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Preface

Catalysis is a fundamental chemical principle with huge significance in both
industry and academia. Catalysts save energy and resources, increase selectivities
and yields, and make compounds accessible that are otherwise difficult or impos-
sible to synthesize. The economic impact of catalysis is tremendous and difficult to
quantify. The Pacific Northwest National Laboratory states that the economic
impact of catalysis has been valued to be over 10 trillion dollars per year world-
wide. The American Chemical Society estimates that 85% of all chemical products
being produced use at least one catalytic step.

The field of homogeneous catalysis has been dominated in the last 30 years by
either early or precious transition metals such as titanium, osmium, rhodium,
palladium, or ruthenium. This is well demonstrated by the Nobel prizes awarded
for homogeneous catalysis in 2001, 2005, and 2010, which are all related to these
metals and which underline the significance of the field. However, there are serious
issues associated with these metals. Due to their low natural abundance, they are
high and volatile in price, and they are present in metal rich ores in only small
concentrations. Furthermore, these metals are also of interest in the automotive
industry and in the consumer electronic sector, creating extra competition for their
sources. Finally, the toxicity poses a serious problem, e.g., in the pharmaceutical
industry, where only trace amounts of toxic metals can be present in the final
product to meet quality standards set by authorities.

In turn, homogeneous iron catalysis was for many years a “Sleeping Beauty” and
was not as extensively investigated compared to the other metals mentioned above.
Heterogeneous iron catalysis, though, has been applied for at least a century for
example as in the Haber—Bosch or Fischer—Tropsch processes. However, applica-
tions in the synthesis of fine chemicals were scarce to nonexistent. This changed
around the turn of the century, when the chemical community started realizing that
iron has a number of advantages compared to the other metals typically applied in
homogeneous catalysis. Iron is relatively cheap, nontoxic, and tolerant to a number
of functional groups, making it an interesting alternative to other transition metals
typically applied in catalysis, especially for applications in pharmaceutical
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Fig. 1 Publication activity in iron catalysis over the years

industry. Its eco friendliness and catalytic activity are in line with two major
principles of Green Chemistry, which calls for both catalytic processes and for
chemicals that pose little or no toxicity to human health and the environment.

These aspects promoted increasing research activity in the field starting about
15 years ago. More and more research groups turned to iron as a basis for catalytic
applications, as demonstrated by an increasing number of research articles
published in the area. About 5 years ago, the field began a self-reflection. Matthias
Beller raised the question of Sustainable Metal Catalysis with Iron: From Rust to a
Rising Star? in an Angewandte Chemie article in 2008. In 2009, Carsten Bolm
proclaimed a new Iron Age in a Nature Chemistry article. Alois Fiirstner described
iron as a base metal for a noble task. The journal Organometallics devoted a special
issue in 2014 to the Catalytic and Organometallic Chemistry of Earth-Abundant
Metals. The magazine Science published in the last 5 years 6 articles related to iron
catalysis. Three of them were also highlighted in the New York Times in December
2013. In this article, Robert Morris, a player in the field, was quoted as saying It
shows that with the right organic molecules attached to it, we can make iron do
things that weren’t thought possible before.

A look at the number of publications in the field corroborates the proclamation of
anew [ron Age. I performed a Scopus® search in January 2015 for journal articles
containing the phrase “iron catalysis”. The result is depicted in Fig. 1, where the
number of publications is plotted against the year of their appearance. Before
around 2000, only a single digit number of publications under the search phrase
were published each year. An exponential increase of publications can be observed
starting around 2009.

This book provides an overview of the increasing research activities in the field
of homogeneous iron catalysis. It is organized under the aspect of synthetic
applications of iron catalysis, mainly in the area of the production of fine chemicals
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or polymers. The advances in coupling, oxidation, reduction, and polymerization
reactions in the last 5 years are covered, and enantioselective as well as stoichio-
metric reactions of iron complexes (which play an important role in the develop-
ment of catalytic processes) are also highlighted.

The book outlines new avenues for the production of a variety of organic
compounds under iron catalysis. Challenges still remain. Iron complexes exhibit a
number of features that are not prevalent for other transition metals. Iron is stable in
a variety of oxidation states, with +2 and +3 being probably the most prevalent ones
for precatalysts. Iron can undergo redox chemistry, which can be promoted by the
ligands supporting a catalytically active iron complex. Many oxidation states of
iron can produce paramagnetic iron complexes, which makes their investigation by
NMR challenging.

Turning to iron is a smart move from both economic and environmental points of
view. Still, it appears that homogeneous iron catalysis is not as common in the
industrial production of fine chemicals compared to other transition metals. Some
iron-catalyzed processes still require high reaction temperatures, which might be
problematic for sensitive substrates as often encountered in pharmaceutical indus-
try. However, it can be expected that the vigorous research activities in the field will
provide solutions for these challenges. This book is meant to inspire chemists in the
field of catalysis or chemical production to consider iron as a valuable alternative in
the production of chemicals at all stages of the supply chain. Our knowledge of iron
catalysis will grow as additional researchers begin investigating its potential from
different perspectives. This will be important, because to say it with the words of
Morris Bullock in relation to the aforementioned Science articles: there is no
exclusive single ‘recipe’ for success in developing catalysts based on cheap metals.

St. Louis, MO, USA Eike Bauer
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Iron Catalysis: Historic Overview
and Current Trends

Eike B. Bauer

Abstract Iron catalysis is a growing area of research, as seen by an exponential
increase in the publication activities on the topic. This introductory chapter pro-
vides a historic overview of the development of iron catalysis including some
notable milestones. The advantages of iron, i.e., its abundance, low price, and
relative nontoxicity, are discussed, and an overview of the main type of reactions
catalyzed by iron is outlined. The advances of heterogeneous iron catalysis (which
is not covered in this volume) are exemplified with a few notable cases. Finally, the
potential impact of metal impurities in iron sources on the catalytic activity is
discussed.

Keywords History of iron catalysis - Iron abundance - Iron catalysis - Iron toxicity -
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1 Introduction

As already outlined in the preface to this volume, increasing research activities are
currently emerging in the area of iron catalysis. This is evidenced by an exponen-
tially growing number of publications in the area as well as an increasing number of
review articles, books, special issues, or some highlight articles in the mainstream
press that appeared on the topic. This chapter outlines some of the advances of iron
catalysis (i.e., the abundance and low toxicity of iron) and provides the reader with
a historic overview and outlines some current trends in iron catalysis. The chapter is
not meant to be comprehensive. It gives readers who lack familiarity with the topic
the opportunity to learn some fundamental aspects of iron catalysis. For in-depth
descriptions of some of the topics, the readers are referred to the subsequent
chapters of this volume.

2 Abundance and Low Toxicity

Two major advantages of iron-based catalysts are regularly stated throughout the
literature: the abundance (and, consequently, its low price) and the relative
nontoxicity of iron. Both aspects have major impact on the practical applications
of iron catalysis.

Iron is the fourth most abundant element in the Earth’s crust, accounting for
around 6% of its mass [1]. Only oxygen (47%), silicon (26%), and aluminum (8%)
are more abundant on the surface of the earth. However, the core of the Earth is
believed to be mainly composed of an iron—nickel alloy, and taking the composition
of the Earth as a whole under consideration, it is made up of 32% by weight iron
[1]. The geological composition and the occurrence of iron are linked to its
nucleosynthesis. Iron is synthesized in dying stars through fusion of lighter ele-
ments. The nuclear fusion releases energy up to elements in the iron group (Fe, Co,
Ni). The formation of heavier elements requires energy, giving iron a special status
during its synthesis in dying stars and supernovae [1].

Its abundance makes iron a readily available, cheap metal. This is reflected in the
world market price for iron compared to other, more precious metals. In February
2015, one troy ounce (28.3 g) of palladium was US$ 788, and one ounce of
platinum was US$ 1230; one metric ton of iron ore was US$ 62.

The abundance of iron might be responsible for the fact that iron is relatively
nontoxic to humans. Indeed, iron is an essential nutrient for living systems, and the
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human body contains 3-5 g iron [2]. Iron forms the basis for a number of
metalloproteins that can be found in living cells and that play a major role in
metabolism. Hemoglobin, the carrier of oxygen in red blood cells, is probably the
best known example; it consists of an iron porphyrin prosthetic group, which also
forms the base for other enzymes, such as cytochromes [3]. Extracellularly, iron is
bound in the human body to transferrin, which serves as the iron carrier in the
plasma [2]. It is transported into cells through transferrin receptors, where it is
utilized in metabolism through iron-containing proteins. Intracellularly, iron is
“detoxified” through binding to ferritin [2]. As can be seen, iron is essential for
living systems. The human body has recognized transport and storage of iron,
unlike for other, less abundant metals, which cannot be found in living systems.
That contributes to the relative nontoxicity of iron.

However, it needs to be stated that an iron overload in the human body can cause
severe health problems [2]. Mammals do not have the capability of active iron
excretion [2]. An excess of iron in the human body can give rise to the formation of
reactive oxygen intermediates (such as hydroxy radicals) through the Fe(IT)/Fe(III)
redox couple and Fenton chemistry (which is, from a synthetic point of view,
further outlined by George Britovsek in [4]). Once the concentration of these
reactive oxygen intermediates reaches a critical level, “oxidative stress” ensues,
and the intermediates attack and cause degeneration of essential building blocks of
the body such as enzymes or cell membranes [2]. Furthermore, iron has been related
to atherosclerosis as well as Alzheimer’s disease [5]. Iron toxicity can also occur in
plants when a toxic concentration of the metal is accumulated in their leaves [6].

Still, iron is far less toxic than other transition metals typically utilized in
catalysis, and the issues described in the previous paragraph typically play no
role in iron catalysis. The practical consequence of the relatively low toxicity of
iron translates to a real bonus for the pharmaceutical industry. Final pharmaceutical
products must only contain trace amounts of residual metals that might have been
left over in the process of synthesizing the drug, generally through the catalysts
utilized in synthetic steps. As suggested in 2013 in the United States Pharmacopeial
Convention, the concentration limit for an oral drug with a maximum daily dose of
10 g/day is 10 pg/g for each of ruthenium, osmium, palladium, iridium, and
platinum. By contrast, no value for the maximum level is presented for iron [7].

In 2007 the European Medicines Agency categorized iron as a metal with
minimal safety concern [8]. The agency suggested a concentration limit of
10 ppm for Pt and Pd and of 10 ppm of any combination of Ir, Rh, Ru, and Os. A
concentration limit of 1,300 ppm of iron in a final pharmaceutical product was
suggested.

These values demonstrate the low toxicity of iron compared to other metals,
when present in small amounts. This has an impact on the pharmaceutical industry.
When toxic metals are employed in drug synthesis, pharmaceutical companies have
to make special effort to remove these metals from the final product in order to meet
quality standards, e.g., chemically [9] or through the application of supported
catalysts [10]. Such efforts are not necessary (or at least not as extensive) when
iron is used as a reagent or catalyst. This volume is intended to show catalytic
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applications of iron in organic syntheses, and we think that its relatively low
toxicity makes it a good candidate for industrial applications.

3 Historic Development

Historically, iron has been applied as a heterogeneous catalyst for more than a
century. Milestones related to iron catalysis are compiled in Fig. 1. The Haber—
Bosch process — the synthesis of ammonia from its elements nitrogen and hydrogen
— was patented in 1910 [11]. It utilizes a heterogeneous iron catalyst, which
promotes the kinetically determined cleavage of the N=N triple bond, a critical
step in the catalytic cycle. The ammonia obtained through this process plays an
enormous role in the synthesis of fertilizers. The search for more efficient iron-
based catalysts for the reaction is ongoing [12, 13].

The Haber-Bosch process requires high temperatures and pressures (500°C,
200 bar), which is its major disadvantage. On the other hand, there are iron-
containing nitrogenases known in nature which reduce nitrogen under ambient
temperatures and pressures through a number of proton and electron transfer
steps. Research in the area of “nitrogen fixation” is directed toward the develop-
ment of transition metal catalysts to perform nitrogen reduction under

Iron Catalysis Timeline

1894 — Fenton oxidation chemistry published

1910 — Haber-Bosch process patented

1925 — Fischer-Tropsch process developed

1944 — First iron-catalyzed cross-coupling reported

1951 — First preparation of ferrocene

1953 — Reppe carbonylation of ethylene by a homogeneous iron catalyst

1959 — Determination of the structure of Hemoglobin

1971 — Kochi, further investigations on iron-catalyzed cross-coupling reactions
1979 — Iron porphyrin complexes catalyze epoxidation reactions

1983 — Catalytic enantioselective epoxidations with chiral iron-porphyrin complexes
1998 — Efficient iron catalysts for ethylene polymerization

2000s — Intensification of research in iron-catalyzed cross-coupling reactions and enantioselective
transfer hydrogenations

Since 2010 — Rapid development in all fields of iron catalysis

Fig. 1 Iron catalysis timeline
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homogeneous and ambient conditions [14]. Most nitrogenases consist of a Fe/Mo
cofactor; artificial, molybdenum-based catalyst systems are currently the best
performing ones. However, Peters showed in recent work that certain single site
iron complexes can also be catalytically active for the reaction [15]. Still, there is
currently no catalytic system known that performs nitrogen fixation under aerobic
conditions at standard temperature and pressure [14].

The Fischer—Tropsch process, i.e., the conversion of a mixture of CO and H,
(“synthesis gas”) to obtain hydrocarbons, was developed around 1925 [16]. The
synthesis gas utilized in this process can be obtained from many carbon-containing
sources such as coal or biomass and thus plays a role in energy supply that is
independent from raw oil. As for the Haber—Bosch process, iron-based catalysts are
utilized for the Fischer—Tropsch process and research is performed presently to
optimize the system [17, 18]. Homogeneous Reppe chemistry (the hydrofor-
mylation of olefins using CO and water to obtain alcohols and aldehydes) was
first reported in 1953 to be catalyzed by Fe(CO)s, and similar optimization efforts
as described above for other processes have also been reported for this system [19].

As for many industrial applications of catalysts, the iron systems for both
Fischer—Tropsch and Haber-Bosch are heterogeneous. Homogeneous catalysis
based on transition metals was significantly advanced in the second half of the
twentieth century. This might be exemplified by the development of Wilkinson’s
catalyst [RhCI(PPh3);] for the hydrogenation of olefins around 1965 [20], the
development of asymmetric rhodium-based catalysts for the same reactions around
1968 [21], and the extensive mechanistic investigations of these systems in the
1970s [22, 23]. Since then, homogeneous transition metal catalysis became a major
branch of organometallic chemistry, and iron played only a minor role in the early
stages of these developments. Following the pioneering work by Vavon and Mottez
in the 1940s [24], Kochi reported in the early 1970s that the Kumada cross-coupling
reaction of Grignard reagents with organic halides is catalyzed by iron salts.
However, major advances in homogeneous catalysis were mainly reported for
metals such as Rh, Pd, Ru, Pt, or Ti.

This changed somewhat in the late 1970s when the course of oxygen transfer
from an iron porphyrin complex to a substrate was investigated, quickly leading to
iron porphyrin catalysts for oxidation reactions [25], of which soon thereafter
enantioselective versions were reported (this chemistry is further outlined by
George Britovsek in [4]). In the late 1990s, Brookhart [26] and Gibson [27]
discovered that bis(imino)pyridyl iron complexes were efficient catalysts for eth-
ylene polymerization reactions, which initiated vigorous research activities in the
field. Polymerization reactions are further discussed by Héléne Olivier-Bourbigou
in [28]. The field of iron-catalyzed cross-coupling reactions — based on Vavon’s
early work in the 1940s and Kochi’s findings in the early 1970s — was revitalized in
the early 2000s, as described by Robin Bedford in [29]. Since then, increased
research activities can be observed in all branches of the field [30-34].
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4 Overview of Main Reactions That Are Catalyzed Under
Homogeneous Conditions by Iron Complexes

The volume is organized by reaction types that are catalyzed by a variety of iron-
based catalyst systems. This section is meant to give readers who are not so familiar
with iron chemistry an overview of the main types of iron-catalyzed processes. The
compilation is not comprehensive, and readers are referred to the subsequent
chapters for a more detailed account of the different reaction types.

The role of iron in catalytic cycles is multifaceted, as illustrated in Scheme 1. It
can simply act as Lewis acid, and, for example, promote the formation of
carbocation intermediates (Scheme 1a) [35]. Iron—nitrene or carbene intermediates
Fe =NR and Fe =CR, can transfer carbon or nitrogen species to double bonds,
forming aziridines or cyclopropanes (Scheme 1b, ¢) [36, 37]. The intermediates can

a Fe" as Lewis acid.

eﬂ
+ Nu™ Nu

/\)\ -X /\)\

X----T

b Fe=CR, intermediates for carbene transfer and insertion.

R' 'IQ' R

| R-CH - 2
R-C-CR, 4—2 Fe=CRy —» C

oL VAN

cyclopropane

C Fe=NR intermediates for nitrene transfer and insertion.

R R
| R-CH, i R
R-C-NR «—% Fe=sNR —» N
[l / \
HH
amine aziridine

d Fe-0-O-R intermediates in oxidation chemistry (simplified).

heterolysis homolysis
¢O-R <«———— Fe-O-O-R ——— > Fe=0

\ Fiy l —
radical R-OH e}
autooxidation A

€ Low valent iron species Fe" in cross coupling chemistry
(n<2), simplified.
Fe" R-Mg-X

Ar-X Fe-Ar Fe-Ar Ar-R
-X - Mg-X Il?

Scheme 1 General reactivities of iron species
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also insert a CR, or NR unit into a C—H bond (the latter one forming an amine upon
insertion). Through single electron transfer processes and/or through the formation
of Fe"-O-0-R or Fe" = O species, iron can activate peroxides and other oxidants for
catalytic oxidation reactions (Scheme 1d) [38]. Low-valent iron complexes can be
engaged in cross-coupling reactions, following oxidative addition, reductive elim-
ination, or ligand exchange processes (Scheme 1e) [39]. The properties of iron can
be tuned through their supporting ligands toward any of these processes, making it
applicable in a variety of catalytic transformations.

4.1 C-C Bond-Forming Reactions

Coupling reactions to obtain larger units from small building blocks is the core
challenge in many synthetic transformations. Numerous coupling reactions based
on transition metals are known, and iron is increasingly utilized. Carbon—carbon
bonds through iron catalysis are mainly formed either through coupling of a
nucleophile with an electrophile (Scheme 2) or through cross dehydrogenative
coupling (CDC, Scheme 3).

Scheme 2 Iron-catalyzed
cross-coupling reactions

Fe"
40-42] RX + R-MgX — > RR

a Generalized cross coupling reaction.

b Representative examples

Br

)\/\/\/

MgBr ©~ ~ ~ ~_
/© 5% Fe(acac);

Et,0, reflux 69%
30 min

Br

K,MgBr K/k/\/\/

69%,Z:E=97:3

5% Fe(acac);
TMEDA / HMDA
THF, 0 °C, 45 min

MgX[ArsBus]
Y BT 1(5mol%) N A
DL
R ZnAr, (10 mol%) R
85°C,4h

Ph, <|3' Ph,
P. P
©:p>|:e<p:©
Ph, |  Ph
cl 1
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Scheme 3 Dehydrogenative a Generalized cross dehydrogenative coupling
cross-coupling reactions [43, 44]
Fe"
R-H + R-H ———» RR
Q]

b Representative examples

o o 0 0
FeCly Ph Ph
Ph Ph tBUOOH
X * N 80°C,8h B B
| | ' A P
/ = /\R‘ R
84 - 25%
0O 0o
R’ R"  FeCl,, DDQ
+ EE—

CICH,CH,CI
2 (g 90 °C
=

The general pattern of coupling a nucleophile with an electrophile is shown in
Scheme 2 together with some notable iron-catalyzed examples [40—42]. This
chemistry will be described further by Robin Bedford in [29]. As outlined above,
it has been known for a while that Grignard reactions can be accelerated by the
presence of small amounts of iron salts [45], and Vavon and Mottez reported iron-
catalyzed cross coupling as early as 1944 [24]. Kochi expanded these findings in the
early 1970s by publishing the Kumada couplings of alkenyl halides with Grignard
reagents that were catalyzed by iron salts [46]. The coupling of Grignard reagents
with electrophilic carbon atoms is most common, mainly those that contain a
halogen leaving group. The discovery of the beneficial impact of NMP (N-
methylpyrrolidone) as cosolvent or TMEDA as an additive [47] was only two
milestones in the development of the reaction. As outlined by Robin Bedford in
[29], some challenges still need to be addressed for the reaction. The role of
cosolvents or additives is still not really well understood. Also, the employment
of nucleophiles beyond Grignard reagents (e.g., based on zinc or boron) needs to be
further pursued, and efforts in this direction appeared recently in the literature [48,
49]. Finally, further mechanistic investigations are necessary, as little is currently
known concerning the nature (and especially the oxidation state) of the catalytically
active iron species.

A different approach to carbon—carbon bond-forming reactions involves the
cross dehydrogenative coupling (CDC, Scheme 3) of two C-H bearing units
under the formal elimination of hydrogen [50]. This chemistry is further explained
by Masumi Itazaki and Hiroshi Nakazawa in [51]. Two notable examples of the
reaction are shown in Scheme 3 [43, 44]. Li pioneered the reaction catalyzed by
iron in his work published in 2007 [43]. The reaction typically proceeds under
oxidative conditions, with fBuOOsBu, DDQ (2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone), or K,S,0g commonly applied as oxidants. Carbon atoms of different
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hybridizations can be connected, and a carbon-heteroatom and a heteroatom—
heteroatom bond can also be formed through cross dehydrogenative coupling.
The latter two types of cross dehydrogenative couplings are further discussed by
Jean-Luc Renaud in [52].

4.2 C-Heteroatom and Heteroatom—Heteroatom Bond-
Forming Reactions

The generalized formation of carbon-heteroatom and heteroatom—heteroatom
bonds is depicted in Scheme 4, along with some prototypical examples [53—
55]. The chemistry is discussed in detail by Jean-Luc Renaud in [52]. Carbon—
heteroatom bonds can be formed by the reaction of a heteroatom nucleophile with a
carbon-based electrophile or through CDC. A variety of heteroatoms can be
employed, and consequently the methodology is diverse. Intra- or intermolecular
cyclization reactions to form heterocycles are also possible.

Scheme 4 .Dehydro.genative a Generalized C-heteroatom and heteroatom-
cross-coupling reactions [53-55] heteroatom bond formation
[Fel
R-X + N-H —— R-Nu
[Fe]
RH+ EH ———> RE
[O]
[Fe]
E-H + E-H _— E-E
[O]

b Representative examples

1) FeCls, DMEDA

H | Cs,COj3, toluene H
©/ Noag o A L» | N | AN
>R R’ 2)MeONa, toluene X ONF
reflux R R
91-43%
. o)
0 o FeBr,, 60 °C, 18 h . 0 B
nH I cich,ch,el N R
) H R 22 !
Bn tBUOOH Bn
80-26%

[Fe(Cp)(Me)(CO),] )
R-SH + Et3SiH > R-S-SiEt;y
24 h, toluene, 80 °C
TON 0.6 - 10
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In many of the reactions employing a heteroatom nucleophile and a carbon-
based electrophile, iron acts as a Lewis acid and bases are added to the reaction to
help neutralize the H-X formed through the reaction. As outlined in [52], while
some of the reactions require high reaction temperatures, intramolecular cyclization
reactions often proceed under milder conditions. In a perspective drawn by Jean-
Luc Renaud, simple iron salts could be replaced by iron complexes bearing
supporting ligands, which might allow some of the reactions in [52] to proceed
under milder conditions at a higher selectivity and potentially with a lower catalyst
loading.

4.3 Oxidation Reactions

Fenton chemistry, i.e., the ability of iron salts in combination with hydrogen
peroxide to oxidize substrates, has been known for over 100 years [56]. It is
based on hydroxyl (-OH) radicals and, as such, is not very chemo- and regiospecific.
Fenton chemistry is utilized in wastewater treatment to destroy organic contami-
nants [57]. Gif chemistry was introduced by Barton at the beginning of the 1980s
and consists of a number of catalyst systems to selectively oxidize hydrocarbons to
alcohols or ketones [58]. It utilizes iron complexes, a reducing agent, and oxygen or
air or peroxides as the oxidant. Pyridine and carboxylic acids are the solvents and
picolinic acid is often included as an additive. Barton’s non-radical mechanistic
pathway has subsequently been challenged [59]. As with Fenton chemistry, selec-
tivity issues remain [60, 61].

The selective, iron-catalyzed oxidation of hydrocarbons or other functional
groups remains an important goal. There are enzymes known in nature that activate
dioxygen toward a variety of oxidation reactions in living systems [62]. These
enzymes can roughly be divided into heme [3] and nonheme systems [63]. As
further outlined by George Britovsek in [4] and Christine McKenzie in [64],
synthetic efforts have been directed toward mimicking these efficient oxidation
enzymes by artificial systems based on iron complexes [65]. The research activity
in the field led to a number of iron-based catalytic systems that can oxidize a
number of organic substrates, utilizing oxygen, peroxides, or other oxidizing agents
as the oxidant. Only two representative examples of this rich chemistry are depicted
in Scheme 5 [66, 67]. The field was pioneered by Grove, who, in 1979, found that
iron porphyrin complexes can epoxidize alkenes and convert alkanes to alcohols,
utilizing iodosylbenzene as the oxidant [25]. Since then, a number of heme and
nonheme oxidation systems have been published that catalyze the oxidation of a
variety of organic substrates such as alkanes, alkenes, aromatic ring systems, and
sulfides, among others.

Iron-catalyzed oxidation chemistry can proceed either through radicals or
through the intermediacy of the ferryl function, Fe =0 [68]. The latter species
can also be found in natural oxidation processes and is more selective than oxidants
based on free radicals [68]. The extensive investigations of iron oxo species Fe = O,
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Scheme 5 Representative FeCl;-6H,0 (5 mol%)
exampl f iron- lyzed 10 mol% L1 0.
ples of iron-catalyze Ph\/\R »
oxidation reactions [66, 67] Hy0, })\ R
rt, 1h ] ) Ph
iPr X iPr 94-25%
L1 bl
W
FeCl3-6H,0 (5 mol%)
pyridine (10 mol% ) o O
Ar———Ar' > H ,
H,0,, MeCN Ar Ar
rt, 24 h

their impact on selectivities, and their potential role in catalytic cycles are outlined
in detail in [4, 64].

As further detailed in [64] by Christine McKenzie, the design of catalytically
active iron complexes is complicated by the fact that under the oxidative reaction
conditions, the ligand itself can get oxidized [69], and decomposition pathways
have been investigated [70]. It is, thus, difficult to identify a catalytically active
species in oxidation reactions. Furthermore, several catalytically active species and
several oxidants may be operational at the same time under the reaction conditions,
making characterization efforts even more difficult.

The latest trends in the field are toward the development of regio- [71] and
enantioselective oxidation reactions [72]. Also, the application of “simple” oxi-
dants (like oxygen or H,O, compared to rBuOOH or iodosylbenzene) and of
environmentally benign solvents (such as acetone or water) remains an ongoing
topic of research.

4.4 Reduction Reactions

Significant progress has also been made in the iron-catalyzed hydrogenation and
transfer hydrogenation of alkenes, alkynes, and carbonyl groups [73-75], which is
further outlined by Christophe Darcel in [76]. Enantioselective versions of these
reductions have been reported as well [77, 78], as highlighted by Thierry Ollevier in
[79]. The hydrosilylation of alkenes is also a reduction reaction and allows access to
a variety of silanes; the hydrosilylation of carbonyl units affords silyl ethers, which
can subsequently be hydrolyzed to give the corresponding alcohols [80, 81].
Some notable examples are depicted in Scheme 6. Casey reported the iron
hydride complex 2 to be an efficient catalyst in the hydrogenation of carbonyl
compounds to obtain the corresponding alcohols (Scheme 6a) where an outer-
sphere heterolytic activation of the hydrogen molecule was suggested [82]. Morris
found a series of tetradentate, PNNP coordinating ligands such as 3 to be catalyt-
ically active in transfer hydrogenation reactions (Scheme 6b) [78]. Turculet
recently reported that the (N-phosphinoamidinate)iron pre-catalyst 4 is highly
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a Hydrogenation catalysis

O 2,2mol%, 1h )O\H ™S
Ph)LH 3atmH, 25°C . Ph”H %OH
[
90 % Ho TMS
2 o | "
O  2,2mol%,3h OH oc &
D —
s~ Tamh, 25°C 0 S~
87 %

b Transfer hydrogenation catalysis

O 0.5mol% 3,22°C )O\H “‘
Ph

B — e
Ph KOtBu (4 mol%), N
iPrOH, 0.4 h 95% conversion {
33% ee (S)

Ph
N~ 05mol%3,22°C  yN~ Ph,

[\ Qomatks22re |
Ph/kH KOtBu (4 mol%), Ph)\H \‘\

fProH, 17 h 100% conversion

C Hydrosilylation catalysis

O 1)0.015 mol% 4, rt, 4 h OH

Ph* 2)NaOH, 1 h PR
+ PhSiH,
89%

o ~
OH
1)0.25 mol% 4, rt, 4 h N\P/
[ j 2)NaOH, 1 h o Ngu 4

+ PhSiH,

89%

Scheme 6 Iron-catalyzed reduction reactions [78, 82, 83]

active in hydrosilylation reactions (Scheme 6¢) [83]. Many more recent examples
are given in [76].

4.5 Polymerization Reactions

Polymerization reactions are of huge economic significance, as polymerization
products find widespread applications as plastics and rubbers, e.g., in the automo-
tive industry. Research in the area of iron-catalyzed polymerization reactions was
significantly advanced when Gibson [27] and Brookhart [26] found independently
that 2,6-bis(arylimino)pyridyl iron(II) complexes (5 in Fig. 2) catalyze the oligo-
merization and polymerization of ethylene, as further described by Hélene Olivier-
Bourbigou in [28]. As can be seen in Fig. 1, the complex can be modified at several
positions on the ligand. Tuning of the 2,6-bis(arylimino)pyridine complexes has
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Fig. 2 Tron(II), i A
polymerization catalyst R N
[26, 27] Ry N|\ | /IN R,
R3 /Fe\ Rs
XX
R © ©
‘ Rs 5 Rs Ra

had an influence on the course of the polymerization reactions, allowing for
optimization of the system [84]. It turns out that bulky groups in the ortho position
of the aryl ligands improve catalyst performance [85]. A major challenge facing the
application of these systems is their thermal stability; the catalyst class appears to
decompose at elevated temperatures, which results in polymers with shorter chain
lengths and an increase in (unwanted) branched polymers [84].

4.6 Enantioselective Iron Catalysis and Stoichiometric
Considerations

These two concepts are only briefly described here, and readers are referred to [64,
79] for an in-depth discussion.

Many of the reactions described above have enantioselective counterparts, and
iron has also increasingly been investigated in catalysts for asymmetric syntheses,
as described by Thierry Ollevier in [29, 86, 87]. One of the earliest examples was
the enantioselective epoxidation of olefins using a chiral iron porphyrin catalyst
and iodosylbenzene as the oxidant [88]. Some representative examples of
enantioselective, iron-catalyzed reduction reactions can be found in Scheme 6a,
b. Challenging areas in enantioselective iron catalysis are the asymmetric hydro-
genation of unfunctionalized olefins and C—C bond-forming reactions [86]. On the
other hand, as the number of achiral iron catalysts grows, so will the number of
chiral iron catalysts. Many iron complexes described in this volume can easily be
made chiral through their ancillary ligands.

Finally, a number of stoichiometric processes are known where iron is used as a
substrate rather than a catalyst. A prototypical example is Davies’ reagent, an iron-
based chiral auxiliary, which can be employed in a number of enantioselective
reactions, e.g., enolate alkylations [89]. Certain iron complexes and their stoichio-
metric reactions are currently intensely investigated, as outlined by Christine
McKenzie in [64] with the example of iron-based oxidants. The understanding of
the structure of oxygen-transferring species can help to develop catalytic systems
for oxidation reactions. Other examples are Fe = N nitrido complexes that stoichio-
metrically transfer their nitrogen ligand to olefins [90].
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5 Impurities in Iron Metal as the Actual Catalyst?

In 2009, Buchwald and Bolm published a paper where the issue of impurities in iron
metal or salts and their influence on the course of a catalyzed reaction was
addressed [91]. Iron is often contaminated with trace amounts of copper or other
metals. For certain reactions, it might actually be the copper or other impurities that
form the catalytically active species or the presence of copper is essential in order
for the iron catalyst to unfold its activity. In their paper, the authors pointed out
iron-catalyzed cross-coupling reactions originally reported by Bolm [92] (and
literature cited therein), for which they later found out that the efficiency of the
catalyst systems depended on the iron source. Both authors reported that highly
(>99.99%) pure FeCl; did show significantly reduced catalytic activity, whereas
FeCl; with >98% purity (supplied by Merck) or highly pure FeCl; treated with
Cu,0O showed high activity (Scheme 7, top) [91]. Metals other than iron can
potentially be affected in the same way [94].

Since then, some iron-catalyzed processes have been revisited, and there are
indeed examples, where “impure” iron salts produce better results than highly pure
ones. Based on the findings of Buchwald and Bolm, authors regularly perform test
reactions employing highly pure (and therefore expensive) iron salts in order to
show that the catalytic process under investigation is actually iron catalyzed.

The following pattern seems to evolve. For processes known to be either copper
catalyzed or copper/iron cocatalyzed, caution is advised. For example, the
alkynylation of aryl rings was reported by several authors to be catalyzed by Fe
(III)/Cu(I) systems at high temperatures in the presence of a base [95-97]. A
cooperative Fe/Cu catalyst was shown to arylate N-nucleophiles (Scheme 7, bot-
tom) [93]. Consequently, in attempts to investigate “copper-free,” iron-catalyzed
C-N coupling reactions, a dependency of the catalytic activity of the iron source
was observed (such as in Scheme 7, top), which might be attributed to copper
impurities that are present [94, 98]. Also, cross-coupling reactions involving
alkynes can be critical, as copper forms copper acetylides, which might promote
the reactions [99]. Finally, the iron-catalyzed analogs of Pd-catalyzed cross-

Scheme 7 Impact of I FeCls (10 mol%) N=
impurities in an iron catalyst MeOO/ DMEDA (20 mol%) N}

on an N-arylation reaction + N > O/

(top) [91] and copper- H KaPOs, 135°C, 24 h MeO

cocatalyzed example @N FeCly > 98% 87%
(bottom) [93] Y, FeCl3 > 99.99% 9%

FeClz > 99.99% + 10ppm Cu,0 79%

Fe(acac)s (0.3 equiv.)

H

N -

QI . EX CuO (0.1 equiv.) .~ @*N/j
Cs,CO;3 (2 equiv.) X
DMF, 90 °C, 30 h

X=CH, 91%
=N, 91%
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coupling reactions might actually also be Pd catalyzed, as iron could contain
palladium impurities. It has been shown that ppb quantities of Pd impurities can
catalyze cross-coupling chemistry [100—102]. For example, a palladium-free, iron-
catalyzed Suzuki reaction presented by Franzén [103] was later shown to be not
reproducible [104], and the original paper has subsequently been retracted.

On the other hand, there are systems known where metal impurities in the iron
source do not play a role. For example, Charette described an iron-catalyzed direct
arylation of aryl halides, and in this case, an increasing purity of the iron source
produced higher yields [105]. In many cases, no impact of the purity of the iron
source on the catalytic activity was observed [106]. Also, it seems that the Kumada-
type cross coupling of Grignard reagents and halides, further discussed by Robin
Bedford in [29], is not due to metal contaminants; palladium-catalyzed Kumada
reactions appear not to work ligand-free [107-109]. The lower efficiency of
palladium-catalyzed Kumada-type couplings was attributed to the high reactivity
of Grignard reagents compared to the nucleophiles typically employed in cross-
coupling chemistry, such as boranes [109]. Also, Pd-alkyl species have a higher
tendency to undergo f-hydride elimination, making them less suitable for Kumada
couplings [109].

However, a clear trend cannot be given, and it is always advisable to test for the
influence of impurities in the iron source through employment of highly pure iron
salts.

6 Recent Heterogeneous Applications of Iron

In the previous sections, early examples of heterogeneous iron catalysis and some
major trends in homogeneous iron catalysis were described. Beyond these applica-
tions, iron also shows great promise in heterogeneous reactions. Only two repre-
sentative examples are given here.

The conversion of methane gas to liquid fuels is a major challenge in “gas to
liquid” processes, which are important for raw oil-independent energy sources
[110]. Current technology relies on metals such as copper, nickel, or molybdenum
and requires high reaction temperatures [111]. Recently, a Science report showed a
route for direct methane conversion to higher hydrocarbons to be catalyzed by
single iron sites embedded in a silica matrix [112]. The catalyst produced ethylene,
benzene, and naphthalene with a high selectivity for ethylene. Reaction tempera-
tures were high, but the catalyst exhibited a high thermal stability.

Another challenge related to energy supply is the large-scale oxidation of water
to obtain hydrogen gas [113], which can be utilized as fuel. Base metals are
frequently investigated for this purpose [114]. Recently, an amorphous, heteroge-
neous iron oxide was reported to exhibit superior catalytic parameters for the
reaction compared to other metals [115].

These are only two examples to demonstrate that iron shows potential beyond
the homogeneous catalysis described in this book.
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Outlook

As outlined above and throughout the whole volume, iron catalysis is advancing on
all levels. Despites some challenges described in the subsequent chapters, research
activities in iron catalysis are making great progress, and further breakthroughs can
be expected in the future. The “New Iron Age” is dawning!
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The Development of Iron Catalysts
for Cross-Coupling Reactions

Robin B. Bedford and Peter B. Brenner

Abstract Cross-coupling between organometallic nucleophiles and organic elec-
trophiles is currently one of the most widely investigated areas of organic homo-
geneous catalysis with iron. This overview charts the development and application
of iron catalysts for cross-coupling reactions, focusing predominantly on findings
over the last 5 years.

Keywords Cross-coupling - Iron - Iron catalysis
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Abbreviations

acac Acetylacetonate

Ar Aryl

9-BBN 9-Borabicyclo[3.3.1]nonane

bmim 1-Butyl-3-methylimidazolium

cat Catalyst

Cp Cyclopentadienyl

dpbz 1,2-Bis(diphenylphosphino)benzene
dppe 1,2-Bis(diphenylphosphino)ethane
dppp 1,3-Bis(diphenylphosphino)propane
EPR Electron paramagnetic resonance
Mes Mesityl, 2,4,6-trimethylphenyl
NHC N-heterocyclic carbene

NMP N-methylpyrrolidone

salen N,N'-ethylenebis(salicylimine)

Tf Triflate

THF Tetrahydrofuran

TMEDA  N,N,N',N'-tetramethyl-1,2-ethylenediamine
TMS Trimethylsilyl

Ts Tosyl

Xantphos  4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene

1 Introduction

1.1 Background

Cross-coupling reactions between an organic electrophile, typically an organic
halide or related species, and an appropriate organometallic or related nucleophile
(Scheme 1) are widely exploited in the formation of carbon—carbon bonds. By far
the most often used catalysts for such cross-coupling processes are based on
palladium. However, the high and rising cost of palladium, coupled with its
relatively low natural abundance, competition for its use from the automotive and
consumer electronics sectors, the environmental impact of its extraction (around

[cat]
R-X + R—E ——> R-R'
(base)
R, R' = aryl, alkenyl, alkynyl, vinyl ...
X = halide, pseudohalide leaving group ...
E = MgY, ZnY, SnY;, BY; ...

Scheme 1 Generalised cross-coupling reactions. Base is sometimes required, typically to activate
the nucleophilic coupling partner
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only 6 g of metal are produced from 1 t of palladium ore) and its toxicity all
ultimately limit the medium to long-term use of the metal in cross-coupling. These
limitations, combined with the potential for developing new or orthogonal reactiv-
ities and processes with other metals, have led to the search for catalysts based on
more Earth-abundant elements. Iron is particularly well suited to be a potential
replacement for palladium due to it high natural abundance, low cost, and low
toxicity.

Iron-catalysed cross-coupling reactions are far from new; indeed, the seminal
publication in this area dates back over 70 years: a paper published by Motez and
Vavon on the iron-catalysed coupling of aryl Grignard reagents with alkyl halides
[1]. Despite further pioneering work by Kochi in the early 1970s [2—6], much of
which predates the use of palladium in cross-coupling reactions, the field lay largely
dormant, with occasional sporadic publications, notably from the groups of
Molander [7] and Cahiez [8—10], until the early 2000s. Triggered in particular by
publications from the groups of Fiirstner [11-14], Nakamura and Nakamura [15],
Hayashi [16] and Bedford [17-19] in the early to mid 2000s, the renaissance of
iron-catalysed cross-coupling reactions has been marked by an exponential growth
in the number of publications on the topic since the beginning of the millennium.

1.2 Scope

This chapter summarises many of the important advances in the field of iron-
catalysed cross-coupling chemistry over the last 5 years or so, focusing primarily
on the types of iron-based catalysts that are currently available and selected
examples of their applications. This is not intended to be a comprehensive review
but rather an introduction to the most significant catalyst developments and an
overview of the application of these catalysts in selected carbon—carbon bond-
forming processes. While the literature discussed here predominately covers the
last half decade, where appropriate, we have included some results that predate
2009 in order to give a better overview of the ‘state of the art’.

The chapter is primarily organised by the type of nucleophilic coupling partner
exploited in the cross-coupling reactions. To date, the vast majority of the iron-
catalysed cross-coupling reactions are those of Grignard reagents, and this area is
addressed first, in Sect. 2. This section is broadly subdivided by catalyst type since
most, if not all, of the relevant pre-catalysts used in iron-catalysed cross-coupling
processes have been exploited at some stage in the coupling of Grignard reagents.

Obviously the high reactivity of organomagnesium reagents can place con-
straints on the substitution patterns of the electrophilic cross-coupling partner,
and this had triggered the search for catalysts that can couple ‘softer’ organome-
tallic nucleophiles such as those based on cooper, zinc or boron, and this topic is
covered in Sect. 3. Here the discussion is organised by class of organometallic
nucleophile.
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2 Iron Catalysts for the Cross-Coupling of Grignard
Reagents

Many of the early iron-catalysed cross-coupling reactions, which typically
exploited simple iron halide pre-catalysts, were plagued by competitive side reac-
tions, such as homocoupling and, where alkyl halides were used, p-elimination
processes. Accordingly, there has been a significant effort to develop ligand sets
and/or conditions that give increased selectivity for the desired cross-coupled
product. The following sections are organised according to catalyst type or
ligand/additive sets used in Grignard cross-coupling reactions. The use of
organoferrates [20] as pre-catalysts is not explicitly reviewed in this section but
has been covered in detail in previous excellent accounts [21, 22].

2.1 Oxygen, Nitrogen and Sulphur Donor Ligands

Iron(III) tris(acetylacetonate), [Fe(acac)s], stands out as a very useful pre-catalyst
in a range of selective cross-coupling reactions, not least because it is a free-flowing
air- and moisture-stable, non-hygroscopic solid that is inexpensive and easily
handled. Indeed, we recommend this as an ideal first catalyst to trial in any proposed
new catalytic C—C bond-formation process based on iron. First exploited by Kochi
in the coupling of alkyl Grignards with vinyl halides [4], [Fe(acac)s;] was subse-
quently shown by Hayashi to give good performance in the challenging coupling of
primary and secondary alkyl halides with aryl Grignard reagents, without the need
for additives, provided that the reaction was performed in diethyl ether, preferably
at reflux temperature [16]. In a recent example, Fiirstner developed a ring opening/
cross-coupling reaction of 2-pyranones with methyl Grignard, using [Fe(acac);] as
the pre-catalyst (Scheme 2) [23]. This protocol provides an attractive route to
stereo-defined diene carboxylates.

While [Fe(acac);] can often give excellent results on its own, it performance,
like that of simple iron (II) or (IIT) halides, can often be enhanced by the inclusion in
the reaction mixture of an appropriate ‘additive’. The first major success in the use
of additives to improve the outcome of iron-catalysed cross-coupling was achieved
by Cahiez and Avedissian who, in 1998, reported the use of NMP (N-methylpyr-
rolidone) as co-solvent with THF in the coupling of alkenyl halides and alkyl

| N 5 mol% [Fe(acac)s] | X
+ 3MeMgBr ————————>
(o286 Et,Ol/toluene, MeCOOH
-30°C-rt 93%

Scheme 2 Example of the iron-catalysed ring opening/cross-coupling of 2-pyranones
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Bu [Fe(acac)s] (1 mol%) Bu

Y=+ BuMgCl > N

Bu Cl -5to 0 °C, 15 min Bu Bu

THF: 5%
THF-NMP (9 equiv):  85%

Scheme 3 The beneficial role of NMP as an additive

1 mol% [Fe(acac)s]
OctMgClI (Slow addition)

NP 0PO(OEY, N0t
THF, 20°C 92%

Scheme 4 Cross-coupling of dienol phosphates

Grignard reagents [8]. They found that the presence of NMP could have a profound
beneficial influence on the amount of cross-coupled product (e.g. Scheme 3).

The NMP-additive approach works particularly well with vinyl halides; how-
ever, access to these substrates can be problematic. To circumvent this, in 2008
Cahiez reported a protocol for the coupling of related enol phosphates with primary,
secondary and tertiary Grignard reagents. These alkenylation reactions give high
yields and good stereoselectivity [24]. Cahiez has extended this class of reaction to
the coupling of dienyl substrates. The preparation of alkylated dienes from diene
electrophiles and alkyl Grignard reagents is often plagued by oligomerisation of the
dienyl halide substrates. By contrast dienol phosphates can be exploited as sub-
strates in [Fe(acac)s]-catalysed coupling with alkyl and aryl Grignards (Scheme 4)
[25]. Interestingly in this case it appears that the presence of NMP is detrimental to
the performance of the catalyst. The efficacy of this protocol was illustrated by the
synthesis of the pheromone of Diparopsis castanea.

Vinyl halides and related species are not the only Csp®-based electrophilic
substrates able to undergo iron-catalysed cross-coupling facilitated by the addition
of NMP. Fiirstner demonstrated that NMP could be used to good effect in the
coupling of aryl and heteroaryl chlorides, tosylates and triflates with a range of alkyl
Grignard reagents [11, 12]. In some cases, aryl Grignards could also be exploited,
but this was limited to coupling of an electron-deficient aryl chloride (methyl-4-
chlorobenzoate) or 2-chloro-N-heterocyclic substrates. The use of aryl bromides
and iodides, substrates that are typically more amenable to palladium-catalysed
cross-coupling reactions than aryl chlorides, led to the formation of significant
amounts of the free arene, produced by a competitive hydrodehalogenation process.
Cabri has recently exploited this methodology in the synthesis of 1, a key interme-
diate in the synthesis of ST1535, a promising molecule for the treatment of
Parkinson’s disease (Scheme 5) [26]. In contrast to palladium coupling, this iron-
based protocol proceeds very rapidly under mild conditions, generating compara-
tively little waste.
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NB|
NBn [Fe(acac)s] n2
A 10 mol% A\
+ ~~_MgCl —m—
al N NMP/THF, rt N
\
1,91%

Scheme 5 Formation of an intermediate in the preparation of ST1535

[Fe(acac)z] (10mol%)
[Ar—NMes|OTf + alkyl-MgX —— "~ —— "3  Ar—alkyl
THF-NMP (7:1), rt.

Scheme 6 Cross-coupling of arylammonium triflate salts

1. [Fe(acac)]
MeMgBr
= = o
o 2. [Fe(acac)syNMP L 8%
Cl N™ "Cl EtMgBr Me” "N° Et

Scheme 7 Selective one-pot difunctionalisation

R R
\= [Fe(acac)s] \=
(5 mol%)
(/}u + 13 AMGX — VA
R K= THF/NMP R K=
slow
addition

Scheme 8 Iron-catalysed cross-coupling of chlorostyrenes with aryl Grignard reagents

Wang and co-workers recently showed that the [Fe(acac);]/NMP systems could
be applied to the coupling of arylammonium triflate salts with alkyl Grignard
reagents (Scheme 6). Poorer performance was observed when phosphine, N-het-
erocyclic carbene or amine ligands were used in place of the NMP additive [27].

Interestingly, Malhotra and co-workers found that the presence or absence of
NMP can be used to tune the site selectivity in the coupling of dihaloheter-
oaromatics with alkyl Grignard reagents allowing for one-pot sequential difunctio-
nalisations, such as that shown in Scheme 7 [28].

The cross-coupling of aryl halides with aryl Grignard reagents appears to be
significantly more challenging for catalysts based on iron compared with those
based on palladium and until quite recently was limited to the use of electron-
deficient aryl chlorides or N-heterocyclic halides [11, 12]. Giilak and Jacobi von
Wangelin provided an intriguing exception to this rule when they showed that
chlorostyrenes could be coupled with aryl Grignards using [Fe(acac)s;] in
THF/NMP, typically with slow addition of the Grignard reagent (Scheme 8)
[29]. The authors proposed that the vinyl substituent coordinates to the iron centre,
which then undergoes a haptotropic shift followed by activation of the C—ClI bond.
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2®

o
THF L):o,,,,, o
3FeCly(THF);5 + 8 \N:> — O'Fle\oﬂ 2 |

L — 2
Scheme 9 Formation of an NMP-coordinated, Fe(II) ion pair
N MgBrLiCl 3 mol% FeBrs N
+
P N/ OBoc
N Cl THF/tBuOMe (2:5), 20 °C O 84%
OBoc

Scheme 10 Representative coupling of N-heterocyclic halides with aryl Grignards

R>_ FeBr, (10 mol%) R
X + XMg———R" —_———— > ———R'
R THF/NMP, rt. R

cyclic or acyclic

Scheme 11 Cross-coupling of alkyl halides with alkynyl Grignard reagents

The use of NMP as an additive in iron-catalysed cross-coupling is, on occasion,
somewhat misleadingly referred to as running the reactions under ‘ligand-free’
conditions. In an attempt to identify the possible role of NMP in iron-catalysed
cross-coupling, Holland and co-workers not only confirmed the beneficial role
played by NMP in the coupling of a representative aryl chloride with hexyl
magnesium bromide using a variety of iron precursors, but they also isolated the
mixed trinuclear iron(I[)-NMP species 2 (Scheme 9) [30]. This demonstrated
unequivocally the O-coordination of NMP to catalytically competent iron species.

It should be noted that NMP is by no means effective in every case. For instance,
Knochel found NMP to be detrimental in a protocol for the cross-coupling between
N-heterocyclic chlorides or bromides and various arylmagnesium reagents [31]. In
this instance, the best performances were obtained by using a mixture of THF and
the industrially attractive solvent fBuOMe using iron(III) bromide as the
pre-catalyst (e.g. Scheme 10).

As can be seen in the preceding discussion, ever since the original report by
Cahiez on the advantages of using NMP in iron-catalysed cross-coupling of vinyl
halides, the majority of reports have focussed on the use of this additive in the
coupling of Csp?-based electrophiles. A notable exception to this was provided very
recently by Hu and co-workers, who showed that a simple FeBr,/NMP system is
very effective in the coupling of a range of primary and secondary alky! halides
with alkynyl Grignard reagents (Scheme 11) [32].
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FeCl3 (5 mol%)
/7 Cl +15 BrMg + 1.5 TMEDA — %\Q
N ) THF, r.t.

Y 99%

syringe pump

Scheme 12 An example of Nakamura and Nakamura’s slow addition method, using stoichiomet-
ric TMEDA, for the coupling of alkyl halides with aryl Grignards

FeCl3z (10 mol%)
| OTBDPS + pZ +1.9 TMEDA _ Z OTBDPS
MgBr
N

0°C-r.t.
J 70%

~
Slow addition

Scheme 13 Representative coupling of an alkenyl Grignard with an alkyl halide

While it is apparent that NMP can act as an excellent ligand/additive in a range
of cross-coupling reactions, it is classified as a reprotoxin, and consequently there
have been calls to limit its usage. Therefore, there is clearly a need for catalyst
systems that do not require this additive, and amine donors have been found to play
a particularly prominent role in this regard. In 2004 Nakamura, Nakamura and
co-workers were the first to report the beneficial effects of amine additives, in
particular TMEDA, on the coupling of primary and secondary alkyl halides with
aryl Grignard reagents [15]. To ensure the best yields were obtained, it proved
necessary to mix the aryl Grignard reagent with a greater than stoichiometric
amount of TMEDA and then add this very slowly, using a syringe pump, to a
mixture of the appropriate electrophile and catalytic amounts of FeCl; (e.g. shown
in Scheme 12). Reactions with alkyl bromides and iodides are typically performed
at 0 °C to avoid unwanted olefin formation, while alkyl chlorides can be
transformed at room temperature. This method is not limited to aryl Grignard
reagents but can be extended to vinyl magnesium analogues, as demonstrated by
Cossy and co-workers in 2007 (Scheme 13) [33]. Furthermore, Denmark recently
found that alkyl thio-ethers and sulphones can be used as electrophilic coupling
partners in the presence of a large excess of TMEDA [34].

In order to circumvent both the need to use stoichiometric amounts of amine
additives and the use of a syringe pump, in 2005 Bedford and co-workers developed
a more convenient and user-friendly procedure for the coupling of primary and
secondary alkyls bearing p-hydrogen atoms with aryl Grignards using catalytic
amounts of the added TMEDA or other amines [18]. Subsequently Cahiez also
demonstrated that TMEDA could be used in catalytic quantities in similar reac-
tions, either in the presence of an [Fe(acac);]/hexamethylenetetramine mixture or
by the use of a preformed complex ‘[(FeClz),(tmeda)s]’ [35]. Some care needs to be
taken in ascribing the structure of this complex as no spectroscopic or analytic data
were presented in support of the formulation. Recently, Fox and co-workers found
that catalytic quantities of TMEDA can be exploited in the cross-coupling of
activated aryl chlorides with alkyl Grignard reagents [36].
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FeCl3 (5 mol%)
Mg (120 mol%)
2. THF, rt. TMEDA (120 mol%)

©/X R 20 min ©/\R'
T +12 Y OR RT
RC~ 0°C,3h =

Scheme 14 A ‘domino’ process for the coupling of alkyl and aryl halides

[Fe(acac)s] (5 mol%)

/©/0| NMP (100 mol%) /@/C' Mg, THF /@/MQC'
—_—
Tio 1.3 iBuMgClI (Slow addition) iBu Bu

THF, 0°C

82%
[Fe(acac)s] (5 mol%)
MgCl TMEDA (20 mi%

o~ b) X

1.3 + Z "OAc I ——
iBu THF, 0°C iBu 90%
HO (0]

[Fe(acac)s] (1 mol%)
/@A\ TMEDA (1 mol%)
iBu 1. 1.4 EtMgBr, THF, r.t. Bu
2.CO, 92%

Scheme 15 Synthesis of ibuprofen by two sequential iron-catalysed cross-couplings and an iron-
catalysed hydromagnesiation

In 2009 Jacobi von Wangelin and co-workers reported a particularly attractive
use for simple iron-TMEDA species, namely, a ‘domino’ reaction for the direct
cross-coupling of aryl halides with alkyl halides using FeCl;/TMEDA as a
pre-catalyst (Scheme 14). No preformed Grignard is required; rather, magnesium
metal is added directly to the reaction, leading to in situ generation of the reagent
[37]. Under these conditions, primary and secondary alkyl bromides couple with
aryl and heteroaryl bromides bearing alkyl, alkoxy, fluoro, and amine substituents,
whereas tertiary alkyls give very low yields.

This method was extended to aryl-alkenyl bond formation by the same authors
in 2011 [38]. Activated aryl bromides readily form the Grignard reagent in the
presence of FeCl;, whereas electron-rich aryl bromides, heteroaryl bromides and
arenes bearing polar substituents require preformation of the aryl Grignard reagent.

In 2014 Thomas reported an elegant synthesis of ibuprofen using three sequen-
tial iron-catalysed processes (Scheme 15) [39]. In the first step, [Fe(acac);] was
used in the presence of NMP to catalyse the coupling of 4-chlorophenyl triflate with
isobutyl Grignard. Here the triflate reacts in preference to the aryl chloride function.
The resultant aryl chloride was converted to the Grignard reagent, which was then
coupled with vinyl acetate catalysed by [Fe(acac)s] in the presence of cocatalytic
amounts of TMEDA. In the final step, the resulting styrene undergoes an iron-
catalysed hydromagnesiation process, previously developed in the Thomas group
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[40], followed by in situ carboxylation of the resultant secondary benzyl Grignard
to give ibuprofen.

TMEDA is clearly a useful additive in iron-catalysed Grignard cross-coupling
reactions, but what is its precise role in the reaction? It is tempting to conclude that
it acts as a ligand for the iron centre during the catalytic cycle; indeed, Nagashima
and co-workers [41] demonstrated that in the presence of excess TMEDA and three
equivalents of mesityl Grignard, iron(IIl) chloride reacts to form the TMEDA
bismesityl iron(II) complex 3. Complex 3 is catalytically competent in the coupling
of octyl bromide with mesityl Grignard and reacts with octyl bromide to generate
the cross-coupled product and the mono-mesityl complex 4, which in turn can
regenerate 3 on reaction with mesityl Grignard. The authors concluded that the
catalytic cycle therefore proceeds via the intermediates 3 and 4. However, Bedford
and co-workers subsequently showed this not to be the case [42]. In the presence of
excess mesityl Grignard, as would be seen in catalytic reactions, complex 3 is
converted to the TMEDA-free homoleptic iron complex 5. Indeed during the
catalytic reaction, only 5 is observed by '"H NMR spectroscopy. Furthermore,
complex 5 reacts far faster than 3 with octyl bromide, quashing the possibility
that 3 has any role on the catalytic cycle. Thus, TMEDA does not appear to be
coordinated to iron during the primary catalytic cycle. Instead, the authors
suggested a possible role for the amine ligand was to stabilise off-cycle iron
complexes with respect to the formation of iron nanoparticles, which are them-
selves catalytically active [43] but which may give lower selectivity.

Me,

N
i,

N/

ﬁ e, ﬁ ﬂ
N\ o
e Fe Fe
7N
N Br
Me, ﬁ M i&
3 5

€2
4

While useful in many cross-coupling reactions, TMEDA is by no means a
panacea for all iron-catalysed cross-coupling processes and can indeed prove
deleterious. For example, in 2013, Knochel reported that FeBr; + TMEDA gave
poorer performance in the iron-catalysed coupling of 2-halopyridines and pyrimi-
dines with aryl Grignard reagents compared with the use of the iron bromide alone
[44]. By contrast, adding isoquinoline gave a significant enhancement in activity.
Presumably here both the substrate and the cross-coupled product can also act as
ligands by coordination through the pyridyl nitrogen.

In view of the possible ligating role played by pyridyl-containing substrates, it is
perhaps not surprising to discover that imine-based ligands in general can be used to
good effect in a variety of iron-catalysed cross-coupling reactions. In particular
Fe-salen complexes have proven to be useful, with Fiirstner showing that complex
6 can be used, in the presence of NMP, in the coupling of secondary alkyl Grignard
reagents with activated aryl chlorides [12], while Bedford showed that several
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Fe-salen complexes, in particular 7, can be exploited in the coupling of aryl
Grignard reagents with primary and secondary alkyl halides, without the need for
added NMP [17]. Under similar conditions, the simple diimine ligands 8 and the
preformed imino-iron complexes 9 and 10 all showed good to excellent
performance [43].

S

_N\ /N_ _N\ /N_
Fe. Fel 7\
(e} cl (0] O al (o) Ar—N N -Ar
7

8: Ar = mes, 2,6-Pr,

iPr
N O
i N v’
Pr Fe—Cl
7\
IN Cl
2
9 10

In a series of publications, Kozak and co-workers reported the application of a
range of iron complexes 11-14 with aminophenolate ligands in cross-coupling
reactions [45—49]. These pre-catalysts show reasonable to good activity in the
coupling of aryl or allyl Grignard reagents with primary and secondary alkyl or
benzyl halides. While the activity displayed by these complexes is interesting, the
more synthetically elaborate nature of the ligands detracts somewhat from the
appeal of these pre-catalysts in the face of competition from simpler catalyst
systems that show similar or better activity.
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'Fe(S-2-naphthyl),' (5mol%)
LiCl (10mol%)
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Hex \/\Br + CiMg OMgCl HF 0 Hex \/\HS/\OH
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Scheme 16 A representative iron-dithiolate-catalysed cross-coupling
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As discussed above, while NMP can be an excellent additive in iron-catalysed
cross-coupling reactions, its reprotoxicity casts a shadow over its continued usage.
Accordingly, Cahiez, who pioneered the use of this additive, sought to replace NMP
with more benign ligands. In 2012 his group reported that the iron bis-thiolate
complex, ‘Fe(S-2-naphthyl),’, formed in situ from FeCl, and the magnesium
thiolate salt, could be used to replace the Fe-NMP system in the coupling of
alkenyl halides with alkyl Grignard reagents (Scheme 16) [50].

2.2 Phosphines and Related Ligands

Sulphur donors are notably softer than N- and O-donor ligands, being more akin to
phosphine donors; therefore, it comes as no surprise that phosphines can also act as
excellent co-ligands in iron-catalysed cross-coupling reactions. In 2006 Bedford
and co-workers reported a detailed investigation into the use of iron—phosphine
complexes as pre-catalysts in cross-coupling processes [19]. They showed that a
wide range of monodentate and chelating diphosphine ligands, as well as related
phosphite and arsine ligands, could be used to good effect in the iron-catalysed
coupling of aryl Grignard reagents with primary and secondary alkyl halides.
Subsequently, Chai and co-workers showed that iron—phosphine -catalysts,
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particularly those containing a Xantphos ligand, could be exploited in the Csp’—
Csp® coupling of alkyl halides with alkyl Grignards [51].

R R R &
RBQQ /ﬁR
P P
(0] R R
PPh,  PPh, N N
R R

Xantphos 15a:R=Bu;R'=H
b: R =SiMes R'=H
¢ R=H; R = NMe,

In 2011, Nakamura reported that an iron dichloride adduct of the bisphosphine
ligand 15a is an efficient pre-catalyst for the cross-coupling of primary, secondary
and tertiary alkyl halides with electron-poor, electron-rich and sterically hindered
aryl Grignard reagents, provided that the Grignard reagent is added slowly, using a
syringe pump [52]. Nakamura also investigated the cross-coupling of benzylic
chlorides with aryl Grignards and found, in this case, that the electron-rich phos-
phine 15¢ performed best, giving good yields of the desired diarylmethanes,
whereas the use of 15a, b or more electron-deficient analogues led to greater
amounts of unwanted homocoupled products [53]. He also showed that the
pre-catalyst [FeCl,(15a)] can be exploited in the cross-coupling of alkynyl Gri-
gnard reagents with alkyl halides [54]. Interestingly, changing the catalyst compo-
sition leads to a switch in selectivity in the coupling of the substrate 16, which
contains both alkyl bromide and vinyl triflate functions: the iron—phosphine com-
plex favours coupling at the former to give 17, while FeCl;, in the presence of
greater than stoichiometric amount of LiBr, targets the latter site to give 18
(Scheme 17).

Recently, Fiirstner and co-workers published a practical procedure for iron-
catalysed cross-coupling reactions of sterically demanding aryls with primary
alkyl halides. Here the best pre-catalyst proved to be one based on the commercially
available chelating diphosphine bis(diethylphosphino)ethane [55].

[FeCly(15a)] (3 mol%) N
R— <:>—OTf
THF, r.t.

17

Br@ow + R—==—MgBr

16 (Syringe pump)

FeClj3 (3 mol%) _

; Br —R
LiBr (120 mol%)
THF, r.t. 18

Scheme 17 Tuning selectivity in iron-catalysed cross-couplings with alkynyl Grignard reagents
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2.3 N-Heterocyclic Carbene Ligands

N-Heterocyclic carbene ligands can be excellent alternatives to phosphines in iron-
catalysed cross-coupling, with the first examples provided by Bedford and
co-workers in 2006 [19]. They showed that the preformed bis-NHC complex 19,
or species formed in situ from FeCl; and the carbene precursors 20 or 21, shows
good to excellent activity in the cross-coupling of primary and secondary alkyl
bromides with tolyl Grignard.

N_ Noar M\ cr M )
7 \N ;(/Br R’N\¢7N‘R R/N‘ N\R Bu’N@N‘Me
- e N -
. H “CeF FeCl
— BrA 20a: R = mesityl MaR = m;sitsl ; 4
19 N\ /N’ r b:R=Cy b.'R=26—"P>:‘CH
— cR=Bu ) ’ 2-678

Shortly afterwards Bica and Gaertner reported the use of the ionic liquid [bmim]
[FeCly], 22, as a pre-catalyst for the coupling of alkyl halides with aryl Grignards.
This air-stable pre-catalyst reacts in a biphasic system and can be reclaimed with
little loss in activity by simple decantation of the product [56]. It seems likely that
the imidazolium salt is deprotonated by the Grignard reagent under the reaction
conditions to give an N-heterocyclic carbene ligand. Interestingly, and somewhat
unusually for Grignard reagents, the authors report that the reactions do not need to
be performed under an inert atmosphere.

