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A hemin/H2O2 catalytic system for oxidative phenol–indole [3 + 2]

coupling in aqueous solution has been developed, enabling benign

synthesis of valuable benzofuroindolines under sustainable con-

ditions. Mechanistic studies revealed the dual role of iron por-

phyrin responsible for both phenol oxidation and Lewis acid acti-

vation, which differs from the well-explored chemistry of hemin in

carbene and nitrene insertion reactions. A preliminary experiment

with cytochrome c showed that the turnover of iron porphyrin was

amenable for a macromolecular setting with remarkable efficiency

(ca. 13 300 TON).

The small molecule cofactors are of essential importance to
the remarkable catalytic performance of enzymes in living
systems.1 Hemin, an abundant natural iron-containing por-
phyrin serving as the active center of heme-proteins such as
cytochrome and myeloperoxidase, plays a vital role in oxidative
biological processes.2 Recently, viability of this complex was
also frequently seen in engineered hemoprotein macromolecu-
lar settings for carbene and nitrene transferring reactions
through directed evolution.3 This approach has led to the
establishment of various abiological asymmetric transform-
ations such as C–H amination, cyclopropanation, Si–H alkyl-
ation, alkene oxidation, etc. (Scheme 1a).4 In light of merits
such as thermal stability, biocompatibility and low cost, hemin
is arguably the most attractive small molecule model for
exploiting and broadening the chemical versatility of iron-
haem enzymes. However, surprisingly only sporadic studies
have been disclosed in this regard. For example, Pan and co-
workers exploited its performance for catalytic carbenoid reac-

tions of diazo carbonyl compounds with anilines and sulfides
(Scheme 1b).5 In spite of remarkable advances in iron por-
phyrin catalysis either alone or embedded in engineered
hemoproteins,6 the potential of hemin for other types of oxi-
dations remains largely unknown. Explorations in this direc-
tion are of high value considering the sustainable nature of
hemin catalysis particularly in an aqueous medium.

Catechol oxidation is a fundamentally important process in
nature for the assembly of various complex natural products.
For example, catechol is oxidized in situ to ortho-quinone and
then undergoes an acid-catalyzed [3 + 2] coupling with indole
to construct benzofuroindoline,7 an interesting constitutive
core architecture for several bioactive alkaloids (e.g., bipleio-
phylline and diazonamide A).8 In many biosynthetic scenarios,
phenol oxidations are typically catalyzed by copper or iron por-
phyrin containing oxidases such as tyrosinase, laccase, cate-
chol oxidase, and peroxidase via one- or two-electron transfer
processes.9 Analogous processes with iron porphyrin are still
elusive in synthetic chemistry.10 Recently, we disclosed an oxi-

Scheme 1 The context of this study.
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dative phenol–indole [3 + 2] coupling via a (salen)Mn(III)/acid
relay catalysis in organic media wherein Mn(III) exhibited negli-
gible Lewis acidity.11 As such, we envisioned that the acidic
iron center12 of hemin might facilitate a biomimetic oxidation/
cycloaddition sequence for this valuable transformation under
more benign aqueous conditions (Scheme 1c).13 In this study,
we would like to disclose the details of our findings.

In view of higher electrophilicity of QMI than quinone
counterparts, N-tosyl-4-aminophenol 1a and indole 2a were
taken as precursors for the model reaction with H2O2 as the
terminal oxidant in a mixture of CH3CN/H2O (Table 1). To our
delight, hemin alone was virtually able to afford the desired
benzofuroindoline 3a in 51% yield without any additional acid
co-catalyst, which was superior to other redox-active metal
complexes including CuCl, CuCl2, Mn(TPP)Cl, FeCl3, Fe(acac)3,
etc. (Table 1, entries 1–7). Notably, a synthetic analogous Fe
(Pc) was proven much less effective (entry 8). Considering the
limited solubility of hemin and substrate 1a under neutral
conditions, NaOH was introduced, and we were pleased to
obtain a substantially higher yield (91%) (entry 9). In contrast,
a sodium salt of hemin did not perform equally well,
suggesting the importance of an alkaline medium for the reac-
tion efficiency (entry 10). Careful examination of different
bases (Table S1†) and the solvent effect (entry 11 and
Table S2†) identified NaOH (5.0 eq.) and CH3CN/H2O (v/v =
10 : 1) to be the combination of choice. In addition, alternation
of the oxidants was also attempted, indicating that TBHP and

