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ABSTRACT: Pathways for direct conversion of indoles to
oxindoles have accumulated considerable interest in recent years
due to their significance in the clear comprehension of various
pathogenic processes in humans and the multipotent therapeutic
value of oxindole pharmacophores. Heme enzymes are predom-
inantly responsible for this conversion in biology and are thought
to proceed with a compound-I active oxidant. These heme-
enzyme-mediated indole monooxygenation pathways are rapidly
emerging therapeutic targets; however, a clear mechanistic
understanding is still lacking. Additionally, such knowledge holds
promise in the rational design of highly specific indole
monooxygenation synthetic protocols that are also cost-effective
and environmentally benign. We herein report the first examples of
synthetic compound-I and activated compound-II species that can effectively monooxygenate a diverse array of indoles with varied
electronic and steric properties to exclusively produce the corresponding 2-oxindole products in good to excellent yields. Rigorous
kinetic, thermodynamic, and mechanistic interrogations clearly illustrate an initial rate-limiting epoxidation step that takes place
between the heme oxidant and indole substrate, and the resulting indole epoxide intermediate undergoes rearrangement driven by a
2,3-hydride shift on indole ring to ultimately produce 2-oxindole. The complete elucidation of the indole monooxygenation
mechanism of these synthetic heme models will help reveal crucial insights into analogous biological systems, directly reinforcing
drug design attempts targeting those heme enzymes. Moreover, these bioinspired model compounds are promising candidates for
the future development of better synthetic protocols for the selective, efficient, and sustainable generation of 2-oxindole motifs,
which are already known for a plethora of pharmacological benefits.

■ INTRODUCTION

Heme enzymes are powerhouses for a variety of pivotal
transformations (e.g., oxidation, oxygenation, halogenation,
nitration, nitrosation, dehydrogenation, epoxidation, etc.)
involving biologically significant organic motifs, where oxygen
(O2)- and/or hydrogen peroxide (H2O2)-dependent active
oxidants serve indispensable roles.1−12 The vast heterogeneity
of such reactivities constitute a rich knowledge base for the
unequivocal comprehension of various physiological processes
and their implications in pathogenesis and prognosis13−19

while shedding light on how to maneuver enzymatic
chemistries (or use their models) to successfully achieve
synthetically complicated targets.20−24 The efficient mono-
oxygenation of indole moieties within biological systems is one
such example, where heme enzymes are clearly the front-
runners.12 Chloroperoxidase (CPO),25−27 dehaloperoxidase
(DHP),28,29 cytochrome P450 (Cyt P450),30,31 horseradish
peroxidase (HRP),32 myoglobin (Mb),33 indoleamine 2,3-
dioxygenase (IDO),34,35 and MarE,36 a homologue of the
tryptophan 2,3-dioxygenase (TDO) superfamily, have all been

shown to mediate indole monooxygenation, albeit with varying
efficacies and selectivities. In fact, a majority of these enzymes
exhibit poor selectivities, often producing mixtures of 2- and 3-
oxindoles upon indole oxygenation. CPO (Figure 1A) is
undoubtedly the most superior in terms of selectivity and yield,
and the corresponding oxygenation reaction proceeds via a
H2O2-derived compound-I active oxidant (Figure 1C).25

Intriguingly, DHP, Cyt P450, HRP, Mb, and IDO have all
been proposed to oxygenate indoles via a similarly generated
compound-I active species (Figure 1C),28,30,32,34 and in
contrast, DHP is the only heme enzyme that mediates the
monooxygenation of (5-halo) indoles also via a putative
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compound-II oxidant (Figure 1C);28 compound-II is inferior
to compound-I in its oxidizing capacities.37,38

Heme-enzyme-mediated indole monooxygenation pathways
could have significant pathological implications, some of
which, have already been highlighted in previous reports.
Particularly, the products of lung Cyt P450-mediated oxygen-
ation of 3-methylindole have been observed to exert
pneumotoxic effects in mammals, although their roles have
not yet been fully evaluated in humans.41 Nonetheless, some
reports suggest their involvement in lung cancer,42,43 and thus,
the successful inhibition of indole monooxygenation via Cyt
P450 may possess some therapeutic value; noteworthily, future
interrogations into such systems would greatly benefit from an
unambiguous mechanistic understanding. Indole monooxyge-
nating peroxygenase activity of IDO (Figure 1B) is another
example of a pathogenically distinct pathway and is thought to
be mechanistically parallel to the “peroxide shunt” of Cyt
P450.34 Importantly, this peroxygenase activity of IDO induces
the effective inhibition of its native dioxygenase functionality.
IDO and TDO have accumulated significant interest in recent
years owing to their powerful therapeutic potential against a
range of pathogenic conditions in humans, including an array
of cancers.44 Suitably, IDO/TDO inhibitors are rigorously

sought after as therapeutic targets, especially in the design and
development of immunotherapeutic anti-cancer agents.15,45,46

Understanding the mechanistic specifics and precise struc-
ture−function relationships of the indole monooxygenation
pathway of IDO therefore has definite therapeutic significance.
Notably, such knowledge is also crucial for comprehending
mechanism-based inhibition of IDO, where the effective
quenching of its Fe(IV)-oxo reaction intermediate should, in
theory, lead to oxindole products (Figure 1D, and see the
mechanistic descriptions of MarE given below). Moreover,
oxindoles themselves have been shown to effectively inhibit
purified human IDO1, manifesting their promise as effective
pharmacophores against cancer.47 A member of the TDO
superfamily, MarE, was recently shown to catalyze the
conversion of 3-substituted indoles to 3-substituted-2-
oxindoles under reducing conditions.36 Importantly, MarE is
the only heme enzyme that mediates indole monooxygenation
utilizing O2(g) as the oxidant (Figure 1D). MarE follows a
fascinating reaction landscape, in that it only inserts a single
oxygen atom from dioxygen into the indole ring,36 whereas in
the canonical indole/tryptophan dioxygenation pathway (of
IDO and TDO) both oxygen atoms are inserted into the
indole 2,3-double bond leading to ring cleavage.8,48−50 In
MarE under reducing conditions, the dioxygenation pathway
has been proposed to terminate midway due to the reduction
of the ferryl intermediate, and the abandoned, unstable indole
epoxide counterpart is thought to rearrange via a 2,3-hydride
migration producing 2-oxindole products (Figure 1D).36

