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ABSTRACT: Palladium-catalyzed Wacker-type reactions occupy a central place in organic synthesis with important impli-
cations in industry. Pursuing more benign protocols by replacing palladium by first-row transition metals allowed the iden-
tification of iron as a privileged one in the last years. Although the anti-Markovnikov selectivity for iron catalysts is well 
developed, the Markovnikov-selective reactions still afford significant quantities of alcohol side-products and identification 
of reaction intermediates remains elusive so far. Herein, we present an iron catalyst that affords Markovnikov ketone prod-
ucts from (hetero)aromatic and aliphatic olefins in up to 99% selectivity under ambient conditions with 190,000 turnover 
numbers and turnover frequencies of 74 h-1 at 50 oC. The catalyst design is based on the promiscuous activity encountered 
in the family of the cytochromes P-450 enzymes and it enables the formation of iron-hydride species under catalytically 
relevant reaction conditions. Substrate scope assessment and mechanistic investigations suggest that the Markovnikov-
selective catalytic cycle competes with unprecedented three additional catalytic cycles (alcohol formation, hydrogenation 
and reductive homo-coupling) depending on the nature of the olefin and the reaction conditions.

INTRODUCTION 
 

Since the seminal contribution by Smidt and co-workers 
in 1959 demonstrating the ability of palladium catalysts to 
oxidize olefins into carbonyl-containing products,1 tre-
mendous efforts have been devoted to understand, apply 
and improve the efficiency of this reaction.2 In this respect, 
the development of the palladium-catalyzed production of 
acetaldehyde from ethylene by the Wacker company in the 
1960’s remains a major breakthrough in view of the indus-
trial implementation.3 The last decades have witnessed im-
pressive research aiming at (i) circumventing the issues as-
sociated to the harsh reaction conditions that make func-
tional groups incompatible (searching for milder reaction 
conditions by avoiding chlorides, copper salts and acids)4 

as well as (ii) disclosing palladium catalysts by ligand de-
sign to selectively control the Markovnikov or anti-Mar-
kovnikov products, that is, the ketone or the aldehyde 
when starting from a terminal olefin (Scheme 1).5 

 

 

Scheme 1. General palladium-catalyzed Wacker-type oxi-
dation of olefins. 

Alternatively, developing oxidation methodologies with 
metal catalysts derived from the first row appear promising 
from a sustainable point of view.6 Owing to the almost per-
fect atom-economy, Wacker-type reactions have been the 
subject of study for replacing the scarce palladium catalyst 
by more abundant and less toxic metal complexes.7 From 

the many ones studied, iron complexes were found effi-
cient for the anti-Markovnikov selective production of al-
dehydes starting from olefins as pioneered by Che using 
highly-sophisticated iron(III)-porphyrin catalysts.8 Re-
markably, Arnold and co-workers engineered by directed 
evolution a heme-containing enzyme that affords anti-
Markovnikov products under ambient pressure and thou-
sands of turnover numbers (TONs).9a,b Similar anti-Mar-
kovnikov selectivity was achieved by Lei and co-workers 
with water as the oxygen source by combining photocatal-
ysis and proton-reduction catalysis.9c Methodologies lead-
ing to Markovnikov ketone products have been pioneered 
by the groups of Han and Knölker, independently, in the 
presence of hydrosilanes as the hydrogen source (Figure 1, 
top).10 Notably, Knölker and co-workers demonstrated that 
iron(III) catalysts can operate under air at room tempera-
ture provided that dibenzoylmethanato (dbm), neoucu-
proine or perfluorinated porphyrin ligands were em-
ployed.10e,f However, variable amounts of alcohols or alde-
hydes are still formed depending on the nature of the start-
ing olefin substrates and the reaction conditions (Figure 1, 
top).10 

Interestingly, some contributions dealing with the use of 
heme-containing cytochromes P-450 for oxidation chem-
istry reported the trace formation of carbonyl-containing 
by-products besides the more common and expected hy-
droxylated products.11 The promiscuous activity of these 
enzymes inspired us to study a series of iron(III)-porphyrin 
complexes containing peripheral carboxylic acid groups, 
similar to the enzymatic heme active site,12 as prospective 
catalysts for Wacker-type reactions (Figure 1, bottom). 
Whereas the remote carboxylic acid groups belonging to 



 

heme-containing porphyrins are relevant for several bio-
logical purposes,13 we anticipated that they could be taken 
as a benefit for increasing the electronegativity character 
of the catalytically active iron center,14 and thus stabilize 
otherwise inaccessible reaction intermediates in Wacker-
type iron-catalyzed oxidations. Herein, we demonstrate 
that the iron(III) complex Fe-1 containing the carboxylic 
acid functionalities located in para position of the meso 
phenyl groups15 behaved as a highly active catalyst for the 
Markovnikov-selective production of ketones from olefins 
in the presence of hydrosilanes as reagents and an oxygen 
source (air or dioxygen) with up to unprecedented 190,000 
TONs and 74 h-1 of TOF (Figure 1, bottom). Moreover, ki-
netic studies and unexpected identification of by-products 
for some types of unbiased olefins revealed the complexity 
of the catalysis with multiple catalytic cycles being opera-
tive to some extent. Such fundamental mechanistic under-
standing allowed the careful selection of reaction condi-
tions that suppressed the undesired side reactions. In ad-
dition, we provide for the first time spectroscopic evi-
dences for the formation of the so far elusive iron-hydride 
species, which has been postulated as key intermediate 
previously.10 

 

Figure 1. State-of-the-art for the Markovnikov-selective 
iron-catalyzed Wacker-type oxidation of olefins (top) and 
current bio-inspired approach (bottom). PMHS = 
polymethylhydrosiloxane, FePcF16 = hexadecafluorinated 
iron-phthalocyanine, dbm = dibenzoylmethanato, 
FeTPPF28 = octacosafluoro-tetraphenyl-iron-porphyrine. 

