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Abstract: The hexadecafluorophthalocyanine–iron complex
FePcF16 was recently shown to convert olefins into ketones in
the presence of stoichiometric amounts of triethylsilane in
ethanol at room temperature under an oxygen atmosphere.
Herein, we describe an extensive mechanistic investigation
for the conversion of 2-vinylnaphthalene into 2-acetylnaph-
thalene as model reaction. A variety of studies including

deuterium- and 18O2-labeling experiments, ESI-MS, and 57Fe
Mössbauer spectroscopy were performed to identify the
intermediates involved in the catalytic cycle of the oxidation
process. Finally, a detailed and well-supported reaction
mechanism for the FePcF16-catalyzed Wacker-type oxidation is
proposed.

Introduction

The selective oxidation of organic substrates by using earth-
abundant transition metals (e.g., manganese, cobalt or iron) as
catalysts and environmentally benign oxidants (molecular oxy-
gen or hydrogen peroxide) is fundamentally important in
biogenetic transformations and highly useful for organic
synthesis.[1] Olefins are readily available substrates not only in
research laboratories but also for industrial processes. Thus, the
selective functionalization of these basic chemicals is an
important conversion for preparative organic chemistry. In this
context, the hydrofunctionalization of olefins by catalysis with
first-row transition metals has become a powerful tool for the
successful construction of C� C and C� X bonds (e.g., X=NR2,
SiR3, F, Cl, N3).

[2] However, the conversion of olefins into ketones

in a Wacker-type oxidation is mostly limited to palladium with
only a few exceptions (Scheme 1).

Based on earlier work by Tabushi and Koga, Perrée-Fauvet
and Gaudemer reported in 1981 a catalytic oxidation of olefins
to a mixture of ketones and the corresponding alcohols using a
porphyrin–manganese(III) complex.[3] In 1992, Matsushita and
co-workers reported the conversion of olefins into ketones as
major product along with hydroperoxides and alcohols as by-
products using a porphyrin–cobalt(II) complex as catalyst in the
presence of triethylsilane and molecular oxygen at room
temperature.[4] Alternative procedures for the oxidation of
olefins to ketones catalyzed by base metals proceed via the
transformation of intermediate secondary alcohols,[5]

hydroperoxides,[6] vinyl silanes,[7] or silylperoxides.[8] In further
publications, the ketone was obtained only as a by-product.[9]

Aldehyde-selective Wacker-type oxidations catalyzed by
cobalt or iron complexes have been described in the
literature.[10] However, iron-catalyzed Wacker-type oxidations for
the conversion of alkenes into ketones are rare. Recently, Han[a] Dr. F. Puls, Prof. Dr. H.-J. Knölker

Fakultät Chemie, Technische Universität Dresden
Bergstraße 66, 01069 Dresden (Germany)
E-mail: hans-joachim.knoelker@tu-dresden.de
Homepage: http://www.chm.tu-dresden.de/oc2/

[b] F. Seewald, Dr. V. Grinenko, Prof. Dr. H.-H. Klauß
Institute of Solid State and Materials Physics
Fakultät Physik, Technische Universität Dresden
Zellescher Weg 16, 01069 Dresden (Germany)

[**] Part 149 of “Transition Metals in Organic Synthesis”; for part 148, see:
ref. [14].

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202102848

© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Scheme 1. First-row transition metal-catalyzed oxidations of olefins to
ketones. Mn(tpp)Cl=5,10,15,20-tetraphenylporphyrin–manganese(III)
chloride; Co(tdcpp)=5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin–cobalt
(II); FePcF16=hexadecafluorophthalocyanine–iron(II).
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et al. and our group independently developed two procedures
for the iron-catalyzed Wacker-type conversion of olefins into
ketones.[11,12] Han and co-workers used 10 mol% of iron(II)
chloride in the presence of polymethylhydrosiloxane (PMHS) at
80 °C.[11] We reported a procedure using hexadecafluorophthalo-
cyanine–iron(II) (FePcF16)

[13] as catalyst in the presence of
triethylsilane that is operating at room temperature.[12] More
recently, we also described tris(1,3-diketonato)iron(III) com-
plexes, and a combination of iron(II) chloride and neocuproine
as catalysts using phenylsilane as reductive additive for the
Wacker-type oxidation with air as oxidant at room
temperature.[14]

Although first-row transition metal catalysis has received
much attention for the hydrofunctionalization of olefins,[2f,g,15] its
application for the Wacker-type oxidation to ketones is less
explored. In the course of our on-going project directed
towards the development of novel environmentally benign and
sustainable iron-catalyzed processes,[12,14,16] we have investi-
gated the mechanism of the FePcF16-catalyzed Wacker-type
oxidation of olefins to ketones in the presence of hydrosilanes
as reducing additives at room temperature. Herein, the
characterization of catalytically relevant iron complexes and
intermediates, isotopic labeling studies, and Mössbauer spectro-
scopy of the iron complexes are described. Based on the
experimental findings, a detailed mechanism has been pro-
posed for the FePcF16-catalyzed Wacker-type oxidation.

Results and Discussion

The iron-catalyzed Wacker-type oxidation of 2-vinylnaphthalene
(1) using FePcF16 as catalyst (5 mol%) in the presence of
triethylsilane (2a) (2 equiv) in ethanol at room temperature
under an atmosphere of molecular oxygen provided 2-
acetylnaphthalene (3) in 82% yield along with 1-(2-naphthyl)
ethanol (4) in 12% yield (Table 1, entry 1).[12] An oligomerization
of 1 was not observed under these reaction conditions. Extra
dry ethanol (water content: 6.5 ppm, determined by Karl–
Fischer titration) as solvent is not required as it gave the same
result as ethanol of 98% purity. As 2-vinylnaphthalene (1) and
the resulting products 3 and 4 are all solid compounds, we
selected 1 as model substrate. We have investigated this
reaction in detail by testing various hydrosilanes 2 as reductive
additives (Table 1, entries 1–17). Except for iPr3SiH (2b) (entry 3)
and (TMS)3SiH (2c) (entry 4),[17] the ketone 3 was isolated in
moderate to good yields along with the alcohol 4 as by-
product. With triethoxysilane (2d) as reductive additive,
elevated temperatures are required to obtain at least moderate
yields of the ketone 3 (compare Table 1, entries 5 and 6).
Working at room temperature, the arylhydrosilanes 2e–2k
(entries 7–17) are superior additives for this reaction and in
most cases the corresponding ethoxysilanes 5 and silanols 6
could be isolated. Using triphenylsilane (2k) as reductive
additive for the oxidation of 1, the ketone 3 was afforded in
slightly better yield and in significantly shorter reaction time as
compared to the reaction with triethylsilane (2a) (compare
Table 1, entries 1 and 13, Figure 1). This beneficial effect was
already noted previously in our improved synthesis of the

