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Ferrocenyl induced one-pot synthesis of
3,30-ferrocenylbiindoles

Ligang Yan, Limin Han and Ruijun Xie

Chemical Engineering College, Inner Mongolia University of Technology, Hohhot, P. R. China

ABSTRACT
When we used 2-ferrocenethynylaniline (1a) as reactant and
NaAuCl4�2H2O (5%) as catalyst to prepare 2-ferrocenylindole (2a),
we were surprised to find that 3,30-ferrocenylbiindole (3a) was
obtained simultaneously. 3a was characterized by elemental ana-
lysis, FT-IR, MS, NMR, and X-ray single crystal diffraction. The react-
ant substitution reaction, in-situ HNMR, XPS, EPR characterization,
and calculations were carried out to interpret why 3a was obtained
in one pot. The results showed that the hydroperoxyl radical played
a key role in the reaction, which induced synthesis of 3a.
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1. Introduction

The indole nucleus is a common substructure of many natural products and pharma-
ceutical compounds, found in calycanthidine, chimonanthine, psychotriasine, mela-
tonin, and tryptophan [1–4]. Synthesis methods of indole and its derivatives, such as
Fischer indole synthesis, cyclization of 2-alkynylaniline, and reductive cyclizations of
nitro compounds [5], have been studied extensively. Transition metal-catalyzed C–H
activation of indoles also played important roles for the synthesis of indole derivatives,
for example, palladium-catalyzed electrophilic substitution reaction of indole and
umpolung of 2-indolylmethanols can be used to construct a large number of indole
derivatives [6–12].

Recently, the synthesis of biindole derivatives, such as 6,60-biindole,3,30-biindole,
biindole-methane [13–15], has attracted much attention. Up to now, the construction
of biindolyl compounds can be classified into three main methods. First, the biindoles
can be formed through oxidative dimerization of indoles (Scheme 1(a)) [16–19]; sec-
ondly, the biindoles can be constructed by transitional metal-catalyzed coupling reac-
tion or substitution reaction of pre-functionalized indole [20–25] (Scheme 1(b) and (c));
shirdly, the cyclization reaction and C–H oxidative homo-coupling reaction of the
2-alkynylanilines (Scheme 1(d)) [26, 27]. Overall, one-pot synthesis of diindole from
2-alkynylanilines is an economical method, but the synthesis mechanism of diindole
still needs to be further studied.

Ferrocene has a stereoscopic sandwich structure and redox properties. Therefore, if
a heterocyclic compound involves ferrocene units, it may exhibit some unique chem-
ical properties [28, 29]. Despite our research group having synthesized many ferrocenyl
heterocyclic compounds [30], we want to synthesize the rare ferrocenyl
indole compounds.

First, we want to use Au-catalyzed cyclization of 2-ferrocenethynylaniline (1a) to
synthesize ferrocenyl indoles (2a) [31, 32]. Interestingly, the target product was not
the desired product 2a, but 3,30-ferrocenylbiindole (3a) was obtained. Hence, we inter-
pret why 3a was obtained in one pot. Through reactant–substitution reaction, in-situ
HNMR characterization, XPS, EPR characterization, and theory calculations, we propose
a ferrocenyl-induced hydroperoxyl radical catalytic mechanism in this article.