Intriguingly, the demand for highly efficient, sustainable
methodologies for the generation of oxindoles have vertically
advanced in the past two decades, mainly due to their versatile
pharmacological properties. Oxindoles are privileged hetero-
cyclic motifs that have emerged as key nuclei in a wide
spectrum of bioactive alkaloids and pharmaceutically active
compounds (Chart 1).51−54 2- and 3-oxindoles constitute this
pivotal class of pharmacophores, and 2-oxindole and its
derivatives have already been extensively incorporated in a
wide variation of valuable building blocks for drug molecules
with anti-cancer,53,55 anti-tumor,56 antioxidant,57 anti-malar-
ial,58 anti-Alzheimer’s,59 hormone secretagogue,60 antibacte-
rial,61 neuroprotective,62 spermicidal,63 anti-hypertension,64

and analgesic applications;65 2-oxindole moieties are also
found in the marketed anti-cancer drugs Sunitinib66,67 and
Palladia,68 as well as in Indolidan69 and Adibendan,70 two
superior therapeutic agents used to treat congestive heart
failure (Chart 1). The pharmacological benefits of oxindole
moieties are therefore just coming into light and are likely
more multifaceted than currently known, underscoring a
significant urgency for efficient, inexpensive, and sustainable
synthetic protocols.
The likelihood of adapting the aforementioned indole

monooxygenating heme enzymatic systems to address this
need has been an interesting point of discussion in the
contemporary literature; however, enzyme catalysis comes with
its inherent drawbacks. When considering indole monooxyge-
nation, those include (but are not limited to) (1) circum-
scribed substrate scopes with poor tolerance of functional
groups and (2) tight restrictions in reaction conditions; in
particular, the necessity for very low sample concentrations
that are limited to aqueous media maintained within narrow
pH windows (∼3−5) in order to prevent enzyme degradation.
Rigorously designed bioinspired model systems can potentially
circumvent most of these shortcomings, while serving as

Figure 1. Crystallographically characterized active sites of (A) CPO
(PDB: 1CPO39) and (B) human IDO (inhibitor bound; PDB:
2DOT40). (C) Proposed peroxygenase pathway for IDO/DHP/
CPO/HRP/Mb/Cyt P450, where oxygenation of indole to the
corresponding 2- and/or 3-oxindole is mediated by either a
compound-I or compound-II intermediate. (D) Proposed mechanistic
landscape for the monooxygenation of indole substrates by MarE and
the canonical indole dioxygenation mediated by TDO/IDO enzymes;
these exhibit bifurcated pathways with a common indole epoxide
intermediate. In MarE, this intermediate has been proposed to
rearrange via a 2,3-hydride shift to give the 2-oxindole product.
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powerful mechanistic probes in shedding light on the
analogous enzymatic pathways. Although heme dioxygenase
model systems have been recently described in detail,71−74

indole monooxygenating heme models are still in their
infancies, and a clear understanding of the precise mechanistic
subtleties and identities of exact active oxidants is acutely
lacking.75,76 Recall that several heme enzyme-mediated indole
monooxygenation pathways (and/or their products) hold
significant/demonstrated therapeutic utility, highlighting a
pressing demand for well-defined indole monooxygenating
heme model systems. Perhaps such bioinspired heme model
systems also have great prospects for evolving into efficient,
selective indole monooxygenation catalysts, with the added
benefit of being inexpensive and environmentally benign.
Indeed, a majority of current synthetic protocols utilized for
the direct conversion of indoles to oxindoles suffer from
numerous limitations including narrow substrate scopes and
poor selectivity and sustainability.77−79

We herein describe the biomimetic oxidation of a variety of
indole substrates with variable substituents (Scheme 1), using
compound-I (Cmpd-I), compound-II (Cmpd-II), and a protic
Lewis acid (i.e., 2,6-lutidinium triflate; [LuH]OTf) activated
Cmpd-II species ([(Por)Cmpd-II···(LuH+)]). To the best of
our knowledge, this report marks the first instance where
indole monooxygenation capabilities of synthetic high-valent
heme-oxo species are being evaluated, revealing key mecha-
nistic insights with relevance to the related enzymatic systems
(Figure 1C). Interestingly, our findings demonstrate how
Lewis acids can turn on the indole oxidation pathway of
Cmpd-II (naked Cmpd-II is inactive toward indole mono-
oxygenation), further confirming the long-predicted impor-
tance of secondary sphere noncovalent architectures (e.g.,
hydrogen bonding) of heme enzyme active sites that fine-tune

the chemistries of their important reaction intermediates/
active species.80 In detail, kinetic, thermodynamic, and
mechanistic studies are also presented, which reveal the rate-
limiting formation of a putative indole epoxide reaction
intermediate that rearranges with a 2,3-hydride shift (drawing
parallels to cytochrome P45031 and MarE36) to result in the
final 2-oxindole product. Hence, this work presents (1) a clear
biomimetic mechanistic viewpoint for high-valent heme-
mediated indole monooxygenation, highlighting its potential
synthetic utility, and (2) a detailed characterization of the
reaction mechanism that clearly elucidates critical structure−
function relationships. This knowledge will significantly
improve the current understanding of heme enzyme mediated
indole monooxygenation pathways and will enhance their
prospects in future therapeutic target studies. Most impor-
tantly, this bioinspired protocol exhibits multifarious benefits
that may offer promising leads for its synthetic utility in future:
(1) clean and high-yielding pathway for achieving synthetically
challenging 2-oxindole targets, (2) efficient/quick and operates
under fairly straightforward reaction conditions, and (3)
encompasses a broad scope of indole ring substituents within
its substrate variability.

■ RESULTS AND DISCUSSION
Formation and Characterization of Cmpd-I ([(Por)-

Cmpd-I]), Cmpd-II ([(Por)Cmpd-II]), and Lewis Acid
Activated Cmpd-II ([(Por)Cmpd-II···(LuH+)]) Complexes.
The preparation of [(Por)Cmpd-I] (where Por = tetrakis(2,6-
difluorophenyl)porphyrinate (F8TPP) or 5,10,15,20-
(tetramesityl)porphyrinate (TMP)), [(Por)Cmpd-II] (where
Por = tetrakis(2,6-difluorophenyl)porphyrinate (F8TPP)), and
[(Por)Cmpd-II···(LuH+)] species were carried out following
previously established methods under paralleled reaction

Chart 1. Examples of Natural Products and Chemically
Synthesized Bioactive Compounds Containing 2-Oxindole
Moieties (highlighted in green)