Table 1. Variation of hydrosilane 2 for the FePcF16-catalyzed Wacker-type oxidation of 2-vinylnaphthalene (1).[a]

2 R1 R2 R3 t [h] Yield 3 [%] Yield 4 [%] Yield 5 [%] Yield 6 [%]

1 a Et Et Et 6 82 12 – –
2[b] a Et Et Et 6 72 9 – –
3[c] b iPr iPr iPr 24 0 0 – –
4[d] c TMS TMS TMS 6 0 0 – –
5[e] d EtO EtO EtO 6 5 traces – – [f]

6[g] d EtO EtO EtO 6 32 4 – – [f]

7[h] e C6H5 H H 4 48 13 – –
8 f C6H5 Me H 6 50 14 80 (R3=OEt) –(R3=OEt) [f]

9 g C6H5 C6H5 H 6 60 13 73 (R3=OEt) 7 (R3=OEt)
10 h C6H5 Me Me 2 62 10 73 6
11 i 3,5-(CF3)2C6H3 Me Me 1.5 74 7 26 – [f]

12 j C6H5 C6H5 Me 4 75 12 81 9
13 k C6H5 C6H5 C6H5 2.5 85 12 95 2
14[i] k C6H5 C6H5 C6H5 5.5 79 10 76 3
15[b] k C6H5 C6H5 C6H5 2.5 55 9 100 0
16[j] k C6H5 C6H5 C6H5 2.5 85 11 98 2
17[k] k C6H5 C6H5 C6H5 2.5 83 11 100 0

[a] Reaction conditions: 1 (0.65 mmol), FePcF16 (5 mol%), hydrosilane 2 (2.0 equiv), EtOH (10 mL), O2 (1 atm), room temperature; yields refer to isolated
products; yields of ethoxysilane 5 and silanol 6 are based on the hydrosilane 2. [b] Reaction under air. [c] After 6 h at room temperature and additional 18 h
at reflux temperature, 2-vinylnaphthalene (1) was completely recovered. [d] 81% of 2-vinylnaphthalene (1) were recovered. [e] 94% of 2-vinylnaphthalene
(1) were recovered. [f] Detected by MS. [g] Reaction at 70 °C; 41% of 2-vinylnaphthalene (1) were recovered. [h] 2,3-Di(naphth-2-yl)butane (11%) and traces
of di(1-(naphth-2-yl)eth-1-yl) ether formed as by-products. [i] Reaction with 2.5 mol% of FePcF16. [j] Reaction with 1.5 equiv. triphenylsilane (2k). [k] Reaction
with 1.2 equiv. triphenylsilane (2k).
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pyrano[3,2-a]carbazole alkaloid euchrestifoline.[18] When triphe-
nylsilane (2k) was applied, triphenylethoxysilane (5k) and small
amounts of triphenylsilanol (6k) were isolated as by-products.
Reducing the amount of catalyst by half (2.5 mol% of FePcF16)
leads to significantly longer reaction times (Table 1, entry 14). If
the reaction is performed under air instead of an oxygen
atmosphere, triethylsilane as reductive additive affords better
results than triphenylsilane (compare Table 1, entries 2 and 15).

The rate for the transformation of 2-vinylnaphthalene (1)
into 2-acetylnaphthalene (3) and 1-(2-naphthyl)ethanol (4)
using triphenylsilane (2k) was monitored by GC-MS analysis
(Figure 1). Using our standard reaction conditions with 2
equivalents of Ph3SiH (2k), we observed an immediate con-
sumption of the olefin 1 and the formation of ketone 3 as well
as the alcohol 4. However, the formation of the alcohol 4 is
progressing much more slowly in comparison to the ketone 3.
The catalysis using the iron complex FePcF16 obviously requires
no induction period.

Monitoring the consumption of triphenylsilane (2k) by GC-
MS analysis (Figure 2) confirmed that about 20% of 2k were
still present even after 3 h, whereas the oxidation of 1 was
essentially completed after 1.5 h (compare Figure 1). Thus, using
only 1.5 or even 1.2 equivalents of triphenylsilane (2k) for the
Wacker-type oxidation of 1 provides similar results as with 2
equivalents of 2k (compare Table 1, entries 13, 16, and 17).
Moreover, the time-dependent course for the formation of the
triphenylsiloxy by-products shows a steady increase of
triphenylethoxysilane (5k), whereas the concentration of triphe-
nylsilanol (6k) is reaching a maximum after about 5 minutes
and then continuously decreases (Figure 2). An explanation for
this interesting observation is given along with the detailed
mechanism we have proposed for the catalytic cycle (Scheme 3,
below).

Previously, we have suggested an in situ generation of the
oxygen-bridged complex μ-oxo-bis

[(hexadecafluorophthalocyanine)iron(III)] (O[FePcF16]2) during
the catalysis by an oxygen reduction process.[12] Formation and
applications of μ-oxo-bridged bis(phthalocyanine–iron[III]) com-
plexes were reported previously.[19,20] The electron-deficient
complex FePcF16 is easily oxidized in solution.[21] Thus, we have
prepared the μ-oxo-bridged complex O(FePcF16)2 by stirring
FePcF16 in a 1 :1 mixture of toluene and THF at room temper-
ature under an atmosphere of oxygen (Scheme 2),[12,19q] follow-
ing conditions previously applied to the synthesis of μ-oxo-
bridged porphyrin complexes.[22] Electrospray ionization mass-
spectrometry (ESI-MS, +10 V) confirmed the structure of
O(FePcF16)2 by a strong molecular peak at m/z 1729.0 for [M+

H]+ (Figure S1 in the Supporting Information). Moreover,
FePcF16 and the μ-oxo-bridged complex O(FePcF16)2 exhibit
differences in their UV-Vis absorption spectra (Figures S2 and
S3, Table S1).

Next, we investigated the Wacker-type oxidation of 2-
vinylnaphthalene (1) using μ-oxo-bis
[(hexadecafluorophthalocyanine)iron(III)] (O[FePcF16]2) as cata-
lyst under standard reaction conditions with either triethyl- or

Figure 1. Course of the oxidation of 2-vinylnaphthalene (1) in the presence
of FePcF16 (5 mol%), Ph3SiH (2k; 2 equiv), and O2 (Table 1, entry 13)
monitored by GC-MS analysis with naphthalene as internal standard.