Alkyl chlorides are generally cheaper and more widely available than their
bromide or iodide counterparts, but they can be more challenging substrates in
cross-coupling. To address this problem, Nakamura and co-workers exploited
NHCiron pre-catalysts and a slow addition protocol [57]. The best results were
obtained using the NHC precursor 20d and the addition of excess (1.5-2 equiva-
lents) of the aryl Grignard with a syringe pump over one and half hours
(Scheme 18). Under these conditions, primary, secondary and even some tertiary
alkyl chlorides coupled with ease. Substrates with more than one alkyl chloride
function were smoothly converted to the corresponding di- and triarylated products.

FeCl3 (5 mol%)

) + )

Pr Pr
[\ CI

N\¢//N

Pr Pr i
ArMgBr (1.5- 2 equiv.)
20d (10 mol%) syring pump, over 1.5 h
akyl—-C|l ————>» ———————— > alkyl—Ar
THF, 0-25°C THF, 40°C

Scheme 18 NHC-iron-catalysed coupling of alkyl chlorides with aryl Grignard reagents
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/SOZNMez /CHzoNEtZ
o o FeCl, (5 mol% Alkyl
20a (15 mol%)
| A or | A + AlkyMgx ————> | A
S L CH,Cl,/THF 65°C L
R R R

Scheme 19 NHC-iron-catalysed coupling of aryl sulphamates and tosylates with alkyl Grignard
reagents

[Fe] (10 mol%)
. + .
Pr Pr
/T\ CI
NN
Pr iPr
20e (20 mol%)

THF, reflux

+ PrMgCl (4 equiv.) [Fe] = FeF33H,0; Y = SO,NMe,:  major minor
[Fe] = FeF33H,0;Y = Ts: minor major
[Fe] = FeCl3, Y = SO,NMe,: minor major

Scheme 20 Tuning branched-linear selectivity in the coupling of secondary alkyl Grignard
reagents

NHC—Fe-catalysed Csp’~Csp’ coupling is by no means limited to aryl nucleo-
philes and alkyl electrophiles, for example, in 2012 Garg and co-workers reported
the iron-catalysed cross-coupling of alkyl Grignard reagents with aryl sulphamates
and carbamates (Scheme 19), using the carbene precursor 20a and FeCl,
[58]. These electrophilic substrates are particularly attractive due to both the ease
of their synthesis and their stability under a range of reaction conditions. N-
Heteroaryl and aryl electrophiles can be coupled, and the reactions work well
with both primary and secondary alkyl Grignard reagents. Similarly, Perry and
co-workers showed that iron—-NHC systems can also be used in the coupling of
unactivated aryl chlorides with primary and secondary alkyl Grignard reagents
[59]. Interestingly, they found that better activity was obtained with hydrated rather
than anhydrous iron salt precursors.

More recently, Agrawal and Cook reported that an NHC—FeF; pre-catalyst can
be used to realise the coupling of aryl sulphamates or tosylates with primary and
secondary alkyl Grignard reagents [60]. Interestingly, they showed that an aryl
sulphamate substrate couples with isopropyl magnesium chloride to yield predom-
inantly the expected branched product, whereas the corresponding aryl tosylate
favours the formation of the linear product (Scheme 20). In this instance, the alkyl
nucleophile undergoes isomerisation prior to C—C bond formation. This difference
in selectivity may be due to the coordination of different counterions to the iron
centre, which implies that the system is very sensitive to changes in the
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Fe(OAc); (2.5 mol%)

BrMg o IMes-HCI (6 mol%) alkyl (¢}
alkyl—I  + \/\(J I N \/\rJ
o] 0

THF, r.t.

Scheme 21 Fe-NHC-catalysed alkyl-alkyl cross-coupling

coordination sphere of the iron. Indeed this appears to be borne out by the obser-
vation that changing the anionic ligands on the iron precursor can also have a
significant influence on selectivity. For instance, changing from iron(III) fluoride to
chloride leads to a reversal in selectivity in the coupling with an aryl sulphonate
(Scheme 20).

Csp’~Csp’ bond formation can also be accessed by iron-NHC-catalysed cross-
coupling. Thus, Cardenas and co-workers demonstrated the coupling of alkyl
iodides with either the alkyl Grignard reagent shown in Scheme 21 or benzyl
Grignard [61]. The authors provided EPR spectroscopic and mechanistic data in
support of the formation of an Fe(I) intermediate under catalytically relevant
conditions and proposed that this is likely the lowest oxidation state in the catalytic
manifold, in line with early suggestions by Kochi [5, 6].

Aryl-aryl bond formation is one of the major successes of palladium-catalysed
cross-coupling; indeed, such reactions are ubiquitous in the formation of biaryl
motifs. By contrast this class of reaction has proven to be significantly more
challenging for iron-based catalysts. Therefore, reports by Nakamura and
co-workers in 2007 [62] and 2009 [63] detailing the use N-heterocyclic carbene-
ligated iron catalysts in the cross-coupling of aryl Grignards with aryl chlorides
represent a major breakthrough in the field. The reactions work best using 20d as
the carbene source and iron (II) or (III) fluoride precursors, ideally
FeF;-3H,0. Phosphine and amine ligands perform very poorly by comparison
giving little or none of the desired product, while the use of either FeCl; or [Fe
(acac);] leads to substantial amounts of homocoupled product derived from the aryl
Grignard. Interestingly, the addition of KF to the reaction catalysed by iron chloride
led to a suppression in homocoupling and a good yield of the cross-coupled product.
In stark contrast to the good activity obtained with aryl chloride substrates, poor
performance was obtained with aryl bromides and iodides. In its simplest form, the
reaction requires a large excess of the aryl Grignard to maximise the yield of the
cross-coupled product, which the authors suggested may be due to slow
deprotonation of the carbene precursor. To accelerate this deprotonation, the
catalyst mixture can be pre-activated with sub-stoichiometric amounts of the
more basic ethyl Grignard reagent; Scheme 22 outlines this optimised protocol.
Very recently, Chua and Duong have shown that the dimeric alkoxide [Fe,(O'Bu)g]
can be used in place of iron fluorides, and NaO'Bu can replace the alkyl Grignard
reagent as the activating agent in such reactions [64].
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catalyst activation catalysis
ArCl
EtMgBr Ar'MgBr
FeF53H,0 (3 mol%) (18 mol%) . (1.2 equiv.) — AAr
+20d (9 mol%) THF, 0°C THF, 60°C, 24 h
thenr.t. 4-5h

Scheme 22 Optimised conditions for the cross-coupling of aryl chlorides with aryl Grignard
reagents

3 Iron Catalysts for the Cross-Coupling of Softer
Nucleophiles

As can be seen in the preceding section, the development of iron-catalysed cross-
coupling of aryl, alkyl and related Grignard reagents with electrophilic coupling
partners has proceeded apace, and iron can be considered as a serious contender for
application to a broad range of such processes. It should be noted, however, that
Grignard cross-coupling is limited by the relatively high reactivity of the nucleo-
phile with a range of common functional groups, which can impose constraints on
the substitutional decoration of the substrates employed. High relative rates of
coupling reactions compared with side reactions, low reaction temperatures or
slow addition protocols may help alleviate some of the substrate tolerance prob-
lems, but ultimately, the use of less reactive, ‘softer’ nucleophiles provides a
synthetically more viable approach. Accordingly, the study of iron-catalysed
cross-coupling with softer nucleophiles is garnering increased attention, particu-
larly over the last 5 years or so, although there were seminal reports before this
period. Thus, both organocuprate [65-68] and organomanganese nucleophiles [9,
12, 69] have been exploited to good effect, but the majority of this work was
reported before 2009 and falls outside of the scope of this review. In this section, we
focus instead on zinc, boron and other group 13-based nucleophiles in iron-
catalysed cross-coupling.

3.1 Zinc-Based Nucleophiles

An early example of the iron-catalysed cross-coupling of organozinc reagents was
reported by Fiirstner and co-workers who showed that the triethylzincate anion
could be coupled with methyl-4-chlorobenzoate using an [Fe(acac);]/NMP catalyst
system [11, 12]. Following on from this, Nakamura and co-workers showed that
alkenylzinc reagents can be coupled with primary and secondary alkyl chlorides,
bromides and iodides using FeCl; in the presence of excess TMEDA (Scheme 23)
[70]. Simple vinyl zinc halides performed poorly; instead diorganozinc reagents
with the desired vinyl residue and a non-transferable (trimethylsilyl)methyl group
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R FeClj3 (5 mol%) R"
TMEDA (350 mol%)
S ZnCHSiMe;  + )\X — . e
THF, 30°C R

Scheme 23 Cross-coupling of vinyl zinc reagents with alkyl halides
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Scheme 24 Cross-coupling of arylzinc reagents with benzyl and 2-N-heteroaryl halides and
related substrates

were found to work best. These are easily produced in situ by the reaction of zinc
chloride with an appropriate vinyl Grignard reagent, followed by reaction with
TMSCH,MgCl.

Nakamura also found that primary and secondary alkyl sulphonates and arylzinc
reagents, formed from Znl,, can be coupled using FeClj as the pre-catalyst and an
excess of TMEDA [71]. Key to the success of the reaction is the in situ formation of
alkyl iodides from the sulphonate substrates. Again the reaction requires two
organic groups on the zinc centre, either a diarylzinc reagent or ArZnCH,TMS. It
was also found that the presence of cocatalytic amounts of magnesium halide salt is
essential for activity.

Iron—phosphine complexes have also proved to be useful in the cross-coupling of
arylzinc reagents. Thus, Bedford and co-workers demonstrated that the preformed
complexes 23 and, to a lesser extent, 24 can be exploited in the coupling of arylzinc
reagents with benzyl halides or phosphates [72] or 2-halopyridines and pyrimidines
[73] (Scheme 24). Interestingly, when benzyl halides are used as substrates, then
halo substitution on the benzyl ring is unaffected by the cross-coupling, selectivity
that could be challenging for palladium catalysis. Shortly afterwards, Nakamura
and co-workers demonstrated that the pre-catalyst 23 can be used in the Negishi
coupling of electron-deficient fluoroaryl zinc reagents with alkyl halides [74].

The need to use diorganozinc reagents and the requirement of magnesium halide
in the reaction mixture is common to all of the cross-coupling reactions described
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AryZn
(excess)

AnZn + MgX, === ArZn + ArMgX ArsZnMgX*

Scheme 25 Hetero-Schlenk equilibrium between diarylzinc and triarylzincate in the presence of
magnesium salts

above. The (trimethylsilyl)methyl group can be used to good effect in all of the
reactions as a non-transferable ‘dummy’ ligand and is easily prepared in situ;
however, the precursor, TMSCH,MgCl, is relatively expensive. Accordingly, Bed-
ford and co-workers sought to replace it with a cheaper alternative and found that
ortho-zincated N,N-dimethylbenzylamine worked well in this regard [72]. The
authors suggested that the need for both a diorganozinc reagent and magnesium
halide salts was most likely due to the establishment of a hetero-Schlenk equilib-
rium leading to the formation of far more nucleophilic triarylzincate species under
the reaction conditions (Scheme 25).

As described above, complex 23 is a good catalyst for a range of organozinc
cross-coupling reactions, but the chelating diphosphine employed, 1,2-bis
(diphenylphosphino)benzene (dpbz), is reasonably expensive, offsetting some of
the benefits of iron catalysis. During a study into the likely catalytic intermediates
formed from pre-catalyst 23, Bedford and co-workers isolated the iron
(I) complexes 25a—c. While 25a proved to be an off-cycle species, the bromide
complex 25¢ behaves like a viable catalytic intermediate or resting state species
[75]. Based on the findings from this study, it was concluded that cheaper, more
readily available diphosphines such as dppe may be exploitable, provided they are
introduced into the reaction in such a way as to maximise the chances of formation
of bis(diphosphine) iron(I) complexes. Part of the problem here is that simple
bis-dppe complexes of iron dichloride do not form. However, both the preformed
Fe(I) bis-dppe complexes 26a and b and the cationic iron(II) bis-dppe complex 27
show good activity in the coupling of arylzinc reagents with benzyl or alkyl
halides [76].

PPh, (\PF’hz Ph, INI Pha
Ph,P_ | PhP| Po., | wPN | [BFal2
/F|e_x (Fle—X [ /Fle\ j
Ph,P PhyP p P
2" pPph, (_FPho Ph, lTl Ph,
25a: X = 4-tolyl 26a: X = Cl 27
b: X =Cl b: X = Br
c: X=Br

In 2012, Quing and co-workers reported the cross-coupling of a-halo-
fB,p-difluoroethylene-containing compounds with arylzinc reagents using TMEDA
and dppp as co-ligands. This methodology affords a wide range of gem-difluoro-
methylenated compounds in moderate to good yields. The competitive
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dehalodefluorination reaction typically observed upon treatment of such substrates
with reductive metal reagents was largely suppressed in this case [77].

3.2 Boron-Based Nucleophiles

Boron-based nucleophilic coupling partners are especially attractive in cross-
coupling reactions due to their stability, comparatively low toxicity and substrate
and media tolerance. Indeed the palladium-catalysed Suzuki—Miyaura reaction is a
mainstay of biaryl and related bond-forming processes. By contrast, analogous
iron-catalysed processes remain in their infancy. An early report by Young and
co-workers in 2008 showed that while no reaction was observed at atmospheric
pressure, at 15,000 bar and 100 °C, phenylboronic acid could be coupled with either
bromobenzene or 4-bromotoluene using a mixture of FeCl; and (2-pyridyl)
diphenylphosphine as pre-catalyst [78]. While interesting, this methodology is
synthetically limited by the extremely high pressures required. However, it remains
the only example to date of an iron-catalysed Suzuki cross-coupling that exploits
boronic acid substrates; the activity of simple iron-based catalyst systems reported
to achieve the same results under mild conditions was subsequently shown to be
most likely due to impurities in the reaction mixture [79], and the report was
retracted [80], as was a similar publication shortly afterwards [81].

The development of straightforward, rapid transmetallation between boron and
iron seems to be a major stumbling block in the development of routine iron-
catalysed Suzuki cross-coupling reactions. For instance, in an early example of
such a transmetallation process, Holland and co-workers showed that the complex
28 reacts only slowly with triethyl or triphenylboron to generate equimolar mix-
tures of the transmetallated product 29 and the dihydroborate complex 30
(Scheme 26) [82]. Interestingly, Ingleson and co-workers very recently showed
that iron-NHC complexes react with representative borates ArB(OR);™ by transfer
of the alkoxide rather than the aryl group, a finding which suggests simple
transmetallation with more traditional borate precursors may prove
problematic [83].

In an early attempt to circumvent the issues of B—Fe transmetallation, Bedford
and co-workers exploited cocatalytic amounts of zinc additives in the coupling of
tetraarylborates and, to a lesser extent, an aryltrialkylborate, with benzyl or 2-N-

R' Ar BR3 R' Ar R' Ar
N H, (R=ELPh)_ =N N H.
C Fe,H,Fe Crer + ((resicer,
N toluene N N
R’ Ar 80°C,22h R Ar R’ Ar
28: Ar = 2,6-PrCeH, 29 30

R' = Me, Bu

Scheme 26 B-Fe transmetallation with triorganoboron reagents
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Scheme 27 Iron-catalysed Suzuki coupling of benzyl and 2-N-heteroarylhalides with
tetraorganoboron reagents

MgX[ArBSBujs]
23 (5 mol%)
alkyl—X + or Ese— alkyl—Ar
ZnAr,

- Ar (10 mol%)
MgX B.
'Pr

Scheme 28 Iron-catalysed Suzuki coupling of alkyl halides conveniently prepared aryl
trialkylboronates

heteroarylhalides, catalysed by complex 23 (Scheme 27) [73]. They suggested that
the reaction proceeds via a facile, sequential B-Zn/Zn—Fe transmetallation process.
The chelating bisphosphine exploited in this case, dpbz, is expensive, and recently
the authors have reported the application of complexes 26a and 27, based on the
cheaper, more widely available bisphosphine dppe, in the couplings with benzyl
halides [76].

The two main drawbacks to the use of tetraarylborates as the nucleophilic
coupling partner are the lack of commercially available reagents and the fact that
only one of the four aryl groups is transferred. Bedford and co-workers recently
reported that this problem can be circumvented by the use of aryltrialkylborates,
which are readily synthesised in situ from the precursors tri-sec-butylborane or ‘Pr-
9-BBN (Scheme 28) [84]. The diarylzinc cocatalyst can be conveniently prepared
in situ by the reaction of zinc dichloride with the same aryl Grignard reagent used to
prepare the arylboronate. Alternatively ZnCl, can be used as a cocatalyst albeit at
higher (20 mol%) loading.

The use of tetraorganoborates as coupling partners can be extended to Csp’—
Csp® bond formation, as demonstrated by Nakamura and co-workers who showed
that a pre-catalyst formed from [Fe(acac);] and Xantphos can be used to couple
primary and secondary alkyl halides with tetraalkylboronates [85].

While the iron-catalysed coupling of tetraorganoborates with alkyl halides can
generate a wide range of useful products, it is obviously desirable to be able to
exploit the types of boron-based nucleophiles more typically associated with
Suzuki cross-coupling, namely, those derived from boronic acids. The problem
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[FeCly(15a/b)] (1-5 mol%)

R O MgBr; (20 mol%)
aky—x + M| g :C ———————  akyl—Ar
X = Cl, Br, | A0 THF 0-40°C

31:M=Li,R=1Bu
MgBr, R = Et

Scheme 29 Iron-catalysed Suzuki coupling of primary and secondary alkyl halides with aryl alkyl
pinacol boronate reagents
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Scheme 30 Iron-catalysed Suzuki coupling of 2-halobenzylhalides with aryl alkyl pinacol
boronate reagents

here is that, as described above, transfer of an oxygen-based group from the boron
centre to the iron may be preferred over transmetallation of an organic function
[83]. However, this can be prevented if the oxygen donors are held in a chelate ring,
such as that found in the pinacol esters of boronic acids. Thus, Nakamura and
co-workers reported the iron-catalysed Suzuki coupling of alkyl halides with the
aryl alkyl pinacol ester boronates, 31, formed in situ by the reaction of the parent
arylboronic pinacol esters with tert-butyllithium or, to a lesser extent, EtMgBr
(Scheme 29) [86]. The complexes [FeCl,(15a/b)] serve as effective pre-catalysts,
while magnesium halides act as cocatalysts. The reaction does not proceed in the
absence of the magnesium halide, and although it is not yet clear what the role of the
salt is in the transformation, the authors speculate that it may accelerate the
transmetallation between boron and iron centres. Nakamura and co-workers also
found that vinyl alkyl pinacol boronate analogues of 31 could be cross-coupled with
alkyl, allyl and benzyl halides using [FeCl,(15a/b)] as the pre-catalysts [87].

A major drawback in these reactions is the apparent requirement of the synthet-
ically elaborate bisphosphine ligands 15a or b. However, Bedford and co-workers
recently showed that far simpler pre-catalysts such as [FeCl,(dppe)], [FeCl>(dppp)]
or even, with more activated electrophilic coupling partners, the phosphine-free
complex [Fe(acac);] can be exploited to excellent effect in such reactions
[88]. Under these conditions, a range of primary and secondary alkyl, benzyl and
allyl halides can be coupled with the aryl alkyl boronates 31.

As discussed earlier, iron-catalysed biaryl bond formation remains challenging,
and this appears to be particularly true of Suzuki biaryl bond formation. However, a
recent paper by Bedford and co-workers shows that some biaryl bond formation can
occur when using 2-halobenzylhalides as coupling partners with alkyl aryl
boronates (Scheme 30) [89]. While not yet at a stage of being a synthetically viable
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process, this holds the promise that routine, iron-catalysed Suzuki biaryl bond
formation may well be achievable.

3.3 Aluminium-, Gallium-, Indium- and Thallium-Based
Nucleophiles

In addition to the use of organoboron reagents described above, there have been a
few reports that show that other group 13-based nucleophiles can be exploited in
iron-catalysed cross-coupling reactions. The first example was reported by
Nakamura and co-workers who demonstrated that primary and secondary alkyl
halides can be coupled with [AlAr,]MgX salts using complex 23 as the catalyst
[90]. The aluminate salt is easily prepared in situ by the reaction of AICl; with the
appropriate arylmagnesium chloride reagent (the use of ArMgBr proved to be
deleterious to catalyst performance). By contrast, no activity was observed with
the salt-free, neutral AlPh;, highlighting the importance of the more nucleophilic
‘ate’ complexes. Subsequently, Nakamura showed that arylaluminates could be
coupled with non-protected halohydrins, catalysed by the complexes [FeCl(15a/b)]
[91]. These reactions most likely proceed via the in situ formation of aluminium
alkoxide intermediates.

Again, simpler, less expensive phosphine ligands can be exploited in the cou-
pling of organoaluminium species. Bedford and co-workers showed that complexes
26a or 27 can be used to good effect in the coupling of tetraarylaluminates with
alkyl and benzyl halides [76]. Under these conditions, the tetraarylindate MgCl[In
(tolyl)4] can be used in place of the aluminate. The same authors recently showed
that the complex 23 can be used as a pre-catalyst in the coupling of MgX[MAury]
(M = Al, Ga, In) or MAr; reagents (M = Al In, T1) with a range of alkyl, benzyl and
allyl halides [84].

4 Summary and Outlook

The development of iron-catalysed cross-coupling processes has continued apace,
with a substantial number of important publications appearing over the last 5 years
or so. The majority of papers published during this time have concerned the
coupling reactions of Grignard reagents, but there has been a noticeable shift
towards developing catalyst systems that are capable of tackling more challenging
but synthetically more useful ‘soft’ nucleophiles. Despite these advances, signifi-
cant challenges remain, not least with regard to the types of soft nucleophiles that
can participate in iron-catalysed coupling reactions. It is important that we develop
new processes based on simpler nucleophiles, in particular those based on boron.
Here the challenge is to achieve facile, rapid transmetallation between simple
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organoboron reagents and the iron centre. Others challenges that still exist include
the need to replace reprotoxic NMP in Grignard cross-coupling reactions. While
slow addition of Grignard reagent, typically using a syringe pump, can sometimes
circumvent the need for NMP, this in itself can limit a method’s applicability and
appeal. Consequently the development of catalysts that can tolerate the rapid
addition of Grignard reagents to reaction mixtures remains a desirable, yet largely
unmet target. Beyond NMP, several other ‘additives’ are used in iron-catalysed
cross-coupling, often seemingly as part of some kind of ‘witches brew’, and it is
becoming increasingly important to delineate what precise roles are played by these
species. Finally there are still noticeable gaps in the coupling partners that can be
routinely tolerated, for instance, there is a paucity of iron-catalysed biaryl bond-
forming processes, and these gaps need to be filled in order for iron to be considered
truly competitive with palladium in cross-coupling.
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Iron-Catalyzed Cross-Dehydrogenative-
Coupling Reactions

Masumi Itazaki and Hiroshi Nakazawa

Abstract Cross-dehydrogenative-coupling (CDC) reactions involving C—H bond
activation are powerful tools for C—C bond formation and are highly significant
from the perspective of atom economy. A variety of carbon—carbon bond-forming
reactions utilizing various coupling partners are known today. Iron-catalyzed
organic syntheses have attracted considerable attention because iron is an abundant,
inexpensive, and environmentally benign metal. This chapter summarizes the
development of iron-catalyzed CDC reactions, the reaction mechanism, and the
role of the Fe species in the catalytic cycle in the period from 2007 to 2014.
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Abbreviations

A Angstrom

acac Acetylacetone

Boc tert-Butoxycarbonyl

cat. Catalyst

CDC Cross-dehydrogenative coupling
Cp Cyclopentadienyl

dbm Dibenzoylmethane

DCE 1,2-Dichloroethane

DDQ 2,3-Dichloro-5,6-dicyano-p-benzoquinone
dr Diastereomeric ratio

equiv. Equivalent(s)

Et Ethyl

h Hour(s)

Me Methyl

min Minute(s)

MS Molecular sieves

Pr n-Propyl

Ph Phenyl

pin Pinacol

t Room temperature

Bu tert-Butyl

SET Single-electron transfer
TEMPO  2,2,6,6-Tetramethylpiperidine-1-oxyl
TfO Trifluoromethanesulfonate

TON Turnover number

Ts 4-Toluensulfonyl

1 Introduction

C—C bond formation is one of the most important reactions in chemistry because
organisms represented by a human being mainly consist of C—C bonds. Many
reactions to create a C—C bond have been reported to date, and many transition
metal complexes have been recognized to serve as useful and powerful catalysts for
C-C bond formation (e.g., see [1-5]). Actually, they have attracted much attention
from both academic and industrial points of view in the past two decades. These
C—C bond formation reactions are roughly classified into three types (Scheme 1):

(1) Reaction of a compound having a functional group (X) on carbon with that
bearing another functional group (Y) on another carbon to form a C—C bond
with the formation of X-Y. In some cases, the formation of X-Y is the driving
force to promote this reaction. This method has disadvantages because two
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Scheme 1 Typical modes N v cat. . .
of C—C bond formation Cc— C— —> C-C XY (i)

cat.
C—H + C—=Y — C—C + HY (ii)

cat.
C—H + C-H ——— c—C + H, (iii)

different functionalized starting materials have to be prepared from raw
materials (usually hydrocarbons) prior to performing the desired C—C bond
formation reaction.

(i) Reaction of a C—H compound with a functionalized compound (C-X). This is
better than (i) because only one functionalized compound is required.

(iii) Reaction between C—H compounds to form a C—C compound and H,, which
has been referred to as dehydrogenative coupling. This coupling reaction does
not require the introduction of a functional group on C and thus shortens
synthetic routes and is energy saving and is, thus, a highly recommended
route.

However, this reaction has the difficulty of C-H bond activation even if a
transition metal complex is used. Another difficulty of the dehydrogenative cou-
pling catalyzed by a transition metal is selectivity which one encounters when
he/she tends to perform the reaction of a C-H compound with a C'-H compound to
give cross-coupling product (C—C’). In this reaction, C—~C and C'—C’ coupling
products in addition to C—C’ product are expected to form. Controlling the reaction
to obtain only cross-coupling product without formation of homo-coupling prod-
ucts is a challenging topic.

Among many kinds of transition metals, iron is a highly abundant, cheap, and
relatively nontoxic metal. These advantages of iron make it highly attractive as a
catalyst. This chapter focuses on cross-dehydrogenative coupling (CDC) catalyzed
by iron complexes or salts. Although many examples of transition metal-catalyzed
CDC reaction have been reported, the first example of iron-catalyzed CDC reaction
was achieved by Li and coworkers in 2007. This chapter summarizes the develop-
ment of iron-catalyzed CDC reactions, their reaction mechanisms, and the role of
the Fe species in the catalytic cycle reported in the period from 2007 to present
(2014).

In order to introduce CDC reactions effectively, we classified their reactions
using the type of carbon hybridization (sp’, sp?, and sp hybridizations) involved in
the coupling reactions: Csp’~Csp® CDC reactions in Sect. 2, Csp’~Csp® CDC
reactions in Sect. 3, Csp°~Csp CDC reactions in Sect. 4, and other C—-C CDC
reactions in Sect. 5. In addition, CDC reactions between main group elements other
than carbon are summarized in Sect. 6. CDC reactions between carbon and main
group element, such as C—N, C-P, and C-S bond formation, will be introduced in
the following chapter of this book.
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2 Csp’-Csp® CDC Reaction

First row transition metal-catalyzed CDC reactions were developed by Li and
coworkers in the past few years (for a review on CDC, see [6, 7] and references
therein), and cheap copper salts were one of the most efficient and popular catalysts.
It was considered that a radical process was involved in these reaction pathways.

In 2007, Li and coworkers reported the first example of selective CDC reaction
of benzylic C-H bond catalyzed by iron salt FeCl, in the presence of ‘BuOOBu as
the oxidant (Scheme 2) [8]. In this reaction, the catalytic activity of the iron salt was
higher than those of Cu and Co salts. The yield decreased when tert-butyl hydrogen
peroxide (TBHP) instead of ‘BuOO’Bu was used as an oxidant. In this reaction, only
benzylic C-H bond and the C—H bond in the 2-position in the 1,3-dicarbonyl
compound are activated to form the CDC product and not to form the homo-
dehydrogenative-coupling products.

Table 1 summarizes the scope and limitation of substrates for this CDC reaction.
The desired cross-coupling products were obtained in moderate to high yields.
Reactions of the benzylic C—H bonds of both diphenylmethane derivatives and
cyclic substrates with f-ketoesters and f-ketoamide afforded the desired cross-
coupling products. The yields decreased when sterically bulky ters-butyl-
substituted 1,3-diketone and ortho-substituted diphenylmethanes were used as a
substrate. The reaction showed tolerance for functionalized diphenylmethanes with
electron-withdrawing or electron-donating group on the aryl ring. The reactions of
unsymmetrical 1,3-diketones with cyclic benzylic compounds afforded the
corresponding CDC products with an approximately 1:1 mixture of diastereomers.

A plausible mechanism for this iron-catalyzed CDC reaction is shown in
Scheme 3. The reaction is proposed to undergo a SET pathway. Reaction of
‘BuOO'Bu with Fe(Il) affords a tert-butoxyl radical and an Fe(III)~O'Bu species.
The abstraction of two different protons by the fert-butoxyl radical results in the
formation of a benzyl radical and an Fe(IIl) enolate. Finally, the formation of the
desired cross-coupling product through the electrophilic radical attack of the benzyl
radical regenerates the Fe(II) species to complete the catalytic cycle.

The CDC reaction of activated methylene groups with cycloalkanes was
reported by Li and Zhang in 2007. The desired CDC product, a 1,3-dicarbonyl
compound, was obtained by the reaction of 1,3-dicarbonyl compounds, alkanes,
and 2 equiv. of ‘BuOO’Bu as the oxidant in the presence of FeCl,-4H,O (Scheme 4)
[9]. Use of other iron halides, for instance, FeCl,, FeBr,, FeCls, and FeCl;-6H,0,
decreased the catalytic activity, and iron sources such as Fe(NOj3)3;-9H,0,
FeSO4-XH,O0, Fe(C,04)-6H,0, and Fe(acac); showed no activity.

Scheme 2 FeCl,-catalyzed H o o 20 mol% FeCl, o O

Jon PR 1]
alky.ldtlon of the C—H bond )\ . M 2 gquiv 'BuOOBu Ph Me
of diphenylmethane Ph” “Ph  Ph Me rt 36 h

Ph Ph
80%

0.5 mmol 6.0 mmol
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Table 1 FeCl,-catalyzed selective CDC reaction of benzylic C-H bond

’ o o 10 mol% FeCl, O O
. 1
)\ . ”\/U\ 2.0 equiv BuOO'Bu R2 R3
Ph” “R? R2 R3 80°C,8h
;
0.5 mmol 6.0 mmol Ph™ R
Product?
O O O O O O O O
Ph
Ph)E(U\Ph Ph)iu\oa Ph)ﬁfu\fBu Ph)EE\LH/
Ph”” >Ph Ph” “Ph Ph”” “Ph Ph”” “Ph
68% 65% 25% 84%
O O
O O peoas
66% 64%
O O O O
Ph Ph Ph Ph

I OMe I 40% . 67%

71% (1.2:1) 87% (1:1) 78% (1:1) 61%
% % ﬁ\‘\cl
85% (1.2:1) 60% 80% (1:1)

The ratio of the two diastereomers is given in parentheses
#Yield of isolated product
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Scheme 3 A plausible mechanism for the iron-catalyzed CDC reaction of benzylic C—H bonds
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Scheme 4 FeCl,-catalyzed alkylation of cyclohexane

In this reaction, various cycloalkanes (five-, six-, seven-, and eight-membered
rings) were converted to the corresponding products. A mixture of two diastereo-
isomers in a 1:1 ratio was obtained in the reaction of norbornane with ethyl
benzoylacetate. By using adamantane, a 4:1 mixture of regioisomers of the alkyl-
ation products was obtained with the major isomer corresponding to the coupling at
the more-substituted carbon atom. When n-hexane was used, two regioisomers
caused by the activation of the two types of methylene C—H bonds were obtained
(Scheme 5).

A tentative mechanism for the Fe-catalyzed alkylation of 1,3-dicarbonyl com-
pounds by simple alkanes is depicted in Scheme 6 and is similar to the radical
process in the iron-catalyzed CDC reaction of active benzylic C—H bond (see
Scheme 2). This reaction process is considered to be a simple free-radical addition
onto a C=C bond [10] of an iron benzoylacetate, although no product was obtained
by using other metal salts such as CuCIl-5H,0, Cu(OAc),, CuSO4-5H,0, and CuCl,
as a catalyst precursor.

An iron-catalyzed dehydrogenative C—C bond formation involving direct C—H
bond cleavage adjacent to heteroatoms was reported by Li and coworkers in 2008
(Scheme 7) [11]. In the CDC reaction of THF and ethyl benzoylacetate, FeCl,,
FeBr,, Fe(OAc),, and [Fe,(CO)o] acted as efficient catalysts, whereas group 6 car-
bonyl complexes [Cr(CO)g] and [W(CO)g] showed sluggish activity.

In the presence of Fe,(CO)y as a catalyst, reactions of various acyclic and cyclic
ether derivatives with ethyl benzoylacetate gave the corresponding products as a
mixture of diastereomers in moderate to excellent yields. Tetrahydrothiophene and
N,N-dimethylaniline were also suitable substrates (Table 2).
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Scheme 6 A tentative mechanism for the Fe-catalyzed alkylation of 1,3-dicarbonyl compound by
simple alkane

10 mol% [Fe2(CO)g] o 0
Q 0 3 equiv ‘BuOOBu
o” H Ph OEt  reflux, 1h
1mL 0.25 mmol O

Scheme 7 An iron-catalyzed CDC reaction with the «C-H bond of THF

Reaction of THF-dg instead of THF with ethyl benzoylacetate afforded the
corresponding deuterated product in 80% (D > 98%, Scheme 8). Other possible
products as a result of the scrambling of deuterium were not observed. Although
details of the mechanism are not clear, it is considered that an iron—carbene species
is not generated in the catalytic cycle [12, 13].

An unprecedented dialkylation of the methylene group of the methyl moiety of
N,N-dimethylaniline was achieved by Li and coworkers in 2009 [14]. In this
reaction, 2 equiv. of 1,3-dicarbonyl compounds and N,N-dimethylaniline in the
presence of Fe,(CO)y were converted to methylene-bridged bis-1,3-dicarbonyl
derivatives in high to excellent yield (Scheme 9). Initial screening reactions
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Table 2 Fe-catalyzed CDC reactions with C—H bonds adjacent to heteroatoms

10 mol% [Fe2(CO)g] o O

H 0O O 7 p
1J\ RZ* )J\/U\ 3 equiv ‘BuOO'Bu Ph OFEt
R X Ph OEt reﬂux‘ 1h ] ,RZ
1mL 0.25 mmol R X
Substrate
. CL
Q\H 0" H 0" H
82% 83% (1:1) 83% (1:1)°
[ :[ \>O o)
H H
90% (1:1)° 88%
H H (1) H
)\0/\ Ph)\o/ Ph)\O/\Ph
73% (2:1)be 75% (2:1)° | 82% (1:1)¢
N_ _H
s~ H Ph™ >~
98% (1:1) 53% (1:1)¢

*Yield of the isolated product; the ratios of the two diastereomers are reported in parentheses
PReaction time was 10 h

€100°C

80°C

“Using 30 mol% of the iron catalyst

o o 10 mol% [Fe2(CO)g] o O
i 0 1)
THF-d5  *+ M 3 equiv ‘BuOO'Bu Ph s OFt
Ph OEt reflux, 10 h D
1 mL 0.25 mmol D o
D
DD

80%, D >98%

Scheme 8 Iron-catalyzed CDC reaction of THF-dg with ethyl benzoylacetate

o o
2.5mol% Fex(CO)y  _, 2
0 o, M zequviBuoon R 7R
2R1MR2 Ph Ve 1h R! R?
00 70020

Scheme 9 Iron-catalyzed selective CDC reactions of N,N-dimethylaniline with 1,3-dicarbonyl
compounds
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Scheme 10 Two possible pathways for the formation of methylene-bridged bis-1,3-dicarbonyl
products

indicated that Fe,(CO)o was the best catalyst and ‘BuOOH was the most efficient
oxidant.

Other N-methyl amines shown in Fig. 1 also were suitable substrates for ethyl
benzoylacetate in this catalytic system. Dimethylaniline derivatives with electron-
withdrawing groups in the para position on the phenyl ring caused low conversions
and yields, and aliphatic tertiary amines were not effective methylene sources.

The proposed reaction pathway for the formation of methylene-bridged bis-1,3-
dicarbonyl product is shown in Scheme 10. Firstly, the reaction of N-methyl amine
with 1,3-dicarbonyl compound takes place to give the oxidative coupling product
A. Next, the following two possibilities are proposed to convert A into the final
product: (i) the direct Sy2 substitution reaction of A with the second molecule of the
1,3-dicarbonyl compound and (ii) a tandem reaction of a Cope elimination from
A to give B followed by the Michael addition of B with the second molecule of the
1,3-dicarbonyl compound.

Not only iron halides and iron carbonyl compounds but also nanoparticles based
on iron oxides such as Fe;0,4 and CuFe,0O,4 have been reported to serve as catalyst
for Csp>~Csp® CDC reactions in 2010 and 2013 [15, 16]. The alkylated products
summarized in Table 3 were obtained in the reaction of N-arylated analogues of
tetrahydroisoquinoline with nitroalkanes in the presence of nanoparticles under
oxygen. The yields of the product were slightly increased when CuFe,O, instead
of Fe;O, was used. These nanoparticles have advantages because the Fe;O, and
CuFe,0, can be easily recovered by using an external magnet and recycled up to
ten times without significant decrease in activity. By using acetone instead of
nitroalkane, the corresponding amino ketone was obtained in the presence of
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Table 3 Csp’~Csp® CDC reactions catalyzed by Fe;0, and CuFe,04 nanoparticles

10 mol% 2 4
32 R* [M]ferrite nanoparticles 3 R
N__H * /J\ _N
R” Y H™ O NO, 02 (1 atm) R? NO,
R3 100 °C, 24 h R3
0.2 mmol 0.5mL
Product?
C%“(j CE“() : i“@
NO NO NO,
2 90%"? 2 69%5 59%°
92%° 76%° 73%°
@ : e G?(j
NO, NO, OMe NO,
72%" 91%P 93%"
87%° 91%° 92%°
OMe
N N
79%" NO 32%"
NO, 88%° 2 41%°
“Tsolated yield

bUsing Fe;0, as a catalyst
“Using CuFe»0;, as a catalyst

Fe;04 in good yield. In addition, the copper ferrite (CuFe,0,4) also acted as a
catalyst for the Csp’~Csp CDC reaction of N-arylated analogues of tetrahydroiso-
quinoline with various aromatic alkynes (see: Sect. 4, Table 5).

The proposed CDC reaction mechanisms catalyzed by iron nanoparticles for
(a) nitroalkanes and (b) acetone are shown in Scheme 11. An iminium cation is
generated by the Fe;Oy-catalyzed oxidation of the tertiary amine in situ [17,
18]. The coordination of an iminium cation to Fe3O,4 nanoparticles affords the
intermediate A. The Fe;0,4 nanoparticles also act as a catalyst for deprotonation of
nitroalkanes to generate intermediate B [19]. Subsequently, a coupling reaction of
the two intermediates A and B yields the desired product and reinstalls the Fe;0,
nanoparticle to complete the catalytic cycle. Furthermore, the intermediate A also
reacts with acetone to give the corresponding amino ketone [20].

In 2010, Richter and Mancheno reported an iron-catalyzed dehydrogenative
functionalization of Csp’~H bonds adjacent to a heteroatom by using TEMPO
oxoammonium salts (T*Y") [21]. In this study, Fe(OTf), was found to be an
efficient catalyst in the presence of [TEMPO][BF,] as a mild oxidant. Under
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Scheme 11 The proposed CDC reaction mechanisms for (a) nitroalkanes and (b) acetone
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Scheme 12 Fe-catalyzed dehydrogenative functionalization of Csp3—H bonds adjacent to a
heteroatom

optimized conditions, both isochromane and tetrahydroisoquinoline derivatives
reacted smoothly with different 1,3-dicarbonyl substrates to give the desired prod-
ucts in moderate to high yield with accompanying trace amounts of isochromanone
(Scheme 12).

Although the coupling products of this reaction are similar to that of Li’s
reaction [11], the reaction mechanisms are quite different. Reaction of isochromane
and tetrahydroisoquinoline derivatives with [TEMPO][BF,] affords oxonium or
iminium intermediates A via hydride transfer to the oxygen of TEMPO" (T%).
Subsequently, the pronucleophile, which is generated by the iron catalyst and
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Scheme 13 A possible reaction mechanisms via an ionic intermediate
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Scheme 14 Fe-catalyzed direct vinylation of benzylic C—H bonds

1,3-dicarbonyl substrates, reacts with A to form the coupling product (Scheme 13).
On the other hand, an intermediate B is generated by the nucleophilic attack of trace
amounts of water or TEMPOH to the cationic intermediate A. Subsequent oxidation
of B produces isochromanone C as a by-product. The oxygenated dimer D can form
by the reaction of isochromane with [TEMPO][BF,] and can also be transformed to
the desired product through the intermediate B. The cleavage of dimer D with acids
is known [22]. In this reaction, the iron species acts as a simple Lewis acid.

The direct vinylation of the benzylic C—H bonds using the N-methyl group in
amides was achieved by Xu and coworkers in 2012 (Scheme 14) [23]. The
vinylated products were obtained by the reaction of various 2-methyl azaarene
derivatives with N,N-dimethylformamide or N,N-dimethylacetamide in the pres-
ence of FeCl;-6H,0 and K,S,0g as an oxidant in good to excellent yields. This
reaction showed good functional group tolerance. Substrates with electron-
withdrawing or electron-donating groups and sterically bulky groups such as F,
Cl, Br, I, OMe, Me, NO,, CF;, Ph, and Ph(Me),-2,4 on the aryl ring could be
employed in the reaction.

The carbon sources on the left side of the dashed line were highly effective as
well as N,N-dimethylformamide, whereas those on the right side were not active in
this catalytic system (Fig. 2).

A potential reaction mechanism for the vinylation of benzylic C-H bonds is
depicted in Scheme 15. The reaction is initiated by formation of enamine A in situ
[24-28]. Subsequently, the reaction of A with the iminium species B [29-32],
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Fig. 3 A key intermediate coupled between 2-phenyl-3-methylquinoxaline and
N,N-dimethylacetamide

m/z 306.1606

which is generated by the Fe"" species, the amide compound, and K,S,0s, gives the
intermediate C. Then, elimination of N-methylacetamide from C affords the
vinylated product and regenerates the Fe' species. Addition of TEMPO
(2 equiv.), a radical scavenger, to the system inhibited the formation of the desired
product, suggesting that the reaction proceeds through a radical pathway.

Furthermore, a key coupling intermediate between 2-phenyl-3-methylquino-
xaline and N,N-dimethylacetamide was detected (m/z: 306.1598) by mass spectro-
metry (Fig. 3).
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3 Csp’-Csp? CDC Reactions

Csp’~Csp? CDC reactions were early reported by Minisci (for a review on Minisci
radical alkylation and acylation, see [33—41]). The alkylation and acylation reac-
tions involved the generation of an sp’-centered carbon radical, which added to
olefins or to protonated heterocycles. Although a large number of the Csp’~Csp”
CDC reactions have been reported since the 1970s, iron-catalyzed versions of the
reaction were not discovered until recently.

In 2009, Shi and coworkers reported an iron-catalyzed dehydrogenative cross-
arylation of a benzylic C-H bond with arenes (Scheme 16) [42]. The desired
coupling products were obtained by reactions of various electron-rich arenes with
diarylmethanes in the presence of FeCl, and DDQ as the oxidant in good to
excellent yields. This reaction was highly efficient but required relatively harsh
conditions (100°C for 36 h under N,). The use of iron sources, for instance, FeBr,
and Fe(OAc),, showed efficient catalytic activity, and other metal chlorides such as
NiCl,, CoCl,, PdCl,, and CuCl, showed only low activity. DDQ was the best
oxidant for both efficient and safety considerations.

The double CDC product was obtained in an excellent yield when a more
electron-rich arene, 1,2,3-trimethoxybenzene, was used (Fig. 4, left). Moreover,
the dimerization of xylene forming a C(methyl)-C(aryl) bond took place at higher
temperature (150°C), and the turnover number was 11 (Fig. 4, right).

The proposed mechanism for the Fe-catalyzed cross-dehydrogenative arylation
is shown in Scheme 17. In this catalytic cycle, a radical species, generated from the
first step with DDQ, might be further oxidized to the benzyl cation. Subsequently, a
Friedel-Crafts-type alkylation, followed by abstraction of the proton by the reduced
hydroquinone, gives the coupling product and regenerates the catalytically active
iron species.

Iron-catalyzed direct functionalization of benzylic C—H bonds with vinyl ace-
tates was also achieved by Shi and coworkers in 2009 [43]. The reaction ran very
smoothly to get the cross-coupling products in good to excellent yields in the
presence of FeCl, and ‘BuOO'Bu. The yields decreased when other peroxides
such as TBHP and ‘BuOOCOPh instead of ‘BuOO'Bu were used as an oxidant.

Table 4 summarizes the scope and limitation of substrates for this reaction. The
system possesses a good degree of functional group tolerance for the functionalized
diarylmethane with an electron-withdrawing group such as F or Cl in the para
position on the aryl ring (entries 2—4), whereas electron-donating OMe group
reduces the efficiency (Entry 6). The yield dramatically decreased by using an

R A 10 mol% FeCl, R At
@H ¢ w __2SewiDDO__ @_<

— w2  DCE, 100 °C,36h — w2
0.5 mmol 3 mmol 61-96%

Scheme 16 Iron-catalyzed cross-dehydrogenative arylation of aryl C—H bonds with benzylic
C-H bonds
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Scheme 17 A plausible mechanism for cross-dehydrogenative arylation

Table 4 C—C bond formation reaction via iron-catalyzed benzylic Csp>~H activation

61

10 mol% FeCl, A2
A_H ;fc 1.2 equiv ‘BuOO'BU )r\)(i
1.2 equiv BubOBY
\AE2 Ph  100°C,24h,N, A Ph
4.0 mmol 0.5 mmol

Entry Ar! Ar? Yield (%)
1 Ph Ph 74
2 4-FPh 4-FPh 62
3 4-FPh Ph 73
4 4-CIPh Ph 63
5 4-PhPh Ph 77
6 4-MeOPh Ph 45
7 2-MeOPh Ph 13
8 2-Nap Ph 69
9 77
10 59
99

“Tsolated yield
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Scheme 18 Iron-catalyzed CDC reaction of olefinic C—H bond with benzylic C—H bond

A,
A,1Mph A" A% g,001Bu
Fe'lL,
AcOBu ‘BUOH
pathway A
Ar! Ar'
Feln
1 ° o -
) BuO At AR A2 Ar2
(¥—0Bu r\)\ |
LNFe.
1 (i) o 07 >0 FellL,
Ar. -—
>j ./‘/Z\Ph SET
2
Ar ArTOAR "
FeLn Felln
o) OAc
®
-
Ar2 ®O)(O’Bu %\Ph At AR
\ pathway B N
Arl ‘\
®0tB“ o'Bu
\ LnFe\ A A2
Ph .
Ar1/\Ar2

Scheme 19 The plausible mechanism on direct C—C bond formation via iron-catalyzed benzylic
C-H activation via radical (path A) or cationic (path B) process

ortho-substituted substrate (entry 7). Furthermore, substituted phenyls, naphthyl,
seven-membered cyclic diphenyl methane derivatives, and isochroman were also
adaptable to this reaction (entries 5, 8—10).

This catalytic system is also adaptable to the Mizoroki—Heck-type reaction of
styrene with diphenylmethane, although the catalytic activity is low and substrate
scope is limited (Scheme 18). Other styrene derivatives with either an electron-rich
or electron-deficient group on the phenyl ring cannot be applied with this system.

A plausible mechanism on direct C—C bond formation via iron-catalyzed ben-
zylic C—H activation is shown in Scheme 19. Two pathways are conceivable and
both reactions are initiated by iron-assisted SET oxidation to afford the benzyl
radical and ‘BuO’ radical. Subsequently, electrophilic addition of the benzyl radical
to vinyl acetate gives the iron-coordinated radical intermediate. The desired product
is obtained by f-scission and then the catalytic active species Fe''L, is regenerated
and AcO'Bu is formed as a by-product (pathway A). The other possibility for
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Scheme 20 Synthesis of unsymmetric bis-indolylmethanes catalyzed by an FeCl,

mechanism is a cationic pathway. The benzyl radical could be further oxidized to
the benzyl cation. Subsequent electrophilic attack affords the desired product
(pathway B). The generation of dimerized diphenylmethane I and tert-butyl ether
II as major by-products gives evidence for the formation of benzyl radical species
during the catalytic cycle.

In 2009, the iron-catalyzed conversion of indoles and ethers into a variety of
symmetric and unsymmetric 1,1-bis-indolylmethane derivatives was achieved by
Li and coworkers (Scheme 20) [44]. The reaction was carried out in the presence of
FeCl, as a catalyst with ‘BuOO'Bu as an oxidant in excellent efficiency. The
reaction of indole or COOMe substituted indole with 1,3-dihydroisobenzofuran
gave a mixture of single- and double-indolation products. Selective single
indolation took place when nitro substituted indole was used. The results show
that the electronic effect of the nitro group on the indole plays an important role for
a selective single-indolation reaction. Unsymmetric bis-indolylmethanes were
selectively obtained by using NO, substituted indole in the first step and another
substituted indole in the second step. The impact of nitro groups on the reactivity of
indoles is well known in organic synthesis [45].

In this reaction, it is considered that the two different indoles are introduced in
two different steps (Scheme 21). The first indolation step is likely a radical process,
which is similar to other Fe-catalyzed CDC radical processes, and is less influenced
by the electronic properties of indoles, whereas the second indolation step depends
on the electronic effect of indoles, which is characteristic of Friedel-Crafts
alkylations.
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Scheme 21 A tentative mechanism for the formation of unsymmetric 1,1-bis-indolylmethane
derivatives
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Scheme 22 Synthesis of polysubstituted benzofurans catalyzed by FeCl;-6H,O

In the same year, Li and coworkers also reported the synthesis of polysubstituted
benzofurans via Fe-catalyzed CDC reactions and subsequent annulation by using
phenols and S-ketoesters (Scheme 22) [46]. The polysubstituted benzofuran deriv-
atives were obtained in the presence of catalytic FeCls-6H,0 and ‘BuOO’Bu in DCE
at 100°C. Other iron salts such as Fe,(CO)o, Fel,, Fe(acac),, Fe(acac);, Fe(OAc),,
Fe(dbm)3, FCSO4'9H20, FCQ(SO4)3'XH20, FCF3, FCF3'3H20, and FC(NO3)33H20
were not effective. Interestingly, termination of the reaction occurred when 4 A MS
for quenching of water was added to the reaction system. Solvent screening
indicated that the use of DCE was very important and the yields decreased when
another solvent such as MeNO,, PhMe, CHCl;, hexane, and MeCN was used.
Recently, Nakamura’s group reported that 1,2-dihalide such as 1,2-dichloroethane
and 1,2-dichloro-2-methylpropane acted as an effective oxidant for iron-catalyzed
C-H bond activation [47, 48].

The proposed reaction mechanism of Fe-catalyzed tandem oxidative coupling
and annulation reaction of phenol and p-ketoesters is shown in Scheme 23. An
intermediate A is generated in situ and then reductive elimination takes place to
give an oxidative coupling product B. Subsequently, tautomerization of B yields the
corresponding phenol C and then the desired benzofuran is formed by intramolec-
ular condensation of C in the presence of an iron catalyst.

An effective method for an iron-catalyzed oxidative indolation and methoxyphe-
nylation of N-protected tetrahydroisoquinolines and isochroman was reported by
Schniirch and coworkers in 2010 (Scheme 24) [30]. The desired coupling products
were obtained in good to excellent yields in the presence of Fe(NO;);-9H,0 as
catalyst and tert-butyl hydroperoxide (‘BuOOH) as the oxidant. The yields
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Scheme 23 The proposed mechanism of Fe-catalyzed tandem oxidative coupling and annulation
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Scheme 24 Fe-catalyzed direct functionalization of N-protected tetrahydroisoquinolines and
isochroman
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Scheme 25 Fe-catalyzed tandem CDC reaction of terminal allylic Csp® with Csp? of styrene

decreased when iron halides such as FeCl,-4H,0, FeCl;-6H,0, and FeBr, were
used. Molecular oxygen, with or without the radical initiator azobisisobutyronitrile
(AIBN), was not an efficient oxidant in this system. The reaction mechanism is
similar to other Fe-catalyzed CDC radical processes (see Scheme 20). The reaction
failed when 1.5 equiv. of TEMPO as a radical scavenger was employed in the
reaction system. This result suggests that reaction mechanism is not an ionic but a
radical process.

The first example of iron-catalyzed CDC reactions of terminal allylic Csp® with
Csp? of styrene followed by benzoannulation to give polysubstituted naphthalenes
was reported by Deng and coworkers in 2012 (Scheme 25) [49]. In this reaction, a
catalytic amount of FeCl; and 2.5 equiv. of DDQ were used in CH3NO, at 50°C.
The system possesses a good degree of functional group tolerance. Although sub-
strates with a strong electron-donating OMe group on the aryl ring give no product,
weakly electron-donating and electron-withdrawing substituents on the aryl ring
afforded the corresponding naphthalenes in moderate to high yields. A reaction
pathway according to previous reports was proposed (Scheme 26)
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[42, 50-52]. Although the important intermediates in this reaction pathway are not
observed, it is considered that a radical process is involved in this reaction because
termination of the reaction occurs when 2.0 equiv. of TEMPO is added to the
reaction mixture.

Furthermore, Deng and coworkers reported in the same year the formation of
highly substituted cyclopentenes via stereoselective tandem CDC and cyclization
reactions when (E)-1,2-diarylprop-1-enes were used in the same reaction system
(Scheme 27) [53]. In this reaction, the trans-configuration cyclopentanes were
obtained exclusively. This transformation does not occur in other solvents such as
toluene, acetonitrile, and 1,4-dioxane. The desired product is not obtained when
substrates with a strong electron-donating group such as an OMe or an electron-
withdrawing NO, group on the aryl ring were used. This tendency is similar to that
for the naphthalene formation in the previous report [49].

Bao and coworkers reported in 2013 that a ring-fused tetrahydroquinoline
derivative was obtained in the reaction of arylamines with N-substituted lactams
catalyzed by FeCls in the presence of ‘BuOOH under a nitrogen atmosphere at 75°C
(Scheme 28) [54]. The catalytic activity decreased by using other catalysts, for
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Scheme 29 The possible mechanism for synthesis of ring-fused tetrahydroquinoline derivatives

instance, FeBr3;, FeCl;-6H,0, FeCl,-6H,0, FeSO,, Cul, Cu(OTf),, and ZrCl, and
by using other peroxides such as ‘BuOO'Bu, 30% H,0,, and O, instead of 'BuOOH
as the oxidant.

A possible mechanism for synthesis of ring-fused tetrahydroquinoline deri-
vatives is shown in Scheme 29. Iminium ions A and B are generated by the cleavage
of the C(sp3)—H bond (a to the nitrogen) of the lactam. The intermediate C is
formed by both a Friedel-Crafts-type reaction of the iminium ion A and a nucleo-
philic addition reaction of iminium ion B with the arylamine. Then C is converted
into D via C-N bond cleavage [14, 55]. Finally, the SET oxidative process of
D affords the desired product. Overall, this reaction consists of two C—C bonds and
one C-N bond formation as well as one C—N bond cleavage.

In 2012, Pappo and coworkers reported an FeCls-catalyzed coupling of cyclic a-
substituted -ketoesters with phenols in the presence of 2.5 equiv. of ‘BuOO'Bu and
a catalytic amount of 1,10-phenanthroline to produce polycyclic hemiacetals or
polycyclic spirolactones (Scheme 30) [56]. Although the addition of 1,10-
phenanthroline was not required in some cases, that ligand acted as an accelerator
for the CDC reaction and a decelerator for side reaction.
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Fig. 5 Synthesized coumestan derivatives

Furthermore, the combination of FeCl; and 2,2'-bipyridine with ‘BuOO'Bu is
also suitable for the reaction of phenols with ethyl 2-benzyl-oxyacetate derivatives
instead of cyclic a-substituted f-ketoesters (Scheme 31) [57]. The corresponding
benzofurans were obtained in good to high yields. The yields decreased when the
reaction was carried out under aerobic conditions. The obtained benzofurans are
easily converted to coumestan derivatives as selective estrogen receptor modulators
(Fig. 5) [57].

4 Csp’-Csp CDC Reaction

In 2009, Volla and Vogel reported iron-catalyzed CDC reactions of tertiary amines
and terminal alkynes to give propargylamines (Scheme 32) [58]. Screening reac-
tions revealed that FeCl, without solvent in air was the best catalyst. The yields
decreased when other iron compounds such as Fe(acac),, Fe,(CO)y, and Fe(CO)s
instead of FeCl, were used. In addition, Fe(OAc),, Fe(acac)s;, and Fe(ClOy),
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Scheme 33 Formation of a-aminoether 4-MeCgH4N(Me)CH,-O'Bu and subsequent coupling
with phenylacetylene

showed no activity. The reaction was applicable to a wide variety of aliphatic and
aromatic amines and alkynes. In this reaction, a silyl group acted as a protecting
group for the other side of the terminal alkyne.

The reaction was also proposed to proceed through an Fe-catalyzed SET process
to generate an iminium ion intermediate. The coupling of the iminium ion inter-
mediate and an alkynyl carbon anion afforded the desired product. The reaction
mechanism via the formation of iminium ion intermediates is in good agreement
with the well-known Horner mechanism [59, 60]. The reaction of 4,N,N-trimethy-
laniline with phenylacetylene in the presence of 10 mol% FeCl, and 2 equiv. of
‘BuOO'Bu afforded a-aminoether 4-MeCgH,N(Me)CH,-O'Bu, and subsequent
coupling with phenylacetylene gave the corresponding propargylamine, whereas
the desired product was not obtained in the absence of FeCl, (Scheme 33). This
result shows that FeCl, acts as Lewis acid promoter and induces the Sy1 cleavage
of the @-aminoether into iminium ion intermediate.

Shortly thereafter, Wang and coworkers reported FeCls-catalyzed, ligand-free
three-component coupling reactions of aldehydes, terminal alkynes, and amides to
afford propargylamines (Scheme 34) [61]. The reaction ran very smoothly to afford
the desired coupling products in good to excellent yields in the presence of FeCl,
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Scheme 35 A possible mechanism of FeCls-catalyzed three-component coupling of aldehyde,
terminal alkyne, and amide

and 4 A MS in toluene. The yields decreased when a phosphorus ligand such as
PPh; or PCy; was added to the reaction system.

The possible mechanism of FeCl;-catalyzed three-component coupling of alde-
hyde, terminal alkyne, and amine is shown in Scheme 35. Initially, an Fe! salt,
which is generated by reduction of an Fe'" salt, reacts with alkyne to produce an
iron alkynyl complex and HCI. The formation of an iminium intermediate from an
aldehyde and an amine is accelerated by the HCl generated. The subsequent
reaction of the iron alkynyl complex with the iminium intermediate gives the
desired propargylamine and regenerates the catalytically active Fe'' species to
complete the catalytic cycle.

The Csp>~Csp CDC reaction catalyzed by CuFe,O4 nanoparticles in the pres-
ence of oxidant was reported by Li, Moores, and coworkers in 2013 [16]. CuFe,O,4
nanoparticles were found to be an efficient catalyst for the Csp’~Csp CDC reaction
of N-arylated analogues of tetrahydroisoquinoline with various aromatic alkynes in
good yields (Table 5), whereas the catalytic activity of Fe;0,4 was quite low. This
result is understandable because it is known that copper salts activate alkynes.

The proposed mechanism for CuFe,0, nanoparticles catalyzing Csp~Csp CDC
reaction is shown in Scheme 36. The mechanism is similar to that for Fe;O,
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Table 5 Csp’~Csp CDC reaction catalyzed by CuFe,O, nanoparticles
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Scheme 36 A plausible mechanism for Csp>~Csp CDC reactions catalyzed by CuFe,Oy4
nanoparticles
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Scheme 37 Iron-catalyzed CDC reaction of phenylglycine derivatives

nanoparticles catalyzing CDC reaction of nitroalkanes with tertiary amines (see
Sect. 2, Scheme 11). The Cu acetylide is generated by the reaction of the Cu center
with an alkyne via the coordination of the alkyne. An iminium cation, which is
generated from the oxidation of a tertiary amine by DDQ, coordinates to a neigh-
boring Fe or Cu atom in the nanoparticle. Subsequently, a coupling reaction affords
the desired product and regenerates the CuFe,O4 nanoparticle to complete the
catalytic cycle.

In 2012, Hu and coworkers reported the construction of quinolines via an iron-
catalyzed Csp’~Csp CDC reaction of phenylglycine derivatives with substituted
acetylenes (Scheme 37) [62].

The desired products were obtained in the presence of a catalytic amount of
FeCl; and ‘BuOO’Bu as the oxidant in good to high yields. Initial screening
reactions indicated that DCE was the best solvent and both ‘BuOOH and H,O, as
an oxidant showed lower or no activity. The desired quinoline was not obtained by
using Cu,0O (10 mol%) as a catalyst. Therefore, iron plays an important role in this
reaction. On the other hand, the reaction of phenylglycine derivatives with cyclic
ketones instead of acetylene afforded the corresponding coupling products in good
to high yields in the presence of pyrrolidine as organic catalyst, when a combination
of DDQ and CH;Cl was used. The addition of butylated hydroxytoluene as a radical
scavenger resulted in a dramatic decrease of the yield of the desired product,
implying that a radical species may be involved in each reaction.

5 Other C-C CDC Reaction

In 2011, Chandrasekharam and coworkers reported an iron-catalyzed regioselective
direct oxidative aryl(Cspz)—aryl(Cspz) CDC reaction (Scheme 38) [63]. The desired
coupling products were obtained by the reaction of various N,N-dimethylaniline
derivatives with 2-naphthol under mild conditions in the presence of FeCl;-6H,0
and ‘BuOOH as the oxidant in moderate to good yields. The C—C bond was formed
selectively at the ortho position to the functional groups of the substrates. Other iron
salts (FeSO4-9H,0, NH4Fe(SO,),-12H,0, NH4FeCly - 6H,0), CuX (X =Cl, Br, I),
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Scheme 39 Fe-catalyzed regioselective aryl(Csp®)—aryl(Csp?) CDC reaction

and NiCl, were not effective, whereas AlCl; acted as an efficient catalyst compa-
rable to FeCls-6H,0.

To investigate the reaction mechanism, the ESR (electron spin resonance)
spectrum of the reaction mixture was recorded. No signals were detected at room
temperature, whereas a sharp signal (g =2.01595) was observed at —146°C. This
result revealed that a radical species was generated from N,N-dimethylaniline
during the reaction [64].

The proposed reaction mechanism for the iron-catalyzed aryl(Csp?)—aryl(Csp?)
CDC reaction is shown in Scheme 39. A single-electron transfer from N,N-
dimethylaniline to FeCl; affords a radical cationic intermediate A and an Fe**
species. Subsequent nucleophilic attack of 2-naphthol on A at the ortho position
gives the C—C bond coupling product B, and then an intermediate C is formed by
losing one electron from B. Finally deprotoaromatization of C affords the desired
product. In this reaction, ‘BuOOH acts as an oxidant for the reduced catalyst.

Furthermore, 2-dibenzofuranol instead of 2-naphthol could also be employed for
this reaction system and gave the corresponding 1-(2-aminophenyl)dibenzo[b,d]
furan-2-ol derivatives in good to high yields (Scheme 40) [65]. Some of the
compounds synthesized show anti-tubercular and cytotoxic activities.

In 2013, Huang and coworkers reported Fe-catalyzed cross-deoxygenative- and
cross-dehydrogenative-coupling reactions of aldehydes and alkenes (Scheme 41)
[66]. The reaction ran very smoothly to get skipped dienes in good to excellent
yields in the presence of a catalytic amount of Fe(OTs); as Lewis acid, TsOH-H,O
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Scheme 40 Fe-catalyzed aryl(Csp?)-aryl(Csp?>) CDC reaction for the synthesis of
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Scheme 41 Fe-catalyzed cross-deoxygenative and cross-dehydrogenative coupling of aldehydes
and alkenes

as Brgnsted acid, and MeOH. In this system, other Lewis acids such as FeCls,
ZnCl,, AlCl3, Ni(OAc),, and Cu(OAc), were not efficient and the yield dramati-
cally decreased in the absence of TsOH-H,O or MeOH. The reaction system
showed great tolerance for functional groups such as halides or electron-
withdrawing and electron-donating groups on the aromatic rings. Furthermore,
paraformaldehyde instead of benzaldehyde was also applicable to this reaction
and gave the corresponding skipped dienes in good yield.

6 E-E CDC Reaction

The former sections summarized CDC reactions catalyzed by iron compounds to
form a carbon—carbon bond. In this section, CDC reactions forming a bond between
main group elements (E-E bond) other than carbon are introduced. C—E bond
formations catalyzed by an iron compound are described in [67].