Scheme 1. Generalized Reaction Scheme Highlighting the
Structural Variations of Heme Systems and Indole
Substrates Involved in This Studya

aAll yields mentioned here have been obtained using [(F8TPP)-
Cmpd-I] as the oxidant.
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conditions.81,82 In that, the addition of 2 equiv of meta-
chloroperbenzoic acid (mCPBA) or iodosylbenzene (PhIO) to
the naked heme ferric precursor, [(Por)FeIII]SbF6, at −90 °C
in degassed dichloromethane initiated the generation of the
corresponding [(Por)Cmpd-I] complexes (Scheme S1), which
have been unambiguously characterized using UV−vis, 2H
NMR, and electron paramagnetic resonance (EPR) spectro-
scopic methods (Figures S1−S6). For example, [(F8TPP)-
Cmpd-I] exhibited characteristic electronic absorption spectral
features at 394 (low-intensity Soret band), 592, and 656 nm
(relatively intense low-energy band; Figure S1). Low-temper-
ature 2H NMR analyses (at −90 °C) performed using the
pyrrole position deuterated F8TPP-d8 porphyrinate exhibited a
paramagnetically upfield shifted pyrrole-β signal at δpyrrole =
−78.8 ppm for [(F8TPP-d8)Cmpd-I] (Figure S2),81,83 and the
EPR signatures of [(F8TPP)Cmpd-I] (Figure S3) indicate a
quartet ground state (i.e., S = 3/2), which are in excellent
agreement with previous reports.83 A similar spectroscopic
profile was also obtained for [(TMP)Cmpd-I] (Figures S4−
S6).83,84 [(F8TPP)Cmpd-II] was generated by the addition of
1 equiv of mCPBA into a 1:9 THF:toluene solution of
[(F8TPP)Fe

II] at −40 °C (Scheme S1) and was monitored by
electronic absorption spectroscopy. Therein, clear changes in
absorption features were observed from 422 (Soret) and 542
to 415 (Soret) and 544 nm upon the addition of the oxidant
(Figure S1). The subsequent addition of 1 equiv of [LuH]OTf
to [(F8TPP)Cmpd-II] generated the Lewis acid adduct
complex, [(F8TPP)Cmpd-II···(LuH+)], which was accompa-
nied by a minor change in electronic absorption from 415
(Soret) and 544 to 413 (Soret) and 546 nm (Figure S1). In
consistence, a single 2H NMR feature at δpyrrole = 3.2 and 4.6
ppm was observed for [(F8TPP-d8)Cmpd-II] and [(F8TPP-
d8)Cmpd-II···(LuH+)], respectively (Figure S7), while both
complexes were found to be EPR silent (Figure S8). These
characterization details closely resemble those of recent
reports.82,85

Indole Monooxygenation Reactivities of [(Por)Cmpd-
I], [(F8TPP)Cmpd-II], and [(F8TPP)Cmpd-II···(LuH+)] Com-
plexes. [(Por)Cmpd-I], [(F8TPP)Cmpd-II], and [(F8TPP)-
Cmpd-II···(LuH+)] complexes were probed using a series of
differently substituted indole substrates. When 5 equiv of 3-
methylindole (1h) was added into either [(F8TPP)Cmpd-I] or
[(TMP)Cmpd-I] at −90 °C in dichloromethane, the
immediate disappearance of the [(Por)Cmpd-I] electronic
absorption features was evidenced, with concomitant for-
mation of the corresponding 2-oxindole product (vide inf ra)
and the parent ferric heme complex. For example, when
[(TMP)Cmpd-I] was reacted with 5 equiv of 3-methylindole,
the UV−vis features shifted from 398 and 660 to 396, 498, and
520 nm within 1 min (Figure 2A; see Figure S9 for
[(F8TPP)Cmpd-I]). This extremely rapid reactivity of [(Por)-
Cmpd-I] complexes thwarted any detailed kinetic analysis;
however, we successfully measured the reaction rate for one of
the slowest reactions of [(Por)Cmpd-I] (i.e., [(TMP)Cmpd-I]
plus 5 equiv of 5-bromoindole (1d)) by monitoring the
absorbance change at 660 nm immediately following the
addition of substrate, which was found to be 24 ± 0.5 × 10−3

s−1 (Figure 2A inset). The corresponding control reactions did
not produce any 2-oxindole products; that is, when either the
(1) heme complex or (2) mCPBA oxidant is absent in the
reaction mixture, indole monooxygenation reactions did not
proceed to produce the expected 2-oxindole product (Figures
S10−S12); indeed, bulk scale reactions further corroborate this

observation. Importantly, these observations confirm that the
mCPBA oxidant does not directly react with indole substrates
under the conditions employed herein.
On the contrary, no reaction was observed between

[(F8TPP)Cmpd-II] and any indole substrate, even after
prolonged monitoring at −40 °C (Figure S13); in support,
no oxindole product was observed in scaled up/bulk reactions.
This resembles previous reports emphasizing the weaker
oxidizing capability of Cmpd-II when compared to Cmpd-
I.37 Strikingly, the Lewis acid activated Cmpd-II species,
[(F8TPP)Cmpd-II···(LuH+)], immediately initiates reactivity
with indole substrates giving the desired 2-oxindole products
(vide inf ra),86 although at much slower rates in comparison to
Cmpd-I. The slower reaction rates of [(F8TPP)Cmpd-II···
(LuH+)] allowed the detailed kinetic and thermodynamic
elucidation of its indole monooxygenation reactivity. In that,
the addition of 100 equiv of indole (1a) into a solution of
[(F8TPP)Cmpd-II···(LuH+)] in 1:9 THF:toluene at −40 °C
resulted in the gradual disappearance of its electronic
absorption features exhibiting a first-order decay profile
(Figure 2B and Figure S9). The pseudo first-order rate
constants determined by fitting the kinetic time traces for the
decay of [(F8TPP)Cmpd-II···(LuH+)] increased linearly with
indole substrate concentrations, affording a second-order rate
constant (k2) of 0.47 ± 0.05 M−1 s−1 at −40 °C (Figure 3A).
Identical spectral changes were observed for the reactions

Figure 2. UV−vis spectra for (A) 0.1 mM solution of [(TMP)FeIII]-
SbF6 (red), [(TMP)Cmpd-I] (green), and after the addition of 5
equiv of 1h (blue; i.e., the final heme product) at −90 °C in
dichloromethane; inset shows the kinetic time trace collected at 660
nm for [(TMP)Cmpd-I] and 5 equiv of 1d. (B) Reactivity between a
0.1 mM solution of [(F8TPP)Cmpd-II···(LuH+)] (green) and 100
equiv of 1a at −40 °C in 1:9 THF:toluene (final heme product is
shown in blue); inset shows the kinetic time trace at 546 nm, and
arrows indicate the direction of peak transition.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c11068
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11068/suppl_file/ja1c11068_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11068?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11068?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11068?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11068?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c11068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between [(F8TPP)Cmpd-II···(LuH+)] and other indole
substrates (1b−1n) shown in Scheme 1. Moreover, similar
to the Cmpd-I situation, control experiments did not result in
any oxindole product formation.

