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Abstract: The C� H functionalization of indole heterocycles
constitutes a key strategy to leverage the synthesis of
endogenous signaling molecules such as tryptamine or
tryptophol. Herein, we report on the photocatalytic reaction
of ethyl diazoacetate with indole, which shows an unusual
solvent dependency. While C2-functionalization occurs under
protic conditions, the use of aprotic solvents leads to a
complete reversal of selectivity and exclusive C3-functionali-
zation occurs. To rationalize for this unexpected reactivity

switch, we have conducted detailed theoretical and exper-
imental studies, which suggest the participation of a triplet
carbene intermediate that undergoes initial C2-functionaliza-
tion. A distinct cationic [1,2]-alkyl radical migration then leads
to formation of C3-functionalized indole. We conclude with
the application of this photocatalytic reaction to access
oxidized tryptophol derivatives including gram-scale synthesis
and derivatization reactions.

Introduction

Tryptophol was first described in 1912 by Ehrlich via enzymatic
degradation of tryptophan with yeast and induces sleep in
humans.[1,2] Its derivatives can be isolated from a plethora of
natural sources, such as bacteria, fungi, and plants and the
tryptophol motif is an essential molecular scaffold in many
natural products (Scheme 1a).[3,4] From an organic synthetic
perspective, tryptophol and its derivatives can be readily
obtained in a biomimetic fashion via deamination and reduc-
tion of the amino acid tryptophan,[5] or in an alkylation reaction
of indole.[6–16] To achieve such alkylations, the reaction of indole

heterocycles with diazoalkanes recently emerged as an impor-
tant strategy that allows the catalytic or photochemical
introduction of a carbene fragment into the C-3 position of
protected and unprotected indole heterocycles.[7–13] Notable
advances in this research area include the development of
enantioselective C� H functionalization reactions with donor/
acceptor diazoalkanes,[9,10] applications in tryptamine synthesis
with diazoacetonitrile,[7] biocatalytic C� H functionalization
reactions,[7,11,12] or the synthesis of gem-difluoro olefins using
fluorinated diazo compounds.[13]

Despite these advances, current literature surprisingly lacks
rigorous investigations on the reaction mechanism and path-
ways involving direct C� H functionalization in the C3
position[7–10] or a cyclopropanation-ring opening reaction mech-
anism are under discussion. The latter has been described in
the copper-catalyzed reaction of ethyl diazoacetate via singlet
carbene intermediates.[8] On the contrary, current data on the
mechanism of iron-catalyzed C3-functionalization with diazo-
acetonitrile suggests the participation of intermediates with
unpaired electrons,[7] which seems counterintuitive and should
result - similar to radical processes - in C2-functionalization of
indole. Such radical process was recently described using ethyl
diazoacetate under photocatalytic conditions (Scheme 1b).[16] As
such, the mechanism of indole functionalization remains an
ongoing riddle and more sophisticated investigations are in
high demand for a thorough understanding of underlying
reaction pathways.

Herein, we report on a combined experimental and
theoretical study on the photocatalytic reaction of indole with
alkyl diazoacetates (Scheme 1c). We discuss pathways of the
photocatalytic decomposition of alkyl diazoacetates to ration-
alize the formation of reactive intermediate species. This
process involves the reaction of a triplet carbene intermediate,
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which undergoes initial C2-functionalization. Photocatalysis
then unlocks pathways towards a formal 1,2-alkyl radical cation
migration leading to the formation of the thermodynamically
favored C3-alkylation product.

Results and Discussion

With the goal of understanding the fundamentals of indole C� H
functionalization and the development of synthetic methods
for tryptophol synthesis, we commenced our investigations by
studying the reaction of ethyl diazoacetate with indole under
photochemical conditions via free carbene intermediates. To
overcome limitations of weak absorbance of ethyl diazoacetate

(EDA) in the visible light region, we employed photosensitizers
as a handle to facilitate its photolysis,[16,19–24] and to promote the
formation of carbene intermediates via an energy transfer
process.[21,22] In initial studies, we therefore examined the role of
the reaction medium and observed a surprising solvent
dependency of indole C� H functionalization. In accordance to
previous work by Gryko and co-workers,[16] a good chemo-
selectivity for C2 functionalization was observed in protic
solvents. However, a complete unexpected reversal of selectiv-
ity was observed in DCM solvent and C3 functionalization
occurred in excellent regioselectivity (>20 :1). No by-product
from competing N� H functionalization was detected under
both reaction conditions. This outcome suggests a significant
influence of protic solvents on the reaction outcome and we
therefore examined the influence of methanol on the reaction
in DCM and observed a significant solvent dependency of
product distribution (Scheme 2). While the addition of 10 equiv-
alents of methanol resulted in a 1 :1 distribution of C2- and C3-
alkylation products, an almost complete switch to C2-alkylation
was observed when adding more then 60 equivalents of
methanol.