Silicon—oxygen bond formations through CDC reaction of hydrosilanes with
alcohols have widely been reported, but reports on the formation catalyzed by an
iron complex are quite limited. In 1998, Brookhart and coworkers reported the
formation of silyl ethers and H, from hydrosilane and alcohols catalyzed by the

cationic [Fe(Cp)(CO)(PPhs)(EtsSiH)] [BAr; } (A) (A = 3,5-(CF3),CsHs) having

nz—Si—H bond fashion (Scheme 42) [68]. When ethanol was used, catalyst deacti-
vation rapidly took place. However, when phenol is utilized, catalytic activity is
maintained until all of the phenol has been consumed. For example, 2,500 equiv. of
Et;SiH was added to a solution of CH,Cl, containing [Fe(Cp)(Me)(CO)(PPhs)] and
2 equiv. of [H(OEtz)z][BAr;], and then 2,500 equiv. of Et;SiH and 2,000 equiv. of
PhOH were added in this order. Subsequently, another 10,000 equiv. of Et;SiH and
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PhOH were added to the solution. After workup, Et3SiOPh was obtained in 99%
yield.

A reaction pathway has been proposed on the basis of VI-NMR (Variable
Temperature-Nuclear Magnetic Resonance) measurements (Scheme 43). Complex
A reacts with alcohol to give the iron hydride complex [Fe(Cp)H(CO)(PPh;3)] (B)
and the protonated silyl ether Et;SiOHR™, followed by proton transfer affording the

cationic n?-H, iron complex [Fe(Cp)(H,)(CO)(PPh;)] {BAr;} (C) and the silyl
ether (Et3SiOR). The next step is clearly dependent on the kind of alcohol utilized.
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When phenol is used, the H, ligand in C is displaced by Et;SiH to give A with H,
gas evolution. Under these conditions, C is the resting state in the catalytic cycle
and the rate-determining step appears to be the displacement of H, by Et3SiH. In
contrast, when ethanol, which is more basic and more nucleophilic than phenol, is
used, C is readily deprotonated to give the neutral iron hydride complex [Fe(Cp)H
(CO)(PPh3)] (B) with the formation of EtOH,*. Complex B is the catalyst resting
state in the presence of excess ethanol. When this complex is reprotonated by
EtOH," to give C, displacement of the H, ligand by ethanol ultimately occurs
and effectively terminates the catalytic cycle to form the cationic EtOH coordi-

nating complex, [Fe(C p)(CO)(EtOH)(PPhs)] {BArJ D).

In 2014, Plietker reported the CDC reaction of hydrosilane and MeOH in the
presence of iron hydrido complex [FeH(NO)(CO)(PPhs),] as a catalyst and N,N-4-
dimethylaminopyridine (DMAP) as a co-catalyst (Scheme 44) [69].

In the above reaction, primary and secondary alkyl/aryl silanes such as PhSiH;
and Ph,SiH, and hydrosiloxane such as (MeO);SiH were converted to the
corresponding silyl ethers and hydrogen gas in quantitative yields within seconds,
whereas sterically hindered tertiary alkyl/aryl silanes such as Ph;SiH, Et;SiH, and
(PhCH,)Me,SiH proved unreactive. An excellent catalytic activity was observed in
the CDC reaction of PhSiH; with MeOH catalyzed by [FeH(NO)(CO)(dppp)]
(dppp = diphenylphosphinopropane) (0.1 mmol%) and DMAP (2.5 mmol%).
The PhSiH; was completely converted to PhSi(OMe); within 18 s, showing that
the TOF and TON were 600,000 h™' and 3,000 (per Si—H bond), respectively.

Shortly thereafter, iron-catalyzed CDC reaction of hydrosilane and H,O was also
achieved by Fan and Teo (Scheme 45) [70]. The reaction ran very smoothly to
afford the silanol and hydrogen gas in excellent yields in THF (TON = ca. 10,000,
TOF = >100 min~"). In the reaction using Ph;SiH, the yield decreased to 46%.

0.1 mol% Fe cat.

T1 2.5 mol% DMAP R PR o
! H—Fel
Si—R2 M Si—R2 + H, ! ~NO
H” \gs 20°C MeO” g3 20 Pnp
R :
>99% ! Fe cat.

Scheme 44 CDC reaction of hydrosilanes with MeOH catalyzed by [FeH(NO)(CO)(PPhs),]
affording silanols and H, gas
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Scheme 45 CDC reaction of hydrosilanes with MeOH catalyzed by [FeH(NO)(CO)(PPhs),]
affording silanol and H, gas
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Scheme 46 CDC reaction of hydrosilane with alcohol catalyzed by [Fe(Cp)(Me)(CO),] affording
silyl ethers

cat. [Fe(Cp)(Me)(CO),]

RSH *+ R';SiH RS—SiR; * H,

Scheme 47 CDC reactions of hydrosilanes with thioalcohols catalyzed by [Fe(Cp)(Me)(CO),]
affording silyl thioethers

The siloxane was afforded when CHClj; instead of THF as a solvent was used, and
the silanol was not obtained in the absence of H,O.

Nakazawa and coworkers reported that the neutral iron complex [Fe(Cp)(Me)
(CO),] could serve as a catalyst for CDC reaction of hydrosilanes with alcohols
(Scheme 46) [71]. Several alcohols such as EtOH, CyOH, "‘BuOH, PhOH,
4-MeO-C¢H,OH, PhCH,OH, and (furyl)CH,OH reacted with Et;SiH in the pres-

ence of a catalytic amount of [Fe(Cp)(Me)(CO),] and in the absence of [H(OEtz)z]

{BArJ (cf. Scheme 41). The catalytic activities (TON) were in the range of 3-21.

Catalytic activity of [Fe(Cp)(Me)(CO),] in the reaction of hydrosilanes with
thioalcohols was also reported. This reaction selectively creates a Si—S bond
(Scheme 47) [72]. Dehydrogenative coupling of hydrosilanes and thiols catalyzed
by a transition metal complex has attracted less attention mainly because catalyst
poisoning by sulfur was a major deterrence. Only Wilkinson’s catalyst, Pd
nanoparticles, and B(C¢Fs); have been reported as catalysts for the CDC Si—S
formation. The reaction shown in Scheme 47 is the first example of an iron-
catalyzed CDC reaction forming a Si—S bond.

Several thiols and tertiary silanes were examined to explore the scope and
limitation of the CDC reaction (Table 6). The results suggested that (i) thiols having
an electron-donating substituent exhibited better TONs (entries 1, 2 vs. 4, 5), (ii) a
bulky substituent on the thiol seemed to reduce the catalytic activity to some extent
(entry 3), (iii) a thiol substituent capable of coordinating to the metal seemed
unfavorable for this coupling (entries 6 and 7), and (iv) the substituents on the
tertiary silane also affected the TONs (compare entries 4, 8, and 9), as bulky
substituents seemed to reduce the catalytic activity.

On the basis of the NMR experiments, two plausible catalytic cycles are
conceivable (Scheme 48). [Fe(Cp)(Me)(CO),] is in equilibrium with [Fe(Cp){C
(O)Me}(CO)]. This 16e~ species reacts with either Et3SiH or RSH in solution. In
the reaction with Et3SiH, Si—H oxidative addition followed by reductive elimina-
tion of MeC(O)H yields [Fe(Cp)(SiEt3)(CO)] (A), which then reacts with RSH to
give B. Complex B is alternatively produced by the reaction of [Fe(Cp){C(O)Me}
(CO)] with RSH, followed by MeC(O)H dissociation and oxidative addition of
Si—H of Et3SiH. As B has three different one-electron donor ligands, B may exhibit
three kinds of couplings: coupling of H and SR to give A, coupling of H and SiEt; to



78 M. Itazaki and H. Nakazawa

Table 6 CDC reactions of thiols and hydrosilanes

- 24h 4 o
[Fe(Cp)(Me)(CO),] + 10RSH + 100R;SiH —  © RS — SiR;
Entry RSH R;SiH RS-SiR,, TON
1 EtSH Et;SiH EtS-SiEt; 8.4
2 CySH Et:;SiH CyS-SiEt; 10
3 ‘BuSH Et:;SiH ‘BuS-SiEt; 6.4
4 PhSH Et;SiH PhS-SiEt; 5.8
5 MeO—@—SH EtSiH MeO—@—S—SiEt3 72
6 Ph-SH Et:SiH Ph->S—SiEt, 0.6
7 o) Et:;SiH o) NR.

() sH () s-siEt

8 PhSH Me,PhSiH PhS—SiPhMe, 7.6
9 PhSH MePh,SiH PhS-SiPh,Me 3.6

The TON value was based on the concentration of the iron complex and calculated from "H NMR
data

“Reactions were carried out for 24 h at 80°C by using [Fe(Cp)(Me)(CO),] (0.112 mmol), RSH
(1.02 mmol), and R;SiH (11.2 mmol) in toluene
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Scheme 48 The proposed catalytic cycle of CDC reaction of hydrosilane with thiol catalyzed by
[Fe(Cp)(Me)(CO).]
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Scheme 49 CDC reaction of hydrosilanes with bisboryloxide to form Si~O-B bonds

give A’, and coupling of SR and SiEt; to give C. The first two couplings are
reversible, but the last one is presumably irreversible. Complex C irreversibly
formed reacts with Et;SiH to give D, followed by reductive elimination of H, to
reproduce A (Cycle 1). Alternatively, C reacts with RSH to give D', followed by
reductive elimination of H; to regenerate A’ (Cycle 2). As A’ was expected to form
its dimer E, the reaction of Et;SiH with PhSH in the presence of the isolated E as a
catalyst was conducted, revealing that the catalytic activity was less than one-tenth
of that when [Fe(Cp)(Me)(CO),] was used as a catalyst. Therefore, Cycle 1 rather
than Cycle 2 was proposed to be more plausible.

Another interesting CDC reaction catalyzed by an iron complex is the formation
of boryl silyl ether from bisboryloxide, O(Bpin), (pin = (OCMe,),), and a tertiary
silane. A toluene solution of O(Bpin),, two equiv. of Et;SiH, one equiv. of H,0,
and 0.01 equiv. of [Fe(Cp*)(Me)(CO),] (Cp* :ns —CsMes) was photoirradiated
with a 400 W medium-pressure mercury arc lamp at 25°C for 20 h, affording Et;Si—
O-Bpin (Scheme 49) [73]. The TON was 110. The similar iron complex [Fe(Cp)
(Me)(CO),] did not show catalytic activity in this case.

This is the second example of a catalytic Si-O-B bond formation using a
transition metal complex and the first example using an iron catalyst. The only
one precedence was reported using a Ru catalyst [74]. In terms of the Si—~O-B bond
formation reaction shown in Scheme 46, Mo(CO), exhibited better catalytic acti-
vity (TON = 368). These catalytic systems were applicable for various hydrosilanes
such as Et3SiH, "Pr;SiH, ‘BuMe,SiH, Me,PhSiH, MePh,SiH, Ph;SiH, MePh
(CH,=CH)SiH, O(SiMe,H),, and Et,SiH, and for several boron compounds such
as O(Bpin),, HBpin, HOBpin, (MeBO);, MeB(OH),, and O(BPh;),. As boro-
silicates bearing a Si—O-B unit have been widely used in many areas because of
their excellent heat and chemical resistance (e.g., see [75-78]), the CDC reaction
forming a selective Si—~O-B bond by using transition metal catalyst is important and
promising.

7 Conclusion

There is growing interest in the CDC reaction catalyzed by iron complexes includ-
ing iron salts. Csp’~Csp?, Csp’~Csp?, and Csp’~Csp bond-forming reactions were
achieved by the great efforts to date. Reaction mechanism for some CDC reactions
catalyzed by iron complexes has been proposed, but there are many unclear
reactions from a mechanistic point of view. Therefore, more investigation
concerning reaction mechanism is needed. Another remaining challenge is
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Csp’~Csp bond-forming reaction. Development of more E—E’ bond-forming reac-
tions (E, E' =main group elements other than carbon) is important. Asymmetric
synthesis by iron-catalyzed CDC reactions is also a challenging topic. We hope that
these reactions will be achieved in the near future and make a great contribution to
medicinal and material chemistry fields.
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Iron-Catalyzed Carbon-Nitrogen,
Carbon-Phosphorus, and Carbon-Sulfur
Bond Formation and Cyclization Reactions

Jean-Luc Renaud and Sylvain Gaillard

Abstract The formation of carbon-heteroatom bonds (C—X bonds with X=N, S, P)
upon addition of X-nucleophiles or X-electrophiles to unsaturated alkynes and alkenes,
cross-coupling reactions, cycloadditions, tandem or consecutive reactions, or C-H
functionalization is an attractive strategy in organic synthesis and is an intensive research
area. Many organometallic species, more specifically palladium, nickel, and rhodium
complexes, have paved the way to useful synthetic applications in this field. This chapter
will cover iron-catalyzed bond-forming reactions between carbon and a heteroatom.

Keywords Iron catalysis - C—X bond formation - Cross-coupling reactions
- Cycloaddition - C-H functionalization - Addition reactions
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Abbreviations

AIBN Azobisisobutyronitrile

BINAP 2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl

cod 1,5-Cyclooctadiene

DCIB 1,2-Dichloroisobutane

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

DMEDA  N,N'-Dimethylethylenediamine
DMSO Dimethyl sulfoxide

dppe 1,2-Bis(diphenylphosphino)ethane

dppf 1,1’-Bis(diphenylphosphino)ferrocene
dppp 1,3-Bis(diphenylphosphino)propane
DTBP Di-tert-butyl peroxide

4-F-dppbz  Bis(4-fluorophenyl)phosphinobenzene
HDA Hetero-Diels—Alder reaction

HMDS Bis(trimethylsilyl)amine

NBS N-Bromosuccinimide

Pc Phthalocyaninato

TBHP tert-Butyl hydroperoxide, fBuOOH
TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
terpy Terpyridine ligand

triflate OTf, Trifluoromethanesulfonate, CF;SO53 ™
TMSCI Trimethylsilyl chloride

TPP Tetraphenylporphyrin

TTN Total turnover number

1 Introduction

Many organic compounds used in biological, pharmaceutical, and material sciences
contain C—X bonds. Reviews covering or including carbon—heteroatom bond for-
mation reactions via metal-catalyzed additions to unsaturated molecules [1-5],
cross-coupling reactions [6—8], and cycloadditions catalyzed by a wide range of
metals have appeared during the last decade [9-12]. However, all these efficient
catalysts are mainly based on expensive noble metals. Due to economic constraints
and environmental concerns in chemistry, the demand for the replacement of noble
metals by Earth-abundant ones is increasing. The development of environmentally
friendly, metal-catalyzed C—X bond-forming reactions constitutes one of the major
goals in modern chemistry and chemical industry. Iron is an excellent candidate,
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thanks to its low price, its nontoxicity or low toxicity, and its environmentally
benign character. While iron catalysts were initially used as Lewis acids, impres-
sive progresses have been made in the fields of iron-catalyzed cross-coupling
reactions, C—C bond formation, hydrogenation, and even C—H bond functionali-
zation reactions. This chapter will be devoted to highlight some, but not all, bond-
forming reactions between carbon and a heteroatom upon addition to unsaturated
alkynes or alkenes, cross-coupling reactions, cycloadditions, tandem or consecutive
reactions, and C—H functionalizations.

2 Iron-Catalyzed C-N Bond Formations

2.1 Cross-Coupling Reactions

The N-arylation reaction is an important tool for the construction of building blocks
being of interest in pharmaceutical and fine chemical industries. Many procedures
reported to date involved palladium or copper catalysts [13—16]. Since the early
work of Taillefer et al. on the cooperative catalysis of iron and copper for the
arylation of pyrazoles with aryl iodides and bromides [17], several examples
involving only iron catalysts have been reported.

In 2008, Liu and coworkers reported the use of Fe,Oj as catalyst and L-proline as
ligand for the C-N bond formation between aryl halides and a broad range of
amines (Scheme 1) [18]. It is worth mentioning that, in some cases, NaO7Bu could
lead to the expected products but the authors have shown that iron oxide improved
the efficiency of the coupling reaction. Another key point of this procedure was the
use of aryl chlorides as electrophiles, even if the yields were then lower than in the
presence of aryl bromides or iodides. Thus, the amination of chlorobenzene by
morpholine yielded the aniline derivative in 51%, while the yields were 82 and 85%
from bromobenzene and iodobenzene, respectively. Finally, a cine-substitution
effect [19] involving a benzyne intermediate was observed leading into a mixture
of para- and meta-substituted arylamines (1:1 to 4:1 ratio) when substituted aryl
halides were engaged under these reaction conditions.

Two related reports appeared from the group of Teo [20] and the group of
Kwong [21] on the use of FeCl; and diamine ligands for the N-arylation of amine
in aqueous media under high temperatures (Scheme 2).

Fe203 10% mol
L-proline 20% mol

1 1
R\ NaOtBu 2 eq. R\

ON-H + Ar-X ———————————> CN—Ar
R2 DMSO, 135°C,24h  R?

X =1,BrorCl, R'orRZ= H, alkyl, aryl or heteroaryl

Scheme 1 N-Arylation of amines
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FeCl3 10% mol
diamine ligand 20% mol

R! K3PO4eH20 R
_N-H + Ar=X > N—-Ar
R2 water, 125-135 °C R?
P . VAR ; E
diamine ligand:  —NH HN— —NH HN—
Teo Kwong et al.

Scheme 2 N-Arylation of amines catalyzed by iron(III) chloride

x_-Br 2 N FeClz 10% mol N
N [ - KsPOy4
U L - R N
R ~of H = ,4<\ j

2N
'

DMSO, 120 °C

|
N~ ™%
Z/E isomer
60:40 to >99:1

Scheme 3 Amination of (E)-vinyl bromides

Several (hetero)aromatic halides were evaluated in this reaction. Under these
reaction conditions, only the report of Teo mentioned a mechanism involving
oxidative and reductive process via a mononuclear iron species but a dinuclear
species was not excluded.

In addition to the aryl halide derivatives, Mao et al. reported the use of vinyl
bromide for the C—N bond formation via cross-coupling reaction catalyzed by iron
salts [22]. This reaction was carried out with FeCl; as catalyst in the presence of
K3PO, as base in DMSO at 120 °C. It is worth mentioning that starting from the
(E)-vinyl bromide, the major stereoisomer obtained was the (Z)-vinylamine prod-
uct (Scheme 3).

Interestingly, when the (E)-isomer was subjected to the same catalytic reaction
conditions, no isomerization to the (Z)-isomer took place. This result may suggest
that the (E)-isomer is not an intermediate during the formation of the (Z)-isomer.
Nevertheless, the (E)-isomer product could be obtained using (E)-vinyl chloride as
starting material for the amination (Scheme 4).

In 2011, Nakamura et al. reported an oxidative cross-coupling reaction involving
zinc amide as nucleophile with aryl halides for monoarylation of primary amines
(Scheme 5) [23]. The best iron source was found to be Fe(acac); (20 mol%) with
2 equivalents of 1,2-dichloroisobutane (DCIB) as re-oxidant. However, the scope of
the reaction was limited to aniline derivatives. Alkylamines gave only very poor
GC yields.

Later, a methodology was reported for the arylation of secondary amines
[24]. For this second arylation, FeCl, (5 mol%) was the most active salt in the
presence of LiBr (4 equiv.) and a base such as Grignard reagents or NaHMDS
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. FeCl3 10% mol —
¢ (N K3PO4 l\]l//\N
+ :u' [ \>_R' —_— X \(
R N DMSO, 120 °C R
H
R

52-87% Z/E isomer
50:50 to 10:90
Scheme 4 Amination of a (E)-vinyl chloride
H ZnCl,»TMEDA Fe(acac); (20 mol%) H
N. i N.
s N zncl . DCIB (2 equiv.) Rt B Ar
- PhClI, 80 °C =

2 ArMgBr

DCIB = CI></CI

Scheme 5 Monoarylation of amines

1/ EtMgBr or NaHMDS RZ R®

Br R Ro 2/ FeCl, (5 mol%) N
N\, S LiBr (4 equiv.)
RI— . H > RI-
Xylene, 140 °C, 12 h

Scheme 6 Arylation of secondary amines

(2 equiv.) in order to generate in situ magnesium or sodium amides (Scheme 6). In
combination with Nakamura’s methodology, this protocol opens an easy access to
tertiary amines from simple anilines.

To obtain a better understanding of this reaction, stoichiometric reactions were
carried out. Thus, a dinuclear iron species II was isolated and characterized by
X-ray analysis, leading to the mechanism for the arylation of secondary amines
depicted in Scheme 7. A disubstitution of the chloride by two amides on FeCl,
could give the bis-amide iron species I in equilibrium with II. The intermediate I is
comparable to the well-known [Fe(HMDS),]. Then, an oxidative addition of aryl
bromide, providing the iron(IV) intermediate III, followed by a reductive elimina-
tion could liberate the arylated amine and the iron species I'V. The catalytic active
species I could finally be regenerated by a substitution of the bromide with an amide
(Scheme 7).
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R. _Ar
|
R. _FeWv,
Fe''Cl, Br—Ar? 'Tl/ AN Br
+ Al AR
2 Ar'/RNMgBr-LiBr m
\ R\ /Ar1
N—Fe'—N_
]
Ar | R A|’2\N/R
AI'1\ \\R / |
Ar! N e Ar'
N—F& Fel—N
/ e\ / \ MgBryLiBr Ar!
R N R \ I
SN N—Fe''-Br
R Ar R
It Ar'RNMgBr-LiBr v

Scheme 7 Proposed mechanism for the arylation of secondary amines

2.2 Allylic Substitution Reactions

Allylic amines are interesting building blocks in organic synthesis. The allylic
amination is classically catalyzed by palladium [25]. However, there is a lack of
selectivity. Indeed, in palladium catalysis, the nucleophile typically reacts at the
less sterically encumbered allylic position [25]. Various noble metals, such as
iridium or rhodium, were able to promote allylic substitution with amines as
nucleophile. Regioselectivities (branched vs. linear isomers) were usually high.
Recently, in order to replace the expensive metals, iron complexes offered new
opportunities to this chemistry. Plietker reported in 2006 the use of [BuyN][Fe
(CO)3(NO)] (5 mol%) with PPh; (5 mol%) as a catalytic system capable of
regiospecifically and selectively affording the branched allylic aminated products
from allylic carbonates (Scheme 8) [26].

Interestingly, when chiral allylic carbonates were utilized, the chiral information
was maintained with retention and only a slight loss of the enantiomeric excess was
noticed. Concerning the mechanism of the reaction, Plietker proposed the formation
of a o-allyl metal intermediate which might explain the regio- and the
stereoselectivities.

In 2010, Cossy, Reymond, and coworkers reported a diastereoselective synthesis
of 2-vinyl-piperidines and tetrahydropyrans starting from acyclic allylic acetates
and alcohols tethered with amine frameworks [27]. FeCl;"6H,O (5 mol%) without
any ligand catalyzed these reactions at room temperature in high yields and high
diastereoselectivities in favor of the cis-isomers (Scheme 9).

Interestingly, after 10 h in the presence of FeCl;6H,0, epimerization occurred
and, from a 1:1 diastereoisomeric mixture, the cis-diastereoisomer was obtained as
the main or exclusive isomer. The authors proposed the formation of a zwitterionic
intermediate 1 to explain the sole formation of the cis-diastereoisomer (Scheme 9).
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0 _Ph _Ph
L [BusNJ[Fe(CO)3(NO)] 5 mol% HN HN
K 0,
07 OBu | pp_py, _PPhs5mol% s N~ . %
S DMF, 80 °C, 12 h
67% 97:3

Scheme 8 Regioselective allylic amination of allylic carbonates

OR3
sz FeCl3*6H,0 5 mol%
> N R1
CH,Cly, r.t., 0.5h |
1 212, ’
PG =Boc, CBz, Ts y =16 to 99%

R'=H, alkyl or aryl; R? = H, Ac; R® = H, alkyl or aryl d.r. =50:50 to >99:1

PG

cis

Scheme 9 Diastereoselective synthesis of 2-vinyl-piperidines

RZ
FeCl3*6H,0 (2 mol%) o X
> R'r
CH2C|2, rt,1h = N R3
Y
R2 OH 18 to 96%
. A R
R4+ —
NH
Y
2
FeClye6H,0 (2 mol%) R
CHyCly, rt, 1h
L R1_:
then NaOH, reflux = N/ R3
48 to 93%

Scheme 10 Synthesis of dihydroquinoline and quinolone derivatives

In 2012, Wang, Sun, and coworkers applied the same reaction conditions to the
synthesis of dihydroquinolines from allylic alcohols tethered to anilines
(Scheme 10) [28]. The authors developed further a one-pot procedure to quinoline
derivatives in good to high yields. The judicious choice of the nitrogen-protecting
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group allowed its easy cleavage under basic conditions and promoted the aromati-
zation of the dihydroquinoline intermediate (Scheme 10).

2.3 C-H Functionalization
2.3.1 Cross-Dehydrogenative Coupling Reactions

The construction of C—C bonds is one of the most important tasks in organic
synthesis. The selective and efficient functionalization of C—H bonds has attracted
much attention from both industry and academia in the last decade [29-33],
especially if this transformation occurs without any prefunctionalization. Among
all the coupling reactions, the cross-dehydrogenative coupling (CDC) has appeared
to be an efficient process to form C—C bonds directly from two different C—H bonds
under oxidative conditions [34—-36]. One of the challenging transformations is the
formation of allylic amine derivatives via C—H functionalization. The first iron-
catalyzed example was reported by Shi et al. using iron(IlI) chloride as catalyst
under oxidative conditions [37]. The reaction was performed using a 1:2 mixture of
FeCl3/Nal (10 mol%) with dipropyl disulfide (20 mol%) in chloroform at 60 °C
under air. However, only para-nitroaniline was used as nitrogen nucleophile in this
report (Scheme 11).

Srivastava reported the allylic C—H amination of 1,3-dienes using arylhydroxyl-
amine as amine precursor [38]. In this reaction, not only the allylamine but also a
competitive hetero-Diels—Alder (HDA) reaction was observed. The authors found
that the iron azodioxide complex ([Fe{PhN(O)N(O)Ph};][FeCl4],) was the most
active and chemoselective in the model reaction. Nevertheless, the reaction
appeared to be substrate dependent. Thus, with 2,3-disubstituted dienes, the
allylamines were the major (or even the sole) products, whereas the HDA product
was obtained as the major product from 2,3-unsubsituted dienes (Scheme 12).

The authors proposed for this transformation the mechanism shown in
Scheme 13. The key intermediates, which might explain the chemoselectivity, are
the n*- and n*-complexes IT and III (Scheme 13).

The same group reported also another methodology to synthesize selectively the
allylic amines, which are formally Baylis—Hillman adducts. This reaction occurred
via a nitroso-ene reaction and was catalyzed by simple iron(II) salts (Scheme 14)

NH,
Ar FeCla/Nal (10 mol%) Arh
nPrSSnPr (20 mol%) N
= + > ~
1 2 CHClg, r.t. to 60 °C R' R2
R R NO, air, 18 t0 90 h NO,
49 to 86%

Scheme 11 Allylic amination reactions
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Scheme 12 Allylic C-H amination and HDA reactions
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Scheme 13 Proposed mechanism for allylic C-H amination and HDA reactions

[39]. In this reaction, several electron-poor olefins, such as unsaturated esters,
aldehydes, ketones, and nitriles, were tolerated.

Intermolecular oxidative C—H bond amination using benzylic derivatives and
imidazole as nucleophiles catalyzed by FeCl, was reported by Qiu, Chen, and
coworkers in 2011 (Scheme 15) [40]. In this work, the best oxidant was di-tert-
butyl peroxide (DTBP) in chlorobenzene as solvent at 120 °C for 24 h. These
reaction conditions afforded the benzylimidazole derivatives in moderate to high
yields (23-95%). Noteworthy, in this reaction, electron-withdrawing groups, such
as nitrile or nitro on the 4 and/or 5 position in the imidazole ring and also
2-substituted benzimidazoles, gave better results than unsubstituted benzimid-
azoles. Imidazole was totally inert under these reaction conditions.

The proposed mechanism involves a radical process (Scheme 16) and starts with
the generation of a benzylic radical II through hydrogen abstraction of the benzylic
derivative by DTPB in the presence of the iron(I) salt. The radical could be further
oxidized to the benzylic cation IV through a single-electron transfer assisted by the
iron(I1I) alkoxide species I generated in the first step. Finally, a nucleophilic attack
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Scheme 18 Synthesis of isochroman derivatives via benzylic C—H amination

of the imidazole derivative with deprotonation of the imidazole by the iron alkoxide
III could liberate the product and regenerate the catalytic iron salt.

In 2014, Bolm and coworkers reported a similar reaction using sulfoximines as
nucleophiles, but in this case, the best iron salt was iron(II) bromide [41]. Impor-
tantly, the reaction has to be carried out in the presence of molecular sieves without
any solvent. N-Alkylated sulfoximines were obtained in moderate to high yields
(56-88%, Scheme 17).

Yang and coworkers applied successfully this methodology for the C-H
amination of isochromans [42]. The amino-isochroman derivatives were obtained
in yields ranging from 43 to 83%, using iron(Il) chloride as catalyst and TBHP as
oxidant (Scheme 18). To explain this process, the authors proposed the following
mechanism. The first step could be a hydrogen abstraction catalyzed by the iron salt
and TBHP, as also reported by Qiu [40], but then the oxidation of the radical species
could yield an oxonium intermediate (Scheme 18), which could react with amino
nucleophiles.

Subsequently, thanks to the oxidability of the a-position of a heteroatom, Bao
and coworkers reported the synthesis of aminal derivatives using cyclic and acyclic
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Scheme 19 Synthesis of aminal derivatives via cross-dehydrogenative coupling reactions
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Scheme 20 Synthesis of pyrido[1,2-a] indoles

amides as electrophiles and aniline derivatives as nucleophiles (Scheme 19)
[43]. The screening of iron salts, iron(II) chloride (10 mol%) and iron(III) chloride
(3 mol%), showed that both were able to catalyze the coupling in 73 and 76%
isolated yield, respectively. For the scope of the reaction, the authors selected iron
(IIT) chloride for economic considerations, but for elucidation of the mechanism,
they used an iron(Il) to generate the active amidinium intermediate. The aminal
derivatives were isolated in yields ranging from 29 to 76% (Scheme 19).

Pyrido[1,2-a]indoles were prepared from 2-benzhydrylpyridines through an
intramolecular C—H amination reaction [44]. The syntheses of a broad range of
Pyrido[1,2-a]indoles were achieved in quite good yields (58—71%) in the presence
of iron(Il) and iron(III) chloride (10 mol% each) and pivalic acid at 130°C under an
inert atmosphere (Scheme 20). Both iron salts and pivalic acid were required to
exhibit some activity but their role was not clear and no mechanistic clues were
given.

2.3.2 N-Arylation via C-H Activation

In 2014, Nakamura et al. developed an ortho-amination of aromatic carboxamides
using chloroamine reagents (Scheme 21) [45]. Importantly, this reaction requires a
directing group. The nature of this group was studied and the quinolone framework
was found to be the most selective and efficient. Under these conditions, in the
presence of 10 mol% of Fe(acac);, 15 mol% of bis(4-fluorophenyl)
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Scheme 21 Ortho-amination reaction

phosphinobenzene (4-F-dppbz), three equivalents of phenylmagnesium bromide,
and 2.7 equivalents of various chloramines, several aniline derivatives were iso-
lated in yields ranging from O to 100% depending of the aromatic substituents
(Scheme 21). This C-H bond activation can also be achieved starting from
heteroaromatic derivatives such as thiophene or indene.

2.3.3 Decomposition of Azide Generation of Nitrenes

Iron salts or complexes are able to form nitrene iron species from azides,
haloamines, and iminoiodanes. The chemical behavior of these nitrene iron species
depends on the reaction partner: (1) aziridination reactions in the presence of an
olefin (see Sect. 2.4.1) [46], (2) amination of aromatic compounds via an activation
of aromatic Cspz—H bonds leading to indoles (vide infra, Sect. 2.4.2.7), (3) intra-
molecular amination of Csp’~H or Csp’—H bonds providing tetrahydroquinolines
(vide infra, Sect. 2.4.3.2), and (4) allylic or benzylic amination. All these acti-
vations/transformations will be presented and discussed in this section and in the
following ones (Scheme 22) [47, 48].

Allylic amination can also take place under similar reaction conditions as
aziridination or Csp3 —H functionalization reactions. Thus, the [Fem(on—TPP)Cl]
complex and dipyrromethene iron complexes were respectively reported by the
group of Che [49] and the group of Betley [50] to be catalytically active in allylic
amination and amidation reactions. The scope of the reaction described by Che was
limited to a-methylstyrene derivatives but gave the expected products in yields
ranging from 17 to 83% (Scheme 23) [49]. Nevertheless, when
o-methylhomoallylbenzene was utilized, aziridination of the olefin occurred
instead of the allylic amidation. As mentioned by Che, the allylic amination
products might result from an aziridination/ring-opening sequence and could,
thus, be described as a formal direct allylic C—H bond insertion [49].

With dipyrromethene iron complex 2 as catalyst, allylic amination was also
observed by Betley with a series of olefins and azide adamantane. Nevertheless,
isolated yields were low to moderate with 20 mol% of the catalyst. The reactivity
was also lower with cycloalkenes than with methylstyrene. Stoichiometric reactions
were also performed and led in some cases to an improvement of the yields up to
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Scheme 23 [Fel“(FzO—TPP)Cl]—Catalyzed allylic amination and amidation

77% (Scheme 24) [50]. Importantly, intermolecular amination with unsaturated
substrates led exclusively to allylic amination and not to the aziridine derivatives.

White et al. reported an intramolecular version of the allylic C—H amination with
a sulfamate ester tethered to an olefin using [FeCl(Pc)] (Pc = phthalocyaninato) as
pre-catalyst and PhI(OAc), as oxidant [51]. The use of silver salts to generate a
cationic iron species improved the catalytic activities but was not absolutely
necessary. The chemoselectivity (C—H amination vs. aziridination reaction) was
very high and diastereoselectivities were moderate to high in favor of the syn-
diastereoisomers (Scheme 25).

In 2008, Che et al. reported that [Fe(Clz-terpy),][ClO4],, a nonheme iron
complex, was an effective catalyst for the intramolecular amination of benzylic
C-H bonds at 80°C. The sulfamate ester products were isolated in 84-90% yields
[52]. The same group also reported that an iron complex bearing a pentapyridine
ligand was a nonheme iron complex active for inter- and intramolecular amination
of various Csp°~H bonds (alkanes, cycloalkanes, benzylic and allylic derivatives (3,
Scheme 26) [53]. As proposed on the basis of DFT calculations, the crucial
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intermediate is a cationic 7-coordinate intermediate [Fe(qpy)(NR)(X)]"" (X =NR,
solvent, anion).

2.4 Synthesis of Nitrogenated Heterocycles
2.4.1 Aziridination of Olefins

Since the pioneering work of Mansuy [54] and Breslow [55] on the aziridination of
olefins catalyzed by [FeIH(TTP)Cl] with PhI=NTs as nitrogen source, several
catalytic systems based on porphyrin, corrole, and nonheme ligands have been
developed [56—61]. To the best of our knowledge, in the last 5 years, only two new
ligands have been developed for this useful organic transformation. The first one,
reported by Che et al. [49], was based on a perfluorinated tetraphenylporphyrin
ligand and the second one, reported by Betley et al. [62, 50], was based on a
dipyrromethene ligand.

The perfluorinated tetraphenylporphyrin complex [Fe™(F,-TPP)CI] exhibited
higher activities than the original [Fe"'(TTP)CI] complex used by Mansuy in the
reaction between styrene and 2-phenyl-1-tosylaziridine. Good to excellent yields
were obtained with styrene derivatives in the presence of several sulfonyl azides
(Scheme 27). Poor to moderate conversions (21-41%) were obtained for the
aziridination between more challenging aliphatic alkenes and arylsulfonyl azides
bearing electron-donating substituents; but full conversions and good yields (75—
85%) were reached with para-nitrobenzenesulfonyl azide (Scheme 24) and para-
nitrophenyl azide.

As alternative to porphyrin chemistry, Betley et al. reported the synthesis of
several dipyrromethene iron complexes (Fig. 1) and observed the aziridination of
styrene with alkyl azide derivatives [62, 63].

Later, the scope of the reaction was evaluated with various styrene and azide
derivatives [50]. Halides and ethers were well tolerated in the reaction between
styrene and AdNj as azide. Yields between 75 and 85%were obtained. A dramatic
decrease of the yield was noticed when phenyl azide was used (17%); however, the
reactivity could be recovered by enriching the aromatic ring with an electron-
donating group. Thus, the aziridine was isolated in 64% yield when para-tert-
butyl-phenyl azide was engaged. Noteworthy, unlike the work of Che and

R2
0=8=0
O [Fe"(F20-TPP)CI] (2 mol%) N
/—~— + R2-S-N
R 6 3 DCE, reflux, 12 or 36 h R{u

R'=aryl 75t095%
R'=alkyl 21to 85%

Scheme 27 [Fe"(F,,-TPP)Cl]-catalyzed aziridination of olefins
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Scheme 28 Proposed mechanism for the aziridination of styrene derivatives catalyzed by
dipyrromethene iron complexes

coworkers [49], no reaction occurred with the para-nitrobenzenesulfonyl azide and
TMSN;.

Catalytic aziridination was initially proposed to occur via a single-electron
pathway [62]. Further experiments, based on labeling and Hammett studies, con-
firmed a radical intermediate, but no definitive mechanism was reported
[50]. Indeed, while isomerization of a cis-olefin into a mixture of cis- and trans-
aziridine suggested a stepwise mechanism, its lack was less informative. However,
the following mechanism was suggested. After the formation of the nitrene iron
species III, the radical intermediate IV might be formed and leads to radical
cyclization, which would release the catalytic species I and the aziridine
(Scheme 28).
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2.4.2 Construction of Five-Membered Cycles Containing Nitrogen
Atoms

Cyp2—H or Cyp3—H Functionalization Reactions

As mentioned above, nitrene iron complexes own various reactivities. One of the
most important transformations nowadays is the direct C-H functionalization. By
decomposition of azide compounds, some iron complexes are able to catalyze
either the amination of aromatic ring systems or even of Cy,3-H bonds. Thus, the
perfluorinated porphyrin iron complex [Fe™(F,o-TPP)CI], reported by Che et al.,
was able to catalyze an intramolecular amination reaction of aromatic rings after the
decomposition of azides and furnished indole derivatives in high yields
(Scheme 29) [64].

The mechanism of this cyclization was investigated by Li, Yan, and coworkers
by DFT calculations [65]. First, while the perfluorinated ligand was replaced by a
simple porphyrin ligand for the whole study, a comparison between these ligands in
the transformation step “azide to nitrene complex” demonstrated that both elec-
tronic and steric effects of the complexes did not modify the relative energies. The
study showed that the most favorable pathway involved the nitrene formation (after
dinitrogen release), the homolytic cleavage of the C—H bond followed by a
1,2-hydrogen shift, and finally the C—N bond formation [65].

In 2011, the reaction was revisited by Bolm and Bonnamour with simple iron
(II) triflate salt as catalyst. Indoles were isolated in yields between 35 and 99%
(Scheme 30) [66]. The yields were certainly lower and the catalyst loading higher,
but the catalytic system was much more simple than the one used by Che.

In addition to the indole synthesis, other nitrogen heterocycles could also be
prepared by the decomposition of aromatic azides in the presence of iron salts or
iron complexes. Driver et al. reported in 2008 an interesting two-step reaction with
ortho-azido anilines and aromatic aldehydes [67]. The imines generated in situ from
the condensation between aromatic or aliphatic aldehydes and ortho-azido aniline
compounds reacted with the azide moiety. The intramolecular Csp’~H amination

AN CO2Me  [Fe!(Fo0-TPP)CI] (2 mol%) R—. N—co,Me
Ry g Z N
= N3

DCE, reflux

86 to 91%

Scheme 29 [Fe"'(F,0-TPP)Cl]-catalyzed Csp’~H amination

R? Fe(OTf (10 mol%) g SN 0
R‘l |
THF. 80°C. 241 7N oR
35 to 99%

Scheme 30 Synthesis of indoles through Csp’>~H amination
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Scheme 31 Synthesis of benzimidazoles through Cspz—H amination
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Scheme 32 Proposed mechanism for the synthesis of benzimidazoles

provided the corresponding C2-substituted benzimidazole derivatives in moderate
to high yields (Scheme 31).

The authors postulated the following mechanism to explain the formation of the
benzimidazoles. A Lewis acid activation of RCqH3(N3;)N=CHAr, followed by a
nucleophilic attack of the internal nitrogen atom of the azide on the activated imine
I to give II, and the elimination of a molecule of nitrogen could lead to a ferrate
intermediate III. Finally, a 1,2-proton shift prototropy could liberate the iron salt
and the benzimidazole (Scheme 32).

Betley et al. reported also the amination of less or nonreactive Csp’~H bonds.
The group demonstrated that, first, organic azides could activate the benzylic
position in the presence of stoichiometric amounts of the iron—dipyrrinato complex
(Scheme 33) [62]. Then, amination of various toluene derivatives could be achieved
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Scheme 34 Tandem Csp’~H amination and 1,2-alkyl shift

catalytically. They also showed that this catalytic system tolerated halides and
ethers on the aromatic ring [50]. Finally, they nicely extended this process to the
synthesis of pyrrolidine derivatives via an intramolecular insertion of alkyl azides
into Csp3—H bonds [68].

Driver et al. reported a synthesis of indoles via a two-step procedure involving
first an amination reaction of homobenzylic ethers in the presence of FeBr, and then
ethanol elimination followed by a 1,2-alkyl migration. The indoles were isolated in
moderate to high yields (42-95%, Scheme 34) [69].

Arnold et al. reported an enantioselective intramolecular Csp>~H amination in
2013 in the presence of a cytochrome P450 mutant as catalyst for the synthesis of
chiral benzosultams from aromatic sulfonyl azides (Scheme 35) [70]. This reaction
is still relatively substrate dependent, but it is also highly efficient when a matching
substrate/enzyme combination is found. Indeed, a total turnover number (TTN)
could reach 310 with enantiomeric excesses up to 73% (Scheme 35a). Noteworthy,
when the reaction was performed in vivo with intact E. coli cells, TTNs reached up
to 680 with 60% e.e. and an e.e. up to 89% but with a lower TTN of 250. This work
was then implemented by Fasan et al. who evaluated new engineered P450gy3
variants.[71] The best mutant was FL#62 which gave the benzosultam derivatives
with TTNs up to 388 (Scheme 35b). However, if selectivities are considered, the
best results were obtained with 139-3(T268A), which provided benzosultams with
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Scheme 35 Enantioselective intramolecular Csp>~H amination

enantiomeric excesses up to 91%. Noteworthy, depending on the mutant, opposite
selectivities could also be observed. Finally, in this study, a scale up to 30 mg was
successfully performed, leading to the corresponding sultam in 42% isolated yield.

[2+2+1]-Cycloaddition

A hetero-[2+2+1]-cycloaddition between ketimines, carbon monoxide, and ethyl-
ene in the presence of catalytic amount of Fe,(CO)9 was reported by Imhof [72,
73]. The scope of this reaction was rather limited, as only one compound provided a
good result (Scheme 36). Both one molecule of carbon monoxide and one of
ethylene were inserted. DFT calculations demonstrated that the diimine acted as a
bidentate ligand and the selectivity was due to a subtle substituent effect.

Beller and coworkers have developed a convenient one-pot method for the
synthesis of various substituted succinimides. By starting from commercially
available amines (or ammonia) and alkynes, several interesting succinimides
were obtained selectively in the presence of catalytic amounts of either Fe(CO)s
or Fe3(CO);, (Scheme 37) [74, 75]. The N-substituted succinimides were obtained
in moderate to good yields (37-84%). The authors demonstrated that these iron-
catalyzed carbonylations proceeded smoothly in the presence of various hetero-
cycles and that the carbonylation protocol is tolerant to different functional groups.
However, it is worth to note that maleimides were isolated when diphenylacetylene
and substituted amines were used. This result could be due to a facile aromatization.
This iron-catalyzed double carbonylation, related to a palladium-catalyzed
Sonogashira reaction, led to a straightforward synthesis of a library of trans-3,4-
disubstituted succinimides and, after a further in situ oxidative dehydrogenation, to
various 3,4-diarylmaleimides [75]. This strategy was used to a short synthesis of a
natural arcyriarubin intermediate [75].
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Scheme 37 Synthesis of functionalized succinimides

Mathur and coworkers disclosed a related approach to maleimides from iso-
cyanates and terminal acetylenes under a pressure of carbon monoxide [76]. How-
ever, selectivities and yields were lower than Beller’s procedure.

[3+2]-Cycloaddition Reactions

Iron is not only a transition metal but it is also a Lewis acid and several reactions
have been reported in the literature to access five-membered nitrogenated cycles.
Thus, Das et al. developed an efficient method for an access to 1,2,3,5-
tetrasubstituted pyrroles by treatment of a-bromo aryl ketones or their derivatives
with amines and dialkyl acetylenedicarboxylate using iron(IIl) chloride as a catalyst
[77]. The pyrroles were obtained usually in high yields (84—89%).

The simple iron salt FeCly; was an efficient catalyst for the synthesis of
dihydropyrroles from terminal aryl alkynes and aziridine derivatives [78]. The
dihydropyrroles were obtained in yields between 48 and 82% (Scheme 38). How-
ever, this reaction was quite limited, as electron-deficient or unactivated aziridines
and aliphatic alkynes were not good substrates for this reaction.

Asymmetric [3+2] cycloaddition reactions are a synthetic pathway to pyrro-
lidines. Kiindig developed a protocol using a chiral Lewis acid based on the
combination of a strong electron-deficient diphosphine ligand and a cyclo-
pentadienyl iron framework [79, 80]. Good to high yields and enantioselectivities
were obtained in the reaction between methacrolein and pyrrolidine N-oxide
(Scheme 39). The use of diarylnitrones provided a mixture of regioisomers in
moderate yields (34-53%). Moreover, even if the cycloaddition was completely
endo-selective, the enantioselectivities depended on the electronic properties of the
nitrones.

Wang et al. reported that FeCl, in combination with o,a-bis(3,5-bistrifluoro-
methylphenyl)prolinol catalyzed the asymmetric [3+2] cycloaddition between



Iron-Catalyzed Carbon—Nitrogen, Carbon—Phosphorus, and Carbon—Sulfur Bond. . .

Ts Ar?
N FeCl (10 mol%
S+ =—Ar 3 ) ~NTs
Ar CHaNOp,-20°C

Scheme 38 Synthesis of dihydropyrroles

H
[ \ Fe] (5 mol% 3 CHO
p +Me CHO [Fe] (5 mol%) </\’/>,/
N N‘O Me
© y=71-92%
e.e.= 75-96%
Me
) A ScHo
i . Fel@mon) N Me Af\fg
| N_ N
J\Ar ph~ O CHO ph’ O
y = 34-53%

regioselectivities: 28:72 to 97:3
e.e. = up to 96%

@—|+ SbFg"
— |
"~ \—o—fe—P(CeFsk
(CoFs)R o
o
Ph

[Fel=
Ph

Scheme 39 Enantioselective [3+2] cycloadditions

105

azomethine ylides and electron-poor alkenes (Scheme 40) [81]. The endo-adducts

were isolated in moderate yields (46—72%) and enantioselectivities (up to 78%).

Feng reported the asymmetric synthesis of 1,2,4-triazoline derivatives via an
enantioselective cyclization of a-isocyano esters and azodicarboxylates catalyzed
by a N,N'-dioxide/Fe(acac), complex [82]. High yields (up to 98%) and enantio-

selectivities (up to 94%) were reached.
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An efficient synthesis of 4,5-dihydropyrroles was developed through an iron-
catalyzed [4+1]-cyclization of 4-acetylenic ketones with primary amines
[83]. The reaction conditions tolerated functional groups and allowed a straight-
forward approach to a wide range of substituted 4,5-dihydropyrroles in good to high
yields (79-93%, Scheme 41). It is also worth to mention that the (Z)-isomer was the
major or the exclusive isomer in this reaction.

Intermolecular Aminohydroxylation of Olefins

The aminohydroxylation of olefins is an interesting methodology via oxazolidinone
or oxazole intermediates to obtain 1,2-aminoalcohols, a common structural motif in
bioactive natural products and chiral reagents for stereoselective synthesis. Sharp-
less and coworkers disclosed first this reaction with an osmium catalyst [84]. Then,
alternative transition metal-based complexes such as palladium [85, 86], platinum,
rhodium, gold, and copper [87] have been found to avoid the toxicity of osmium
complexes. In 2010, Yoon et al. reported first the aminohydroxylation of olefins
using oxaziridine 1 with catalytic amount of iron(IIl) salts as pre-catalyst [88]. This
powerful tool in organic chemistry is complementary to the previous methodologies
reported by the same group in the presence of a copper catalyst [89-92]. In this
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reaction, the isolated yields were moderate to high (52-94%) and the regio-
selectivities were up to >10:1 (Scheme 42) [88].

The authors have compared the regioselectivities obtained with the two metals
and have demonstrated that both approaches are complementary. Indeed, the
regioselectivities depended on the copper or iron catalyst to be used in the reaction
(Scheme 43).

Yoon et al. reported the asymmetric version of this oxyamination catalyzed by
an in situ generated iron(Il) bis(oxazoline) complex starting from Fe(NTf,), and
bis-oxazoline L. The oxaziridines were isolated in moderate to high yields and good
enantiomeric excesses (85-95%, Scheme 44) [93].

Mechanistic studies and DFT calculations were recently reported by Ren
et al. on the reaction between styrene and oxaziridines (Scheme 45) [94]. The
mechanistic hypotheses were based on the activation of the styrene (intermediate I,
pathway 1) or the oxaziridine (intermediate VI, pathway 2) for the first step of the
catalytic cycle. The energetic profile of pathway 1 was found to be more favorable
than the one of pathway 2. Based on these results, the first step could be the
coordination of the styrene to the metal center I followed by the insertion of the
iron(II) species into the N—O bond of the oxaziridine leading to the intermediate IV.
Then, the insertion of the olefin could occur into the Fe—O bond yielding to a
six-membered ring species V. This intermediate could liberate the final product and
regenerate the catalytically active species after a final reductive elimination step.

In 2013, Xu and coworkers developed the synthesis of oxazolidinones via an
intramolecular aminohydroxylation of trans-olefins from functionalized hydroxyl-
amines (Scheme 46) [95]. Diastereoselectivities ranged from 1:1 to >20:1. As
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mentioned earlier by the authors, yields depended on the substitution of the olefin.
The order of reactivity was the following: trisubstituted > disubstituted >
monosubstituted olefins.

In the same report, the first intramolecular asymmetric version was successfully
achieved using the same catalytic system than Yoon and coworkers (Fe(NTf,),
and bis-oxazoline L2). The oxazolidinone was prepared in high diastereomeric
ratio (d.r. >20:1), in enantiomeric excess (82%), and in 68% yield (Scheme 47).

The same group has extended the scope of the asymmetric aminohydroxylation
to substrates like indole derivatives (Scheme 48) [96]. In the presence of 15 mol%
of Fe(OAc), and 30 mol% of bis-oxazoline L,, the aminohydroxylated indoles were
obtained in good yields (62-75%), high diastereomeric ratios (>20:1), and good to
high enantiomeric excesses (74-99%).

Oxazolidinones could not only be synthesized via aminohydroxylation but also
via a sequence “decomposition of an electron-poor azide/addition on an alkene”
[97, 98]. Thus, cycloalkenoxycarbonyl and cinnamyloxycarbonyl azides, in the
presence of iron(I) chloride and trimethylsilyl chloride, underwent an intra-
molecular amino chlorination (Scheme 49). No aziridine intermediates were
detected in the presence of the FeCl,/TMSCl combination. The mechanism



110 J.-L. Renaud and S. Gaillard

O O
o H Fe(OAc);, (15 mol%)
N o NH
LS gf'oww,w_:\
R+ Ay toluene / MeCN (50:1) Z N
\SO Ph 4AMS,rt,12h SO,Ph
2
d.r. >20:1
e.e. 74-99%

Ph Ph

Scheme 48 Asymmetric intramolecular aminohydroxylation of indoles

e} FeCl, (10 mol%) o H o H
§No__ PP TMsCi(15equiv) YN Ph Oy Ph
O\/_/ EtOH, 0 °C, 15 min oﬂ o\)_{—
Cl cl
thenr.t., 20 h
76% 99 1
i
FeCl, (10 mol%)
O N 2 1)
8 TMSCI(1.5 equiv.) 4NH
EtOH, 0 °C, 15 min
thenr.t., 20 h o
47%
ON(O FeCly (10 mol%) o ‘(O
TMSCI (1.5 equiv.) R

Ns L NH
EtOH, 0 °C, 15 min
thenr.t., 20 h el
58%

Scheme 49 Aminochlorination of alkenes

of this reaction was then assumed to proceed through radical species.
The stereoselectivities depended on the substrates and could be explained by the
different conformations and the coordination of the iron center with the hetero-
atoms. More importantly, while the iron-catalyzed amino chlorination provided the
threo-isomer from the cinnamyl azide derivative, the thermal non-catalyzed reac-
tion furnished the erythro-isomer via the ring opening of the aziridine intermediate.

Finally, the intramolecular amino chlorination of alkynes was performed under
the same reaction conditions and only the (Z)-isomers were detected (Scheme 50)
[98, 99].
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Hydroamination of Alkenes

Catalytic hydroamination is a 100% atom-efficiency process. Some iron-based
catalysts have been described in the last 10 years [ 100-102]. Only the intramolecular
hydroamination leading to pyrrolidines will be presented in this section; the
intermolecular reaction will be presented in Chap. 7 of this book. The first
efficient catalyst was the simple iron(Ill) chloride which was able to catalyze the
intramolecular hydroamination of unactivated alkenes with electron-deficient
amines at 80 °C under air (Scheme 51) [103]. Under these conditions, gem-
disubstituted alkenes or 1,2-disubstituted alkenes reacted and were converted
into pyrrolidines in high yields. Various functional groups, such as ethers,
tosylates, or iodides, were also compatible.

Hannedouche and coworkers have disclosed a major breakthrough in the intra-
molecular hydroamination reaction [104]. A well-defined four-coordinate
B-diketiminatoiron(II) alkyl complex was shown to be an excellent pre-catalyst
for the selective cyclohydroamination of primary aliphatic alkenylamines at
70-90 °C (Scheme 52). Such amines were previously incompatible due to the
strong binding affinity of these electron-rich amines toward the metal center.
Good conversions were obtained with some primary amines in this intramolecular
hydroamination. However, the cyclohydroamination does not proceed without a
geminal disubstitution on the tether or with 1,2-dialkylsubstituted alkenes. The
mechanism seems likely to proceed via a o-bond metathesis between the
pre-catalyst and the primary amine. This amido iron species could insert into the
alkene and then, after aminolysis, could liberate the hydroamination product and
(re)generate another iron-amido species.
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Synthesis of Indoles

Dong and coworkers have developed a new synthesis of indoles via a reductive
cyclization of conjugated nitroalkenes in the presence of various metal salts,
including iron ones [105]. Fe;(CO),, is an attractive catalyst due to its low cost
in comparison to palladium or other noble metals, although higher temperatures and
pressures were required to achieve good efficiency. Only one example was reported
with the iron catalyst, but the indole was isolated in an excellent yield (Scheme 53).

2.4.3 Construction of Six-Membered Cycles
Synthesis of Pyridines

Pyridine derivatives are one of the important classes of heterocyclic aromatic
derivatives. They are present in pharmaceuticals, agrochemicals, natural products,
and polymers [106] and have been used in some homogeneous catalytic appli-
cations as ancillary ligands [107, 108]. Several strategies have been developed for
their synthesis [109]. Among them, the [2+2+2] cycloaddition between two alkynes
and a nitrile molecule has emerged as a powerful tool and has been intensively
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studied with various transition metal complexes as catalysts [110-115]. Besides
complexes based on precious metals such as ruthenium [116], thodium [117], and
iridium [118], the most studied complex is the CpCo system [119—122]. However,
this type of complex failed to fulfill the requirement of industrial use (such as
toxicity of the complex, relative instability). Iron salts are usually nontoxic and very
abundant on Earth and may be a good alternative to cobalt complexes. Only a few
studies on iron-catalyzed [24+2+2] cycloaddition reactions have been reported. The
seminal work of Zenneck et al. validated the proof of concept and demonstrated that
the iron(0) complex ([Fe(cod)(2-(trimethylsilyl)-4,5-dimethylphosphinine)]) was
able to catalyze the [2+2+2] cycloaddition between two alkynes and a nitrile
(Scheme 54) [123]. A completely intermolecular reaction between four to ten
equivalents of a nitrile and one equivalent of an alkyne led to the corresponding
pyridine derivative, but without any control of the regioselectivity and with low
chemoselectivity (benzene derivatives were the main products).

Improvements on this reaction appeared later in 2011 when the groups of Wan
[124] and Louie [125] reported almost simultaneously [2+2+2] cycloaddition
reactions either between tethered diynes and nitriles, diynes and cyanamides, or
tethered alkynenitriles and alkynes.

In Wang’s approach, a partially intramolecular process occurred between a
diyne and a nitrile. In the presence of iron iodide (10 mol%), bis(diphenyl-
phosphino)propane (20 mol%), and zinc (20 mol%) in THF at room temperature,
the pyridine derivatives were obtained in 56-98% yield and in regioselectivities up
to 99:1 (Scheme 55) [124]. The scope of the reaction revealed that under the
optimized reaction conditions, (1) both aryl and alkyl nitriles reacted efficiently;
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(2) single regioisomers were produced from diynes bearing different terminal sub-
stituents. The smallest substituent was always in a-position to the nitrogen atom.

As the proposed mechanism, the authors hypothesized that an azaferracyclo-
pentadiene was initially produced to explain the regioselectivity. Indeed, this
intermediate led to less unfavorable interactions between the terminal alkyne
substituent and the iron ligand (Scheme 56).

Louie et al. developed a [242+2] cycloaddition reaction between tethered
alkynenitriles and alkynes [85]. The catalytic system resulted from the combination
of Fe(OAc), and a strong donating, sterically hindered ligand (and also a
non-innocent ligand) [126—132]. The pyridines were isolated in moderate to high
yields (30-86%, Scheme 57) from various aromatic and aliphatic alkynes and
alkyne nitriles. As in the work of Wan, an in situ generated iron(0) was hypo-
thesized. The steric and electronic effects on the bis-iminopyridine ligand had a
profound impact on the reactivities. Thus, electron-donating groups at the para-
position of the N-aryl ring and methyl substituent on the imine function led to
higher yields.

Unsymmetrical alkynes also reacted in the cycloaddition reactions. A mixture of
regioisomers was isolated and modest control of the selectivity was observed,
except with alkynes having a #-butyl group. Surprisingly, only one regioisomer
was obtained from 4,4-dimethylpent-2-yne and the #-butyl group was in the product
located proximal to the nitrogen atom (Scheme 58).

Scheme 57 Louie’s procedure



Iron-Catalyzed Carbon—Nitrogen, Carbon—Phosphorus, and Carbon—Sulfur Bond. . .

;
. Ar Fe(OAc), (10 mol%) R
X/TR I aMeO.PIPD| (13 mol%) N X
+
—=N Zn (13 mol%) N
R2 DMF, 85 °C
mino
R
o Bu Fe(OAc), (10 mol%)
R I 4MeO,PTPD] (13 mol%) < N
+
=N Zn (13 mol%) N/
Me DMF, 85 °C
A
4MeO.PTPD)| = ProfONTY, P
e
MeO iPr Pr OMe
Scheme 58 Regioselective cycloaddition
Fel,, dppp
Zn, THF, r.t.
R2 R3
,—=R! N
X + X
——R! N
N
FeCl,, MePD|
—_—
Zn, benzene, A
X
MepD| = TN
N N

Scheme 59 Synthesis of aminopyridines

40-99%

35-94%

115

The group of Wan and the group of Louie extended these works to the synthesis
of 2-aminopyridines (Scheme 59) [133, 134]. Diynes and cyanamides underwent
cycloaddition reactions to form substituted 2-aminopyridines in 35-94% yields in

the presence of FeCl,/M*PDI/Zn as the catalytic system (where Mespp—N N-

mesityl pyridinediimine) [133] and in 40-99% in the presence of Fel,/dppp/Zn as

the catalytic system [134].
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More importantly, these catalytic systems provided additional regioselectivities.
In the presence of the Louie’s catalytic system, the larger substituent was proximal
to the pyridine nitrogen of the product [133], unlike the Wan’s in situ generated iron
catalyst (Scheme 60) [134].

The same conclusions were also drawn when an intermolecular [2+2+2] cyclo-
addition between a cyanamide and two molecules of alkynes was carried out
(Scheme 61). Thus, depending on the iron-based catalyst, both regioisomers
could be prepared from the same starting materials.

Finally, Louie reported also a related [2+2+2] cycloaddition between an alkynyl
nitrile and a cyanamide. Catalytic amounts of Fel,, iP "PDI, and Zn were found to
effectively catalyze the cycloaddition to afford bicyclic 2-aminopyrimidines in
moderate to excellent yields (27-90%, Scheme 62) [135]. Worth to mention is
that catalysts usually efficient in cycloadditions, such as Rh(cod),BF,/BINAP,
CoCp(CO),, [Ir(cod)Cl],/dppf, Ni(cod),/ligand, and Cp*RuCl(cod), were ineffec-
tive toward this strategy of the synthesis of 2-aminopyrimidine.

In 2002, Guerchais et al. reported an iron-mediated pyridine synthesis using the
piano-stool iron complex [FeCp*(PMe3)(CH3CN)2)][PF6] [136]. As cyclo-
pentadienyl ligands are well known to be strongly coordinated to metal center,
Renaud and coworkers explored the catalytic ability of [CpFe] complexes in [2+2
+2] cycloadditions for pyridine syntheses without any reducing reagent
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Scheme 63 In situ generated iron-catalytic system for the synthesis of pyridines

[137]. Then, they developed an in situ generated catalytic system, based on an
air-stable iron(II) complex and a bidentate ligand bearing a phosphine and a
hemilabile framework, for the [24+2+2] cycloaddition between diynes and alkyl,
aryl, and vinyl nitriles. This reaction allowed a straightforward access to poly-
functionalized pyridines in good yields. Control of the regioselectivity was also
possible when unsymmetrical diynes were employed and appeared to be comple-
mentary to the selectivities reported by Wan and coworkers in the presence of an
iron(0) catalyst (Scheme 63).

Based on previously reported mechanistic considerations [133] and on experi-
mental data, Renaud et al. proposed the following mechanism (Scheme 64).
Removal of the naphthalene ligand under heating in [CpFe(naphth)][PF¢] is
followed by coordination of the phosphine and a nitrile molecule. The catalytically
active species I with an edge-on coordinated nitrile might convert into its side-on
bounded isomer II with the help of the hemilabile bidentate features of the
phosphine L3. Moreover, II will facilitate the oxidative cyclization with the diyne
to give the azaferracyclopentadiene intermediate III that subsequently might be
converted into the azaferracycloheptatriene IV via intramolecular alkyne insertion.
A reductive elimination starting from IV will provide pyridine, and the active
catalyst I is regenerated through the coordination of a nitrile molecule.
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Synthesis of Tetrahydroquinolines and Dihydroquinazolines

The most challenging C—H amination reaction is the activation and functional-
ization of Cyp3—H bonds. Recent work demonstrated the efficiency of iron com-
plexes in such a process. Worth mentioning is that all the catalytic systems
previously described for aziridination and Cg,,—H amination were also reported to
be active in Cg,3—H amination reactions. Then, the perfluorinated porphyrin iron
complex [Fem(on-TPP)Cl] was reported to catalyze the inter- or intramolecular
C,p3—H amination in the presence of aryl azides and arylsulfonyl azides as nitrogen
sources. Yields usually were relatively high (63-80%) for the intermolecular
reaction. The authors noticed that, in the presence of the catalytic system, the
amination of tertiary C—H bonds occurred preferentially, and the secondary C—H
bonds remained untouched. Che et al. also reported the intramolecular version of
this C-H amination reaction [64]. Indolines, tetrahydroquinolines, and dihydro-
quinazolines were isolated in high yields (63—83%, Scheme 65a and b).
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Scheme 66 Multicomponent reaction for the synthesis of quinolines
Synthesis of Quinolines

In 2009, Tu et al. reported a multicomponent reaction involving aldehydes, terminal
alkynes, and primary amines for the formation of quinoline derivatives, catalyzed
by FeCl; [138]. Concerning the scope of the reaction, aromatic and heteroaromatic
terminal alkynes, aromatic and heteroaromatic aldehydes, and aromatic anilines
were good candidates and afforded the quinoline derivatives in isolated yields
ranging from 56 to 95% (Scheme 66).

2.5 Miscellaneous
2.5.1 Ring Opening of Epoxides

In 2008, Demir et al. reported an epoxide-opening reaction by amines catalyzed by
the iron salt Fe(O,CCF5); [139]. The reaction can be performed with primary or
secondary aromatic or aliphatic amines, leading to trans-pf-amino alcohol deri-
vatives in high yields (87-99%, Scheme 67).

