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Abstract

Reaction of FeIII(O2
•−)(TPP) with 2,3-dimethylindole at −40 °C gives the ring-opened, 

dioxygenated N-(2-acetyl-phenyl)-acetamide product. The reaction was monitored in situ by 

low-temperature UV-Vis and 1H NMR spectroscopies. This work demonstrates that a discrete 

iron(III)(superoxo) porphyrin is competent to carry out indole oxidation, as proposed for the 

tryptophan and indoleamine 2,3-dioxygenases.

Graphical Abstract

Reaction of FeIII(O2
•−)(TPP) with 2,3-dimethylindole at low temperature leads to the ring-cleaved, 

dioxygenated product, N-(2-acetyl-phenyl)-acetamide, analogous to TDO/IDO enzymes.
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Transition metal dioxygen/superoxide adducts (Mn+(O2)/ Mn+1(O2
•−)) (e.g. M = Fe, Cu, Ni) 

are postulated as key intermediates in oxygenases1 and other metalloenzymes2 that utilize 

O2 to carry out the oxidation of organic compounds. Iron superoxide (FeIII(O2
•−)) species 

are proposed to initiate the attack on the substrate in both heme3 and nonheme4 iron 

environments. However, direct spectroscopic evidence for the formation of an FeIII(O2
•−) 

intermediate is often difficult to obtain. It can also be challenging to demonstrate that such 

an intermediate is capable of oxidizing the substrate.

The heme enzymes tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase 

(IDO) catalyse the oxidation of tryptophan to N-formylkynurenine (NFK). This O2-

dependent reaction involves the cleavage of a C–C double bond and the incorporation of two 

atoms of oxygen into the substrate (Scheme 1). The catalytic activity of TDO/IDO has been 

known for over 50 years, but the mechanisms of these enzymes are still poorly understood 

and remain a subject of intense debate.3d, 5 Recent efforts aimed at delineating the 

mechanisms of TDO/IDO are partly motivated by therapeutic strategies that target these 

enzymes to treat a variety of diseases, from neurological disorders to cancer.5a, 5b, 6

One common feature of the proposed mechanisms for TDO/IDO involves the initial attack 

of an FeII(O2)/FeIII(O2
•−) adduct on the indole substrate. In support of this hypothesis, an 

Fe(O2) adduct was characterized by resonance Raman spectroscopy in human IDO as a 

ternary complex with L-Trp substrate, and the O–O stretch was consistent with superoxide 

character.5d A crystal structure of a ternary complex, [TDO-O2-Trp], was recently obtained 

via diffusion of O2 into solid-state crystals of human TDO (hTDO) loaded with L-Trp.5b 

The positioning of the Fe(O2) moiety in the crystal structure is in line with the hypothesis 

that the dioxygenation reaction begins with attack of the O2-derived ligand on the C2 atom 

of the indole ring. A stopped-flow UV-vis study of hTDO provided evidence for an Fe(O2) 

adduct, and the data suggested that the decay of the ternary complex [hTDO-O2-Trp] was 

the rate-determining step, in contrast to IDO.7 Stopped-flow UV-vis spectroscopy was also 

employed to examine the kinetics of Pseudomonas TDO (PaTDO) reconstituted with 

different heme derivatives. This study suggested that an FeII(O2), as opposed to an 

FeIII(O2
•−) species, was responsible for L-Trp oxidation, favouring an electrophilic over 

radical addition mechanism.5e

There are a few limited reports on the catalytic oxidation of indole derivatives with synthetic 

metalloporphyrins and other transition metal complexes.8 Reaction of iron(III) 5,10,15,20-

tetraphenylporphyrin (TPP) with 3-methylindole, OH−, and excess O2 in CH2Cl2/MeOH led 

to an oxidized product analogous to NFK, and X-band EPR spectroscopy suggested that a 

ternary complex [FeIII–O2–indole] may be an intermediate in this reaction.8a Given that 

ferric porphyrin should be inert to O2, it was later suggested9 that the deprotonated 3-

methylindole anion may serve as a reductant to give the O2-active FeII(TPP), although no 

spectroscopic evidence for either the reduced FeII(TPP) or the hypothesized FeIII(O2
•−)

(TPP) intermediate was presented.

