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μ-Oxo-bis[(octacosafl uoro-meso-tetraphenylporphyrinato)
iron(III)] – synthesis, crystal structure, and catalytic activity in 
oxidation reactions 

The perfl uorinated μ-oxo-bis[(meso-tetraphenylporphyrinato)
iron(III)] complex represents a useful catalyst for highly effi  cient 
C–H bond activations. Applications include the regioselective 
oxidative couplings of diarylamines to 2,2 -̌bis(arylamino)-1,1 -̌biaryls 
and of carbazoles to 1,1 -̌, 3,3 -̌, and 4,4 -̌bicarbazoles using air as 
terminal oxidant. The latter coupling has been exploited for the 
fi rst total synthesis of the bicarbazole alkaloid integerrine B. An 
atroposelective synthesis of biaryl compounds in up to 96% ee is 
feasible by asymmetric oxidative biaryl coupling in the presence 
of a chiral biaryl phosphoric acid. The iron-catalyzed Wacker-type 
oxidation of olefi ns provides a simple route to the corresponding 
ketones and gives excellent results even for internal olefi ns, 
previously considered as diffi  cult substrates.
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osafluoro-meso-
tetraphenylporphyrinato)iron(III)] – synthesis,
crystal structure, and catalytic activity in oxidation
reactions†

Tristan Schuh, Olga Kataeva and Hans-Joachim Knölker *

We describe the synthesis and X-ray crystal structure of m-oxo-bis[(octacosafluoro-meso-

tetraphenylporphyrinato)iron(III)] [(FeTPPF28)2O]. This novel iron complex is an efficient catalyst for

oxidative biaryl coupling reactions of diarylamines and carbazoles. The asymmetric oxidative coupling in

the presence of an axially chiral biaryl phosphoric acid as co-catalyst provides the 2,2′-bis(arylamino)-

1,1′-biaryl in 96% ee. The Wacker-type oxidation of alkenes to the corresponding ketones with

(FeTPPF28)2O as catalyst in the presence of phenylsilane proceeds at room temperature with air as the

terminal oxidant. For internal and aliphatic alkenes increased ketone/alcohol product ratios were obtained.
Introduction

Limited resources and environmental issues have promoted the
development of sustainable chemistry. In organometallic
catalysis the classical noble metals like palladium and iridium,
which are expensive and toxic, are being replaced by rst row
transition metals. Among those, iron is the prime candidate for
environmentally benign organometallic catalysis because of its
high abundance and low toxicity.1,2 In nature, porphyrin–iron
complexes are essential biocatalysts with cytochrome P450
enzymes as the most important class. These oxidoreductases
occur in nearly all organisms.3 Moreover, they also catalyze
uncommon transformations like rearrangements, cyclizations,
and intramolecular C–C and C–heteroatom coupling
reactions.4–10 These reactions generally proceed either via
a hydrogen atom transfer (HAT) or single-electron transfer (SET)
process.11,12 Therefore, the design of novel electron-decient
porphyrin–iron complexes could open up the way to unprece-
dented biomimetic reactions for organic synthesis. In this
respect, the properties of m-oxo-bridged binuclear porphyrinoid
complexes have recently attracted a lot of attention.13,14
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Results and discussion

In the present study,‡ we describe the synthesis, structural
characterization, and applications in catalysis of the strongly
electron-decient complex m-oxo-bis[(octacosauoro-meso-tet-
raphenylporphyrinato)iron(III)] [(FeTPPF28)2O] (5c) (Table 1). We
focused our efforts on the uorinated porphyrin ligands, since
in addition to the electron-withdrawing effect of the uorine
atoms they improve considerably the solubility of the
complexes.15,16

Homogeneous catalysis sometimes suffers from low solu-
bility. However, moderately uorinated organometallic
complexes generally allow a broader spectrum of solvents that
can be used. The rst syntheses of b-octauoro-substituted
meso-tetraphenylporphyrins and their zinc complexes were re-
ported independently by two different groups in 1997.17,18 The
direct introduction of uorine substituents at the porphyrin
ring is not possible and thus b-octauoro-meso-tetraphe-
nylporphyrins (3a and 3c) are synthesized by condensation of
3,4-diuoropyrrole (2a) with the corresponding benzaldehydes.
The b-octauorinated porphyrins 3a and 3c are accessible from
3,3,4,4-tetrauoropyrrolidinium chloride (1) via a three-step
sequence reported by DiMagno et al.18,19 According to 1H and
19F NMR analysis (see SI), the elimination of hydrogen uoride
proceeds nearly quantitatively. However, DiMagno et al. isolated
3,4-diuoropyrrole (2a) in only 53% yield due to the extremely
high volatility of this compound.19 We found that the overall
yield of the porphyrins 3a and 3c is considerably improved by
avoiding the isolation of 2a and submitting the crude product
directly to the cyclocondensation step. The formation of the
uorinated tetraphenylporphyrin–iron complexes 4a–4c from
the corresponding porphyrins using the classical conditions
Chem. Sci., 2023, 14, 257–265 | 257
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Table 1 Synthesis of the fluorinated m-oxo-porphyrin–iron(III)
complexes 5a