2. Experimental

2.1. General procedures

All the reactions were monitored with thin-layer chromatography (TLC). NaAuCl4�2H2O,
2-iodoaniline, 2-phenylethynylaniline (1b), 2-phenylindole (2b), ferrocenylacetylene,
NH4Cl, and K2CO3 were commercially available. Column chromatographic separations
and purifications were performed on 100–200 mesh silica gel. 1H and 13C spectra were
recorded on an Agilent Technologies-500MHz spectrometer. FT-IR spectra were meas-
ured on a Nexus-870 FT-IR spectrometer. Elemental analyses were carried out on an
Elementarvar III-type analyzer. Mass spectra were determined using a Shimadzu LCMS-
2020 instrument. X-ray photoelectron spectra (XPS) and valence bond spectra (VBS)
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were measured on a Thermo-Fisher ESCALAB 250Xi spectrometer equipped with a
monochromatic Al X-ray source (1486.6 eV). Electron paramagnetic resonance (EPR)
was measured using a Bruker EPR spectrometer (A300, X band) with the microwave
frequency 9.5 GHz and modulation frequency (100 kHz). Theory calculations were per-
formed using Gaussian09 [33]. The geometry optimizations, frequency analysis, and
thermodynamic corrections were performed at the B3LYP (D3BJ), MDF10 (for Fe), and
Def2SVP (for others) level of theory [34–36].

2.2. Synthesis

2.2.1. Synthesis of 2-ferrocenethynylaniline (1a)
An ethanol solution (10mL) containing 2-iodoaniline (88mg, 0.4mmol), ferrocenylace-
tylene (42mg, 0.2mmol), PdClf[(g5-C5H5)]Fe[(g

5-C5H3)]-2-Pyg(Py)] (3mg, 0.005mmol),
and K2CO3 (57mg, 0.4mmol) was stirred at 40 �C for 4 h under an argon atmosphere
(Scheme 2). The reaction mixture was washed with degassed water and extracted with

Scheme 1. The synthesis of 3,30-biindoles.
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dichloromethane. The organic layer was filtered and the solvent was removed under
vacuum. The residue was subjected to chromatographic separation on a silica gel
column (2.0� 30 cm). Elution with a mixture of dichloromethane and hexane (1:2/V:V)
gave the second red band as 1a. Single crystals of 1a were obtained from a mixture
of hexane:dichloromethane (3:1/V:V).

2-Ferrocenethynylaniline (1a) Yield: 39mg, 65%. M.p. 123–125 �C (decomp). Anal.
Calcd for C18H15FeN: C, 71.76%; H, 4.98%; N, 4.65%. Found: C, 72.06%; H, 5.53%; N,
4.98%. FT-IR (cm�1): 3472, 3374, 3090, 2921, 2201, 1605, 1446, 1308, 1161, 815, 752.
1H NMR (500MHz, CDCl3): d: 7.35 (d, 1H, J¼ 7.5 Hz, Ph), 7.13 (t, 1H, J¼ 8Hz, Ph), 6.72
(m, 2H, Ph), 4.52 (s, 2H, Cp), 4.25 (s, 7H, Cp), 3.99 (s, 1H, NH2) ppm. 13C NMR (125MHz,
CDCl3): d: 131.85, 129.12, 118.05, 114.33, 93.55, 81.99, 71.34, 69.95, 68.87, 65.91. ESI-MS
(CH2Cl2, m/z): 300.95 (Mþ).

2.2.2. Synthesis of 2-ferrocenylindole (2a) and 3,30-ferrocenylbiindole (3a)
2-Ferrocenethynylaniline (1a) (60mg, 0.2mmol) and NaAuCl4�2H2O (5%) (4mg,
0.01mmol) were dissolved in ethanol (5mL) and stirred at 40 �C for 8 h in air (Scheme 3).
Then, the reaction mixture was quenched with saturated NH4Cl solution and extracted
with dichloromethane. The organic solvent was removed in vacuo and the residues were
subjected to chromatographic separation on a silica gel column (2.0� 30 cm). Elution
with a mixture of dichloromethane and hexane (1:2/V:V) gave the first yellow band as 2a.
The second orange band was 3a; single crystals of 3a were obtained from a mixture of
hexane:dichloromethane (3:1/V:V).

2-Ferrocenylindole (2a), Yield: 3mg, 5%. M.p. 168–170 �C (decomp). Anal. Calcd for
C18H15FeN: C, 71.76%; H, 4.98%; N, 4.65%. Found: C, 72.01%; H, 5.15%; N, 5.01%. FT-IR
(cm�1, KBr): 3435, 1443, 1417, 1344, 1293, 1105, 1029, 819, 791, 734. 1H NMR
(500MHz, CDCl3): d: 8.05 (bs, 1H, N–H), 7.55 (d, 1H, J¼ 7.5 Hz, Ph), 7.36 (d, 1H,

Scheme 2. The synthesis of 2-ferrocenethynylaniline.