Demonstrating that a well-defined Fe(O2
•−)(porphyrin) is capable of initiating the oxidation 

of an indole substrate would provide good evidence for the hypothesized first step in TDO/

IDO. To our knowledge, no direct reaction between a synthetic Fe(O2) adduct, porphyrin or 
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non-porphyrin, and an indole substrate is known.10 Herein we show that the iron superoxide 

complex FeIII(O2
•−)(TPP), stabilized in solution at low temperature, reacts with 2,3-

dimethylindole (2,3-DMI) to form the ring-opened, dioxygenated product N-(2-acetyl-

phenyl)-acetamide in good yield, analogous to NFK. Product analysis and in situ 

spectroscopic measurements show that reaction of the iron superoxide complex with 2,3-

DMI results in dioxygenation of the indole substrate, as proposed for the heme dioxygenases 

TDO/IDO.

The synthesis of the ferrous porphyrin starting material, FeII(TPP), and subsequent 

generation of the superoxide complex FeIII(O2
•−)(TPP), followed the recent methods of 

Mayer et al.11 The specific protocols used in our laboratory, including characterization data, 

are given below. The starting ferrous porphyrin was synthesized from metalation of TPP 

with FeBr2 and LiHMDS (HMDS = hexamethyldisilazide) in tetrahydrofuran under strict 

anaerobic conditions. The metallated product was crystallized from pentane/toluene or THF/

heptane solutions. Crystalline FeII(TPP) was dissolved in DMF to give a violet solution with 

λmax (ε × 104 M−1 cm−1) 538(sh) (7.8), 563 (10.4), and 606 (5.1) nm in the Q-band region, 

matching literature values (Figure 1).11, 12 The crystalline FeII starting material is a 6-

coordinate bis-THF adduct as described in the literature,13 and as reproduced in our 

laboratory. Upon dissolution in DMF, it is likely that at least one or both axial THF ligands 

are replaced by the DMF and are involved in rapid binding equilibria. For simplicity, we 

refer to the FeII starting material as FeII(TPP), without specifying the exact nature of the 

axial ligands, following Mayer.

Lowering the temperature of FeII(TPP) in DMF to −40 °C, followed by addition of excess 

O2, leads to a colour change from violet to bright red and the appearance of a new spectrum 

with λmax (ε × 104 M−1 cm−1) 545 (13.6), 580(sh) (5.3) nm (Figure 1). This new spectrum 

is characteristic of the class of ferric tetraarylporphyrin superoxide complexes, including the 

TPP derivative.14 Purging with inert gas or application of vacuum causes the FeII(TPP) 

spectrum to reappear, consistent with reversible O2 binding. The stability of the superoxide 

complex at −40 °C was monitored by observing the change of the spectrum for the superoxo 

complex to the final spectrum in red in Figure 1, which corresponds to the well-known 

(FeIII(TPP))2(μ-O) complex and has peaks at λmax (ε × 104 M−1 cm−1) 569 (9.1), 609 (4.9) 

nm.14b, 15 This conversion, which is accompanied by a change from red to green-brown, is 

complete within 120 min at a concentration of 0.6 mM and −40 °C.