Studies on the photocatalytic decomposition of ethyl
diazoacetate

This surprising selective solvent-dependent reaction outcome
prompted us next at rationalizing the divergent reactivity of
EDA under dye-sensitized conditions. We performed a Stern
Volmer experiment of the photocatalyst and both reactants
(Scheme 3a). In both DCM and MeOH solvents, we observed
fluorescence quenching near the diffusion limit in the presence
of ethyl diazoacetate (DCM: kq =8.6×108 M� 1s� 1, MeOH: kq =

4.3×108 M� 1s� 1), while a weaker fluorescence quenching was
observed in the presence of indole (Scheme 3a). This observa-

Scheme 1. a. Naturally occurring analogues of tryptophol. b. Photocatalytic
C2-functionalization of indole in protic solvent. c. C3-functionalization via
alkyl radical migration.

Scheme 2. Investigations on the influence of solvent on the C� H functional-
ization of unprotected indole.
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tion suggests that ethyl diazoacetate and the iridium photo-
catalyst may interact by both electron or energy transfer in
DCM and MeOH solvents.

To further deconvolute energy and electron transfer, we
examined this key step by DFT calculations and probed the
viability of electron, energy, and proton transfer pathways
(Scheme 3b). First, the oxidative quenching of Ir(ppy)3* with
ethyl diazoacetate, which is a thermodynamically feasible
reduction in MeOH solvent, was evaluated. In DCM solvent,
however, such reduction is less favored and results in a process
that involves a double electron transfer to give the triplet state
of EDA (for the analysis of triplet energies, please see Figure S1).
The latter undergoes a facile extrusion of nitrogen gas to give a
triplet carbene.

Finally, we analyzed proton transfer pathways and exam-
ined an equilibrium between ethyl diazoacetate, methanol, and
the corresponding diazonium ion. Calculations show that such
protonation of ethyl diazoacetate with MeOH is not feasible
(ΔG� =34.0 kcal mol� 1, for details, please see Figure S2), instead
protonation of the reduced form of EDA can occur without an
energy barrier to give a diazonium ion intermediate INT3
(Scheme 3b left), that finally leads to the formation of an alkyl
radical and nitrogen extrusion. Thus, depending on the solvent
either energy or electron transfer processes are at play that in

turn lead to formation of triplet carbene or radical intermedi-
ates, respectively.

C3-alkylation reaction

Based on the large singlet/triplet energy splitting, we turned
our attention to the reaction of the triplet carbene intermediate
(Scheme 4a,b). As expected, the triplet carbene undergoes
addition to the C2 position of indole (TS3), which is energeti-
cally preferred by 1.9 kcalmol� 1 over C3 addition (TS4). Based
on the observed reaction outcome this initial C2-functionaliza-
tion seems counterintuitive, however, calculations show that
INT4 can undergo an unusual 1,2-migration reaction of an alkyl
radical. This reaction sequence is initiated by one-electron
oxidation of INT4 to give radical cation INT5. This oxidation
step can occur from either the photoexcited state [Ir(III)ppy3]*
or from the oxidized species [Ir(IV)ppy3]

+ and can thus occur via
both reductive or oxidative quenching pathways (for details,
see Figure S4). This radical cation INT5 undergoes a facile 1,2-
alkyl radical migration via cyclopropane radical cation INT6 and
ring opening to give the thermodynamically and kinetically
favored radical cation intermediate INT7. The preference for
this cation can be reasoned by the proximity to the nitrogen

Scheme 3. Investigations on the influence of solvent on the photocatalytic decomposition of EDA. a. Stern-Volmer experiment. b. Mechanism of the
photocatalytic decomposition of EDA. Calculations were performed at the (U)M06-2X-D3/def2-TZVPP // (U)B3LYP� D3BJ/def2-SVP/def2-TZVPP level of theory
using SMD (DCM) solvent model.
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atom and stabilization by mesomeric effects. A subsequent
intramolecular 1,2-hydrogen atom transfer occurs via transition
state TS7 with an activation free energy of 16.9 kcal/mol, which
is sufficiently low to occur at room temperature and should
result in the complete transfer of a deuterium label. Finally,
reduction of radical cation intermediate INT8 by the photo-
redox catalyst leads either to triplet intermediate that, upon
intersystem crossing, gives the reaction product, or to open-
shell or closed-shell singlet species that directly give the
reaction product.