Figure 2. Consumption of triphenylsilane (2k) and formation of 5k and 6k
during the oxidation of 2-vinylnaphthalene (1) in the presence of FePcF16
(5 mol%), Ph3SiH (2k) (2 equiv), and O2 (Table 1, entry 13) monitored by GC-
MS analysis with naphthalene as internal standard.

Scheme 2. Synthesis of μ-oxo-bis[(hexadecafluorophthalocyanine)iron(III)]
(O[FePcF16]2). Reaction conditions: Toluene/THF (1 :1), oxygen, room temper-
ature, 1.5 h (86%).
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triphenylsilane as reductive additive (Table 2). The ketone 3 and
the alcohol 4 were obtained in the same yields as previously
when using FePcF16 as catalyst (compare Table 1, entries 1 and
13). This result suggests that the initial step of the FePcF16-
catalyzed Wacker-type oxidation is the generation of
O(FePcF16)2.

Using Mössbauer spectroscopy, we have investigated the
complexes μ-oxo-bis[(hexadecafluorophthalocyanine)iron(III)]
(O[FePcF16]2) and hexadecafluorophthalocyanine–iron(II)
(FePcF16) in solid form as well as in frozen ethanol solution in
order to enable their identification in the reaction mixture.
Figure 3 shows the Mössbauer spectra of solid O(FePcF16)2 (a
and c) and FePcF16 (b and d) at room temperature (a and b) and
at 90.5 K (c and d). The complex O(FePcF16)2 shows temper-
ature-dependent Mössbauer spectra (Figure S16). The spectra of
solid O(FePcF16)2 at 295 and 90.5 K exhibit two iron signals, both
having quadrupole splitting with a larger value for signal 1 as
compared to signal 2 (Figure 3a and c, Table 3). With decreasing
temperature, the proportion of signal 1 increases, whereas the
proportion of signal 2 decreases. After warming up the sample
to 295 K, the spectrum at this temperature can be reproduced.
In a linear μ-oxo-bridged complex O(FePcF16)2, both iron atoms
have the same chemical environment and thus, only one iron
signal would be expected for the Mössbauer spectrum.
However, two iron signals are observed. The second signal most
likely derives from the bent form of O(FePcF16)2 (Figure S17).
Magnetic susceptibility measurements confirmed a linear
relationship between the inverse magnetic susceptibility and
the temperature in the range of 15 to 299 K which was
investigated by Mössbauer spectroscopy (Figure 4). Thus, a spin
cross-over process can be ruled out. The large temperature
dependence of the proportions of signals 1 and 2 indicates a
reversible structural transition from a linear to a bent form.[19r]

For the Mössbauer spectra of solid FePcF16 (Figure 3b and d),
only one signal is expected. However, three signals are
exhibited in the corresponding spectra.[23] The first two signals
have parameters in agreement with those of O(FePcF16)2
(Table 3). The major differences are that the first signal has a
consistently larger isomer shift of about 0.1 mms� 1 for FePcF16,
�0.2 mms� 1 for FePcF16 at room temperature and �0.1 mms� 1

for O(FePcF16)2. Additionally, the quadrupole splitting of signal 2
is �15–40% larger for FePcF16. The qualitative temperature

Table 2. O(FePcF16)2-catalyzed Wacker-type oxidation of 2-vinylnaphtha-
lene (1).[a]

R3SiH (2) t [h] Yield 3 [%] Yield 4 [%]

1 Et3SiH (2a) 10 84 13
2[b] Et3SiH (2a) 4 84 12
3[c] Ph3SiH (2k) 4 85 12

[a] Reaction conditions: 1 (0.65 mmol), O(FePcF16)2 (2.5 mol%), hydrosilane
2 (2 equiv), EtOH (10 mL), O2 (1 atm), room temperature; yields refer to
isolated products. [b] 5 mol% of O(FePcF16)2. [c] Ph3SiOEt (5k) was isolated
in 95% yield, Ph3SiOH (6k) was isolated in 2% yield based on Ph3SiH (2k).

Figure 3. Mössbauer spectra of a) solid O(FePcF16)2 and b) solid FePcF16 at
room temperature and of c) solid O(FePcF16)2 and d) solid FePcF16 at 90.5 K.
Experimental data are shown as black dots along with the overall fit (dark
blue line). Contributions are shown in color as upper traces. Parameters: see
Table 3.
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dependence for the Mössbauer spectra of O(FePcF16)2 and
FePcF16 is identical, with signal 1 increasing and signal 2
decreasing in intensity when decreasing the temperature. The
results described above indicate that the sample of FePcF16 was
already partly oxidized to O(FePcF16)2, thus giving rise to signals
1 and 2. The deviations for the signals 1 and 2 between the
spectra of O(FePcF16)2 and FePcF16 are tentatively ascribed to
FePcF16/O(FePcF16)2 interactions. Similar observations have been
reported for the Mössbauer spectrum of FePc.[24] The third
signal in the Mössbauer spectrum of FePcF16 has parameters
similar to those of FePc and thus is assigned to FePcF16.

[25] The
isomer shift of 0.202(18) mms� 1 is larger than in FePc, indicating
a lower electron density due to the electron withdrawing effect
of the fluorine atoms.[21] The quadrupole splitting in the
Mössbauer spectrum of FePcF16 shows no significant deviation
from FePc, indicating that the electron withdrawal is limited,
since (FePc)+ is reported to have a considerably larger quadru-
pole splitting.[25c] This observation combined with the isomer

shift of δ=0.409(16) mms� 1 indicates that iron is in the
oxidation state of + II (low spin).

Moreover, we have investigated frozen ethanol solutions of
O(FePcF16)2 and FePcF16 by Mössbauer spectroscopy (Figure 5).
Also in these spectra, two signals are exhibited by O(FePcF16)2
and three signals by FePcF16. Thus, the spectra of the complexes
in ethanolic solution are very similar to those of the correspond-
ing powders. Most significantly the three signals differ for
FePcF16, with the second and third signal loosing intensity,
while the first signal increases. The main quantitative differ-
ences for O(FePcF16)2 are the about 0.1 mms� 1 higher isomer
shift of the first signal and the about 25% smaller ΔEQ
component for the second signal as well as variations in the
signal proportions for FePcF16 solution. These changes are most
likely caused by interactions with ethanol.

Mössbauer spectroscopic investigations of frozen solutions
of the reaction mixture confirmed the presence of FePcF16,
O(FePcF16)2, and of an additional iron(II) complex which could
not be assigned (Figure S18).

Based on the present experimental findings and earlier
studies,[12,14] we have proposed a detailed mechanism for the
catalytic cycle of the FePcF16-catalyzed oxidation of olefins to
ketones using triethyl- or triphenylsilane (2a or 2k) as reductive
additive and molecular oxygen as sole oxidant (Scheme 3).