This window of stability of FeIII(O2
•−)(TPP) at −40 °C allowed for the examination of 

reactivity with indole derivatives (indole, 2-methylindole, 3-methylindole, 2,3-

dimethylindole). The iron superoxide complex was generated in DMF at −40 °C, and the 

indole derivatives were added separately from DMF stock solutions. Addition of excess 2,3-

DMI (73 equiv) leads to a significant enhancement in the decay rate of the superoxide 

complex, showing conversion of (FeIII(O2
•−)(TPP) to the μ-oxo dimer in approximately 40 

min, compared to decay over 120 min in the absence of substrate at the same FeII(TPP) 

concentration (Figure 2). However, the other indole substrates did not show the same 

increase in the rate of decay. The spectral changes in Fig. 2 do not show overall isosbestic 

behaviour, consistent with conversion to one or more intermediate iron species prior to 

formation of the final (FeIII(TPP))2(μ-O) product.
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Encouraged by the observation of a reaction with the 2,3-DMI derivative by UV-vis, we 

increased the scale of this reaction in order to isolate and characterize the organic product(s). 

Generation of FeIII(O2
•−)(TPP) (12 mM) at −40°C, followed by addition of 2,3-DMI (45 

equiv) led to a color change from bright red to green. The reaction mixture was then warmed 

to 25 °C, and TLC analysis revealed one major product. Separation of the organic 

components by aqueous/ethyl acetate extraction followed by chromatography on neutral 

alumina led to isolation of the product as a yellow solid. Analysis by 1H NMR indicated that 

this product was the ring-opened, dioxygenated N-(2-acetyl-phenyl)-acetamide. This 

assignment was confirmed by comparison with an authentic standard (Figure S5–6). The 

overall reaction is shown in Scheme 2.

The same reaction was monitored in situ by low-temperature 1H NMR spectroscopy. The 

FeII(TPP) gives a paramagnetically shifted peak at 67 ppm in DMF-d7, which is consistent 

with a 5- coordinate high-spin FeII porphyrin with a single axial ligand.16 This peak 

disappears upon exposure to O2 and is replaced by a diamagnetic spectrum with two new 

peaks at 9.1, 9.8 ppm. The diamagnetic nature of the spectrum is consistent with an 

FeIII(O2
•−) species with a spin ground state of S = 0 that arises from antiferromagnetic 

coupling between the iron and the superoxide ligand.17 Addition of 2,3-DMI leads to the 

growth of a peak at 13.1 ppm over 30 min, and loss of the peaks at 9.1, 9.8 ppm 

corresponding to the superoxide complex. The peak at 13.1 ppm comes from the 

(FeIII(TPP))2(μ-O) complex, which is the expected final decay product for the iron porphyrin 

species (Fig. 3). Qualitative observations of the concentrated NMR samples showed that the 

change from the red color of FeIII(O2
•−)(TPP) to the green of (FeIII(TPP))2(μ-O) for the 

reaction with 2,3-DMI was significantly faster than control samples without the 2,3-DMI 

substrate, in good agreement with the UV-vis data.

Examination of the diamagnetic region of the low-temperature 1H NMR spectra for the in 

situ reaction between FeIII(O2
•−)(TPP) and 2,3-DMI was also informative. The initial 

appearance of a peak at 8.8 ppm was seen within 10 min, and can be assigned to the 

aromatic proton ortho to the acetyl group of the ring-opened, dioxygenated product (Figure 

4a). Integration of this peak and comparison to an internal standard at the end of the reaction 

at −40 °C gave a yield of 49 ± 8% (average of 3 runs). Thermal equilibration of the reaction 

mixture up to 25 °C and recollection of the NMR data leads to a yield of 61 ± 9% (average 

of 3 runs), which is within error of the yields observed at low-temperature. Direct addition 

of O2 to the same FeII(TPP)/2,3-DMI solution at 23 °C gives the N-(2-acetyl-phenyl)-

acetamide product in similar yield, suggesting the transient formation of the superoxide 

complex is followed by the same reaction with 2,3-DMI. To rule out participation of the 

thermally stable, oxo-bridged (FeIII(TPP))2(μ-O) in the oxidation of the indole substrate, a 

solution of independently synthesized (FeIII(TPP)2)(μ-O) (4 mM) was combined with excess 

2,3-DMI at −40 °C and monitored by 1H NMR. No new peaks are observed, indicating that 

there is no reaction between (FeIII(TPP)2)(μ-O) and 2,3-DMI (Figure 4c).