To probe the viability of this reaction mechanism, we
considered alternative pathways. First, intersystem crossing of
addition product INT4 from triplet to singlet spin surface is not
feasible and calculations further suggest the direct formation of

a cyclopropane intermediate (see below, Figure S4). Second, we
examined a potential single electron reduction of the cyclo-
propane radical cation INT6 by the photoredox catalyst,
however, this reduction is not feasible under the present
reaction conditions (for details please see Figure S4).

We then embarked on the experimental validation of the
above calculations. In an on/off experiment, we observed that
light is required for the reaction to proceed (Figure S10). We
further examined the reaction of cyclopropane 10 in the
presence of the Ir(ppy)3 photocatalyst, yet such cyclopropane is
stable under the developed reaction conditions (Scheme 4c).
Next, we aimed at trapping of intermediates with unpaired
electrons. One-pot trapping experiments with TEMPO, DNP, or
DMPO gave an almost complete inhibition of the reaction and

Scheme 4. Mechanism of the 1,2-alkyl radical migration. Calculations were performed at the (U)M06-2X-D3/def2-TZVPP // (U)B3LYP-D3BJ/def2-SVP/def2-TZVPP
level of theory using SMD (DCM) solvent model. a. theoretical calculations on the reaction mechanism. b. 3D structures of key transition states. c. reaction of
cyclopropyl indole. d. Observed adduct upon trapping of a reaction mixture with TEMPO after 2 h reaction time. e. deuterium labelling and kinetic isotope
effect studies.
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the adduct 11 of TEMPO with an intermediate carbene was
observed by ESI-MS analysis (Scheme 4d). When adding the
trapping reagent after 2 h reaction time, we observed the
three-components-adduct consisting of indole, the carbene
fragment of EDA and TEMPO or PBN. The exact structure of
these adducts could not be identified (Scheme 4d, for details
please see Supporting Information Figure S10 and S11).
Similarly, EPR data is further suggestive of the intermediacy of
complex radical species (Figure S19). In this context, we also
examined a competition reaction of EDA using a 1 :1 mixture of
indole and E-β-methyl styrene or Z-β-methyl styrene, respec-
tively. In this case, the reaction product of indole alkylation 9
was observed in significantly reduced yield and cyclopropana-
tion occurred predominantly. Importantly, disregarding of the
stereochemistry of the olefin used, a similar distribution of
stereoisomers of the cyclopropane product was obtained, which
is supportive of triplet carbene intermediates in the course of
this photocatalytic reaction (See Supporting Information).[24]

We next examined the reaction of 3-deuterio indole 7-d and
the methylated analogue 12-d. In this case, the deuterium label
was quantitatively sustained in the reaction product, which
suggests that mechanisms involving a hypothetical intermolec-
ular proton or hydrogen atom transfer or enalization do not
contribute to product formation. Further analysis of the kinetic
isotope effect from parallel and competition experiments
showed no or only little influence of the deuterium label on the
reaction rate for indole and deuterated indole (Scheme 4e).

In summary, the combined theoretical and experimental
data provides evidence that C3-functionalization of indole
heterocycles is possible via participation of triplet carbene
intermediates. A mechanism involving C2-functionalization
followed by [1,2]-alkyl radical and [1,2]-hydrogen atom migra-
tion can account for the observed reactivity.

Applications in synthesis

Finally, we turned towards the application of the developed
method. A variety of core-substituted, unprotected indole
derivatives, bearing either electron-donating or -withdrawing
substituents, were well tolerated under this reaction conditions
and the corresponding C3-functionalization products were
obtained in high yield (Scheme 5). Substituents at the 2- and 4-
position of indole, or free hydroxy groups did not have a
significant influence on the reaction outcome. We next
subjected different N-protected indole derivatives to the
present reaction conditions. In all cases the corresponding C3-
functionalization products were formed selectively in good to
excellent yield - double bonds in the side chain remained
untouched. Similarly, pyrrole derivatives proved compatible in
this C� H functionalization reaction, which selectively occurred
at the 2-position of pyrroles representing the classic nucleo-
philic position of pyrroles in alkylation reactions. Upon blocking
the 2 and 5 position of pyrroles, the C3-functionalization
product was obtained exclusively without any by-products
arising from N� H functionalization. The limitations of the
present method lie within the use of indazole or pyrrolo-

pyridines, for which decomposition of the diazoalkane was
observed.