Table 3. Parameters for the iron complexes O(FePcF16)2 and FePcF16
determined from simulations of the Mössbauer spectra shown in Figures 3
and 5.

Compound Site δ
[mm s� 1]

ΔEQ
[mm s� 1]

Rel. area
[%]

O(FePcF16)2 295 K 1 1.493(8) 0.092(14) 33
2 0.665(2) 0.330(14) 67

FePcF16 295 K 1 1.691(20) 0.192(20) 20
2 0.817(7) 0.367(13) 71
3 2.546(12) 0.409(16) 9

O(FePcF16)2 90.5 K 1 1.427(4) 0.175(15) 64
2 0.551(4) 0.383(10) 36

FePcF16 90.5 K 1 1.672(8) 0.274(13) 28
2 0.762(4) 0.445(12) 59
3 2.606(5) 0.492(13) 13

O(FePcF16)2 ethanol, 77 K 1 1.580(10) 0.095(12) 65
2 0.469(25) 0.332(11) 35

FePcF16 ethanol, 90.5 K 1 1.519(5) 0.248(13) 42
2 0.665(4) 0.448(12) 53
3 2.530(33) 0.449(25) 5

Figure 4. Inverse magnetic susceptibility of the μ-oxo-bridged iron complex
O(FePcF16)2 dependent on the temperature at different magnetic fields.

Figure 5. Mössbauer spectrum of a) the μ-oxo-bridged iron complex
O(FePcF16)2 and b) FePcF16 in frozen ethanol solutions. Experimental data are
shown as black dots along with the overall fit (dark blue lines). Contributions
are shown in color as upper traces. Parameters: see Table 3.
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Initially, the hexadecafluorophthalocyanine–iron(II) complex
(FePcF16) is oxidized by molecular oxygen to the oxygen-
bridged complex μ-oxo-bis[(hexadecafluorophthalocyanine)iron
(III)] (O[FePcF16]2) (Scheme 2). This hypothesis is supported by
the fact that both complexes, FePcF16 and O(FePcF16)2, provide
identical results when applied as catalysts in this process
(compare Table 1, entries 1 and 13, with Table 2). The concom-
itant oxygen reduction is believed to proceed according to a
similar mechanism as proposed previously for the formation of
related μ-oxo-bis[(phthalocyanine)iron(III)] and μ-oxo-bis
[(porphyrin)iron(III)] complexes (Scheme 4).[19,20,26,27a] Subsequent
dissociation of the μ-oxo-bridged diiron complex O(FePcF16)2
generates a cationic iron fragment and an anionic oxido–iron
complex (A).[27] This fragmentation was supported by an ESI-MS
(� 100 V) from the crude reaction mixture of the FePcF16-
catalyzed oxidation of 1 (Table 1, entry 13), which exhibited a
peak at m/z 871.7 corresponding to [OFePcF16]

� . Nucleophilic
attack of the anionic oxido–iron complex at the silicon atom of
the silane provides an intermediate pentavalent silicon anion
(B). Subsequent hydride transfer to the cationic iron species
leads to a hydrido–iron(III) complex (C).[2e,28,29] The formation of
the hydrido–iron(III) complex appears to be involved in the
rate-determining step of this catalysis as confirmed by the
strong dependence of the reaction rate on the concentration of

the catalyst (compare entries 13 and 14 in Table 1, and entries 1
and 2 in Table 2). The resulting siloxy–iron(III) complex is

Scheme 3. Detailed mechanism for the FePcF16-catalyzed Wacker-type oxidation of olefins to ketones (simplified representation of the hexadecafluorophthalo-
cyanine ligand for clarity; possible axially bound neutral ligands (e.g., EtOH) are not shown; presumed side reactions as dashed lines). R=aryl, alkyl; R’=Et, Ph.

Scheme 4. Reduction of oxygen by oxidation of iron(II) to iron(III) for the
hexadecafluorophthalocyanine–iron(II) complex FePcF16 (simplified represen-
tation of the hexadecafluorophthalocyanine ligand for clarity).
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attacked by ethanol to form the ethoxysilane R’3SiOEt (5) and a
hydroxy–iron(III) complex which has been identified by ESI-MS
(+75 V; m/z 873.1) in the reaction mixture of the oxidation of 1.
For triphenylethoxysilane (5k), the proposed route for the
formation of the ethoxysilane has been supported by several
mechanistic experiments (Scheme 5). When stirred in ethanol at
room temperature, neither triphenylsilane (2k) nor triphenylsi-
lanol (6k) afforded triphenylethoxysilane (5k; Figures S7 and
S8). Thus, a simple ethanolysis can be excluded for both
compounds. However, stirring an ethanolic solution of triphe-
nylsilane (2k) in the presence of catalytic amounts of either
FePcF16 or O(FePcF16)2 leads to the formation of significant
amounts triphenylethoxysilane (5k) along with traces of
triphenylsilanol (6k) which could be detected by GC-MS
analysis (Figures S9 and S10). Therefore, the excess of triphe-
nylsilane (2k) is converted into triphenylethoxysilane (5k) under
the reaction conditions used for the catalysis (compare Fig-
ure 2). In agreement with this conclusion, the decrease of the
amount of reductive additive from 2.0 equivalents of 2k to 1.5
or 1.2 equivalents of 2k provided the same result for the
FePcF16-catalyzed Wacker-type oxidation (Table 1, entries 13, 16,
and 17). The stoichiometric reaction of 2k with 1 equivalent of
O(FePcF16)2 under an atmosphere of argon provides 5k and 6k
and confirms that this transformation occurs in the absence of
O2. A transformation of triphenylsilanol (6k) into triphenyleth-
oxysilane (5k) with ethanol in the presence of FePcF16 or
O(FePcF16)2 is not possible (Figures S11 and S12). Thus, the
decrease of the concentration of triphenylsilanol (6k) observed
during the reaction after the initial increase (Figure 2) is
ascribed to the formation of siloxane by condensation.[30] Using
deuterated ethanol (C2D5OD; 99% D content) as solvent for the
FePcF16-catalyzed Wacker-type oxidation of 1 led to no