R1 R2 3 4, Yield [%] 5, Yield [%]

a F C6H5 H2TPPF8 FeTPPF8Cl, 59 —
b H C6F5 H2TPPF20 FeTPPF20Cl, 96 (FeTPPF20)2O, 98
c F C6F5 H2TPPF28 FeTPPF28Cl, 92 (FeTPPF28)2O, >99

a Reaction conditions: (a) 1 (1.0 equiv.), KOt-Bu (4.0 equiv.), DMSO, Ar,
rt, 0.5 h; (b) 2 (1.0 equiv.), R2CHO (1.1 equiv.), BF3$OEt2 (4.0 equiv.),
CH2Cl2, Ar, rt; (c) DDQ (1.0 equiv.), pyridine (8.0 equiv.), Ar, rt; (d)
FeCl2 (20 equiv.), MeCN, air, 120 °C, 4 h, sealed tube; (e) activated
alumina, CH2Cl2/MeOH (95 : 5), air, rt; (f) FeCl2 (20 equiv.), MeCN, air,
120 °C, 4 h, sealed tube; followed by elution of the crude product over
activated alumina, CH2Cl2/MeOH (95 : 5), air, rt (see ESI for details).

Fig. 1 Molecular structure of m-oxo-bis[(octacosafluoro-meso-tetra-
phenylporphyrinato)iron(III)] (5c) in the crystal (thermal ellipsoids are
shown at the 50% probability level); (a) side view; (b) view along the
Fe–O–Fe axis. Bond length Fe–O 1.7816(6) Å; bond angle Fe–O–Fe
178.34(19)°.
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described by Adler (DMF at reux)20 led to a complex reaction
mixture. This mixture is resulting from nucleophilic aromatic
substitution at the uorinated porphyrins by dimethylamine,
formed by decarbonylation of the solvent. Adapting the condi-
tions reported by Freire et al., complexation of 3a–3c was ach-
ieved by reaction with iron(II) chloride in acetonitrile at 120 °C.21

Several preparations of m-oxo-porphyrinoid–iron complexes
have been reported.13,14,22,23 The b-octauoro-substituted m-oxo-
iron complex (FeTPPF8)2O (5a) could not be prepared due to the
extremely low solubility of the corresponding chloro–iron
complex 4a. Complex 5bwas described previously.24 Elution of the
chloro complex 4c over activated alumina (CH2Cl2/MeOH, 95 : 5)
provided quantitatively the m-oxo complex (FeTPPF28)2O (5c).

Deep red cubic crystals of complex 5c suitable for X-ray
crystallography were obtained by recrystallization from
dichloromethane (Fig. 1).25 The geometry of 5c is similar to the
previously reported structures of the m-oxo-bis[(tetraphenyl-
porphyrinato)iron(III)] complexes (FeTPPF20)2O (5b) and
(FeTPP)2O.24,26 Remarkable is the central, nearly linear Fe–O–Fe
axis with a bond angle of 178.34(19)°,25 which is more similar to
the 178.4(5)° reported for the uorinated complex (FeTPPF20)2O
(5b)24 rather than to the 174.5(1)° of the non-uorinated
complex (FeTPP)2O.26 In contrast, the structurally related
258 | Chem. Sci., 2023, 14, 257–265
m-oxo-porphyrinoid–iron complexes m-oxo-bis[(phthalocyani-
nato)iron(III)]13b can adopt a tilted or nearly linear geometry and
m-oxo-bis[(octapropylporphyrazinato)iron(III)]13 has a more bent
Fe–O–Fe bond angle of 158.52(7)13a,27 as compared to the
aforementioned porphyrin–iron complexes. The Fe–O bond
length of complex 5c (1.7816(6) Å)25 is slightly longer than in the
related porphyrinoid–iron complexes (FeTPPF20)2O (5b)
(1.775(1) Å),24 (FeTPP)2O (1.763(1) Å),26 and m-oxo-bis[(octapro-
pylporphyrazinato)iron(III)] (1.7601(12), 1.7501(12) Å).13a

Leroy et al. investigated the catalytic activity of the porphyr-
inato–iron(III) chloride complexes 4a and 4c for epoxidation and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Isolated by-products: carbazole 8 and the twofold coupling
product 9.
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View Article Online
hydroxylation reactions.28a Very recently, Fujii et al. transformed
4b and 4c into the corresponding hypochlorite complexes and
studied their catalytic reactivity in epoxidation and chlorination
reactions.28b