When the reaction was performed with dissymmetric epoxides such as styrene
oxides, the opening occurred preferentially at the most substituted position when
primary anilines or benzylic amines were employed, whereas the nucleophilic
attack occurred preferentially at the less hindered position when pyrrolidine was
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employed. Nevertheless, in the case of alkyl-substituted epoxides, the nucleophilic
attack of anilines occurred at the less hindered position. Noteworthy, if the reaction
is performed with enantiopure styrene oxides, the reaction proceeded without any
loss of enantiopurity.

Then, a few years later, Ollevier and Plancq reported the enantioselective ring
opening of meso-epoxides by anilines catalyzed by an iron complex generated in
situ from Fe(ClO4), and Bolm’s chiral bipyridine ligand L4 (Scheme 68)
[140]. The reaction occurred with good to high yields (70-96%) and with high
enantioselectivities (e.e.s between 82 and 96%).

2.5.2 Amide Derivative Synthesis

In the last years, only a few methodologies have been reported for the synthesis of
amides catalyzed by iron salts. In 2009, Williams et al. studied the formation of
amides starting from nitriles and amines [141]. Several iron salts were evaluated
and Fe(NO3); (10 mol%) was the most active to convert amines and nitriles into the
expected amides (conversions between 8 and 100%, Scheme 69). The reaction was
favored with linear primary amines and nitriles.

Jiang, Fu, and coworkers disclosed in the same year the synthesis of
acylsulfonamides from sulfonamides and thioesters in the presence of NBS and a
catalytic amount of FeCl, (10 mol%, Scheme 70) [142]. The reaction was
performed with alkyl, aryl, and heteroaryl thioesters and sulfonamides in very
good yields up to 99%. Only secondary sulfonamides gave moderate yields.
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Scheme 72 Amide formation from benzylic alcohols

Following the same approach, imides were also synthesized from amides and
thioesters in moderate to high yields (35-90%, Scheme 71) [142].

Cossy, Reymond, and coworkers disclosed a FeCls-catalyzed Ritter reaction for
the synthesis of amides [143]. Amides were obtained in moderate to high yields
(41-96%) from aromatic or aliphatic nitriles with several functionalized benzylic
alcohols (Scheme 72). Under these reaction conditions, fert-butyl acetate could also
be used instead of benzylic alcohols.

The authors proposed a mechanism starting first with the formation of a benzylic
cation II via the Lewis acid-activated species I. Then, the nitrile could attack the
benzylic cation II to afford the amide through nucleophilic attack of water on the
intermediate III (Scheme 73). An alternative pathway might proceed through the
formation of a bis-benzyl ether V arising from the condensation of two molecules of
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Scheme 74 Amides from aldehydes and PhI=NTs

benzylic alcohol. Then, this ether might be activated by the iron salt and attacked by
the nitrile to form the adduct III.

In 2011, Che et al. described the formation of amides from aldehydes and
PhI=NTs. This reaction was catalyzed by an in situ generated iron complex from
FeCl, and a terpyridine ligand (terpy) (Scheme 74) [144]. Aliphatic and aromatic
aldehydes were well tolerated and led to the amides in moderate to high yield
(40-89%). Compared to aromatic aldehydes, aliphatic aldehydes were more reac-
tive and afforded the amides in higher yields. Other ligands or catalytic systems led
also to lower activities.
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Scheme 77 Amides from 1,3-diarylpropenes

The mechanism reported by the authors was as follows: (1) formation of an iron
nitrene species I from the iron salt and PhI=NTs, (2) then, insertion of the iron
nitrene species into the C—H bond of the aldehydes II, (3) and finally liberation of
the catalytically active species and the amides (Scheme 75).

More challenging was the reaction reported by Jiao et al. who described the
formation of amides from bis-arylmethylene derivatives in the presence of DDQ,
water, Me;SiN3, and 10 mol% of FeCl, in acetic acid as solvent (Scheme 76)
[145]. Remarkably, this reaction involves the cleavage of two C—H and one C—C
bonds of the starting bis-arylmethylene.

The reaction was also successfully extended to 1,3-diarylpropenes and the
expected acrylamides were isolated in yields ranging from 67 to 94%
(Scheme 77) [145].
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Scheme 78 Proposed mechanism for amide formation

Based on control and labeling experiments, the authors proposed the following
mechanism (Scheme 78). The first step could be an iron-assisted single-electron-
transfer oxidation with DDQ to form the bis-arylmethane radical 1. This radical
could be oxidized again to generate a bis-arylmethane cation II. Substitution of the
cation by the azide anion would lead to a bis-benzyl azide III, which could be
oxidized into the intermediate IV by the iron-assisted DDQ oxidative system.
Subsequent isomerization of the bis-arylmethyl azide cation IV would lead to the
loss of molecular nitrogen and a nitrilium intermediate VI, which could be attacked
by a molecule of water to give VII. After tautomerization, this intermediate VII
could afford the observed amide. The catalytically active iron species would be
regenerated at this stage thanks to the remaining proton.

Among the amides, ynamides occupy a pivotal role in organic chemistry now-
adays [146]. These derivatives were, for example, synthesized from amides and
bromoalkynes in the presence of a catalytic amount of FeCl3*6H,0 (10 mol%) and
DMEDA as ligand (20 mol%) [147]. This reaction was performed with sulfon-
amides, lactams, and oxazolidinones with aromatic and aliphatic bromoalkynes in
good to high yields (57-97%, Scheme 79).
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Scheme 80 Synthesis of allenyl triazoles
2.5.3 Synthesis of Allenyl Triazoles

In 2012, Shi et al. reported the synthesis of allenyl triazoles from propargylic
alcohols and triazoles catalyzed by FeCl; [148]. Several other salts were catalyti-
cally active but only FeCl; presented the best selectivities in favor of the formal
Sn2’ type products and the best yields. The scope of the reaction was then extended
to benzotriazoles, substituted triazoles, and propargylic acetates, and various
functionalized allenes were prepared in good to high yields (58-95%, Scheme 80).
Noteworthy, in the case of non-symmetrically substituted triazoles, N; or N, iso-
mers were detected with a ratio varying from 4:1 to 10:1 in favor of the N, isomer.

2.5.4 Azidation of B-Ketoesters

In 2013, Gade et al. reported an interesting enantioselective azidation of
B-ketoesters and oxindoles using Togni’s reagent [149] and a well-defined iron
complex bearing chiral bis-oxazoline-amide ligand (“boxmi” ligand) [150,
151]. This combination, activated by silver carboxylate salts, was the most active
with p-ketoesters (84-90%) and gave the highest enantiomeric excesses (67-83%,
Scheme 81).

The screening of the reaction conditions with oxindoles as activated methylene
compounds demonstrated that an in situ generated iron complex from iron
(I) propanoate and a chiral “boxmi” ligand, without any further activation by a
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silver salt, was the most active (85-90%) and furnished the highest enantiomeric
excesses (87-90%, Scheme 82).

2.5.5 Rearrangement of Allyl and Propargyl Sulfides

Allylic aryl sulfides underwent a [2,3]-sigmatropic rearrangement in the presence of
a FeCl,/BocN; combination [152]. The allyl amines protected by a Boc and a
phenylsulfenyl group were isolated in good to high yields (66—70%, Scheme 83). It
is worth mentioning that the phenylsulfenyl group can be removed using either
Bu3;SnH/AIBN or P(OEt);/Et;N to afford cleanly the Boc-protected allyl amines.
This rearrangement with a-branched allyl sulfides furnished the corresponding
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amines in low yields and in low enantiomeric excess (from enantiomerically pure
a-branched allylic sulfides).

Van Vranken extended this work to propargyl aryl sulfides (Scheme 84)
[153]. The corresponding allenic amines were prepared in good yields using
[FeCl,(dppe)] as catalyst.

2.5.6 Synthesis of Oximes

In 2009, Beller et al. reported the synthesis of oximes from styrenes catalyzed by an
iron phthalocyanine complex [154]. Other metal phthalocyanine complexes and in
situ generated iron complexes with nitrogen-based ligands were evaluated but were
less effective than the iron phthalocyanine complex. Under these reaction condi-
tions, only styrene derivatives were good substrates and afforded oximes in yields
ranging from 32 to 88% (Scheme 85). Nevertheless, only the reduction of the C=C
bond was observed when the olefin was substituted by an ester group.

The authors proposed for the mechanism as a first step a hydrometallation
assisted by NaBH,. Then, ~-BuONO could react with the alkyl iron species yielding
the nitroso intermediate, which could isomerize to an oxime (Scheme 86).
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3 Iron-Catalyzed C-S Bond Formations

Compared to C—N bond formations, transition metal-catalyzed formation of sulfur—
carbon bonds (or more generally C—S bonds) has been less studied. Indeed, this
reaction, especially when sulfur atoms in low oxidation states are used, is quite
challenging as sulfur atoms are known to bond to metallic centers irreversibly,
leading to deactivation of the catalyst. Another challenge with thio-compounds is
their sensitivity toward oxidation, leading to undesired disulfide coupling products.
However, C-S bonds are prevalent in a wide range of pharmaceutically active
compounds and polymeric materials. Thus, efficient C—S bond formation has to be
designed with cost-efficient procedures. Recent works demonstrated the progress in
the development of novel and practical iron-catalyzed transformations.

3.1 Michael Additions

The Michael addition is the addition of a nucleophile to an activated alkene and is
often catalyzed by Lewis acids. Yao and coworkers published the first iron-
catalyzed 1,4-addition in 2006 [155]. The Michael adducts, corresponding to the
addition of various aromatic and aliphatic thiols to cyclic and acyclic enones, were
isolated in high yields. Surprisingly, the authors noticed that the reaction rate and
the selectivity were enhanced by the use of FeCl; compared to other metal salts.
Kawatsura and Itoh reported the first enantioselective addition 1 year later [156]. A
combination of Fe(BF,),°6H,0 and a pybox-type ligand catalyzed the addition of
various thiophenols to (E)-3-crotonoyloxazolidin-2-one and gave the products in
53-99% yields and 24-95% enantiomeric excesses. The sulfa-Michael addition
with the highest enantioselectivity to date was communicated by White in 2014



Iron-Catalyzed Carbon—Nitrogen, Carbon—Phosphorus, and Carbon—Sulfur Bond. . . 129

o} RS O
(+)-[FeCl] =
+ RI9SH — '
r e CICH,CH,Cl, 5°C ~ R! ~ A
y= 89-98%
e.e.= 92-98%
Q (+)FeCI] Ris O
+ R4SH — :
R \\‘)LRS CICH,CH,CI, -5°C  R! \i)J\RS
R2 R2
y=90-95%
d.r=>23:1 to >50:1
e.e.= 95-98%
(+)-[FeCll=
N=
—N__/
/Fe 0 t-Bu
t-Bu (0] |
Cl t-Bu
t-Bu

Scheme 87 Enantioselective Michael addition

HO,C /X\SH

COMe ) FeCy]

96%, 98% e.e.

Cl Cl

Scheme 88 Synthesis of (R)-Montelukast

[157]. The well-defined salen-iron(IIl) catalyst, based on a chiral cis-2,5-
diaminobicylo[2.2.2]octane, gave p-thioketones in excellent yields (89-98%) and
enantioselectivities (92-98%) from a wide range of aliphatic and aromatic thiols
and chalcones or acyclic enones as Michael acceptors (Scheme 87). With
a-substituted a,pB-conjugated enones, the syn-diastereomer was produced over the
anti-isomer (Scheme 87).

Finally, this methodology was applied to a short synthesis of (R)-Montelukast,
the sodium salt of which is an anti-asthma drug (Scheme 88) [157].

Plietker et al. demonstrated recently that iron complexes could also catalyzed
Michael additions of various thiols to activated olefins (a,pB-unsaturated ketones or
vinyl nitriles) under low catalyst loading (1 mol%) and mild reaction conditions
(room temperature to 60 °C) [158]. The corresponding thio-derivatives were
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isolated in 59-96% yields (Scheme 89). To avoid olfactory disagreements when
handling thiol derivatives, an odorless alternative was addressed. The thioether of
saccharose, known as an efficient thiol synthon, was prepared by treating
thiosaccharose with an allyl bromide. The in situ liberation of the thiol in the
presence of piperidine, followed by the addition of cyclohexanone and the iron
catalyst, furnished the Michael product (Scheme 89). From a mechanistic point of
view, the authors excluded both a simple anionic addition and a radical pathway
(addition of radical scavengers did not slow down or inhibit the reaction), but
favored a concerted, neutral metallosulfenylation mechanism, followed by
hydrothiolysis of the C—Fe bond.

Jiao developed an aerobic difunctionalization of alkenes for the construction of
C-S and C-C bonds catalyzed by a simple and inexpensive iron salt (Fe
(NO3)3*9H,0) [159]. Other salts (such as FeCl;, AgNO3, Cu(NO3),, Pd(OAc),,
and AuCl;) led to lower efficiencies. The sulfur-containing oxindoles were obtained
in good to excellent yields (58-96%) from benzenesulfinic acid via a radical
process (Scheme 90). Tetrahydroquinolines or other polycyclic oxindoles could
also be prepared through this methodology.
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3.2 Cross-Coupling Reactions

As reported with amines and alcohols, thiols could react with aryl halides to yield
the corresponding aryl thioethers. Bolm mentioned the reaction first in a report in
2008 [160]. In the presence of 10 mol% of iron(Ill) chloride and N,N'-
dimethylethylenediamine (DMEDA, 20 mol%) under basic conditions at 135 °C
a S-arylation reaction occurred between (hetero)aromatic thiols and substituted aryl
iodides and provided the thioethers in moderate to high yields (32-91%). Worth to
note is that (1) no reaction took place with aliphatic thiols or with aryl bromide or
chloride and (2) the DMEDA was crucial to prevent the formation of undesired
disulfides. This work was further extended by Tsai and coworkers who described
the development of a water-soluble and reusable iron complex for the coupling of
aromatic or benzylic thiols and aryl iodides (Scheme 91) [161]. Yields were low to
high (22-99%). The recycling of the catalyst was also evaluated and the activity
was maintained for at least six runs. The coupling product was then isolated in 74%
yield after the sixth run (92% after the first one) with this catalyst system. The slight
drop of the yield was due to some catalyst leaching during the extraction, leading to
a lower catalyst concentration in the aqueous phase. Without any ligand, the yield
decreased run after run and no reaction was noticed after the fifth one.

Alkenylation of thiols catalyzed by iron complexes was less studied and only
one work by Lee and coworkers mentioned such a cross-coupling reaction
[162]. The catalytic system employed was iron(III) chloride and the bidentate
xantphos ligand (Scheme 92). Both alkyl vinyl iodides and bromides were shown
to be suitable in the coupling reaction, giving the corresponding alkenyl thioethers
in moderate to good yields (33-98%). The sole alkyl vinyl chloride reactive enough
as vinyl coupling partner in this reaction was 1-(chloromethylidene)-4-tert-butyl-
cyclohexane. The corresponding vinyl thioethers were then isolated in low to
reasonable yields (16-62%).
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3.3 Addition on Alkynes

The group of Nakamura performed the first regio- and stereoselective
chlorosulfonylation reaction of terminal alkynes in the presence of a catalytic
amount of iron(Il) (10 mol%) and #ris-tolyl phosphine (10 mol%) in refluxing
toluene (Scheme 93) [163]. Various other salts and other combinations were
evaluated but only the combination of Fe(acac), with a monophosphine afforded
the corresponding functionalized alkenes. Substituted aromatic sulfonyl chloride
and aliphatic or (hetero)aromatic terminal alkynes were employed in this process
and yields ranging from 45 to 83% were obtained. A radical mechanism was
proposed based on the addition/cyclization sequence observed with a 1,6-enyne.
However, no clues were given to explain the perfect control of the stereoselectivity
and no attempts to employ internal alkynes were mentioned.

Nishihara recently reported a related reaction. The addition of sulfenyl chloride
to various internal and terminal alkynes has been achieved in the presence of iron
(IT) chloride without any ligand in toluene at room temperature (Scheme 94) [164].
Electron-poor and electron-rich aryl or alkyl sulfenyl chlorides could be engaged in
this process. More interestingly, with internal alkynes, regio- and stereoselective
addition occurred, and, whatever the substituents on the alkyne were, the (E)-
isomer was exclusively isolated in moderate to high yields (30-97%). The stereose-
lectivity complemented the palladium-catalyzed chlorothiolation of terminal
alkynes, which afforded the (Z)-adducts with high regio- and stereoselectivities.
From a mechanistic point of view, a radical process was proposed. After the
homolytic cleavage of the S—CI bond by iron(II) chloride, the sulfur-centered
radical could add to the less sterically hindered carbon atom of the alkyne. This
step may account for the control of the regioselectivity. The newly formed carbon-
centered radical could then react with the sulfenyl chloride, generate again the
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S-radical, and liberate the product. The (E)-selectivity could arise from the most
stable carbon-centered radical intermediate, namely, the one having less steric
repulsion.

Deng and coworkers published an iron-catalyzed sulfenylation and arylation of
internal alkynes with an aryl sulfinic sodium salt [165]. A combination of
FeSO4*7H,0 (1 mol%) and 1,8-naphthalene diamine L; (2 mol%) in acidic
medium gave the best catalytic system (Scheme 95). Various tetrasubstituted
alkenes were prepared in low to good yields (20-78%) as a mixture of isomers
when the R and Ar groups were different.

3.4 Allylic Substitution

Iron complexes prepared by treatment of [BuyN][Fe(CO)3(NO)] with thiols or from
iron salts under reductive conditions are active catalysts for the regioselective
allylic sulfenylation [166]. The binuclear complex, also known as “reduced
Roussin’s red ester,” afforded the allylic thioethers in high yields and moderate to
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high regioselectivities (Scheme 96) at low catalyst loading (0.25 mol%). The
addition of ligands did not improve the catalytic activity of this complex. Not
only aromatic or benzylic thiols could be employed but also, and more importantly,
less acidic and more nucleophilic aliphatic mercaptans. Selectivities in favor of the
branched isomers were obtained, except with 2-thiopyridine. Finally, the
stereoselective course of this sulfenylation was also investigated and the C-S
bond was formed with almost a perfect retention of the configuration. To explain
this outcome, the authors proposed a 6-enyl pathway and not a r-allyl intermediate.

Sulfones are important reagents in organic chemistry. They are, for example,
starting materials in Ramberg—Bicklund or in Julia reactions. To complement the
well-known allylic sulfonation catalyzed by palladium complexes, Plietker
communicated a regioselective iron-catalyzed allylic sulfonation for the prepa-
ration of aryl allyl sulfones [167]. In the presence of the ferrate [BuyN][Fe
(CO)3(NO)] (also abbreviated as TBAFe) and tris-(para-methoxyphenyl)phosphine
at 80 °C, aryl sulfinates reacted regiospecifically with branched allylic carbonates to
furnish the branched allylic sulfones in good yields (46-86%, Scheme 97). A
variety of substituents both on the aryl group and on the allylic carbonates was
well tolerated under the reaction conditions. However, this method was limited to
tertiary allylic carbonates. Again, as with thiols, a -enyl pathway was postulated to
explain the stereochemical course of this sulfonation.
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3.5 Synthesis of Benzothiazoles

Functionalized benzothiazoles are a relevant motive in organic chemistry because
they are found in bioorganic and medicinal chemistry; they are also contained in
drugs and in antitumor, antiviral, and antimicrobial agents. Therefore, many efforts
have been devoted to their efficient synthesis. In 2009, Li and coworkers reported
the synthesis of various 2-aminobenzothiazoles via an iron-catalyzed tandem C-S
and C-N bond formations (Scheme 98) [168]. In the presence of an in situ generated
FeF3/1,10-phenanthroline catalytic system and a base, substituted 2-bromo or
2-iodoaniline reacted with various aliphatic or substituted aromatic isothiocyanates
to furnish the corresponding N-substituted 2-aminobenzothiazoles in moderate to
good yields (41-96%).

A novel synthesis of 2-arylbenzothiazoles was recently proposed from
benzothiazoles and vinyl styrene derivatives [169]. This formal C-H arylation
reaction was catalyzed by a combination of Fe(NO3),*9H,0 and P(tBu);*HBF, in
a DMSO/H,O0 solvent mixture at 120 °C under an atmosphere of oxygen. Compared
to previous methodologies, this approach avoided multistep syntheses, stoichio-
metric amounts of organic oxidants, or an inert atmosphere. This economically and
environmentally friendly reaction allowed the synthesis of a variety of
2-arylbenzothiazoles in moderate to high yields (44-84%, Scheme 99).
Benzothiazole was the sole active reagent, unlike dimethylthiazole. After several
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control experiments, a mechanism was proposed. First benzothiazole could be
hydrolyzed into 2-aminophenol. Next, styrene derivatives could be oxidized to
aromatic aldehydes. Then, a condensation step between the aldehydes and
2-aminothiophenol, followed by an intramolecular cyclization and an oxidative
dehydrogenation, could deliver the final product (Scheme 99). A radical mechanism
was not excluded, because the aryl benzothiazoles were not formed in the presence
of TEMPO as radical scavenger.

3.6 Miscellaneous Reactions

Plietker demonstrated in 2012 that the electron-rich ferrate [BuyN][Fe(CO);(NO)]
could activate a diazoester and transfer the carbenoid to electron-rich sulfides
(Doyle—Kirmse reaction, Scheme 100) [170]. The products of this rearrangement
were isolated in good yields from allylic thioethers (49-92%), propargylic
thioethers (48-80%), and thiophenol (69%). Many functional groups (such as
alcohols, amines, boronates, chlorides, and alkenes) were well compatible. Diazo
compounds other than diazoester were also investigated. Both electron-rich and
electron-poor diazo compounds were reactive in the Doyle—Kirmse reaction. How-
ever, the reaction conditions depended on the nature of the diazo compound and
have to be adjusted.

This reaction can also take place in the presence of iron(Il) or iron(III) and
trimethylsilyl diazomethane [171, 172]. Even if FeCl, and FeCl; were active in this
reaction, iron complexes bearing phosphine, such as [FeCl,(dppe)], were preferen-
tially used because they are more soluble in chlorinated solvent and are less
hygroscopic. Both allylic and propargylic aryl sulfides were introduced as sub-
strates (Scheme 101) and the corresponding sulfide products were formed in high
yields.

Huang et al. reported a simple protocol for the synthesis of f-oxosulfones from
styrene derivatives and dimethyl sulfoxide (Scheme 102) [173]. In the presence of

™ -
PhS._R PhS
MGOQC R
R? [TBAFe] (5 mol%) RZ2 SR!
R'S ~ _R3 MeO,CCHN,
\)\( > < CO,Me
R4 R3 R4
R2
R'S = R SR!
y _ MeO,C

Scheme 100 Doyle—Kirmse reaction
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Scheme 102 Synthesis of B-oxosulfones

iron(I1I) chloride (10 mol%) and hydrazine and oxygen as oxidant, modest to high
yields were obtained. Electronic properties of the substituents on the aromatic ring
have a deep influence on the formation of the products. Electron-donating or
electron-withdrawing substituted styrene derivatives exhibited reactivities, but
better results were observed with electron-donating groups and no reactivity with
strong electron-withdrawing groups (such as para-nitro, para-sulfonate, or
pyridyl). A radical mechanism was proposed for this reaction, which involved
successive C—S bond cleavage and C—S bond formation as key steps. The authors
proposed that, under oxygen atmosphere, DMSO could generate methanesulfinic
acid through an oxidative cleavage and a concomitant release of a CH; group. In the
presence of an iron salt and hydrazine, this acid could afford a sulfonyl radical,
which could add to the styrene derivative. Oxidation of the generated radical by
oxygen could then furnish the pf-oxosulfones.

4 Iron-Catalyzed C-P Bond Formation

The seminal works of Beleskaya and Dixneuf demonstrated that transition metals
such as palladium and nickel can catalyze the hydrophosphination of alkynes [174—
178]. However, examples of hydrophosphination catalyzed by transition metals are
still limited, probably because of the possible coordination of the reactant (PR,H)
and/or the product to the metal center. In 2012, Nakazawa and coworkers described
the first and, to the best of our knowledge, sole example of catalytic double
hydrophosphination of various alkynes promoted by an iron catalyst (Scheme 103)
[179]. Among the iron complexes, the most active was [FeCpMe(CO),]. The
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Scheme 105 Addition of phosphorous atoms to alkenes

bis-addition occurred in the presence of two equivalents of a secondary aromatic
phosphine, one equivalent of an (hetero)aromatic alkyne, and 5 mol% of the
complex, at 110 °C without any organic solvent. The bis-adducts were obtained
in yields ranging from 27 to 95%. With aliphatic reagents (phosphine or alkyne), no
reaction took place. Moreover, disubstituted alkynes were not reported in this work.

[BuyN][Fe(CO);(NO)] in association with an NHC: N-heterocyclic carbene ligand
could also be applied in a C—P bond formation via a cascade reaction, namely,
a Michael addition/allylic substitution sequence (Scheme 104) [180]. Various
functionalized phosphonates could be synthesized in moderate to high yields and
with a reasonable control of the regioselectivity in favor of the branched isomer.

The treatment of alkenes by phosphoryl hydrazides in the presence of iron
(IT) phthalocyanine in THF at 65 °C under air led to the hydroxyphosphonates in
moderate to good yields (45-82%, Scheme 105) [181].

The enantioselective Pudovik reaction, i.e., the addition of a dialkyl
phosphonates to aldehydes catalyzed by a camphor-based dinuclear iron(IIl), was
recently reported by Chen et al. (Scheme 106) [182]. The hydroxyphosphonates
were obtained in high yields (70-99%) and enantiomeric excesses (79-99%) from
aromatic and aliphatic aldehydes.
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Scheme 107 Kabachnik—Fields reaction

The Kabachnik—Fields reaction is an analog of the Pudovik reaction. This is a
three-component reaction between an aromatic aldehyde, a primary amine, and a
dialkyl phosphonate (Scheme 107). The amino-phosphonates were isolated in high
yields either in the presence of FeClz [183] or nanoparticles of Fe,O3 [184]. In the
latter example, the catalyst could be reused several times without any variation of
the reactivity.

5 Conclusion

This review clearly demonstrated the potential of the cheap, abundant, and bio-
compatible iron metal to perform major transformations under relatively mild
conditions along with some quite good functional group tolerances and numerous
potential applications for the academic community. Nevertheless, this chemistry is
still in infancy for the formation of C-X bonds (X=N, S and P) and the iron
complexes do not yet outperform the activities of noble metals. Even though iron
complexes can be an alternative to noble transition metal such as palladium,
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iridium, and rhodium, there are still some challenges to tackle and improvements to
perform. Indeed, most of the transformations described in this chapter involved iron
salts, which are certainly not expensive and easily available, but are still used at
high catalyst loading (10-20 mol% in a lot of reactions). In order to render this
chemistry more attractive, the introduction of inexpensive ligands or the synthesis
of new ligands might allow a decrease of the catalyst loading and also of the
reaction temperatures and consequently a higher chemoselectivity (e.g., like in
the iron nitrene chemistry). The introduction of new ligands might also increase
the functional group tolerance, enhance the range of substrates, and improve the
regio- or enantioselectivities. A deeper understanding of the mechanism details will
be also crucial to achieve higher efficiencies.
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High-Valent Iron in Biomimetic Alkane
Oxidation Catalysis

Michaela Grau and George J.P. Britovsek

Abstract The combination of iron salts or complexes with strong oxidants such as
hydrogen peroxide results in the formation of high-valent iron oxo species, the
nature of which has been under discussion in the chemical literature for more than a
century. Recent advances in the design and development of molecular iron-based
oxidation catalysts and their mechanistic understanding are summarised in this
chapter, in particular iron complexes featuring tetradentate and pentadentate
ligands. Inspired by enzymatic systems based on heme and nonheme ligand envi-
ronments, the development of biomimetic iron-based catalysts for the selective
oxidation of alkanes and alkenes can potentially be applied in a range of areas, from
late stage functionalisation of natural product synthesis to large-scale oxidation of
hydrocarbons.
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Abbreviations

BLM  Bleomycin

DFT Density functional theory

DNA  Deoxyribonucleic acid

EPR Electron paramagnetic resonance
HAT  Hydrogen atom transfer

His Histidine

KIE Kinetic isotope effect

MMO Methane monooxygenase

NMR  Nuclear magnetic resonance
PCET Proton-coupled electron transfer
RC Retention of configuration

1 Iron-Based Enzymes

Iron and copper are abundant metals in the geosphere and exhibit several accessible
redox potentials. They are the metal ions of choice for enzymatic oxidation
catalysis of organic substances. Nature uses catalytic oxidation reactions to com-
bust carbohydrates and fatty acids in biosynthesis and many metabolism reactions
or for the detoxification of harmful compounds. Excellent catalysts for these
oxidations are metalloenzymes featuring either iron, copper, or manganese ions
as the central atom at the active site of the enzyme [1, 2]. When featuring iron at the
active site, these metalloenzymes can be divided into heme and nonheme systems.
Heme systems are defined as iron-containing molecules that bind with proteins as a
cofactor or prosthetic group to form the heme proteins. These are haemoglobin,
myoglobin and the cytochromes. Essentially, heme comprises a porphyrin with its
four nitrogen atoms coordinating the iron(Il) atom as a macrocycle. The definition
of nonheme systems is even broader; they are enzymes containing iron centres that
are not coordinated within a porphyrin ring. To form the active oxidant, both
systems (heme and nonheme) activate dioxygen or derivatives of dioxygen such
as superoxide radical anions or hydrogen peroxide [3-5]. Furthermore, they exhibit
substrate specificity, regio- and stereoselectivity and operate under mild conditions.
To understand the mechanisms and to emulate the high efficiency of these
metalloenzymes, their structure and function during the oxidation process has
been extensively investigated. The oxidation of the substrate (e.g. alkane) is
thermodynamically favoured, but slow in the absence of a catalyst. For example,
the oxidation of methane to methanol is thermodynamically favoured due to a
negative reaction enthalpy but is kinetically inert due to the strong C—H bonds. It
has been found that iron(II) species react readily with dioxygen to form oxidants
including iron(IIl)-superoxo (Fe(Ill)-O, ), iron(III)-peroxo (Fe(IH)—Ozz_), iron
(IV)-oxo and iron(V)-oxo species (Scheme 1). There has been a long-standing
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Scheme 1 Metallo-oxygenase mechanisms: (a) heme paradigm, (b) proposed mechanism for
dioxygen activation by various dinuclear metallo-oxygenases, (c¢) proposed mechanism for
dioxygen activation by mononuclear nonheme metalloenzymes (P porphyrin)

debate on whether high-valent iron species such as Fe(IV)-oxo and Fe(V)-oxo can
be formed and stabilised in mononuclear and binuclear nonheme iron enzymes
without the support of a porphyrin ligand. However, several enzymatic nonheme
iron(IV)-oxo intermediates have been characterised during the last 15 years [1, 3,
6—8]. The mechanism proposed for the activation of oxygen by nonheme iron
enzymes is therefore believed to be similar to the one proposed for cytochrome
P450 (Scheme 2). Furthermore, the increasing number of isolated and characterised
biomimetic nonheme iron(IV)-oxo complexes bearing tetradentate and
pentadentate N-donor ligands supports the proposal that nonheme ligands can
stabilise these highly reactive species [9-11]. The reaction pathways (a, b, c)
illustrated in Scheme 1 emphasise the similarity between the proposed formation
of the active oxidant for heme and nonheme systems. All involve the formation of
an initial O,-adduct (superoxo), conversion to a metal-peroxide (peroxo), and
subsequent O—O bond cleavage to yield a high-valent oxidant (oxo).

For heme systems, the porphyrin ligand is responsible for the pathway by which
dioxygen is activated. It makes the low-spin states of the iron centre accessible and
stabilises highly oxidised iron intermediates through its redox activity [12]. In
general, cytochrome P450, heme peroxidases and catalases belong to the class of
heme iron enzymes. Cytochrome P450, whose reactivity has been summarised by
Meunier et al., is one of the most studied and best understood heme systems
[13]. These cysteinato-heme enzymes are able to oxidise a large variety of sub-
strates. For instance, they can activate dioxygen and hydrogen peroxide to hydrox-
ylate aliphatic C-H bonds and epoxidise C=C bonds with high regio- and
stereoselectivity [12, 13].

The widely accepted mechanism of dioxygen activation by heme iron enzymes,
here illustrated for P450 (Scheme 2), involves the initial reaction of an iron(II)
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Scheme 2 Proposed mechanism for the activation of dioxygen by cytochrome P450

high-spin species B with molecular oxygen to form an end-on iron(IIl)-peroxyl
radical C. Upon addition of an electron, an end-on iron(Ill)-peroxo species D is
formed, which is in equilibrium with a side-on peroxide E [14]. Intermediate E is
the only possible species to activate both oxygen atoms.

The first X-ray structure of a side-on peroxide complex was reported by Karlsson
et al. [15] A proton subsequently adds to the iron(IIl) side-on peroxide E to form the
more reactive end-on iron(IIl) hydroperoxide F. Intermediate F is believed to act as
the key catalytic oxidant in these systems [16, 17]. The polarised O-O bond in
intermediate F could undergo a heterolytic or homolytic bond cleavage to afford a
high-valent iron(V)-oxo or iron(IV)-oxo species, respectively. In the case of cyto-
chrome P450, it is proposed that, together with an additional protonation, a hetero-
Iytic O-O bond cleavage takes place to yield a highly reactive iron(V)-oxo
intermediate, which subsequently reacts with the redox active porphyrin ligand to
form the more stable iron(IV)-oxo porphyrin radical species G. This key interme-
diate oxidises the substrate by the rebound mechanism [18]. The coordinated
product is replaced by a labile water ligand, which allows another substrate to
diffuse into the enzyme pocket. Additionally, the high-spin iron(Il) species B in
cytochrome P450 is able to activate hydrogen peroxide via the so-called peroxide
shunt, which allows the formation of the iron(IIl)-hydroperoxo species F in
one step.
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Similar to heme systems, the main role of nonheme enzymes is the activation of
dioxygen in order to oxidise a certain substrate. In contrast, nonheme systems show
a larger variety in their ligand structures. In most cases, the ligand is not fully
conjugated or fully aromatic, but contains aromatic N-donors such as pyridine or
pyrazoles, N-donors such as amines and O-donors such as carboxylate groups.
Additionally, there can be mono- and binuclear active sites. The lack of conjugated
ligands is proposed to make low-spin states less accessible, but the geometry of the
active site is much more flexible. This often results in the formation of two
accessible cis sites, which are proposed to be crucial for the oxidation mechanism.
In contrast, heme systems such as cytochrome P450 exhibit only one labile site.
These electronic and structural differences open up reaction pathways unavailable
to heme iron enzymes [19-23]. During the last decade, more information on the
oxidation catalysis of nonheme iron oxygenases has been obtained. A large variety
of nonheme metalloenzymes and model complexes has been structurally
characterised [3, 24-26]. The most studied examples for natural nonheme systems
are methane monooxygenase (MMO), Rieske dioxygenases, pterin and a-keto acid-
dependent oxygenases, all featuring iron at the active site [1, 27, 28]. Although
these enzymes belong to the class of nonheme iron enzymes, they are quite different
in certain ways. For instance, MMO contains two iron(Il) atoms at the active site,
while Rieske dioxygenases, pterin and a-keto acid-dependent oxygenases feature
only one. Furthermore, MMO, pterin and a-keto acid-dependent oxygenases are
monooxygenases and therefore incorporate only one oxygen atom from molecular
oxygen into the substrate, whereas dioxygenases such as Rieske dioxygenases are
the most atom-efficient metalloenzymes since they incorporate both oxygen atoms
into the substrate. It should also be noted that most nonheme enzymes are substrate
specific and some of them require a cofactor to operate, which increases their
variety.

Nonheme iron(II) species can be divided into several subclasses and some
enzymes fit into more than one of these. They can be divided into mono- and
dioxygenases, both of which can feature either a mono- or binuclear active site.
Additionally, they can be intradiol- or extradiol-cleaving enzymes, which include
an iron(II) and an iron(Il)-activating species, respectively. One motif which seems
to occur in most nonheme enzymes is the so-called 2-His-1-carboxylate facial triad
[29]. This class of enzymes features an iron(Il) centre which is invariably coordi-
nated by three protein residues, two histidine (His) and one asparagine (Asp) or
glutamine (Glu), coordinating one face of the octahedron (Fig. 1) [23, 29, 30]. The
three remaining sites on the opposite face of the octahedron are available for
exogenous ligands, usually solvent molecules such as water. This class of
dioxygenases is capable of different biological transformations, such as the oxida-
tive ring cleavage of aromatic molecules and the cis-hydroxylation of arenes. Some
of these enzymes need an a-keto acid or pterin as a cofactor. Comparisons among
this superfamily of enzymes show that the 2-His-1-carboxylate triad is conserved
within each subgroup, which strongly suggests convergent evolution towards a
particularly favoured metal-binding site that is useful for promoting oxidation
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Fig. 1 TIllustration of the H,0
2-His-1-carboxylate facial —OH,
. —_—
triad M0 Fe \N(His)
(His)N ]
O(Glu/Asp)

reactions. This structural ligand motif allows the metal centre to activate both
substrate and dioxygen for subsequent reaction [23, 29, 30].

This coordination flexibility of three vacant sites enables a mechanistic diversity,
different from any other metalloenzyme class. Despite the large variety of trans-
formations catalysed, a general mechanism at the iron(II) centre has been proposed
on the basis of spectroscopic and crystallographic studies [25, 29, 31]. The iron
(IT) centre is typically six-coordinate at the start of the catalytic cycle and relatively
unreactive towards dioxygen. Substrate binding or cofactor binding to the active
site makes the metal centre five-coordinate and increases its affinity for dioxygen.
The binding of dioxygen initiates the oxidative mechanism specific for each
subclass. Some well-understood examples of nonheme iron enzymes are shown in
Table 1, which illustrates the diversity of reactions these enzymes are capable
of. The field of mononuclear nonheme iron active sites including enzymes, models
and intermediates has been reviewed by Costas et al. in 2004 and the field of
dinuclear iron nonheme enzymes by Lipscomb et al. in 1996 [3, 48].

Of particular importance is glycopeptide-derived antibiotic bleomycin (BLM),
which is a monooxygenase with antitumour activity because of its ability
to oxidatively cleave DNA. It features a square-pyramidal coordinated iron
(Il) complex at the active site with a pentadentate ligand (Fig. 2). The vacant
axial position trans to the primary amine can be either occupied by a part of the
sugar side chain of BLM or by a solvent molecule. This position is also the assumed
coordination site for dioxygen or hydrogen peroxide [46]. The most extensively
studied iron(III) hydroperoxo intermediate for nonheme enzymes is that of acti-
vated bleomycin. The properties of activated BLM have been reviewed compre-
hensively [46, 49-51]. In analogy to cytochrome P450, activated BLM is formed by
reacting dioxygen or hydrogen peroxide with iron(I[)BLM [50]. This similarity, as
well as high kinetic isotope effect (KIE) values, have led to the proposal that
activated BLM may serve as the precursor to an iron(V)-oxo species responsible
for substrate oxidation [52]. However, analytical data obtained for the activated
BLM only show evidence for a low-spin iron(III) hydroperoxo complex, suggesting
this species acts as the active oxidant, achieving O—O bond homolysis concomitant
with the C—H bond cleavage [51, 53]. An excellent structural model for the ligand
environment around the iron centre in BLM is the linear pentadentate ligand HPMA
(see Fig. 4) published by Mascharak et al., since [(BLM)Fe(II)] and [(PMA)Fe(I)]
react with dioxygen to generate a low-spin iron(Ill) intermediate with nearly
identical EPR parameters [54-56].

Dinuclear nonheme iron enzymes are typically coordinated by a histidine nitro-
gen, several carboxylate oxygens and one or more oxo/hydroxo bridges. These
complexes are characterised by a relative symmetric ligand environment for both
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Table 1 Examples of natural nonheme mono- and diiron metalloenzymes

Enzyme class

Characteristics and function

Scheme for conversion

a-Keto acid- Mononuclear high-spin iron OH
dependent (II) monooxygenase to oxi- O/’/:L R % OJ/:L R
oxygenases — dise C-H bonds [3] COoH CozH
e.g. clavaminate
synthase 2 (CAS)
Aromatic amino acid | Mononuclear high-spin iron ANHz  (Ee) 0, N NH:
hydroxylases (cofac- | (II) monooxygenase to COOH HO” COOH
tor: pterin) hydroxylate aromatic
amino acids [32]
Intradiol cleaving Mononuclear iron(III) OH ret 0 COOH
catechol dioxygenase to oxidise cat- - - ——
dioxygenase echols [33, 34]
Extradiol cleaving Mononuclear high-spin iron on HOOC._ OH
catechol (II) dioxygenases to oxidise ‘ [Fel.O;
dioxygenases catechols [35] 7 TOH _o
Ar Ar
Fe-superoxide Mononuclear iron(1I/I1T) 20, + 21* FeLO2, H,0,+0,
dismutase dioxygenase to dismute
superoxide radicals to
hydrogen peroxide and
oxygen [36]
Isopenicillin N Mononuclear high-spiniron | o H ii
synthase (II) oxidase to form \El; Y sH FeLop VNS
isopenicillin N [37-42] oMM T o LN
HOOC" ﬁ/ g CooH
Lipoxygenases Mononuclear high-spin iron [Fel. 0z _ OO
(IT) dioxygenases to “ R n -
peroxidise unsaturated fatty
acids [43, 44]
Rieske oxygenase Monqnuclear high-spin iron COOH [Fe], 02 H0:©:COOH
(I.I) dioxygenases to cis- ©:COOH Ho CooH
dihydroxylate arenes [45]
Bleomycin Mononuclear high-spiniron | pya FeL92, 00 sropenals
(I) monooxygenase to
cleave DNA [46]
Methane Dinuclear high-spin iron CH, + 2H" TFe 92, CH,0M + H0
monooxygenase (I) monooxygenase to oxi-

dise methane to methanol
[47]

iron centres with a flexible ligand coordination that allows for rearrangements upon
reduction. Dioxygen activation by enzymes containing a dinuclear nonheme iron
site has been reviewed by Lipscomb and Friesner [48, 57]. A review on synthetic
structural models for nonheme carboxylate-bridged diiron metalloproteins has been
presented by Lippard et al. [58]. Methane monooxygenase (MMO) is a dinuclear
nonheme iron enzyme that catalyses the oxidation of methane to methanol using
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Scheme 3 Proposed mechanism for methane monooxygenase

dioxygen as the primary oxidant [59]. Similar to the mechanism described for
cytochrome P450 (Scheme 2), the high-spin iron(Il) species MMOH, .4 reacts
with molecular oxygen as shown in Scheme 3. In contrast to cytochrome P450,
MMO features a dinuclear iron(Il) active site. The oxidation of MMOH,..q with
molecular oxygen leads to the formation of a (u-1,2-peroxo)diiron(Ill) species
Intermediate P, which subsequently rearranges to form a high-valent bis-u-
oxo-diiron(IV) species Intermediate Q, which is believed to be the active oxidant.
A dinuclear diiron(IV) intermediate has been identified with Mossbauer spectros-
copy in the catalytic cycle of MMO and has also been supported by extended X-ray
absorption fine structure (EXAFS) measurements [60]. One oxygen atom of
Intermediate Q is involved in the oxidation of methane to methanol, while the
other is converted to water (or hydroxide), resulting in an diiron(Ill) species
MMOH,,, which is then further reduced by a cofactor to the reactive high-spin
iron(II) species MMOH,..q and water.
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RH+MY o R-H"+ MO (1A)
R-H™ o R +H" (1B)
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Scheme 4 Different pathways of how metal salts promote the autooxidation of hydrocarbons.
(1) Proton-coupled electron transfer (PCET) from the substrate to the metal catalyst. (2) Reaction
of primary oxidant (oxygen) with metal catalyst followed by hydrogen atom abstraction (HAT)
from the substrate. (3) Decomposition of catalyst followed by HAT from the substrate to the
initiator radical

2 Metal-Ion Catalysed Autooxidation

Liquid-phase oxidations proceeding via a radical chain mechanism with dioxygen as
the oxidant are known as autooxidation. In uncatalysed autooxidations, a significant
induction period can be observed, as a sufficient concentration of radicals needs to
be generated before the chain reaction starts. Metal salts can promote the formation
of radicals in three different ways: firstly, by proton-coupled electron transfer
(PCET) from the substrate to the metal catalyst (Scheme 4, 1A and 1B); secondly,
by hydrogen atom abstraction (HAT) from the substrate by a metal peroxo radical
species (2A and 2B); and, thirdly, by catalyst decomposition into an initiator radical,
which then reacts with the hydrocarbon (3A and 3B). In order to be a good catalyst,
the metal ions need to be stable in at least two oxidation states. Some of the most
effective metals capable of activating oxygen are manganese, iron, cobalt and
copper. They can react with dioxygen due to its paramagnetic triplet ground state,
which can accommodate one or two more electrons in the n*-orbitals to from either
superoxide (O, ") or a peroxide ion (0,°7), respectively. The activation described in
Egs. (1A) and (1B) is less common for hydrocarbon autooxidation but can be found
for catalysts with high oxidation state metals. The mechanism described in
Egs. (2A) and (2B) is the most commonly proposed initiation path for metals in
low oxidation states which can activate oxygen, e.g. M(II) salts of manganese, iron
and cobalt. The initiation due to catalyst decomposition (3A) and (3B) has been
proposed for metal carboxylates, but has yet to be proven. However, it has also been
suggested for catalyst systems where metal halides act as initiators, for example, in
the Amoco Process for the oxidation of p-xylene [61].

3 Fenton Chemistry

It has been known for more than a century that iron(I) salts can catalyse the
decomposition of hydrogen peroxide to form highly reactive hydroxyl radicals
(Scheme 5, (1)) [62—64]. This process triggers a chain reaction, which eventually
converts hydrogen peroxide into water and dioxygen if no substrate is present. This
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Fe" + H,0; = Fe'"OH + HO" (1)
H;0; + HO" = H,0+HO; (2)
Fe"' + HO3 o Fe'+ 0, +H' (3)

2 H0; Fe . 0,+2H,0 (4)

Scheme 5 Mechanism of hydrogen peroxide decomposition in the presence of an iron
(II) compound according to Fenton [62]

Fe'l + H,0, = Fe''OH + HO" (1)
R-H + HO" = R" +H,0 (2)
R+ 0, —— R-00" (3)
R-00"+ R-H = R-O0OH+R" (4)

2 R-00" — = R-OH+R=0 (5)

Scheme 6 Radical chain mechanism for substrate oxidation with iron(II) compounds and hydro-
gen peroxide as the primary oxidant (Fenton chemistry). Further side reactions such as radical
termination steps by the combination of two radicals (e.g. R + R — R — R), or reactions between
the iron(Il) and iron(Ill) species with radicals are not included, since they have no significant
influence on the product ratio (A/K=1)

catalytic cycle is known as ‘Fenton chemistry’ and is mostly carried out in aqueous
acidic conditions (pH< 2), for example, in aqueous perchloric acid with an excess
of hydrogen peroxide and a catalytic amount of the iron(II) salt. As for iron(II) salts,
it has also been shown by Drago et al. that cobalt(Il) salts, in particular with weakly
coordinating anions such as that found in [Co(NCMe),](PF),, also catalyse the
decomposition of peroxides [65].

If a substrate (R-H) is present, the highly reactive hydroxyl radicals promote a
series of reactions that lead to substrate oxidation via a radical chain mechanism
(Scheme 6) [63]. This metal-catalysed autooxidation of hydrocarbons with hydro-
gen peroxide was first found for iron(I) and has been explained with the Haber-
Weiss mechanism [66]. In the presence of dioxygen, the initially produced radical
(R) forms a peroxide radical, which either reacts with the large excess of substrate
or reacts with another equivalent of peroxide radicals to yield one equivalent of
alcohol (A) and one equivalent of ketone (K). Equation (5) in Scheme 6 is also
known as the Russell termination step [67]. This reaction sequence leads to A/K
ratios of approximately one, which is indicative of Fenton chemistry [68]. Apart
from iron(II) salts, cobalt(II) and manganese(II) salts can also oxidise hydrocarbons
in this manner [69].

4 Oxidation Catalysis with Synthetic Mononuclear
Nonheme Fe(II) Complexes

This section focuses on nonheme systems and therefore synthetic heme systems
will not be covered, but it should be noted that there are many metalloporphyrin
catalysts that mimic the reactivity of cytochrome P450 [70-74]. The major
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drawback of these catalysts is that they mostly require difficult, multiple-step
syntheses and achieve only relatively low turnover numbers due to oxidative
decomposition of the ligand system [73, 75-78]. It has been shown that sterically
hindered and fluorinated porphyrin ligands are more stable under harsh oxidation
conditions, but their synthesis is often too expensive for any large-scale industrial
application [79-81].

To mimic or to model nonheme iron systems found in nature, a growing area of
research focuses on the synthesis of so-called biomimetic nonheme oxidation
catalysts and investigates their reactivity towards oxygen, hydrogen peroxide,
alkyl peroxides or peracids, as well as their potential as alkane oxidation catalysts.
Hydrogen peroxide is the most attractive primary oxidant in terms of costs, ease and
safety of handling. It has a high oxygen content, can be safely handled in concen-
trations up to 60% and leaves only water as a by-product [82].

A large number of biomimetic systems have been investigated, such as the Gif
systems developed by Barton [83, 84], the Fenton-like systems by Sawyer [85, 86]
and nonheme iron complexes pioneered by Fish, Que, Ménage and Mascharak [87—
94]. One advantage with respect to synthetic nonheme systems is that these systems
are available in few synthetic steps and their synthesis is relatively cheap. Early
investigations failed to find a catalyst system for stereospecific hydroxylation
comparable to naturally occurring ones such as cytochrome P450, MMO, Rieske
dioxygenases or any a-keto acid-dependent enzyme. In the past 15 years, intensive
investigations have taken place to find nonheme iron catalysts capable of selec-
tively oxidising alkanes [59]. A large variety of so-called bioinspired complexes
have been reported and covered in several reviews [59, 68, 95, 96]. Examples
include (u-oxo)diiron(III) complexes with bi- and tridentate N-donor ligands and
monoiron(I) complexes of tetradentate N-donor ligands [90, 91, 97-102]. Addi-
tionally, evidence for iron(IIl)-peroxo, iron(IIl)-hydroxo, iron(IV)-oxo, iron(V)-
oxo and iron(IV)-oxo-hydroxo species, which could all serve as active oxidants in
the catalytic cycle, has increased, suggesting that synthetic nonheme systems are
capable of stabilising these highly reactive intermediates [9, 10, 16, 90, 91, 100,
103-109].

In the following sections, mononuclear nonheme iron complexes will be
discussed, with a focus on their ligand structure and their catalytic performance
in alkane oxidation. Two main classes of nonheme iron-based catalysts can be
discerned featuring either tetradentate or pentadentate ligands.

4.1 Tetradentate Ligands

Iron(Il) complexes with tetradentate N-donor ligands have been extensively inves-
tigated for the oxidation of alkanes with hydrogen peroxide as the primary oxidant
[90, 91, 100-102]. The various ligands can be classified according to their binding
mode, of which there are four principle types: tetracyclic ligands (A), tricyclic (B),
tripodal (C) and linear (D), as shown in Fig. 3. In order to compare the catalytic
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Table 2 Catalytic oxidation of cyclohexane in acetonitrile catalysed by mononuclear iron
(IT) complexes bearing tetradentate ligands using H,O, as the primary oxidant

Catalyst A/K* | KIE® |Eff.(%)° | References
[(TPA)Fe(CH;CN),](ClO4), 12.0 3.5 37 [90, 110]
[(5-MesTPA)Fe(CH3CN),](ClOy), 9.0 3.8 40 [91]
[(3-Me;TPA)Fe(CH3CN),](ClO,4), 14.0 3.7 - [91]
[(6-MeTPA)Fe(CH3CN),](Cl0,), 7.0 3.6 - [91]
[(6-Me,TPA)Fe(CH3CN),](ClO,4), 2.0 4.0 - [91]
[(3-Me3TPA)Fe(CH3CN),](Cl0,4), 1.0 3.3 - [91]
[(BPQA)Fe(CH3CN),](ClOy4), 10.0 34 - [91]
[(BQPA)Fe(CH3CN),](ClO4), 2 35 - [91]
[(HDP)FeCl,] 1.2 - 3 [111]
[(BPMEN)Fe(CH;CN),](ClO4), 9.5 32 63 [91, 100, 110]
[(L1)Fe(CH3CN),](ClO4)» 8.0 - 38 [102]
[(N3Py-Me)Fe(CH;CN),](ClO,4), 4.6 35 19 [112]
[(N3Py-Bn)Fe(CH3CN),](ClO,), 5.8 24 19 [112]
[(HTPCA)Fe(CH3CN),](ClOy), 7 - 6 [113]
[(S,S-PDP)Fe(CH3CN),](SbFg), 9.7 - 67 Kyriacou and Britovsek
(unpublished results)
[(S,S,R-MCPP)Fe(CH3;CN),](OTf), | 0.15 - 42 [114]
[(BQEN)Fe(CH3CN),](OTf), 5.0 - 51 [115]
[(BQCN)Fe(CH3CN),](OTf), 1.1 - 16 [115]

For ligand abbreviations, see Fig. 3

#A/K = cyclohexanol to cyclohexanone ratio
®Kinetic isotope effect of cyclohexanol formation
“Efficiency based on conversion of H,O,

activity of these complexes, the oxidation of cyclohexane with hydrogen peroxide
in acetonitrile often serves as a reference reaction and results are presented in
Table 2.

One of the first nonheme mononuclear iron(Il) complexes catalysing a
stereoselective alkane hydroxylation with hydrogen peroxide as the primary oxi-
dant was [(TPA)Fe(CH5CN),](ClOy),, reported by Que et al. in 1997 [90]. The
oxidation of cis- and trans-1,2-dimethylcyclohexane with hydrogen peroxide
affords the tertiary alcohol with 99% retention of stereochemistry [90, 91], while
the oxidation of alkenes yields epoxide and cis-diol [90, 116]. In 1999, Que
et al. published the iron(Il) complex [(BPMEN)Fe(CH;CN),](ClOy),, which is
highly stereospecific for alkane hydroxylation with a conversion of 70% based on
hydrogen peroxide, in comparison to 40% conversion with complex [(TPA)Fe
(CH3CN),](CIOy4), [100]. The oxidation of cis-1,2-dimethylcyclohexane affords
only cis-1,2-dimethylcyclohexanol and no isomeric frans-alcohol product is
observed. When performing the oxidation in the presence of labelled water
(H,'%0), it was found that 26% of the cis-alcohol product is '*O-labelled, indicating
that the oxidant responsible for stereospecific alkane hydroxylation can undergo
oxygen atom exchange with water. The incorporation of '*0 from H,'®0 into the
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oxidation product provided the first evidence that a nonheme iron catalyst can
hydroxylate alkanes stereospecifically via a high-valent iron oxo species [100].

Jacobsen demonstrated that the use of acetic acid as an additive (30 mol%)
together with [(BPMEN)Fe(CH;CN),]** converts alkenes into epoxides with high
yields and that even terminal alkenes can be epoxidised [117]. Mas-Ballesté and
Que showed that for [(BPMEN)Fe(CH;5CN),]** and [(TPA)Fe(CH5CN),J**, in an
acetonitrile/acetic acid solvent mixture at 0°C, the effect of acetic acid can be used
to convert cyclooctene nearly quantitatively to the epoxide [118]. The binding of
acetic acid to the iron(IIl) peroxo intermediate was supported by spectroscopic and
kinetic measurements. Que et al. suggested that the binding of a proximal proton
donor is important to promote the heterolytic cleavage of the O—O bond to form a
[(L)Fe(V)(O)(OAc)] species as the active oxidant [118, 119]. The presence of
acetic acid also improved the catalytic hydroxylation of unactivated tertiary C—H
bonds as shown by White et al. with [(S,S-PDP)Fe](SbFg), [120, 121].

The success of the BPMEN system encouraged the synthesis of a variety of
BPMEN-derived ligands [114, 115, 120, 122, 123]. Chiral ligands such as BQBP,
6-Me,BPBP, BPMCN and 6-Me,BPMCN have been used to obtain complexes that
give the cis-diol product with up to 97% enantiomeric excess when oxidising
different alkenes [124]. Complexes containing the BPMCN ligand have also been
used recently for the site-specific oxidation of methylenic sites in alkanes
[125]. Goméz and Costas used the iron(Il) complexes with the R-MEPP and S,S,
R-MCPP ligands to perform stereospecific alkane oxidation. The complex [(S,S,R-
MCPP)Fe(OTf),] was the most active and efficient nonheme iron hydroxylation
catalyst, and it was suggested that the combination of steric isolation and an
oxidatively robust site may lead to even more active catalysts [114].

A possible deactivation pathway that has been invoked in a number of related
nonheme catalyst systems is the formation of inactive dinuclear p-oxo iron(III)
complexes [114, 126]. However, certain dinuclear p-oxo iron(Ill) complexes are
active alkane hydroxylation catalysts [91, 102, 116], which suggests that dinuclear
u-oxo iron(III) complexes could be in equilibrium with mononuclear iron(III)
hydroxo complexes (probably together with other dinuclear u-oxo/u-hydroxo inter-
mediates) [127—130]. The formation of dinuclear complexes may be minimised by
steric congestion around the metal centre [102]. One approach has been to attach
bulky substituents to the pyridine donor, for example, a pinene moiety or bis
(trifluoromethyl)phenyl substituents in the five-position of the pyridine donors
[114, 131, 132].

A large variety of tetradentate BPMEN-type ligands and their iron and some
manganese and cobalt complexes have been investigated for cyclohexane hydrox-
ylation [110, 115, 122, 123, 133, 134]. Whereas the iron(I) complexes showed
different activities dependent on the ligand system, no or only very small amounts
of oxidation products were generally obtained with the manganese(Il) and cobalt
(II) complexes under the same conditions. In addition to the catalyst systems
already mentioned above, a notable example is [(BQEN)Fe(CH;CN),](OTf),
which yielded 51% of oxygenated product when oxidising cyclohexane with an
A/K ratio of 5 [115]. As the major findings for all complexes with linear
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tetradentate ligands, it can be summarised that their catalytic activity and selectivity
depend on the coordination mode of the ligand and the ligand field strength. Linear
tetradentate ligands coordinate to the metal centre in three different modes, cis-a,
cis-f and trans, and those complexes which exhibit a cis-a geometry are generally
better oxidation catalysts. It should be noted that it is difficult to determine the
active species in solution, and in a number of cases, it was found that there can be
temperature-dependent dynamic equilibria between different coordination modes
[123, 135]. The studies on [Fe(BPMEN)(OTf),] have shown that changes to the
BPMEN ligand framework that lead to a change in ligand flexibility have the effect
that different coordination modes (cis-f and trans) become accessible. An increase
in ligand flexibility generally results in complexes that show inferior catalytic
activity in alkane oxidation [115, 123, 133]. As a result of these studies, it has
become increasingly clear that catalyst stability, under the harsh oxidising condi-
tions required to oxidise alkanes, is a major factor that determines the catalytic
efficiency of a given catalyst. Ligand rigidity, a strong ligand field and low
chemical reactivity of the ligand appear to be critically important for the stability
and lifetime of nonheme catalysts [134].

4.2 Pentadentate Ligands

A large variety of pentadentate ligands have been used to prepare mononuclear
nonheme iron(Il) complexes, which have been evaluated in oxidation catalysis.
From the studies of tetradentate systems, it was proposed that two labile cis sites are
required for good catalytic activity. However, nature shows that active sites also
feature pentadentate ligands, as, for example, in activated bleomycin (Fig. 2).
Increasing research efforts are being carried out to determine how these species
activate oxygen or hydrogen peroxide and whether an increase in the ligand
denticity might improve the catalyst stability. Pentadentate ligands can be classified
into eight classes: pentacyclic (A), tetracyclic (B), tricyclic (C, D, E), tetrapodal
(F), tripodal (G) and linear (H). In Fig. 4, an overview of pentadentate ligands that
have been used to form Mn(II), Fe(Il) and Co(II) complexes is displayed. Most of
these complexes with those pentadentate ligands have been used for mechanistic
studies, for example, to investigate their reactivity towards different oxidants. A
number of iron complexes with pentadentate ligands have been applied in the
catalytic oxidation of cyclohexane, which are shown in Table 3.

In 1999, Feringa and Que et al. reported a nonheme mononuclear iron
(II) complex of the pentadentate ligand N4Py to gain more information about the
formation and stability of nonheme iron(IIl) hydroperoxo intermediates
[141]. Experimental results, as well as theoretical studies, suggest an iron(IV)-
oxo species and hydroxyl radicals as active oxidants, which are formed during the
homolytic cleavage of the iron(IIl) hydroperoxo intermediate [136, 142]. Substitu-
tion of one picolyl group in [(N4Py)Fe(CH;CN)](ClO,), with a non-coordinating
moiety (Me, Ph) has led to iron(I) complexes which are able to perform
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Table 3 Catalytic oxidation of cyclohexane in acetonitrile catalysed by mononuclear complexes
bearing pentadentate ligands using H,O, as the primary oxidant

Catalyst A/K? KIE® Eff.(%)° References
[(N4Py)Fe(CH;CN)|(CIO,), 1.4 15 31 [136]
[(PaPy3)Fe(CH;CN)](C10,), 1 - 12 [137]
[(Hobppa)Fe(HCOO)](ClO,), Only A - 7 [138]
[(Bispidine3)Fe(CH;CN)](OTH), 1.1 - 24 [139]
[(Bispidine4)Fe(CH;CN)|(OTf), 0.8 - 21 [139]
[(BPAbipy)Fe(CH;CN)] 1.2 23 [140]
[(N2Py3)Fe(OTf),] 2.0 25 [134]

For ligand abbreviations, see Fig. 4

#A/K = cyclohexanol to cyclohexanone ratio
PKinetic isotope effect of cyclohexanol formation
Efficiency based on conversion of H,O,

stereoselective hydroxylation, but show less activity compared to [(N4Py)Fe
(CH5CN)](ClOy), [112]. A difference in kinetic isotope effect values (KIE, vide
infra) was observed when comparing the oxidation of cyclohexane with hydrogen
peroxide as the primary oxidant in acetonitrile and acetone. NMR studies of the
complexes in both solvents showed that acetone replaces acetonitrile as the sixth
donor ligand, resulting in a change of the redox potential of the iron centre. In the
case of the complex with the N4Py ligand, the KIE value is 2.4-3.5 in acetonitrile,
compared to 4.4-5.0 in acetone [112]. The oxidation of cis-1,2-dimethylcy-
clohexane and trans-1,2-dimethylcyclohexane afforded the tertiary alcohol with
50-85% retention of configuration at the tertiary carbon [112]. For the oxidation of
alkenes, this was the first example of an iron-based catalyst that can either give
cis- or trans-dihydroxylation simply by switching the solvent from acetonitrile to
acetone [112]. The N4Py iron(IV)-oxo complex exhibits exceptional thermal
stability, with t;,, =60 h at 25°C [143].

In 2002, Wada and Masuda published the synthetic isolation of an iron(III)-
hydroperoxo complex using the pentadentate ligand H,bppa, which contains pyr-
idines as well as amido groups (see Fig. 4) [138]. The complex [(H,bppa)Fe
(OOH)]** was used as oxidant in the absence of hydrogen peroxide. Warming an
acetone solution of this species from —70°C to 20°C accelerated the oxidation of
cyclohexane to cyclohexanol and only traces of cyclohexanone were observed
[138]. Another pentadentate ligand bearing pyridines, amines and amido groups
(HPaPy3), as well as its iron(IIl) complex [(PaPy;)Fe(CH3CN)](ClO,),, was
reported by Mascharak [137]. In the presence of 150 eq. of hydrogen peroxide as
the primary oxidant, [(PaPy;)Fe(CH;CN)](ClO,4), oxidises cyclohexane with a
resulting A/K ratio of one, suggesting the involvement of hydroxyl radicals [137,
144]. Rybak-Akimova and co-workers reported several tetracyclic ligands with a
pendant aminopropyl donor [145]. These [(L1-3)Fe(OTf),] complexes have been
used to model the square-pyramidal coordination geometry of iron-BLM. In the
presence of small amounts of weakly coordinating acids such as triflic acid, the
pendant arm reversibly dissociates. It has been proposed that the aminoalkyl ‘tail” is
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protonated by the acid and generates an ammonium group. [(L1-3)Fe(OTf),] (L1-3,
see Fig. 4) complexes have been reported to activate hydrogen peroxide, forming a
metal-based oxidant, capable of oxidising alkenes to the corresponding epoxides in
good yield (up to 89%) and with good selectivity (90-98%) [145]. An excellent
structural model for the ligand environment of BLM around the iron centre is the
iron HPMA complex reported by Mascharak et al. [54-56].