deuterium incorporation into the ketone 3 and the alcohol 4,
but a deuterated triphenylethoxysilane [D5]-5 could be isolated
(Scheme 5). This result indicates that the ethoxy group of 5
originates from the solvent (ethanol). The formation of minor
amounts of silanol R’3SiOH (6) is explained by reaction of
hydrosilane with the hydroxy–iron(III) complex which provides
an alternative pathway to the hydrido–iron(III) complex. This
mechanism for the formation of the silanol R’3SiOH (6) derives
support from the fact that in contrast to the oxygen atom of
the ethoxysilane 5, the oxygen atom of 6 originates from the
oxygen atmosphere (see the 18O-labeling experiment in
Scheme 7, below). The hydrido–iron(III) complex opens up two
different mechanistic pathways generating either an alkyl
radical by hydrogen atom transfer (HAT)[2e,29,31] to the olefin
(Scheme 3, path D1)[32] or a (1-methylalkyl)–iron(III) complex by
hydrometalation (path D2).[33] By addition of (2,2,6,6-tetrameth-
ylpiperidin-1-yl)oxyl (TEMPO; 7), the intermediate radical pro-
posed for path D1 could be intercepted to give compound 8
with complete inhibition of ketone formation (Scheme 6). The
radical scavenger galvinoxyl (4-[(3,5-di-tert-butyl-4-oxocyclo-
hexa-2,5-dien-1-ylidene)methyl]-2,6-di-tert-butylphenoxyl) also
inhibited the reaction and only starting material 1 was
recovered. Using radical starters like azobis(isobutyronitrile)
(AIBN) or dibenzoyl peroxide (DBPO) instead of the iron
complex gave no conversion of 1, indicating that the iron
complex does not just function as a simple radical starter. The
HAT mechanism was supported by using Et3SiD (98% D
content) as the reductive additive for the iron-catalyzed
Wacker-type oxidation of 1 which resulted in 98% deuterium
incorporation at the methyl groups of ketone 3 and alcohol 4
(Scheme 6). In this experiment, an additional deuterium incor-
poration of about 5% could be detected at the α-hydroxy
position of [D1]-4 (GC-MS, 1H NMR). In conclusion, it is evident
that only a very minor amount of the alcohol 4 results from a
subsequent iron-catalyzed reduction of ketone 3 (see below).
The pathways D1 and D2 would ultimately both lead to the
same alkylperoxy–iron(III) complex. Reaction of the radical with

Scheme 5. Mechanistic experiments supporting the proposed route for the
formation of triphenylethoxysilane (5k).

Scheme 6. Mechanistic experiments supporting the iron-catalyzed HAT.
According to 1H NMR: 98% deuterium incorporation in the methyl groups of
3 and 4. AIBN=azobisisobutyronitrile, DBPO=dibenzoyl peroxide.
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molecular oxygen to a peroxy radical followed by coordination
to the iron(II) complex gives the alkylperoxy–iron(III) complex
(D1).[32] Alternatively, this intermediate is generated by insertion
of dioxygen into the (1-methylalkyl)–iron(III) complex (D2).[33a,34]

Homolytic cleavage of the O� O bond generates two radical
species (E).[26d,35] Subsequent abstraction of a hydrogen atom
leads to the ketone and a hydroxy–iron(III) complex.[33a]

Condensation of two hydroxy–iron(III) complexes regenerates
the μ-oxo-bridged diiron complex O(FePcF16)2 and thus com-
pletes the catalytic cycle (F).[27a,34]

Additional strong support for the proposed mechanism
depicted in Scheme 3 derives from further isotopic labeling
studies. Previously, we have shown that no product is formed
when the FePcF16-catalyzed Wacker-type oxidation of 1 is
performed under an argon atmosphere.[12] In order to demon-
strate the origin of the incorporated oxygen atom, we have
executed this transformation under an atmosphere of 18O2 (

18O2

isotope purity: >97.17%) using otherwise identical conditions
(Scheme 7). In fact, an 18O incorporation of 95% as detected by
EI-MS for the ketone [18O]-3 and for the alcohol [18O]-4
unequivocally confirmed that the oxygen atoms of both
products derive from the atmosphere. It is noteworthy that a
complete 18O incorporation (95% detected by EI-MS) was also
found for the silanol [18O]-6k but no 18O was present in the
ethoxysilane 5k. Combined with the experiments shown in
Scheme 5, this observation provides clear evidence for the
origin of the silyl compounds 5 and 6 as outlined in Scheme 3.
Finally, a combined labeling experiment for the FePcF16-
catalyzed Wacker-type oxidation of 1 using Et3SiD (98% D
content) as reductive additive under an atmosphere of 18O2

(18O2 isotope purity: >97.17%) in dry and degassed ethanol
afforded the ketone [D1][

18O]-3 and the alcohol [D1][
18O]-4

(Scheme 7). For the alcohol [D1]-4 an additional deuterium
incorporation of about 9% could be detected at the α-hydroxy
position. An ESI-MS (+50 V) of the reaction mixture showed a
peak at m/z 1731.0 for the mass of the 18O-labeled μ-oxo-bis
[(hexadecafluorophthalocyanine)iron(III)] complex
(18O[FePcF16]2). Thus, the 18O incorporation could be also

demonstrated for the μ-oxo-bridged complex which confirms
the catalytic cycle depicted in Scheme 3.

Four different mechanisms may be considered for the
formation of alcohol in the FePcF16-catalyzed Wacker-type
oxidation (cf. Scheme 3). We assume that the alcohol as by-
product most likely is generated by an OH transfer process from
the hydroxy–iron(III) complex to the intermediate radical, similar
to the rebound mechanism described by Goldberg and co-
workers.[36] In agreement with this hypothesis, the α-hydrogen
atom of 2-vinylnaphthalene (1) should be retained in the
molecule during the transformation into the alcohol 4. In fact,
using the α-deuterated 2-vinylnaphthalene ([α-D1]-1; 88% D
content) as starting material, the corresponding alcohol ([α-D1]-
4) deuterated at the benzylic position (85% D content) was
obtained as by-product of the transformation (Scheme 8).
Alternatively, this outcome could be also explained by
formation of a peroxide and subsequent iron-catalyzed con-
version to ketone and alcohol,[37] or by peroxyradical dimeriza-
tion to a tetroxide followed by Russell fragmentation with
concomitant loss of oxygen.[38] Following the two latter path-
ways, the α-hydrogen atom of the olefin would remain in the
alcohol, however, both of them would deliver the ketone and
the alcohol in an equimolar ratio. The fourth pathway for the
formation of alcohol is the iron-catalyzed reduction of the
generated ketone. The experiments using Et3SiD as reductive
additive have already indicated this route by the partial
deuteration (5–9%) at the benzylic position (Schemes 6 and 7).
For a direct confirmation, 2-acetylnaphthalene (3) was stirred
under standard reaction conditions with Et3SiD (98% D content)
as reductive additive and FePcF16 as catalyst to afford the
alcohol [α-D1]-4 in 4% yield with a deuterium incorporation of
98% at the benzylic position (Scheme 8). This subsequent
reduction of ketone 3 diminishes the deuterium content
observed at the benzylic position of the alcohol 4 in the
experiment described in equation 1 of Scheme 8. In conclusion,
the FePcF16-catalyzed Wacker-type oxidation of 2-vinylnaphtha-
lene (1) provides the alcohol 4 in about 11–12% yield (Table 1,
entries 1 and 13; Schemes 6 and 7). To this amount of the by-
product 4, the iron-catalyzed reduction of 2-acetylnaphthalene
(3) contributes a maximum of 1% yield as deduced from the
partial deuteration of 5–9% at the benzylic position when using
Et3SiD as reductive additive (Schemes 6 and 7). The major