Previously, we described iron-catalyzed oxidative C–C and C–
heteroatom coupling reactions using hexadecauorophthalo-
cyanine–iron(II) (FePcF16) as well as the corresponding m-oxo-
iron(III) complex ([FePcF16]2O) as catalysts and air as terminal
oxidant.29 We have now studied in detail the catalytic activity of
the uorinated porphyrin–iron(III) complexes 4a–4c, 5b, and 5c
in oxidative coupling reactions. We postulated that the strong
electron-withdrawing effect of the uorine atom should
increase the catalytic activity of (FeTPPF28)2O (5c) as compared
to the unsubstituted FeTPP system in analogy to our observa-
tions with the peruorinated phthalocyanine–iron complexes.
The oxidative C–C homocoupling of N-phenyl-2-naphthylamine
(6) was selected as model system. Using the previously reported
catalyst FePcF16 and methanesulfonic acid (MsOH) as additive,
the biaryl compound 7was isolated in 62% yield along with 11%
of the carbazole 8 (Table 2, entry 1; Fig. 2).30 Initial attempts
with the unsubstituted meso-tetraphenylporphyrin–iron
complex FeTPPCl and the corresponding b-octauorinated
complex 4a in the presence of methanesulfonic acid as additive
gave no turnover (Table 2, entries 2 and 3). The peruorinated
complex FeTPPF28Cl (4c) gave only traces of the product 7 (entry
Table 2 Optimization of the reaction conditions for the tetraphe-
nylporphyrin–iron-catalyzed oxidative C–C coupling of N-phenyl-2-
naphthylamine (6)a

Entry [Fe] (mol%) Additive (mol%) Time [h] Yield 7 [%]

130 FePcF16 (3.0) MsOH (10) 0.5 62b

2 FeTPPCl (3.0) MsOH (20) 24 0
3 FeTPPF8Cl (4a) (3.0) MsOH (20) 24 0
4 FeTPPF28Cl (4c) (3.0) MsOH (20) 73 Traces
5 (FeTPPF28)2O (5c) (1.5) MsOH (20) 49 6
6c (FeTPPF28)2O (5c) (1.5) MsOH (20) 62 12
7 (FeTPPF28)2O (5c) (1.5) AcOH (20) 60 5
8 (FeTPPF28)2O (5c) (1.5) TFA (20) 40 60d

9 (FeTPPF28)2O (5c) (1.5) TfOH (20) 48 78e

10 (FeTPPF28)2O (5c) (1.5) B(C6F5)3 (20) 18 80
11 (FeTPPF28)2O (5c) (1.5) BF3$OEt2 (20) 14 76f

12 — BF3$OEt2 (20) 24 0
13 (FeTPPF28)2O (5c) (1.5) — 24 0
14g (FeTPPF28)2O (5c) (1.5) BF3$OEt2 (20) 5 84

a Reaction conditions: 6 (0.1 mmol), additive, CH2Cl2 (2 mL), air, rt. b 8:
11% yield, reisolated 6: 7%. c Molecular oxygen (1 atm). d 8: 3% yield,
reisolated 6: 37%. e 9: 9% yield. f 9: 7% yield. g Water-free conditions,
3 Å MS, dried compressed air. Pc = phthalocyanine, TPP =
tetraphenylporphyrin.

© 2023 The Author(s). Published by the Royal Society of Chemistry
4). In conclusion, none of the chloro complexes 4a–4c showed
signicant catalytic activity in the C–C coupling of 6.

The m-oxo-iron complexes are assumed to be intermediates
in the catalytic cycle of oxidations with porphyrin and
phthalocyanine–iron complexes.13,14,29,31 Thus, we tested the
m-oxo-iron complex (FeTPPF28)2O (5c) as catalyst under the
same conditions used above for the complexes 4a–4c and
obtained the biaryl 7 in 6% yield (entry 5). Performing the
reaction under an atmosphere of pure oxygen improved the
yield only slightly (entry 6). Variation of the additive
improved the yield signicantly and revealed that strong
Brønsted acids (TFA and TfOH, entries 8 and 9) and the Lewis
acids tris(pentauorophenyl)borane (entry 10) and boron
triuoride diethyl etherate (entry 11) gave the best results.
Control experiments conrmed that both the iron catalyst
(entry 12) and the Lewis acid (entry 13) are required for the
reaction to proceed. The iron-catalyzed oxidative coupling of
6 was generally performed using non-dried solvents under an
ambient atmosphere. Finally, we have demonstrated that
water-free conditions with dried air and anhydrous solvents
led to a further slight increase of the yield of 7 and a decrease
of the reaction time (entry 14).
Table 3 Variation of the tetraphenylporphyrin–iron(III) complexes in
the oxidative C–C coupling of N-phenyl-2-naphthylamine (6)a

Entry [Fe] (mol%) Yield 7 [%] Reisolated 6 [%]

1 FeTPPCl (3.0) 0 99
2 FeTPPF8Cl (4a) (3.0) 6 93
3 FeTPPF20Cl (4b) (3.0) 5 89
4 FeTPPF28Cl (4c) (3.0) 7 90
5 (FeTPPF20)2O (5b) (1.5) 57 21b

6 (FeTPPF28)2O (5c) (1.5) 78 0c

7d FeTPPF28Cl (4c) (3.0) 89 0e

a Reaction conditions: 6 (0.1 mmol), TfOH (20 mol%), CH2Cl2 (2 mL),
air, rt, 48 h. b 8: 11% yield. c 9: 9% yield. d AgOTf (3 mol%), 4 h. e 9:
8% yield.