To gain further insight into the mechanism, we carried out a
Hammett study involving a series of electronically divergent 5-
substituted (5-R) indoles (1a−1e; Scheme 1). This inves-
tigation revealed faster second order rate constants with
electron rich substrates compared to electron deficient indoles
(Figure S14), clearly indicating the capability of electronic
effects exerted by 5-R substituents to significantly influence the
rate of monooxygenation, i.e., the initial reactivity between the
heme oxidant and the indole substrate is overall rate-limiting,
as also supported by the pseudo first-order rate constants
(Figure 3A). Moreover, a linear correlation was obtained
between log k2 and Hammett parameters (σ) of the
substituents,87 resulting in a slope (ρ value) of −1.09 (Figure
3B), unambiguously divulging the electrophilic character of
[(F8TPP)Cmpd-II···(LuH+)] in the rate-limiting step. Similar
observations have previously been reported for oxo atom
transfer (OAT) reactions of heme and nonheme iron(IV or
V)-oxo complexes.22 Notably, our Hammett correlations are in
close agreement with a prior study that involved an OsO4
indole monoxygenating catalyst along with aryl-N-haloamine
oxidants (ρ = −1.0).88 While these similarities should be
viewed within the caveat of the stark differences in identities of
metal complexes, oxidants, as well as the reaction conditions, in
both systems, the indole substrate behaves as a nucleophile.
We then set out to determine the activation parameters for
indole monooxygenation by carrying out variable temperature
(Eyring) analysis of kinetic data for reactivities between 5-
methoxyindole (1b) and [(F8TPP)Cmpd-II···(LuH+)] (Figure
S14). An Eyring plot is shown in Figure 3C, which afforded an
enthalpy (ΔH‡) and entropy (ΔS‡) of activation of 5.1 ± 0.2
kcal mol−1 and −35.0 ± 0.4 cal mol−1 K−1, respectively. These
parameters result in an activation free energy change (ΔG‡) of
13.2 ± 0.2 kcal mol−1 at −40 °C. The relatively large, negative
activation entropy is consistent with a bimolecular reaction and
implicates a highly ordered transition state. Such a transition
state would be in line with the observed depletion in the
reaction yields upon increased steric encumbrance about the
reaction center (vide inf ra). Interestingly, our activation
parameter values are in accordance with previously reported
values for indole monooxygenation in other systems89,90 and
emphasize the cruciality of noncovalent interactions within
metalloprotein active sites that aid in facilitating smooth
biological transformations, which, in their absence, could
potentially be energetically unfavorable. For example, Arg-38
and His-42 at the distal side of HRP active site have been
proposed to stabilize its high-valent intermediates, and in the
HRP Cmpd-I crystal structure (as also evidenced among other
similar structures2), a hydrogen bonding interaction is clearly
evident between the Fe(IV)O unit and Arg-38.91 Moreover,
His-55 at the DHP distal site has been found to be essential for
its peroxidase functionality.28

Mechanistic Studies and Product Characterization. A
clear comprehension of the precise mechanistic landscape of
indole monooxygenation by high-valent heme-oxo intermedi-
ates is extremely important due to its direct relevance in
multiple heme enzymes in biology and the emerging
significance of those systems in human disease and therapy.
First, we elucidated the source of the oxygen atom in
monooxygenated products by using isotopically labeled heme
oxidants. In that, 18O-labeled [(F8TPP)Cmpd-I] was reacted
with 3-methylindole at −40 °C, and the 18O isotope
distribution was mapped via product analysis by LC-MS. A
high yielding 18O label incorporation (∼80%)92 into the

Figure 3. (A) Plot of pseudo-first-order rate constants (kobs) versus
[1a] for a 0.1 mM solution of [(F8TPP)Cmpd-II···(LuH+)] at −40
°C. (B) Plot of log k2 versus σ for the reactions between
[(F8TPP)Cmpd-II···(LuH+)] and 5-substituted-indole substrates at
−40 °C. (C) Eyring plot showing ln(k/T) versus 1/T for the reaction
between 0.1 mM [(F8TPP)Cmpd-II···(LuH+)] and 5-methoxyindole
(1b) carried out at −40, −50, −60, and −70 °C. Solvent: 1:9
THF:toluene.
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corresponding product, 3-methyl-2-oxindole was observed,
upon which, its mass shifted from 148.07 to 150.08 m/z
(Figure S15). This unambiguously confirms that the sole
source of oxygen for the final product is indeed the high-valent
heme-oxo complex. Furthermore, in support, when indole
substrates were oxidized via nonlabeled heme-oxo oxidants but
under an 18O2 atmosphere, the product did not contain any
18O-label, corroborating that atmospheric O2 gas is not
involved in the mechanism. Accordingly, an indole epoxide
intermediate is most likely occurring (i.e., via an initial OAT
from high-valent heme-oxo species as also supported by
Hammett studies), and a subsequent hydride migration from
C2- to C3-position on the indole ring could presumably result
in the formation of 2-oxindole products (Scheme 2). Similar

mechanistic proposals have also been described for MarE36

and Cyt P45031 enzymes and are in-line with the known decay
pathways of indole epoxides.93 We probed the possibility of
such a 2,3-hydride migration utilizing the 2-position deuterated
3-methyindole substrate. Intriguingly, the final product
unequivocally contained the deuterium label at the C3 position
(1H and 2H NMR; Figures S17 and S18), irrespective of the
identity of the oxidant; mass spectrometric analysis confirms
deuterium retention (Figure S19). These characterization
details clearly illustrate that the hydrogen at C3 position in
the final oxindole product originates from the C2 position of
the starting material, thereby confirming a 2,3-hydride shift of
an indole epoxide reaction intermediate that initially forms
during the reaction. In summation, the overall reaction
mechanism commences with a rate-limiting epoxidation step
occurring between the high-valent heme oxidant and the indole
substrate, which is followed by a subsequent 2,3-hydride shift
in the indole epoxide intermediate to exclusively result in 2-
oxindole products (Scheme 2).
To further rationalize and showcase the utility of these

synthetic high-valent heme oxidants in monooxygenating
variably substituted indole substrates, we have carried out
scaled-up reactions using the [(F8TPP)Cmpd-I] oxidant along
with a medley of indole substrates (1a−1n; Scheme 1). All
substrates exclusively resulted in the desired 2-oxindole
product with a maximum isolated yield of 88% for 3-
methylindole (1h);94 note that this is the same substrate
monooxygenated by respiratory Cyt P450 enzymes in humans
and is thought to play a role in early stages of lung cancer (vide
supra).42,43 The monooxygenated indole products in all cases

were rigorously characterized by 1H and 13C NMR, FT-IR,
LC-MS, and ESI-MS methods (Figures S20−S47).95 There-
fore, this bioinspired methodology operates with remarkable
selectively and is relatively straightforward and rapid/
instantaneous and does not require any harsh experimental
conditions. It is applicable to an appreciable range of N-, 3-,
and 5-substituted indole substrates where the highest yields are
observed when the indole 2,3-double bond is most electron
rich (1h). Electronic effects exerted by the indole 5-position
substituents (1a−1e) also clearly dictate the yields and rates
(see above for Hammett analysis), and excessive steric bulk at
the 3-position diminishes the final yields presumably due to
unfavorable steric encumbrance about the reaction center. This
is also supported by the largely negative entropy of activation
that substantiates a highly ordered transition state for the rate-
limiting step, wherein the heme oxidant and indole substrate
would meet in close proximity to mediate epoxidation. The
stoichiometric final heme product following monooxygenation
by [(Por)Cmpd-I] has been fully characterized to be the
“naked” ferric precursor complex, [(Por)FeIII]+, by UV−vis,
NMR, and EPR spectroscopies (Figure 2A and Figures S2, S3,
S6, and S9; yield: 90%).81 Interestingly, when [(F8TPP)Cmpd-
II···(LuH+)] is the oxidant, the final heme product was found
to be the corresponding heme ferric aqua complex, [(F8TPP)-
FeIII(OH2)]