The UV-vis and NMR data show that the iron(III) superoxide complex is competent to 

oxidize 2,3-DMI and give the ring- opened, dioxygenated N-(2-acetyl-phenyl)-acetamide 

product in reasonable yield at low temperature. The data also show that the overall rate of 

conversion of the starting FeIII(O2
•−) species to the final μ-oxo product is enhanced by the 
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presence of the substrate. However, the changes over time seen in the UV-vis data are non-

isosbestic and suggest the presence of one or more intermediates over the course of the 

reaction with 2,3-DMI. These intermediates may involve the FeIII-O-O-FeIII and FeIV(O) 

porphyrin species that have been reported to form under certain conditions involving 

FeII(TPP) and O2.10,18 Although the overall reactivity and influence of 2,3-DMI on the rate 

of superoxo conversion to μ-oxo dimer suggests that the superoxo species is likely the initial 

oxidant for 2,3-DMI, the participation of the other O2-derived intermediates is possible, and 

will need further mechanistic analyses to sort out. In fact, proposed mechanisms for 

TDO/IDO invoke the participation of FeIII(O2
•−), and further downstream FeIV(O) species, 

as active oxidants in the dioxygenation of substrate.5d, 7a

The results described in this Communication show that an iron(III) superoxide porphyrin is 

capable of oxidizing an indole substrate, leading to C2–C3 bond cleavage and dioxygenation 

as seen in TDO/IDO. This work also shows that the optimized environment of an enzyme 

active site is not required for this reaction to occur. There is current debate on whether the 

first step in TDO/IDO is an electrophilic attack on substrate by an FeII(O2) species, or a 

radical attack by an FeIII(O2
•−) species (Scheme 3). Given the likely superoxide character of 

FeIII(O2
•−)(TPP),17b, 17c, 19 we favour a radical-based mechanism, although an electrophilic 

mechanism remains a possibility for both the synthetic system and the enzymes. A more 

detailed investigation of the mechanism, including further kinetic and spectroscopic 

analyses, is warranted to gain further insight into the dioxygenation of indole substrates. 

This work also adds to the small but growing list of oxidations that can be initiated by a 

metal superoxide.
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Fig. 1. 
UV-vis spectra for the conversion of FeII(TPP) (0.6 mM) (green solid line) to FeIII(O2

•−)

(TPP) (blue dashed line), followed by decay to (FeIII(TPP))2(μ-O) (red dotted line) in DMF 

at −40 °C.
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Fig. 2. 
Time-resolved UV-Vis spectra (0 – 40 min) for the reaction between FeIII(O2

•−)(TPP) (0.6 

mM) and 2,3-dimethylindole (0.044 M) in DMF at −40 °C.
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Fig. 3. 
1H NMR spectra of a) FeII(TPP) (4 mM), b) FeIII(O2

•−)(TPP) and c) reaction of FeIII(O2
•−)

(TPP) with 2,3-dimethylindole (30 equiv) in DMF-d7 at −40 °C.
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Fig. 4. 
1H NMR spectra in DMF-d7 of the aromatic region of a) the reaction of FeIII(O2

•−)(TPP) 

and 2,3-dimethylindole at −40 °C, b) after warm-up to 25 °C, and c) a mixture of 

independently synthesized (FeIIITPP)2(μ-O) and 2,3-dimethylindole at −40 °C.
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Scheme 1. 
Oxidation of tryptophan to N-formylkynurenine catalyzed by TDO/IDO
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Scheme 2. 
Reaction of FeIII(O2

•−)(TPP) with 2,3-dimethylindole in DMF at −40 °C.
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Scheme 3. 
a) electrophilic and b) radical addition mechanisms for the reaction between an Fe(O2)

(porphyrin) adduct and Trp substrate proposed for TDO/IDO.

Sacramento and Goldberg Page 13

Chem Commun (Camb). Author manuscript; available in PMC 2021 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4.
	Scheme 1
	Scheme 2
	Scheme 3