Scheme 3. The synthesis of 3,30-ferrocenylbiindole.
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J¼ 8.0 Hz, Ph), 7.15 (t, 1H, J¼ 7Hz, Ph), 7.09 (t, 1H, J¼ 7.5 Hz, Ph), 6.52 (s, 1H, pyrrole),
4.64 (s, 2H, C5H4), 4.34 (s, 2H, C5H4), 4.11 (s, 5H, C5H5) ppm. 13C NMR (125MHz, CDCl3):
d: 137.06, 136.23, 129.34, 121.39, 119.97, 119.78, 110.33, 98.88, 69.55, 68.82, 65.91. ESI-
MS (CH2Cl2, m/z): 300.95 (Mþ).

3,30-Ferrocenylbiindole (3a), Yield: 36mg, 60%. M.p. 115–118 �C (decomp). Anal.
Calcd for C36H28Fe2N2: C, 71.76%; H, 4.65%; N, 4.65%. Found: C, 72.21%; H, 4.88%; N,
5.05%. FT-IR (cm�1): 3473, 3091, 1608, 1592, 1494, 1461, 1447, 1309, 1164, 818, 754.
1H NMR (500MHz, CDCl3): d: 7.36 (d, 2H, J¼ 8Hz, Ph), 7.13 (t, 2H, J¼ 7.5 Hz, Ph), 6.86
(d, 2H, J¼ 7.5Hz, Ph), 6.77 (d, 2H, J¼ 7.5 Hz, Ph), 4.52 (s, 4H, C5H4), 4.23 (s, 14H, C5H4,
C5H5) ppm. 13C NMR (125MHz, CDCl3): d: 147.30, 131.75, 129.07, 117.76, 114.56, 93.56,
81.76, 71.27, 69.92, 68.88, 65.09. ESI-MS (CH2Cl2, m/z): 599.95 (Mþ).

2.2.3. Synthesis of 2-phenylindole (2b) and diphenylbiindole (3b)
2-Phenylethynylaniline (1b) (39mg, 0.2mmol), ferrocene (19mg, 0.1mmol), and
NaAuCl4�2H2O (5%) (4mg, 0.01mmol) were dissolved in ethanol (5mL) and stirred at
40 �C for 8 h under air or 70 �C for 24 h under oxygen. After the reaction was com-
pleted, the reaction mixture was extracted by dichloromethane. The organic solvent
was removed in vacuo and the residues were subjected to chromatographic separation
on a silica gel column (2.0� 30 cm). Elution with a mixture of dichloromethane and
hexane (1:3/V:V) gave the corresponding pure product 2b (in air) and 3b (in oxygen).
The spectroscopic data were consistent with those reported previously [26].

2-Phenylindole (2b): 1H NMR (500MHz, CDCl3): d: 8.31 (s, 1H, NH), 7.67–7.62 (m, 3H,
ArH), 7.45–7.39 (m, 3H, ArH), 7.32 (t, 1H, J¼ 6.5Hz, ArH), 7.20 (t, 1H, J¼ 2.5 Hz, ArH),
7.12 (t, 1H, J¼ 9Hz, ArH), 6.83 (s, 1H, C-3H) ppm. 13C NMR (125MHz, CDCl3): d: 137.9,
132.4, 129.2, 127.7, 125.2, 122.4, 120.7, 120.3, 110.1, 100.0.