Chem. Sci., 2023, 14, 257–265 | 259
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Fig. 3 UV-vis spectra of different iron species involved in the oxidative
coupling reaction (intensity of the Soret peak normalized to 1; Fig. S1†).
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Under the optimized reaction conditions identied above
(Table 2, entry 9), the effect of the uorine substitution and of
the axial ligand at the iron atom was investigated using the
porphyrin complexes FeTPPCl, 4a–4c, 5b, and 5c as catalysts
(Table 3). Two general trends have been observed. The complex
FeTPPCl had no catalytic activity at all and the complexes 4a–4c
exhibited a very low catalytic activity providing 7 in yields below
10% (Table 3, entries 1–4). However, the m-oxo-iron complexes
(FeTPPF20)2O (5b) and (FeTPPF28)2O (5c) led to much higher
turnover numbers and provided 7 in yields of 57 and 78%,
respectively (entries 5 and 6). We concluded that the signicant
difference in catalytic activity is caused by the different axial
ligand. Thus using the chloro–iron complex 4c, we added
3 mol% of silver triate to the reaction mixture in order to
generate in situ FeTPPF28OTf, which led to much shorter reac-
tion times (4 h instead of 48 h) and afforded the biaryl
compound 7 in 89% yield (entry 7).

Based on our experimental ndings, we postulate the
following mechanism for the (FeTPPF28)2O-catalyzed oxidative
coupling considering the strong inuence of the additive
(Scheme 1). The reaction is believed to be initiated by an SET
oxidation followed by coupling and proton loss.32

The key step is an SET from the substrate to the iron(III)
complex, as previously observed by Baciocchi et al. for the
oxidation of N,N-dimethylanilines with FeTPPF20Cl (4b).12b The
SET process is much more efficient with strongly electron-
decient iron(III) complexes. Chen et al. found that in situ
exchange of the axial ligand from chloride to triate enhances
the reactivity of porphyrin–iron(III) complexes for oxidation
reactions signicantly since triate is a weaker donor than
chloride.33 In order to rationalize our experimental ndings
Scheme 1 Proposed mechanism for the (FeTPPF28)2O-catalyzed
biaryl coupling. Cycle A: Brønsted acid co-catalyst; cycle B: Lewis acid
co-catalyst. X = OTf; [Fe(III)]2O = 5c.

260 | Chem. Sci., 2023, 14, 257–265
described above, we followed the iron-catalyzed oxidative
coupling by UV-vis experiments (Fig. 3 and S1†).

We observed that the m-oxo complex (FeTPPF28)2O (5c) is
rapidly hydrolyzed by strong Brønsted acids. Aer addition of
TfOH to a solution of 5c, the characteristic peak at 553 nm
disappeared whereas two peaks at 497 and 618 nm emerged,
which are assigned to the complex FeTPPF28OTf. Alternatively,
the latter complex can be generated in situ by reaction of
FeTPPF28Cl (4c) with silver triuoromethanesulfonate. The UV-
vis spectrum of the reaction mixture with 5c as catalyst and
TfOH as additive showed aer 1 hour all three peaks, indicating
that both porphyrin–iron(III) triate and the m-oxo complex 5c
are present. Thus, using the m-oxo complex (FeTPPF28)2O (5c) in
combination with a strong acid (TfOH) as catalyst generates
a catalytic system more reactive than FeTPPF28Cl (4c) (Table 3,
entries 4 versus 6). Additional support derives from the increase
in catalytic activity observed by exchange of the chloro against
the triato ligand (Table 3, entries 4 and 7).

We have studied the catalytic activity of (FeTPPF28)2O (5c) for
the oxidative coupling of a selection of diarylamines 10a–10c
(Table 4). The variation of the additive showed that the Lewis
acid BF3$OEt2 was more efficient than the previously used
Table 4 (FeTPPF28)2O-catalyzed oxidative C–C coupling of the dia-
rylamines 10a–10ca

Entry Diarylamine R1 R2 t [h] Yield 11 [%]

1 10a H H 24 70b

2 10b H OPiv 20 75
3 10c OPiv H 22 78

a Reaction conditions: 10 (0.1 mmol), (FeTPPF28)2O (5c) (1.5 mol%),
BF3$OEt2 (20 mol%), CH2Cl2 (2 mL), air, rt. b Reisolated 10a: 8%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Asymmetric (FeTPPF28)2O-catalyzed oxidative C–C
couplinga

Entry [Fe] (mol%) Additive (mol%) t [h]
Yield 11d
[%] ee [%]b

130 FePcF16 (3.0) (R)-12 (10) 24 71c 90
2 (FeTPPF28)2O (1.5) BF3$OEt2 (20) 23 71 0
3 (FeTPPF28)2O (1.5) (R)-12 (20) 72 64 96

a Reaction conditions: 10d (0.1 mmol), [Fe], additive, CH2Cl2 (2 mL), air,
rt. b Determined by chiral HPLC (see: Fig. S2 and S3†). c Reisolated 10d:
18%.