 

 

RESULTS AND DISCUSSION 

 

Initial catalytic assessment 

Firstly, the oxidation of 4-tert-butylstyrene (1a) was eval-
uated as a model reaction under a set of reaction condi-
tions similar to those reported by Han and Knölker,10 that 
is, in the presence of Et3SiH and O2 atmosphere in ethanol 
solvent (Table 1).16 By using the iron(III)-porphyrin com-
plex Fe-1 in 7.5 mol% catalyst loading under O2 atmos-
phere, full conversion of starting material was reached af-
ter 18 hours with 98% selectivity towards the formation of 
the ketone product 2a resulting from Markovnikov selec-
tivity (Table 1, entry 1). The remaining 2% corresponded to 
the alcohol by-product 3a and no aldehyde was detected. 
The influence of the ligand is remarkable for this type of 
reaction since bearing the carboxylic acid units in meta or 
ortho position of the meso-substituted phenyl groups de-
creased the conversion to 90% and 29%, respectively, while 
keeping similar levels of alcohol by-products.16 When using 
the carboxylic ester version of Fe-1, that is replacing all four 
CO2H groups by CO2Me groups, no activity was encoun-
tered (Table S1 in the Supporting Information).16 This ob-
servation indicates that (i) the degree of solubility of the 
iron catalyst in the media has little impact in this catalysis 
because the acid-containing iron porphyrin is less soluble 
than the ester counterpart, and (ii) the iron active species 
is likely stabilized by electronwithdrawing groups such as 
CO2H. These observations are complementary to Knölker’s 
systems, in which the reactivity of the iron complex is cor-
related to their solubility, being necessary to use perfluor-
inated ligands.10c-f 

Importantly, we noted that the water content in the eth-
anol solvent has a major impact on the outcome of the ca-
talysis (Table S2 in the Supporting Information).16 In the 
range from 0 to 10% volume content, we identified 4% as 
the suitable amount of water, which corresponds to the 
commercially supplied ethanol. Higher content of water 
increased the amount of alcohol by-product (Table 1, entry 
2-3), whereas lower amounts affected the overall conver-
sion (Table 1, entries 4-5). Other solvents were not com-
patible (Table S3 in the Supporting Information).16 Conse-
quently, the influence of water has a clear effect on the for-
mation of alcohol by-product. Interestingly, it was possible 
to reduce the loading of both the iron catalyst to 2.5 mol% 
and the hydrosilane reagent to 2 equivalents while keeping 
an excellent reactivity and selectivity (Table 1, entry 6). 
Decreasing the catalyst loading to 1.5 mol% led to a modest 
73% conversion (Table 1, entry 7). The catalysis was simi-
larly efficient when switching O2 by air (Table 1, entries 8-
9) and a kinetic experiment revealed a direct correlation 
between product formed and substrate consumed (Figures 
S1-S2 in the Supporting Information).16 For comparison 
purposes, a reaction was carried out replacing Fe-1 by 
FeClTPP (TPP = tetraphenylporphyrin) (Table 1, entry 10) 
and by a combination of FeClTPP and benzoic acid (Table 
1, entry 11). In both cases, a very poor reactivity was encoun-
tered and the starting material 1a was almost unconsumed, 
thus highlighting the relevance of covalently-linking the 
carboxylic acid groups to the iron-porphyrin backbone in 



 

Fe-1. To verify whether the reaction involved formation of 
transient radical species as known for similar iron cata-
lysts,10 we performed a catalytic reaction in the presence of 
TEMPO [TEMPO = (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl] as a radical trapping agent (Table 1, entry 12). In 
this case, the reactivity was fully suppressed, thereby sup-
porting the formation of radicals in the catalytic cycle. 

Table 1. Evaluation of the reaction conditions for the Fe-1-
catalyzed oxidation of 4-tert-butylstyrene.[a] 

Entry Deviation from above reaction con-
ditions 

Conv. 
(%)[b] 

Yield 2a 
(%)[b] 

Yield 3a 
(%)[b] 

1[c] none >99 98 2 

2 10% water content >99 92 8 

3 6% water content >99 91 9 

4 2% water content 86 82 4 

5 0.2% water content 60 57 3 

6[d] Fe-1 (2.5 mol%), Et3SiH (2 equiv)  >99 98 2 

7[d] Fe-1 (1.5 mol%), Et3SiH (2 equiv) 73 64 9 

8[d] as entry 6 and air instead of O2 95 90 5 

9 as entry 8 and 48 hours >99 93 7 

10[e] FeClTPP instead of Fe-1 <5 <5 n.d. 

11 as entry 10 with PhCO2H (20 mol%) <10 <10 n.d. 

12 with TEMPO (1 equiv) 0 0 0 

13 with K2CO3 or NEt3 (30 mol%) 0 0 0 

[a] Reaction conditions: 1a (0.325 mmol), Et3SiH (0.975 mmol), Fe-1 (7.5 mol%), 
undistilled EtOH (3 mL), O2 (1 bar, balloon), r.t., 18 hours. [b] Conversion and 
yields determined by GC and GC-MS using dodecane as internal standard. [c] 
Water content in commercial EtOH is 4% in volume. [d] 24 hours instead of 18 
hours. [e] Reaction conditions: 1a (0.325 mmol), Et3SiH (0.975 mmol), FeTPP (5 
mol%), EtOH (3 mL), air, r.t., 24 hours. TPP = tetraphenylporphyrin. n.d. = not 
determined. 