CHP were inferior to H2O2 under identical conditions (entries
12 and 13). Intriguingly, a significantly lower yield of 3a was
obtained under an inert atmosphere (60%, entry 14). This led
to our finding that hemin-catalyzed aerobic oxidation is vir-
tually involved, which gave rise to adduct 3a in comparably
high yield in the absence of H2O2 (87%, entry 15), however, at
the expense of reaction time (48 h). A decrease in catalyst
loading would deteriorate the reaction efficiency. Still, 80%
and 69% yields were recorded with 5 mol% and 2 mol% of
hemin, respectively (entries 16 and 17).

We moved on to evaluate the substrate generality under
optimal reaction conditions (Table 2). 3-Methylindoles bearing
various sterically and electronically distinct substituents at the
phenyl ring were firstly examined. Pleasingly, the respective
cycloadducts 3b–n could be isolated in good to high yields
(68–85%). In particular, the appendage of a bulky group to the
3-position of indole probably posed a negative influence, as
shown by the declined yield recorded for products 3o and 3s.
Nevertheless, the latter proved the good tolerance of a pro-

Table 1 Optimization of the reaction conditionsa

Entry Cat. Additive Oxidant Yieldb (%)

1 Hemin — H2O2 51
2 Mn(TPP)Cl — H2O2 39
3 CuCl — H2O2 24
4 CuCl2 — H2O2 30
5 FeCl3 — H2O2 22
6 Fe(OTf)3 — H2O2 15
7 Fe(acac)3 — H2O2 15
8 Fe(Pc) — H2O2 10
9 Hemin NaOH H2O2 91
10c Hemin — H2O2 71
11d Hemin NaOH H2O2 ≦71
12 Hemin NaOH TBHP 67
13 Hemin NaOH CHP 75
14e Hemin NaOH H2O2 60
15 f Hemin NaOH Air 87
16g Hemin NaOH H2O2 80
17h Hemin NaOH H2O2 69

a Reactions were performed with 1a (0.25 mmol), catalyst (0.01 mmol),
2a (0.1 mmol) and oxidant (0.3 mmol) in CH3CN/H2O (v/v = 1 : 10,
7.0 mL) under air. b Isolated yields. c The sodium salt of hemin was
used. d Various other solvents were used (see Table S2†). eUnder an N2
atmosphere. f In an air balloon for 48 h. g 5 mol% hemin was used.
h 2 mol% hemin was used. TBHP = tert-butyl hydroperoxide; CHP =
cumene hydroperoxide.

Table 2 Substrate scopea,b

a For reaction conditions, see Table 1, entry 9. b Isolated yield.
c Reactions were performed in CH3CN/H2O (v/v = 1 : 1, 7.0 mL).

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2019 Org. Biomol. Chem., 2019, 17, 9994–9998 | 9995

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
 o

n 
1/

2/
20

20
 7

:1
4:

27
 P

M
. 

View Article Online

https://doi.org/10.1039/c9ob02151e


tected alcoholic hydroxyl group. Also noteworthy was the nice
compatibility of 2,3-disubstituted indoles. For example, reac-
tion with 2,3-dimethylindoles and 1,2,3,4-tetrahydrocarbazole
proceeded uneventfully to provide benzofuroindoles 3p–r,
albeit with somewhat compromised reaction efficiency. On the
other hand, variation of the phenol part was also possible;
reactions took place smoothly with 2-bromo, 2-chloro, and
2-methyl aminophenol derivatives to produce the respective
products 3t–v (60–77%). Of note, except for adduct 3e with 7 : 1
dr, all other products were produced in a diastereoisomerically
pure form. This oxidative [3 + 2] coupling reaction was found
to be readily scalable, as showcased in the gram-scale prepa-
ration of compound 3a (1.41 gram, 90%) with 10 mol% of
hemin, which was proven still robust at an economized loading
(2 mol% of hemin, 1.02 gram of 3a, 65% yield, see the ESI†).