Scheme 2 (FeTPPF28)2O-catalyzed synthesis of 1,1′-bicarbazoles.
Reaction conditions: a) 13 (0.15 mmol), (FeTPPF28)2O (5c) (1.5 mol%),
BF3$OEt2 (20 mol%), CH2Cl2 (5 mL), air, rt.

Scheme 3 (FeTPPF28)2O-catalyzed synthesis of 4,4′-bicarbazoles.
Reaction conditions: a) 13 (0.15 mmol), (FeTPPF28)2O (5c) (1.5 mol%),
BF3$OEt2 (20 mol%), CH2Cl2 (15 mL), air, rt.

Fig. 4 Molecular structure of sorazolon E2 (14c) in the crystal (thermal
ellipsoids are shown at the 50% probability level).
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Brønsted acids (Table S1†). Using these modied conditions,
the coupling of 10a–10c proceeded more slowly but gave
improved yields compared to our previous results using FePcF16
as catalyst.29a

We then explored the possibility to achieve an asymmetric
catalytic oxidative coupling of 10d to the atropisomeric biaryl
compound 11d using (FeTPPF28)2O (5c) as catalyst (Table 5). 1,1′-
Biaryl-2,2′-phosphoric acids have been established as efficient
chiral catalysts for asymmetric catalysis by Akiyama, Terada, and
List.34 Recently, we have shown that oxidation of 10d with
FePcF16 as catalyst in the presence of 10 mol% of the chiral
phosphoric acid (R)-12 as co-catalyst afforded 11d in 71% yield
and 90% ee (Table 5, entry 1).30 The chiral phosphate counter-ion
was believed to direct the asymmetric coupling of the radical
cation generated from 10d by an initial single-electron transfer.
Using 5c as catalyst in the presence of 20 mol% of (R)-12 led to
the biaryl compound 11d in 96% ee (Table 5, entry 3).

Bicarbazoles are an important class of biologically active
natural products which can be prepared by C–H/C–H coupling
reactions.35,36 Recently, we described the synthesis of various
bicarbazole alkaloids by FePcF16-catalyzed oxidative coupling.37

Using (FeTPPF28)2O (5c) as catalyst for the iron-catalyzed
oxidative homocoupling of carbazoles offers a broad struc-
tural variety of 1,1′-, 3,3′-, and 4,4′-linked bicarbazoles. The
oxidative coupling of 2-hydroxy-3-methylcarbazole (13a)38 and
carbalexin B (13b)39 using 1.5 mol% of (FeTPPF28)2O (5c) as
catalyst in the presence of 20 mol% of BF3$OEt2 provided
regioselectively the naturally occurring 1,1′-bicarbazole alkaloid
bis-2-hydroxy-3-methylcarbazole (14a)40 and biscarbalexin B
(14b)37 (Scheme 2). 4,4′-Bicarbazoles as natural products have
been isolated only recently. Oxidative coupling of 3-hydroxy-1,2-
dimethyl-9H-carbazole (13c)41 in the presence of (FeTPPF28)2O
as catalyst provided sorazolon E2 (14c)42 (Scheme 3). The
structure of 14c was conrmed by an X-ray crystal structure
determination (Fig. 4).43 Analogously, the oxidative homocou-
pling of glycozoline (13d)44 led to the rst synthesis of integer-
rine B (14d).45 The 1H and 13C NMR data of synthetic integerrine
© 2023 The Author(s). Published by the Royal Society of Chemistry
B (14d) are in excellent agreement with those reported for the
natural product (Table S2†).

Due to their physical properties, 3,3′-bicarbazoles represent
promising candidates for hole-transporting materials in
organic light-emitting diodes (OLEDs).46 Previous procedures
for the synthesis of 3,3′-bicarbazoles by oxidative homocoupling
required stochiometric amounts of iron(III) chloride,47 DDQ,48 or
rhodium as noble metal catalyst.49 Our method using oxygen as
terminal oxidant in the presence of (FeTPPF28)2O (5c) as catalyst
Chem. Sci., 2023, 14, 257–265 | 261
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Table 6 (FeTPPF28)2O-catalyzed synthesis of 3,3′-bicarbazoles 16a

Entry Carbazole R [Fe] (mol%) t [h] Yield 16 [%]

1 15a Me 1.5 1.5 82
2 15b Bn 1.5 18 71
3 15c Ph 2.6 4.5 82

a Reaction conditions: 15 (0.1 mmol), (FeTPPF28)2O (5c), TFA (2–4 mL),
air, rt.
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enables the rst iron-catalyzed oxidative coupling of the
carbazoles 15a–15c to the 3,3′-bicarbazoles 16a–16c (Table 6).