Furthermore, the reaction did not proceed in the pres-
ence of inorganic or organic bases such as potassium car-
bonate (K2CO3) or triethylamine (NEt3) that can deproto-
nate the carboxylic acid groups from the iron catalyst (Ta-
ble 1, entry 13). In these basic conditions, a biphasic system 
is present with the concentrated aqueous layer containing 
the dark violet iron catalyst and the ethanolic layer slightly 
yellowish without the iron catalyst. This observation was 
taken as an advantage to explore a proof-of-concept tem-
poral control of reactivity by sequential addition of base 
and acid (Figure 2). The catalysis was executed under 
standard conditions and after one hour, NEt3 was added to 
shut down the activity because the iron complex appears 
as insoluble tetracarboxylate species (note: adding K2CO3 

or NEt3 results in an exothermic reaction). Addition of tri-
fluoroacetic acid (TFA) after two hours solubilized again 
the iron catalyst, thereby restoring the activity of the cata-
lyst with the same levels of ketone selectivity. The careful 
and precise addition of both organic base (30 mol%) and 
organic acid (50 mol%), respectively, is critical for the ob-
served temporal control of reactivity.16 

Figure 2. Temporal control of the reactivity in the iron-
catalyzed Wacker-type oxidation of olefin 1a by in situ ad-
dition of NEt3 base and TFA acid. Reaction conditions de-
rived from Table 3, entry 1 (vide infra). 

 

From catalyst deactivation to catalyst outperfor-
mance 

 

Unexpectedly, we realized that samples of Fe-1 that were 
stored under air atmosphere were inactive in catalysis 
when applying the optimal reaction conditions (Table 1, 
entries 1, 6, 8 and 9) after some time. Indeed, HRMS 
(MALDI) studies unambiguously revealed the presence of 
a -oxo-bridged diiron species Fe-2 (m/z for 
C96H56N8O17

56Fe2 1704.263 ± 12 ppm) derived from Fe-1 that 
was formed upon prolonged standing under ambient air 
(Scheme 2 and Figure S3 in the Supporting Information).16 
The formation of similar dimeric species from H2O and/or 
O2 with iron-porphyrins is well-known.17,18 It is worthy to  
note at this stage, that Knölker and co-workers did identify 
-oxo-bridged diiron species with perfluorinated phthalo-
cyanine and perfluorinated porphyrine ligand, respec-
tively, as selective catalysts for Markvonikov-selective oxi-
dation of olefins in the presence of hydrosilanes (i.e. 
Et3SiH, Ph3SiH, PhSiH3, etc.) as hydrogen source.10c,d,f In 
stark contrast, Fe-1 does form thermodynamically stable 
dimeric species that cannot be cleaved by Et3SiH, strongly 
suggesting that dimers are not involved in the catalytic cy-
cle for the oxidation of olefins into ketones using the bio-
inspired Fe-1 catalyst. In fact, the formation of dimeric spe-
cies might be considered as an off cycle intermediate for 
the current case of study. 

 

 

 



 

 

 

 

Scheme 2. Formation of -oxo-bridged diiron species Fe-
2 from Fe-1 upon prolonged standing under ambient con-
ditions. 

 

 In order to avoid undesired catalyst inhibition 
pathways via formation of -oxo-bridged dimeric species, 
we evaluated the influence of the nature of the hydrosilane 
reagent in the catalytic outcome when using Fe-2 as a 
precatalyst under air atmosphere (Table 2). As stated 
above, the oxidation reaction using Et3SiH with the dimer 
Fe-2 led to negligible conversion of substrate 1a and for-
mation of traces of ketone 2a (Table 2, entry 1). Similar 
poor results were obtained by employing Ph3SiH and 
PMHS (Table 2, entires 2-3). However, the reactivity and 
selectivity was fully recovered when using Ph2SiH2 or 
PhSiH3 as reagents, respectively (Table 2, entries 4-5). Re-
markably, the reactions were shortened to 5 hours whereas 
alcohols by-products raised to 8-9%, values that outper-
form state-of-the-art systems.10 In order to better under-
stand this unexpected catalyst deactivation via dimer for-
mation, we studied the feasibility of in situ catalyst activa-
tion starting from Fe-2 as the catalyst in the presence of 
unreactive Et3SiH (Table 2, entry 1) provided that catalytic 
quantities of PhSiH3 are present to cleave the dimer (Table 
2, entry 6-7). In fact, under unreactive conditions, the ad-
dition of 10 mol% of PhSiH3 led to 43% conversion of olefin 
1a into ketone 2a in a selective manner (Table 2, entry 6). 
As expected, raising the PhSiH3 loading to 20 mol% in the 
presence of 2 equivalents of Et3SiH afforded the ketone 
product in 98% yield (Table 2, entry 7), thereby demon-
strating that the catalysis at play with Et3SiH does not in-
volve formation of dimeric iron species. Other additives 
were evaluated in order to cleave the dimeric iron structure 
Fe-2 into the catalytically active monomeric Fe-1. For in-
stance, HCl as additive proved successful for this purpose 
although leading to a modest yield of ca. 50% of ketone 2a 
(Table 2, entries 8-9). These findings indicate that fine-
tuning reaction conditions may lead to the formation of 
the active Fe-1 species with a rather cheap and affordable 
Brønsted acid in catalytic amounts.  