Scheme 7. Mechanistic experiments confirming the origin of the oxygen and
hydrogen atoms in the products of the iron-catalyzed Wacker-type oxidation.
Equation (1): According to GC-MS: 95% 18O incorporation in 3, 4, and 6k.
Equation (2): According to 1H NMR: 98% deuterium incorporation in the
methyl group of 3 and according to GC-MS: 90% 18O incorporation in 3 and
88% 18O incorporation in 4.

Scheme 8. Experiments demonstrating the two different mechanisms lead-
ing to the alcohol by-product of the iron-catalyzed Wacker-type oxidation.
Equation (1): According to 1H NMR: 85% deuterium incorporation at the
benzylic position of 4. Equation (2): According to 1H NMR: 98% deuterium
incorporation at the benzylic position of 4.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202102848

16783Chem. Eur. J. 2021, 27, 16776–16787 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 30.11.2021

2167 / 223011 [S. 16783/16787] 1

www.chemeurj.org


amount of alcohol 4 is most likely formed by an OH radical
transfer from the intermediate hydroxy–iron(III) complex to the
radical generated by HAT.

The isotopic labeling studies using Et3SiD and 18O2 strongly
support our proposed mechanism and confirm the origin of the
oxygen and hydrogen atoms (Scheme 3). However, as porphyr-
in–iron and phthalocyanine–iron complexes are known to
catalyze the oxidation of alkenes to epoxides,[20k,39] an alter-
native pathway via an iron-catalyzed epoxidation followed by
Meinwald rearrangement[40] might still at least partially be
involved in the formation of ketone 3. To rule out this
possibility, we converted 2-vinylnaphthalene (1) into the
corresponding epoxide 9 following a literature procedure[41] and
submitted it to the standard reaction conditions for the FePcF16-
catalyzed Wacker-type oxidation (Scheme 9). However, neither
the ketone 3 nor the alcohol 4 were formed and only 39% of
the starting material 9 could be re-isolated, indicating a large
degree of decomposition. Therefore, a reaction pathway to the
ketone 3 via epoxide formation and subsequent Meinwald
rearrangement does not play any role in the present process.

Conclusion

In this work, we have studied in detail the mechanism of our
FePcF16-catalyzed Wacker-type oxidation in ethanol by using 2-
vinylnaphthalene as model compound. In the initial step, the
iron(II) complex FePcF16 was oxidized by molecular oxygen to
the μ-oxo-bridged diiron(III) complex O(FePcF16)2. Mössbauer
spectroscopy and additional magnetic susceptibility measure-
ments of O(FePcF16)2 suggested that this complex exists in two
forms with either a linear or a bent arrangement of the hexa-
decafluorophthalocyanine ligands. Triethyl- or triphenylsilane as
reductive additive generate an intermediate hydrido–iron(III)
complex that, by sequential reaction with the olefin and
molecular oxygen, leads to an alkylperoxy–iron(III) complex.
Homolytic fragmentation of the latter ultimately affords the
ketone and a hydroxy–iron(III) complex that regenerates
O(FePcF16)2 by condensation. The alcohol by-product is thought
to be formed primarily by an OH radical transfer from the
hydroxy–iron(III) complex to an intermediate alkyl radical, and
only to a small extent by a FePcF16-catalyzed reduction of the
ketone. The mechanism for the FePcF16-catalyzed Wacker-type
oxidation described above was confirmed by isotopic labeling
experiments (with C2D5OD, Et3SiD, and

18O2); this enabled the
rationalization of a variety of experimental observations related
to the FePcF16-catalyzed oxidation of olefins to ketones. The
nearly complete picture of the reaction mechanism presented

herein should be highly useful for further optimization of this
process by variation of the reaction parameters and modifica-
tion of the catalyst.

Experimental Section
General methods: All reactions were carried out in oven-dried
glassware under 1 atm of oxygen using a balloon unless otherwise
notified. Reagents and solvents were received from commercial
suppliers (TCI, Sigma-Aldrich, Alfa Aesar) and used without further
purification, unless otherwise stated. Ethanol used as solvent for
the iron-catalyzed Wacker-type reaction was purchased from Fisher
Scientific or VWR in analytical reagent grade (�99.8%). 18O2 was
obtained from Eurisotope (18O2 97.17%, 16O2 1.93%, 17O2 0.9%;
impurities: Ar 25 ppm, H2 18 ppm, N2<2000 ppm, 4He<1000 ppm;
analytical method: ICP-MS). Dichloromethane, diethyl ether,
toluene, THF and benzene were dried using a solvent purification
system (MBraun-SPS). Automated flash chromatography was per-
formed on a Büchi Sepacore system (precolumn: Ø 2 cm, length
10 cm; separation column: Ø 2 cm, length 20 cm; flow rate:
14 mLmin� 1; maximal working pressure: 10 bar) equipped with an
UV monitor using silica gel from Acros Organics (0.035–0.070 mm).
Thin layer chromatography was performed with TLC plates from
Merck (60 F254), using short-wave UV light for visualization or p-
anisaldehyde solution as developing agent. Melting points were
measured on a Gallenkamp MPD 350 melting point apparatus.
Ultraviolet spectra were recorded on a Perkin Elmer 25 UV/VIS
spectrometer, shoulders are labelled with sh. Fluorescence spectra
were measured on a Varian Cary Eclipse spectrophotometer.
Infrared spectra were recorded on a Thermo Nicolet Avatar 360
FTIR spectrometer by using the ATR (Attenuated Total Reflectance)
method. Wave numbers ν are reported in cm� 1. NMR spectra (1H,
13C and 19F) were recorded on Bruker AC 300, Bruker DRX 500 and
Avance III 600 spectrometers. Chemical shifts δ are reported in
parts per million (ppm) with the solvent signal as internal
standard.[42] 19F spectra were referenced externally to (trifluorometh-
yl)benzene in CDCl3. Coupling constants J are given in Hertz [Hz].
The following abbreviations have been used to explain NMR peak
multiplicities: s= singlet, d=doublet, t= triplet, q=quartet, quin=