Another iron-catalyzed oxidation process recently investi-
gated by our group is the Wacker-type oxidation of olens to
ketones.50–53 The oxidation of 2-vinylnaphthalene (17a) to 2-
acetylnaphthalene (18a) served as a model system in order to
test different phthalocyanine– and porphyrin–iron complexes
under an atmosphere of pure oxygen (Table 7). Our previous
results showed a much higher catalytic activity of the uori-
nated phthalocyanine– and porphyrin–iron complexes as
Table 7 Porphyrinoid–iron complex-catalyzed Wacker-type oxida-
tion of 2-vinylnaphthalene (17a)a

Entry [Fe] (mol%) Silane t [h]
Yield 18a
[%]

Yield 19a
[%]

150 FePc (5.0) Et3SiH
b 23 17 8

251 FePcF16 (5.0) Et3SiH 6 82 12
351 FePcF16 (5.0) Ph3SiH 2.5 85 12
451 FePcF16 (5.0) PhSiH3 4 48 13
551 (FePcF16)2O (2.5) Et3SiH 10 84 13
651 (FePcF16)2O (2.5) Ph3SiH 4 85 12
750 FeTPPCl (5.0) Et3SiH 6 2 Traces
850 FeTPPF20Cl (4b) (5.0) Et3SiH 6 22 4
9 FeTPPF20Cl (4b) (5.0) PhSiH3 24 74 Traces
10 (FeTPPF20)2O (5b) (2.5) Et3SiH 24 0 0
11 (FeTPPF20)2O (5b) (2.5) PhSiH3 24 78 Traces
12 FeTPPF28Cl (4c) (5.0) Et3SiH 24 0 0
13 FeTPPF28Cl (4c) (5.0) Ph3SiH 24 0 0
14 FeTPPF28Cl (4c) (5.0) PhSiH3 24 76 9
15 (FeTPPF28)2O (5c) (2.5) Et3SiH 24 0 0
16 (FeTPPF28)2O (5c) (2.5) Ph3SiH 24 0 0
17 (FeTPPF28)2O (5c) (2.5) PhSiH3 24 78 10
18c (FeTPPF28)2O (5c) (2.5) PhSiH3 40 87 Traces

a Reaction conditions: 17a (0.2 mmol), silane (2.0 equiv), EtOH (5 mL),
O2 (1 atm), rt. b Et3SiH (6.0 equiv.). c Air instead of pure O2.

262 | Chem. Sci., 2023, 14, 257–265
compared to their unsubstituted analogs (Table 7, entries 1–
8).50,51 Moreover, the importance to use the appropriate silane
reducing agent in combination with the corresponding iron
catalyst was emphasized.50–53 The present results conrm this
strong inuence of the silane when using the iron complexes
FeTPPF20Cl (4b) and (FeTPPF20)2O (5b) as catalysts for the
Wacker-type reaction (Table 7, entries 8–11). Based on these
previous results, we expected a high catalytic activity for the iron
complexes 4c and 5c with the peruorinated porphyrinato
ligand octacosauoro-meso-tetraphenylporphyrin. To our
surprise, we had no turnover at all in the oxidation of the olen
17a using FeTPPF28Cl (4c) as catalyst and either triethylsilane or
triphenylsilane as reducing agent under otherwise identical
reaction conditions (Table 7, entries 12 and 13). Phenylsilane
was proven to be the best reducing agent for the iron-catalyzed
Wacker-type reaction with tris(1,3-diketonato)iron(III)
complexes as catalysts.53 Indeed, using complex 4c as catalyst in
combination with phenylsilane provided the ketone 18a in 76%
yield along with 9% of the corresponding alcohol 19a (Table 7,
entry 14). Basically the same results were obtained for the
oxidation of 17a to 18a using the three reducing agents Et3SiH,
Ph3SiH, and PhSiH3 in combination with (FeTPPF28)2O (5c) as
catalyst (Table 7, entries 15–17). These results provide further
evidence for our mechanistic hypothesis with m-oxo[diiron(III)]
complexes as intermediates in the catalytic cycle of the Wacker-
type oxidation which also applies to the present reaction using
complex 5c as catalyst.51 Finally, we tested air instead of an
atmosphere of pure oxygen as re-oxidant for our iron complex
(Table 7, entry 18). Although the reaction time was prolonged,
we were delighted that the yield of the desired product 18a
increased to 87%, whereas only traces of the alcohol 19a could
be detected.