 

 

 

 

Table 2. Optimization of the reaction conditions for the 

Fe-2-catalyzed oxidation of 4-tert-butylstyrene.[a] 

Entry Deviation from above reaction con-
ditions 

Conv. 
(%)[b] 

Yield 2a 
(%)[b] 

Yield 3a 
(%)[b] 

1[c] none <5 <5 n.d. 

2 with Ph3SiH instead of Et3SiH <5 <5 n.d. 

3 with PMHS instead of Et3SiH <5 <5 n.d. 

4 with Ph2SiH2 instead of Et3SiH >99 91 9 

5 with PhSiH3 instead of Et3SiH >99 92 8 

6 with PhSiH3 (10 mol%) 43 43 n.d. 

7 with PhSiH3 (20 mol%) >99 98 2 

8 with HCl (10 mol%) 60 48 12 

9 with HCl (20 mol%) 62 49 13 

[a] Reaction conditions: 1a (0.325 mmol), Et3SiH (0.975 mmol), Fe-2 (2.5 mol%), 
EtOH (3 mL), air, r.t., 5 hours. [b] Conversion and yields determined by GC and 
GC-MS using dodecane as internal standard. [c] Water content in commercial 
EtOH is 4% in volume. n.d. = not determined. 

 

Having established the unique activation mode of the 
iron pre-catalyst Fe-2 in the presence of PhSiH3 as the re-
ductant (Table 2, entry 5 and 7), we further studied the 
potential of the present catalyst regarding catalyst stability, 
reactivity, selectivity and recyclability. In fact, by reducing 
the catalyst loading to 1.25 mol%, still full conversion of 1a 
and 92% yield of ketone 2a was obtained (Table 3, entries 
1-2). However, decreasing the number of equivalents of 
PhSiH3 by half led to 10% remaining of starting material 
while keeping an excellent Markovnikov selectivity (Table 
3, entry 3). As it was observed for the pre-catalyst Fe-1 (Ta-
ble 1, entries 1-5), the amount of water also influenced the 
catalytic outcome observed when employing the pre-cata-
lyst Fe-2. For instance, by reducing the water content in 
the media from 4% to 0.2% in volume, the conversion of 1a 
and yield of ketone 2a dropped by half after 12 hours (Ta-
ble 3, entry 4). Consequently, water plays a critical role for 
determining the Markonikov-selective oxidation process 
regardless of the choice of silane reagent, thereby indicat-
ing a possible role in the catalytic cycle, but not as hydro-
gen source since no deuterium was incorporated in the ke-
tone product when employing deuterated solvents 
(EtOH/D2O and MeOD/D2O). Additional kinetic experi-



 

ments revealed that the substrate (1a) consumption is di-
rectly related to the formation of the Markovnikov ketone 
product 2a at different catalyst concentrations (see Figures 
S4-S8 in the Supporting Information).16 The pseudo-first 
order in catalyst strongly supports formation of mono-
meric species throughout the whole catalytic cycle. As ob-
served by Knölker for other iron-catalyzed Wacker-type 
oxidation of olefins,10c-10f alcohol 3a is not here an interme-
diate because using 3a as the substrate led to no ketone 
formation with full recovery of the starting material (Table 
3, entry 5). The temperature range was assessed and the re-
action was operative even at challenging 0 oC with 40% 
yield of ketone 2a after 5 hours (Table 3, entry 6). To the 
best of our knowledge, this is the first example in which a 
transition metal catalyzed Wacker-type oxidation of ole-
fins is reported to work at such low temperature. The ca-
talysis performed at 50 oC was less eficient with 70% yield 
of 2a (Table 3, entry 7) although more than a six-fold rate 
acceleration was reached when compared to the reaction 
at 0 oC (see Figure S18 and Table S9 in the Supporting In-
formation).16,19 Kinetic studies following on time both sub-
strate and silane consumption as well as ketone formation 
established that the reaction at 50 oC reached a plateau at 
one hour with complete silane consumption (see Figures 
S11-S13 in the Supporting Information).16 This unexpected 
silane degradation was catalyzed by the iron catalyst since 
no silane consumption was observed in the absence of Fe-
2 or Fe-1 under catalytically relevant conditions.16 Interest-
ingly, we disclosed an intriguing dilution effect since the 
catalysis was faster (3 hours) when performed in a two 
times more diluted media (Table 3, entry 8). Under this 
reaction condition, decreasing the catalyst loading to 1.25 
mol% did not influence the selectivity although the reac-
tion required 8 hours for completion (Table 3, entry 9). 
Additional control experimentation highlighted the need 
of all reagents for the success of the transformation (Table 
3, entries 10-11) and that the O2 from air is the oxidant for 
this transformation (Table 3, entry 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Evaluation of the reaction conditions for the Fe-
2-catalyzed oxidation of tert-butylstyrene in the presence 
of PhSiH3.[a] 

Entry Deviation from above reaction con-
ditions 

Conv. 
(%)[b] 

Yield 2a 
(%)[b] 

Yield 3a 
(%)[b] 

1[c] none <99 92 8 

2[d] with Fe-2 (1.25 mol%) <99 92 8 

3[e] as entry 2, with PhSiH3 (1.5 equiv) 90 85 5 

4[e] with dry EtOH (0.2% water content) 51 47 4 

5 3a as substrate instead of 1a 0 0 0 

6 0 oC instead of r.t. 40 40 n.d. 