+ (Figure 2B (blue trace) and Figures S7−S985)
rather than the expected Fe(II) complex resulting from the
epoxidation reactivity with indoles. As seen in other
situations,96 this is most likely due to the disproportionation
of [(F8TPP)Cmpd-II···(LuH+)] with [(F8TPP)Fe

II] that
results from monooxygenation to finally yield the [(F8TPP)-
FeIII(OH2)]

+ product. In support, we (1) only observe
substoichiometric yields of 2-oxindole products (∼35%)
when [(F8TPP)Cmpd-II···(LuH+)] is the oxidant and (2)
have carried out control experiments where [(F8TPP)Cmpd-
II···(LuH+)] readily undergo disproportionation with
[(F8TPP)Fe

II] stoichiometrically producing the observed
heme ferric aqua product, [(F8TPP)Fe

III(OH2)]
+. Accordingly,

the yield of the final [(F8TPP)Fe
III(OH2)]

+ species resulting
from indole monooxygenation was found to be 96% (Figure
S9).

■ CONCLUSIONS
The direct monooxygenation of indoles to generate oxindoles
has accumulated considerable interest in the recent years due
its implications in several important areas, such as (1) the
significance of such conversions within biological systems for
the clear comprehension of pathogenic pathways, thereby
making them focal points for rational drug design and (2) the
widespread pharmacological applications of oxindole motifs
against a broad array of human diseases including cancer.
Multiple heme enzymes can mediate the conversion of indoles
to oxindoles, albeit only a handful of those exhibit excellent
selectivities. A majority of these heme enzyme mechanisms
have been proposed to proceed via a Cmpd-I active oxidant;
however, a generalized, precise mechanistic understanding is
severely lacking, impeding the design of better/targeted
therapeutic agents (e.g., inhibitors). Such knowledge would
also benefit the development of efficient, sustainable routes for
the generation of oxindole pharmacophores, which have
already been incorporated into marketed drugs and current
drug candidates (vide supra). A carefully designed biomimetic
synthetic model system could effectively address this demand,
and in fact, the indole monooxygenation chemistry of well-

Scheme 2. Proposed Mechanistic Pathway for the
Monooxygenation of Indole Substrates by Cmpd-I and
Activated Cmpd-II Oxidants
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defined high-valent synthetic heme oxidants (such as Cmpd-I
and Cmpd-II) has not been described until now. To this end,
this study presents two examples of Cmpd-I intermediates with
varying electronic properties that efficiently and rapidly
monooxygenate indole substrates with no perceivable limi-
tations in substate scope, to exclusively produce the
corresponding 2-oxindole product. Cmpd-II intermediate
studied herein is unreactive toward indoles by itself; however,
upon activation via a secondary sphere Lewis acid interaction,
the resulting Cmpd-II···Lewis acid adduct readily monoox-
ygenates indoles to result in the same 2-oxindole product as
Cmpd-I, although at much slower rates.
Detailed thermodynamic, kinetic (rate, Hammett, and

Eyring analyses), and mechanistic (isotope-labeled (i.e., 18O-
labeled oxidants and 2H-labeled substrate) analyses and
comparison of differently substituted oxindole yields) studies
are also presented for these heme oxidants, all of which point
to a rate-limiting epoxidation process (kinetic and Hammett
analyses)97 that initially takes place between the heme oxidant
and the indole substrate resulting in the formation of an indole
epoxide reaction intermediate. This intermediate rearranges via
a 2,3-hydride shift, which results in epoxide ring opening and
formation of the final 2-oxindole product (Scheme 2). The
yields and rates of these reactions vary with respect to indole
ring substituents, underscoring crucial electronic and steric
effects that are in excellent agreement with the aforementioned
proposed reaction pathway. These mechanistic findings and
structure−function relationships shine light on key unknowns
pertaining to therapeutically important indole monooxygenat-
ing pathways of heme enzymes. Additionally, these model
systems are promising candidates for pursuing superior indole
monooxygenating synthetic systems that can produce out-
standing yields of oxindoles along with a broad substrate scope
and remarkable economical and environmental sustainability.
Nevertheless, precise optimization of these systems for high-
throughput synthetic applications is far from complete, and
some key unknowns to be tackled include the evaluation of the
robustness of these systems under variable reaction conditions
(such as solvent properties (e.g., polarity, pH, protic/aprotic)
and reaction temperatures, etc.), as well as revealing how
various oxidants, and heme-based properties (electronic effects
exerted by the supporting porphyrinate, heme axial ligation,
and secondary sphere noncovalent interactions) would
modulate the mechanism at play, thereby modifying the
overall versatility and efficiency of indole monooxygenation.

■ EXPERIMENTAL SECTION
Materials and Methods. All commercially available chemicals

were purchased at the highest available purity and used as received
unless otherwise stated. Air-sensitive compounds were handled either
under an argon atmosphere using standard Schlenk techniques or in
an MBraun Unilab Pro SP (<0.1 ppm of O2, <0.1 ppm of H2O)
nitrogen-filled glovebox. All organic solvents were purchased at
HPLC-grade or better and degassed (bubbling argon gas for 40 min at
room temperature) and dried (passing through a 60 cm alumina
column) using an Inert Pure Solv MD 5 (2018) solvent purification
system. These solvents were then stored in amber glass bottles inside
the glovebox over 4 Å molecular sieves at least for 72 h prior to use.
The oxidant, 3-chloroperbenzoic acid (mCPBA), was purified
according to published procedures.98 Benchtop UV−vis experiments
were carried out using an Agilent Cary 60 spectrophotometer
equipped with a liquid nitrogen chilled Unisoku CoolSpek UV USP-
203-B cryostat. A 10 mm path length quartz cell cuvette modified with
an extended glass neck with a female 14/19 joint and stopcock was