Using (FeTPPF28)2O (5c) as catalyst under the optimized
reaction conditions, we have tested the Wacker-type oxidation
for a range of different olens 17a–17h (Table 8). A special focus
was on those olens which gave poor results in our previous
study with FePcF16 or [FePcF16]2O as catalysts, the cyclic olens
17e–17g and the aliphatic olen 17h.50–52 For the simple styrene
derivatives 17a–17d, the oxidation with 5c as catalyst proceeded
smoothly affording the corresponding ketones 18a–18d in
yields as high or even slightly better compared to those obtained
with FePcF16 as catalyst,50 albeit longer reaction times were
required. The differences between the results with (FeTPPF28)2O
(5c) and the peruorophthalocyanine–iron complex as catalyst
were most pronounced for the oxidation of the more chal-
lenging substrates (cyclic olens and aliphatic olens). The
results with the substrates 17e–17h show that the selectivity of
the reaction is shied signicantly towards the ketone at the
expense of the alcohol by-product. For example, the Wacker-
type oxidation of the nitrochromene 17e catalyzed by
(FeTPPF28)2O (5c) afforded the chroman-4-one 18e in 79% yield
along with only 11% of the corresponding alcohol 19e (previous
result with FePcF16 as catalyst under O2: 62% of 18e and 35% of
19e).52 Compound 18e represents a synthetic precursor for the
pyrano[3,2-a]carbazole alkaloid euchrestifoline.52–54 Also for the
(FeTPPF28)2O-catalyzed oxidation of the cyanochromene 17f
and the dihydronaphthalene 17g to the ketones 18f (93% yield)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Substrate scope and selectivity of the (FeTPPF28)2O-cata-
lyzed Wacker-type oxidationa

17 Time [h] Yield 18 [%] Yield 19 [%]

a 40 87 Traces

b 24 90 0

c 76 89 0

d 48 85 7

e 62 79 11

f 71 93 6

g 48 89 5

h 120 53 11

a Reaction conditions: 17 (0.2 mmol), (FeTPPF28)2O (2.5 mol%), PhSiH3
(2.0–5.0 equiv.), EtOH (3 mL), air (1 atm), rt; see SI for details.
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and 18g (89% yield), we observed a much higher selectivity in
favor of the ketones (previous yields with FePcF16 as catalyst
under O2: 65% for 18f and 68% for 18g).50 Most strikingly,
oxidation of the aliphatic alkene 1-octadecene (17h) using
(FeTPPF28)2O (5c) as catalyst provided 2-octadecanone (18h) in
53% yield,55 whereas the corresponding reaction with FePcF16
required more of the catalyst (10 mol%), pure oxygen as reox-
idant, and elevated temperature (78 °C) but still led preferen-
tially to the alcohol 19h (42% yield) along with 18h (30% yield).50

Thus, we have shown that the Wacker-type oxidation of olens
using the new catalyst (FeTPPF28)2O (5c) proceeds smoothly
with ambient air as nal oxidant. The present reaction gives
higher selectivities in favor of the desired ketones as compared
to the corresponding reaction with FePcF16 as catalyst which
needs pure oxygen as reoxidant to achieve the best turnover
numbers.
Conclusions

We have described the synthesis of the novel peruorinated
porphyrin–iron complex m-oxo-bis[(octacosauoro-meso-tetra-
phenylporphyrinato)iron(III)] [(FeTPPF28)2O]. The high activity
of this catalyst in oxidation reactions has been demonstrated
for the biaryl coupling and the Wacker-type reaction. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
twofold aryl C–H bond activation was exploited for the oxidative
coupling of diarylamines leading to 2,2′-bis(arylamino)-1,1′-
biaryls. In the presence of an axially chiral biaryl phosphoric
acid as co-catalyst this coupling proceeds in up to 96% ee. The
(FeTPPF28)2O-catalyzed oxidative coupling of 2-hydroxy-, 9-alkyl/
aryl-, and 3-hydroxycarbazoles affords regioselectively 1,1′-, 3,3′-,
and 4,4′-bicarbazoles and has been applied to the synthesis of
a variety of bicarbazole natural products including the rst
synthesis of integerrine B. The Wacker-type oxidation of
alkenes, including internal and aliphatic alkenes, previously
considered as difficult substrates, with (FeTPPF28)2O as catalyst
in the presence of phenylsilane proceeds at room temperature
with air as terminal oxidant and provides the corresponding
ketones in high yields. The present ndings are paving the way
for the development of mild and selective oxidation reactions
under biomimetic conditions resembling those of the enzy-
matic oxidative processes in nature dependent on cytochrome
P450 heme proteins.
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Polyhedron, 2016, 119, 342–349.
23 C. C. Guo, J. Catal., 1998, 178, 182–187.
24 A. Gold, K. Jayaraj, P. Doppelt, J. Fischer and R. Weiss, Inorg.

Chim. Acta, 1988, 150, 177–181.
25 ESI† for m-oxo-bis[(octacosauoro-meso-tetraphenyl-

porphyrinato)iron(III)] (5c) have been deposited with the
Cambridge Crystallographic Data Centre (CCDC 2209883).