5 Mechanistic Discussions

The oxidation of a substrate catalysed by nonheme metal complexes in the presence
of hydrogen peroxide is believed to proceed by two competing mechanisms: a
metal-based oxidation mechanism and a radical mechanism (metal-catalysed
autooxidation) (Scheme 7). One way to minimise radical formation is to perform
the reaction in a suitable organic solvent [146]. Therefore, the oxidation of alkanes
is carried out preferentially in acetonitrile, pyridine or acetone. However, acetone
and hydrogen peroxide can form an acetone peroxide, a primary explosive; for this
reason acetone cannot be used on an industrial scale [147]. As most alkane
oxidation studies with nonheme ligands have been reported for iron(II) systems,
the mechanistic discussion will be illustrated for iron, but is similar for cobalt and
manganese complexes. The key intermediate in this proposed mechanism is the
transient iron(III)-hydroperoxo intermediate C (Scheme 7). Depending on its O-O
and M""—O bond strength, homolytic or heterolytic O—O bond cleavage can occur.
Heterolytic bond cleavage yields an iron(V)-oxo-hydroxo species E, which would
be an analogue to the proposed intermediate species for the heme paradigm. This
species is believed to selectively oxidise alkanes to the corresponding alcohol. The
homolysis of the O—O bond in the iron(IIl) hydroperoxo species C would lead to an
iron(IV)-oxo species D and highly reactive hydroxyl radicals, which in turn can
promote alkane oxidation via a radical chain mechanism yielding similar amounts
of alcohol and ketone as the products [91]. If the concentration of primary oxidant is
low, the development of free hydroxyl radicals is negligible due to their subsequent
reaction with the iron(II) starting complex A to form a new iron(Ill) hydroxo
species B. The iron(IV)-oxo complex may also act as the active oxidant, but recent
research suggests that iron(IV)-oxo species only oxidise weak C-H bonds
(<80 kcal/mol) and are certainly less reactive than the proposed iron(V)-oxo
species [16, 148, 149]. A significant number of studies have focussed on the
isolation and characterisation of iron(III) hydroperoxo and iron(IIl) alkylperoxo
intermediates, mainly containing pyridine-based ligands [150—152].

To determine which of these reactions dominates the oxidation process, the
following catalytic tests can be performed. Certain substrates and reaction condi-
tions have been established in the literature to compare the catalytic reactivity of
published complexes [68].
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Scheme 7 Proposed [LFe(lll)-O-Fe(llN)L]
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1. Cyclohexane is used as a substrate to determine the alcohol to ketone ratio (A/K)
during the oxidation of the substrate. The A/K ratio is used as a first indicator of
the lifetime of the alkyl radicals produced during the oxidation process. An A/K
ratio of 1 suggests that long-lived alkyl radicals such as the cyclohexyl radicals
are trapped by dioxygen at a diffusion-controlled rate to form alkylperoxyl
radicals, which will undergo a Russell-type termination step [67], which in
turn leads to the formation of equimolar amounts of cyclohexanol (CyOH) and
cyclohexanone (CyO) (Scheme 7). Larger A/K ratios (>3) suggest a metal-
based oxidant, which selectively oxidises alkanes.

2. Another method to determine which mechanism dominates the oxidation of an
alkane is to measure the kinetic isotope effect (KIE). This can be done by
comparing the oxidation reaction for protio- and deuteroalkanes. Since the
C-D bond is stronger than the C—H bond (AE = 1.7 kcal/mol), the KIE values
for oxidation reactions involving hydroxyl radicals are expected to range
between 1 and 2 [153]. Therefore, if there is the same amount of protio- and
deuteroalkane in the reaction mixture, both species are expected to undergo
oxidation with the same probability. For less reactive alkoxyl radicals such as
tert-butyloxyl radicals, KIE values of 4-5 are more common [154]. Larger KIE
values are typical for oxidations that involve metal-based oxidants, as these are
believed to be more selective [59, 153].

3. The regioselectivity of the oxidation reaction, namely, the comparison of the
oxidation of the secondary and tertiary C—H bonds, can also reveal whether the
reaction is dominated by hydroxyl radicals or by a metal-based oxidant. For
example, in the oxidation of adamantane, which has both secondary and tertiary
C—H bonds, the ratio of oxidised C—H bonds gives values of about 2 in the case
of a radical mechanism. The participation of metal-based oxidants affords
tertiary to secondary ratios higher than 15 [155].

4. The retention of configuration (RC) for the oxidation of a tertiary C—H bond to
yield a tertiary alcohol also indicates whether the predominantly operating
species is a metal-based oxidant or long-lived radicals. The ‘oxygen-rebound’
mechanism or C—O formation step is extremely fast when an iron oxo species
serves as oxidant, which would result in RC, whereas a radical mechanism
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would lead to epimerisation. For this class of catalytic tests, mainly cis-1,2-
dimethylcyclohexane is used [59].

Detailed mechanistic studies on alkane and alkene oxidation have been reported
for the complexes [(TPA)Fe(CH3CN),](ClO4), and [(BPMEN)Fe(CH3CN),]
(ClOy),. In the 1990s, Que et al. reported several nonheme iron catalysts capable
of stereospecific alkane hydroxylation in combination with hydrogen peroxide or
alkyl peroxides [90, 156, 157]. The highest selectivity was observed when cyclo-
hexane was oxidised in the presence of [(TPA)Fe(CH3CN),](ClO,4), in 15 minto a
mixture of cyclohexanol and cyclohexanone with a A/K ratio of 4.2. It was
concluded that the oxidant must be distinct from that typically associated with the
radical mechanism, as the major product was the alcohol and the reaction was not
influenced by the presence of air. Furthermore, when oxidising cis- or trans-1,2-
dimethylcyclohexane, the tertiary alcohol product was obtained with >99% reten-
tion of configuration, and the KIE for cyclohexanol formation was 3.5, a value more
indicative of an oxidant that is more selective than hydroxyl radicals (KIE = 1-2).
These results started an investigation into gathering evidence for the active oxidant
in these reactions. By reacting this complex at —40°C with hydrogen peroxide, the
low-spin iron(IIT) hydroperoxo complex [(TPA)Fe(OOH)](ClO,), was identified by
UV/Vis and EPR spectroscopy as well as ESI mass spectrometry [90].

When [(TPA)Fe(CH;CN),](ClO,), is reacted with ‘BuOOH under the same
conditions, the low-spin iron(Il)-alkylperoxo complex [(TPA)Fe(OO'Bu)](ClOy),
is formed, but the oxidation catalysis results are remarkably different. The system
[(TPA)Fe(CH3CN),](ClO4),/'BuOOH has been shown to generate long-lived alkyl
radicals which can be trapped by O,, and epimeric tertiary alcohol products are
formed when oxidising cis-1,2-dimethylcyclohexane [90, 157]. Furthermore,
unlike the [(TPA)Fe(CH3;CN),](ClO,4),/H,O, system, [(TPA)Fe(CH;CN),]
(C104),/BuOOH is not able to epoxidise olefins.

As the reactivity of the peroxo complex appears to be crucial for the oxidation
catalysis, the effect of the spin state of the iron complexes has been investigated by
introducing one, two or three 6-methyl substituents on the pyridines of the TPA
ligand [158]. In contrast to [(L)Fe(OOH)](Cl0Oy4), (L = TPA and 6-MeTPA), which
are low-spin iron(Ill) complexes, [(L)Fe(OOH)](ClO4), (L =6-Me,TPA and
6-Me;TPA) are high spin. Introducing more than one 6-methyl substituent serves
as a simple but effective tool to tune the electronic properties of the metastable iron
(IIT) alkylperoxo species [158]. This proposal was further supported by Raman
spectroscopy data that has shown that low-spin complexes [(TPA)Fe(OOH)]** and
[(N4Py)Fe(OOH)]** have a weaker O—O bond in comparison to high-spin species
such as oxyhemerythrin [Fe(OOH)], as their £(O-0) signal is at least 50 cm !
lower than that of a high-spin peroxo complex [103]. The weakened bond is
believed to aid O-O bond cleavage to form either an iron(IV) or an iron(V)-oxo
species as active oxidants. This theory was further supported by oxidation results
showing that complexes [(TPA)Fe(CH;CN),]*" and [(N4Py)Fe(CH3CN)]2+, which
form low-spin peroxo species, are capable of oxidising relatively inert alkanes such
as cyclohexane [90, 156].
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Scheme 8 Different reaction paths for the formation of iron oxo species [91, 149]

Que and Solomon expanded this investigation by comparing the electronic
structure obtained from DFT calculations and spectroscopic data of the low-spin
complex [(TPA)Fe(OHz)(OO’Bu)]2+ and high-spin complex [(6-Me3;TPA)Fe(OH,)
(OOtBu)]2+ [159, 160]. In the high-spin Fe-OOR complexes, the Fe—O bond is
cleaved, whereas in low-spin Fe-OOR complexes, homolytic O—O bond cleavage is
the favoured pathway [159]. However, in the same year it was reported that
depending on the spin state of the peroxo complex, even an iron(V)-oxo species
could be formed and act as the active oxidant [91].

The O-O bond in high-spin complexes [(L)Fe(OOH)](ClO,4), (L = 6-Me,TPA
and 6-Mes;TPA) cleaves homolytically, generating alkyl radicals, whereas O-O
bond heterolysis occurs in low-spin species such as [(L)Fe(OOH)](ClO,),
(L=TPA and 6-MeTPA) and is promoted by two factors: (a) the low-spin iron
(IIT) centre and (b) the adjacent binding of a water ligand [91]. The formation of
hydrogen bonds with the terminal oxygen of the peroxo group helps to form water,
which is a better leaving group. In other words, a proximal proton donor, which can
be water or acetic acid, supports the O—-O bond heterolysis (Scheme 8) [91, 118,
119].

Low-temperature spectroscopy and room temperature '%O-labelling experiments
during the catalytic oxidation of cyclohexane with hydrogen peroxide in the
presence of H,'®0 suggest a stepwise mechanism involving a species that allows
an oxygen atom from the H,'®O to be incorporated [91, 116, 161]. The retention of
stereochemistry concomitant with 80 incorporation into the products argues
against a planar carbocation intermediate that would give epimerised tertiary
alcohol products. Therefore, a high-valent iron oxo-hydroxo species showing an
‘oxo-hydroxo tautomerisation’ mechanism has been proposed (Scheme 8) [91].

In addition to studies on alkane hydroxylation with BPMEN and TPA-based iron
(II) complexes, the reactivity of these catalysts for epoxidation and cis-
dihydroxylation of alkenes was investigated [116]. Dependent on whether the
iron(IT) complex forms a high-spin or low-spin Fe-OOH species, different oxidation
products are observed. Complexes forming a low-spin Fe-OOH species (category
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A) yield mainly epoxides, whereas with complexes forming a high-spin Fe-OOH
species (category B), cis-hydroxylation products are mainly observed. Furthermore,
'80-labelling experiments have shown that category A complexes incorporate %0
from H,'®0, suggesting cis-H'®0-Fe(V)=0 as the active oxidant, whereas the
oxygen atoms in the cis-diol product derive exclusively from hydrogen peroxide,
suggesting a putative Fe(II)-7°-OOH species [116]. Even though an iron(V)-oxo
species has been evoked as the active metal-based oxidant, to date only Fe(II[)OOR
and Fe(IV)=0 complexes have been isolated and characterised for ligands from the
BPMEN and TPA family [116, 162]. Direct reactivity studies have revealed that Fe
(IIT)OOR complexes are sluggish oxidants and Fe(IV)oxo complexes only oxidise
weak C—H bonds (<80 kcal/mol). Therefore, they cannot be responsible for the
selective oxidation of alkanes such as cyclohexane [118, 161, 163—166]. In 2007,
Collins et al. reported the first spectroscopic evidence for an iron(V)-oxo complex
[(TAML)Fe(O)] ~, as previous evidence by '®O-labelling experiments has been
indirect [109, 167].

EPR spectroscopy analysis of several highly reactive iron-oxygen intermediates
has been reported [168]. When [(L)Fe(CH3CN),](ClO,4), (L = BPMEN or TPA) is
reacted with peracetic acid or hydrogen peroxide, an iron(V)-oxo species is pre-
sumably formed, which is subsequently responsible for cyclohexene epoxidation
[168]. The iron-oxygen intermediates have been investigated, and their reactivity
was studied towards cyclohexene epoxidation using EPR, 'H and *H NMR spec-
troscopy and various oxidants: H,O,, H,O,/CH3;COOH, CH3COsH, m-CPBA,
PhIO, ‘BuOOH and ‘BuOOH/CH;COOH [149]. This systematic study supports
that [(L)Fe(CH;CN)(0O)]** and [(L)Fe(CH;CN)(OOR)]** (L =BPMEN or TPA)
are poor oxidants. EPR signals for iron(V)-oxo species were only observed for the
following combination of complex [(L)Fe(CH;CN),](ClO,4), (L =BPMEN A or
TPA B) and oxidant: A/H,O,, A or B/H,O,/CH;COOH, A or B/CH5;CO3H, A or
B/m-CPBA and A/BuOOH/CH;COOH. Only these systems were capable of selec-
tive olefin epoxidation, and the combinations B/H,O,, A or B PhlO, A or
B/BuOOH and B/'BuOOH/CH;COOH showed no EPR evidence for an iron(V)-
oxo intermediate and failed to epoxidise olefins. The combination A/BuOOH/
CH;COOH is a rare example of an iron nonheme system capable of selective olefin
epoxidation with ‘BuOOH, but the addition of CH;COOH promoted the formation
of the iron(V)-oxo species [149]. These developments strongly suggest a highly
reactive iron(V)-oxo species as the active metal-based oxidant. The formation of
this species seems to be dependent on several factors such as the ligand and the
primary oxidant used.

6 Summary and Conclusions

This chapter has given an overview of enzymatic and synthetic oxidation systems,
which are of interest in the context of the development of nonheme iron-based
alkane oxidation catalysts. The characterisation and application of iron complexes
with tetradentate and pentadentate ligands have been reviewed as well as their
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reactivity towards different primary oxidants such as H,O,, ‘BuOOH and O, and
their application in hydrocarbon oxidation. In solution, complexes are able to attain
more than one geometry and/or spin state, which has been of interest as some
complexes investigated in this work show very interesting solution dynamics. The
mechanism by which these oxidative transformations are believed to occur has been
described, and the key intermediates that have been identified are iron(II)
hydroperoxo complexes and iron(IV)-oxo complexes. The active oxidant in these
nonheme iron-catalysed alkane oxidations is believed to be a high-valent iron(V)-
oxo complex. Efforts to detect and characterise such high-valent iron complexes are
ongoing and will hopefully shed further light on the nature of the active oxidants in
these nonheme systems.

Fenton’s early report in 1876 of a violet colour observed upon reacting iron
(II) sulphate with hydrogen peroxide was rather optimistically ascribed to the
formation of a high-valent ferrate [FeO4]27 ion [169]. While the violet colour is
attributable to a ferric tartrate complex, the notion of generating high-valent iron
oxo species from iron(Il) and hydrogen peroxide was not that far-fetched after all.
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Iron-Catalyzed Reduction
and Hydroelementation Reactions

Christophe Darcel and Jean-Baptiste Sortais

Abstract During the last two decades, iron has proved to be an interesting transi-
tion metal which is a highly valuable alternative to classical precious ones for
catalyzing organic transformations including the reduction of unsaturated C—C or
C-heteroatom bonds. This chapter summarizes the rapid development of iron
catalyzed selective reductions of alkene, alkyne, carbonyl and carboxylic deriva-
tives. The emerging topic of hydroboration of alkenes and alkynes is also described.
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Abbreviations

cat Catechol

cod 1,5-Cyclooctadiene

Cp Cyclopentadienyl

dcpe 1,2-Bisdicyclohexylphosphinoethane

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DFT Density functional theory

Dipp 2,6-Diisopropylphenyl

DMC Dimethyl carbonate

DRA Direct reductive amination

EDTA-Na, Ethylenediaminetetraacetic acid disodium salt

IMes 1,3-Bis(2,4,6-trimethylphenyl) imidazole-2-ylidene

IPr 1,3-Bis(2,6-diisopropylphenyl) imidazole-2-ylidene

MD’'M [(MeO),MeSiH]

Mes 2,4,6-Trimethylphenyl

NHC N-Heterocyclic carbene

NPs Nanoparticles

pin Pinacol

PMHS Polymethylhydrosiloxane

t-PBO trans-4-Phenyl-but-3-en-2-one

terpy 2,2:6',2"-Terpyridine

TFA Trifluoroacetic acid

TMDS 1,1,3,3-Tetramethyldisiloxane

TMEDA N,N,N',N'-Tetramethylethylenediamine

TMPP Tris(2,4,6-trimethoxyphenyl)phosphine

TOF Turnover frequency

TON Turnover number

During the last two decades, iron has proved to be an interesting transition metal
which is a highly interesting alternative to classical precious ones such as rhodium,
ruthenium, platinum, or palladium for catalyzing organic transformations
(for representative recent reviews and books on iron catalysis, see [1-7]), including
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the reduction of unsaturated C—C or C-heteroatom bonds (for representative
reviews on iron-catalyzed reductions, see [8—12]). Indeed, until recently, there
were only scarce examples of applications of iron catalysts for such purposes,
except for the classical Fischer—Tropsch and Haber-Bosch processes. In this
chapter, the rapid development of numerous efficient iron-based systems able to
perform selective reduction of alkenes, alkynes, and carbonyl and carboxylic acid
derivatives will be reviewed. Lastly, the emerging topic of hydroboration of alkenes
and alkynes will be described. Enantioselective reduction reactions, which will
occasionally be illustrated in this chapter, will be discussed in detail in Chap. 8 of
this volume.

1 Reduction of Alkynes and Alkenes

1.1 Hydrogenation and Transfer Hydrogenation

Even though pioneering contributions on the hydrogenation of alkenes and alkynes
were reported starting in the early 1960s using iron species as catalysts, including
Fe(CO)s (C1), these reactions often suffered from drastic reaction conditions, lack
of chemoselectivity, and a rather narrow scope of application (for representative
examples, see [13—18]). In addition to hydrogenation reactions using molecular
hydrogen, transfer hydrogenation using easy-to-handle and inexpensive liquid
hydrogen donors such as alcohols or formic acid constitutes valuable alternative
procedures for the reduction of carbonyl compounds. In the area of iron-catalyzed
transfer hydrogenation, the first attempts were reported in the early 1970s using
[FeCl,(PPh3),] (C2a) and [FeBr,(PPhj),] (C2b), respectively, as catalysts for the
hydrogenation of the 1,5-cyclooctadiene (1,5-COD). Catechol derivatives served as
hydrogen sources under harsh conditions (160-240°C), making them less attractive
[19, 20].

The first breakthrough in this area was achieved by Bianchini et al. in the early
1990s, reporting the selective hydrogenation of terminal alkynes to the corres-
ponding alkenes using iron(II) hydride catalyst precursors with tetraphosphine
ligands [(3)FeH(N,)]|BPh, (C3a) and [(3)FeH(H,)]BPh, (C3b) [3=P
(CH,CH,PPh,)3] under mild conditions (rt, 1 atm of H,, Scheme 1) [21, 22]. The
selectivity of the reaction is rationalized mechanistically by the insertion of the
coordinated alkyne into the Fe—H bond leading to a Fe—vinyl species which was
then cleaved via an intramolecular protonolysis. It must be noted that the same
catalyst (C3b) can be used for the reduction of a,B-unsaturated ketones in hydrogen
transfer reactions using cyclopentanol as the hydrogen donor with unpredictable
selectivity [23]. In 2012, Beller et al. reported an in situ generated active catalytic
system obtained from Fe(BF,),-6H,O and the tetraphosphine ligand 3 for the
selective catalytic transfer hydrogenation of terminal arylalkynes to styrenes by
hydrogen transfer with formic acid as the hydrogen source under base-free
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Scheme 1 Selective iron-catalyzed hydrogenation of alkynes to alkenes
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Scheme 2 Iron complexes bearing multidentate ligands for the hydrogenation of alkenes and
alkynes

conditions at 40°C for 5 h [24]. A wide scope of phenylacetylene derivatives can be
selectively reduced to the corresponding styrenes, and remarkable chemoselecti-
vities can be achieved with arylethynes bearing potentially reducible functional
groups such as ketones or esters. The catalytic system can be also applied to
heteroarylethynes and aliphatic terminal alkynes but not to internal alkynes.
A fluoro-iron intermediate [FeF(3)]* was proposed as an active catalytic species
which leads to the [Fe:(3)(r]2—H2)(F)]+ intermediate after elimination of CO,.
Similarly, several multidentate ligands have been used in combination with iron
to perform such a hydrogenation reaction. Peters et al. developed a series of tri
(phosphino)borate-supported iron(Il) alkyl (C4-CS5) and iron(IV) trihydride com-
plexes (C6—C7) which can be used as pre-catalysts (10 mol%) for the hydro-
genation of various unfunctionalized olefins and 2-pentyne under 1-4 atm H, at
room temperature leading to the corresponding alkanes with a TOF up to 24 h™"
[25]. Using similar complexes (C8) (3.33 mol%), the hydrogenation of alkenes and
phenylacetylene led to the respective alkanes, under 1 atm of hydrogen in d°-
benzene, at room temperature with TOFs up to 15 h™" for ethylene (Scheme 2) [26].
Another important breakthrough in this area was achieved by Chirik who
reported a series of highly active iron(0,lI) complexes bearing tridentate
pyridinyldiimine pincer-type ligands, diimine ligands [27] and pyridine-di(NHC)
ligands in the hydrogenation of alkenes and alkynes. Using 0.3 mol% of [(*"PDI)Fe
(N»)2] (C9), at 22°C under 4 atm of H,, olefins can be efficiently reduced with TOFs
up to 1,814 h™' (Scheme 3) The hydrogenation of 1-hexene took only 12 min.
Notably, with internal alkenes, longer reaction times were required and only the
gem-disubstituted C=C bond of (+)-(R)-limonene was selectively reduced. Alkynes
such as diphenylacetylene can be also reduced to 1,2-diphenylethane via the initial
formation of cis-stilbene [28]. It was shown that the ligand plays the role of an
electron reservoir, able to accept up to three electrons from the iron center. Using
the diamidopyridine pincer-type complex (C10, 5 mol%), at 23°C under 4 atm of
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Scheme 3 Chirik’s catalytic systems for the hydrogenation of alkenes

H,, excellent functional group tolerance was observed for the hydrogenation of
alkenes bearing reducible functional groups such as ketones, esters, amides, ethers,
or unprotected amines. Unlike o,f-unsaturated ketones that led to the decomposi-
tion of the iron complex, a,p-unsaturated esters were selectively reduced to the
corresponding saturated esters with TOFs up to 240 h™' [29].

For the more challenging hydrogenation of hindered C=C bond, Chirik devel-
oped pyridine-di(NHC)-based iron complexes such as C11 and succeeded to
hydrogenate unfunctionalized, trisubstituted alkenes (Scheme 3) [30]. Complex
C11 also was shown to hydrogenate tetra-substituted alkenes such as
2,3-dimethyl-1H-indene but with moderate conversion (68%) after 48 h and a 3:1
ratio of cis-/trans-diastereomers of the alkane. For the hydrogenation of ethyl
3,3-dimethylacrylate, the best catalyst was the 2,6-diisopropylphenyl-substituted
analog which gave 95% conversion after 1 h of reaction, similar to the result
obtained with [(MPDI)Fe(N,)]>(u-N>).

Chirik also described the analogous bis(diisopropylphosphino)pyridine pincer-
type ligand (P'PNP) iron(II) hydride complexes cis-[(""PNP)Fe(H),N,] C12,
which was active in the hydrogenation of 1-hexene under mild conditions (rt,
4 atm. Hy, Scheme 3) [31]. Similarly, Milstein et al. reported the use of a new
iron pincer complex C13 based on an acridine-based PNP ligand as the catalyst
(0.6—4 mol%) to perform semi-hydrogenation of terminal alkynes to produce E-
alkenes in THF at 90°C for 11-72 h under 4—10 atm of H,, with small amounts of
over-reduced alkanes as the by-product [32]. Noteworthy, this catalytic system
tolerated functional groups such as esters, nitriles, ketones, and trimethylsilyl
groups. Starting from terminal alkynes such as phenylacetylene, the corresponding
styrenes were obtained quantitatively (Scheme 4).

Recently, using diphosphine iron dialkyl complexes and more particularly [Fe
(L) (CH,SiMes),] (C14, L =(R)-1{(SP)-2-[di-(2-furyl)phosphine]ferrocenyl]
ethyldi-tert-butylphosphine) as the catalysts, Chirik succeeded to hydrogenate
unfunctionalized alkenes using 5 mol% of (C14) under 4 atm of H, at 23°C for
24 h. However, no significant enantioselectivity was observed when prochiral
olefins were employed, suggesting a heterogeneous process [33].
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Interestingly, some scarce examples of iron nanoparticle-catalyzed hydro-
genation reactions were also reported. De Vries described the catalytic hydro-
genation of alkenes and alkynes using Fe nanoparticles [34, 35] prepared by the
method developed by Bedford by reducing a solution of FeCl; with 3 equiv. of
EtMgCl in THF or Et,0 [36]. Terminal, 1,2-cis- and 1,1-disubstituted alkenes were
reduced quantitatively after 15 h at rt under 1 atm. of H,. More drastic conditions
(100°C) were necessary to hydrogenate 1,2-frans-disubstituted and cyclic cis-
alkenes. Usually, tri- and tetra-substituted alkenes cannot be reduced. To perform
the full reduction of alkynes to alkanes, more drastic conditions were required
(20 atm of H, at 25°C for 15 h). Fe nanoparticles supported on chemically derived
graphene can also be efficient for similar hydrogenations (20 atm of H,, 100°C,
24 h) and the catalyst can easily be separated by magnetic decantation [37]. Uozumi
et al. developed amphiphilic, polymer-stabilized Fe(0) nanoparticle catalysts for the
hydrogenation of alkenes, styrenes, and alkynes in ethanol under 20—40 atm of H, at
80-100°C in a flow reactor. Note the high chemoselectivity of the reduction as
ketones, esters, arenes, and nitro-functionalities were tolerated [38]. Beller and
Chaudret also described the use of well-defined ultrasmall iron(0) nanoparticles
(NPs) as catalysts for the selective hydrogenation of various alkenes and alkynes to
alkanes under mild conditions (2.4 mol% NPs, rt, 10 bar H, for 20 h). Monodisperse
iron nanoparticles (about 2 nm size) were prepared by the decomposition of {Fe[N
(SiMes),]»}» under 3 bar of H, at 150°C for 2 h [39].

1.2 Hydrosilylation

The catalyzed hydrosilylation of alkenes is of great importance in the production of
silicon derivatives [40]. Accordingly, there are numerous methods to perform such
transformations including the use of Speier’s catalyst [41] [H,PtClg] - 6H,O/iPrOH
and the more active and selective Karstedt catalyst, {Pt;[Me,SiCH=CH,),0];}
[42, 43]. The last decades have also seen the development of iron-based catalysts. In
a pioneering contribution in 1962, Nesmeyanov et al. [44] reported reactions of
olefins with hydrosilanes in the presence of Fe(CO)s (C1) or colloidal iron as the
catalysts to yield a mixture of alkylsilanes (resulting from hydrosilylation reactions)
and vinylsilanes (from dehydrogenative silylation processes). Only when the reac-
tion was performed with ethylene and triethylsilane, a selective reaction occurred,
depending on the amount of triethylsilane: when performed with 0.2 equiv. of
triethylsilane, triethylvinylsilane was obtained specifically with 92% yield. With
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Scheme 5 Fe(CO)s-catalyzed hydrosilylation of alkenes
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Scheme 6 Iron-catalyzed hydrosilylation of alkenes

3 equiv. of triethylsilane, tetracthylsilane was produced with 79% yield as the sole
product (Scheme 5). Noticeably, under photoirradiation conditions, Fe(CO)s can
catalyze reactions of alkenes with trialkylsilanes and lead to mixtures of alkanes,
alkylsilanes, and alkenylsilanes [45]. Using Fe3(CO);, (C15) as the catalyst, the
reaction of styrene with triethylsilane led selectively to (E)-f-(triethylsilyl)styrene
Ph-CH=CH-SiEt; with yields up to 89%. No traces of products resulting from the
hydrosilylation of the styrenes were observed [46].

In 2004, during his studies on well-defined diimino-pyridine iron(0) dinitrogen
complexes, Chirik also described their use as effective pre-catalysts for hydro-
silylations of alkynes and alkenes (see reference [27]; [47]). The hydrosilylation of
terminal or cyclic alkenes using 1 equiv. of phenylsilane as the hydrosilane source
led exclusively to the anti-Markovnikov products with TOFs up to 364 h™'. The
low loading of the pre-catalyst (C9) used (0.3 mol%) and the mild reaction
conditions (22°C for 1-18.5 h, Scheme 6) must be pointed out. During the
hydrosilylation of internal alkenes such as trans-2-hexene, mixtures of hexylsilanes
were obtained due to the isomerization of the C=C bond after 70 h at 22°C.
Diphenylacetylene can also react with phenylsilane to give selectively the
corresponding (E)-vinylsilane in quantitative yield. Similar results were obtained
utilizing an in situ iron(0) catalytic species generated from the bis-iminopyridine
ligand (4) (1 mol%), FeCl, (1 mol%) and NaBHEt; (2 mol%) [48]. Notably, a nice
tolerance toward functional groups such as anilines, esters, ketones, aldimines, and
nitriles was observed, and the catalytic system can be used for the hydrosilylation of
internal alkynes to produce (E)-vinylsilanes and terminal alkynes to lead to (Z)-
vinylsilanes.
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Scheme 8 Iron-catalyzed selective hydrosilylation of 1,2,4-trivinylcyclohexane

Importantly, the stoichiometric reaction of the complex (C9) with phenylsilane
led to the bis-(c-silane) iron(0) complex, whose structure was established by X-ray
analysis. This complex was also very active in the hydrosilylation of 1-hexene [28].

Using the nitrogen-bridged complex C17, a highly increased activity for the
hydrosilylation of terminal alkenes was observed, as 0.004 mol% of C17 was able
to perform the complete hydrosilylation of 1-octene under neat reaction conditions
at 23°C after only 15 min using MD’M [(MeO),MeSiH] as the tertiary hydrosilane
(Scheme 7). Only 0.007 mol% of C17 was necessary to obtain full conversion with
(OEt)3SiH in 15 min and only 0.02 mol% of C17 with Et3SiH gave full conversion
after 45 min [49]. This complex also allowed for the anti-Markovnikov
hydrosilylation of styrene, N,N-dimethylallylamine, and allylpolyethers.

The complex C9 is also active for the hydrosilylation of 1,2,4-trivinylcyclo-
hexane with tertiary alkoxysilanes, an important process used in the manufacture of
tires with low rolling resistance, involving the hydroelementation of only one of the
three C=C bonds (Scheme 8). Notably, C9 exhibited unprecedented
regioselectivity for the monohydrosilylation of the desired 4-vinyl moiety (conver-
sion of MD’M: 70%, 33% of monosilylated compound with 98% of C4 selectivity
after 3 h at 23°C). Interestingly, the modified complex C18 gave a better result
under similar conditions (conversion of MD’M: 83%, 60% of monosilylated com-
pound with 98% of C4 selectivity) [50]. Prolonging the reaction for 16 h gave full
conversion of the silane and afforded the desired C4-silylated product in 83% yield
(Scheme 8). It must be pointed out that these iron complexes gave results which
exceed the ones obtained with commercially used platinum compounds.

Interestingly, Huang developed a new family of phosphinite-iminopyridine-
based iron complexes for the chemoselective hydrosilylation of functionalized
olefins [51]. Using 1 mol% of C16 in the presence of 2 mol% of NaBHEt3, various
alkenes can be reduced in toluene at 23°C for 3 h with 1 equiv. of either PhSiH; or
Ph,SiH, (Scheme 6). Notably, the unprecedented functional group tolerance must
be outlined, as ketones, esters, and amides did not react, which differs from the
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Scheme 10 Iron-catalyzed hydrosilylation of 1,3-dienes

chemoselectivity observed with Chirik’s catalysts. By contrast, styrenes and inter-
nal C=C bond were not hydrosilylated.

Terpyridine ligands have also been successfully applied in the hydrosilylation of
olefins. Nakazawa et al. reported a series of substituted terpyridine iron halide
complexes and identified some active ones such as C19a—c: the catalytically active
species generated in situ by reaction of Cl19a—c with NaHBEt; catalyzed the
hydrosilylation of 1-octene with phenylsilane under neat reaction conditions at
100°C for 24 h (Scheme 9). Unsymmetrically substituted terpyridine iron com-
plexes revealed to be more active than the symmetrical one with moderate TONS at
100°C (up to 1,530, C19b—c vs. C19a, Scheme 9) [52]. Simultaneously, Chirik
described the terpyridine iron dialkyl complex (C20) as catalyst (0.5 mol%) for the
hydrosilylation of 1-octene with tertiary hydrosilanes (Et;SiH, MD’M) at 60°C for
1 h. Notably, this catalyst can perform the chemoselective hydroelementation of
vinylcyclohexene oxide without the alteration of the oxirane moiety [53].

Using a well-defined iron pre-catalyst (C21) (5 mol%) in combination with the
iminopyridine ligand 5 (5 mol%), Ritter described the first 1,4-hydrosilylation of
1,3 dienes, affording allyl silanes in high regio- and stereoselectivities (linear/
branch ratio from 95:5 to 99:1, and E/Z ratio >99:1) by reaction of 1,3-dienes
with 1.2 equiv. of triethoxysilane at 23°C for 15 h (Scheme 10) [54].

Specific iron complexes were also developed for the hydrosilylation of alkynes
leading to the corresponding vinylsilanes. In 2011, Enthaler et al. published a
selective reduction of alkynes to alkenes using iron—phosphine-based catalysts.
Indeed, using an in situ generated catalyst from Fe,(CO)y (C22, 5 mol%) and
tributylphosphine (10 mol%) in the presence of 1.1 equiv. of (EtO);SiH, at 60°C
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Scheme 11 Fe,(CO)o/phosphine-catalyzed hydrosilylation of alkynes to alkenes
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Scheme 12 Stereoselective Fe(H)(CO)(NO)(PPh;),-catalyzed reduction of alkynes

for 48 h, the corresponding alkenes were obtained in high yields. Starting from
internal alkynes, (Z)-alkenes were obtained as the major stereoisomers, except
when substituted by carboxylate groups (Scheme 11). Notably, this catalytic system
led to highly chemoselective reductions as numerous functional groups such as
aldimines, esters, amides, alkenes, nitriles, and even epoxides can be tolerated [55].

Similarly, Enthaler also described catalytic systems based on Fe,(CO)y (C22)
and a monodentate pyrrole—phosphine ligand (V,N-diphenyl-1H-pyrrol-1-amine-2-
di-R-phosphine; R =Bu, 6a; R =Ph, 6b), in the presence of (EtO);SiH as the
reducing reagent (Scheme 11) [56]. It is important to note that two iron(0)
tetracarbonyl-phosphine complexes were synthesized and characterized from the
reaction of Fe,(CO)y (C22) with 6a and 6b, affording new iron complexes
[Fe(CO)4(6)]. Nevertheless, under optimized conditions, the in situ regenerated
catalyst gave higher yields and better selectivities than the direct use of the
preformed, well-defined complexes.

Plietker reported the use of the complex [Fe(H)(CO)(NO)(PPhs),] (C23, 1 mol%)
in the presence of triethylamine as an additive (50 mol%) for the selective
hydrosilylation of internal alkynes to vinylsilanes (Scheme 12) [57]. It must be
pointed out that the nature of the silane had a strong influence on the observed E- or
Z-selectivity. For the hydrosilylation of diphenylacetylene, phenylsilane gave the
best selectively toward Z-vinylsilanes (E/Z up to 1/20; yields up to 98%), whereas
tertiary silanes such as methylphenylvinylsilane [Ph(Me)(CH=CH,)Si-H] gave the
E-vinylsilane with a E/Z ratio of >20:1 (yields up to 97%). The nature of the internal
alkyne is also crucial for the regioselectivity: as an example, the E-product was
obtained from dialkylacetylene independently from the nature of the silane [PhSiH;
or Ph(Me)(CH=CH,)Si-H] (Scheme 12).
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2 Reduction of Aldehydes and Ketones

2.1 Hpydrogenation Reactions

Selective hydrogenation and hydrogen transfer reactions of carbonyl derivatives are
important reactions in both bulk and fine chemistry. Indeed, there is an increasing
interest in the substitution of well-established noble transition metal catalysts with
iron-based ones. In 1983, Marké described the first iron-catalyzed hydrogenation
using Fe(CO)s as the catalyst under drastic conditions (150°C — 100 bar of H, in
triethylamine as the solvent) [58, 59]. In 2007, Casey et al. [60] reported one of the
first efficient iron catalysts for the hydrogenation of aldehydes and ketones under
mild conditions (3 atm of H, at room temperature) using a Knolker-type complex
(C24 as the catalyst (Scheme 13) [61]. Nonconjugated C=C and C=C are tolerated,
but a,p-unsaturated ketones led to a mixture of derivatives due to the concomitant
reduction of the C=C bond.

Beller et al. developed a series of Knolker-type complexes such as C25 which
are air stable and able to catalyze the hydrogenation of aldehydes and ketones under
30 atm of H; at 100°C in a mixture of isopropanol/water as solvent. The reaction
can tolerate esters, amides, and heterocycles and, more impressively, o,-
B-unsaturated aldehydes can be selectively reduced to the corresponding allylic
alcohols [62]. The same complex C25 can be also used as a catalyst for the
reduction of aldehydes under water—gas shift conditions (10 atm of CO in
DMSO/water at 100°C) [63]. Renaud et al. simultaneously developed Knolker-
type complexes bearing ionic fragments such as ammonium salts C26 which were
able to perform the catalytic hydrogenation in water under 10 atm of H, at 85°C.
Using this system, cyano-moieties can be tolerated, but the hydrogenation of
a,pB-unsaturated ketones led in the majority of the cases to a mixture of compounds
resulting of concomitant reduction of the C=C and C=0 bonds [64].

SiMe;
SiMes
S,—OH D
) X ’\’
\‘...Fe\SIMe:; h SiMe3
oc" H Femico
ocC oC 'co
C24 C25, X=CHp, n=1

€26, X = N-(CHyJy-NM2s,I, n = 0

C24 (2 mol%) Conditions: H, (3 atm.), toluene, 25 °C, 1-68 h,
15 examples, 46-91% yields
)L C25 (0.01-1 mol%) Conditions: H; (10-30 atm.), iPrOH/H,0, 100 °C, 17 h
R R R” "R K2CO3 (0.05-5 mol%) Aldehydes/ketones: 22 examples, 76-99% GC-yields
a,B-unsaturated aldehydes, 8 examples, 80-98% yields
C26 (2.5 mol%) Conditions: Hy (10 atm.), water, 85 °C, 14 h
Me3NO (3.75 mol%)  Aldehydes/ketones: 23 examples, 31-97% yields

Scheme 13 Knolker-type complexes for the hydrogenation of ketones
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Fig. 1 Tetradentate diiminophosphine (PNNP) iron(II) complexes for hydrogenation reactions

In 2011, Berkessel et al. reported an asymmetric version of the hydrogenation of
acetophenone using the modified Casey’s catalyst C27, where one carbonyl ligand
was substituted by a chiral phosphoramidite ligand under UV light irradiation [65],
albeit only moderate enantiomeric excesses were obtained (up to 31% ee).

Noticeably, an outer-sphere mechanism was proposed to rationalize the catalytic
cycle (Scheme 14) [66, 67]. Via a concerted hydride/proton transfer from the
hydroxyl and the iron hydride to the carbonyl moiety, the intermediate 14-I is
formed and released the alcohol and the 16 electron species 14-IT which can be also
generated from (C25) by the nonreductive elimination of CO. The active species
C24 is then regenerated by heterolytic H, cleavage. This mechanism was supported
by density functional theory (DFT) calculations and kinetic studies [68].

Based on their previous results with ruthenium complexes [69], Morris et al., in
2008, developed a series of chiral tetradentate diiminophosphine (PNNP) iron
(II) complexes [70]. The complex [Fe(NCMe),{(R,R)-cyP,N,}](BF,), (C28,
0.44 mol%), in the presence of 6.7 mol% of ‘BuOK, was active in the hydrogenation
of acetophenone to 1-phenylethanol (TOF=5 h™' at 50°C) but with a moderate
conversion (40%) and ee (27%) after 18 h under 25 atm of H, in i{PrOH (Fig. 1).

The modification of the nature of the hydrocarbon bridge (N-CHR—CHR-N) of
the ligand in chiral iron(I)-PNNP complexes showed that the activity was depen-
dent on the substituents on the diamine moieties [71]. With an ethylene bridge
(R=H) under similar experimental conditions, the corresponding complex C29
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Scheme 15 Hydrogenation of acetophenone catalyzed by the iron pincer complex C33

showed comparable moderate catalytic activities (conv.=70-95%), even though
the diaminodiphosphino iron complex (C32) exhibited slightly better activity than
the corresponding diiminodiphosphino iron complex C29 (conversion=99%,
TOF =12 h™"). By contrast, the complexes bearing more steric hindered substi-
tuents on the bridge (R =iPr or Ph), such as the chiral complexes C30 or C31,
exhibited very low activity (conversion up to 4%). Under a mechanistic point of
view, both catalysts based on an imine-type ligand (e.g., C29) and an amine-type
one (e.g., C32) gave comparable activity, suggesting a similar, common active iron
hydride intermediate in an outer-sphere mechanism via a secondary amino moiety
of the ligand and the iron hydride [11].

In 2011, based on their previous reports on ruthenium-pincer complexes involv-
ing a new mode of cooperation between the ligand and the metal center via
aromatization—dearomatization of the ligand [72-75], Milstein et al. published an
elegant study about the hydrogenation of ketones catalyzed by a new iron(Il) -
diphosphino-pyridine pincer complex [Fe(Br)(H)(CO)(iPrPNP)] (C33) [76]. The
complex C33 was highly active in the hydrogenation of ketones, with a TOF of
425 h™" at 40°C under 4.1 atm of hydrogen in ethanol. A good scope of several
aromatic and aliphatic ketones was reported with 39-97% conversion and TONs up
to 1,880 (Scheme 15). Nonetheless, functional groups such as cyano or amino
seemed to inhibit the reduction, whereas no chemoselectivity was obtained for
the reduction of a,p-unsaturated ketones.

A plausible mechanism via an aromatization—dearomatization process of the
diphosphine pyridine ligand was proposed, which aids with the activation of
dihydrogen in a synergistic metal-ligand way (Scheme 16). A reactive, de-
aromatized species (16-I) was first produced and then coordinated the ketone
leading to the intermediate 16-II. After insertion of the coordinated ketone into
the Fe—H bond, the obtained species 16-I1II is capable of activating H,, producing
the hexacoordinate aromatic hydrido-alkoxy complex 16-IV. The elimination of the
alcohol finally regenerated the dearomatized species 16-I [77].

Milstein et al. also reported an iron(Il) pincer complex bearing both a hydride
and a borohydride ligand [Fe(n'-BH,)(H)(CO)("""PNP)] (C34) which showed cata-
lytic activity similar to C33 in the hydrogenation of acetophenone, even at a lower
catalyst load (0.05 mol%) [78]. Noticeably, no additional base was necessary to
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promote the hydrogenation of ketones. Complex (C34) exhibited the highest
turnover number reported to date for iron-catalyzed hydrogenation of ketones
(TON = 1,780 for 2-acetylpyridine, Scheme 15).

Recently, Morris described the use of chiral unsymmetrical P-N—P’ iron pincer
complexes, mer-trans-[Fe(Br)(CO),(P-CH=N-P")][BF,] (C35), for the asymmetric
hydrogenation of ketones in THF at 50°C and 5 atm H, with ‘BuOK as an catalytic
additive (Scheme 15) [79]. Starting from the bromo-iron complex (C35), by
reaction with LiAlH, followed by the reaction with an alcohol ROH, a mixture of
iron hydride complexes mer-[Fe(OR)(H)(CO)(Cy,P-CH,-NH-PPh,)] were obtained
as the pre-catalysts. A large variety of (hetero)arylalkylketones were hydrogenated
with 20-90% conversion and ees up to 85%. Notably, high activities were observed
as TONSs up to 990 and TOFs up to 1,980 h™' were obtained.

Iron complexes bearing multidentate ligands can also be used for the hydroge-
nation of carbonyl compounds. The cationic iron—tetraphos fluoride complex C36
(0.2-1.0 mol%), in the presence of 1-5 mol% of trifluoroacetic acid (TFA) in
isopropanol under 20 atm of hydrogen at 120°C for 2-5 h, was able to reduce
aromatic and aliphatic aldehydes to give the corresponding alcohols in 95-99%
yields [80]. Noticeably, reducible functional groups such as esters, sulfides, C=C
bonds, and even ketones were tolerated. Notably, o,p-unsaturated aldehydes were
chemospecifically hydrogenated leading to the corresponding allylic alcohols in
94-99% yields (Scheme 17). In a plausible mechanism supported by NMR and
DFT investigations, the catalytically active species [(P4)Fe-H][BF,] was proposed
to be generated from the iron fluoride complex C36 by oxidative addition of H,
followed by reductive elimination of HF.

Using the chiral N4P, 22-membered macrocyclic ligand 7 associated to
Fe5(CO), (C15) as an in situ generated catalyst (0.5 mol%), J. Xiao, J. Gao



Iron-Catalyzed Reduction and Hydroelementation Reactions 187

P 7/Fe3(CO)12
by P, g (0.5 mol%) )Oi
Q ,O Ph KOH (20 mol%)  Ph™~
NH Ph HN 10 atm H, 50 examples
B MeOH, 60-99% yields

45°C,5-20 h 51-99% ee
7

Scheme 18 Fe;(CO),,/(7)-based catalyst for asymmetric hydrogenation of ketones

8 (20 mol%), H, (50 bar) R Fe3(CO)y

(¢} 65 °C, 24 h, 1,4-dioxane (0] \\ /\ OH
17 examples H, O O R)\[(OEt

-99% vi
84-99% yields =N s 1)

o
Fe3(CO)1; (6.67 mol%) )kﬂ/oa
o) o OH \ R
e - VRV
e

Scheme 19 Iron-catalyzed hydrogenation of a-ketoesters

et al. reported an asymmetric hydrogenation of various (hetero)arylalkyl ketones
with ees up to 99% and with good functional group tolerance (cyano, iodo, bromo,
and o,p-C=C, Scheme 18) [81]. Interestingly, under 50 bar of hydrogen at 65°C for
30 h in ethanol, pB-ketoesters can be also reduced to afford the corresponding chiral
hydroxyesters.

Using two different iron complexes, Fe3(CO)q, (6.67 mol%) and Fe(OTf),
(7.2 mol%), in a consecutive way in the presence of phenanthridine 8 as the ligand
(20 mol%), the reduction of a-ketoesters gave the corresponding a-hydroxyesters
(Scheme 19) [82]. Indeed, Fe3(CO),, catalyzed the hydrogenation of phenanthri-
dine 8 to the corresponding hydrogenated reagent 9 which then acts as a direct
hydride source to selectively reduce the a-keto C=O unit in a hydrogen transfer
process catalyzed by Fe(OTf), (Scheme 19).

2.2 Transfer Hydrogenation

In the 1980s, Vancheesen et al. described a catalytic transfer hydrogenation of
ketones using iron carbonyl complexes including the most effective Fe;(CO);,
(C15, 4 mol%) in the presence of 1-phenylethanol or isopropanol as the hydride
source and benzyltriethylammonium chloride and 18-crown-6 as phase transfer
catalysts at 28°C for 2.5 h with moderate 20-60% conversions and TOFs up to
13 h™' [83, 84]. The use of the simple triphenylphosphine in combination with
2,2":6' 2"-terpyridine (terpy, 10) and Fe3(CO);, (C15) or FeCl, led to an efficient
catalytic system for the transfer hydrogenation of aliphatic and aromatic ketones, in
the presence of /PrONa (2 mol%) and isopropanol as the hydrogen source
(Scheme 20) [85]. In situ catalysts prepared from either Fe3(CO);, (C15) or
FeCl, in combination with porphyrins (11-12) also showed very good activity in
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Scheme 20 Transfer hydrogenation of ketones
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Fig. 2 Gao’s P-NH-NH-P ligands for asymmetric transfer hydrogenation of ketones

the reduction of a large variety of ketones including a-substituted alkoxyketones in
22-99% conversions and TOFs of up to 642 h™' [86, 87]. Unfortunately, the system
exhibited some drawbacks such as a base-dependent reactivity and high reaction
temperatures (100°C) as it has been shown before that simple bases can promote
the reduction of aldehydes and ketones by transfer hydrogenation at lower
temperatures [88].

Using diaminodiphosphine ligands (P,N,), this reaction can be performed under
milder conditions, even at room temperature. The first example by Gao et al. in
2004 described the asymmetric transfer hydrogenation of ketones using an in situ
generated active catalyst (I mol%) from [NHEt;][FesH(CO);;] (C37) and
tetradentate P-NH-NH-P ligands, namely, (S,S)-Ph-ethP,(NH), (13) and (S,S)-
CyP,(NH), (14) (Fig. 2) [89]. Using 80 mol% of KOH in isopropanol at 65°C for
21 h, the best results were obtained for the reduction of Ph,CHCOCH3;, with ees up
to 98% but with low yields (18%). For the reduction of classical ketones such as
acetophenone, 56% ee and 92% yield were obtained.

Using the same type of ligands, Morris et al. reported in 2008 the asymmetric
transfer hydrogenation of ketones to alcohols using well-defined iron(II) complexes
trans-(R,R)-[Fe(CyP,N,)(NCMe)(CO)](BF,), C38 and trans-(R,R)-[Fe(CyP,N,)
(NCMe)('BuCN)](BF,), C39 (which were found to be inactive for hydrogenation
reactions), with 18-61% ees (Fig. 3) [70]. Complex C38 was an efficient catalyst
for the reduction of benzaldehyde (94% conversion, 1t, 2.4 h) and N-benzylide-
neaniline (>99%, rt, 17 h), but more difficult substrates such as Kketimine
(PhC(Me) = CPh) were only reduced with conversion <5% after 17 h, while
cyclohexanone showed no reactivity. By contrast, the reduction of aromatic ketones
led to the corresponding alcohols with good conversions but moderate enantiomeric
excesses. Complex C38 also works for the transfer hydrogenation of o-B-unsaturated
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ketones (E-PhCH=CHCOMe) leading to a mixture of the a,B-unsaturated alcohol
(18% conversion, 45% ee) and the saturated alcohol (82% conversion, 27% ee). The
complex C39 showed better enantioselectivity but lower activity. Noticeably, the
activity of C38 is significantly better than those previously reported at rt (2,600 h™"
TOF for acetophenone, 35% ee at 24°C) [90].

The same group then developed numerous analogs of C38 in order to improve
the enantiomeric induction. With C40 (0.17-0.5 mol%), ees up to 96% were
obtained, in particular with more steric hindered ketones, with similar catalytic
activity (TOF up to 2,000 h_l) under mild conditions [90]. Following these
preliminary results, Motrris reported a systematic study involving a new family of
diiminophosphine iron(II) complexes (17 examples, Fig. 3) [91-95]. The complex
C41 exhibited a higher activity and selectivity compared to the previously reported
complexes C38—40. As a representative example, the reduction of acetophenone led
to 90% conversion and ees up to 82%, (22°C, 30 min, 0.05 mol% catalyst loading)
with a TOF of 3,600 h~!. For other ketones, at rt for 8—200 min, 35-90% conversion
and 14-99% ees were obtained. Notably, the reduction of E-PhCH=CHCOMe
showed a high chemoselectivity and led to the o,f-unsaturated alcohol (82%
conversion, 60% ee) with trace amount of the saturated alcohol (4% conversion,
25% ee). With C41, an optimized of TOF of 21,000 h~! was observed at 28°C. One
obvious character of these systems is the high amount of base (8 equiv. of KO'Bu
with respect to [Fe]) required for the activation of the catalyst. In order to rational-
ize the role of base in the reaction, Morris and co-workers prepared a new family of
neutral ene-amido pentacoordinate iron(I[)-N,P, complexes C43a-b by
deprotonation with KO'Bu at the carbon o to the phosphorus center of the com-
plexes C42a-b (Scheme 21). Under base-free conditions, transfer hydrogenation of
acetophenone (C43a-b) showed similar behavior compared to their parent com-
plexes. This is a clue that ene-amido compounds are intermediates in the base
activation of iron(II)-N,P, complexes in catalytic transfer hydrogenations [96].
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transfer of acetophenone

Via detailed kinetic [76] and DFT [77] studies, it was shown that starting from
C42 or C43, an imino/enamido intermediate complex 22-I was formed and reacted
slowly with KOiPr to generate the active catalytic species 22-II (Scheme 22).
Presumably via an outer-sphere process with isopropanol, the iron hydride species
22-IV was generated and reacted with acetophenone to produce the
1-phenylethanol.

Morris also reported a family of amine(imine)diphosphine chloro-iron com-
plexes for the efficient asymmetric transfer hydrogenation of ketones. Using
0.016-0.05 mol% of complexes (C44-45) in isopropanol in the presence of
0.033-0.4 mol% of KO'Bu, acetophenone can be reduced with ees up to 90% and
TOFs up to 119 s~ (for C45, Fig. 3) [97].

Le Floch et al. developed a series of related iron complexes bearing tetradentate
ligands bearing two iminophosphorane moieties with two phosphines and
thiophosphino and phosphine oxide groups (Fig. 4) [98]. The versatile coordination
of these ligands to iron(II) metal centers such as the [FeCl,(THF), 5] precursor led
to the corresponding complexes [(FeCl,(P,N)] (C46), [(FeCl,(O,;N,)] (C47), and
[(FeCl,(N,)] (C48). Using 0.1 mol% of the three complexes C46—C48 and 4 mol%
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NaO'Pr for 6-8 h in isopropanol, acetophenone can be reduced at 82°C in 80-91%
conversions.

Similarly to hydrogenation reactions, using 0.5 mol% of a catalyst generated in
situ from the chiral 22-membered macrocycle P,Ny4 ligand 7 in combination with
Fe3(CO);, (C15), an asymmetric transfer hydrogenation of ketones was reported at
65°C in isopropanol in the presence of 12 mol% of KOH and 6 mol% of NH,CI
(Scheme 23) [99]. High activities (TOFs up to 1,940 h™"), high conversions (up to
99%) and excellent enantioselectivities (up to 99% ee) were obtained.

Using cyclopentadienyl-functionalized N-heterocyclic carbene ligands, Royo
reported tethered Cp-NHC—iron complexes such as (C49) as efficient catalysts for
transfer hydrogenation of acetophenone, benzophenone, and cyclohexanone in the
presence of a stoichiometric amount of KOH in isopropanol at 80°C for 2-18 h
[100]. [Fe(Cp)(NHC)(CO),][1] complexes (C50a-c) bearing 1,3-dialkylated N-het-
erocyclic carbene ligands can be also used as efficient catalysts for the transfer
hydrogenation of cyclohexanone at 82°C for 9—11 h in the presence of KOH as a
base. Noticeably, the active species (0.5 mol%) can be generated in situ from
imidazolium salts and CpFe(CO),I and allowed for the reduction of various ketones
in 21-99% conversions under similar conditions (Scheme 24) [101].

Funk described a series of air-stable, nitrile-ligated Knolker-type complexes to
be efficiently used in transfer hydrogenation. The acetonitrile complex C51
exhibited the best activity in the transfer hydrogenation of aldehydes (2 mol% of
C51, 80°C, 18 h) and ketones (5 mol% of C51, 80°C, 18 h). The catalyst C51
exhibited similar activities than the air-sensitive iron hydride complex C24 (1 mol
%, 75°C, 16 h, Scheme 25).
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Recently, Beller et al. reported an efficient and highly selective transfer
hydrogenation of aromatic, heteroaromatic, and aliphatic aldehydes using in situ
generated catalytically active species (0.4 mol%) from Fe(BF,),-6H,O/tris
[2-(diphenylphosphino)ethyl]-phosphine [P(CH,CH,PPh,)3;] (3) in the presence
of 1.1 equiv. of formic acid as the hydrogen source in THF at 60°C for 2 h
(20 examples, GC yields: 96-99%, Scheme 26) [102]. Notably, chloro-, bromo-,
ketone, ester, and styryl moieties were well tolerated under these conditions.
Furthermore, the unprecedented chemoselective reduction of o,fB-unsaturated alde-
hydes to the corresponding allylic alcohols can be performed under base-free
conditions.

2.3 Hyadrosilylation Reactions

For chemoselectivity reasons, the hydrosilylation of alkenes is always an interesting
alternative in reduction reactions, in particular with very inexpensive hydrogen
sources such as PMHS (polymethylhydrosiloxane) and TMDS (1,1,3,3-
tetramethyldisiloxane). In the iron-catalyzed realm, hydrosilylation has seen a
huge development during the last decade. The very first example of the hydro-
silylation of ketones with iron complexes as the catalysts was described in 1990 by
Brunner and Fish. Using [Fe(Cp)(CO)(X)(L)] (C52, 0.5-1 mol%) in the presence of
1 equiv. of diphenylsilane at 50-80°C for 24 h, the silylated ether was obtained
quantitatively, without the formation of silylated enol ethers (Scheme 27) [103].
One of the first generally applicable iron catalyst systems for the hydrosilylation
of carbonyl compounds was reported by Beller et al. in 2007: using an in situ
generated catalyst from Fe(OAc), (5 mol%) and PCy; (10 mol%) in the presence of
PMHS (3 equiv.) as the hydride source in THF at 65°C for 16 h, the reduction of
functionalized aromatic, heteroaromatic, and alkyl aldehydes was efficiently
performed (35 examples, 60-99% yields) [104]. The same catalytic system was
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also able to reduce ketones (21 examples, 60-96% yields) after 20 h at 65°C
[105]. Notably, ester, amino-, cyano-, and «,p-C=C moieties were tolerated
under these conditions. An enantioselective version was then developed using an
in situ generated catalyst from Fe(OAc), and (S,5)-Me-Duphos 15 as a chiral
diphosphine (Fig. 5) using (EtO),MeSiH or PMHS as a hydride source at room
temperature or 65°C, affording yields up to 99% and ees up to 99% in the reduction
of aromatic ketones [106]. Simultaneously, Nishiyama et al. reported that the
combination of Fe(OAc), (5 mol%) and nitrogen-based ligands such as N,N,N/,
N'-tetramethylethylenediamine (TMEDA, 10 mol%) as the catalyst can efficiently
promote the hydrosilylation of ketones in the presence of 2 equiv. of (EtO),MeSiH
at 65°C for 20-24 h to give the corresponding alcohols in 50-94% yields [107]. The
combination of Fe(OAc), (5 mol%) and sodium thiophenecarboxylate 16 (10 mol
%) as the ligand led also to an efficient catalyst system and gave similar results
under the same conditions [108]. The group also reported an iron-catalyzed asym-
metric hydrosilylation of ketones using N,N,N-bis(oxazolinylphenyl)-(bopa)
ligands such as Bopa-dpm 17 (3 mol%) in combination with Fe(OAc), (2 mol%)
as a catalyst and (EtO),MeSiH as the hydride source (88-99% yields and 50—-88%
ees) [109]. Other chiral ligands can be used such as tetraphenyl-carbpi 18 [110] or
pybox-Bn 19 (Fig. 5) [111].

N1-Alkylated 2-(pyrazol-3-yl)pyridines such as 20 in combination with iron
octanoate [Fe(O,CgH;s),] were also suitable catalyst precursors for the hydro-
silylation of aldehydes and ketones in heptane at 80°C for 20 h in the presence of
PMHS as the hydride source [112].

Using a catalyst obtained in situ from PCy; and the widely used air- and
moisture-stable complex BuyN[Fe(CO);(NO)] C53 [113], (which is a potent cata-
lyst in allylic substitution [114]), Plietker et al. reported a highly active system for
the mild hydrosilylation of a variety of functionalized aldehydes and ketones using
PMHS as the hydrogen source. The corresponding alcohols were obtained in
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moderate to excellent yields {aldehydes (65-99%); ketones (92-99%)} at low
catalyst loadings (1-2.5 mol% C53 and 1.1 mol% PCys) at 30—50°C for 14 h [115].

Using the simple but highly air-sensitive iron silylamide catalyst [Fe(N
(SiMes),),] C54, Tilley succeeded to perform efficiently the hydrosilylation of
various aldehydes and ketones using 1.6 equiv. of Ph,SiH,. Notably, he performed
the reaction at 23°C for 0.3-20 h using low catalyst loading (0.01-2.7 mol%) with
TOFs of up to 2,400 h™! for the reduction of 3-pentanone. Such mild conditions
allowed for tolerating functional groups such as nitriles, cyclopropyl units, or
olefins [116]. The well-defined iron(Il) bis-(trimethylsilyl)amido complexes C55
bearing a N-phosphinoamidate ligand (Fig. 6) can also be used as a catalyst (0.015—
1 mol%) for the hydrosilylation of a large range of aldehydes and ketones in the
presence of 1 equiv. of phenylsilane. It must be noted that TOFs up to 23,600 h™"
can be reached at rt for the reduction of acetophenone, showing the beneficial
influence of the ligand (compared to 1,266 h~! with C54).

Pincer-type iron complexes, which are usually more stable, were also exten-
sively studied in the hydrosilylation of carbonyl derivatives. First, in 2008, Chirik
developed a series of highly active bis(imino)pyridine(PDI) iron complexes such as
[Fe(iPrPDI)(N,),] (C9) for the hydrogenation and hydrosilylation of alkenes (vide
supra) which was also catalytically active in the hydrosilylation of p-tolualdehyde
and acetophenone with Ph,SiH, at 23°C within 1 h. Interestingly, using the more
active iron dialkyl complex C56 (0.1 mol%) in the presence of 2 equiv. of
diphenylsilane at 23°C for 3 h, a large variety of ketones can be efficiently reduced
(Fig. 6). Noticeably, cyclohexenones were chemoselectively reduced within 12 h,
leading to the corresponding unsaturated alcohols without hydrosilylation of the
C=C bond, whereas the reduction was less chemoselective with acyclic enones,
which gave the allylic alcohols as the major product [117]. In 2011, Guan
et al. reported the synthesis of new iron hydride complexes bearing phosphinite-
based pincer ligands (POCOP) such as C57 (Fig. 6) and their application in the
catalytic hydrosilylation of aldehydes and ketones [118]. For the reduction of
benzaldehyde, full conversions were obtained at 50°C within 1 h using 1 mol%
of catalyst C57 in the presence of 1.1 equiv. of (EtO);SiH. With ketones such as
acetophenone, a higher temperature (80°C) for 4.5 h was required to reach full
conversion and the corresponding alcohols were isolated in up to 88% yield. This
system can reduce different aromatic and aliphatic aldehydes in good yields (80—
92% at 50-65°C for 1-36 h) and aromatic ketones in low to moderate yields (0—
88% at 50-80°C for 4.5-48 h). Even though the mechanism for this reaction is not
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clear, the decoordination of PMe; or CO as first step in order to generate the active
catalyst seems a crucial step.

Most recently, H. Sun et al. described a similar silyl iron pincer complex C58
(Fig. 6) bearing a tridentate bis(phosphine)silyl ligand whose catalytic activity was
evaluated in the hydrosilylation of aldehydes such as benzaldehyde: using 1 mol%
of C58 in the presence of 1.5 equiv. (EtO)3;SiH in THF at 60°C for 1 h, benzyl
alcohol was obtained quantitatively, whereas the reduction of ketones such as
acetophenone and cyclohexanone required a longer reaction time (6 h) to give the
corresponding alcohols with 89 and 99% yields, respectively [119]. Additionally,
cyclometallated iron complexes can also be used as catalyst in hydrosilylation
reactions: X. Li reported the use of the hydrido-iron complex C59 (Fig. 6) as a
catalyst (0.3—-0.6 mol%) in the presence of 1.2 equiv. of (EtO);SiH in THF at 55°C
for 1-4 h for aldehydes and 4—12 h for ketones leading to the alcohols in 65-92%
isolated yields [120].

Cyclopentadienyl piano-stool iron(II) complexes are another family of well-
defined iron complexes which were also widely studied in hydrosilylation reactions.
Since the pioneering work of Brunner [103], Nikonov et al. in 2008 reported a
nonclassical iron silyl dihydride complex (C60, 5 mol%) for the hydrosilylation of
benzaldehyde with H,SiMePh at 50°C for 12 h. The parent cationic complex C61
(5 mol%) was also active in hydrosilylation of benzaldehyde with PhSiH; at 22°C
for 3 h (Scheme 28) [121].

In our group, we have developed the analogous series of carbonyl complexes
[Fe(Cp)(CO),(PR3)][X] (C62—C63, Scheme 28). These cationic complexes could
be successfully used as catalysts for hydrosilylation of both aldehydes and ketones.
Using 5 mol% of catalysts C62a—c and 1.1 equiv. of phenylsilane at 30°C under
visible-light irradiation for 16 h, excellent conversions were obtained either in THF
(92-98%) or under neat conditions (91-97%) for the reduction of benzaldehyde
derivatives. Interestingly, PMHS (4 equiv.) as the hydrosilane could also be used in
the presence of 5 mol% of complexes C62a—b, which gave the best conversions
(95%) under similar conditions in THF. The best catalyst for the reduction of
acetophenone was the neutral iron complex [Fe(Cp)(CO)(I)(PPh;)] C63 in the
presence of 1.2 equiv. of phenylsilane under neat conditions and visible-light
activation and slightly harsher conditions (70°C for 30 h). Interestingly, the
tetrafluoroborate complexes C64 exhibited similar or superior activities compared
to the iodo- or hexafluorophosphate analogs such as C64 (5 mol%). It gave 98%
conversion for the reduction of acetophenone under visible-light activation at 70°C,
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either with 1.2 equiv. of phenylsilane for 16 h or with 4 equiv. of PMHS for 72 h. It
must be underlined that visible-light activation is necessary in order to facilitate the
decoordination of one CO ligand and generate an unsaturated active species [122].