quintet, sxt= sextet, sept= septet, m=multiplet, br=broad, and
combinations of them. EI mass spectra were recorded by GC-MS
coupling using an Agilent Technologies 6890 N GC system
equipped with a 5973 mass selective detector (electron impact,
70 eV). The GC-MS yields of products and conversions were
determined by using naphthalene as the internal standard. ESI
mass spectra were recorded on a Bruker Esquire LC with an ion trap
detector. Positive and negative ions were detected. HRMS (ESI-TOF)
were recorded on a Xevo G2-XS QToF from Waters. Elemental
analyses were measured on an EuroVector EuroEA3000 elemental
analyzer. The 57Fe-Mössbauer measurements were conducted in a
nitrogen shielded Cryo Vac flow cryostat. Measurements have been
carried out at temperatures in the range of 15 K to 296 K using
liquid nitrogen or liquid helium for cooling. A Rh/Co source driven
by a DFG-500 frequency generator in sinusoidal mode was used.
The detection device is a proportional counter tube in combination
with a CMTE multichannel data processor MCD 301/8 K and a
WissEL single channel analyzer Timing SCA to set the energy
window. All isomer shifts are stated relative to �-Fe. Data evaluation
has been performed using Mössfit.[43]

(1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-Hexadecafluorophthalo-
cyaninato)iron(II) (FePcF16):

[12,13] [CAS 23844-93-1]: A solution of
Fe(CO)5 (1.45 g, 7.40 mmol) in 1-methylnaphthalene (20 mL) was
slowly added over a period of 1 h to a solution of 3,4,5,6-
tetrafluorophthalonitrile (5.03 g, 25.1 mmol) in 1-meth-

Scheme 9. Attempted Meinwald rearrangement of the epoxide 9.
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ylnaphthalene (50 mL) under an atmosphere of argon at 220 °C.
After the addition was completed, the resulting dark blue solution
was stirred at 220 °C for an additional hour. The reaction mixture
was allowed to cool to room temperature, benzene (20 mL) was
added, and the mixture was filtered over a frit. The residue was
washed with benzene (50 mL), acetone (25 mL), and diethyl ether
(25 mL) to give the product which was subsequently triturated to a
fine powder. The powder was washed with benzene (50 mL),
diethyl ether (25 mL), acetone (25 mL), again with benzene (50 mL),
and finally dried in high vacuum to afford FePcF16 as a dark blue to
blackish powder in 69% yield (3.70 g, 4.32 mmol). UV (MeOH): λ=

629, 655, 685 (sh) nm (Figure S2); fluorescence (MeOH): λex=
304 nm, λem=338, 460 (weak), 656 (weak) nm; IR (ATR) ν=2954,
2631, 2440, 2024, 1732, 1643, 1619, 1558, 1522, 1484, 1459, 1395,
1319, 1266, 1130, 1068, 958, 837, 793, 751, 694, 658 cm� 1; MS (ESI,
+25 V): m/z 857.2 [M+H]+; MS (ESI, � 10 V): m/z 886.8 [M+OMe]� ,
914.7 [M+OAc]� ; HRMS (ESI) calcd for C32HF16FeN8

+ ([M+H]+):
856.9413; found: 856.9406; elemental analysis (%) calcd for
C32F16FeN8: C 44.89, N 13.09; found: C 44.54, N 13.03.

The spectroscopic data are in agreement with those reported in the
literature.[12,13]

μ-Oxo-bis[(1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadeca-
fluorophthalocyaninato)iron(III)] (O[FePcF16]2): A solution of
FePcF16 (205 mg, 0.239 mmol) in THF (25 mL) and toluene (25 mL)
was vigorously stirred at room temperature under an atmosphere
of oxygen for 1.5 h. The reaction mixture was subsequently
transferred into a separating funnel with diethyl ether (30 mL),
washed with an aqueous solution of NaOH (0.2 m, 2×30 mL), and
the aqueous layer was extracted with diethyl ether (7×25 mL). The
combined organic layers were dried over magnesium sulfate,
filtered, and the solvent was evaporated under reduced pressure.
The resulting dark violet crystalline solid was crushed, collected on
a Buchner frit, and washed with water (100 mL), a small amount of
acetone (10 mL), benzene (20 mL) and finally again with water
(50 mL). The resulting solid was dried in high vacuum. The
procedure provided O(FePcF16)2 as a violet crystalline solid in 86%
yield (177 mg, 0.103 mmol). UV (MeOH): λ=622 nm (Figure S3);
fluorescence (MeOH): λex=310 nm, λem=366, 467 (weak) nm; IR
(ATR) ν=2955, 2925, 2850, 2628, 1640, 1613, 1559, 1523, 1485,
1460, 1397, 1319, 1275, 1144, 1073, 1025, 960, 945, 863, 839, 760,
709 cm� 1; MS (ESI, +10 V): m/z 1729.0 [M+H]+ (Figure S1); MS (ESI,
� 75 V): m/z 1727.8 [M]� ; HRMS (ESI) calcd for C64HF32Fe2N16O

+ ([M+

H]+): 1728.8702; found: 1728.8661.

Procedure for the FePcF16-catalyzed Wacker-type oxidation: A
solution of 2-vinylnaphthalene (1) (101 mg, 0.655 mmol), FePcF16
(28.0 mg, 32.7 μmol), and Ph3SiH (2k) (254 mg, 0.975 mmol) in
ethanol (10 mL) was vigorously stirred under an atmosphere of
oxygen at room temperature for 2.5 h. The crude product was
directly adsorbed at silica gel and purified by automated column
chromatography (5–22% EtOAc/isohexane, 90 min) to provide 1-
(naphthalen-2-yl)ethanone (3) (94.9 mg, 0.557 mmol, 85%) as a
colorless solid, the alcohol 4 (11.7 mg, 67.9 μmol, 11%) as a
colorless solid, triphenylethoxysilane (5k) (294 mg, 0.965 mmol,
98%) as colorless crystals, and triphenylsilanol (6k) (6.4 mg,
2.3 μmol, 2%) as a colorless solid.