7 50 oC instead of r.t. 75 70 5 

8 with undistilled EtOH (6 mL), 3 h <99 92 8 

9[d] as entry 8 with Fe-2 (1.25 mol%) <99 92 8 

10 absence of PhSiH3 0 0 0 

11 absence of Fe-2 0 0 0 

12 Argon instead of air 0 0 0 

[a] Reaction conditions: 1a (0.325 mmol), Et3SiH (0.975 mmol), Fe-2 (2.5 mol%), 
EtOH (3 mL), air, r.t., 5 hours. [b] Conversion and yields determined by GC and 
GC-MS using dodecane as internal standard. [c] Water content in commercial 
EtOH is 4% in volume. [d] 8 hours of reaction time. [e] 12 hours of reaction time. 
n.d. = not determined. 

 

Moreover, the Fe-2 pre-catalyst is a platform compatible 
to study temporal control of catalysis by in situ switching 
the atmosphere of the reaction as a chemical stimuli (Fig-
ure 3). In addition, the robustness of such catalysis was ex-
emplified by using as low as 1 ppm catalyst loading of Fe-2 
(Scheme 3). At room temperature and after 48 hours, a 
TON value of 32,500 was reached (TOF = 26 h-1) and it in-
creased to 190,000 (TOF = 74 h-1) when the reaction was 
carried out at 50 oC. Such values of TON and TOF are the 
largest so far reported for iron-catalyzed Wacker-type oxi-
dation of olefins into ketones. Interestingly, when using 1 
ppm of iron catalyst at 50 °C, we noted that the silane rea-
gent did not decompose even after reaching the highest 
TON value. This contrasts when using higher catalyst load-
ings in which the silane readily decomposes into siloxanes 
at the end of the reaction. 

Because of the presence of carboxylic acid groups pre-
sent in the iron catalyst, we tested, as a proof of concept, 
the possibility to recover the iron catalyst by trivial 
acid/base treatment and precipitation (see Table S13 in the 
Supporting Information).16 Indeed, it was possible to per-
form up to 2 runs with the recycled iron catalyst while 
keeping similar levels of reactivity (full conversion of olefin 
1a in less than 5 hours) and selectivity (>92% yield of ke-
tone 2a).16 



 

 

Figure 3. Temporal control of the reactivity in the iron-
catalyzed Wacker-type oxidation of olefin 1a by switching 
the atmosphere from air to argon under two cycles. Reac-
tion conditions derived from Table 3, entry 1. 

 

 

Scheme 3. Search for the highest TON and TOF in the 
iron-catalyzed Wacker-type oxidation of 4-tert-butylsty-
rene. 

 

Circumventing unexpected side-reactions and sub-
strate scope evaluation 

 

The formation of alcohol side-product 3a for the oxida-
tion of 4-tert-butylstyrene (1a) was reduced to a residual 
2% (Table 1, entry 1 and 6; and Table 2, entry 7), which is 
remarkable as regards of literature precedents.10 Intri-
guingly, we noted that the order of addition of reagents 
plays a key role in the product selectivity as illustrated for 
the case of the olefin 1b (Scheme 4). Besides the formation 
of the desired ketone (2b) and alcohol (3b) side-product, 
compounds such as 4b resulting from a reductive homo-
coupling were formed in significant quantities (up to 55%) 
when the olefin substrate was introduced as the last com-
ponent to the reaction mixture (Scheme 4, top). In this 
case, the formation of 4b may follow a mechanism involv-
ing radical hydrogen atom transfer20 as discussed by the 
breakthrough contributions by Baran on iron-catalyzed 
olefin functionalization,21a-d and by others later.21e-k Alter-
natively, by adding the silane PhSiH3 reagent as the very 
last component to the reaction mixture, the side-product 
4b was reduced to trace amounts (<1%) with the targeted 
ketone formed in 71% yield (Scheme 4, bottom), which is 
notable considering the steric and electronics effects that 
make substrate 1b prone to stabilize different benzylic rad-
ical intermediates (vide infra).10,21 The variation of the 
chemo-selectivity of the iron-catalyzed reaction depending 

on the order of addition of reagents was a general trend for 
most of the aryl olefins tested (see Figure S19 in the Suport-
ing Information).16 

 

Scheme 4. Experimentation highlighting the impact of the 
order of addition of the reagents in the product selectivity 
of the Fe-2-catalyzed Wacker-type oxidation of 2,4-dime-
thylstyrene (product 4b exists as a mixture of branched iso-
mers). Reaction conditions: (i) 1 (0.325 mmol), Fe-2 (2.5 
mol%), EtOH (3 mL), air, r.t., 30 min (ii) PhSiH3 (0.975 
mmol), air, r.t. 4.5 hours. GC yields reported after perform-
ing at least 3 experiments.22 

 

After a careful search of the optimal reaction conditions, 
we evaluated the olefin scope of the Fe-2-catalyzed 
Wacker-type oxidation. In the case of aryl olefins as the 
substrates, the reactions were completed in less than five 
hours under ambient conditions of pressure and air 
(Scheme 5). The tolerance of the catalytic system made 
possible the use of different functional groups including 
aryl, alkyl, halides (fluoride, chloride and bromide), ethers, 
and carboxylic acids (2c-h). In all cases, the alcohol side-
products did not reach more than 5%, which outperforms 
previous reports.10 Importantly, the reaction was compati-
ble with ester groups affording exclusively the ketone 
product 2i (99% selectivity) with no detectable formation 
of alcohol side-product. The catalysis was also compatible 
with pyridine heterocycles affording the corresponding ke-
tone product 2j in 91% yield at room temperature in 5 
hours with no formation of N-oxide species, which strik-
ingly contrasts with the previously reported conditions 
(85% at 80 oC in 12 hours).10a This iron-catalyzed protocol 
outperforms current state-of-the-art iron catalysts in terms 
of activity and selectivity.  