Similarly, piano-stool iron—NHC complexes (NHC = N-heterocyclic carbene) can
efficiently play the role of catalysts in such reductions. In 2010, Royo reported the use
of tethered Cp-NHC iron complexes such as C49 (1 mol%) for the hydrosilylation of
activated aldehydes (six examples) in the presence of 1.2 equiv. of (EtO),MeSiH in
acetonitrile at 80°C for 1-18 h [100]. In our group, we have developed a family of
piano-stool iron—-NHC complexes [Fe(Cp)(CO),(NHC)][X] for the hydrosilylation of
aldehydes and ketones. Using the cationic complex [Fe(Cp)(CO),(IMes)][I] (C65)
and the neutral complex [Fe(Cp)(I)(CO)(IMes)] (C66) obtained by visible
photoirradiation of C65 in CH,Cl,, an efficient reduction of both aldehydes and
ketones using 1 equiv. of phenylsilane was performed [123]. Good to excellent
conversions (88-99%), and isolated yields were obtained for a variety of aldehydes
(THF, 30°C, 3 h), albeit lower activities were observed with ketones (toluene, 70°C,
16 h, conversion =50-99%) and electron-deficient acetophenone derivatives being
easier to hydrosilylate. Notably, the visible-light activation is mandatory to generate
the active catalyst from the cationic complex C65, whereas neutral complex C66
works at 30°C without any activation. When conducting the hydrosilylation under
solvent-free conditions and light irradiation, significant rate acceleration and better
activities were obtained with acetophenone derivatives substituted by electron-
donating groups which were then fully hydrosilylated. Noticeably, in most of the
examples, the reactions proceed with higher conversions and yields than similar
reactions conducted in THF or toluene and at lower temperatures (50 versus 70°C)
[124]. Furthermore, nitrile, amine, and alkene groups were tolerated. NHC ligands
such as IMes exhibited a significant influence on the activity as a huge difference of
activity was observed when using [Fe(Cp)(IMes)(CO),][I] versus [Fe(Cp)(CO),], or
[Fe(Cp)()(CO),] precursors as the catalysts (for benzaldehyde, after 3 h at 30°C, the
conversions are >97 versus <10%). The nature of the NHC ligand has an influence on
the activity of the corresponding [Fe(Cp)(NHC)(CO),][I] pre-catalyst (Fig. 7). A series
of piano-stool iron complexes comprising 1,3-disubstituted imidazolidin-2-ylidene
ligands [Fe(Cp)(CO),(NHC)]I such as C67 can be also used as catalysts but have
shown moderate activity as hydrosilylation of aldehydes and ketones were conducted
at 100°C for 0.5-4 h using phenylsilane under solvent-free conditions and in the
absence of light activation [125]. With anionic six-membered-ring N-heterocyclic
carbene ligands incorporating a malonate backbone, the corresponding [Fe(Cp)
(NHC)(CO),] (C68, 1 mol%) is an active catalyst for the hydrosilylation of
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Fig. 7 Representative, catalytically active Cp-NHC iron complexes for hydrosilylation reactions
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aromatic aldehydes using 1 equiv. of diphenylsilane at 30°C for 1-3 h (full conver-
sions) and for the reduction of acetophenone derivatives using 1 equiv. of
phenylsilane at 70°C for 16 h (37-98% conversions), similar to C65 [126]. Similarly,
in the presence of 1.2 equiv. of phenylsilane under visible-light irradiation and neat
conditions, benzimidazole-based NHC iron complexes such as C69 (2 mol%)
catalyzed the hydrosilylation of benzaldehyde at 30°C within 3 h and acetophenone
at 70°C within 17 h [127].

Adolfsson et al. described lately the hydrosilylation of ketones with PHMS as
the hydrosilane by using in situ generated iron complexes, starting from iron(II)
acetate and the imidazolium salt precursor IPr-HCI or N-hydroxyethyl-
imidazolium in the presence of a base such as n-BuLi [128, 129]. It must be
noted that the stoichiometry between the base and the imidazolium salts is impor-
tant, as simple alkoxide salts are also able to promote such catalytic hydro-
silylations with trisubstituted silanes.

The well-defined, low-valent iron-NHC complex [Fe(Me),(IMes),] (C70) was
reported by F. Glorius, Y. Ohki, and K. Tatsumi (Fig. 8) [130]. Complex C70
(0.1 mol%) was able to promote the hydrosilylation of 2’-acetonaphthone in THF
with 1.1 equiv. of (EtO);SiH at 25°C for 5 h or with 1.1 equiv. of Ph,SiH, at 40°C
for 5 h. Noticeably, C70 (1 mol%) is also efficient in transfer hydrogenation at 70°C
in the presence of 1.2 equiv. of /PrOLi in /PrOH. Using the iron complex C71
bearing a diamine-bridged bis-N-heterocyclic carbene (1 mol%) in combination
with MeLi (2 mol%, in order to generated a Fe—Me species), the hydrosilylation of
acetophenone was performed with 95% conversion in THF at 60°C for 16 h in the
presence of 1.1 equiv. of Ph,SiH, [131]. Royo described that the iron (0) complex
[Fe(CO)4(IMes)] C72 (1 mol%) can reduce aromatic aldehydes using 1.2 equiv. of
phenylsilane at room temperature for 4 h in THF, and remarkably reducible
functional groups such as ketones, nitriles, or nitro groups were tolerated under
these mild conditions [132].

Finally, in the area of iron hydrosilylation, Campagne succeeded to discover an
unusual chemoselective reduction. The combination of PMHS (2.7 equiv.) and
FeCl; - 6H,O (10 mol%) in 1,2-dichloroethane under microwave irradiation at
120°C for 1 h efficiently reduced aldehydes and ketones to the corresponding
methylene compounds in 62-98% yields [133].



198 C. Darcel and J.-B. Sortais

3 Reduction of Imines and Nitro-derivatives and Reductive
Amination of Carbonyl Compounds

3.1 Reduction of Imines

Until today, only scarce examples of reduction of imines catalyzed by iron-based
catalysts have been described in the literature. Beller et al. reported the first
catalytic hydrogenation of imines to amines [134]. Combining the Knolker com-
plex C24 and the chiral phosphoric Brgnsted acid 21a in a synergistic way, the
resulting in situ catalyst can perform the hydrogenation of various N-aryl ketimines,
leading to the corresponding amines in 60-94% isolated yields and 67-98% ees
(Scheme 29). Using the same methodology, the group described that the enantio-
selective reductive hydroamination of terminal alkynes with primary anilines by
hydrogenation via a sequential one-pot procedure involving a gold-catalyzed
hydroamination {using 1 mol% of [Au(o-BiPh)(:Bu),P][BF,]}, followed by an
enantioselective hydrogenation of the in situ formed imines [C24 (5 mol%)/21
(2 mol%) under the same conditions, yields up to 93%, ees of 70-94%] [135].

The same catalytic system (3—5 mol% of C24 and 1-2 mol% of 21a-b) was also
active in the enantioselective hydrogenation of quinoxalines and 2H-1,4-
benzoxamines, leading to the corresponding tetrahydroquinoxalines with enantio-
meric ratios (ers) up to 97:3 and to 3,4-dihydro-2H-1,4-benzoxamines with ers up to
87:13 (Scheme 29) [136].

Interestingly, using a water-soluble Knolker-type complex C26 (Scheme 13,
2.5 mol%) in the presence of Mes;NO (3.75 mol%) in water under 10 bar of H, at
100°C for 24 h, water-stable and water-soluble imines can be reduced in 91-98%
yields [64].

Recently, Jones described the hydrogenation of N-heterocycles such as tetra-
hydroquinoxalines using the bifunctional iron pincer complex C73 as the catalyst
(3 mol%), under 5-10 atm of Hy, in the presence of 10 mol% of KO'Bu as a base in
THF at 80°C for 24 h (60-92% isolated yields) [137]. It must be pointed out that
using the same type of pincer complex as the catalyst, the reverse dehydrogenation
of N-heterocycles can be performed in refluxing xylene for 30 h. The complex C74
gave the best performance, whereas C73 was inactive (Scheme 30).

Imines can be also reduced under hydrogen transfer conditions. In 2011, the first
iron-catalyzed enantioselective transfer hydrogenation of activated ketimines was
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Scheme 29 Knolker complex/chiral phosphoric Brgnsted acid for the catalytic asymmetric
hydrogenation of C=N bonds
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described [138]. Using 0.33 mol% of [NHEt;][Fe;H(CO);,] (C37) combined with
the diiminophosphine tetradentate chiral ligand CyN,P, (22) at 45°C for 30 min in
isopropanol in the presence of a catalytic amount of a base, numerous aromatic and
heteroaromatic N-phosphonyl ketimines were reduced in 67-98% yields and 89—
98% ees (Scheme 31).

Morris et al. reported a family of diimino-diphosphine iron complexes for the
transfer hydrogenation of N-(diphenylphosphinoyl)- and N-(tolylsulphonyl)-
ketimines: with the most effective complex C75 (1 mol%) in combination with
0.8 mol% of rBuOK in iPrOH at 40°C for 40—-120 min, the corresponding amines
were obtained with 29-94% conversion and 95-99% ees for the reduction of
various N-(diphenylphosphinoyl)-ketimines [139].

In the hydrosilylation field, only one general methodology of iron-catalyzed
hydrosilylation of aldimines and ketimines was reported up to date: using 2 mol%
of the complex [Fe(Cp)(IMes)(CO),]I (C65, Fig. 7), a large range of aldimines
were reduced under light irradiation at 30°C for 30 h using 2 equiv. of phenylsilane
under solvent-free conditions, and the corresponding amines were obtained after
treatment with a base (Scheme 32) [140]. Various functional groups were tolerated,
in particular halogenides (I, Br, Cl), ketones, esters, and alkenes which were not
altered under these smooth catalytic conditions.

Compared with aldimines, slightly harsher conditions were used to hydrosilylate
ketimines, as 24 h at 100°C under neat conditions with 5 mol% of the pre-catalyst,
and 2 equiv. of PhSiH; were required to obtain the corresponding amines in 57—
95% yields.
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3.2 Reduction of Nitrile and Nitro-compounds En Route
to Primary Amines

The preparation of primary amines via reduction processes is still a challenging
area of research. Only a few protocols describing iron-catalyzed hydrogenation of
nitroarenes are reported. In 1976, Knifton used [Fe(CO);(PPhs),] as a catalyst
(0.5 mol%) for the hydrogenation of nitrobenzene under 80 bar of H, at 125°C
for 9 h in benzene/ethanol leading to the corresponding aniline in 87% [141]. With
an in situ generated catalyst from FeSO4-7H,0 (0.75 mol%) and Na,EDTA
(3.75 mol%), Chaudhari et al. succeeded to hydrogenate nitroarenes in water
under 28 bar of H, at 150°C for 2-9 h [142]. Ketone, carboxylic acid and cyano-
functionalities can be tolerated.

Using the iron—tetraphos complex C36 (2-5 mol%) in the presence of 1 equiv. of
trifluoroacetic acid (TFA) in t~-AmylOH under 20 atm of hydrogen at 120°C for 2 h,
nitroarenes were hydrogenated to the corresponding aniline derivatives in 78-99%
yields (Scheme 33) [143]. The in situ generated catalysts from Fe(BF,),-6H,0 and
the corresponding tetraphos ligand 3 gave similar results. The interesting
chemoselectivities observed toward nitriles, esters, styryl units, or a,B-unsaturated
esters and halides (even iodides) must be underlined.

The same authors succeeded also to reduce nitroarenes by hydrogen transfer
using formic acid (4.5 equiv.) as the reducing agent in the absence of additional
base using the in situ generated catalyst (4 mol%) from a 1/1 mixture of
Fe(BF,),-6H,0 and the tris[2-(diphenylphosphino)ethyl]-phosphine [P(CH,CH,PPh,);]
(3) [144]. At 40°C in ethanol for 1-2 h, various functionalized nitroarenes were
reduced in full conversions and good to excellent yields (86-99%, Scheme 33).

Finally nitroarenes can also be reduced to anilines via hydrosilylation reactions.
The in situ generated catalyst from FeBr, (10 mol%) and a phosphine {PPhs,
P(Ph-4-OMe); or PPh,Me}, 12 mol%} in the presence of 2.5 equiv. of PhSiH; as
the hydride donor at 110°C for 16 h led to the chemoselective reduction of various
nitro-substituted arenes and heteroarenes with 25-99% GC yields [145]. Later,
Lemaire et al. described a simple system based on Fe(acac); (10 mol%) in the
presence of TMDS (1.5 equiv.) for the selective reduction of nitroarenes to aniline
derivatives in 20-99% yields after 2448 h at 60°C. Notably, functional groups
such as esters, carboxylic acids or cyano were tolerated. Under these conditions,
nitroalkanes did not give the corresponding amines [146, 147].

®
T BF4® Conditions: €36 (2-5 mol%), TFA (1 equiv.)
Pth NO, NH, 2 (20 ban), tAMOH, 120 °C, 21
Pph2 18 examples, 78-99% GC-yields
Pl Fe F Conditions: Fe(BF),+6H,0 / 3 (4 mol%),
l Pth PhyP pth HCOOH (4.5 equiv.), ethanol, 40 °C, 1-2 h
17 examples, 77-99% GC-yields

Scheme 33 (C36-catalyzed hydrogenation of nitroarenes to anilines
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3.3 Direct Reductive Amination (DRA)

Among the preparative methodologies for the synthesis of amines, direct reductive
amination is certainly one of the most versatile and useful pathways. Even though
this reaction has been widely studied with stoichiometric alkali-reducing agents,
applications of transition metals including iron for this reaction have been devel-
oped over the last decade. In 2008, Bhanage et al. described the DRA of aldehydes
and ketones under 28 bar of hydrogen in the presence of primary and secondary
amines at 150°C for 12 h in water using a catalytic amount of FeSO, - 7H,0 (10 mol
%) and ethylenediaminetetraacetic acid disodium salt (EDTA-Na,, 25 mol%)
[148]. It must be underlined that under these conditions, small amounts of alcohols
resulting from the hydrogenation of the carbonyl compounds were also obtained.
Using Fe3(CO);, (4 mol%) under 50 bar of H; in toluene at 65°C for 24 h, anilines
can be efficiently transformed to the corresponding alkylated anilines in good yields
(68-97%) by reaction with both aldehydes and ketones. Notably, molecular sieves
are necessary for the DRA with ketones in order to completely shift the equilibrium
of its condensation reaction with anilines. The reaction can be chemoselective with
aldehydes bearing ketone or ester moieties [149]. Well-defined Knolker-type com-
plexes can be also used efficiently for this transformation under mild conditions: in
the presence of 5 mol% of the complex C25 and 5 mol% of trimethylamine N-oxide
as the catalytic system, under low hydrogen pressure (5 bar) at 85°C in ethanol,
aldehydes can react with various alkylamines leading to the corresponding
alkylated amines in moderate to good yields. For the reaction of ketones, a slight
modification of the conditions is necessary, as the reaction was performed in
methanol with a catalytic amount of NH4PFg (Scheme 34) [150, 151].

DRA at iron can be also performed by hydrosilylation. Enthaler reported in 2010
the first DRA of aldehydes by aniline derivatives using FeCl; (5 mol%) as the
catalyst in the presence of a large excess of PMHS in THF at 60°C for 24 h.
Notably, the reaction did not take place with alkylamines such as benzylamine
[152]. Still, using PMHS as the hydrosilane and well-defined cyclopentadienyl
phosphanyl-pyridine piano-stool iron complexes such as C77 (5 mol%) can pro-
mote DRA of benzaldehyde derivatives by secondary amines in dimethyl carbonate

4
R? /R4 R2 /R FeSOy (10 mol%) Conditions: carbonyl compond (1.2 equiv.), H, (28 bar), water,
1,& HN >7N EDTA-Na, (25 mol%) 150 °C, 12 h, 21 examples, 21-88% yields
R (0] A 1N\
R® R R3®  Fes(CO)y, (4 mol%)  Conditions: Aniline (1.5 equiv.), Hp (50 bar), toluene, 65 °C, 24
R h, 24 examples, 68-97% yields
7 o @ ©  Cat25-C76 (5mol%) Conditions: Aniline (1.2 equiv.), H (5 bar), EtOH [MeOH], 85 °C,
X " : BF4  MesNO (5mol%) 24 h, Aldehydes, 14 examples, 38-94% yields;
\ R Fe® [NH4PFg (10 mol%)]  Ketones, 6 examples, 61-95% [modified conditions]
n F P e T
Smco PP l O FeCl (5 mo%) Conditions: aniline (1 equiv.), PMHS (excess), THF, 60 °C, 24 h
oC C N 18 examples, 19-97% yields
C25,X=CHp, n=1 \ = c77  Cat77(5mol%) Conditions: amine (1 equiv.), PMHS (4 equiv.), DMC,
R = SiMes = 40 °C, 24 h, visible light activation
€76, X =NTs,n=0 11 examples, 53-77% yields

R = Si(iPr)s

Scheme 34 Iron-catalyzed direct reductive amination
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Scheme 35 Cascade - Fe(Pc;tL)(SCZ)z Gmol) 2
reaction involving and iron- A~y OH +  _N__, PMHS@eauv) _R !
J on X AT RE g0 50, 20 /\’\(\{N\Ar
catalyzed DRA he ; R light irradiation n
- =H, alkyl

(DMC) at 40°C for 24 h under visible-light irradiation, leading to the corresponding
tertiary amines in 53-93% isolated yields [153]. Esters, nitriles, ketones, and
halides can be tolerated under such mild conditions. Interestingly, the
phosphanyl-pyridine ligand seems to have a beneficial influence on the activity,
as with monophosphine complexes [Fe(Cp)(CO),(PR3)][BF,] such as C64, only
moderate conversions (35-58%) were obtained. Recently, in a cascade fashion,
DRA was performed starting from allylic or homoallylic alcohols and secondary
and primary anilines using [Fe(cod)(CO)3] (C78, 5 mol%) as the catalyst and cheap
and abundant PMHS as the hydrosilane reagent. Thus, the selective synthesis of
tertiary and secondary aniline derivatives was achieved by reaction in ethanol under
mild conditions (50-70°C under visible-light activation). This process corresponds
to a formal DRA of (homo)allyllic alcohols via a tandem isomerization/conden-
sation/hydrosilylation reaction (Scheme 35) [154].

4 Reduction of Carboxylic Acid Derivatives
and Carbon Dioxide

4.1 Amides

Among the carboxylic acid derivatives, carboxamides are certainly among the most
difficult ones to reduce, and numerous transition metals have already been
described for their catalytic reduction, in particular in hydrosilylation reactions.
One of the challenges is to selectively cleave the C—N bond to give the resulting
alcohols and amines or the C=O bond leading to the corresponding amines.
Pioneering reports were published simultaneously by Beller [155] and Nagashima
[156, 157] on iron-catalyzed reduction of secondary and tertiary amides yielding
the corresponding amines, using Fe;(CO);, (C15) or Fe(CO)5 (C1) as pre-catalysts
(2-10 mol%). Notably, the groups used either PMHS (4—10 equiv.) or TMDS (2.2
equiv.) as inexpensive silanes to perform the reduction at 100°C for 24 h. Interest-
ingly, Nagashima showed that such reactions can also be efficiently promoted by
irradiation using a 400 W high-pressure mercury lamp for 9 h at rt (Scheme 36).
Using well-defined iron(II) NHC complexes such as [Fe(Cp)(CO),(IMes)][1]
(C65, 5 mol%) in the presence of 2 equiv. of phenylsilane at 100°C for 24 h, the
reduction of tertiary and secondary amines can also be conducted under visible-light
irradiation (24 W compact fluorescent lamps) under neat conditions [158]. Using
the carefully in situ prepared iron N-heterocyclic carbene complex obtained from a
THF mixture of Fe(OAc), (1 mol%), (PhHEMIM][OTF]) 23 (1.1 mol%) and LiCl
(1 mol%) treated by 2.2 mol% of n-BuLi, the hydrosilylation can be conducted at
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o) 5 Fe3(CO)y, C15 (2-10 mol%) Conditions: PMHS (4-10 equiv.), nBu,0, 100 °C, 24 h
R R (Bellen 14 examples, 25-98% yields
| | Fe(CO)s C1 or Conditions: TMDS (2.2 equiv.), toluene, 100 °C, 20 h
R2 R2 Fe3(CO)12 €15 (10 mol%) 8 examples, 21-96% yields
(Nagashima) or TMDS (2.2 equiv.), irradiation 400 W high pressure Hg

Ph 849, Vi
TfOe =\ lamp, 9 h. 8 examples, 73-84% yields
— NVN\/K/OH CpFe(CO),(IMes)][l] C65(5 mol%) Conditions: PhSiHs (2 equiv.), 100 °C, visible light, 24 h

23 (Sortais, Darcel) 21 examples, 77-98% yields
PR
(/\)N N\/\> Fe(OAc), (1 mol%), 23 (1.1 mol%) Conditions: 1) Fe(OAc),, 23, nBulLi (2.2 mol%), LiCl (1
N/J\ )\N (Buitrago, Adolfsson) mol%); 2) amide, PMHS (3 equiv.), THF, 65 °C, 5-14 h
./ Ee [ 12 examples, 77-92% yields
Dipp ; Dipp €79 (1 mol%) Conditions: Ph,SiH, (3 equiv.), 70 °C, 24 h
C79 (Driess) 4 examples, 83-99% yields

Scheme 36 Iron-catalyzed hydrosilylation of tertiary and secondary amides

1) [EtsN][HFe3(CO)11] C37 (2-5 mol%)
(OEN:MeSiH (35 equiv.), 100°C _ |~ 4 N
R™ "NHz  2) Fe(OAC), (10 mol%), 24 (20 mol%) ? =N N7&

(OEt),MeSiH (3.5 equiv.) 18 examples 24
100 °C, 28 h 48-70% yields

Scheme 37 Two consecutively applied, iron-based catalytic systems for the reduction of primary
amides to primary amines

65°C in the presence of PMHS as the hydride source. Notably, the presence of LiCl
is crucial to obtain good chemoselectivities [159]. The reduction of tertiary amides
can also be performed with the well-defined NHC-Fe(0) complex bis-(N-Dipp-
imidazole-2-ylidene)methylene Fe(n6—benzene) (C79, 1 mol%) in the presence of
3 equiv. of diphenylsilane at 70°C in THF for 24 h [160].

Reductions of primary amides under hydrosilylation conditions are more diffi-
cult to realize as under the reaction conditions mentioned above, with the major
reaction being the dehydration leading to nitrile derivatives [161]. However, using
two different iron complexes in a consecutive way, the reduction of primary amides
led efficiently to primary amines [162] by using [Et;NH][HFe;(CO);] (C37, 2-
5 mol%, which promotes the dehydration of primary amides to nitriles) and the
combination of Fe(OAc), (20 mol%) and the terpyridine ligand 24 (20 mol%,
which catalyzes the reduction of nitrile derivatives to primary amines) in the
presence of (EtO),MeSiH (3 equiv.) in toluene at 100°C for additional 28 h
(Scheme 37).

4.2 Nitriles

The catalytic hydrogenation of nitriles leading to the corresponding primary amines
is still a challenging reaction to be catalyzed by iron. Recently, Beller et al. reported
the use of the iron PNP pincer complex C74 for the hydrogenation of nitriles to lead
selectively to the primary amines under 30 bar of H, in isopropanol at 70—100°C for
3 h. Notably, aromatic, heteroaromatic, and alkyl nitriles, and dinitriles (including
adiponitrile) can be reduced in 40-95% yields. Under these conditions, halides,
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PiPr.
" ( | AH—BH; 1) 1 mol% C74 ®
NiFe7CO R—=N 30 atm H, R/\NH;; Cle R = aromatic, 24 examples, 40-99% yields
PP iPrOH, 70-100 °C, 3 h R = alkyl, 12 examples, 74-99% vyield
Fra 2) HCI (1M in MeOH) Dinitriles: 5 examples, 41-95% yields

C74

Scheme 38 Iron PNP pincer complex catalyzed hydrogenation of nitriles

esters, ethers, acetamido-groups, and a,p-unsaturated C=C bonds were tolerated
during the reduction of the nitrile (Scheme 38) [163].

4.3 Carboxylic Esters

In molecular synthesis, one of the most important, but also the most difficult task, is
the efficient and chemoselective reduction of carboxylic acid derivatives such as
carboxylic acids or esters to alcohols, ethers, or aldehydes. With iron, there are only
a few reports dealing with that challenging task. The first iron-catalyzed reduction
of esters was reported in 2012: using [Fe(Cp)(CO),(PCys;)][1] (C80, 5 mol%) under
neat conditions and visible-light activation at 100°C for 16 h in the presence
of 4 equiv. of phenylsilane, methyl phenylacetate was converted in 85% to a
mixture of 2-phenylethanol and methyl 2-phenylethyl ether in a ratio of 6:1. With
[Fe(Cp)(CO),(PCy3)][BF4] (C64, 5 mol%) under similar conditions, the
corresponding 2-phenylethanol was obtained specifically in 97% conversion and
88% isolated yield. Complex C64 as the catalyst was able to perform efficiently
the reduction of aliphatic carboxylic esters to give the corresponding alcohols in
51-88% isolated yields (Scheme 39) [164]. Chemoselectively catalyzed
hydrosilylation reactions of aromatic and aliphatic esters to alcohols can also be
conducted with a catalytic system consisting of Fe(stearate), and H,NCH,CH,NH,
in the presence of 3 equiv. of PMHS at 100°C for 20 h [165]. Furthermore, using the
three-coordinate iron(II) N-phosphinoamidinate complex CS55 in low catalytic
loading (0.25—1 mol%), the reduction of esters to alcohols is possible at room
temperature within 4 h [166].

Modifying the nature of the catalytic system, different chemoselectivities can be
reached. To obtain selectively ethers from esters, Fe3(CO);, (C15, 10 mol%) was
used as the catalyst in the presence of TMDS (3 equiv.) as the hydride source in
toluene at 100°C for 2 h [167]. This methodology can be applied to reduce aliphatic
and alicyclic esters and even steroid esters (Scheme 40).

To obtain specifically aldehydes from aromatic, aliphatic, and heteroaromatic
esters, the combination of [Fe(CO),(IMes)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)
imidazole-2-ylidene) (C72, 5 mol%) as the catalyst and R,SiH, (R = Et, Ph) as the
silane allowed for the efficient reduction at room temperature under UV irradiation
(350 nm) [168]. Notably, this catalyst system can also be applied for the
chemoselective reduction of lactones to lactols in good isolated yields. Interest-
ingly, experimental evidence was given which proved that the hydrosilylation
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o C64 (5 mol%) Conditions: PhSiH; (4 equiv.), neat conditions,
)j\ _Me = R oH visible light, 100 °C, 16 h,
R o 14 examples, 51-88% yields
Fe(stearate),/ Conditions : [Fe] (5 mol%), ligand (10 mol%),
@ © H,NCH,CH,NH, PMHS (3 equiv.), toluene, 100 °C, 20 h
Y i-Pr i-Pr 20 examples, 35-86% yields
wFe.
oc! { \PCYS 1) Ph N €55 (0.25-1 mol%)  Conditions: PhSiH; (1 equiv.), toluene, rt, 4 h
oc BF, | :FE*N<S\Me3)z 9 examples, 97-99% conversions; 67-90% yields
~P
ce64 {tBuy, ©55

Scheme 39 Selective iron-catalyzed hydrosilylation of esters to alcohols

Fe(CO)4 (10 mol%)
o TMDS (3 equiv.) R

L & R o7 20 examples, 50-85% yield
R” Mo~ Toluene, 100 °C, 2h examples, o yields

Scheme 40 Selective iron-catalyzed hydrosilylation of esters to ethers

R RYS Ry ™\
T’( = (1 mol%) To( 21 examples Mes N N=Mes
R" = Et, Ph toluene, rt ° isolated yields: 65-95% T <o
UV (350 nm) OC—Fe‘Q
0w _O. R 2- 1M HCITHF, it Ho.__O.__R Lo eo
W + Et,SiH, g 4 examples
) N isolated yields: 83-95% cr2

Scheme 41 Selective iron-catalyzed hydrosilylation of esters to aldehydes and lactones to lactols

occurs by an oxidative addition of the hydrosilane to an unsaturated NHC—Fe
species yielding a hydride—silyl iron complex (Scheme 41).

Aldehydes can be also obtained by reduction, starting from more reactive acyl
chlorides. Indeed, a catalytic system based on FeO (20 mol%) and tris(2,4,6-
trimethoxyphenyl)phosphine (TMPP, 5.0 mol%) in the presence of phenylsilane
(1.12 equiv.) allowed for the selective transformation of alkanoyl chlorides to the
corresponding aldehydes when performing the reaction in toluene at 60—120°C for
20 h [169].

In terms of large-scale and industrial applications, the reduction of esters to
alcohols via hydrogenation is a more interesting goal. Several complexes as cata-
lysts were reported in early 2014. First, Milstein described an iron-catalyzed,
selective hydrogenation of activated trifluoroacetic esters leading to 2,2,2-
trifluoroethanol and the alcohols corresponding to the ester alkoxy groups in 52—
99% NMR yields. The iron dihydrido-pincer complex C81 (1 mol%) was utilized as
catalyst in the presence of 5 mol% of NaOMe as the base in dioxane under 25 bar of
hydrogen at 40°C for 16 h (Scheme 42) [170]. Notably, no activity was observed
with difluoroacetic ester derivatives.

Later, in two simultaneous contributions, Beller [171] and Guan [172] described
the use of the bifunctional PNP iron pincer complex C74 as catalyst for the
hydrogenation of a wide variety of esters under base-free conditions (Scheme 42).
This catalytic system is suitable for the reduction of both aliphatic and aromatic
esters. It can tolerate carboxylic amides, heteroaromatic motifs such as furans,
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1y

i 1 mol% C81 jJH PBu,

5 mol% NaOMe ‘ H

+R-OH N\

Fic” OR G

5 25 atm FiC N /Fe co c81
1,4-dioxane, H ‘
40°C, 16 h P'Bu,

14 examples, 52-99% NMR-yields

)k 1-3 mol% C74 ) " TPz\H*BHa Beller: C74 (1 mol%), 30 bar Hy, 100-120 °C, 6-19 h
OR m R ~N—Fe—CO 23 examples, 49-99% GC-yields
100120 °C. 3-24 h | Guan: C74 (3 mol%),10-16 bar Hy, 115 °C, 3-24 h
: PiPr; c74 14 examples, 50-96% yields

.
Scheme 42 Iron dihydrido-pincer complexes for the hydrogenation of esters to alcohols

pyridines, benzothiazoles, and nonconjugated alkenyl moieties. In contrast, cyano-
groups were reduced to the corresponding amines. Lactones can be also efficiently
reduced leading to the corresponding diols. Industrial samples of a mixture of C12—
C16 esters can also be reduced under neat conditions. A mechanistic study showed
that the -NH moiety on the PNP pincer backbone is crucial for the activity of the
catalyst as no activity was observed with the NH replaced by a methyl group: a
cooperative interaction involving the NH unit of the pincer ligand and the Fe—H
group is proposed to rationalize the reactivity.

4.4 Carboxylic Acids

The chemoselective reduction of carboxylic acids to either alcohols or aldehydes is
also an important challenge and can be achieved using a one-pot procedure based
on an iron-catalyzed hydrosilylation reaction, using well-chosen silane—iron com-
plex partners. Indeed, using 4 equiv. of phenylsilane as the hydride donor and
5 mol% of [Fe(CO)s(cod)] catalyst (C78) under UV irradiation (350 nm) at rt for
24 h, carboxylic acids were converted after acidic hydrolysis to the corresponding
alcohols (67-97% yields). When the reaction was performed in the presence of
5 mol% of [Fe(-PBO)(CO);] (C82, -PBO = trans-4-phenyl-but-3-en-2-one) as the
catalyst and 2 equiv. of TMDS at 50°C for 24 h, alkanoic acids led to the
corresponding aldehydes in 45-95 isolated yields [173]. The chemoselectivity is
due to the formation of a disilylacetal intermediate which is stable under the
reaction conditions and which afforded the aldehydes after an acidic quench step
(Scheme 43).
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ng ;{' C78 (5 mol%) j\ €82 (5 mol%) )cj\ Ph—//—.<0

AN -
ocu Fe/ R™ “OH PhSiH, R” “oH TMDS R” OH
7 O\ THF, rt, Toluene OC\\\“/FE\
oC 50 °C
co 17 examples hv (350 nm) 14 examples ocC co
c78 55-95 % yields 45-95 % yields ca2

Scheme 43 Chemoselective hydrosilylation of carboxylic acids

H
(e} Fe(acac),/3 (5 mol%) )\ R p\‘ ,"PPh
R! )kN/Rz No base R'N H/ : \‘ 2

~ + R'N=C=NR2?

N . .
H H 1 equiv. PhSiH; Ph,P
THF, 100 °C, 24 h 25 26 PhoP 2
Scheme 44 Iron-catalyzed hydrosilylation of ureas
o [Fe] (cat) OSiR, H H
. . [Fe] (cat)
1 R3Si-H (2 . [Fe] (cat) RT 2 Hy0 R2
R\N)J\N/R2 3Si-H (2 equiv.) R‘\N/)\N/R2 ———— RIN=CENR? R N/)\’\“/R I R‘N)\H/
H H \ 26 i ' 25
2H, SiR;  R;Si-O-SiRg (2 equiv.) SiRq

Scheme 45 Proposed mechanistic pathway for the reduction of ureas
4.5 Ureas

The selective reduction of ureas to formamidines is a challenging goal, when
performed without further reduction to aminals, methanol, and amines. Using an in
situ generated iron catalyst (5 mol%) from Fe(acac), and tetraphos [P(CH,CH,PPh,);]
3 in the presence of 1 equiv. of phenylsilane in THF at 100°C for 24 h, a mixture
of formamidines 25 and carbodiimides 26 was obtained with ratios ranging from
98:<1 to 29:69, strongly depending of the nature of the urea substituents, with
69-98% conversions (Scheme 44) [174].

Under a mechanistic point of view, the formation of carbodiimides 26 results
from the iron-catalyzed dehydration of ureas in the presence of silane via a
dehydrogenative silylation of the NH bonds, which are intermediates for the
production of formamidines (Scheme 45).

4.6 Carbon Dioxide and Formic Acid

Under a sustainability point of view, carbon dioxide is a very attractive, nontoxic,
abundant, and environmentally friendly C; feedstock to produce bulk chemicals
(urea, formic acid, formaldehyde, methanol, etc.) (for selected reviews, see [175,
176]). In the area of reduction reactions, the direct hydrogenation of CO, to
formaldehyde, methanol, and methane is an important and challenging goal, in
particular the CO, hydrogenation to afford formic acid (for selected leading
reviews, see [177—-180]). In 2003, using a high-pressure combinatorial catalyst
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discovery technique, Jessop et al. described that the combination of FeCl; and dcpe
(1,2-bisdicyclohexylphosphinoethane) in the presence 0.5 equivalents of DBU
(1,8-diazabicyclo[5.4.0Jundec-7-ene) can catalyze the direct hydrogenation of
CO, to formic acid with molecular hydrogen with a TON of 113 and a TOF of
15.1 h™! under 40 bar H, and 60 bar CO, at 50°C for 7.5 h [181]. In 2010, Beller,
Laurenczy et al. reported the hydrogenation of carbon dioxide and bicarbonates
(HCO3") to formates, alkyl formates (in the presence of alcohols) and formamides
(in the presence of amines), using an in situ generated well-defined complex
[FeH(3)]BF, (C83) obtained from Fe(BF,),-6H,O, [P(CH,CH,PPh,);] (3) and
molecular hydrogen [182]. The catalytic reduction of sodium bicarbonate led to
the formate with 88% yield and a TON of 610 using a combination of Fe
(BF4), - 6H,0 and 3, at 80°C, under 60 bar H, for 20 h. With the same catalyst,
methyl formate can be also produced by the hydrogenation of CO, in the presence
of methanol (and an excess of triethylamine), with 56% yield and a TON of
585, and dimethylformamide from dimethylamine with 75% yield and a TON of
727 [Pu,jco, = 60/30 bar, 100°C, 20 h]. Starting from ethanol, propanol and
diethylamine, ethyl, and propyl formates and diethylformamide were obtained,
respectively, in lower yields (9-28%). Notably, the in situ generated catalyst from
[P(CH,CH,PPh,)3] (3) and FeCl, can also be utilized in the hydrogenation of CO,
[183]. The air- and thermally stable complex [Fe(F)(27)]BF, (C36), resulting from
the tetradentate tris[2-(diphenylphosphino)phenyl]-phosphine 27 and Fe(BF,), - 6H,0,
is one of the most active iron-based systems for the hydrogenation of carbon dioxide
and bicarbonates to afford formates and formamides with TONs up to 7,500 for the
hydrogenation of sodium bicarbonate (Scheme 46) [184].

Interestingly, the in situ catalytic system Fe(BF,), - 6H,0/3 can also catalyze the
reversible reaction by dehydrogenation of formic acid to CO, and H, without base
in high catalytic activity (TOFs up to 9,425 h™"' and TONSs up to 92,417 at 80°C and
0.005 mol% of catalyst) [185, 186]. Milstein et al. reported another iron catalyst,
trans-|Fe(H),(CO) ('B“PNP)] (C84, 0.1 mol% loading) to be active for the hydro-
genation of CO, and sodium bicarbonate to formate salts in H,O/THF 10:1 media at
80°C under low pressures (610 bar, TONs up to 788 and TOFs up to 156 h™") [187,
188].

Using an in situ generated catalyst from Fe(acac), and P(CH,CH,PPh,); (3,
5 mol%), the reductive functionalization via the hydrosilylation of carbon dioxide
can lead selectively to formamide and methylamine derivatives [189]. By the
reaction of primary and secondary amines with 1 equiv. of phenylsilane in
THEF at rt for 18 h, CO, (1 bar) was transformed to the corresponding formamides

@

)
BF, . . .
Q\PPhQ * Hydrogenation CO, (30 bar) with H, (30 bar ) P'Bu, Hydrogenation CO, and bicarbonate with H,
\ | v
7 N\N—=td
—H

P—Fe—F Product (Yield%) HCO,H (Yield%) TON —Fe—CO  TON=788
HCO,Me (7) (7.9) 1897

‘ TOF = 156 h'
DMF (70) (2.9) 2329

/:E:\:..?PPIWQ
SpPh !
HCONE, (39) ©.1) 2114 PiBu;
c36 csa

Scheme 46 Iron-catalyzed hydrogenation of carbon dioxide
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o
RU 4 co,  Felacack3 Gmoi%) i JI Sy R Fe(acac),/3 (6 mol%) R i RL CH
NH 2 > Ty R PPh, SNH + €O, ———2 e RN AN+ N
Rz (1bar) 1 equiv. PhSiH; I ' (1bar) 4 equiv. PhSiH; ) R2?
THF, t, 18 h R R . R?
o ph,p—/ PhoP THF, 100 °C, 18 h

15 examples,
24-95% GC-yields 3

Scheme 47 Fe(acac),/P(CH,CH,PPh,); catalyzed reductive functionalization of CO, via
hydrosilylation

o €49 (1 mol%)
I AgBF4 (1 mol%) s
S R R2 Ph L

177 NR2 . . e

R R PhSiH3 (2 equiv.) N V
toluene, 100 °C 9 examples </ co
3-6h 53-99 % GC-Yields NN !
N\ cae

Scheme 48 Hydrosilylation of sulfoxides to sulfides using the Cp-NHC iron complex C49

in 24-95% GC yields (Scheme 47). With challenging primary amines, the reaction
led to the mono-formylated compounds starting from primary aniline derivatives
and a mixture of mono- and di-formyl compounds with primary alkylamines. It
must be pointed out that this transformation can tolerate functional groups such as
ketones and esters. It must be underlined that using 4 equiv. of phenylsilane in THF
at 100°C for 18 h under 1 bar of CO,, the catalytic system was able to perform the
methylation of methylarylamines to give a mixture of formamides and tertiary
methylated amines.

5 Reduction of Sulfoxides

Examples of iron-catalyzed hydrosilylation of sulfoxides to sulfides are rare. In
2011, Enthaler described the use of Fe,(CO)o (C22, 5-10 mol%) as catalyst and
either PMHS (5 equiv.) or PhSiH; (1 equiv.) in toluene at 100°C for 24 h to reduce
sulfoxides to sulfides [190]. A good functional group tolerance was observed with
this catalytic system as cyano-groups, esters and sulfonyl, alkenyl, and epoxide
groups were not reduced. In 2012, Royo reported the same reaction using a
combination of the well-defined tethered cyclopentadienyl-NHC iron complex
C49 (1 mol%) and a silver salt (1 mol%) with 2 equiv. of phenylsilane as the
hydride source in toluene at 100°C for 3—6 h (Scheme 48) [191].

The reduction is suitable for aromatic and aliphatic sulfoxides. Interestingly,
sulfoxides bearing functional groups such as chloride or vinyl can be reduced
chemoselectively. In contrast, with a methyl acetate moiety, the reduction did not
proceed under these conditions.
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6 Hydroboration of Alkenes and Alkynes

Transition metal-catalyzed hydroelementation processes represent nowadays an
efficient and greener approach for the introduction of heteroelements such as
boron (for selected reviews on hydroboration reactions, see [192—195]) into unsat-
urated carbon-based structures. More precisely, in the field of transition metal-
catalyzed hydroboration, organoboronates have emerged as a significant class of
organic reagents due to their good stability toward atmospheric oxidation, associ-
ated with their widespread use as synthons in selective transformations such as
carbon—carbon or carbon-heteroatom bond formations (for selected reviews, see
[196-199]). To perform such transformations, rhodium is usually the metal of
choice (for selected reviews, see [200, 201]). Reports utilizing iron are scarce. In
1990s, Hartwig reported a pioneering stoichiometric activation of arenes leading to
arylcatecholborane using the complex [Fe(Cp)(Bcat)(CO),] as the promoter
(cat = catechol) [202, 203]. Then, two decades later, in 2010, Ritter described the
first iron-catalyzed hydroboration of 1,3-dienes in the presence of pinacolborane,
HBpin, using a catalyst generated from a well-defined (iminopyridine)FeCl, com-
plex (C85) in the presence of magnesium [204]. Interestingly, the reaction can
tolerate isolated C=C double bonds and esters; furthermore, it is highly chemo- and
regioselective as only 1,4-addition adducts and (E)-C=C bonds were exclusively
obtained (Scheme 49).

In 2013, Enthaler succeeded in hydroboration of alkynes using the Fe,(CO)o
complex C22 as the catalyst (2.5 mol%), yielding vinylboronate derivatives with
high stereoselectivity when performing the reaction in the presence of 1.25 equiv.
of HBpin at 100°C for 24 h. Starting from terminal alkynes, under similar condi-
tions, (E)-vinylboronate derivatives were obtained selectively (17 examples),
whereas more complex mixtures of regioisomers were obtained starting with
terminal alkynes [205]. Using FeCl; or np Fe;O4 (5 mol%) in the presence of 1.2
equiv. of B,pin, and 2 equiv. of Cs,COs3, terminal alkynes led to (E)-vinylboronates
in 65-98% yields. Notably, np Fe;O,4 can be reused up to six times without loss of
activity (Scheme 50) [206].

Recently, the hydroboration of alkenes was competitively studied utilizing iron
catalysts (Scheme 51). Huang described the use of an in situ generated catalyst
prepared from the bipyridyl-based phosphine iron complex C86 (0.25—5 mol%) and
NaHBEt; (3 equiv., 0.75-15 mol%) for the hydroborylation of terminal alkenes
using 0.5 equiv. of HBpin at rt for 10-30 min. The reaction is chemoselective as
only terminal C=C bond of a polyene is hydroborated [207]. Simultaneously,

C85 (4 mol%) /N
\_( Mg (10 mol%) A)\ Ar>\N/ -
EuO,23°C M8 R Ar \F Y,
(1.5 equw) 4min-4h 11 examples C|e2
o
66-91% yields C85, Ar = 3,5-(Me),CeHs

Scheme 49 Chemo- and regioselective hydroboration of 1,3-dienes
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Fey(CO)g (2.5 mol%) Conditions: HBpin (1.25 equiv.), toluene,
Fe] 100 °C, 24 h, 16 examples, 40-99%

R——=—H—> g X" keci; (5 moi) Conditions: Bapin, (1.2 equiv.), Cs,CO; (2 equiv.)
or np Fe304 (5 mol%) acetone, 60 °C, 12 h. 7 examples, 65-98% yields

Scheme 50 Iron-catalyzed hydroboration of alkynes

= — Fe]
7 N\ [T\ o _Fa BPin
_ \ /) Mes— N _N~Mes RN RN
NN T
N4 CO _ v v
_—FeCl, OC—Fe €86 (0.25-5 mol%) Conditions: HBpin (1 equiv.), Alkene (2 equiv.) THF,
BuP Nco NaHBEt, (0.75-16 mol%) 25 °C. 10-30 min, 16 examples, 62-96% isolated yields
cse €72 co
€87 (1 mol%) Conditions: HBpin (1 equiv.), neat, 25°C, 15 min - 24 h
= 11examples, 78-98% conversions
T N—A
n €9 (1 mol%) Conditions: HBpin (1.1 equiv.), THF, t, 1 h
N / EtMgBr (3 mol%) 15 examples, 35-92% isolated yields
e .
N \\x €72 (5 mol% Conditions: HBpin (1.25 equiv.), neat, UV (350 nm), rt, 24 h
T X €9, X = Ny, Ar = 2,6-Pr,Cotls (5 mol%) 19 examples, 21-80% isolated yields
Ar €87, X = Cl, Ar = 2,6-Et,C4Hs

Scheme 51 Iron-catalyzed hydroborylation of alkenes

Chirik reported that the bis(imino)pyridine iron dinitrogen complex C9 (1 mol%)
was also efficient for the hydroboration of terminal and disubstituted alkenes under
neat conditions at 25°C for 15 min to 24 h. Notably, the reaction also succeeded
regioselectively with styrene derivatives [208]. Using a similar system, generating
the active catalyst from the dichloro-iron complex C87 or from FeCl, and the
corresponding bis-iminopyridine ligand 4 (1 mol%) and EtMgBr (3 mol%),
hydroboration of functional alkenes can be efficiently performed at rt for 1 h
using 1.1 equiv. of HBpin. Notably, esters, amides, imines, amines, and alcohols
are tolerated [209].

Using a well-defined iron—-NHC complex, [Fe(CO)4(IMes)] C72 (5 mol%) under
UV irradiation (350 nm) and neat conditions in the presence of 1.25 equiv. of
HBpin, functionalized terminal alkenes can be hydroborated in moderate to good
yields. The good functional group tolerance with ester, acetal, ether, silyl ether,
epoxide, and nitrile moieties must be underlined [210].

7 Conclusion

In this chapter, we showed the major advances in the growing area of iron-
catalyzed, chemoselective reduction of alkenes, alkynes, carbonyl derivatives,
carboxylic compounds, and CO,. Notably, the accurate design of the catalytic
system also permitted to achieve highly chemoselective transformations. The
topical reduction of carbon dioxide is also an exciting field of research, and iron
starts to show promising performance. These initial achievements, in particular for
challenging reductions of carboxylic acid derivatives, have already allowed very
impressive advances and should stimulate the use of such methodologies in large-
scale synthesis and fine chemistry.
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Iron-Catalyzed Oligomerization
and Polymerization Reactions

Benjamin Burcher, Pierre-Alain R. Breuil, Lionel Magna,
and Hélene Olivier-Bourbigou

Abstract Having the tremendous industrial importance of thermoplastics and
elastomers in mind, it is not surprising to see a proliferation of studies on a variety
of catalytic systems for polymerization and oligomerization of unsaturated hydro-
carbons. Over the last 15 years, the development of mid- to late transition metal
catalysts has provided significant advances in this area. The availability of iron
combined with its low environmental impact and its tolerance to heteroatom
functions attracts significant interest from both academia and industry. In the late
1990s, key milestones have been the development of well-characterized bulky bis
(imino)pyridine-Fe(Il) precatalysts, mainly for the polymerization or oligomer-
ization of ethylene. This chapter provides a brief overview of the key developments
reported in the last 5 years in the literature in the field of iron-catalyzed olefin and
diolefin polymerization and oligomerization. Emphasis has been placed on ethylene
oligomerization and polymerization, with a particular interest in ligand architecture
modifications. The advances in characterization and understanding of catalytically
active iron species and the corresponding mechanisms are reported. Hetero-
genization of bis(imino)pyridine iron catalytic systems has been considered for
ethylene transformation and will also be covered in this chapter. The interest of iron
catalysts for multiple single-site approaches such as reactor blending and tandem
catalysis is also described. Finally, iron catalyst systems also present interesting
features for diene polymerization even though both activities and selectivities
remain far from those observed for conventional catalysts.
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1 Introduction and Scope

In the category of thermoplastics, polyolefins produced by polymerization of
olefins, namely, ethylene and propylene (polyethylene including LDPE, LLDPE,
HDPE, and polypropylene PP), represent more than 50%. More than 130 million
tons of polyolefins were produced and utilized globally in 2012, making them by far
the largest type of plastic [1]. Polyethylene (PE), produced by metal-catalyzed
ethylene polymerization processes, is the most widely used thermoplastic
worldwide [1].

Besides polymers, linear alpha olefins (LAOs) are versatile chemical inter-
mediates for a wide range of industrial and consumer products. The major use of
LAO is as a PE comonomer (for C4-C8 a-olefins) but also as starting materials for
plasticizers (for C6—C10 a-olefins), surfactants, or lubricant oil additives (for C10—
C20 olefins). Oligomerization of ethylene is one of the major processes for the
production of LAOs. The catalysts used in industry are either alkylaluminum
compounds, a combination of alkylaluminum with early transition metal complexes
(Ti, Zr, or Cr), or with nickel and a monoanionic bidentate ligand (SHOP/Shell
process).

Synthetic polymers are the newcomers among the bulk materials used in modern
chemistry. In the category of synthetic elastomers, their demand is driven by both
the need for tires and the automotive industry. Conjugated dienes, such as
1,3-butadiene, are still the most widely used feedstock for synthetic elastomer
production. The development of various catalysts for diene polymerization pro-
cesses, targeting these products, remains of deep interest.

Among the factors that significantly impact the properties of polymers or
oligomers, the nature of the catalytic systems plays a key role. The search for
new catalysts remains an important target and is pivotal for the industry, aiming to
produce new polymers with improved properties or oligomers (mainly LAOs) with
a better control of selectivity. Early transition metal-based catalysts were the most
developed during the last 30 years as the Group IV metallocenes combined with
methylaluminoxane (MAO) are highly efficient for polymerization reactions [2, 3].
However, over the last 15 years, the development of mid- to late transition metal
catalysts has provided significant advances in these areas [4].

Having in view the tremendous importance of these industrial products, it is not
surprising to see a proliferation of studies on a variety of catalytic systems, but what
has been the role played by iron-based catalysts in this area and what can be
expected? Of course, the availability of iron combined with its low environmental
impact attracts significant industrial interest. Moreover, another interest that has
appeared progressively is the tolerance of late transition metal complexes to
heteroatom functions. This may open the possibility of copolymerization of olefins
with polar comonomers [5] although this application is still in its infancy. However,
this cannot be the only reasons to explain the rapid development of iron-based
polymerization catalysts.
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If we return to the early history, iron catalysis has had the potential to form
carbon—carbon bonds starting from simple unsaturated compounds. This work was
historically described in the 1960s by Hata who investigated the reactivity of
diolefins (butadiene and isoprene alone or with ethylene) with Ziegler—Natta type
catalytic systems based on the combination of Fe(Ill), typically Fe(acac);, and an
alkylaluminum, typically AlEt3, eventually in the presence of an additional electron
donor ligand [6-8]. In the case of butadiene, the reaction afforded a mixture of
branched and linear products. Cyclodimerization of butadiene to cyclooctadiene
and vinylcyclohexene was achieved by using bipyridine as stabilizing ligand
associated with iron(II)-diethyl or iron(0) complexes [9]. Later on, in the 1980s,
iron—diimine complexes were reported by Tom Dieck [10, 11]. Nitrosyl iron-based
systems were the most interesting systems to direct the reaction toward the selective
formation of vinylcyclohexene [12]. In all these homogeneous systems, it seems
that the active species arose from a zerovalent iron, to which the olefin to be
oligomerized coordinates. Unfortunately, the lack of characterization hampered
the full interpretation of reaction mechanisms.

Then, until the late 1990s, iron did not play a dominant role in the field of olefin
polymerization or oligomerization, and to the best of our knowledge, the reactivity
of iron complexes toward low molecular weight monoolefins (namely, ethylene or
propylene) was not actually reported.

In the late 1990s, key milestones have been the development of the isolated
bulky bis(imino)pyridine-Fe(Il) precatalysts for the polymerization/oligomeriza-
tion of olefins (mainly ethylene) [13]. The reactivity of these iron complexes was
proclaimed as the start of the “Iron age”. The most attractive features were the
modularity of the ligand and the exceptionally high activities achieved using MAO
derivatives as activators. Modifying the ligand structure allows access to a wide
range of products, such as high molecular weight and strictly linear polyethylenes
or low molecular weight oligomers. Significant effort has been devoted to the fine
tuning of catalyst ligands and full reviews cover the recent progress [14, 15]. How-
ever, many problems still remained to be solved to make these catalysts a reality for
industry. The thermal instability of bis(imino)pyridyl iron complexes and their
deactivation during the course of the reaction are some of the main issues associated
with by-product formation. This motivates ongoing research on these systems.

Nevertheless, as a consequence of the unique features of these iron complexes in
olefin polymerization and oligomerization, the catalytic performances of bis(imino)
pyridine iron complexes on polymerization of polar monomers (such as methyl
acrylate, methyl methacrylate, or tert-butyl acrylate) have been investigated
[16]. We will not discuss this aspect in this chapter as the recent literature has not
been extensive in this area.

This chapter will provide a brief overview of the key developments reported in
the last 5 years in the literature in the field of iron-catalyzed ethylene polymer-
ization and oligomerization with an emphasis on the issues encountered for these
systems and the solutions proposed particularly in modifying the ligand archi-
tecture. Although reaction conditions reported in the different examples are gener-
ally not equivalent, the catalyst activities mentioned in this article may be ranked as
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follows: high (107 g/(mol h) and above), good (10° g/(mol h)), and moderate (10° g/
(mol h) and below). The ability of bis(imino)catalysts to polymerize other alkenes
such as propylene, 1-butene, 1-hexene, or norbornene has been recently reviewed
[17]. In the case of propylene, isotactic polypropylenes are obtained with a sub-
stantial effect of steric bulk of the aryl o-substituent on the polymer molecular
weight. Oligomerization of 1-butene or 1-hexene with the less encumbered iron
complexes leads to dimers consisting, interestingly, of mainly linear products
[18]. However, these results have not been the object of significant developments
in the last 5 years and will not be discussed in more detail in this chapter.

The immobilization of the iron complexes on various supports, organic or
inorganic, through non-covalent and covalent interactions has been investigated
and is discussed in this chapter, although no significant breakthrough has been
achieved recently in this area. Studies devoted to the understanding of the catalyti-
cally active species generated in solution when the iron precatalysts are activated
with MAO and research to clarify some aspects of the mechanism have been
conducted. Unfortunately, despite these investigations, a gray area remains. The
recent spectroscopic investigations directed toward the identification of the active
species will be covered in this chapter.

Iron catalysts have been used in tandem catalytic systems (also named dual
catalysis with an association of an oligomerization or a polymerization catalyst) for
the production of specific PEs. Iron has also been used as polymerization catalysts
in reactor blending to produce PE with better control of molecular weight distri-
bution. The latest results will be documented in the chapter.

Finally, the latest achievements concerning the reactivity of tridentate or
bidentate iron complexes for diene transformations will be discussed.

2 Ethylene Oligomerization and Polymerization

2.1 Nitrogen-Based Architectures for Ligand Development
2.1.1 Neutral Tridentate Ligands

Modifying the steric hindrance of the ortho positions of the imine aryl moieties has
been recently investigated. Wu and coworkers described [FeCl,(LL1)] complexes
bearing sec-phenethyl-substituted aryl groups (Fig. 1) affording highly active
systems upon MAO activation at 30°C and 1 bar of ethylene (up to 107 g/
(mol h)) [19]. High M,, were obtained, above 10° g/mol with extremely broad
and bimodal distributions (M,,/M,, up to 260). Under 10 bar of ethylene, excellent
activities could be maintained at 70°C leading to polymers with high melting points
(around 136°C), which were non-soluble for further analyses. Benzhydryl substi-
tution on the aryl groups was recently proposed, leading to effective precatalysts
[FeCl,(L2)] in the presence of MAO or MMAO at industrially relevant tempe-
ratures (60-80°C) and 10 bar of ethylene with high activities up to 10’ g/(mol h)
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Fig. 2 Halogen-substituted bis(imino)pyridine complexes

[20]. At these temperatures, low MW polyethylenes having a broad molecular
weight distribution were, however, obtained compared to PEs obtained at 20°C
(10* vs 10° g/mol, respectively).

Gorl et al. studied bis(imino)pyridine iron(III) complexes [FeCl3(L3)] bearing
halogen groups (Fig. 2) [21, 22]. These iron(IIl) catalytic systems appeared to be
highly active in the presence of MAO (10’ g/(mol h)) at 60°C and 10 bar of
ethylene, even in the absence of substitution in ortho positions of the imine aryl
rings, known to be a feature leading to rapid degradation. Indeed, the formation of
the inactive ion pair [FeL,]**[FeCl,]*~ may be a degradation pathway when no
sterically hindered ligands are used. Short Schulz-Flory distributions were
observed (K=0.2-0.4), along with the presence of internal and branched olefins
in the hexene fraction for some examples. This suggests that the limited steric
hindrance around the metal center favors isomerization processes but also
co-oligomerization processes of light alpha olefins such as 1-butene, opening
avenues for desired copolymerization of ethylene and an alpha olefin with iron-
based catalysts.

The modification of the central ring was investigated in detail by several
research groups [23-27]. Additional nitrogen atoms as in pyrimidine or pyrazine
led to a noticeable decrease of activity for the corresponding iron(II) catalysts
compared to their bis(imino)pyridine analogues. Moreover, coordination of bis
(imino)triazine ligands to iron was reported to be unsuccessful. With tridentate
ligands having a central five-membered heterocycle, no coordination was observed
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Fig. 3 Rigid and semirigid tridentate backbones for iron complexes

with 1-methylpyrrole, thiophene, or furan derivatives, while thiazole derivatives
coordinate on iron(Il) precursors leading to catalysts with low activity when MAO
was added, affording short-chain oligomers [25, 28].

More recently, Kim et al. investigated the effect of a more rigid backbone
compared to bis(imino)pyridine ligands by introducing 2,3,7,8-tetrahydro-
acridine-4,5-(1H,6H)-diimine through complexes [FeCl,(L4)] in the presence of
MAO (250 eq.) at 30°C and 1.3 bar of ethylene (Fig. 3) [29]. Increasing the
bulkiness at ortho positions of the imine moieties (from Me to iPr groups) generally
led to slightly lower catalyst activity (10° g/(mol h)) and higher but still low PE
molecular weight. The 2,6-diisopropyl-substituted complex afforded a polyethyl-
ene with a M,, of 18,000 g/mol and broad distribution, a more than tenfold lower M,,
compared to the analogous bis(imino)pyridine catalyst [30]. Increasing the Al/Fe
ratio or the temperature led to PE with decreased M,,, the catalyst being still active
at 70°C. Related semirigid structures [FeCl,(L5)] were reported by Redshaw and
coworkers [31]. At 50°C and 10 bar of ethylene, high activities were obtained with
MAQO, affording moderate to high MW polyethylene (from 20,000 to 200,000 g/
mol) with broad distribution. Surprisingly, increasing the temperature afforded a
narrower and unimodal distribution (M,,/M,, from 35 at 30°C to 2.8 at 60°C) with an
enhanced activity that may be indicative for single-site active species.

The groups of Gibson [32] and Chirik [33] reported the introduction of substi-
tuents at the imine carbon atom of bis(imino)pyridine backbone, leading to highly
active catalyst in ethylene polymerization. Additional results by Britovsek, Gibson
et al. at 25°C and 1 bar of ethylene showed that thioether-substituted complexes
[FeCl,(L6)] lead to higher activities (107 g/(mol h)) compared to those with ether
substituents (106 g/(mol h)), while functionalization of the imine carbon atom by
amino moieties or the methyl ether group afforded inactive catalysts (Fig. 4)
[34]. Linear polyethylenes having a broad distribution were generally obtained.
Enriching the steric hindrance at the imine carbon position or at the ortho positions
of the imino aryl groups tends to decrease the catalyst activity and to afford PE with
higher M,, (up to 430,000 g/mol).

Structural analogues of bis(imino)pyridine ligands, functionalized phenanthro-
line ligands, have been widely investigated by the group of Sun for the oligomer-
ization of ethylene [35]. Their tedious synthesis allowed structural diversification of
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iron(II) precursors [FeCl,(L7)] leading to wax-free oligomer distribution when
combined with MAO at 40°C and 10 bar of ethylene with activities up to 107 g/
(mol h). Attempts to circumvent thermal instability led to the design of precatalyst
[FeCl,(LL8)] having an ethyl-ketimine group and two electron-withdrawing halogen
groups in R' position (Fig. 5) [36]. At 50°C, these catalysts exhibited good activity;
however, rapid deactivation was observed above this temperature.
Nonsymmetrical tridentate ligands were developed by replacing one of the
imino groups by a heterocyclic moiety (Fig. 6) [37 and references herein]. Evalu-
ated at 30°C and under 10 bar of ethylene in the presence of MAO or MMAO,
benzothiazolyl-derived precatalysts (with X=S) [FeCl,(L9)] presented higher
activities than benzoxazolyl functionalized (with X=O) or benzimidazolyl
functionalized (with X =NH) in ethylene oligomerizations (up to 107 g/(mol h)
vs 10° g/(mol h), respectively). Fine tuning of these catalytic systems allowed to
access a range of Schulz—Flory distribution of oligomers from K =0.4 to K=0.7.
However, in all cases, the olefin distribution was accompanied by a non-negligible
amount of polyethylene wax. Evaluated at higher temperature, a rapid deactivation
of these systems was reported. A series of ferric complexes [FeCl3(L10)] (Fig. 6)
were prepared from benzimidazolyl-functionalized ligands and led to active cata-
Iytic systems in the presence of MAO (10° g/(mol h)) at 20°C and 10 bar [38]. Inter-
estingly, no wax or polymer was reported with Schulz—Flory distribution around
K=0.4-0.5. At higher temperature, the catalytic systems are inactive. Tenza
et al. reported the use of bis(pyrazole) and bis(benzimidazole)pyridine iron
(II) complexes [FeBry(L11)] and [FeBr,(LL12)] in ethylene oligomerizations
(Fig. 6) [28]. All the precatalysts evaluated, activated by MMAO or AlEt;/[Ph;C]
[Al(OrBu"),], showed poor activities and rapid deactivation. Similarly, Britovsek
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and coworkers reported the preparation of (bis)thiazolylpyridine complexes
[FeBr,(LL13)] and [FeBr,(L.14)] (Fig. 6) [39]. None of the complexes evaluated in
the presence of MAO proved to be active in ethylene oligomerization or

polymerization.

Small et al. described pendant donor-functionalized iron(II) complexes
[FeCl,(L15)] and [FeCl,(L16)] for ethylene oligomerization (Fig. 7) [40, 41].
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Highly active catalytic systems were obtained upon activation by MMAO, up to
107 g/(mol h). [FeCly(LL16)] complexes bearing the thioether-functionalized
diimine proved to be slightly more active than their phosphine counterparts.
Excellent selectivities of greater than 99% for a-olefins were obtained with such
catalytic systems, with no polyethylene formed. Introducing methyl groups in ortho
or meta positions of the aryls of the pendant donor groups led to lower catalyst
activity. A cyclohexylphosphino group in [FeCly(L15)] (with R* = Cy) had also a
detrimental effect on the catalytic behavior. Electronic tuning of complex
[FeCl,(LL16)] through the para position of the thiophenol moiety showed that
enhanced activity was obtained with a /Bu group compared to chloro or methoxy
groups.

2,8-Bis(imino)quinoline iron(II) complexes [FeCl,(L.17)] were also reported as
catalysts for ethylene polymerization (Fig. 8) [42]. While at room temperature or
40°C, only traces of polymer were observed after activation with MAO, and at
ambient or elevated pressure of ethylene, these catalytic systems gave good acti-
vities (10° g/(mol h)) between 60°C and up to 100°C. No oligomeric products were
reported, and the molecular weights of the polymers characterized are about 10° g/
mol and present a relatively narrow distribution (M, /M, =2.3-4.8).
Benzimidazole-derived complexes [FeCl,(L.18)] were described and, upon MAO
activation, were found to be inactive at room temperature [43]. Low productivities
were observed at higher temperatures (60—100°C).