Diphenylbiindole (3b): 1H NMR (500MHz, DLM): d: 10.65 (s, 2H, NH), 7.55 (d, 4H,
J¼ 7.5 Hz, ArH), 7.49 (d, 2H, J¼ 8Hz, ArH), 7.15–7.03 (m, 10H, ArH), 6.87 (t, 2H,
J¼ 7.5 Hz, ArH) ppm. 13C NMR (125MHz, DLM): d: 137.6, 135.5, 133.9, 130.7, 129.2,
127.7, 127.4, 122.5, 120.3, 119.6, 111.9, 107.5.

2.3. X-ray crystallography

X-ray single crystal data for 1a and 3a were recorded on a Bruker APEX II CCD diffract-
ometer with graphite-monochromated MoKa (k¼ 0.71073Å) radiation [37]. Empirical
absorption corrections by semi-empirical methods from equivalents were carried out.
The structures were solved by direct methods using SHELXS-97 and refined with
SHELXL-97 by full-matrix least-squares techniques on F2 [38]. All non-hydrogen atoms
were refined anisotropically, while the hydrogens were located geometrically and
refined isotropically.

3. Results and discussion

3.1. Synthesis and characterizations of 1a, 2a, and 3a

Compounds 1a and 3a were synthesized and their molecular structures were charac-
terized by NMR, FT-IR, and X-ray single crystal diffraction. According to the gold-
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catalyzed protocol in the literature [39], for the NaAuCl4�2H2O-catalyzed cyclization of
1a, the desired 2a should be obtained. But in the present preparation, we were sur-
prised to find that 3a was obtained in good yield (Scheme 3). The 1H and 13C NMR
spectra of 1a and 3a were similar in CDCl3. The chemical shift of the two protons of
the substituted Cp-rings appeared at d¼ 4.50–4.53 ppm, whereas the other seven pro-
tons of Cp rings appeared at d¼ 4.23–4.25 ppm. Protons of the benzene groups
appeared at d¼ 7.35, 7.13, and 6.72 ppm, respectively. But the protons of amino
groups (1a) were at d¼ 3.99 ppm, which could be used to distinguish 1a and 3a in
NMR spectra [26]. The molecular structures of 1a and 3a were further confirmed by X-
ray single crystal diffraction analysis. Crystal data and relevant structural parameters are
listed in Table 1. Selected bond lengths and angles are listed in Table 2. ORTEP diagrams
of 1a and 3a are shown in Figures 1 and 2. Owing to the formation of a pyrrole ring via
cyclization, the bond lengths of the C–N and C–C in 1a are shorter than the correspond-
ing bond lengths in 3a. For instance, the N(1)–C(18) bond length is 1.331(5) Å and the
C(11)–C(12) bond length is 1.197(4) Å in 1a. The N(2)–C(25) bond length is 1.372(11) Å,
the N(1)–C(12) bond length is 1.366(13) Å and the C(11)–C(18) bond length is 1.355(12) Å
in 3a. In the crystal structure of 3a, because the bond length of the two pyrrole rings
were different, the dihedral angles between the one pyrrole ring (C18–C17–C12–N1) and
the Fc ring is 19.688� while the dihedral angles between another pyrrole ring
(C20–C19–C26–N2) and the Fc ring is 4.224�. The dihedral angle of the two pyrrole rings
was 81.586�, which was the axially chiral 3,30-bisindole frameworks due to introducing
the Fc group. The molecular structure of 2a can be further determined by the 2D COSY,
2D HSQC, and 2D HMQC (see Supporting Information). d¼ 8.05 ppm and d¼ 6.52
showed no spatial correlation with other protons. The d¼ 8.05 ppm is attributed to the

Table 1. Crystal data and relevant structural parameters of 1a and 3a.
1a 3a

Formula C18H15FeN C37H30Cl2Fe2N2

Formula weight 301.16 685.23
T/�C 20(2) 20(2)
k/Å 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
a/Å 9.2634(4) 12.8235(9)
b/Å 10.6602(5) 15.5818(11)
c/Å 14.6444(7) 9.1541(7)
a/� 90 90
b/� 106.272(2) 99.475(2)
c/� 90 90
V/Å3 1388.20(11) 3044.2(2)
Z 4 4
qCalcd/gm