The remarkable catalytic performance of hemin herein
prompted us to gain deeper insight into the working prin-
ciples. As shown in control experiments, hemin was found
indispensable to convert phenol 1a to QMI 4a (Scheme 2a). In
fact, small quantities of 4a with partial imine hydrolysis
could be observed in the mixture of model reaction under
standard conditions. Thus, the NHTs group in 1a appears
like a substitute for another OH group and renders it prone
to undergo catechol-type two-electron oxidation, and this oxi-
dation differs from the biological phenol oxidations by e.g.,
tyrosine oxidase and relevant synthetic endeavors.12a–d This
notion is in line with the comparably poor outcomes of
typical one-electron metal redox systems with CuCl, CuCl2,
FeCl3, and Fe(acac)3 (Table 1, entries 3–7) versus contrastingly
much superior performance of Mn(TPP)Cl.14 It was also
backed by the experimental outcomes that TEMPO (2.0 eq.)
as a radical scavenger virtually did not inhibit the reaction
(83% yield, Scheme 2b). Notably, unlike heme-based trypto-
phan dioxygenases that generally break the indole core in the
biological kynurenine pathway,15 hemin showed remarkable
chemoselectivity keeping nucleophilic indole 2a almost intact
(Scheme 2c). In addition, the scenario of the annulation

event was also intriguing. When preformed QMI 4a was
treated with indole 2a, the coupling reaction took place effec-
tively under standard conditions and afforded 3a in 75%
yield. In contrast, no [3 + 2] coupling occurred when hemin
and NaOH were simultaneously removed. However, by obviat-
ing either of them, adduct 3a could be produced in lower yet
appreciable yields (Scheme 2d). Evidently, both hemin and
the alkaline medium are promoters for the [3 + 2] coupling
between 4a and 2a.

It is well known that hemin tends to form inactive dimers,
and the presence of alkaline conditions would attenuate its
aggregation.16 As evidenced by UV-Vis studies,17 the chloride
anion of hemin was likely displaced with hydroxide in alkaline
solution to form haematin, which exhibited an absorbance
peak at 575 nm (Fig. 1a).18 Hemin is known to promote the
decomposition of H2O2,

19 and this probably accounts for the
necessity of relatively high loading (3.0 eq.). The diminished
yield obtained under an inert atmosphere (Table 1, entry 14)
suggests the function of oxygen as the partial terminal
oxidant. Moreover, a strengthened signal of indole 2a in alka-
line solution points to a tentative deprotonation of NH
(Fig. 1b). Although the details of different ferric species
formed in this system still necessitate further in-depth study,
it would be justified to conclude that coordination of QMI 4a
to the Lewis acidic iron of hemin8e with co-activation of the
indole partner by the alkaline medium synergistically promote
the rapid annulation process.

We anticipated that the catalytic turnover of iron porphyrin
might also be viable with hemoproteins for such valuable abio-
logical annulations. To evaluate this hypothesis, small cyto-
chrome c (12.3 kDa, from bovine heart) consisting of a single
104 amino acid peptide with a covalently attached single heme
group was employed as a model enzyme (Scheme 3). The reac-

Scheme 2 Mechanistic investigations.

Fig. 1 (a) UV-Vis spectra of hemin in DMSO/H2O (2 : 3) with and
without NaOH. (b) UV-Vis spectra of indole in H2O/CH3CN (10 : 1) with
and without NaOH.

Scheme 3 Preliminary study with cytochrome c.
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tion was performed at the 0.05 mmol scale for 2a with
0.37 mol% loading of a catalyst under neutral conditions [PBS
buffer (pH 7.4)/CH3CN = 10 : 1]. Pleasingly, product 3a was iso-
lated in 49% yield, corresponding to ca. 13 300 TON. Although
asymmetric induction by this wild-type protein was very
limited (5% ee), it holds promise to exhibit high enantio-
selectivity with other hemoproteins and by means of the state-
of-the-art directed evolution.20

Conclusions

In summary, we have reported the catalytic oxidative phenol–
indole [3 + 2] coupling reaction in aqueous media for the first
time. This system is valuable not only for providing biologi-
cally significant benzofuroindolines but also for showing the
potential of naturally abundant hemin for oxidative phenol
coupling reaction and Lewis acid catalysis. Provided a central
function of hemin for the family of cytochromes, P450
enzymes, the present study is anticipated to stimulate further
exploration of hemin catalysis and, in turn, push the boundary
of classic heme biocatalysis.
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