used to perform all UV−vis experiments. Low-temperature 1H and 2H
NMR spectroscopic studies were carried out on Bruker AV 400 and
Bruker AV 360 MHz NMR spectrometers. All spectra were recorded
in 5 mm (outer diameter) NMR tubes. The chemical shifts were
reported as δ (ppm) values calibrated to natural abundance deuterium
or proton solvent peaks. Infrared (IR) vibrational spectra were
collected on a Bruker FT-IR spectrometer (Vertex 70) at room
temperature. For LC-MS analysis, a SCIEX 5600 Triple-Tof (time-of-
flight) mass spectrometer (SCIEX, Toronto, Canada) was used to
analyze the mass profiles of the organic products. The IonSpray
voltages for positive modes were ±5000 V, and the declustering
potential was 80 V. Ionspray GS1/GS2 and curtain gases were set at
40 and 25 psi, respectively. The interface heater temperature was
maintained at 400 °C. ESI-MS data were collected on a Waters Xevo
G2-XS Qtof (quadrupole time-of-flight) instrument, and the
conditions are capillary voltage at 0.8 kV in positive mode, sampling
cone at 40 V, source offset at 80, source temperature at 100 °C,
desolvation at 350 °C, cone gas at 30 L/h, desolvation gas at 400 L/h,
lock spray capillary voltage at 0.1 kV, and lock mass at 556.2771 in
positive mode (leucine enkephalin). The expected cations or [M +
H]+ or [M + Na]+ ions were observed in positive ion mode with <5
ppm mass accuracy. Electron paramagnetic resonance (EPR) spectra
were collected in 4 mm (outer diameter) quartz tubes using an X-
band Bruker EMX-plus spectrometer coupled to a Bruker ER 041 XG
microwave bridge and a continuous-flow liquid helium cryostat
(ESR900) controlled by an Oxford Instruments TC503 temperature
controller (experimental conditions: microwave frequency = 9.41
GHz; microwave power = 0.2 mW; modulation frequency = 100 kHz;
modulation amplitude = 10 G; temperature = 7 K). The syntheses of
H2(F8TPP),

99 H2(F8TPP-d8),
99 H2(TMP),100 1,3-dimethylindole

(1g),101 2-deuterated 3-methyindole,102 tosylated tryptamine
(1l),103 and [LuH]OTf104 were carried out according to previously
published methods. Metalation of the porphyrinates to generate
[(F8TPP)Fe

IIICl], [(F8TPP-d8)Fe
IIICl] and [(TMP)FeIIICl] and their

corresponding “naked” complexes, [(F8TPP)Fe
III]SbF6, [(F8TPP-

d8)Fe
III]SbF6, and [(TMP)FeIII]SbF6, were synthesized as previously

reported.99,105 The reduction of [(F8TPP)Fe
IIICl] to [(F8TPP)Fe

II]
was carried out by following previously reported procedures.99

Formation of [(Por)Cmpd-I], [(F8TPP)Cmpd-II], and the
Lewis Acid Adduct [(F8TPP)Cmpd-II···(LuH+)] Complexes (Por
= Porphyrinate Supporting Ligand). The generation of the
[(Por)Cmpd-I] (where Por = F8TPP and TMP) complexes was
carried out following a literature-adapted procedure.81 In a typical
experiment, a 0.1 mM dichloromethane solution (3.0 mL) of
[(Por)FeIII]SbF6 was added into a 10 mm path length Schlenk
cuvette inside the glovebox and was sealed using a rubber septum.
Upon cooling inside the UV−vis cryostat stabilized at −90 °C for 10
min, the addition of 2 equiv of mCPBA (25 μL in dichloromethane)
resulted the formation of corresponding [(Por)Cmpd-I] complexes
over ∼15 min (Figures S1 and S4).

Similarly, [(F8TPP)Cmpd-II] and its Lewis acid (i.e., 2,6-
lutidinium triflate; [LuH]OTf) adduct, [(F8TPP)Cmpd-II···
(LuH+)], were synthesized as previously described.82 A 0.1 mM 1:9
THF:toluene solution (3.0 mL) of [(F8TPP)Fe

II] was taken in a 10
mm path length Schlenk cuvette and sealed with a rubber septum
inside the glovebox. This cuvette was then cooled in the UV−vis
cryostat to −40 °C for 10 min. Upon thermal equilibration, 1 equiv of
mCPBA (25 μL in toluene) was added to generate [(F8TPP)Cmpd-
II]. Subsequent addition of 1 equiv of [LuH]OTf (25 μL in 1:9
THF:toluene) to [(F8TPP)Cmpd-II] resulted in the formation of the
Lewis acid adduct complex, [(F8TPP)Cmpd-II···(LuH+)] (Figure
S1).

Kinetic Studies of [(TMP)Cmpd-I] with Indole Substrate
(1d). For kinetic experiments, a 0.1 mM dichloromethane solution (3
mL) of [(TMP)Cmpd-I] intermediate was generated at −90 °C in a
10 mm path length Schlenk cuvette as described above. Then, 5 equiv
of the indole substrate (25 μL in dichloromethane) was added into
the cuvette using a Hamilton gastight syringe, and the reaction
mixture was quickly mixed with argon bubbling. The reaction was
monitored by the progression of spectral changes centered at 660 nm
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using the single wavelength scan mode (Figure 2A). The pseudo-first-
order rate constant, kobs was calculated from the plot of ln[(A − Af)/
(Ai − Af)] vs time(s), where Ai and Af are initial and final absorbances,
respectively.
Spectroscopic Reactivity and Kinetic Studies of [(F8TPP)-

Cmpd-II···(LuH+)] with Indole Substrates. In a typical kinetic
experiment, a 0.1 mM 1:9 THF:toluene solution (3 mL) of
[(F8TPP)Cmpd-II···(LuH+)] was prepared in a 10 mm path length
Schlenk cuvette as described above. Subsequently, the indole
substrate (25 μL in 1:9 THF:toluene) was added into the cuvette
using a gastight syringe, and the reaction mixture was quickly mixed
with argon bubbling. The reaction was monitored by the progression
of spectral changes centered at 546 nm until plateaued. Kinetic studies
were carried out under pseudo-first-order conditions by the addition
of 50−200 equiv of indole substrates (1a−1e) into a 0.1 mM 1:9
THF:toluene solution (3 mL) of [(F8TPP)Cmpd-II···(LuH+)] at −40
°C. For Eyring analysis, kinetic experiments between [(F8TPP)Cmpd-
II···(LuH+)] and 5-methoxyindole (1b) were carried out at variable
temperatures (i.e., −40, −50, −60, and −70 °C) as described above.
The pseudo-first-order rate constants, kobs were calculated from plots
of ln[(A − Af)/(Ai − Af)] vs time(s), where Ai and Af are initial and
final absorbances, respectively. The second-order rate constants (k2)
were obtained from the slope of the best-fit line from a plot of kobs
values vs substrate concentration (Figure S14).
Low-Temperature 2H NMR Spectroscopic Studies. For a