 

 

 

 



 

 

Scheme 5. Evaluation of (hetero)aryl olefins in the Fe-2-
catalyzed Wacker-type oxidation. Reaction conditions: (i) 
1 (0.325 mmol), Fe-2 (2.5 mol%), EtOH (3 mL), air, r.t., 30 
min (ii) PhSiH3 (0.975 mmol), air, r.t. 4.5 hours. GC yields 
reported after performing at least 3 experiments for each 
substrate.22 

 

Next, we enlarged the substrate scope to purely aliphatic 
olefins, which are much less reactive that the aryl ones 
(Scheme 6). Indeed, precedents in the literature indicate 
that terminal as well as internal olefins are typically reac-
tive using a high iron catalyst loading (20 mol%),10a if not, 
the yields did not exceed 60%.10e In the present case, using 
Fe-2 at 2.5 mol% catalyst loading during 24 hours under 
ambient conditions of pressure and temperature, 1-octene 
(1k) and cis-cyclooctene (1l) substrates did afford the ke-
tone products 2k and 2l resulting from Markovnikov selec-
tivity in a remarkable 82% and 85% yield, respectively, 
whereas the alcohol side-products 3k and 3l formed in a 
range of 12-13%. Unexpectedly, side-products 5k and 5l re-
sulting from hydrogenation of the starting material formed 
in trace amounts (3-5%). Such findings were also observed 
when using bio-sourced methyl oleate (1m) as the sub-
strates, respectively, in which, besides the major formation 
of ketone product 2m (77%), the hydrogenated side-prod-
uct 5m raised to 10%. In the case of the highly sterically 
congested norbornene (1n), the ketone product 2n formed 
in an exceptional 81% yield and only 8% of alcohol 3n and 
6% of epoxyde 6n side-products;23 the hydrogenated side-
product 5n was only detected as traces. As such, careful 
analysis of the reaction mixtures revealed that, for the case 
of aliphatic olefins, iron-catalyzed hydrogenation path-
ways compete with alcohol formation as the side-products. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6. Evaluation of aliphatic olefins in the Fe-2-cata-
lyzed Wacker-type oxidation. Reaction conditions: (i) 1 
(0.325 mmol), Fe-2 (2.5 mol%), EtOH (3 mL), air, r.t., 30 
min (ii) PhSiH3 (0.975 mmol), air, r.t. 24 hours. GC yields 
reported after performing at least 3 experiments for each 
substrate.22 

 

As a follow-up series of substrates, we evaluated the re-
action outcome for allyl-containing derivatives (1o-1r, Ta-
ble 4), which are known to undergo predominantly oxida-
tive C=C bond cleavage to aldehydes (7) under iron cataly-
sis,10a,24 or isomerization/oxidation tandem sequence un-
der nickel catalysis.25 For allyl-benzene derivatives 1o and 
1p, the current Fe-2-catalyzed methodology provides the 
major ketone products 2o-2p resulting from a formal Mar-
kovnikov selectivity in a promising 44-52% yields (Table 4, 
entries 1-2). Besides the expected formation of alcohol side-
products (3o-3p), the benzylic alcohols 8o-8p resulting 
from the hydrogenation of aldehydes (7o-7p) were also de-
tected (Table 4, entries 1-2), emphasizing the relevance of 
hydrogenation side-reactions for this particular type of 
substrates under iron catalysis. In the case of the trifluoro-
methoxy-substituted derivative (1q), the catalysis was less 
selective with the ketone 2q formed in 38% yield (Table 4, 
entry 3). For this substrate, hydrogenation of the olefin 
double bond was observed in a non-negligible 14% yield. 
On the other hand, a more chemically-robust allylcyclo-
hexane (1r) did not undergo any C=C bond cleavage and 
the ketone product 2r was obtained in a useful 70% yield 
with 29% of alcohol 3r (Table 4, entry 4), thereby demon-
strating the importance of the aromatic fragment within 
1o-1q to explain the side-products 7 and 8 resulting from 
benzylic fragmentation. 

 



 

Table 4. Evaluation of allyl-containing derivatives in the 
Fe-2-catalyzed Wacker-type oxidation.[a,b] 

1 R Conv. 
(%)[c] 

Yield 2 
(%)[c] 

Yield 3 
(%)[c] 

Yield 7 
(%)[c] 

Yield 8 
(%)[c] 

1o 
 
 
 

>99 52 2 11 25 

1p 
 
 
 

>99 44 10 12 27 

1q 
 
 
 

>99[d] 38 18 0 28 

1r 
 
 

>99[e] 70 29 0 0 

[a] Reaction conditions: (i) 1 (0.325 mmol), Fe-2 (2.5 mol%), EtOH (3 mL), air, 
r.t., 30 min (ii) PhSiH3 (0.975 mmol), air, r.t. 4.5 hours. [b] Water content in 
commercial EtOH is 4% in volume. [c] Conversion and yields determined by GC 
and GC-MS using dodecane as internal standard after performing at least 3 ex-
periments for each substrate. [d] 14% of product resulting from olefin hydro-
genation of 1q was detected. [e] 1% of product resulting from olefin hydrogena-
tion of 1r was detected.  