Procedure for the O(FePcF16)2-catalyzed Wacker-type oxidation: A
solution of 2-vinylnaphthalene (1) (100 mg, 0.649 mmol),
O(FePcF16)2 (27.7 mg, 16.0 μmol), and Ph3SiH (2k) (340 mg,
1.30 mmol) in ethanol (10 mL) was vigorously stirred under an
atmosphere of oxygen at room temperature for 4 h. The crude
product was directly adsorbed at silica gel and purified by
automated column chromatography (5–22% EtOAc/isohexane,
90 min) to afford 1-(naphthalen-2-yl)ethanone (3) (94.4 mg,
0.554 mmol, 85%) as a colorless solid, the alcohol 4 (13.1 mg,

76.1 μmol, 12%) as a colorless solid, triphenylethoxysilane (5k)
(378 mg, 1.24 mmol, 95%) as colorless crystals, and triphenylsilanol
(6k; 7.9 mg, 2.9 μmol, 2%) as a colorless solid.

1-(Naphthalen-2-yl)ethanone (3): [CAS 93–08-3]: M.p. 54.1–55.7 °C;
IR (ATR) ν=3322, 3059, 2995, 1667, 1627, 1594, 1460, 1425, 1393,
1363, 1280, 1223, 1190, 1126, 1066, 1016, 960, 938, 900, 868, 832,
773, 753, 664, 651, 617 cm� 1; 1H NMR (500 MHz, CDCl3): δ=2.74 (s,
3 H), 7.56 (ddd, J=8.5, 6.9, 1.6 Hz, 1 H), 7.61 (ddd, J=8.2, 6.9,
1.3 Hz, 1 H), 7.88 (d, J=7.3 Hz, 1 H), 7.90 (d, J=7.9 Hz, 1 H), 7.97 (d,
J=8.2 Hz, 1 H), 8.04 (dd, J=8.5, 1.9 Hz, 1 H), 8.47 (s, 1 H); 13C NMR
and DEPT (126 MHz, CDCl3): δ=26.85 (CH3), 124.04 (CH), 126.93
(CH), 127.93 (CH), 128.56 (CH), 128.62 (CH), 129.69 (CH), 130.35 (CH),
132.65 (C), 134.62 (C), 135.73 (C), 198.28 (C=O); MS (EI): m/z (%)=
170 (34, [M]+), 156 (9), 155 (70), 128 (12), 127 (100), 126 (33), 115
(8), 101 (11), 87 (9), 77 (11), 75 (13), 74 (13), 63 (12); elemental
analysis (%) calcd for C12H10O: C 84.68, H 5.92; found: C 84.93, H
6.15.

The spectroscopic data are in agreement with those reported in the
literature.[12,14,44]

1-(Naphthalen-2-yl)ethanol (4): [CAS 7228–47-9]: M.p. 73.6–74.3 °C;
IR (ATR) ν=3300 (br), 3052, 3015, 2971, 2922, 2878, 1953, 1924,
1748, 1599, 1504, 1453, 1406, 1363, 1322, 1275, 1166, 1123, 1071,
1023, 950, 900, 861, 822, 772, 740, 703, 641, 619 cm� 1; 1H NMR
(500 MHz, CDCl3): δ=1.59 (d, J=6.3 Hz, 3 H), 1.92 (br s, 1 H), 5.08 (q,
J=6.1 Hz, 1 H), 7.44–7.54 (m, 3 H), 7.80–7.87 (m, 4 H); 13C NMR and
DEPT (126 MHz, CDCl3): δ=25.29 (CH3), 70.69 (CH), 123.94 (CH),
123.95 (CH), 125.94 (CH), 126.30 (CH), 127.81 (CH), 128.07 (CH),
128.47 (CH), 133.05 (C), 133.45 (C), 143.31 (C); MS (EI): m/z (%)=172
(31, [M]+), 157 (30), 130 (10), 129 (100), 128 (82), 127 (47), 126 (18),
115 (8), 102 (11), 77 (8), 75 (9), 74 (8), 63 (10), 43 (14); elemental
analysis (%) calcd for C12H12O: C 83.69, H 7.02; found: C 83.84, H
7.11.

The spectroscopic data are in agreement with those reported in the
literature.[12,14,45]

Triphenylethoxysilane (5k): [CAS 1516–80-9]: M.p. 63.1–64.9 °C; IR
(ATR) ν=3131, 3050, 3008, 2968, 2922, 2899, 2874, 1960, 1898,
1825, 1775, 1725, 1617, 1590, 1567, 1473, 1457, 1427, 1389, 1336,
1306, 1272, 1158, 1115, 1075, 1027, 996, 946, 891, 856, 819, 767,
737, 709, 695 cm� 1; 1H NMR (600 MHz, CDCl3): δ=1.26 (td, J=6.9,
0.8 Hz, 3 H), 3.89 (qd, J=7.0, 0.9 Hz, 2 H), 7.38–7.42 (m, 6 H), 7.42–
7.47 (m, 3 H), 7.65 (dt, J=7.7, 1.1 Hz, 6 H); 13C NMR and DEPT
(151 MHz, CDCl3): δ=18.53 (CH3), 59.89 (CH2), 127.98 (6 CH), 130.10
(3 CH), 134.58 (3 CH), 135.52 (6 C); MS (EI): m/z (%)=304 (34, [M]+),
259 (23), 227 (98), 226 (77), 199, (48), 197 (23), 183 (100), 182 (25),
181 (54), 180 (16), 155 (13), 152 (16), 151 (10), 150 (55), 123 (19),
105 (28), 104 (13), 78 (12), 77 (34), 51 (13), 45 (10); MS (ESI, +10 V):
m/z 305.2 [M+H]+; elemental analysis (%) calcd for C20H20OSi: C
78.90, H 6.62; found: C 79.21, H 6.45.

The spectroscopic data are in agreement with those reported in the
literature.[46]

Triphenylsilanol (6k): [CAS 791–31-1]: M.p. 154.5–156.6 °C; IR (ATR)
ν=3218 (br), 1962, 1884, 1821, 1772, 1660, 1613, 1589, 1567, 1472,
1457, 1426, 1332, 1304, 1263, 1187, 1116, 1069, 1026, 997, 850, 832,
737, 709, 694 cm� 1; 1H NMR (600 MHz, CDCl3): δ=2.53 (br s, 1 H),
7.37–7.42 (m, 6 H), 7.43–7.47 (m, 3 H), 7.62–7.66 (m, 6 H); 13C NMR
and DEPT (151 MHz, CDCl3): δ=128.08 (6 CH), 130.28 (3 CH), 135.12
(6 CH), 135.25 (3 C); MS (EI): m/z (%)=276 (48, [M]+), 200 (19), 199
(100), 197 (16), 181 (12), 152 (11), 122 (15), 77 (22), 51 (13);
elemental analysis (%) calcd for C18H16OSi: C 78.22, H 5.83; found: C
78.37, H 5.87.

The spectroscopic data are in agreement with those reported in the
literature.[47]
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