�3 1.441 1.495
Abs. coeff./mm�1 1.074 1.159
F(0 0 0) 624 1408.0
2h range/� 5.796–56.808 5.77–52.836
Reflections collected 27,514 49,806
Unique 3471 6231
Completeness to h 99.5% 99.9%
Tmax. and Tmin. 0.746 and 0.600 0.578 and 0.573
Goodness-of-fit on F2 1.065 1.041
Final R indices [I> 2r(I)]

R indices (all data)
R1¼ 0.0549
wR2¼ 0.1263,
R1¼ 0.0732,
wR2¼ 0.1369

R1¼ 0.1221,
wR2¼ 0.2692,
R1¼ 0.1547,
wR2¼ 0.2922
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Table 2. Selected bond lengths (Å) and angles (�) of 1a and 3a.
1a 3a

Fe(1)–C(10) 2.045(3) N(1)–C(11) 1.392(10)
Fe(1)–C(6) 2.034(3) N(1)–C(12) 1.366(13)
C(11)–C(10) 1.432(4) C(11)–C(18) 1.355(12)
C(11)–C(12) 1.197(4) N(2)–C(26) 1.379(10)
N(1)–C(18) 1.331(5) C(19)–C(18) 1.469(11)
C(12)–C(14) 1.455(5) N(2)–C(25) 1.372(11)
C(11)–C(10)–C(6) 125.4(3) C(18)–C(19)–C(26) 128.3(7)
C(18)–C(14)–C(12) 118.9(3) C(17)–C(18)–C(19) 125.9(8)
N(1)–C(18)–C(14) 120.7(4) C(10)–C(11)–C(18) 130.5(7)
C(11)–C(12)–C(14) 179.6(4) C(18)–C(19)–C(20) 125.8(7)
C(9)–C(8)–C(7) 108.3(3) C(27)–C(26)–C(19) 130.5(7)
C(14)–C(13)–C(15) 118.7(4) C(19)–C(20)–C(25) 108.2(7)

Figure 1. The molecular structure of 1a. Hydrogens have been omitted for clarity.

Figure 2. The molecular structure of 3a. Hydrogens have been omitted for clarity.
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H-1 protons. The d¼ 6.52 ppm corresponded to the H-3 of pyrrole. In order to distinguish
the H-1 and H-3 protons accurately, the chemical shift of 8.05 ppm disappeared in 2D
HSQC, illustrating that the chemical shifts of H-3 of pyrrole was 6.52 ppm. Through ana-
lysis of 2D COSY, 2D HSQC, and 2D HMQC, the chemical shifts of H-5, H-8, H-7, and H-6
protons were at d¼ 7.53, 7.35, 7.14, and 7.09 ppm, respectively. The protons of the ferro-
cenyl units were at d¼ 4.11 ppm (C5H5), 4.34 ppm, and 4.64 ppm (C5H4), respectively [32].
It is concluded that 2a was synthesized.

3.2. Mechanism studies

In order to answer why 3,30-ferrocenylbiindole (3a) can be obtained in one pot, several
experiments were carried out (Scheme 4). First, we investigated the catalytic

Scheme 4. Primary mechanism studies.
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performance of Au for synthesizing the biindole. When 2-ferrocenethynylaniline (1a)
was substituted by 2-phenylethynylaniline (1b) under the standard reaction conditions,
only 2-phenylindole (2b) was obtained in 80% yield (Scheme 4, eq. 1). This demon-
strates that NaAuCl4�2H2O only catalyzes intramolecular cyclization reaction of 1b to
2b; NaAuCl4�2H2O could not catalyze oxidative coupling of 2b to form 3,30-diphenyl-
biindole (3b). With 1a as reactant under the same reaction conditions, why was 3a
obtained? With this question, we investigated the synthesis of 3,30-biindole derivatives
extensively from the literature [16–27]. Fe3þ can catalyze oxidative homo-coupling of
2-arylindole to form the homo-coupling product 3,30-biindole with molecular oxygen
as the oxidant [18].