 

Finally, inspired by recent discoveries regarding the oxi-
dation chemistry of indole heterocycles by heme-en-
zymes26 and in view to replace the highly acidic and oxidiz-
ing reagents (HCl, hypervalent halides, peroxy acids, ox-
one) typically employed with state-of-the-art methodolo-
gies27 by more sustainable and benign protocols, we ap-
plied our iron-catalyzed methodology to indole 1s 
(Scheme 7). Under the developed reaction conditions, full 
conversion was observed in only 30 minutes and the 2-ox-
indole product 2s was isolated in a non-optimized 71% 
yield. The reaction required H2O2 as the oxidant and the 
absence of silane, thereby suggesting that the reaction 
mechanism taking place here, which is beyond the scope 
of the current contribution, is different than that operating 
for aromatic and aliphatic olefins. To the best of our 
knowledge, this is the first use of an abiological catalyst en-
abling formation of 2-oxindole from indole. This type of 
heterocycles are privileged motifs in chemicals that display 
important pharmacological properties.28 Note that the re-
action conditions reported in Scheme 7 failed to provide 
ketone 2a starting from the aromatic olefin 1a.  

 

 

 

 

 

 

 

 

 

 

Scheme 7. Fe-2-catalyzed Wacker-type oxidation of an in-
dole derivative. Reaction conditions: (i) 1s (0.325 mmol), 
Fe-2 (2.5 mol%), H2O2 (0.975 mmol), EtOH (3 mL), air, r.t., 
30 min. 

 

Mechanistic insights 

 
To the best of our knowledge, no iron-hydride species 

have been spectroscopically characterized in the context of 
Wacker-type oxidation of olefins nor iron-catalyzed reduc-
tive olefin functionalization.10,21 On the other hand, iron-
porphyrin hydride complexes are known to form under 
electrocatalytic conditions in the context of the proton-to-
H2 reduction processes.29 As such, we pursued the synthe-
sis of such elusive iron-hydride Fe-H species by mixing Fe-
2 with excess of PhSiH3 in DMSO-d6 (DMSO = dimethyl-
sulfoxide) under air atmosphere and we monitored the 
transformation by 1H NMR spectroscopy (Scheme 8 and 
Figures S21-S27 in the Supporting Information).16 After a 
couple of minutes, a well-defined singlet was observed at  
= -20.6 ppm (Scheme 8), which was assigned to a hydride 
signal considering previous pentacoordinated iron-hy-
dride complexes30 as well as precedent hydride complexes 
derived from rhodium-porphyrins that have been spectro-
scopically characterized.31 Additionally, the integrity of the 
porphyrin core remained intact according to the presence 
of NMR signals belonging to the aromatic (two doublets at 
 = 8.39 ppm and 8.28 ppm with 3JAB = 8 Hz) as well as the 
pyrollic protons (broad singlet at  ca. 11 ppm) and the car-
boxylic acid protons (broad singlet at  ca. 13 ppm). It is 
relevant to highlight that the pyrrolic protons undergo a 
massive up field shift from >70 ppm to ca. 11 ppm, thereby 
indicating that the addition of PhSiH3 significantly alters 
the chemical environment around the iron center. We also 
observed formation of H2 ( = 4.6 ppm – bubbling was ob-
served at naked eye as  well)32 and side-products resulting 
from PhSiH3 degradation such as (PhSiH2)2O and (PhSiH-
O)n at  = ca. 5 ppm,33 that increase their concentration 
upon time. Note that in the absence of iron species, the hy-
dride signal was not observed, appearing the chemical shift 
of the non-aromatic hydrogen atoms from PhSiH3 at ca.  
= 4.2 ppm values.34 The formation of iron-hydride species 
with this bio-inspired ligand does not require the presence 
of EtOH as it was postulated for other iron-catalyzed 
Wacker-type oxidations.10 Unfortunately, because of the 
high sensitivity and very short lifetime of this species, it 
was not possible to perform additional characterization 
studies to quantify its formation.35 Throughout the in situ 
1H NMR analysis, PhSiH3 decomposed into an oligo-
meric/polymeric material whereas the integrity of the pro-
ton signals of the iron-porphyrin remained unaltered. 
However, at this stage, it is not possible to determine 

F3C



 

which ligands are axially coordinating to the iron center. It 
is relevant to note that the iron-catalyzed Wacker-type ox-
idation of olefin 1a following the optimal reaction condi-
tions reported in Scheme 5 but in DMSO (containing H2O 
4% volume) as the solvent still afforded the corresponding 
ketone product 2a in 50% yield with 60% conversion of 1a 
(<5% of alcohol side-product 3a was identified) after 24 
hours at room temperature. Attempts to identify iron-hy-
dride species with a carboxylic acid-free FeCl-tetra-
phenylporphyrin were less conclusive although a very 
broad signal appeared again at ca. -20 ppm (Figures S28-
S32 in the Supporting Information).16  

 

Scheme 8. Transient formation of Fe-H species starting 
from Fe-2 in the presence of PhSiH3 as hydride source to-
gether with the characteristic hydride signal identified by 
1H NMR spectroscopy (right). 