2.1.2 Neutral Bidentate Ligands

Compared to catalysts bearing tridentate ligands, those containing bidentate N,N’
ligands generally gave lower activities in ethylene oligomerization or polymeriza-
tion. The groups of Wang [44] and Kempe [45] reported pyridine—imine iron
(II) complexes giving moderate to low activities in ethylene oligomerization in
the presence of MMAO (105—103 g/(mol h)). Chirik [46] and Bouwkamp [47]
described conjugated and nonconjugated diimine-based complexes that, upon
MAO activation, led to catalytic systems with low to no activity, respectively.
Similarly, pyridine- and imidazole-imine iron(II) complexes developed by Stephan
et al. led to poorly active catalytic systems [48]. Recently, Sun et al. reported a
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Fig. 9 Iron complexes coordinated by bidentate ligands

limited series of quinoline-based bidentate ligands coordinated to iron(I) centers
(Fig. 9). With [FeCl,(L19)] and [FeCl,(L20)], activated by modified methyl-
aluminoxane (Al/Fe =1,500), low activities were obtained at room temperature
under 10 bar of ethylene, affording mainly short-chain oligomers such as butenes
and hexenes [49]. At temperatures above 60°C, the systems became inactive.
Introducing a benzimidazole moiety such as in [FeCl,(LL.21)] and increasing the
steric hindrance at the 2-position of the quinoline led to active catalysts at high
temperature in polymerization conditions (100°C, 30 bar) [50]. These lowly pro-
ductive catalysts led to the formation of polyethylenes having wide or bimodal
distributions, suggesting multiple active species and chain transfer to aluminum,
supported by the use of MAO/Fe ratio of 3,000.

2.1.3 Anionic Ligands

Examples of anionic ligands evaluated in iron-catalyzed ethylene oligomerization
or polymerization are scarce, and only relatively inactive systems were reported
until 2009 [23-27]. We reported the use of an anionic N,N,N ligand obtained from
n-BuLi deprotonation associated to FeCl; as iron precursor [51]. The iron(III)
precatalyst [FeCl,(L.22)] formed (Fig. 10) proved to steadily oligomerize ethylene
at 80°C and 30 bar in the presence of MAO (10 g/(mol h)) leading to 66 wt% of
butenes with a selectivity of 98% for 1-butene, along with 12 wt% of polyethylene.
Recently, Darkwa et al. described tridentate anionic imidazolyl phenoxy-imine
ligands coordinated to iron(IIl) to afford [FeCl,(L23)] (Fig. 10) [52]. Upon acti-
vation with ethylaluminum dichloride at moderate temperatures (30°C) and pres-
sures (10 bar), good activities were obtained (10° g/(mol h)) over 1 h affording Cy—
C,, oligomers, waxes, and alkyl-chlorobenzene or alkyl-toluene products from
Friedel—Crafts alkylations of the solvent.
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2.1.4 Repeated Unit Ligands

Different approaches regarding ligand unit incorporation and design for
multinuclear catalysis were investigated by different groups. For the bridging [53,
54] of oligomeric [55], macrocyclic [56], or dendritic [57] structures (Fig. 11),
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similar or higher activities and molecular weights were obtained compared to their
monomeric analogues when activated by methylaluminoxane.

2.2 Comprehension and Characterization

As described in this chapter, bis(imino)pyridine iron-based complexes and deri-
vatives in combination with cocatalysts such as aluminoxanes or alkylaluminum led
to highly active catalytic systems for ethylene transformation. The observed prod-
uct distribution, however, shows that mixtures are often obtained, e.g., linear alpha
olefins accompanied by waxes or polymers from ethylene oligomerization or
multimodal/broad molecular weight distribution from ethylene polymerization.
This observation suggests that multiple active species and/or catalytic mechanisms
are in play after activation of the well-defined iron precursors. Although the
formation of the aforementioned products is believed to proceed through the
well-known Cossee—Arlman mechanism [58], the formation, the nature, and the
reactivity of the intermediates involved still need to be studied and validated. Major
hurdles hamper a comprehensive characterization of the iron-based systems and
their catalytic behavior such as the paramagnetic nature of the iron complexes, the
multiple oxidation states possible, or the potential non-innocence of the ligands,
although interesting progresses have been made.

Bryliakov et al. reported recently the interaction between the [FeCl,(L.24)] [59]
and [FeCl,(LL25)] [60, 61] polymerization precatalysts and various aluminum-based
activators such as MAO, AlMe;/B(CgFs);, AlMes;, and Al(iBu); by '"H NMR
and EPR spectroscopy (Scheme 1). The ion pairs [Fe(L25)(u-Cl)(u-Me)
AlMe, " [MeMAO] ™ or [Fe(L25)(u-Cl)(u-Me)AlMe,]|* [MeB(CgFs);]~ were pro-
posed when using MAO or AlMe;/B(C¢Fs);, while iron(Il)-aluminum-bridged
neutral species were suggested with alkylaluminum. However, the species obtained

X S
N/ _ AMe; N/ NZ
" B(CoFe)s v

N—>Fe<—N N*>Fe<fN N*’Fe;—N

ar’ Me Me Ar | A Me X “Ar
\AI \/
/N AI\
Me  Me AlRg Me/ Me
© o
MeB(CeFs)3 MeMAO
| N
| N~ | L24 : Ar = 2,6-ProCeHg
/N—>|Le<—N\ L25 : Ar = 2,6-Me,CgHs
Ar / \ Ar
R X X =Cl or Me
\/
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Scheme 1 Proposed reactivity of bis(imino)pyridine L.24 and L.25 iron complexes toward MAO,
AlMe3, or AlMe3/B(C6F5)3
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are more complex than it appears at first sight. According to the authors, the
bimetallic adducts are better described with the bis(imino)pyridine ligand being
non-innocent, leading to species [(L24‘)Fe™ (u-X)(u-R)AI(R),] (with X=Cl or R
and R=Me or /Bu) in which the oxidation state +II is retained by the metal and one
electron is being delocalized over the chelate. The debate around the oxidation state
of the active species and the redox non-innocence of the bis(imino)pyridine ligand
is still open and fueled by numerous spectroscopic [62—64] and theoretical [65—69]
studies.

The formation, the isolation, and reactivity studies of potential intermediates
[70-74] are of prime interest to provide support for the observations mentioned
above, although the observed species may not be representative of the catalytic
system formed under operating conditions (different activating agents, activator to
catalyst ratios, pressure, temperature, etc.). An example of cationic iron(II) species
as catalytic intermediates in ethylene polymerization was reported by the group of
Chirik [75]. Model bis(imino)pyridine iron(II) monoalkyl cations were isolated and
characterized by X-ray diffraction. [Fe(CH,SiMe3)(L24) (S)]"[BPhs]~ (S =Et,0
or THF) and [Fe(CH,SiMe,CH,SiMe5)(L24) (S)]* [MeB(C¢Fs);]~ were obtained
from dialkylation of [FeCl,(L.24)] followed by subsequent alkyl abstraction by
boron-based compounds (Fig. 12). Upon exposure to ethylene, these isolated
single-component systems exhibit a moderate catalytic activity, yielding high
MW linear polymers with relatively narrow molecular weight distribution
(MWD). Later, the same group demonstrated through the isolation of cationic,
neutral, and anionic iron alkyl complexes that the redox non-innocence of the bis
(imino)pyridine chelate allows confinement of electronic modifications to the
ligand and a stable oxidation state for the metal center (iron(Il)) during redox
processes [76]. Recently, Campora et al. reported X-ray diffraction and in situ 'H
NMR characterization of the intermediates formed by reduction of [Fe
(CH,SiMes),(L.24)] by AlMe; [77]. A neutral monomethyl [Fe(Il)Me(L.24")] inter-
mediate was observed as the final product of the reaction, where the monoelectronic
reduction of the chelating ligand is suspected. This species was treated with
ethylene, and the reaction, monitored by 'q NMR, led to oligomers with a Schulz—
Flory distribution [78]. NMR monitoring allowed observation of the binding of the
ethylene monomer to the monomethyl complex and the growth of the alkyl chain on
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s \
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[Fe(CH,SiMeg)(L24)(S)I*[BPhs]* [FeCHg(L24%)]

Fig. 12 Isolated bis(imino)pyridine iron alkyl complexes
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the iron center via ethylene insertion. These results constitute direct evidence of a
coordination—insertion mechanism when ethylene is oligomerized by such propa-
gating species, in line with the H/D scrambling and mass spectrometry experiments,
supporting a Cossee—Arlman mechanism [79]. However, considerably lower acti-
vities and product molecular weights compared to their cationic analogues question
their involvement in the catalytic multicomponent ethylene polymerization process.

Recently, IFP Energies nouvelles described in a combined experimental and
theoretical study the activation process of a single-site ethylene oligomerization
catalyst [80]. A novel and well-defined phenoxyaluminum-based cocatalyst has
been described, and its effect on the ethylene insertion and inhibition mechanisms
has been compared to AlMe; and a MAO model. Although [PhOAIMe,], is clearly
less active than MAO, this well-defined species presents interesting features for
further characterization study and catalytic system optimization.

Important progress in synthetic and analytical chemistry recently allowed better
understanding of the reactivity of aluminoxane or alkylaluminum compounds with
iron complexes used in ethylene polymerization. However, if isolation of model
single-component monoalkyl cationic systems has undoubtedly demonstrated that
such species are able to transform ethylene, the multitude of active species acces-
sible in a bi-/tri-component catalytic system and degradation products derived from
them prevent the clear identification of each active species and the products they
afford. Particularly, the reducing ability of TMA added to the redox non-innocent
character of the bis(imino)pyridine ligand, whose role has still not been demon-
strated as a prerequisite for polymerization activity, impedes the assignment of
precise oxidation states, feeding continuation of the Fe(II)/Fe(Ill) active species
debate. As a conclusion, the operating active species in a real, i.e., bicomponent
(precatalyst and alkylaluminum activator, potentially ill defined), catalytic system
still remains in the gray area, if not in a black box.

2.3 Supported Homogeneous Iron Catalysts
for Oligomerization and Polymerization of Ethylene

Heterogeneous catalysts are largely employed in the polyolefin manufacturing
industry to respond to a great number of economical and process engineering issues.
As an example, control of particle morphology of the polymer, containment of the
reaction’s exothermicity, and operability in continuous slurry and gas phase pro-
cesses are key features of a polymer production process. Catalyst impregnation
remains the most straightforward and cheapest route to heterogenization, although
other approaches have also been investigated. Attempts to immobilize highly active
homogeneous single-site catalysts have flourished, aiming at maintaining high
activities and selectivities and fitting into existing industrial and process
constraints [81].



232 B. Burcher et al.

2.3.1 Impregnation

Different strategies were investigated for non-covalent immobilization of iron
catalysts on supports. The iron-bis(imino)pyridine precursor may be impregnated
on solids. Several examples of silica-supported iron catalysts were reported by the
groups of Sivaram [82], Semikolenova [83], and Barabanov [84, 85]. The activation
by methylaluminoxane or trialkylaluminum of the immobilized polymerization
precursor iron-bis(imino)pyridine generally led to lower, although steady, activity
compared to the initial activities of the non-supported catalysts. The broad mole-
cular weight distributions observed were attributed to the presence of different
active species. Mesoporous zeolites as MCM-41 or SBA-15 have also been
described as support for iron-catalyzed ethylene oligomerization [86] and polymer-
ization [87-89] leading to either lower molecular weight a-olefins or higher molec-
ular weight polyethylenes, respectively, compared to their homogeneous
counterparts. MgCl, supports have been evaluated by the groups of Mao [90-92]
and Chadwick [93, 94] for application in ethylene polymerization. They showed
that temperature pretreatment of the MgCl,/ethanol support led to higher and steady
catalytic activities, although a maximum temperature was reached when dealcohol-
ization was performed with AlEt; to afford MgCl,/AlEt, (OEt);_,,. Spherical parti-
cles of polymers could be obtained by the impregnation method through the
replication of the spherical morphology of the catalyst particles by the growing
polymer chains [90, 91]. During this process, the constraint of the polymer growing
into the pores of the catalyst particle leads to the fragmentation of the latter and
progressively mimics its spherical shape [95].

Another strategy consists of first carrying out an ion exchange with the support,
followed by the introduction of the ligand. For example, the Miura group success-
fully supported bis(imino)pyridine ligands on fluorotetrasilicic mica. Ion exchange
between Na* and the desired Fe* was realized prior to intercalation of the ligand
into the host support interlayers. Subsequent reaction of the ligand with Fe** ions
yielded an active precatalyst for ethylene polymerization upon MAO, TEA, and
TIBA activation [96]. Good activities were obtained (around 10° g/(mol h)). The
absence of ligand or alkylaluminum activator led to inactive systems, supporting
the formation of the suggested complex. The same ion-exchange strategy was also
reported on montmorillonite and saponite clay supports [97]. One-pot syntheses of
immobilized iron complexes in the clay mineral interlayer have recently been
described [98]. Additionally, acetyliminopyridine ligand immobilized on Fe’*-
exchanged fluorotetrasilicic mica was claimed by the same group to promote
oligomerization of ethylene in the presence of Al(/Bu);, AlEt;, and MAO
activators [99].

A relevant approach in the polymerization field is to pretreat the support (SiO,,
calcosilicate [100], or montmorillonite [101, 102]) with methylaluminoxane or
partially hydrolyzed alkylaluminum, generally used as activators, prior to immobil-
ization of the iron precursor. The interaction of the iron center with the supported
cocatalyst is considered to ensue from the in situ formation of the active species.
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Stable activities may be obtained along with specific polymer properties that may
be tuned through various parameters such as the Al/Fe ratio.

2.3.2 Iron Catalyst Anchoring

Chemical tethering of an iron complex on a SiO, surface was one of the most
widely explored immobilization routes. Modification of the bis(imino)pyridine
ligand and subsequent reaction of the ligand/complex with the silica support
allowed covalent anchoring of the precatalyst prior to ethylene polymerization.
Tethering via the imino carbon atom [103—105], the central pyridine ring [106,
107], or the imino ring [108] was reported. A recent report is presented here as an
example. Kim and coworkers synthesized an asymmetrical bis(imino)pyridine
ligand bearing a trialkoxysilane-functionalized linker on the 4-position of the
imino ring further covalently bonded to in situ formed silica gel (Fig. 13).
Metalation of the anchored ligand yielded an active catalyst for ethylene polymer-
ization upon MAO activation [109]. Moderate activities were obtained (10*-10° g/
(mol h) depending on the Al/Fe ratio and the reaction temperature). An unimodal
MWD was obtained supporting the unicity of the active species.

2.3.3 Self-Immobilization

Self-immobilization relies on the copolymerization of ethylene and a polymerizable
fragment of the catalyst, typically a terminal vinyl group, resulting in the insertion
of the catalyst into a growing polymer chain and aggregation of the formed polymer
as a particle [95]. The morphology of the starting polymer particle will be replicated
by the growing polymer chains and controlled, avoiding reactor fouling. Applied to
bis(imino)pyridine iron catalysts, the main strategy consisted in introducing vinyl
groups on the ligand backbone. Functionalization of the central pyridine ring [110,
106], of the imino ring [111-113], or on the imino carbon atom [103, 111, 114] with
a terminal vinyl moiety was reported (Fig. 14). In several cases, no self-
immobilization was observed. This was rationalized by the poor ability of the
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Fig. 14 Selected examples of bis(imino)pyridine iron precursors investigated in the self-
immobilization approach

iron catalyst to copolymerize ethylene and a-olefins as the terminal vinyl groups.
When self-immobilization was observed, no clear enhancement of the polymer
properties was described.

3 Multiple Single-Site Catalysis

Multiple single-site catalysis is based on the design of catalytic systems in which at
least two different single-site catalysts are operating simultaneously in a single
reactor. This technology is aimed to offer tailor-made products with controlled
MW, MWD, and microstructures rendering materials with suitable rheological and
mechanical properties, meeting the needs of the polymer industry. Concomitantly,
large initial capital investment and energy consumption devoted to multi-reactor
processes could be reduced by such single reactor processes. However, using
different catalysts concurrently under the same conditions (charge, temperature,
pressure, solvent, cocatalyst, etc.) has its inherent difficulties. In addition to
compatibility issues, each catalyst has its intrinsic properties meaning kinetics
toward monomer, activation pathways, temperature response, and more.

The considerable attention devoted to metallocenes [2, 3] and post-metallocenes
[115, 116] in the last decades enabled their association in multiple single-site
catalysis. Their well-defined structures and ability to produce selectively poly-
ethylene with a wide range of molecular weights (from oligomers to ultrahigh
molecular weight polyethylene (UHMWPE)) and narrow molecular weight disper-
sity made them ideal candidates [117, 118]. In addition, they exhibit very good
compatibility to each other and show stability toward cocatalysts, giving them a
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neat advantage compared to the traditional Ziegler-type multisite catalysts in terms
of MWD control [119]. Since the discovery of the iron-bis(imino)pyridine catalysts
leading to linear alpha olefins (LAOs) [120, 121] as well as to highly linear
polyethylene [30, 122], a few examples are described of their use in combination
with early transition metal catalysts. They can formally be divided into two
families. The different catalytic centers composing the system can ensure a coop-
eration during the catalytic act or they operate separately. The latter case is known
as reactor blending (Fig. 15) and the former as tandem catalysis (Scheme 2).
Selected highlights in the application to olefin polymerization are presented.

3.1 Reactor Blending

Production of bimodal and/or broad MWD polyethylene is of premier importance
for the polymer processing industry [123]. Such materials present improved impact
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and processability properties. Incorporation of UHMWPE into a lower molecular
weight polyethylene matrix significantly improves its mechanical properties.
Indeed, long polymer chains play the role of “tie molecules” connecting crystalline
regions composed by lower MW PE chains, forming thus a strengthened physical
network [124]. Bimodal/broad polyethylene with a small content of UHMWPE is
better suited to melt extrusion or blow molding steps. Melt blending of low
molecular weight polyethylene and UHMWPE is one option to access products
with the aforementioned peculiar properties [125]. Unfortunately, melt-processing
issues concerning UHMWPE remain unchanged in this posttreatment step. Another
widely used technology is the “cascade reactor” process in which low molecular
weight PE is produced in a first reactor fed with ethylene and large quantities of
hydrogen [126]. Polymerization is completed in a second reactor charged with
much less hydrogen to yield high or ultrahigh molecular weight PE. Another
solution for MW control of polyethylenes is the introduction of chain transfer
agents into the polymerization medium. Polyethylene chain growth on dialkylzinc
(typically diethylzinc) has been reported as an extremely efficient way to lower M,
and MWD of polyethylenes produced by bis(imino)pyridine catalysts
[127]. Depending on the ratio of diethylzinc, a Poisson MWD with M, and
dispersity as low as 700 g/mol and 1.1, respectively, could be reached if 500 equi-
valents of zinc per iron are added (against M,, = 10,000 g/mol and D =19.2 in the
absence of zinc). Activity is maintained in the range of the zinc-free system
(10° g/(mol h)). Single reactor blending catalysis represents a novel alternative
toward the production of bimodal/broad polyethylenes. This approach relies on
using two, or eventually more, single-site catalysts with different features leading to
an intimate blend of polyethylene with different M,, and MWD. Immobilization on
inorganic or polymeric supports may also be envisaged to prevent reactor fouling
and enable their use in slurry or gas phase polymerization processes [119].

The first iron-based reactor blending example was reported by Mecking in 1999
where the iron(Il) complex [FeCl,(I.24)] and the a-diimine nickel(I) complex
[NiBr,(ArN=C(Me)-C(Me)=NAr)] (with Ar=2,6-Me,CcH3) were mixed and
activated by methylaluminoxane (Fig. 16) [128]. The two different catalytic sys-
tems are simultaneously active in ethylene polymerization leading to linear and
branched polyethylenes for the iron and the nickel catalysts, respectively, affording
a mixture with unique properties. Furthermore, the compatibility of [FeCl,(1.24)]
with the early transition metal-based system [Zr(nBuCp),Cl,] (where

| X X XN
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N—Fe~—N N-Fe-—N N~»Fe~—N
c’ ol

[FeCly(L24)] [FeCly(L25)] [FeClx(L26)]

Fig. 16 Iron precatalysts evaluated in reactor blending
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nBuCp = n-n-butylcyclopentadienyl) was evaluated, affording a blend of strictly
linear polyethylenes with different crystallinities and molecular weights.

A combination of iron and chromium was reported by Miilhaupt and coworkers
[129]. A trimodal blend of low, medium, and ultrahigh MW polyethylene with an
overall ultra-broad MWD was obtained by combining two chromium(III) catalysts,
a half-sandwich metallocene n5 -[3,4,5-trimethyl-1-(8-quinolyl)-2-trimethyl-
silylcyclopentadienyl]CrCl, and a 2,6-bis-[1-(2,6-dimethylphenylimino)ethyl]-
pyridine CrCls, with [FeCl,(L25)] (Fig. 16) co-immobilized on a silica pretreated
with MAO. A UHMWPE (10° g/mol) fraction was produced by the half-sandwich
complex; medium (10° g/mol) and low molecular weight fractions (10* g/mol) were
formed by the iron and chromium complexes, respectively. Overall, an MWD of
420 was reached. The molar content of each catalyst has been independently
tailored resulting in the corresponding variation of the respective polyethylene
fraction, thus demonstrating the flexibility and fine tuning ability of this multiple
single-site system. A binary version of this system was later used by the same team
to screen the influence of catalyst preparation [130]. Half-sandwich metallocene
[n5 -{3,4,5-trimethyl-1-(8-quinolyl)-2-trimethyl-silylcyclopentadienyl } CrCl,] and
[FeCl,(L25)] were either sequentially or simultaneously supported on silica
pretreated with MAO, offering different bimodal MWD patterns. Higher M,, and
MWD values as well as a higher UHMWPE content were obtained when iron was
immobilized prior to chromium. As expected, the UHMWPE content is directly
connected to the ratio of chromium in the catalyst blend.

Chadwick and coworkers reported the combination of [FeCl,(L.26)] (Fig. 16)
and the chromium complex [{1-(8-quinolyl)indenyl}CrCl,], both being
co-impregnated on a MgCl,/AlEt,(OEt);_, support [131]. Upon activation with
AliBus, a bimodal distribution of low and high MW products was obtained with
good activities. It has to be noted that the overall polymer yields obtained are the
sum of each catalyst taken individually, thus exhibiting the absence of cooperation
of the two catalysts. Besides classical gel permeation chromatography (GPC) MW
determination, differential scanning chromatography (DSC), and rheology mea-
surements, crystallization of the polymers obtained was investigated via wide-angle
X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS). The ratio of
low and high MW fraction could be tailored by varying the loading of iron and
chromium catalysts. The MWD varied from 5.9, when the iron catalyst was solely
operated, to 1.6 for the chromium catalyst going through a maximum of 29.4 for an
Fe/Cr ratio of 0.3/1.

3.2 Tandem Catalysis

Tandem catalysis is based on cooperation, also called “synergistic effect,” of two or
more metals in the same reactor to offer products with peculiar microstructure and
rheological properties. Linear low-density polyethylene (LLDPE) production is a
perfect example of application of this relatively recent chemistry. LLDPE is a
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branched polymer traditionally produced by copolymerization of ethylene with
light linear alpha olefins (LAOs) as comonomer. Tandem catalysis yields LLDPE
with controlled microstructure in a one-step process from the sole ethylene feed-
stock via the fine association of an oligomerization and a copolymerization catalyst
[132]. Tandem catalysis may involve homogeneous catalysts, immobilized sys-
tems, or a combination of the two (Scheme 2).

Quijada and coworkers described a homogeneous tandem system composed of
the iron(II) oligomerization catalyst [FeCl,(L.27)] and the zirconium(IV)-based
catalysts [Zr(Me,Siln,)Cl,] or [ZrCl,(Etlnd,)] with constrained geometry known
to copolymerize ethylene with a wide range of a-olefins up to l-octadecene
[133]. The combination of [FeCl,(L27)] and [ZrCl,(Me,Silnd,)], activated by
MAQO, gave a polyethylene with a broad/bimodal MWD bearing short- to long-
chain branches (varying from 1 to 4 branches per 100C). GPC data revealed two
sets of molecular weight populations, centered around M,, =70,000 and 1,500 g/
mol, which is consistent with melting point determinations by DSC. The highest
molecular weight fraction is believed to be branched polyethylene resulting from
the copolymerization of ethylene with a-olefins governed by the zirconium catalyst.
On the other hand, the low molecular weight fraction increases with Fe/Zr ratio. In
the presence of [ZrCl,(Etlnd,)], a monomodal and extremely narrow MWD poly-
mer (around 1.6) was obtained but less branching was observed. The degree of
branching increases with Fe/Zr ratio which exhibits an efficient incorporation of the
in situ produced comonomers.

Titanium was also successfully combined with iron to produce branched poly-
ethylene as reported by Xie, Zhang, and coworkers [134, 135]. Moderate molecular
weights and narrow dispersities with a majority of short-chain branches were
obtained using [FeCl,(L28)] (Fig. 17) and mono-f-diiminato or
B-carbonyleneamine Ti(IV) complexes in the presence of MMAO.

A similar catalytic system but with a different feedstock was employed in the
one-step production of branched polypropylene by Ye and Zhu [136]. [FeCl,(L25)]
(Fig. 16) activated by modified methylaluminoxane (MMAOQO) produces atactic
polypropylene (aPP) chains with low molecular weight and unsaturated end groups
when used independently in propylene polymerization. The catalytic system [Zr
{rac-Me,Si(2-MeBenz[e]Ind), } C1,]/MMAO was selected to copolymerize propyl-
ene with the macromonomer formed in situ by the iron catalyst and produced PP
chains in an isotactic fashion. The binary system studied yielded, as expected,
polypropylene with an isotactic PP (iPP) backbone grafted with aPP side chains.

Diffusion limitation during high-density polyethylene production with
supported catalysts has been studied by Chadwick and coworkers [137]. Intro-
duction of branched polyethylene produced by the 2,3-bis(2,6-diisopropyl-
phenylimino)butane nickel(Il) dibromide complex into a high-density
polyethylene matrix afforded from [FeCl,(1.29)] (Fig. 17), where both catalysts
were co-immobilized on MgCl,/AlEt,(OEt);_,, was a successful approach to reduce
this limitation. This was suggested to arise from the decreased crystallinity of the
forming polymer due to nickel-induced branching, leading to a facilitated monomer
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diffusion to the iron center. Scanning electron microscopy (SEM) imaging of the
more porous tandem-catalyzed polymer supported this hypothesis.

Zhang et al. reported [FeCl,(L30)] (Fig. 17) and [Zr{rac-Et(Ind),}Cl,]
immobilized on calcosilicate CAS-1 pretreated with MAO and silica, respectively,
and employed it simultaneously for in situ ethylene polymerization to LLDPE (with
a branching density varying from 40 to 60 branches per 1000C) [138]. When
compared to their homogeneous analogues, the supported species exhibited
enhanced stability over time at elevated temperatures. According to the authors,
the observed stability increase might be attributed to the confinement of the
catalytic species in the support layers, preventing the bimolecular aggregation of
the active species, which would result in catalyst deactivation. As a counterpart, the
difficult diffusion of ethylene through the support and the forming LLDPE renders a
smoothed kinetic profile of the polymerization reaction and a prolonged activation
step. Additionally, the morphology of the polyethylene produced with the
supported system, identified as compact particles, was significantly improved in
contrast to the stacking appearance obtained with the homogeneous system, which
is a result of the “duplicating effect” of the silica support particle by the growing
polymer particle.

The same group supported [FeCl,(L31)] (Fig. 17) and [Zr{rac-Et(Ind),}Cl,] on
either MAO pretreated MCM-41 or SBA-15 mesoporous materials [139]. Upon
activation with AlEts, in situ polymerization of ethylene at high ethylene pressure
with the aforementioned system yielded products with much higher MW,
broader MWD, and improved activity when compared to the MAO-activated
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Fig. 18 Trinuclear iron—nickel complex for tandem catalysis

homogeneous catalysts. At atmospheric pressure of ethylene, the level of branching
could be tailored from 20 to 50 branches per 1000C with the supported system
leading to LLDPE with improved physical and mechanical properties according to
rheology studies.

A bimetallic complex based on iron and nickel was reported by Kim and
coworkers for ethylene polymerization [140]. Activation of this multinuclear spe-
cies with various cocatalysts such as triethylaluminum, ethylaluminum
sesquichloride (EASC), and MAO, the latter being the most efficient, afforded
branched to linear polyethylenes, respectively, depending if Ni is present in the
catalyst structure or not. A maximum of 134 branches per 1000C was observed
when the system was combined with EASC due to preferential activation of the
nickel center. The cooperative effect of the neighboring metals is supported by
enhanced activity and stability, especially at elevated temperatures, along with
lower molecular weight and broadened molecular weight distribution compared
to the isolated catalysts. The bulkiness of the ligand and the proximity of growing
chains on each metal center are likely to exert a strong influence on propagation
rates and chain termination, leading to M,, and dispersity decrease (Fig. 18).

4 Diene Polymerization

Since the early 1990s, the field of olefin polymerization catalysis with late transition
metals has witnessed a small revolution with the discovery of the nickel and
palladium—diimine systems by Brookhart et al. [141, 142]. A few years later, cobalt
and iron-bis(imino)pyridine precatalysts were developed [30, 122]. These systems
were capable of polymerizing ethylene to high molecular weight polymers with
activities comparable to the metallocene catalysts when activated with MAO
(Fig. 19).

These more recent active catalysts have stimulated numerous studies for
reexamining iron-based systems for diene transformations (polymerization,
copolymerization, etc...). Indeed, iron-based catalysts were known for many
years for diene polymerizations, but they were generally considered as being poorly
active and selective compared to conventional catalysts [143]. This part of the
review describes this aspect with a special focus on bidentate and tridentate
nitrogen ligands.
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Scheme 3 Structure of butadiene polymers

4.1 Iron-Based Catalysts for Polymerization of
Conjugated Dienes

Polymerization of conjugated dienes is largely dominated by polybutadiene and
their derivatives (butadiene rubber, styrene—butadiene rubber, and acrylonitrile—
butadiene—styrene), mainly used for the manufacture of automobile tires. For these
applications, careful control of the microstructure of the butadiene rubber is neces-
sary. In terms of connectivity, butadiene can polymerize in three different ways,
called cis, trans, and vinyl (Scheme 3). The cis and trans forms arise by connecting
the butadiene molecules end to end (so-called 1,4-addition), while the “vinyl” form
arises from end-to-tail butadiene connection (1,2-addition).

Depending on the application and the catalyst used (Nd, Co, Ni, Ti, or Li), the
polybutadiene is generally a mixture of these connectivities. For example, “high
cis”-polybutadiene (consisting of 90% or more cis connections) has a high elasticity
and is very popular, whereas the so-called high frans is a plastic crystal with no
apparent applications. The vinyl content of polybutadiene is typically no more than
a few percent (up to 12% but usually around 1-4%). In addition to these three kinds
of connectivity, polybutadienes differ in terms of their branching and molecular
weights.

The polymerization of isoprene also represents an interesting field of investi-
gation, as polyisoprene is considered to be similar to natural rubber in structure and
properties. Specifically, a very high content of the cis-1,4 structure is required to
mimic the natural rubber. Currently synthetic polyisoprene is being used in a wide
variety of applications, but its application remains limited by manufacturing capa-
city and monomer availability.
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4.1.1 Bidentate Nitrogen-Based Ligands

In 2002, Porri et al. examined the polymerization of butadiene and other dienes with
a catalyst composed of [(2,2'-bipyridine)FeEt,]/MAO [144]. This catalyst appeared
to be active for 1,3-butadiene polymerization. Polymers with a 1,2 or 3,4 structure
are formed from butadiene, isoprene, (E)-1,3-pentadiene, and 3-methyl-1,3-
pentadiene, while cis-1,4 polymers are derived from 2,3-dimethyl-1,3-butadiene.
Importantly, an impact of the temperature on the 1,2 (3,4) polymer structure was
evident in this work. Polymers obtained at 25°C were amorphous, while those
obtained below 0°C were crystalline.

Ricci et al. then extended the scope of bidentate ligands (ethylenediamine L32,
2,2'-bipyridine L33, 1,10-phenanthroline L34 derivatives, and 1,2-bis(dimethyl-
phosphino)ethane L35 in Fig. 20) in combination with Fe(II) precursors to examine
their reactivity toward various 1,3-dienes after activation with Al(/Bu)z, AlEt;, or
MAO [145]. For butadiene polymerization, the study demonstrated that when
aliphatic nitrogen L32 or diphosphine L35 ligands are used, Fe(Il) complexes
exhibit very low to no activity and stereoselectivity. When aromatic diamine L33
and L34 ligands are used, extremely high activities were obtained with a remark-
able influence of the steric hindrance of the 1,10-phenanthroline derivatives. Poly-
butadienes with a predominantly 1,2 structure were obtained (60—75% of 1,2). The
M,, was very high and the molecular weight distribution (MWD) narrow. Slight
deviation of the 1,2/cis-1,4 polymer microstructure was also observed when vary-
ing the nature of the cocatalyst. The 1,2 content of the polybutadiene was reduced
from 61% with the [FeCl,(L33),]-MAO system to 45-46% when [FeCl,(L33),]-
Al(/Bu)z or AlEt; was used. The catalytic [FeCl,(N-N),]/MAO systems were also
able to polymerize different 1,3-dienes such as isoprene (IP), (E)1,3-pentadiene
(PD), and 2,3-dimethyl-1,3-butadiene (DMB) with a marked cis-1,4 stereo-
selectivity for DMB (99%). Interestingly, mechanistic implications of this stereo-
selectivity were discussed on the basis of the mechanism proposed by Porri and
coworkers [143]. Some years later, the same group published a complementary
study on the synthesis of syndiotactic 1,2-poly(3-methyl-1,3-pentadiene) with
details on the characterization techniques used [146].

Well-defined molecular iron(II) complexes bearing bidentate iminopyridine
ligands were recently described by Ritter and coworkers to polymerize isoprene
and other 1,3-dienes (myrcene, farnesene) in a nonconventional, stereoselective
manner (Scheme 4) [147, 148]. Initially developed for 1,4-addition reactions across
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Fig. 20 Bidentate ligands evaluated in iron-catalyzed diene polymerization
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1,3-dienes [149], precatalysts [FeCl,(L36)] and [FeCl,(LL37)], once activated with
Al(/Bu); or AlEt; and [Ph3C]*[B(CeFs)s]~, provided polyisoprene with high
selectivity (>85%) for trans-1,4 and cis-1,4 microstructures, respectively. Interest-
ingly, the change in stereoselectivity is solely based on the imine substituent of the
otherwise identical catalysts (Scheme 4). Even though the mechanism is not well
understood, a cationic Fe(Il) was proposed as active species.

More recently, Zhang et al. reported Fe(Il), Ni(Il), and Co(II) complexes
supported by 2-(N-arylcarboximidoylchloride)quinoline ligands for the polymer-
ization of 1,3-butadiene [150]. Using this new imine analogue, the iron-based
system, once activated with MAO, presented the lowest catalytic activity and the
lowest regioselectivity (cis-1,4 content in a range of 63—78%) compared to other Ni
(II) and Co(Il) catalysts. Interestingly, no polybutadiene was formed when
Et;ALCl; (EASC) was used as cocatalyst. This result considerably contrasts with
those obtained with phenanthroline-type ligands, indicating that electronic modifi-
cation of bidentate nitrogen ligands plays an important role on both the activity and
selectivity of diene polymerizations.

4.1.2 Tridentate Nitrogen-Based Ligands

In line with a study on ethylene polymerization with iron-based tridentate nitrogen
ligands, Yasuda and coworkers studied the use of several Fe(Il) and Fe(IIl)
precatalysts for butadiene and isoprene polymerization [151]. Once activated with
MMAO, complexes [Fe(LL.38),][FeCly], [FeCl3(L39)], [FeCl;(1L40)], [FeCl(L41)],
and [FeCl,(L42)] led to very low activities or were totally inactive toward ethylene
(Fig. 21). In sharp contrast to these results, these precatalysts demonstrated their
potential for controlling the activity of isoprene and 1,3-butadiene polymerizations.
In the case of isoprene homopolymerization, the 3,4-microstructure (50-85%) was
mainly obtained. For polybutadiene, the microstructure of the polymer seems to
depend on the steric properties of the ligand used (trans-1,4 polymers with the less
bulky systems, to equimolar cis-1,4/trans-1,4/1,2 products for bulkier ligands).
During the course of their investigations, the authors also explored the potential
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Fig. 21 Iron(Il) and iron
(III) precatalysts for diene
polymerization
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of complexes [FeCl3(L.39)] and [FeCl;(L40)] for the random copolymerization of
butadiene and isoprene to develop new materials. With a 1/1 molar ratio of
1,3-butadiene and isoprene, complex [FeCl;(L39)] preferably performed the
incorporation of 1,3-butadiene into the copolymer, whereas for complex
[FeCl;(L40)], isoprene incorporation was preferred. The increased electro-
negativity on the ligand via the rBu group was evoked to explain this result.
Microstructures observed during homopolymerization reactions did not seem to
be affected by the mixture of the two dienes.

In 2009, a study conducted by Zhang and coworkers [152] attempted to demon-
strate that cis-/trans-1,4 regioselectivity in 1,3-butadiene can be controlled by the
nature of the metal center. Several Fe(III), Cr(III), Fe(II), Co(II), and Ni(II) chloride
complexes supported by 2,6-bis[1-(iminophenyl)ethyl]pyridine were evaluated.
Once activated with MAO, the activity decreased in the order of Fe(Ill) > Co
(I) > Cr(Ill) ~ Ni(I) which appeared consistent with the open space around the
metal center. The microstructure of the polybutadiene varied from a high trans-1,4
content (88-95%) for Fe(Ill) and Cr(IIl), over a medium trans-1,4 and cis-1,4
content (55% and 35%, respectively) for Fe(Il), to high cis-1,4 content (79-97%)
for Co(Il) and Ni(II). The uniquely high frans-1,4 selectivity observed with Fe(II)
and Cr(IIl) catalysts was supported by a mechanism proposed for the reaction
(Scheme 5). Due to less vacant sites and more crowded sterical space of the
tridentate Fe(IlI) and Cr(III) (compared to their Fe(IT) or Co(Il) analogues), single
trans-n* coordination with butadiene will be favored, giving predominantly the
syn-n-allyl transition state. As a consequence, high frans-1,4 selectivity was
observed.
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Scheme 5 Proposed
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Later, the same group also explored the role of steric hindrance of a series of
2,6-bis(imino)pyridyl iron(III) complexes for a highly frans-1,4 selective polymer-
ization of 1,3-butadiene [153]. Once activated with MAO or MMAO, Fe(IIl)
complexes exhibiting the least steric hindrance around the metal center were
described as very selective for trans-1,4 polybutadiene (95%), while those bearing
alkyl substituents at the 2-position of each N-aryl ring exhibit much lower catalytic
activity and tunable trans-1,4 selectivity. Very small variations of polybutadiene
microstructure were observed by varying the temperature or the cocatalyst used
(MAO, MMAO, AlEt;, or Al(iBu)s).

Structural modifications around the bis(imino)pyridine scaffold were also stud-
ied by Britovsek and coworkers by changing the substituents at the imine carbon
atom [39]. Special attention has been devoted to “Thio-Pybox” L43 and “Thio-
Phebox” L.44 ligands and their corresponding Cr(IIl), Fe(Il), Co(II), and Ni
(IT) complexes (Fig. 22). Once activated with MAO, they were evaluated for
ethylene and butadiene polymerization. Although very low activities for ethylene
polymerization were observed for most of the complexes studied, Fe(II) complexes
supported by Thio-Pybox ligands revealed interesting activities for butadiene
polymerization. Once again, the nature of the metal plays a predominant role on
the activities, as exemplified for ligand L43 ([CoCl,(L43)] > [FeBr,(L43)] ~
[NiBr,(L43)] > [CrCl3(L43)]). A small variation of the polybutadiene microstruc-
ture was observed while varying the nature of the metal center (more than 73% of
cis-1,4). The use of tridentate pincer ligands of “Phebox type” was also investigated
by Mu et al. in 2012 [154]. Once activated with MAO, Fe(Il) complex [FeCl
(L.45)]-[LiCI(THF),] showed moderate activities in butadiene polymerizations,
affording the cis-1,4 enriched polymer as well.
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Fig. 22 Bidentate ligands
evaluated in iron-catalyzed
diene polymerization
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More recently, Fe(Ill)-bearing tridentate 2-pyrazolyl-substituted 1,10-
phenanthrolines were successfully used for trans-1,4-specific polymerization of
1,3-butadiene (Fig. 23) [155]. The authors demonstrated for these precatalysts the
huge influence of the Al-based cocatalysts, especially on the polybutadiene micro-
structure. The trans-1,4 selectivity of [FeCl,(LL46)] varied in the following order:
Al(iBu); > Al(Oct); > AlEt; > AlMes. Even much lower trans-1,4 selectivity was
observed when using MAO and MMAO.

4.2 Iron-Based Catalysts for Homo- and Copolymerization
of Olefins and Nonconjugated Dienes

The polymerization of nonconjugated symmetrically substituted dienes like
1,6-heptadiene or 1,5-hexadiene, known as cyclopolymerization, is also an impor-
tant field of research, as it produces polymers with improved optical transparency
and thermal stability [156]. This type of polymerization will produce polymers
having cyclic structures in the repeating units (Scheme 6). Successful results were
obtained by using early transition metal catalysts (Ti, Zr), but high selectivity for cis
or trans fused rings remains scarce.

The use of late transition metals for this purpose was described by the group of
Osakada in 2007 [157]. In this work, a [FeCl,(L.47)] complex was reported as an
efficient precatalyst for stereoselective cyclopolymerization of 1,6-heptadienes
(Fig. 24). Upon activation with MMAO, complete cyclization of the diene mono-
mer was observed during polymerization (no pendant 5-pentenyl group was
detected). A majority of cis-1,2-cyclopentanediyl rings was formed (95%).
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Scheme 6 Products of 1,6-hexadiene polymerization
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Fig. 24 Bis(imino)pyridine-based iron complexes

Interestingly, catalysts prepared from [FeCl,(L48)] or [FeCl,(1L49)] (Fig. 24)
appeared to be less active and selective than the chloride-substituted one. In a
more detailed study [158], the same group reported the role of the steric hindrance
of the N-aryl-substituted groups on the stereochemistry of cyclization in the poly-
mer growth. Iron complexes with less bulky N-aryl groups gave the highest
selectivity for cis-five-membered ring systems.

Other a,w-dienes (9,9-diallylfluorene, 4-phenyl-1,6-heptadiene, 4-siloxy-1,6-
heptadiene) were also investigated. The polymerization process occurred in a
similar fashion (cis-selective) than that of the unsubstituted 1,6-heptadiene when
[FeCl,(L50)]/MMAO was used. Copolymerization of 1,6-heptadiene and ethylene
with the same catalyst resulted in a mixture of the homopolymers rather than their
copolymers. This result contrasts drastically with those obtained when
[CoCl,(L48)]/MMAO was used. In this latter case, a regular copolymer having a
trans-five-membered ring was obtained. Limitations of iron-based catalysts to
perform regular copolymerization of o,w-dienes and ethylene were also described
by Deffieux and coworkers as early as 2001 [159]. In this work, comparisons
between [ZrCl,Cp,], [TiCl,(Cp*){SiMe,(N-tert-Bu)}], [NiBry(L51)], and
[FeCl,(L52)]/MAO (Fig. 25) were described for homo- and copolymerization of
ethylene with 5,7-dimethylocta-1,6-diene (5,7-DMO). Whereas nickel catalysts
appeared completely inactive (5,7-DMO poisons the catalyst), zirconium and
titanium performed efficiently with incorporation of the diene in the polyethylene
chain. Iron complexes appeared highly active for ethylene polymerization but
without any incorporation of the 5,7-DMO. Furthermore, the amount of dienes
does not seem to affect the catalyst activity (i.e., no diene poisoning was observed).
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5 Conclusion and Outlook

Since the first examples of iron-bis(imino)pyridine in combination with MAO for
ethylene oligo-/polymerization more than 15 years ago, countless numbers of
catalytic systems have been described covering an access to a broad range of
products. Linear alpha olefins and polyethylenes are of prime interest, and ethylene
is a more and more abundant feedstock, provided by the mushrooming of ethane
crackers among others. However, no production unit or announcement in the press
using such a technology has been built or released.

Two main considerations may arise. First, the thermal stability and lifetime of
the catalysts reported in the literature likely undermine their developments. Addi-
tionally, by-product formation, often not thoroughly described, is critical for ethy-
lene transformation. For example, polymer formation has to be avoided or at least
limited in ethylene oligomerization. In the recent examples covered in this chapter,
the reaction temperature remains an issue, even if interesting progress may have
been observed by tuning the steric hindrance or the electronic properties of the
ligand. Efforts should be increased with a careful description of the product
distributions at a relevant productivity level. Heterogenization of bis(imino)-
pyridine iron catalytic systems has been considered for ethylene transformation.
Activation of these immobilized catalysts with MAO and activators from it led to
active systems for ethylene polymerization. However, the activities exhibited by
supported catalysts remain, apart from a few exceptions, lower compared to their
homogeneous analogues. The selectivity might also be affected by the immobili-
zation. The few reports found in the literature in the last 5 years denote the
difficulties to overcome these activity and selectivity issues. Iron complexes still
need to become competitive with actual industrial ethylene polymerization, with
the goal to upgrade current catalytic systems.

Iron catalysts present interesting features for multiple single-site approaches
such as reactor blending and tandem catalysis, giving access to new and unique
polymers. The same limitations known for single-site catalysis have, however, to be
considered in addition to compatibility issues.

Significant advances have been made in characterization and understanding at an
experimental and a theoretical level. The isolation of well-defined catalyst species
greatly assists the understanding of catalyst behavior. However, one major hurdle
has not been surmounted so far. The activation step remains a challenge, even more
so with the use of MAO in large excess. Considering the multiple oxidation states



Iron-Catalyzed Oligomerization and Polymerization Reactions 249

and the ligand non-innocence possible for iron system, substantial uncertainty
exists regarding the active species formed and its complex reaction landscape.
This has to be considered when multiple product distributions are observed. The
isolated active species and spectroscopic studies described in this chapter give only
a narrow picture of the events, definitely not representative of the activation under
catalytic conditions, although highly informative. Crossed reactivity study with
MAO and in operando measurements are a means to improve our global under-
standing. One promising alternative to consider, even if not successful yet, is to
replace MAO by well-defined species that may follow only one activation route.

Iron catalyst systems also present interesting features for diene polymerization even
if both activities and selectivities remain far from those observed for conventional
catalysts. Opportunities created by the development of bis(imino)pyridine-Fe(Il)
complexes have not been totally exploited for this application. In particular, the large
versatility of these ligands lets us expect very interesting results for the discovery of
highly active and selective catalysts in that field.
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Enantioselective Iron Catalysts

Thierry Ollevier and Hoda Keipour

Abstract Synthetic organic transformations catalyzed by iron complexes
have attracted considerable attention because of an enviable list of assets: iron is
an ubiquitous, inexpensive, and environmentally benign metal. It has been
documented that various chiral iron complexes can be used in many reactions
such as oxidation, cyclopropanation, hydrogenation, hydrosilylation, and alkane
hydroxylation. This chapter summarizes recent developments, mainly from 2004 to
2014, of enantioselective iron catalysts.

Keywords Alkane hydroxylation - Asymmetric catalysis - Biomimetic oxidation
- Catalyst - Homogeneous catalysis - Hydrogenation - Hydrosilylation - Iron - Non-
heme
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acac Acetylacetonate

Ad 1-Adamantyl

BArg Tetrakis[3,5-bis(trifluoromethyl)phenyl] borate

binap 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl

binol Binaphthol

bopa Bis(oxazolinephenyl)amine

box Bis(oxazoline)

DCE Dichloroethane

DFT Density functional theory

DMAP 4-Dimethylaminopyridine

DME 1,2-Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

dpen (R,R)-1,2-diphenylethylenediamine

dppe 1,2-Bis(diphenylphosphino)ethane

dppm 1,1-Bis(diphenylphosphino)methane

DS Dodecyl sulfate

EPR Electron paramagnetic resonance

H,Pydic Pyridine-2,6-dicarboxylic acid

H,TAPP  5a,10a,15a,20a-Tetrakis(o-aminophenyl)porphyrin
H,TpivPP  5a,10a,15a,20a-Tetrakis(o-pivalamidophenyl)porphyrin
HR-MS High-resolution mass spectrometry

LASC Lewis-acid—surfactant-combined catalyst

m-CPBA  Meta-chloroperoxybenzoic acid

NFSI N-fluorobenzenesulfonimide

PDP 2-({(8)-2-[(S)-1-(pyridin-2-ylmethyl)pyrrolidin-2-yl]pyrrolidin-1-y1}
methyl)pyridine

phebox Bis(oxazolinyl)phenyl
PMHS Polymethylhydrosiloxane

PP Porphyrin

PPN Bis(triphenylphosphonium)iminium

pybox Pyridine bis(oxazoline)

rac Racemate

salan 2-[(phenylimino)methyl]phenolato

salen N,N'-bis(salicylidene)ethylenediamine

SIPr N,N-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene

TBABr Tetra-n-butylammonium bromide
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Tf Triflyl

TMEDA  N,N,N',N'-tetramethylethylenediamine
TOF Turnover frequency

Tol Tolyl

TON Turnover number

TPS t-Butyldiphenylsilyl

Ts Tosyl

UHP Urea-hydrogen peroxide adduct

1 Introduction

Metal catalysts are essential elements in organic chemists’ toolbox. Iron is one of
the most abundant metals on Earth; it is inexpensive, environmentally benign, and
relatively nontoxic in comparison with other metals. From a green chemistry point
of view, the development of new iron-catalyzed methods is of great excitement. As
a matter of fact, many catalysts are derived from rare metals, and their price or
toxicity prevents their use on an industrial scale. Iron, which is ubiquitous, is thus
becoming one of the most versatile transition metals. Various reviews have been
published in the field of iron catalysis [1-8]. The present chapter covers the most
prominent uses of enantioselective iron catalysts with special emphasis on emerging
applications since 2004 in terms of efficiency and novelty. Choice was made to sort
the ligands and catalysts according to their structure rather than to their reactivity.

2 Chiral Iron Porphyrins

Since Collman’s pioneering work on the synthesis of model iron porphyrin com-
plexes, such as 5a,10a,150,20a-tetrakis(o-pivalamidophenyl)porphyrin
1 [H,TpivPP] prepared from Sa,10a,15x,20a-tetrakis(o-aminophenyl)porphyrin
[H,TAPP] (Fig. 1a) [9], iron porphyrins have been modified to include optically
active groups. Chiral porphyrins were prepared by reacting o,p,o,p-H,TAPP with
(R)-2-phenylpropanoyl chloride or the diacid chloride of 1,1’-binaphtyl-2,2’-
dicarboxylic acid (Fig. 1b). Subsequent insertion of iron provided FeT(a,pB,,-
B-Hyd)PPCl 2 and TAPP FeT(a,p,a,pB-binap)PPCl 3, respectively [10]. Using
these chiral iron porphyrins and iodosobenzene, styrene was oxidized to (R)-(+)-
styrene oxide in up to 48% ee. Asymmetric epoxidation of alkenes was also
catalyzed by iron porphyrins bearing amino acids [11] or some glycosylated groups
[12]. Other chiral porphyrins were also reported for the asymmetric epoxidation
reaction [13-24]. Catalytic asymmetric aziridination by iron porphyrins was also
reported [25].

Other chiral modifications were studied independently by Groves [26] and
Maruyama [27-29]. A chiral vaulted binaphthyl porphyrin 4 has been prepared
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2: FeT(ap, o B-Hyd)PPCI
3: TAPP FeT(a,B,0,B-binap)PPCI

Fig. 1 Chiral Fe porphyrins

Fig. 2 Chiral Fe porphyrins including various chiral modifications

from o,B,0,p-H,TAPP with (R)-(+)-2,2'-dimethoxy-1,1’-bi-6-naphthoyl chloride
(Fig. 2a) [26]. Asymmetric oxidations of alkanes, alkenes, and alkyl aryl sulfides
were catalyzed with chloroiron(IIl) complexes. The first catalytic asymmetric
hydroxylations were reported with enantiomeric excesses in the range of 40-72%
[26]. For catalytic asymmetric epoxidations, enantiomeric excesses were in the
range of 20-89% [27]. Oxidation of alkyl aryl sulfides led to the sulfoxides with 14—
48% ee [26]. A different modified chiral porphyrin 5 was prepared by Naruta and
Maruyama from 5,10,15,20-tetrakis(2,6-dihydroxyphenyl)porphine and enantio-
pure bis(bromomethyl)binaphthalene (Fig. 2b) [27-31]. Closely related porphyrins
were also studied by Collman [32]. Catalytic asymmetric oxidation of sulfides with
iodosobenzene as oxidant led to the sulfoxides in moderate enantioselectivities
(up to 73% ee) and yields.

The first enantioselective iron-porphyrin-catalyzed sulfide oxidation with aque-
ous hydrogen peroxide was reported by Simonneaux [33]. This enantioselective
oxidation of sulfides into enantiomerically enriched sulfoxides (up to 90% ee) was
carried out in methanol/water mixtures using water-soluble iron porphyrins
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Scheme 1 Halterman chiral porphyrins disclosed by Simonneaux

(Scheme 1a). The best enantioselectivities have been obtained with aryl methyl
sulfides bearing electron-withdrawing groups on the aryl group. The reaction was
fast and only slight overoxidation was observed (<2%) (Scheme 1b). Halterman
chiral porphyrin 6 also catalyzed the cyclopropanation of styrene derivatives with
2,2,2-trifluorodiazoethane (Scheme 1c) [34]. The trans-cyclopropanes were
obtained in moderate yields and high diastereoselectivities (up to 99:1 trans/cis)
with up to 75% enantioselectivities for the trans diastereoisomer. Using ethyl
diazoacetate as carbene source, styrene-type substrates were converted to
cyclopropyl esters with high trans/cis ratios (>12) and high enantioselectivities
for the trans isomers (74—86% ee) [35, 36]. The stereoselectivities were modified
using axial ligand effects. Addition of organic bases such as pyridine and
I-methylimidazole led to a major increase in trans/cis ratios [35]. The recovery
and recyclability of catalyst 7 was also studied, demonstrating that only a slight
decrease of the enantioselectivity together with a maintained chemical yield of the
cyclopropanation reaction was observed after four cycles [36]. Optically active
cyclopropyl ketones (up to 80% ee) were also prepared through the asymmetric
reaction of diazoacetophenone with styrene derivatives using the same catalytic
system (6) [37]. Asymmetric cyclopropanation of styrenes was reported to be
catalyzed by other Fe'' macrocyclic complexes [38] and Fe'" porphyrins [39].

More recently, Simonneaux reported the asymmetric epoxidation of styrene
derivatives by H,0O, or UHP to give enantioenriched epoxides (up to 81% ee)
using the abovementioned (Scheme 1) water-soluble iron porphyrin 7 as catalyst
(Scheme 2a) [40]. The limitation of the process is that their system needs an excess
of alkene vs. oxidant. The hydroxylation of alkanes providing secondary alcohols
(up to 78% ee) was also reported using the same catalyst (Scheme 2b). In this case,
iodobenzene diacetate converted ethylbenzene to the corresponding secondary
alcohol with a better yield and much better enantioselectivity than H,O,.

The Fe'™ complex 8 derived from a D,-symmetric chiral porphyrin (Fig. 3),
when used in the reaction of styrene with ethyl diazoacetate, afforded the desired
cyclopropane products in low yields and poor enantioselectivities. The Co"
complex of the same chiral porphyrin showed its superiority over Fe'" in this
reaction [41].
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Scheme 2 Applications of a
water-soluble Fe porphyrin N midaotte (1 o) %) 9
+ Urea-H,0, _—
7 CHA0H
20°C,1h
0.1 equiv. 99% conversion 62%
b (96:4 epoxide/aldehyde) o ee
OH
7 (0.1 mol %)
! 9
©/\ + PhI(OAS), Imidazole (1 mol %)
CH4OH-H,0
20°C,1h

0.1 equiv.
46% conversion 75% ee

Fig. 3 D,-symmetric chiral H H
. t-Bu t-Bu 3
Fe porphyrin 8 o M o
HN

3 Chiral Iron Bipyridines

The catalytic properties of a non-heme diiron complex 9 (Table 1) derived from
(-)-4,5-pinenebipyridine were studied by Fontecave [42, 43]. This dinuclear complex
[Fe,OL4(H,0),]1[ClO4l4, L = (-)-4,5-pinene-2,2'-bipyridine) efficiently catalyzed
the oxidation of aryl sulfides to the corresponding sulfoxides by hydrogen peroxide
in acetonitrile, with yields up to 90% based on the oxidant (Table 1). However, no
oxidation at the preparative scale was reported using that system (1:600:10
Fe/substrate/oxidant ratio used in their procedure). The highest enantioselectivity
(40% ee) was obtained with p-bromophenyl methyl sulfide as substrate. The
catalytic properties of a mononuclear iron complex 10 ([FeL,(MeCN),][ClOy4],,
L=(-)-4,5-pinene-2,2’-bipyridine) have been compared to the related dinuclear
analogue 9. Both catalysts generate peroxo adducts, which are necessary for the
oxidation of sulfides to sulfoxides. The dinuclear catalyst 9 provided better yields
and enantioselectivities than its mononuclear analogue [44]. In 2007, Ménage
demonstrated the ability of non-heme diferric complex 9 to catalyze the efficient
epoxidation of alkenes at 0 °C by peracetic acid with high conversion (TON up to
850) [45]. However, the enantioselectivity of the process was only moderate (up to
63% ee).

Recently, Yamamoto described a highly efficient asymmetric epoxidation of
B,p-disubstituted enones catalyzed by a combination of Fe(OTf), and a
phenanthroline ligand [46]. The reaction provides highly enantioenriched
a,B-epoxyketones (up to 92% ee) that can be further converted to functionalized
B-ketoaldehydes bearing an all-carbon quaternary center. The best reaction condi-
tions involve the use of peracetic acid as the oxidant and a 2:1 ratio of ligand and
Fe(OTf),. X-ray crystallographic analysis suggests the formation of an Fe complex
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Table 1 Oxidation of

J— * 4+
prochiral sulfides by NT o T\N (<
hydrogen peroxide catalyzed S o Sfey 416004 ( ={ 7\ \
. N I OH, H,07 | N N
by dinuclear Fe complex 9 N
9
Entry Sulfide Yield sulfoxide (%)a’b ee (%)
1 5, 90 21
2 MEOOS\ 70 11
3 Mo 5, 68 28
4 o), 90 40
5 OENOS\ 45 4
6 S\ 80° 40
7 CS%"" 60 15
8 @—s\ 90 4
9 & 80 26
s

“Ratio of 1/sulfide/H,0, = 1:600:10
®Yield based on the oxidant after 0.15 h of reaction
€250 equiv. of sulfide used

Fig. 4 Yamamoto’s chiral
Fe'-bipyridine complex

Bipyridine ligand 11: X = NCCHg, Ar= m-xylyl

in which two homochiral phenanthroline ligands coordinate the iron center in a cis
topology, affording a pseudo-C,-symmetric complex (Fig. 4).

Iron complex 11 coordinated by two phenanthroline ligands induces high
enantioselectivity for a wide range f3,$-disubstituted enones bearing different sub-
stituents of steric or electronic nature (Table 2).

This chiral Fe"-phenanthroline system 11 was also applied to a nonactivated
olefin, such as trans-a-methylstilbene, with good enantioselectivity (Scheme 3).

A chiral Fe"-sexipyridine complex 12 for epoxidation using H,O, has been
disclosed by Kwong in 2008 [47]. This diiron system showed excellent reactivity
(3 min.,, up to 95% yield) and chemoselectivity toward terminal and
1,2-disubstituted aromatic alkenes (Scheme 4).

Iron complexes of chiral C,-terpyridines 13—15 were used in catalytic asymmet-
ric cyclopropanation of styrene (Table 3) [48]. However, the study mainly focused
on the synthesis and characterization of such complexes and lacks generality and
substrate scope, since only cyclopropanation of styrene with ethyl diazoacetate was
described. The most effective ligands for this cyclopropanation were found to be



266 T. Ollevier and H. Keipour

Table 2 Asymmetric epoxidation of ,8-disubstituted enones

't 11 (10 mol %) Rao Q
mol %) WY
X —_— H
RMH‘ CHyCOH (1.5 equiv.) HMR‘
H3CN
0°C,05h
up to 88% yield up to 92% ee

Entry R! R? R? Yield (%) ee (%)
1 Ph Ph Me 80 91
2 p-MeOCgH, Ph Me 78 90
3 p-MeCgH, Ph Me 77 92
4 p-FCeH, Ph Me 78 92
5 p-CF;CgH, Ph Me 70 89
6 m-MeCgHy Ph Me 67 90
7 0-MeCgH, Ph Me 61 92
8 2-Naphthyl Ph Me 88 90
9 Ph p-CIC¢H, Me 88 92
10 Ph 2-Naphthyl Me 45 92
11 Ph n-CsH; Me 20 50
12 Ph Ph Et 72 92
13 Ph Me Ph 33 6
N i
0°C,05h
50% 87% ee

Scheme 3 Asymmetric epoxidation with a nonactivated olefin

CH4CN

Scheme 4 Chiral Fe""-sexipyridine complex 12 used for epoxidation of alkenes

the terpyridines 13-15, 15 providing the highest enantiomeric excesses for this
transformation (65 and 67% ee for trans- and cis-cyclopropanes, respectively). The
chloride complexes [Fe(L)Cl,] (L =13-15) were not active catalysts for the
cyclopropanation of styrene with ethyl diazoacetate. However, active catalysts
could be generated by simply stirring the chloride complexes with AgOTf in
CH,Cl,. With some optimization of conditions; a ratio of 1:50:200 between cata-
lyst, ethyl diazoacetate, and styrene; and slow addition of ethyl diazoacetate to the
catalyst solution, fair to good yields of cyclopropanes as major products were
obtained. However, the highest enantiomeric excesses (ca. 80% ee) were obtained
using Co instead of Fe, in combination with ligand 14 (Table 3).
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Table 3 Iron-catalyzed asymmetric cyclopropanation of styrene with ethyl diazoacetate

14:R = Me
15: R = n-butyl

Fe(L)Cl,

AgOTF (2 equiv.) EtOOC,
o l then filtration o ACOOEt — coom
s e L
Ne o A gooc’ CooEt
Ph' COOEt
cis z
ee (%)
Entry Complex Yield (%)* Chemoselectivity® trans:cis trans cis
1 [Fe(13)Cl,] 78 11.5:1 76:24 36 33
2 [Fe(14)Cl,] 71 8.2:1 68:32 54 54
3 [Fe(15)Cl,] 65 7.9:1 65:35 65 67
4 [Co(14)Cl,] 80 5.8:1 63:37 76 83

“Ratio of catalyst/ethyl diazoacetate/styrene = 1:50:200
PRatio of cyclopropanes to coupling products

Our research group found that the combination of Fe(ClO,), and Bolm’s ligand
16 (Table 4) provided a highly efficient chiral catalyst for enantioselective
Mukaiyama aldol reactions in aqueous conditions [49-51], and for asymmetric
meso-epoxide opening reactions [52, 53].

An enantioselective Mukaiyama aldol reaction in aqueous conditions
(DME/H,0 7:3) was developed in Kobayashi’s group and in our group indepen-
dently [49, 50]. Excellent yields (generally >95%), diastereo- (85:15-99:1) and
enantioselectivities (90-98% ee) were obtained for the reaction of propiophenone-
derived silyl enol ether with a wide range of aldehydes (aromatic, acetylenic,
heteroaromatic, and aliphatic). The use of benzoic acid as an additive was essential
to achieve such outstanding yields and selectivities (Table 4).

To the best of our knowledge, the obtained stereoselectivities are the highest
found with a Lewis acid catalyst in aqueous media. Aliphatic aldehydes, which
often lead to decreased enantioselectivities with other chiral catalysts, were found
to undergo aldolization in high enantioselectivity (Table 4, entries 19-21). Note-
worthy is that an aldehyde bearing a free alcohol can even be used without the
necessity of a preliminary protection step (Table 4, entry 11). 1,2-Dimethoxyethane
(DME) was found to be the best co-solvent for the reaction; however, ethanol
provided excellent results as well (DME/H,0 7:3 (97% ee) vs. EtOH/H,0 7:3 (94%
ee) for the model reaction with benzaldehyde). A silyl enol ether derived from an
aliphatic ketone was also used (Table 5). In these preliminary unoptimized results,
good stereoselectivities were obtained for both aldehydes tested. Given the impor-
tance of efficient methods for carbon—carbon bond-forming reactions between two
aliphatic partners, the results obtained with 3-phenylpropionaldehyde are of prime
importance (Table 5, entry 2).
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Table 4 Catalytic asymmetric Mukaiyama aldol reaction with various aldehydes

/N
=N N
t-Bu (15 mol %) - t-Bu

OH HO'
Fe(CIO)y 6H,0 (5 mol %)

OSiMe; o PhCO,H (6 mol %) M
Ph)\/ N R)J\H DME/H,0 7:3, 0 °C, 16-24 h Ph : R
up to 99% up Ltlg 5‘)%‘%8;/; ?seyn)
Entry Aldehyde R Yield (%)* syn/anti ee (syn) (%)
1 i H 98 97:3 97
2 @A " 4-Me 08 99:1 97
3 2-Me 96 99:1 96
4 4-MeO 96 97:3 96
5 4-Br 99 96:4 97
6 4-Cl 98 97:3 97
7 4-F 99 95:5 98
8 4-CF3 95 92:8 94
9 4-NO, 98 90:10 93
10 4-CN 99 91:9 95
11 4-CH,OH 95 99:1 94
12 OO 9 99 97:3 98
H
13 °;” 99 99:1 98
14 ©/\)OL 99 88:12 96
X H
15 9 Ph 97 85:15 90
16 H%“ CsH,, 98 88:12 91
17 ! 99 97:3 98
Y
18 o 99 98:2 98
Y
19 9 95 937 98
H
20 >HOL 24 98:2 98
21 /\j\ 95 937 98

ko

“Silyl enol ether (1.2 equiv.), aldehyde (1.0 equiv.)