In a next step, the influence of different alkyl diazoacetates
was investigated, which reacted smoothly to give the desired
products in good yield (Scheme 5). Here a broad range of
different oxygen- or nitrogen-containing heterocycles, unsatu-
rated bonds, naturally occurring alcohols, protected sugars or
terpenes were found compatible and in all cases the respective
C� H functionalization products were obtained with exclusive
C3-selectivity and in good to high isolated yield.

To check the practical application of this method, we
performed the reaction for indole 7 and N-methyl indole 12 on
a 2 mmol scale (Scheme 6a). In both cases, the corresponding
C3-alkylation products were isolated in 61% and 72% yield,
respectively. Subsequent reduction with lithium aluminum
hydride gave tryptophol 17a and its N-methylated analogue
17b in excellent yields. To further underline the importance of
this method we showed that, N-methyl tryptophol 17b can be
converted to the carbazole derivative 19 in good yield via a
borontrifluoride-promoted cascade reaction with propargylic
alcohol 18.[25] In another reaction, tryptophol 17a was trans-
formed to a 3-azidofuroindoline under copper-catalyzed con-
ditions via a cascade azidation-cyclization reaction
(Scheme 6b).[26]

Conclusion

A distinct photocatalytic 1,2-alkyl radical migration opens up
pathways to the C3 functionalization of unprotected indole
heterocycles. In a combined computational and experimental
study, we show that the photocatalytic decomposition of
diazoesters can lead either to a radical or triplet carbene
intermediate depending on the solvent. While the radical
intermediate engages in C2 functionalization, the triplet
carbene allows for the C3 functionalization via initial C2
functionalization followed by a 1,2-alkyl radical shift and 1,2-
hydrogen shift. This protocol was employed in a broad
substrate scope (46 examples, up to 93% yield) and enables an
efficient route towards the synthesis of tryptophol derivatives.

Experimental Section
General procedure for the C-H functionalization of indole: In an
oven-dried reaction tube indole 7 (0.6 mmol, 3 equiv.), Ir(ppy)3
(0.5 mol%) and one stirring bar were added. Then the tube was
closed with septum and wrapped with parafilm. Reaction tube was
evacuated and backfilled with argon for three times. Ethyl
diazoacetate 4 (0.2 mmol, 1 equiv.) was dissolved in 1.0 mL dry,
degassed DCM in a separate tube under argon atmosphere and the
resulting solution was added to the reaction tube by syringe. Then
the final reaction mixture was degassed for 30 seconds. Finally, the
puncture hole in the septum was sealed with parafilm. The reaction
mixture was irradiated with blue LED (2×Kessil PR160 L, 467 nm,
40 W) for 8 h at a distance of ~3 cm from the LED, temperature was
maintained at room temperature with a cooling fan. After
completion of the reaction, the product was purified by column
chromatography on silica gel (n-Hexane:EtOAc).
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Computational Details: All the calculations were performed with
the Gaussian 16 program. Structure optimization was performed
using the B3LYP functional[28] with Grimme’s dispersion correction
(denoted (U)B3LYP-D3),[29] and the def2-SVP basis set[30] for all H, C,
N, O and the triple-ζ basis set def2-TZVPP for Ir.[29] Harmonic
vibrational frequencies were calculated at the same level for all
stationary points to confirm them as a local minima or transition
structures. Key transition-state structures were confirmed to
connect corresponding reactants and products by intrinsic reaction
coordinate (IRC) calculations.[31] To improve the calculation accu-

racy, single point calculations were performed using the M06-2X
functional[32] with Grimme’s dispersion correction (denoted (U)M06-
2X-D3), and the def2-TZVPP basis set[30] for all atoms. Furthermore,
we have also considered the solvent effects in dichloromethane
(ɛ=8.93) or methanol (ɛ=32.61) using the SMD solvation model,[33]

for all structure optimizations and single-point energy calculations.
The barriers of single electron transfer (SET) steps in this work were
estimated using Marcus-Hush theory.[34] The CYL View software was
employed to show the 3D structures of the studied species.[35]

Scheme 5. Substrate scope of heterocycles and diazoacetates. Reaction condition: Ir(ppy)3 (0.5 mol%), indole (0.6 mmol, 3 equiv.) and EDA (0.2 mmol, 1 equiv.)
in 1 mL dry and degassed DCM under argon atmosphere were irradiated under 40-watt blue LED (467 nm) for 8 h.
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