 

Considering the formation of iron-hydride species with 
our bio-inspired ligand as well as previous observations 
discussed in detail above and precedents in the literature,10 
we propose a plausible mechanistic overview for this 
Wacker-type transformation in which monomeric iron 
species are present throughout the whole catalytic cycle 
with dimeric iron formation as an off cycle pathway 
(Scheme 9). The main catalytic cycle that operates when 
adding the silane as the last reagent is the one responsible 
for forming the ketone product 2 starting from the olefin 
starting material 1 (Scheme 9). Initially, iron-hydride spe-
cies Fe-H form that react in a Markovnikov-selective man-
ner with the olefin leading to Fe-alkyl intermediate A with 
addition of the hydride in the terminal carbon site. We as-
sume the hydride to alkyl transformation occurs by an H• 
addition. Note that the role of silane as hydride source has 
been elegantly demonstrated by Knölker in thorough 
mechanistic studies of iron-catalyzed Wacker-type oxida-
tion of olefins.10c-e Next, after oxygen reaction the iron-
peroxo species B forms which further undergoes a radical 
rearrangement (species C’ and C’’) leading to the final ke-
tone product 2. The final iron-hydroxy species D is regen-
erated into the active Fe-H after reaction with a hy-
drosilane leading to silanols that can readily be decom-
posed into siloxanes,33 as experimentally observed (vide su-
pra). However, it cannot be ruled out an eventual hetero-
lytic O-O cleavage at species B leading to the ketone 2 and 
iron-hydroxy species D. On the other hand, the intermedi-
ate species C’’ may undergo protonation with ethanol 
and/or water leading to the alcohol side-product 3. In par-

allel, the alcohol side-product 3 can be formed from inter-
mediate B via a Mukayama-type hydration mechanism.36 
As an additional control experiment, the pure ketone prod-
uct 2a was submitted to the optimal Wacker-type reaction 
conditions (see Scheme 5) leading to no formation of al-
cohol side-product 3a, thereby establishing that the alco-
hols 3 are not formed via iron-catalyzed hydrogenation of 
ketones 2.  

Scheme 9. Postulated, simplified reaction mechanism for 
the iron-catalyzed Wacker-type oxidation of olefins 1 into 
2 and mechanistic proposal for the formation of alcohol 
side-products 3. The blue half-arrows (one-electron move) 
apply only to the iron-catalyzed Wacker-type oxidation of 
olefins 1 into 2. The heme-like porphyrin ligand around the 
iron center is not depicted for the sake of clarity. Si-H 
stands for any silane. 

 



 

For explaining the formation of side-products 4 
(Scheme 4) resulting from reductive olefin homo-coupling 
and hydrogenated ones such as 5 for the challenging ole-
fins evaluated in Scheme 6, a plausible mechanism is pro-
posed in Scheme 10. A common intermediate iron-alkyl 
species A may form in both catalytic cycles (Scheme 10). 
Then, in the case of olefin addition as the last reagent (see 
discussion above), the reductive homo-coupling pathway 
dominates towards formation of product 4 in which both 
silane and ethanol are source of hydrogen atoms (Scheme 
10, right), which is analogous to the iron-catalyzed reduc-
tive olefin functionalization chemistry.21 We hypothesize 
that a intermolecular reaction between two species such as 
A in order to explain the branched selectivity observed in 
4 as well as the fact that increasing the iron catalyst loading 
increases the amount of side-product 4 obtained. On the 
other hand, species A may undergo protonation from the 
alcohol solvent leading to an iron-alkoxyde species and af-
fording alkane side-product for  the case of aliphatic olefin 
substrates (Scheme 10, left). The iron-alkoxyde species can 
react with a hydrosilane forming back again the catalyti-
cally active Fe-H species (Scheme 10, left). 

 

Scheme 10. Postulated, simplified reaction mechanism for 
the iron-catalyzed formation of side-products 4 (right) and 
5 (left) starting from olefin 1. The heme-like porphyrin lig-
and around the iron center is not depicted for the sake of 
clarity. Si-H stands for any silane. 

 

 

 

 

 

CONCLUSION 

 

In summary, we have exploited an iron(III) catalyst that 
is highly active (190,000 TONs) and highly selective (up to 
99% ketone selectivity for linear olefins) for the Wacker-
type oxidation of olefins. The catalyst, which is based on 
the promiscuous activity encountered in several cyto-
chromes from the P450 family, is built around a trivial por-
phyrin backbone containing carboxylic acid groups in the 
periphery. The role of the remote carboxylic acid groups 
belonging to heme-containing porphyrin studied in this 
work is likely to facilitate the stabilization of a key iron-
hydride intermediate species in the catalytic cycle. In-
depth substrate scope evaluation and mechanistic studies 
indicate the paramount importance of precisely fine-tun-
ing the reaction conditions to control catalyst reactivity for 
the precise chemo-selective product formation. For in-
stance, styrene derivatives lead to acetophenone deriva-
tives (91-99%) when silanes were added as last reagents to 
the reaction mixture. If not, side-products resulting from 
ketone hydrogenation (alcohol formation) and unprece-
dented reductive olefin homo-coupling were significantly 
obtained. In the case of aliphatic olefins, minor formation 
of hydrogenated olefins were observed for challenging sub-
strates besides major formation of ketone products (67-
85%). Moreover, allyl-containing derivatives that are 
known to undergo oxidative C=C scission under similar re-
action conditions, still afforded in the present case prom-
ising yields of ketone products (38-70%). The applicability 
of this protocol is demonstrated with the selective oxida-
tion of a biologically-relevant indole to 2-oxindole without 
the requirements to use highly oxidizing agents. In addi-
tion, this iron catalyst exhibits temporal control of reactiv-
ity by switching the atmosphere or by sequential addition 
of bases and acids as well as recyclability and reusability 
properties. On the other hand, replacing silanes for more 
benign hydride sources is an important consideration in 
the search for more sustainable developments. Overall, the 
presented contribution points out that the rational design 
of iron catalysts is of relevance for disclosing highly selec-
tive transformations even if multiple catalytic cycles oper-
ate simultaneously. We anticipate that the bio-inspired 
iron catalyst studied here should found new applications 
in olefin functionalization37 and as a building block for in-
corporation in solid supports or metal-organic frame-
works38 in view to disclose heterogeneous versions of the 
Wacker-type oxidation of olefins. 
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