Figure 3. XPS Fe2p3/2 spectra for the residues of reaction.
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Figure 4. The EPR spectra for iron(III).
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Ferrocene and ferrocenyl derivatives are classical acid-sensitive organometallics;
under acidic media of NaAuCl4�2H2O–ethanol, the ferrocene will be oxidized to Fe3þ in
oxygen or in air [40]. To test this, we repeated the reaction (Scheme 4, eq. 2) with the
addition of ferrocene (0.5 eq.) under air and 3,30-diphenylbiindole (3b) was obtained
with yield of 15%. When the same reaction was performed under oxygen, the yield of
3b increased to 50%. This phenomenon demonstrated that ferrocene could be the
source of Fe3þ which was generated easily under oxygen atmosphere. Therefore, the
Fe3þ and oxygen had key roles in oxidative homo-coupling reaction [18].

Is Fe3þ involved in the oxidative homo-coupling of 2a to form 3a? In order to
obtain the valence of iron in the system, we used XPS to measure the surface chem-
ical state of Fe species of the reaction residues (Scheme 3). There are two Fe 2p3/2
peaks, which could be described as mixed valence of Fe2þ and Fe3þ (Figure 3). The
XPS binding energy for the 2p orbital of Fe2þ is about 707.5 eV relative to C 1s at
284.8 eV, while the binding energy for Fe3þ is about 710.7 eV. The Fe2þ signal may ori-
ginate from the ferrocene moiety, while the Fe3þ can be attributed to the oxidation
product of ferrocene [41]. The Fe3þ has also been confirmed by EPR spectroscopy of
the reaction residues (Figure 4), where g¼ 4.3 (1500G) is a characteristic value of
Fe3þ [42].

Does Fe3þ come from the ferrocenyl of 1a or 2a? When 1a is the reactant (Scheme 4,
eq. 4), only 2a was obtained under Ar atmosphere. This revealed that 2a was synthesized
through Au-catalyzed intramolecular cyclization of 1a, and Fe3þ was not generated in
argon. Under air atmosphere, 2a (5%) and 3a (60%) were obtained together (Scheme 3).
These comparative experiments proved that air is necessary for formation of Fe3þ, which
comes from ferrocene of 1a or 2a.

To investigate the effect of acid and air on the transformation of 2a to 3a, the in
situ 1H NMR experiment of 2a was carried out under simulated reaction conditions

Figure 5. The proceeding of the reaction was determined by in situ 1H NMR analysis of 2a under
air and acidity. 1H NMR(CD4O). (A) The

1H NMR of 2a when reaction starts in air. (B) The 1H NMR
of 2a in acidic solution after 1 h. (C) The 1H NMR of 2a in acidic solution after 1 day. (D) The 1H
NMR of 3a.
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with air and acidity (Scheme 4, eq. 5). The 6.43 ppm could be attributed to the chem-
ical shift of 2a. Initially, the 6.43 ppm was found in NMR spectra, which could be
attributed to the chemical shift of the H-3 of pyrrole in 2a (Figure 5(A)). With the add-
ition of acid, the peaks disappeared at 6.43 ppm after 1 h (Figure 5(B)). As the reaction
proceeded, the peaks at 7.5–7.2 ppm and 7.0–6.8 ppm gradually split and moved after
24 h (Figure 5(C)), in accord with the chemical shift of 3a (Figure 5(D)). This result indi-
cates that C–H bond cleavage at the C-3 position in 2a could be key in the homo-cou-
pling reaction to synthesize the desired 3a through a single-electron-transfer pathway
[18]. When Fe3þ was formed from the ferrocene of 1a or 2a under acid and air condi-
tions, homo-coupling reaction was initiated.