typical 2H NMR experiment, [(F8TPP-d8)Fe
III]SbF6 (16 mg, 0.015

mmol) or [(F8TPP-d8)Fe
II] (12 mg, 0.014 mmol) was dissolved in

0.5 mL of degassed DCM (or 1:9 THF:toluene) in a 5 mm (outer
diameter) NMR tube inside the glovebox and was sealed with a
rubber septum. This tube was then stabilized at −90 °C or (−40 °C)
using a liquid nitrogen/acetone cold bath, followed by the addition of
2 or 1 equiv of mCPBA (25 μL in DCM or toluene) to generate the
corresponding [(F8TPP-d8)Cmpd-I] or [(F8TPP-d8)Cmpd-II] com-
plexes. Final reactivity products were generated by subsequent
addition of substrates (in DCM or toluene) into [(F8TPP-
d8)Cmpd-I] or [(F8TPP-d8)Cmpd-II···(LuH+)] complexes. Immedi-
ately following the completion of the reaction, the tube was
transferred into the cryostat of the NMR spectrometer held at −90
°C (or −40 °C) (Figures S2 and S7).
EPR Sample Preparation. EPR samples were prepared similarly

to UV−vis samples as mentioned earlier; EPR sample concentration
was 2 mM in dichloromethane (for [(Por)Cmpd-I]) or in 1:9
THF:toluene (for [(F8TPP)Cmpd-II] and [(F8TPP)Cmpd-II···
(LuH+)]) prepared at −90 °C (or −40 °C; i.e., using an acetone/
liquid N2 cold bath) in a 4 mm outer diameter quartz EPR tube.
These tubes were immediately frozen in liquid N2 following the
completion of the desired reaction. All measurements were carried out
at 7 K (Figures S3, S6, and S8).
Scaled-Up Monooxygenation Reactions and Character-

ization of Organic Products. Bulk monooxygenation reactions
for all indole substrates were carried out using [(F8TPP)Cmpd-I]
following a generalized procedure as follows: a 25 mL Schlenk flask
containing [(F8TPP)Fe

III]SbF6 (200 mg, 0.19 mmol) in dichloro-
methane (10 mL) under inert gas was cooled to −90 °C in an
acetone/liquid N2 cold bath. Upon temperature equilibration, 2 equiv
of mCPBA (in 0.2 mL of dicholoromethane) was added in to form
[(F8TPP)Cmpd-I]. Then, 3-methylindole, 1h (25 mg, 0.19 mmol; in
0.2 mL of dichloromethane), was added in, and the color of the
reaction mixture immediately changed from emerald green to brown.
The reaction mixture was stirred for another 15 min at −90 °C before
it was dried in a vacuum, and the final 2-oxindole (organic) product
(2h) was purified by silica gel column chromatography using EtOAc/
hexane (1:1) as the eluent. 2,3-deuterium migration experiment was
carried out following the above procedure using [(F8TPP)Cmpd-I]
and 2-deuterated 3-methyindole as the substrate. The 18O-labeled
experiment was also performed in a similar manner by adding 1h to a
reaction mixture (at −40 °C in dichloromethane) containing
[(F8TPP)Fe

III]SbF6 and PhI18O, which was prepared by treating
PhIO (2 equiv dissolved in 100 μL acetonitrile) with H2

18O (100 μL,
98% 18O enriched).106

2a. Yield: 21 mg (80%). 1H NMR (CDCl3, 298 K): δ = 9.33 (br, 1
H), 7.24 (t, 2H), 7.04 (t, 1H), 6.93 (d, 1H), 3.57 (s, 2H). 13C NMR
(125 MHz, CDCl3, 298 K): δ (ppm) = 178.3, 142.6, 127.9, 125.2,
124.5, 122.3, 109.9, 36.3. FT-IR (ATR, cm−1): 1688, 1615, 1468,
1384, 1232, 1211, 746. ESI-MS: [M + H]+ m/z = 134.06 (calc.
134.06).

2b. Yield: 26 mg (85%). 1H NMR (CDCl3, 298 K): δ (ppm) =
8.92 (br, 1H), 6.87 (m, 1H), 6.82 (d, 1H), 6.77 (d, 1H), 3.80 (s, 3
H), 3.55 (s, 2H). 13C NMR (125 MHz, DMSO-d6, 298 K): δ (ppm)
= 176.6, 155.0, 137.5, 127.5, 112.6, 111.9, 109.7, 55.8, 36.6. FT-IR
(ATR, cm−1): 1686, 1605, 1487, 1464, 1387, 1316, 1278, 1224, 1198,
1185, 1136, 851, 790, 712, 670. ESI-MS: [M + H]+ m/z = 164.07
(calc. 164.07).

2c. Yield: 23 mg (82%). 1H NMR (CDCl3, 298 K): δ (ppm) = 8.99
(br, 1H), 7.06−7.03 (m, 2H), 6.81 (dd, 1H), 3.53 (s, 2H), 2.34 (s,
3H). 13C NMR (125 MHz, DMSO-d6, 298 K): δ (ppm) = 176.7,
141.6, 130.3, 128.0, 126.3, 125.5, 109.2, 36.6, 21.1. FT-IR (ATR,
cm−1): 1685, 1621, 1486, 1390, 1260, 1191, 1128, 851, 795, 669. ESI-
MS: [M + H]+ m/z = 148.07 (calc. 148.07).

2d. Yield: 31 mg (78%). 1H NMR (CDCl3, 298 K): δ (ppm) =
8.17 (br, 1H), 7.19−7.16 (m, 2H), 6.63 (d, 1H), 3.35 (s, 2H). 13C
NMR (125 MHz, CDCl3, 298 K): δ (ppm) = 176.3, 143.4, 130.5,
128.9, 127.6, 113.2, 111.3, 36.2. FT-IR (ATR, cm−1): 1727, 1694,
1471, 1409, 1375, 1308, 1238, 1166, 812, 746. ESI-MS: [M + H]+ m/
z = 211.97 (calc. 211.97).

2e. Yield: 22 mg (75%). 1H NMR (DMSO-d6, 298 K): δ (ppm) =
10.85 (br, 1H), 7.63 (br, 2H), 6.95 (br, 1H), 3.56 (s, 2H). 13C NMR
(125 MHz, DMSO-d6, 298 K): δ (ppm) = 176.7, 148.6, 133.4, 128.2,
127.6, 120.0, 110.2, 103.5, 35.8. FT-IR (ATR, cm−1): 2221, 1711,
1624, 1485, 1318, 1248, 1109, 822, 670. ESI-MS: [M + H]+ m/z =
159.05 (calc. 159.05).

2f. Yield: 22 mg (81%). 1H NMR (CDCl3, 298 K): δ (ppm) =
7.20−7.16 (m, 2H), 6.97 (t, 1H), 6.74 (d, 1H), 3.45 (s, 2H), 3.14 (s,
3H). 13C NMR (125 MHz, CDCl3, 298 K): δ (ppm) = 175.0, 145.2,
127.9, 124.5, 124.3, 122.3, 108.0, 35.7, 26.1. FT-IR (ATR, cm−1):
1698, 1606, 1463, 1425, 1370, 1311, 1124, 1091, 743. ESI-MS: [M +
H]+ m/z = 148.07 (calc. 148.07).

