oil bath for 2 h. The reaction was 
cooled to room temperature, and the EtOH was removed in vacuo. 1 N HCl (20 mL) was added to 
the mixture, and the aqueous phase was extracted with EtOAc (2 x 20 mL). The combined organic 
layers were dried over MgSO4, filtered and the solvent was removed in vacuo to provide the title 
compound as a tan solid (105 mg, 80%). m.p. 129–131 °C (literature1: 130–131 °C). The 1H NMR 
spectrum matched the previously reported data.1 1H NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1 H), 
10.80 (s, 1 H), 7.53–7.48 (m, 1 H), 7.32 (dt, J = 8.1, 0.9 Hz, 1 H), 7.09 (d, J = 2.4 Hz, 1 H), 7.05 
(ddd, J = 8.1, 6.9, 1.2 Hz, 1 H), 6.96 (ddd, J = 8.0, 7.0, 1.1 Hz, 1 H), 3.33 (s, 1 H), 3.07–2.95 (m, 
1 H), 2.76–2.63 (m, 2 H), 1.07 (d, J = 6.7 Hz, 3 H). 
 

 
 
(S)-2-hydroxy-3-(1H-indol-3-yl)propanoic acid 
Indole (1.07 g, 9.10 mmol) was added to an oven-dried 50 mL Schlenk flask, which was sealed 
with a rubber septum and evacuated and backfilled with N2 (3x). CCl4 (8.5 mL) and methyl (2S)-
glycidate (0.613 mL, 7.00 mmol) were injected, and the flask was placed in a 0 °C ice bath. A 
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solution of SnCl4 (0.90 mL, 7.7 mmol) in CCl4 (6.0 mL) was prepared in a separate flask, and 
transferred to the Schlenk flask via syringe over a 5 min period. The resulting orange suspension 
was allowed to warm to room temperature, and vigorous stirring was continued for 1 h. The 
reaction was quenched with a saturated aqueous solution of NaHCO3 (40 mL), and extracted with 
CHCl3 (3 x 40 mL). The organic suspension was washed with brine (100 mL), dried over MgSO4, 
filtered through a pad of celite, and the solvent was removed in vacuo. Chromatographic 
purification (hexanes : EtOAc, 4 : 1  7:3) afforded the methyl ester as a colorless amorphous 
solid (471 mg). The material was transferred to a 25 mL round-bottom flask, and dissolved in 
THF:MeOH:H2O (3 : 1 : 1 mL). The mixture was cooled to 0 °C, and LiOH (0.103 g, 4.30 mmol) 
was added. The mixture was warmed to room temperature, and stirred for 16 h. The reaction 
mixture was diluted with Et2O (50 mL) and acidified with 1 N HCl (50 mL). The aqueous phase 
was extracted with Et2O (50 mL), and the combined organic layers were dried over Na2SO4, 
filtered, and the solvent was removed in vacuo. Chromatographic purification (hexanes : EtOAc : 
AcOH, 74 : 25 : 1), followed by preparative HPLC purification afforded the title compound as a 
faint red amorphous solid (102 mg, 5% over 2 steps). The 1H NMR spectrum matched the 
previously reported data.2 1H NMR (400 MHz, Acetone-d6) δ 10.03 (s, 1 H), 7.62 (dt, J = 7.9, 1.0 
Hz, 1 H), 7.36 (dt, J = 8.2, 0.9 Hz, 1 H), 7.25–7.21 (m, 1 H), 7.08 (ddd, J = 8.2, 7.0, 1.2 Hz, 1 H), 
7.00 (ddd, J = 7.9, 7.0, 1.1 Hz, 1 H), 4.45 (dd, J = 7.1, 4.4 Hz, 1 H), 3.27 (ddd, J = 14.7, 4.4, 0.8 
Hz, 1 H), 3.10 (ddd, J = 14.7, 7.1, 0.7 Hz, 1 H), 2.54 (s, 1 H). 
 
NMR spectral of 1 and 2 are attached below: 
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Identification of the peak at 7.2 min in Figure 4Ab. 

 

 

Figure S1. (A) Positive ion ESI mass spectra of the LC fraction of 7.2 min peak in Figure 4Ab. 
Tandem mass spectra of (B) 220.0604 and (C) 192.0655 as parent ions. 

 

Table S1. Calculated and experimentally measured accurate masses. 

Molecular formula Ion m/z theoretical m/z observed Mass accuracy (ppm) 

C11H9NO4 [M+H+]+ 220.0604 220.0604 0 

C10H9NO3 [M+H+]+ 192.0655 192.0655 0 

 

Scheme S3. Suggested structure derived from NFK. 
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Figure S2. Comparison of peaks at 7.2 min of L-Trp reaction mixtures on HPLC.   

 

The minor peak at 7.2 min in Figure 4Ab was further analyzed by high resolution mass 
spectrometry (Figure S1 and Table S1). The ESI mass spectra show 220.0604 and 192.0655 as the 
major peaks. The 220 amu signal is consistent with NFK less an ammonium group (Scheme S3). 
Tandem mass on both peaks indicate that m/z 192.0655 is a daughter peak from m/z 220.0604. 
Two days after the initial reaction, the same L-Trp reaction mixture filtrate was re-analyzed by 
HPLC, and the height of the 7.2 min peak increased by ca. 3.8-fold (Figure S2). These observations 
indicate that the 7.2 min peak is a spontaneous decay product of NFK which accumulates after the 
TDO-catalyzed reaction. 
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Scheme S4. Chemical structures for the tandem MS analysis. 
 
 
Figure 5 Panel F:  
 
 
 
 
 
 
 
 
 
 
Figure 5 Panel G: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Panel H: 
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Table S2.  Summary of the NMR parameters of 2b. 

 

 

 
 
 
 
 

Atom 
1H shift 
(ppm) 

1H 
mult. 

J value(s) 
(Hz) 

13C shift 
(ppm) 

13C 
mult. 

HBMC 
1D 

NOESY 

1 - - - 178.6 s -  

2 4.15 dd 11.1, 5.6 78.6 s 1, 3 3a, 3b, 11 

3a 2.77 dd 12.3, 5.6 43.6 s 4, 5, 11  

3b 2.39 dd 12.3, 11.1 " s 1, 2, 4, 5  

4 - - - 88.2 s -  

5 - - - 130.1 s -  

6 7.42 dd 7.5, 1.3 124.4 s 4, 5, 8, 10, 11  

7 6.97 t 7.5 120.6 s 5, 6, 8, 9  

8 7.28 td 7.7, 1.4 130.7 s 6, 10  

9 6.81 d 7.9 111.2 s 5, 7, 8  

10 - - - 149.4 s -  

11 5.55 s - 99.0 s 2, 4, 5, 10  
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Figure S3. 500 MHz 1H NMR spectrum of monooxygenated product 2b from the TDO reaction of probe 2 in D2O.
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Figure S4. 125 MHz 13C NMR spectrum of monooxygenated product 2b in D2O.
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Figure S5. Edited HSQC spectrum of monooxygenated product 2b in D2O. Blue signals are CH2’s and red signals are CH’s or CH3’s.
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Figure S6. HMBC spectrum of monooxygenated product 2b in D2O. Red arrows show key HMBC signals used in the determination of 

the product structure.
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A

B

Figure S7. (A) 500 MHz 1H NMR spectrum of monooxygenated product 2b in D2O and (B) 1D selective NOESY spectrum in D2O. 

Double ended red arrows show key NOE signals used to assign stereochemistry of the newly formed stereocenter.
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Figure S8. IR spectrum of the monooxygenated product 2b of probe 2.
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