26 A. B. Hoffman, D. M. Collins, V. W. Day, E. B. Fleischer,
T. S. Srivastava and J. L. Hoard, J. Am. Chem. Soc., 1972, 94,
3620–3626.
264 | Chem. Sci., 2023, 14, 257–265
27 L. P. Cailler, M. Clémancey, J. Barilone, P. Maldivi,
J.-M. Latour and A. B. Sorokin, Inorg. Chem., 2020, 59,
1104–1116.

28 (a) E. Porhiel, A. Bondon and J. Leroy, Tetrahedron Lett.,
1998, 39, 4829–4830; (b) S. Yokota, Y. Suzuki,
S. Yanagisawa, T. Ogura, S. Nozawa, M. Hada and H. Fujii,
ACS Catal., 2022, 12, 10857–10871.

29 (a) R. F. Fritsche, G. Theumer, O. Kataeva and H.-J. Knölker,
Angew. Chem. Int. Ed., 2017, 56, 549–553; Angew. Chem., 2017,
129, 564–568; (b) A. Purtsas, O. Kataeva and H.-J. Knölker,
Chem.–Eur. J., 2020, 26, 2499–2508; (c) A. Purtsas,
S. Stipurin, O. Kataeva and H.-J. Knölker, Molecules, 2020,
25, 1608; (d) A. Purtsas, M. Rosenkranz, E. Dmitrieva,
O. Kataeva and H.-J. Knölker, Chem.–Eur. J., 2022, 28,
e202104292.

30 R. F. Fritsche, T. Schuh, O. Kataeva and H.-J. Knölker,
Chem.–Eur. J., 2022, 28, e202203269.

31 (a) C. Ercolani, G. Rossi and F. Monacelli, Inorg. Chim. Acta,
1980, 44, L215–L216; (b) D.-H. Chin, G. N. La Mar and
A. L. Balch, J. Am. Soc. Chem., 1980, 102, 4344–4350; (c)
C. Ercolani, M. Gardini, K. S. Murray, G. Pennesi and
G. Rossi, Inorg. Chem., 1986, 25, 3972–3976; (d) R. Dieing,
G. Schmid, E. Witke, C. Feucht, M. Dreßen, J. Pohmer and
M. Hanack, Chem. Ber., 1995, 128, 589–598.

32 (a) A. A. O. Sarhan and C. Bolm, Chem. Soc. Rev., 2009, 38,
2730–2744; (b) L. Zhai, R. Shukla, S. H. Wadumethrige and
R. Rathore, J. Org. Chem., 2010, 75, 4748–4760; (c)
M. Grzybowski, K. Skonieczny, H. Butenschön and
D. T. Gryko, Angew. Chem. Int. Ed., 2013, 52, 9900–9930;
Angew. Chem., 2013, 125, 10084–10115; (d) M. Grzybowski,
B. Sadowski, H. Butenschön and D. T. Gryko, Angew. Chem.
Int. Ed., 2020, 59, 2998–3027; Angew. Chem., 2020, 132,
3020–3050.

33 G.-Q. Chen, Z.-J. Xu, C.-Y. Zhou and C.-M. Che, Chem.
Commun., 2011, 47, 10963–10965.

34 (a) T. Akiyama, J. Itoh, K. Yokota and K. Fuchibe, Angew.
Chem. Int. Ed., 2004, 43, 1566–1568; Angew. Chem., 2004,
116, 1592–1594; (b) D. Uraguchi, K. Sorimachi and
M. Terada, J. Am. Chem. Soc., 2004, 126, 11804–11805; (c)
C. K. De, F. Pesciaioli and B. List, Angew. Chem. Int. Ed.,
2013, 52, 9293–9295; Angew. Chem., 2013, 125, 9463–9465.

35 (a) H.-J. Knölker and K. R. Reddy, Chem. Rev., 2002, 102,
4303–4428; (b) H.-J. Knölker and K. R. Reddy in The
Alkaloids, ed.: G. A. Cordell, Academic Press, Amsterdam,
2008, vol. 65, pp. 1–430; (c) I. Bauer and H.-J. Knölker, Top.
Curr. Chem., 2012, 309, 203–253; (d) A. W. Schmidt,
K. R. Reddy and H.-J. Knölker, Chem. Rev., 2012, 112,
3193–3328.

36 (a) G. Bringmann, S. Tasler, H. Endress, J. Kraus, K. Messer,
M. Wohlfahrt and W. Lobin, J. Am. Chem. Soc., 2001, 123,
2703–2711; (b) P. N. M. Botman, M. Postma, J. Fraanje,
K. Goubitz, H. Schenk, J. H. van Maarseveen and
H. Hiemstra, Eur. J. Org. Chem., 2002, 1952–1955; (c)
J. L. Avila-Melo, A. Benavides, A. Fuentes-Gutiérrez,
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