2g. Yield: 25 mg (80%). 1H NMR (CDCl3, 298 K): δ (ppm) =
7.30−7.25 (m, 2H), 7.08 (t, 1H), 6.85 (d, 1H), 3.45 (q, 1H), 3.23 (s,
3H), 1.48 (d, 3H). 13C NMR (125 MHz, CDCl3, 298 K): δ (ppm) =
178.6, 143.9, 130.6, 127.8, 123.4, 122.3, 107.9, 40.5, 26.1, 15.3. FT-IR
(ATR, cm−1): 1700, 1608, 1467, 1373, 1345, 1219, 1124, 747. ESI-
MS: [M + H]+ m/z = 162.09 (calc. 162.09).

2h. Yield: 25 mg (88%). 1H NMR (CDCl3, 298 K): δ (ppm) =
8.95 (br, 1 H), 7.23 (t, 2H), 7.05 (m, 1H), 6.94 (d, 1H), 3.48 (q,
1H), 1.52 (d, 3H). 13C NMR (125 MHz, CDCl3, 298 K): δ (ppm) =
181.9, 141.4, 131.3, 127.9, 123.7, 122.3, 109.9, 41.1, 15.2. FT-IR
(ATR, cm−1): 1697, 1618, 1486, 1334, 1224, 1212, 747. ESI-MS: [M
+ H]+ m/z = 148.07 (calc. 148.07).

2i. Yield: 28 mg (85%). 1H NMR (CDCl3, 298 K): δ (ppm) = 8.34
(br, 1H), 7.51 (d, 1H), 7.36−7.33 (m, 1H), 7.14 (m, 1H), 6.96 (d,
1H), 3.73 (dd, 1H), 3.12 (dd, 1H), 2.78 (dd, 1H). 13C NMR (125
MHz, CDCl3, 298 K): δ (ppm) = 176.6, 141.6, 129.6, 126.3, 124.6,
123.3, 117.4, 110.5, 42.0, 19.0. FT-IR (ATR, cm−1): 1702, 1618,
1469, 1339, 1236, 1217, 746. ESI-MS: [M + Na]+ m/z = 195.05 (calc.
195.05).

2j. Yield: 33 mg (80%). 1H NMR (CDCl3, 298 K): δ (ppm) = 8.73
(br, 1H), 7.28−7.24 (m, 2H), 7.03 (t, 1H), 6.93 (t, 1H), 4.17 (m,
2H), 3.83 (dd, 1H), 3.12−3.08 (m, 1H), 2.88−2.84 (m, 1H) 1.23 (m,
3H). 13C NMR (125 MHz, CDCl3, 298 K): δ (ppm) = 179.4, 171.0,
141.6, 128.7, 128.3, 124.0, 122.4, 109.9, 61.0, 42.4, 34.8, 14.1. FT-IR
(ATR, cm−1): 1725, 1698, 1618, 1469, 1336, 1236, 1164, 747. ESI-
MS: [M + Na]+ m/z = 242.07 (calc. 242.07).

2k. Yield: 26 mg (78%). 1H NMR (CDCl3, 298 K): δ (ppm) = 8.64
(br, 1H), 7.29−7.24 (m, 2H), 7.07 (t, 1H), 6.92 (d, 1H), 3.92 (t,
2H), 3.65 (dd, 1H), 2.26 (m, 1H), 2.12 (m, 1H). 13C NMR (125
MHz, CDCl3, 298 K): δ (ppm) = 181.3, 141.2, 129.4, 128.1, 124.0,
122.6, 109.9, 60.7, 44.7, 33.1. FT-IR (ATR, cm−1): 1680, 1614, 1469,
1345, 1209, 1034, 756. ESI-MS: [M + Na]+ m/z = 200.06 (calc.
200.06).
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2l. Yield: 47 mg (75%). 1H NMR (CDCl3, 298 K): δ (ppm) = 7.96
(br, 1H), 7.75 (d, 2H), 7.30−7.28 (m, 3H), 7.18 (t, 1H), 7.06 (t,
1H), 6.88 (d, 1H), 5.58 (m, 1H), 3.52 (m, 1H), 3.24−3.16 (m, 2H),
2.43 (s, 3H), 2.22 (m, 1H), 2.01 (m, 1H). 13C NMR (125 MHz,
CDCl3, 298 K): δ (ppm) = 180.5, 143.4, 141.2, 137.0, 129.7, 129.7,
128.6, 127.1, 124.1, 122.7, 110.3, 43.8, 40.8, 30.9, 21.5. FT-IR (ATR,
cm−1): 1693, 1596, 1468, 1318, 1214, 1154, 1061, 745, 656. ESI-MS:
[M + Na]+ m/z = 353.09 (calc. 353.09).
2m. Yield: 33 mg (72%). 1H NMR (DMSO-d6, 298 K): δ (ppm) =

10.22 (br, 1H; NH), 7.93 (br, 1H; N−H), 6.97 (br, 1H; −Ar−H),
6.74 (m, 2H; Ar−H), 3.70 (s, 3H; −OCH3), 3.21 (m, 1H; −CH2)
3.07 (m, 1H; −CH2), 1.97 (m, 1H; −CH2), 1.78 (m, 4H; −CH3 and
− CH). 13C NMR (125 MHz, DMSO-d6, 298 K): δ (ppm) = 178.9,
169.6, 154.8, 136.6, 131.3, 112.7, 111.8, 109.9, 55.8, 43.9, 36.1, 30.7,
23.1. FT-IR (ATR, cm−1): 1690, 1639, 1479, 1366, 1212, 1031, 788,
602. ESI-MS: [M + Na]+ m/z = 271.10 (calc. 271.10).
2n. Yield: 37 mg (70%). 1H NMR (CDCl3, 298 K): δ (ppm) =

8.87 (br, 1H), 7.42 (t, 1H), 7.23 (t, 1.5H), 7.07 (m, 1H), 6.96 (br,
0.5H), 6.90 (m, 1H), 4.94 (m, 0.5H), 4.76 (m, 0.5H), 3.77 (s, 1.5H),
3.70 (s, 1.5H), 3.60−3.53 (m, 1H), 2.51 (m, 0.6H), 2.43−2.30 (m,
2.4H), 2.02 (d, 3H). 13C NMR (125 MHz, DMSO-d6, 298 K): δ
(ppm) = 178.5, 173.0, 169.9, 143.1, 129.4, 128.3, 124.8, 121.7, 109.7,
52.2, 50.4, 42.5, 32.2, 22.7. FT-IR (ATR, cm−1): 1698, 1541, 1470,
1211, 1173, 750, 662. ESI-MS: [M + Na]+ m/z = 299.10 (calc.
299.10).
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