Calculations were used to determine if Fe3þ was a real catalyst in the homo-coupling
reaction. The redox reaction of ferrocene and its derivatives with air (or oxygen gas) in
acidic solution have been done by several workers (Scheme 5) [43–46]. In C–H oxidative
homo-coupling reaction, oxidants may be the radicals produced by oxidation of ferro-
cene and its derivatives. To verify this hypothesis, DMPO adduct with 2a (0.2 g/L) and
HCl (25mM) were recorded under atmospheric conditions by EPR spectra. The result
showed a strong four-line EPR signal with the relative intensity ratio of 1:2:2:1 (Figure 6)
[45]. This illustrated that the addition of DMPO led to the EPR peak of DMPO-OH and the
formation of hydroxyl radical (HO�) in the system. If the HO� was used as oxidant
(Scheme 5, eqs. 1, 2, and 4), it would consume at least two equivalents of 2a to produce
one equivalent of 3a. The yield of 3a would be much lower than 50%. If the hydroper-
oxyl radical (HOO�) was utilized as oxidant (Scheme 5, eqs. 1, 2, and 3), one equivalent of
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Figure 6. EPR spectra for DMPO adduct with 2a (0.2 g/L) and HCl (25mM) under atmos-
pheric conditions.

Scheme 5. The redox reaction of ferrocene and its derivatives in air and acid condition.
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2a would generate one equivalent of 3a. Then, the yield of 3a would be higher than
50%, but lower than 75%; the yield of 3a was always 60–70% in this experiment.
Comparing eq. 3 and eq. 4 in Scheme 5, the pH of the reaction system dominated the
kinds of radicals. Strong acid promoted HO� in eq. 4; weak acid produced HOO� in eq. 3
[47]. In the EPR experiment, excessive acid led to the production of HO�.

To assess whether HOO� was involved in the C–H oxidative homo-coupling reaction,
we complemented the mechanistic experimental with theoretical calculations (Figure 7).
The relative free energy profile showed that there are three different intermediates in
the process (INT1, INT2, and INT3). The highest energy intermediate (INT3) was
176.1 kcal/mol and the energy intermediate (INT1) was 139.2 kcal/mol above the reac-
tants. The reason of the unusual high barrier was that the precursor of the intermediate

Figure 7. Energy profile for the reaction between 2a and 3a. Relative energies are given in
kcal/mol.

Scheme 6. Prospective catalytic cycle for the formation of 3,30-ferrocenylbiindole.
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(INT3 or INT1) provided one electron to HOO� which would react with protons simultan-
eously (Scheme 5, eq. 2). For chemical calculation, this reaction was artificially divided
into two stages, resulting in presenting the energy of half-reaction intermediates INT3
and INT1. When protons were involved in the reaction, the energy declined to
�35.9 kcal/mol at the last step. The present experiments and calculations confirmed that
HOO� was an oxidant in C–H oxidative homo-coupling reaction.

Based on the experiments, theory calculations, and the literature, a possible mech-
anism was proposed. The formation of 3a may proceed via two steps (Scheme 6). The
first step is the cyclization reaction initiated by the formation of the adduct between
Au(III) and 1a forming intermediate A. Then, intermediate A undergoes protonolysis to
afford 2a in the presence of strong acid [48]. The second step begins with generating
of HOO� (Scheme 5, eq. 1); in eq. 1, the ferrocenyl of 1a or 2a was partially oxidized
into Fe3þ by air and acid, HOO� was generated simultaneously. Then, HOO� captured
an electron from another part of 2a to form the radical cation intermediate INT1
which is then coupled to neutral 2a to form intermediate INT2. Intermediate INT2
loses an electron to convert into intermediate INT3. Ultimately, deprotonation of INT3
leads to the corresponding 3a [19].

4. Conclusion

We have synthesized a diindole compound, 3,30-ferrocenylbiindoles (3a), and charac-
terized it by elemental analysis, FT-IR, MS, NMR, and X-ray single crystal diffraction. We
proposed a possible reaction mechanism through experiments and calculations. The
research provides a new synthesis of biindole derivatives.
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