Structural evidence for the complex formed between Fe(ClO,),-6H,O and
Bolm’s ligand 16 was obtained by X-ray analysis [49, 54]. The structure contains
a discrete monomeric [Fe(16)(DME)(H,0)]** dication and two ClO4~ anions. It
clearly appears that the bipyridine ligand is coordinated in a tetradentate fashion to
the metal center. A DME molecule is also bound to the metal center, affording a
slightly distorted pentagonal basis. An additional water molecule is bound to Fe in
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Table 5 Fe'-catalyzed 16 (15 mol %)

asymmetric Mukaiyama aldol OSiMe, o Fe(?r?éngfeo (SI";")' %) \)OK/Q\H
. . 2l mol %, H

reaction with 3-pentanone- At R)J\H TOME,073.0°C, 16 ~ R

derived silyl enol ether - , :
Entry | Aldehyde | Yield (%)* |synfanti | ee (syn) (%)

85 90:10 80

H

o™
2 ©N°L 26° 90:10 |86

“Silyl enol ether (Z/E 93:7) (1.2 equiv.), aldehyde (1.0 equiv.)
bUnoptimized yield; 70% yield based on recovered starting mate-
rial (aldehyde)

Scheme 5 Reactivity of Fe'' monomeric
R complex (5 mol %) o OH
stable isolated crystals and PhCO,H (6 mol %) A
preformed Fe™ catalyst DMER,0 73 Ph” P 93% ee (syn)
OSiMes o 92;% synlanti
~_ + _ 97:3
Ph Ph” “H
Pre-formed catalytic O OH
mixture (5 mol % Fell) H
- 97% ee (syn,
DME/H,0 7:3 P“)K,/\Ph oy
0°C, 16 h :
99% syn/anti
97:3
Scheme 6 Fe(DS),- . 1(gg)5(mol °/|o) )
. . el 2 (5 mol %
catalyzeq Mukaiyama aldol OSiMeg o) PhCO,H (6 mol %) O OH
reaction in water + e ———— -
PR N Ph”H H,0, 25 °C, 48 h Ph” " Ph
80% 91:9 dr

92% ee (syn)

axial position affording an unprecedented heptacoordinated chiral Fe'" complex.
The catalytic efficiency of the precatalyst used as crystals was also investigated.
When 5 mol% of the isolated precatalyst was used in the presence of benzoic acid,
the reaction of propiophenone-derived silyl enol ether with benzaldehyde afforded
the corresponding aldol in high yield (98%) and high stereoselectivities (syn/anti
97:3, 93% ee (syn)). These results accord with those obtained using a 1.2:1 ligand/
metal ratio and confirm that this monomeric complex is catalytically active. Finally,
the methodology was even made more practical by premixing the three catalyst
components. The resulting orange solid was directly used as a stable preformed
catalytic mixture in the model reaction. This premixed catalyst was shown to be as
efficient as the in situ-formed catalyst since the same selectivities were obtained
(Scheme 5 and Table 4, entry 1).

Catalytic asymmetric Mukaiyama aldol reaction in pure water was also carried
out by using a combination of Fe" dodecyl sulfate [Fe(DS),], chiral bipyridine
ligand 16, and benzoic acid (Scheme 6) [51]. Using the obtained Fe'-derived
Lewis-acid—surfactant-combined catalyst (LASC), the desired products were
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afforded in good yields with high diastereo- and enantioselectivities. This efficient
catalytic system proceeds in pure water and affords good yields and high enantio-
selectivities (up to 96% ee). Compared to other methods using chiral Cu'" or Sc™,
this system has the advantage of being the most efficient using a chiral Lewis acid—
surfactant-combined catalyst for the Mukaiyama aldol reaction in pure water. The
generality of the process was highlighted by the wide range of aldehydes that could
be used in this process. Aliphatic aldehydes, such as n-butanal (64% yield, 72% de,
96% ee (syn)), were appropriate substrates as well.

An Fe"-derived catalytic system was also used for highly enantioselective meso-
epoxide opening reactions with anilines [52]. The method allows rapid formation of
chiral B-amino alcohols in good yields with excellent enantioselectivities (Table 6).
Differently mono-substituted anilines, naphthylamines, and sterically hindered
anilines were tested in the opening reaction of cis-stilbene. Yields ranging from

Table 6 Catalytic asymmetric meso-epoxide opening reaction with aniline derivatives

R_ .OH
R NHR' 16 (6 mol %) l
Fe(Cl04),6H,0 (5 mol %) R™NR!
0 + S
j> | R2 CH,Cl,, 22°C,16-72 h N
R | =SR2
up to 95% =
ee up to 96%
Entry Epoxide Aniline R? Yield (%)¢ ee (%)
1 P’j) e H 90 95
o) S
2 o (o= 2-Me 78 92
3 2-OMe 70 82
4 4-Cl 90 94
5 2-Cl 78 90
6 4-Br 87 94
7 4-CF; 90 96
8 4-CN 90 96
9 e 70 93
10 ES“ 81 95
11 "“2 87 94
12 e H 95 95
13 e Br 88 9
14 ° e 79 90
O ©
A
15 OO 5 80 95

“ Epoxide (1.0 equiv.), aniline (1.0 equiv.)
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Scheme 7 Catalytic Ph, M
asymmetric meso-epoxid Ph 16 (12 mol %)
y N tric ”f‘so CPE © ° A m Fe(Cl0,)26H,0 (10 mol %) X\ h
+ RE Bt L N 1
opening reaction wit Ly CHiCly 4 ANS, 22°C Ly
indoles PR H H
63-99% 96 0 > 99% ee

70 to 95% were obtained along with excellent enantioselectivities (generally >90%
ee). Excellent results were also obtained with other aromatic meso-epoxides.

Recently, a highly enantioselective method for the catalytic cis-stilbene oxide
opening reaction with indole derivatives was developed by our group [53]. The
scope of the reaction was studied with a selection of aromatic meso-epoxides and
various indoles (Scheme 7), and the desired 2-(indol-3-yl)ethanol derivatives were
obtained in good to excellent yields with excellent enantioselectivities (from 96 to
>99% ee) [53].

4 Chiral Schiff Base—Salen—Salan Catalysts

4.1 Schiff Base Catalysts

In 2003, Bolm reported a chiral Schiff base ligand 17 derived from (S)-zert-leucinol
and salicylaldehyde derivatives [55]. The asymmetric sulfide oxidation using chiral
ligand 17, [Fe(acac)s;], and H,O, provided optically active sulfoxides with up to
90% ee (Scheme 8). No sulfones were formed under these conditions, which
indicates that the obtained enantioselectivities are only the result of the asymmetric
sulfide oxidation and not of a kinetic resolution of the overoxidation to the sulfone.
The best results were obtained with 0.5 equivalent of a carboxylic acid (or the
carboxylate salt) relative to iron. This strongly suggests that monocarboxylate-
bridged di-Fe"" complexes are involved in the process [56]. The best results were
obtained with para-substituted aryl methyl sulfides leading to sulfoxides with high
enantioselectivities (>92% ee) in moderate to good yields. The use of this catalytic
system was reported for the synthesis of anti-inflammatory drug sulindac
[57]. More challenging substrates, such as phenyl ethyl sulfide and phenyl benzyl
sulfide, were oxidized with high enantioselectivities (82 and 79% ee, respectively).
In addition, a positive nonlinear relationship between the ee of the product and that
of the catalyst has been observed, clearly indicating that more than one ligand is
involved in the stereochemistry-determining step of the process [58].

A dinuclear chiral iron complex of valinol-derived salen ligand 18 was used to
catalyze the hydrophosphonylation of aldehydes to give a-hydroxy phosphonates in
excellent yields and good enantioselectivities (Scheme 9) [59]. Either preformed 19
or prepared in situ catalysts were used in the reaction conditions and gave compa-
rable results.

Highly enantioselective hydrophosphonylation of aldehydes was also performed
using Fe'-camphor-based tridentate Schiff base complexes, such as 20 (Fig. 5)
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Scheme 8 Fe'-catalyzed
asymmetric sulfide
oxidation with aqueous
hydrogen peroxide

Scheme 9 Dinuclear chiral
Fe complex 19 and its
application in asymmetric
hydrophosphorylation of
aldehydes

Fig. 5 Camphor-derived
Fe complex for catalytic
enantioselective
hydrophosphonylation of
aldehydes

Scheme 10 Asymmetric
Fe-catalyzed oxidations
using ligands 21/22
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[60]. Use of 5 mol% of these complexes derived from aminoisoborneol afforded
hydrophosphonylation products in good to excellent yields (up to 99%) and in
excellent enantioselectivities (up to 99% ee).

Other chiral Schiff base ligands derived from (1R,2R)-1,2-diphenylethyle-
nediamine and more hindered salicylaldehyde derivatives were developed

(Scheme 10a) [61]. The primary amine-derived ligand 21 (R =

Me) was used in

combination with iron(IIT) chloride for the epoxidation of alkenes. In the presence
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of pyridine-2,6-dicarboxylic acid (H,Pydic) as a co-ligand, the epoxidation of
styrene afforded the corresponding styrene oxide in 44% conversion and 21%
enantiomeric excess (Scheme 10b). The best yield and enantioselectivity in the
oxidation of thioanisole were obtained when using the ligand containing a trityl
group at the 5-position of the salicylaldehyde skeleton (22; R=Ph). The
enantioselective sulfoxidation was carried out under mild conditions and with
H,O, as oxidant. Moderate yields (up to 69%) and enantioselectivities (up to
54% ee) were obtained (Scheme 10c).

4.2 Salen Catalysts

Catalytic properties of Fe'-salen catalysts in asymmetric sulfoxidation were

explored by Bryliakov and Talsi [62, 63]. These catalysts were used in low loadings
(0.2-2.0 mol%) with iodosoarenes as terminal oxidants and were found to effi-
ciently catalyze the oxidation of alkyl aryl sulfides to sulfoxides in moderate to high
enantioselectivities (up to 84% ee with isopropylthiobenzene and iodosome-
sitylene). The influence of the electronic and steric effects of the ligand was studied
through a series of Fe'""-salen complexes 23-25 (Fig. 6). The active intermediate
was demonstrated by "H NMR to be a [Fe"(ArIO)-salen)] complex.

A chiral triplesalen ligand was developed as a C3-symmetric trinuclear exten-
sion of the Jacobsen ligand salen [64]. The complex 26 obtained with Fe'" was a
good catalyst for the oxidation of sulfides into sulfoxides in good yields and good
selectivities (Fig. 7). However, lower enantioselectivities were obtained relative to
the ones obtained with [FeCl(salen)] 23.

RPhR

{w} e

t-Bu t-Bu

24.R=H
Fig. 6 Fe"-salen catalysts 25R=Me

O N.
Cl—Fe_ Q
Q1T

7 N7
N-o/
2 176\\0 o\/u t-Bu
O ¢I N ge)]
N’F? ;@\
t-Bu N tBu

N
t-Bu
Fig. 7 Chiral trinuclear @
Fe"-triplesalen complex 26
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Scheme 11 cis-2,5-Diaminobicyclo[2.2.2]octane, as new scaffold for asymmetric synthesis via
Fe-salens

Fig. 8 Achiral Fe"'-salen cation used conjointly with a chiral phosphate counteranion

A salen ligand based on a chiral cis-2,5-diaminobicyclo[2.2.2]octane scaffold
was recently developed [65]. The resulting Fe™™ complex 27 efficiently catalyzed
the asymmetric addition of thiols to o,p-unsaturated ketones and the asymmetric
Conia—ene-type cyclization of a-functionalized ketones containing an unactivated
terminal alkyne (Scheme 11) [66, 67]. The Michael addition produced
B-thioketones in excellent yields and enantioselectivities from various aliphatic
and aromatic thiols using conjugated enones as Michael acceptors. With
a-substituted a,B-unsaturated ketones, the addition led mainly to the syn diastereo-
isomer. The salen ligand used for the Conia—ene cyclization was modified by
increasing the steric bulk around the imine nitrogens by replacing the hydrogen
atoms with n-butyl substituents (28). The Conia—ene carbocyclization of
a-alkynyl-p-keto esters and other a-alkynyl ketones bearing an electron-
withdrawing substituent were efficiently catalyzed and delivered in good yields
and high enantioselectivities the exo-methylenecyclopentanes possessing an adja-
cent stereogenic quaternary center.

An achiral Fe"-salen cation was used conjointly with a chiral phosphate
counteranion as a highly active and enantioselective catalyst (29) for the oxidation
of sulfides (Fig. 8) [68]. This novel ion-pair catalyst developed by List was used in a
low loading (1 mol%) together with iodosobenzene as the terminal oxidant. The
oxidation proceeded with high yields and enantioselectivities. The enantioselec-
tivities observed, particularly for more difficult substrates such as electron-poor
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substrates and long alkyl-substituted sulfides, are the best ones obtained with an
Fe-salen catalyst.

4.3 Salan Catalysts

Highly enantioselective oxidation of sulfides in water in the absence of a surfactant
by using Fe(salan) complexes 30 and 31 with H,O, was reported by Katsuki
(Scheme 12) [69, 70]. Not only aromatic but also aliphatic sulfides were oxidized
at room temperature with high enantioselectivities. This work demonstrated the first
application of the concept of asymmetric counteranion-directed catalysis to iron
catalysis.

Encapsulation of chiral Fe(salan) complexes in the nanocage of mesoporous
silicas with various microenvironments was studied by Li [71]. The influence of the
chemical properties of the nanocage on the performance of the confined chiral Fe
(salan) complex was studied using asymmetric oxidation of methylphenylsulfide as
the model reaction with H,O, as the oxidant. This work demonstrated the efficiency
of the chemical modifications for improving the enantioselectivity and efficiency of
the encapsulated chiral salan catalyst.

Katsuki used the same family of Fe(salan) complexes in asymmetric aerobic
oxidative coupling of naphthols, especially 3-substituted naphthols [72, 73]. This
oxidative coupling provides a general method for the synthesis of chiral
3,3’-disubstituted binaphthols with high enantioselectivities (up to 97% ee)
(Scheme 13). The structure of the iron complex 32 was revealed to be a

(o O\\ ,/O 3 Z S

R Cl R
30-31 (1 mol %) . N G N
S, - 7, SN + -8l T
RTTR? H,0, (1.5 equiv.) RTUR? RT™R? Fe
Hy0, 20°C, 3h O o Yo O
76% to > 99% 24% to <1% O PhPh Q
R = aryl, alkyl 81-96% oo
R? = Me, Et Q Q
30:R=H
31:R=Me

Scheme 12 Enantioselective oxidation of sulfides in water

)

™S R
= H H

™S NN
// Fe:
32 (4 mol %) OH O o o O
O Hr 2D

I P o 60°C. 720
OH PhMe, air, 60 °C, 72 h OH
allte
X
T™MS
HO

97 % ee g 2

32:.R=Ph
33: R = m-xylyl

Scheme 13 Asymmetric aerobic oxidative coupling of 3-substituted naphthols
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46% 96% ee
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Scheme 14 Aerobic kinetic resolution of secondary alcohols using air as oxidant

OO cl 32 (4-6 mol %) O‘ cl
= .
PhMe,CH3NO,, air
OH 60°C, 48h 0
NO,
83% 94% ee (+)

Scheme 15 Oxidative dearomatization of 1,3-disubstituted 2-naphthols using nitroalkanes

Q 33 (10 mol %) _
PhMe air
OH 90°C, 24 h

89%

Br
89% ee

Scheme 16 Asymmetric tandem synthesis of spirocyclic (2H )-dihydrobenzofurans

di-p-hydroxo dimer by X-ray crystallography. Kinetic and X-ray studies indicated
that the homocoupling reaction proceeds through an iron(salan) (2-naphthoxo)
complex according to a radical anion mechanism [73].

The catalytic activity of this Fe(salan) complex 32 can be enhanced by coordi-
nation of a naphthoxide ligand, which is reluctant to undergo oxidative coupling,
being rather oxidized to a radical cation species. The obtained complex catalyzed
the aerobic kinetic resolution of secondary alcohols with air as oxidant (Scheme 14)
[74, 75].

Fe(salan) complex 32 also catalyzed the oxidative dearomatization of
1,3-disubstituted 2-naphthols using nitroalkanes as nucleophiles, leading to the
formation of an all-carbon quaternary stereocenter [76]. The dearomatized products
were obtained in good to excellent yields and high enantioselectivities (up to 96%
ee) (Scheme 15).

In 2014, Katsuki developed an Fe-catalyzed oxidative o-quinone methide
formation/Michael addition/asymmetric oxidative dearomatization, which was
inspired by the discovery of in situ aerobic oxidative o-quinone methide formation
[77]. This strategy enables a facile synthesis of useful spirocyclic (2H )-dihydroben-
zofurans with air as the hydrogen acceptor from 1-methyl-2-naphthol and phenol
derivatives (Scheme 16).

Chiral Fe''-salan complex 34 catalyzed the enantioselective a-fluorination of
B-keto esters and N-Boc oxindoles (Scheme 17) [78]. The same complex also
catalyzed the enantioselective hydroxylation of f-keto esters using
2-(phenylsulfonyl)-3-( p-nitrophenyl)-oxaziridine as the oxidant. Both processes
gave the corresponding products in high yields and good to excellent enantioselec-
tivities under mild reaction conditions.
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Scheme 17 Fe-salan-catalyzed enantioselective a-fluorination and a-hydroxylation reactions

5 Bis(oxazoline) Catalysts

Pioneering work by Corey demonstrated the efficiency of a C,-symmetric chiral bis
( oxazoline)-FeHI complex for the enantioselective Diels—Alder reaction [79,
80]. The reaction of 3-acryloyl-1,3-oxazolidin-2-one and cyclopentadiene in the
presence of 10 mol% of the catalyst, which was prepared from a chiral bis
(oxazoline), FeCl,, and I,, led to an excellent yield of the endo product (endo/exo
96:4) with a very good enantioselectivity (82% ee) for the endo product
(Scheme 18). One cationic aqua complex prepared from a chiral dibenzofuran
ligand and Fe(ClO,), was reported to be efficient in the same reaction leading to
high yield and excellent stereoselectivity [81].

In 2006, Sibi disclosed the concept of chiral relay by incorporating a fluxional
blocking group in the substrate. Such achiral functional additives contain multiple
sites for modification and could amplify the enantioselectivity of the reaction
[82]. They were used in the abovementioned Diels—Alder reaction in the presence
of 35 and Fe(ClOy),.

Fe-catalyzed cycloisomerization reactions have been reported using an iron
catalyst obtained in situ via the reduction of Fe(acac); with three equivalents of
Et;Al in the presence of a bis(oxazoline) ligand [83]. Moderate levels of
stereoinduction were obtained.

Chiral diamino-bis(oxazoline) ligands were prepared by Pfaltz and converted to
the Fe" complexes [84]. The ligands derived from N,N’-dimethylethane-1,2-
diamine reacted with FeCl, in a stereoselective manner to give an octahedral
mononuclear complex 36 (Fig. 9a). When the ligands are derived from N,N'-
dimethylcyclohexane-1,2-diamine, the resulting complexes 37 and 38 showed
different coordination modes depending on the diastereoisomer used: the Fe ion
was either pentacoordinate or hexacoordinate (Fig. 9b).

Iron complexes of spiro-bis(oxazoline) ligands 39 and 40 were highly efficient
catalysts for asymmetric O-H bond insertion reactions (Scheme 19) [85]. The
complexes catalyze insertions into the O-H bond of a wide variety of alcohols with
excellent enantioselectivities under mild reaction conditions. The iron-catalyzed
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Fig. 9 Chiral diamino-bis(oxazoline) ligands were prepared by Pfaltz
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Scheme 19 Fe"-catalyzed asymmetric O—H bond insertion reactions
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Scheme 20 C-H functionalization of indoles with a-aryl-a-diazoesters

asymmetric O-H insertion reaction between water and methyl a-diazophenylacetate
also led to outstanding enantioselectivities. Other transition metals, including copper
and rhodium, used in the same reaction conditions, gave markedly lower enantio-
selectivities than the corresponding Fe catalyst.

Iron salts have also been used with chiral spiro-bis(oxazoline) 41 to perform the
C-H functionalization of indoles with a-aryl-a-diazoesters (Scheme 20) [86]. The
corresponding a-aryl a-indolylacetate derivatives were obtained in high yields and
high enantioselectivities (up to 78% ee).

The efficiency of this Fe' catalyst was also demonstrated in the asymmetric
intramolecular cyclopropanation of a-diazoesters (Scheme 21) [87]. The reaction
occurred in high yields and excellent enantioselectivities (up to 97% ee). This
method is particularly useful for the synthesis of chiral [3.1.0]bicycloalkanes.

Niwa and Nakada developed a non-heme Fe' complex bearing a carbazole-
based tridentate ligand that displays iron porphyrin-like properties and catalyzes
the asymmetric epoxidation of (E)-alkenes with excellent enantioselectivity [88].
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They found that complex 42, which was prepared from FeCl, - 4H,0 and a tridentate
carbazole ligand, in the presence of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (NaBArg), catalyzed the asymmetric epoxidation of trans-stilbene to afford
the desired chiral epoxide with moderate yield and enantioselectivity (Scheme 22).
The yield was low because of the competitive formation of diphenylacetaldehyde.
No epoxidation was observed in the absence of NaBArg. The yield and enantio-
selectivity were improved (55 and 88% ee) when 2 mol% of SIPrAgCl was used
as an additive in the reaction. Also, no epoxidation occurred when Fe'™ complex
43 was used as a tridentate bis(oxazolinylphenyl)amine (bopa) ligand, which lacks
the C—C bond between the two phenyl rings in the carbazole-based tridentate
system 42.

On the basis of UV-Vis and EPR studies, it was proposed that the active
oxidizing species is the carbazole ligand centered m-cation radical-Fe'¥ = O com-
plex that is generated by two-electron oxidation of the Fe' catalyst. This corre-
sponds to the largely accepted active oxidant intermediate of heme
monooxygenases like cytochromes P450 and their synthetic Fe porphyrin model
complexes. Thus, besides the high ee values, another impressive point about this
unique catalyst is the fact that the ligand was found to be an efficient surrogate of
porphyrins which potentially opens a new platform for the rational design of
reliable catalysts for many reactions that are usually confined to the domains of
metalloporphyrin catalysts.

An asymmetric oxyamination reaction of alkenes using Fe'-bis(oxazoline) 44
has been reported [89]. The process was highly enantioselective and regioselective
using N-sulfonyl oxaziridines (Scheme 23). This method allows the synthesis of
1,2-amino alcohols with regio- and stereochemical control.

Fe-catalyzed enantioselective azidations of pB-keto esters and oxindoles using
complex 46 conjointly with a readily available Ns-transfer reagent were reported by
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Scheme 25 Fe-catalyzed asymmetric intramolecular olefin aminohydroxylation
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Scheme 26 Stereoconvergent and enantioselective olefin aminofluorination

Gade in 2013 [90]. A number of a-azido-fB-keto esters were obtained with up to
93% ee (Scheme 24). The same methodology also allowed the preparation of
3-azidooxindoles with high enantioselectivities (up to 94% ee).

Xu discovered a new Fe''-catalyzed intramolecular olefin aminohydroxylation
with functionalized hydroxylamines, where both the N and O functional groups are
efficiently transferred [91, 92]. Preliminary mechanistic studies revealed that an
iron nitrenoid is a possible intermediate that can undergo either olefin aziridination
or aminohydroxylation (Scheme 25).

Xu also observed that the Fe-catalyzed asymmetric olefin aminofluorination is
stereoconvergent: the isomeric olefins (Scheme 26) are converted to fluoro
oxazolidinones with essentially the same ee (81%) and dr [93]. These results and
the ligand-enabled diastereoselectivity suggest that the Fe-ligand complex is
involved in the C—F and C-N bond formation process.
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6 Pyridine bis(Oxazoline) Catalysts

In 2004, Shibasaki developed a catalytic enantioselective Diels—Alder reaction
using a cationic Fe"-Ar-pybox 47 complex as catalyst (Scheme 27) [94]. This
reaction is the first catalytic enantioselective Diels—Alder reaction of acylic
4,4-disubstituted 1,3-dienes. It allowed the efficient and rapid synthesis of chiral
polysubstituted cyclohexanones, which are difficult to access using other methods.
This methodology was used later in the catalytic asymmetric total synthesis of ent-
hyperforin [95].

Pyridine bis(oxazoline) ligands conjointly used with FeCl, were reported to be
effective catalysts for the asymmetric Mukaiyama aldol reaction in aqueous media
[96]. The aldol products were obtained in good yields and syn diastereoselectivities
(Scheme 28). Moderate enantioselectivities (up to 75% ee) were afforded with
ligand 48. Using bulkier ligand 49 with O-z-butyldiphenylsilyl groups [97], the
enantioselectivity of the process was increased (up to 92% ee).

The asymmetric hydrosilylation of ketones was investigated by Nishiyama
[98]. The addition of chiral tridentate bis(oxazoline) ligands such as pybox or bis
(oxazolinephenyl)amine (bopa) to Fe(OAc), in THF at 65°C formed in situ a
catalytically active species to hydrosilylate ketones with (EtO),MeSiH
(Scheme 29). The yields were up to 93%, and the enantioselectivities of the
obtained alcohols were in the 37-79% ee range.
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Scheme 27 Catalytic enantioselective Diels—Alder reaction
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Scheme 28 Asymmetric Mukaiyama aldol reaction in aqueous media

50, 55, 56 (7 mol %) N
o Fe(OAC), (5 mol %) OH | N
(EtO);MeSiH (2 equiv.) O~ N0 H
(EtO)MeSiH (2 equiv.)
Ph Ph S/N VAR S B
b S

THF, 65 °C, 24-48 h o}
work-up with H;0*
93%, 37% ee (R) (50) 50: R =Bn 55:R = j-Pr
82%, 57% ee (R) (55) 51:R = i-Pr 56 R = -Bu
75%, 79% ee (R) (56) 52:R =t-Bu 57:R = CHPh,
53:R=Ph
54: R = CHPh,

Scheme 29 Asymmetric hydrosilylation of aryl ketones catalyzed by Fe-pybox and Fe-bopa
complexes
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57 (3 mol %) 59 (5 mol %)
OH
QH Fe(OAc);, (2 mol %) Q Zn (6 mol %) "“
EtO),MeSiH (2 equiv. (EtO)3SiH (2 equiv.) _
/©/\ (E10); (2 equiv.) /@* 3 Q" N-Fe-N""o

oo THF, 65°C, 24 h Moo THF, 65 °C, 43 MeO —( ol o\

work-up with H;0* work-up with H30* R R

78% ee (R) 98% 99% 63% ee (S) 58: R= i-Pr

59: R= CHPh,

Scheme 30 Chiral Fe"-bis(oxazolinyl) catalysts for asymmetric hydrosilylation

61(2mol %
° (2 mol %)

Na(acac) (2 mol %)
ﬁCHS (EtO),MeSiH (1.5 equiv.) gCHs
Ph Hexane, 50 °C, 24 h Ph

work-up with H;0*

99% 66% ee (R)
O\(©\/O Fey(CO)g O\(©\ro
| | °C, 3 | |
: N Br NJ ) PhMe, 50 °C, 3-5 h 1 N—,Fe\*N\z :
R™%2 r2 R R Rz Br (\:Oco RQR

60: R' = R2= Me (52%)
61: R' = i-Pr, R2=H (69%)

Scheme 31 Chiral Fe-bis(oxazolinyl) catalysts and their use in asymmetric hydrosilylation

o o 51 (10 mol %) pTols O (0]
Fe(BF ), (10 mol %) :
A A prosy PR A~ A
Me N THF, 4 AMS, -20°C, 24 h Me "o
' L
87% 90% ee

Scheme 32 Fe'-catalyzed enantioselective conjugate addition of thiols

In a further study, Nishiyama was able to improve the asymmetric
hydrosilylation of ketones by ligand design (Scheme 30). Bulky substituents on
the oxazoline ring led to a higher enantioselectivity (up to 88% ee) [99]. To
elucidate the mechanism of the reaction, the differences between well-defined
complexes and in situ-prepared catalytic systems were investigated [100]. Interest-
ingly, more hindered catalyst 59 (R = CHPh,) can afford both enantiomers of the
product either used as in situ-formed catalyst (Fe(OAc),/57) or as well-defined iron
complex 59, in conjunction with zinc as a reducing agent.

Nishiyama reported achiral 60 and chiral iron 61 complexes with bis(oxazolinyl)
phenyl (phebox) ligands [101]. Interestingly, Fe" complex 61 showed up to 66% ee
with full conversion of methyl(4-phenylphenyl)ketone (Scheme 31). They have
also described the synthesis and structural characterization of the first chiral iron
complexes with bis(oxazolinyl)phenyl ligands resulting from the oxidative addition
of Fe,(CO)q to phebox-Br. Fe-phebox complex 61 was used in the enantioselective
hydrosilylation of ketones with HSi(OEt),Me.

The enantioselective conjugate addition of thiols to (£)-3-crotonoyloxazolidin-
2-one was catalyzed by the complex prepared from Fe(BF,), and pybox 51
(Scheme 32) [102, 103]. Michael addition products were obtained in good enantio-
selectivities (up to 95% ee).
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X A S

{ { LICHSiMe \
o) N0, 0. N0, 2 o O,
N \J FeCl, TN I\7 (2 equiv.) 7 N \J J
N N THF NfF‘e\—N Pentane NfFe\_N 4
R R R a® R R CH,SiMes
CH_SiMe; M93S\HZC CHZS|Me3

62: R = i-Pr 66: R = j-Pr 70: R = i-Pr
63: R =t-Bu 67: R =t-Bu 71:R=1tBu
64:R =i-Bu 68: R = i-Bu 72:R=Ph
65: R =Ind 69: R =Ind

Scheme 33 Preparation of Fe"" phebox and pybox ligands for asymmetric hydrosilylation

62 (5 mol %)
~ _Ph 51 (5 mol %) H, NPh
N AgBF, (5 mol %)
+ NpCHCOEt — — 4=
CH,Cly, 1t, 24 h COEt
40% 40% ee

Scheme 34 Catalytic asymmetric aziridination reaction of arylimines

Chirik studied the pyridine bis(oxazoline) (pybox) and bis(oxazoline) (box)
ligands in order to develop an enantioselective version of the hydrosilylation
reaction (Scheme 33) [104]. These ligands are commercially available or easily
synthesized from available enantiopure amino alcohols. Following the same syn-
thetic protocol as for the bis(imino)pyridine Fe-dialkyl derivatives, the
corresponding pybox and box Fe-dialkyl complexes have been isolated. Even
though high conversions are reported for the hydrosilylation of various ketones,
the chiral induction of these systems is rather poor (up to 54% ee).

Iron-pybox complexes were also used in the catalytic asymmetric aziridine-
forming reaction of N-benzylideneaniline and ethyl diazoacetate (Scheme 34)
[105]. In these conditions (complex 62 used together with an excess of ligand 51
and AgSbFy), the corresponding cis-aziridine was obtained in moderate yield and
enantioselectivity (up to 49% ee).

Asymmetric aziridination reaction of styrene using iron-derived catalysts was
studied in 2008 (Table 7) [106]. Among various tridentate ligands tested in the iron
(I) triflate-catalyzed conversion of styrene with N-(p-tolylsulfonyl)imino
phenyliodinane to give the corresponding aziridine, ligand 51 was found to be the
most effective, leading to the product with up to 40% ee in 72% yield. Ligands 2,6-
bis(N-pyrazolyl)pyridines 74 and 75 were also used as chiral ligands, which opens
further options for ligand structure optimization.

In 2010, Itoh succeeded in demonstrating that asymmetric Nazarov cyclization
of divinyl ketones could be performed using Fe"" catalysts, which were prepared
from Fe(ClO,), - 6H,0 and Fe(OTf), (Scheme 35) [107]. Such complexes also
catalyzed the tandem Nazarov cyclization—fluorination reaction of divinyl ketones
in good yields and moderate enantioselectivities.

Bolm reported the first Fe-catalyzed enantioselective sulfimidation reaction
using Fe"" salts and pyridine bis(oxazoline) ligand 53, in combination with N-(p-
tolylsulfonyl)imino phenyliodinane as the nitrene precursor (Scheme 36) [108]. A
variety of optically active sulfimides were prepared in good yields and enantio-
selectivities. Interestingly, the reactions could be performed in air, without exclu-
sion of moisture.
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Table 7 Asymmetric

L (5 mol %) H, NTs
aziridination of styrene ©/\ + Phnts  FeOTN2(25mol %) @Q
4 AMS, MeCN, rt, 1 h
Entry L Yield (%) ee (%)
1 51 67 15
2¢ 51 72 40
3 52 67 15

53 51 25

4
5 e 75 10

6 ey 60 20
7 ® 40 6
SNV
s 1

“Fe(OTT), (5 mol%) and chiral ligand (30 mol%) were used

o 0 51/53 (5 mol %) o ﬁ\
PhWOEt Fe(ClO4)»6H,0 (5mol %)  Ph “NoEt
TP MO R
CH,Cl,, 60°C, 15 h

Ph Ph Ph Ph

74%, 55% ee (51)
78%, 73% ee (53)

Scheme 35 Asymmetric Nazarov cyclization catalyzed by an Fe'" salt in the presence of a pybox
ligand

53 (10 mol %)
o O
Fe \Hj\%\ _
s a B ETS
~N 9 ~N
+ Phi=NTs  —omol% ’
acetone, =20 °C, 24 h

1.2 equiv.
83% 88% ee

Scheme 36 Fe™-catalyzed enantioselective sulfimidation

53 (5 mol %)
o O
Fe M\
('S? c /3 OQS/,NTS g
~ wON
+ PhI=NTs . Smal% N
acetone, 20 °C, 22 h
0.5 equiv.
rac 37%
88% ee

Scheme 37 Kinetic resolution of racemic sulfoxides through catalytic asymmetric nitrene-
transfer reactions
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A catalyst, prepared in situ from [Fe(acac);] and pybox 53, allowed the resolu-
tion of racemic sulfoxides through catalytic asymmetric nitrene-transfer reactions
(Scheme 37) [109]. This method, reported by Bolm, is an attractive new method for
the synthesis of sulfoximines in enantiomerically enriched form (up to 94% ee).

7 Diamine-Derived Catalysts

In 2007, Beller reported the first breakthrough and a promising non-heme
Fe-catalyzed asymmetric epoxidation of aromatic alkenes by using hydrogen perox-
ide and commercially available enantiopure 1,2-diphenylethylenediamine, which not
only gives good to excellent isolated yields of epoxides but also enantiomeric excess
of up to 97% (Scheme 38) [110]. They have demonstrated for the first time that high
enantioselectivity can be achieved in Fe-catalyzed epoxidations with hydrogen
peroxide. Asymmetric epoxidation of aromatic alkenes was achieved using hydrogen
peroxide and derivatives of C,-symmetric 1,2-diamines, such as 76, in the presence
of pyridine-2,6-dicarboxylic acid (H,Pydic). This method provided good to excellent
yields of isolated epoxides but also enantioselectivities up to 97% ee. This epoxida-
tion has the advantage of using a simple 1,2-diamine and hydrogen peroxide, thus
avoiding the use of iron porphyrins and iodosobenzene as oxidant.

In another report, Beller disclosed the Fe''-catalyzed asymmetric epoxidation of
aromatic alkenes with hydrogen peroxide as the oxygen source and a chiral Fe™
catalyst generated from FeCl; - 6H,O, H,Pydic, and chiral 76 [111]. The asymmet-
ric epoxidation of styrenes, which has been extended to sterically less demanding
alkenes, gave almost complete conversions but poor ee values compared with larger
alkenes. cis-Alkenes are generally poorer substrates than trans-alkenes for the
current asymmetric epoxidation, and steric factors were more important than
electronic factors in controlling the enantioselectivity, whereas larger alkenes
gave high conversion and ee values. The enantioselectivity of alkene epoxidation
was controlled by steric and electronic factors, although steric effects are more
dominant. Beller also speculated on the possible mechanism of epoxidation. He
presumed that initially formed [Fem-(76)2(Pydic)] may react with H,O, to generate
[FeHI-(76)2(OOH)(Pydic)]. Homolysis or heterolysis of such a species could gen-
erate the reactive Fe'¥ = O and Fe¥ = O species. The epoxidation reaction appears
to proceed via a radical intermediate as shown in Scheme 39. It is further assumed
that a top-on approach of alkene is preferred over the side-on approach.

A practical approach for the anchoring of abovementioned ligands to branched
carbosilane scaffolds was investigated by Klein Gebbink [112]. These molecularly

76 (12 mol %) HQ
‘ FeCly6H,0 (5 mol %) 5 Ph., N—s@
1 o %
g M0, H,Pydic (5 mol %) ): 5
O 2-methyl-2-butanol, rt, 1 h O Ph” “N—Bn
N
92% 64% ee 76

Scheme 38 Fe-catalyzed asymmetric epoxidation of various aromatic alkenes
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t-76 + Fell/Pydic/H,0, AN
en + Y 2Y2 o " (RR)
J ]collapse
L"Fe(Pydic) (Pydic)FeL*
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U Ho. | R

enantioface

selectivity R
Hi s
Ar H
| 7
(Pydic)FeL,*
L, FHe(Pydlc) = -
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’ H, R
76 + Fe!l/Pydic/H,0, Ar/?\H (S.S)

Scheme 39 Proposed mechanistic pathway to explain the enantioselectivity of Beller’s epoxida-
tion reaction

OH o 77 (5-10 mol %) EL
FeCly4H,0 (5-10 mol % Ph Ph
oo T AGOM, THR 1, 24h oo WA N,
87% 83% ee 77
Scheme 40 Effect of iron and primary amines on warfarin synthesis
e
H 78 (5 mol %) 2[SbFg]”

Q; AcOH (0.5 equlv) /O—
PO HZ% Ao PivO N—Fe—N
H3CCN “NocH,

o
(90% selectlvny) 78

Scheme 41 Selective aliphatic C—H activation

enlarged ligands were evaluated in Fe'"-catalyzed asymmetric rrans-stilbene epox-
idation reactions.

Iron salts were found to be effective promoters in asymmetric Michael addition
of 4-hydroxycoumarin to a,fB-unsaturated ketones, which resulted in excellent
yields and high level of enantioselectivities (up to 91% ee) in the presence of low
catalytic amounts of iron and simple chiral primary amine 77 (Scheme 40) [113].

Non-heme Fe complexes derived from a bis(pyrrolidine) core showed promis-
ing, stereospecific hydroxylation reactivities toward unactivated sp> C—H bonds
[114]. Selective aliphatic C—H activation can be predicted. The C-H oxidation with
[Fe(S,S-PDP)(CH5CN),][SbFg], 78 resulted in a moderate conversion of starting
material but high selectivities for the formation of tertiary hydroxylated products
(Scheme 41). The functional group compatibility and substrate scope were evalu-
ated in these catalyzed oxidations of unactivated sp® C-H bonds with H,O,. The
selectivity of this catalytic system was demonstrated and predicted based on three
modes of selective oxidation (electronic, steric, and directed modes).
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Fig. 10 Optically active Fe" complexes capable of promoting asymmetric olefin cis-
dihydroxylation

Table 8 cis-Dihydroxylation of olefins with H,O, catalyzed by Fe" complexes 79-83

79-83
R R® H,0, (10 equiv.)

HO, OH o
— _ N2, \ ;
R2_<R“ CHZON, 25°C riy—Crs ¢ Re /R

R2 R* R2 R*

Entry Catalyst Olefin ee (%) Diol/epoxide TON (% de)
1 79 trans-2-Heptene 29 1:18 0.3 (99)
2 80 trans-2-Heptene 79 3.2:1 3.8 (99)
3 80 1-Octene 60 5.9:1 4.1

4 80 tert-Butyl acrylate 23 17:1 5.1

5 81 trans-2-Heptene 38 1:4.6 1.1 (90)
6 82 trans-2-Heptene 78 4:1 3.6 (99)
7 83 trans-2-Heptene 97 26:1 5.2 (99)
8 83 trans-4-Octene 96 13:1 3993
9 83 1-Octene 76 64:1 6.4

10 83 Allyl chloride 70 >49:1 49

11 83 tert-Butyl acrylate 68 >40:1 4.0

12 83 Ethyl trans-crotonate 78 >75:1 7.5 (99)

Que evaluated the Fe"' complexes 79 and 80 and complexes 81-83 bearing a bis
(pyrrolidine) unit (Fig. 10), to improve the enantioselectivity for olefin cis-
dihydroxylation (Table 8) [115, 116]. Catalyst 83 displayed high cis-diol selectivity
and produced enantioselectivities up to 97% (Table 8, entries 7—12). By comparison
to 79-83, it is apparent that the size of the pyridine a-substituent is important, as a
systematic increase in the cis-diol selectivities and ee values is observed on going
from H in 81 to an sp*-hybridized C—H group in 82 to a CH; group in 83.

The asymmetric induction provided by 83 is significantly greater than 80
(Table 8). This improvement arises from two factors: the more rigid bipyrrolidine
backbone of 83 relative to the 1,2-diaminocyclohexane backbone of 80 and cis-a
ligand topology of 83 in contrast to the cis-f topology of 80.

In 2011, Sun described the development of chiral Fe'' complexes of N, ligands
for the asymmetric epoxidation of a,f-enones employing H,O, (up to 87% ee) or
peracetic acid as oxidant, respectively (Fig. 11) [117]. In addition, the strategy of
isotopic labeling with O'® was adopted to gain rough insight into the mechanism.
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Fig. 11 Chiral Fe" complexes used for epoxidation of a,B-enones
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Scheme 42 Proposed mechanism using the designed catalytic system
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Scheme 43 Synthesis of chiral benzimidazolylmethyl-derived ligand 87

Besides, the complex [LzFemz(p—O)(p-CH3C02)]3+, usually derived from the decay
of LFe"Y = O species or thermodynamic sinks for a number of iron complexes, was
identified by HR-MS.

The authors have also proposed a possible mechanism and suggested that
LFe" = O was the main active intermediate in the catalytic system (Scheme 42).

In 2013, Sun developed the synthesis and characterization of an Fe"' complex 87
derived from the tetradentate N-ligand (1R,2R)-N,N’'-dimethyl-N,N’-bis(1-methyl-
2-benzimidazolylmethyl)cyclohexane-1,2-diamine (Scheme 43) [118]. The chiral
C,-symmetric tetradentate N-ligand was synthesized from easily available cyclo-
hexane-1,2-diamine and 2-chloromethyl-1-methyl-benzimidazole.

Iron complex 87 was an active catalyst for asymmetric epoxidation of olefins
with H,O, as the oxidant and acetic acid as an additive. Up to 95% ee was observed
for epoxidation of «,p-unsaturated ketones at —20°C (Scheme 44).

The asymmetric epoxidation of enones using 81 and hydrogen peroxide as
oxygen source was described by Bryliakov and Talsi [119, 120]. The reaction
requires the use of stoichiometric amounts of a carboxylic acid. In the case of
chalcone, up to 80% ee could be achieved at —30°C with 1 mol% of catalyst 81 and
using nearly one equivalent of 2-ethylhexanoic acid in acetonitrile.
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87 (0.5 mol %)

o 50% H,0; (2 equiv.) Ie)

AcOH (5 equiv.) (0]
. _— =
R‘QLRZ CHACN, ~20°C RW&')LRZ
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Scheme 44 Enantioselective epoxidation of chalcone derivatives catalyzed by complex 87

N j* clotq”

Fig. 12 Chiral Fe" complexes disclosed by Klein Gebbink

Mononuclear non-heme Fe'' complexes of pyrrolidinyl pentadentate ligands
derived from proline were disclosed by Klein Gebbink (Fig. 12) [121]. The catalytic
potential of these complexes in the oxidation of alkenes and sulfides in the presence
of H,O, was studied. Complex 89 gave low TONs in the oxidation of alkenes but
showed high activity in the oxidation of aromatic sulfides, albeit with low ee’s
(up to 27% ee).

Gade described the synthesis of well-defined iron complexes containing a
bidentate acetate ligand and new enantiopure tridentate N—N-N donor ligands
(Scheme 45) [122]. The use of this iron complex in ketone hydrosilylation under
conditions similar to those of Nishiyama [98] allowed the reduction, for example, of
2-acetonaphthone to the corresponding alcohol in 87% yield and 71% ee and of
mesityl methyl ketone in 92% yield and 85% ee. Higher ee values (83 and 93%,
respectively) were obtained when the temperature was decreased from 65 to 40°C.
This system also reduced dialkyl ketones, including 7-butyl methyl ketone, to the
corresponding alcohols in 59% ee.

Togni synthesized novel diamine ligands 92-95 (Scheme 46) and used them in
association with Fe(acac), to promote the asymmetric reduction of acetophenone in
the presence of phenylsilane [123]. Although the conversion was quantitative, the
ee was very low (37%). He reported that the Fe'' complex releases one of the
oxygen-based anionic ligands, therefore becoming a cationic species which can act
as a Lewis acid to activate the substrate for the reduction. The anionic oxygen
ligand acts as a Lewis base and coordinates to the silicon-based reducing agent
leading to the formation of the -catalytically active reducing species, a
pentacoordinated silicate. The silicate itself is able to transfer a hydride to the
activated C=0 bond. The iron complex is therefore suggested to be a chiral cation,
which acts as a counterion to the catalytically active species, the silicon anion.
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In 2012, Sun developed the asymmetric epoxidation of enones using 50%
hydrogen peroxide and 2 mol% of iron complexes 96-99 (Fig. 13) [124]. These
complexes were synthesized from C,-symmetric tetradentate N-ligands (N4)
consisting of more rigid chiral diamine templates derived from L-proline and two
benzimidazole donors. High yields and enantioselectivities were achieved in the
oxidation of variously substituted chalcones and cyclic enones in the presence of
3 equiv. of acetic acid in acetonitrile. In the case of chalcone, the N-substituent at
the benzimidazole ring of catalyst 96 and 98 significantly altered the outcome of the
reactions. Superior activities and selectivities were recorded with 96 and 97 bearing
N-ethyl and N-isopropyl groups, while the N-phenyl substitution in catalyst 98
lowered these values significantly. Catalyst 99 was found to be less active and
less selective. Substitution at the aryl ring of chalcone also resulted in dramatic
changes in enantioselectivities and yields, the highest ee and yield being obtained
with m-chloro substitution on the alkene side of the phenyl ring, while both strongly
electron-donating and electron-withdrawing groups on the carbonyl side of the
aromatic ring dramatically reduced the ee values.
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8 Diphosphine-Derived Catalysts

C,-symmetric bidentate phosphorus ligand 100 derived from (R,R)- or (S,S)-
hydrobenzoin proved to be an effective ligand in the Fe'-Lewis acid-catalyzed
asymmetric Diels—Alder reaction of a,p-enals with dienes and its ease of synthesis
merits attention for other applications in asymmetric catalysis (Scheme 47) [125—
127]. Lewis acid catalyst 102 was obtained by photolytic ligand exchange from
[Fe(Cp)(Me)(CO),] followed by protolytic demethylation of complex 101. The
unsaturated Fe complex 102 was trapped in situ either by acetonitrile, acrolein, or
benzaldehyde, to give complexes 103-105, respectively.

Complex 103 is stable and is readily characterized. The acetonitrile ligand is
strongly bound, and the complex does not exhibit catalytic activity in the Diels—
Alder reaction between enals and dienes. Complexes 104 and 105 are stable at
ambient temperature in the solid state and can be weighed in air without degrada-
tion. In CH,Cl, solution, the aldehyde ligands in 104 and 105 were labile and in the
absence of an excess of free aldehyde, the complexes slowly decomposed at
temperatures above —20°C. Both 104 and 105 could be used as precatalysts in
Diels—Alder reactions between a,f-enals and dienes (Scheme 48). The products
were obtained in good yields and excellent enantioselectivities.

These Fe'-Lewis acid catalysts can efficiently promote enantioselective
1,3-dipolar cycloadditions of nitrones with «,f-unsaturated aldehydes. This method
provides rapid access to products of high synthetic potential (Scheme 49) [128].

In 2000, Imamoto prepared new P-chirogenic diphosphine oxide ligands, (R,R)-
1,2-bis(alkylmethylphosphinyl)ethane, and (S,S)-1,1-bis(alkylmethylphosphinyl)
methane, such as 107 (Ad = adamantyl) [129]. Their iron complexes were active
in catalytic asymmetric Diels—Alder reactions of N-acrylamide dienophiles
(Scheme 50). Interestingly exo-isomers were preferentially produced using N-
crotonoylamides as dienophiles.

The first asymmetric transfer hydrogenation of ketones was disclosed by Gao in
2004 [130, 131]. By mixing the iron carbonyl hydride cluster complex [NHEts]
[Fe;H(CO),] with enantiopure phosphine ligands (Fig. 14), they formed in situ a

Pha_OP(CeFs) = = [BF] = [BFdl
F‘ F‘ Y F‘
e, €. e,
- o S N S
<\> PR "OP(CeFs)2 (CeFs)P" b “P(CeFs)z (CeFs)P "P(CeFs)2 (CeF9)P" b "P(CeFs)
Fe., 100 | Me | HBF4-OFt, L L !
oc ’\‘A co PhMe, hv o 0 CH,Cl, 78°C QP > 90% o P
e 63% P! Ph P’ Ph ph’  Ph
101 102 103: L = acetonitrile

104: L = acrolein
105: L = benzaldehyde

Scheme 47 Synthesis of chiral cyclopentadienyl-Fe"" Lewis acids
104 (5 mol %)
:< ' BrJLCHO -20°C,20h ;OECHO
-

5 equiv. 90% 98% ee

Scheme 48 Enantioselective Diels—Alder reaction using 104
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Scheme 49 Asymmetric 1,3-dipolar cycloadditions between nitrones and methacrolein
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Fig. 14 Enantiopure PNNP ligands used for Gao’s in situ-formed iron catalyst

catalytically active species which was claimed to be of trinuclear nature. The same
author also reported the synthesis of chiral 22-membered macrocyclic ligands 110
and 111 and asymmetric transfer hydrogenation of selected ketones. The best
enantioselectivity (98% ee) could be achieved using trinuclear iron carbonyl cluster
Fe3;(CO);,, [NHEt3][FesH(CO) ], or [PPN][Fe;H(CO);;]. They examined the
asymmetric reduction of a wide range of aromatic and heteroaromatic ketones
using cheap and readily available Fe3(CO);, in combination with macrocycle
111. These ketones have been reduced with high enantioselectivities under mild
conditions using 0.5 mol% of the catalyst (Table 9).

For acetophenone and its derivatives, the catalyst system showed outstanding
enantioselectivities under mild conditions (Table 9). The electronic properties of
substituents on the aromatic ring had insignificant impact on the enantioselectivity,
although the methoxy substituent gave the products in slightly lower enantioselec-
tivities. More sterically hindered aromatic ketones were also reduced with excellent
enantioselectivity (99% ee). The remarkable efficiency of the iron catalyst was
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Table 9 Transfer hydrogenation of aromatic and heteroaromatic ketones with catalyst Fe3(CO);,/

111

111 (0.5 mol %)

JOL Fes(CO), (0.5 mol %) OoH
R R? KOH (12 mol %) RT*R?
NH,CI (6 mol %)
i-PrOH
Entry R! R? T (°C) t (h) Conversion (%) ee (%)
1 Ph Me 55 1 97 98
2 m-MeCgHy Me 55 1 92 96
3 p-Cl-C¢Hy Me 65 0.5 99 97
4 m-MeO-CgHy Me 55 1 92 91
5 Ph i-Pr 75 12 90 99
6 Ph n-Bu 65 1 96 99
7 Ph Cy 65 12 81 99
8 2-Naphthyl Me 55 1 93 96
9 3-Pyridyl Me 50 2 99 90
10 2-Thienyl Et 75 2 87 96

further demonstrated by its use in low loadings (0.02-0.1 mol%), giving almost
identical ee values of products with a TOF of up to 1,940 h™' [131].

Gao also reported the hydrogenation of a wide variety of ketones by combining
111 with Fe5(CO), [132]. Aromatic ketones, a-substituted aromatic ketones, and
heterocyclic ketones have been hydrogenated under 50 bar H, at 45—65°C,
affording highly valuable chiral alcohols with enantioselectivities approaching or
surpassing those obtained with noble metal catalysts.

Beller developed an enantioselective reduction of ketones by selecting (S,5)-Me-
duphos 112 as chiral ligand after screening a series of phosphine ligands, using
Fe(OAc), (5 mol%) as catalyst and (EtO),MeSiH (2 equiv.) or PMHS (4 equiv.) as
reductants (Scheme 51) [133, 134]. High enantioselectivities (up to 99% ee) and
high yields (up to 99%) were obtained in this transformation. This new method is an
important step toward general asymmetric reduction using iron catalysts. They
demonstrated that the inexpensive and convenient achiral Fe(OAc),/PCyj; catalyst
system is also useful for the non-enantioselective reduction of ketones with broad
functional group tolerance [134]. The system provides the corresponding alcohols
in good yield and selectivity with PMHS as reducing agent. Furthermore, the
combination of Fe(OAc), and 112 has been applied to the stereoselective reduction
of various ketones. However, it was demonstrated that high enantioselectivities can
only be obtained with acetophenones bearing electron-rich substituents and steri-
cally hindered substrates.

Beller reported the first iron-catalyzed asymmetric transfer hydrogenation of
imines [135]. Several chiral ligands were tested with iron carbonyl hydride cluster
complex [NHEt;][Fe;H)CO);;] as the catalyst precursor in the presence of KOH
(Scheme 52). Pybox, binap, or salen ligands did not show any appreciable activity.
Complex 113 showed excellent activity and enantioselectivity. The scope and
limitations of the catalyst system for transfer hydrogenation of ketimines were
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Scheme 51 Use of an
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. . . A EtO),MeSiH (2 equiv. . NaOH X $
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of ketones 12
oH oH OH oH OH
: Me0/©/\ : :OMe ; MeOzC/©/\
Br
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Scheme 52 Structure of a T zeEd
iron complex 113 and 9
asymmetric transfer INHEts][FesH(CO)11] =N, |/’N*
. 108 ——————— 1% Fel 113
hydrogenation of N- o | e
diphenylphosphinyl) o
( iphenylphosphiny NGCH,
ketimine b
§-POPh, pn-POPh2
113 (0.33 mol %) :
KOH (5 mol %), i-PrOH
45°C,0.5h
87% 96% ee

explored. Excellent enantioselectivities (up to 98% ee) and high yields (up to 99%)
were achieved upon reduction of various ketimines, including aromatic,
heteroaromatic, and cyclic imines. However, lower yields and enantioselectivities
were reported for imines derived from alkyl ketones.

Morris reported that a series of iron complexes bearing tetradentate ligands with
two phosphorus donors and two nitrogen donors were active for asymmetric
transfer hydrosilylation and asymmetric hydrogenation of ketones, once activated
with KO#-Bu in isopropanol [136—138]. They disclosed an efficient synthesis of
new catalyst precursor 115 in a facile and economical two-step process
(Scheme 53). An air-stable phosphonium salt was reacted with Fe' and a base
and then acetonitrile, the enantiopure diamine (R,R)-1,2-diphenylethylenediamine
(dpen), and finally NaBPh, to produce orange solid trans-(R,R)[Fe(MeCN),(L)]
[BPhy], 114 in 76% yield. Catalyst 115 was prepared by treating 114 in acetone
with carbon monoxide.

Complex 115 was tested for the asymmetric transfer hydrogenation of ketones in
basic isopropanol at room temperature (Table 10). It showed excellent activity for
the transfer hydrogenation of acetophenone to (S)-1-phenylethanol in 82% ee
(Table 10, entry 1). The addition of a strong base such as KO#-Bu or NaO#-Bu is
essential for catalysis, no conversion being observed if the base is omitted. The
optimal ratio of the catalyst to the base was found to be 1:8. The reduction of more
hindered aromatic ketones (Table 10, entries 2 and 3) proceeded with excellent
enantioselectivity, although the expected trend of a decrease in conversion for the
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c _ c R
‘\2+ 2(Br]” 1) MeOH " Ph, N ph |2+ 2[BPhd Ph, ',\“‘ ph |2+ 2[BPhy
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Scheme 53 Synthesis of precatalyst 115

Table 10 Asymmetric transfer hydrogenation of ketones using Lewis acid 115

(0] . OH
R)J\R' % R)*\R'
)
Entry |R R’ S/C/B* | Time (min.) |Conv. (%) |ee (%) | TOF (h~')°
1 Ph Me 600/1/8 8 75 83 3,400
2 Ph Et 1,500/1/8 | 25 90 94 3,375
3 Ph -Bu 500/1/8 | 200 35 99 53
4 Ph c-CgHyy | 1,000/1/8 | 85 76 26 436
5 PhCH,CH, |Me 1,000/1/8 | 30 98 14 1,960
6 p-Cl-C¢H; | Me 1,500/1/8 | 18 96 80 4,800
7 p-MeO- Me 1,000/1/8 | 40 65 54 930
CeH,
8 i-Pr Me 1,500/1/8 | 60 86 50 1,280

4S/C/B = substrate/catalyst/base ratio
®TOF is calculated at the conversion and the first time noted

more bulky 7-Bu substituent was also observed. If the methyl group of
acetophenone was replaced with a bulkier cyclohexyl group (Table 10, entry 4),
then the ee of the reaction dropped significantly. Transfer hydrogenation of the
ketone with 2-phenylethyl group proceeded with reduced enantioselectivity
(Table 10, entry 5). This result illustrated the importance of bulky groups next to
the carbonyl for obtaining high enantioselectivity. An aromatic ketone with an
electron-withdrawing group showed a higher TOF (Table 10, entry 6), while a
substrate bearing an electron-donating group, on the other hand, showed lower
selectivity and activity (Table 10, entry 7). Nonaromatic ketones are challenging
substrates for enantioselective reduction. Catalyst 115 was found to be active for
such a ketone (Table 10, entry 13) and showed moderate enantioselectivity.
Morris described highly active and well-defined iron precatalysts, such as 116
and 117 (Fig. 15) for the transfer hydrogenation of aromatic and nonaromatic
ketones [139]. The iron complexes were fully characterized, including by their
crystal structures. They have excellent catalytic activities at room temperature,
giving TOFs of up to 2,600 h™' with low catalyst loadings (0.025-0.17%). Screen-
ing experiments showed that the precatalysts are able to produce alcohols from a
wide range of simple ketones. For sterically demanding prochiral ketones, excellent
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Fig. 15 Carbonyl e 2[BF4] ]2+ 2 [BF4]~
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| |
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. =N, N= =N N=
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reactions 118 119

enantioselectivities were obtained (up to 96% ee). Upon investigating the mecha-
nism of asymmetric transfer hydrogenation of ketones with 117, Morris demon-
strated that Fe” nanoparticles were being formed during catalysis [140].

Various versatile one-pot template syntheses of Fe'' complexes containing
various PNNP and Br/CO ligands were reported (Fig. 16) [141-145]. These com-
plexes are highly active (TOF up to 30,000 h ") and enantioselective (up to 99% ee)
in the asymmetric transfer hydrogenation of ketones when activated with an excess
of base at room temperature. Successful reduction of N-benzylideneaniline via
hydrogen transfer was reported to occur in the presence of 118 [141, 142]. However,
the more difficult ketimine N-phenyl-(1-phenylethylidene)amine could be only
partially converted to the corresponding hydrogenated amine under the same
conditions using 118.

New iron dicarbonyl complexes were developed by Morris in 2014 for the
hydrogenation of ketones in THF as the solvent with a catalytic quantity of
KO#-Bu at 50°C and 5 atm H, (Scheme 54) [146]. With enantiopure complex
120, alcohols were produced for a range of ketones with an enantiomeric excess
of up to 85% ee (S) at TOFs up to 2,000 h_l, and TONSs of up to 5,000. An activated
imine was also hydrogenated to the amine in 90% ee at a TON of 100 and a TOF of
5 h™'. This is a significant advance in asymmetric pressure hydrogenation using
iron.

In 2014, Morris developed highly efficient catalysts for the asymmetric transfer
hydrogenation of ketones [147]. Amine(imine)diphosphine iron complexes 121 and
122 (3:4 ratio of catalytic species obtained in situ from the precatalyst drawn in
Scheme 55) also catalyze the H, hydrogenation of ketone substrates with low
activity and enantioselectivity. The same structure of amine iron hydride interme-
diate formed by reacting the amido(ene-amido) iron complex with dihydrogen as
that obtained by reacting with 2-propanol suggests a similar reaction mechanism in
both hydrogenation reactions.
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120 (0.1 mol %)
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Scheme 54 Asymmetric hydrogenation reaction of ketones and imines
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Scheme 55 Iron complexes 121 and 122 as intermediates in hydrogenation reactions
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Scheme 56 Synthesis of bis(phosphine) iron dialkyl complexes 123 and 124

Bis(isonitrile) Fe!! complexes derived from a C,-symmetric N,P, macrocyclic
ligand catalyze the asymmetric transfer hydrogenation of a broad scope of ketones
in excellent yields and with high enantioselectivity (up to 91% ee) [148].

The activity of bis(phosphine) iron dialkyl complexes 123 and 124 for asym-
metric hydrogenation of alkenes has been evaluated by Chirik (Scheme 56) [149].
Preparative-scale synthesis of a family of bis(phosphine) Fe'-dialkyl complexes
was achieved. However, no enantioselectivity was obtained in the hydrogenation of
alkenes.

9 Binaphthyl-Derived Catalysts

A catalytic asymmetric Mannich-type reaction using a chiral Fe" complex was
developed by Kobayashi in 2002 (Scheme 57) [150]. The reactions proceeded
smoothly in the presence of a catalyst prepared from iron(II) chloride, a binaphthol
derivative, and i-Pr,NEt. The desired products were obtained in good yields with
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HO 125 (11 mol %) oH !
FeCl, (10 mol %)
) i-Pr,NEt (25 mol %) OH
)'\L OSiMe, MeOH (1 equiv.) NH O OH
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Scheme 57 Catalytic asymmetric Mannich-type reactions using a chiral Fe-binol catalyst
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Scheme 58 Oxidative kinetic resolution of benzoins catalyzed by chiral Fe complex

good to high enantioselectivities when 3,3’-I,-binol 125 was employed as a chiral
ligand. A protic additive such as methanol facilitated the reactions.

A dinuclear Fe™ complex containing a chiral binaphthol has been developed
[151]. The ligand supports two Fe' ions to give the dinuclear complex with (ji-oxo)
(p-carboxylato) bridges, which is close to that of non-heme diiron metalloenzymes.
This complex was active in the oxidation of alkanes using m-CPBA. However, the
enantioselectivity of the reaction and the stability of the catalyst were not
satisfactory.

Sekar developed an efficient, economic, and environmentally friendly asymmet-
ric oxidative kinetic resolution catalyzed by a chiral iron complex using molecular
oxygen as stoichiometric oxidant (Scheme 58) [152]. The mild reaction conditions
of the catalytic system provided access to a wide range of benzoins (a-hydroxy
ketones) in good selectivities and excellent enantiomeric excesses (90-98% ee).
This method is very versatile in that the only by-product accompanying the
oxidation process is water.

Combined chiral phosphorus-based Brgnsted acid and iron salts have been used
as enantioselective catalysts in the asymmetric Friedel-Crafts alkylation of indoles
with p-aryl of-hydroxy enones [153]. This cooperative system developed with a
chiral phosphoric acid as Brgnsted acid afforded good to excellent yields and
enantioselectivities, particularly for the p-aryl o'-hydroxy enones bearing
electron-withdrawing groups at the para position of the phenyl ring (Scheme 59).
The intermediacy of a phosphate salt of Fe'" in the catalytic system was demon-
strated by the authors.

A catalytic system consisting of Fe", a chiral diphosphine such as 128, and a
diamine such as TMEDA was developed for -catalytic enantioselective
carbometalation with dialkylzinc reagents (Scheme 60) [154, 155]. The reaction
allowed the use of functionalized alkyl, vinyl, and aryl organometallics. Although
the addition of TMEDA slowed the reaction, its presence was essential for the
enantioselective carbometalation.

111
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Scheme 59 Asymmetric Friedel-Crafts alkylation of indoles
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Scheme 60 Fe™-catalyzed enantioselective carbometalation
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Fig. 17 Knolker Fe-derived systems

Chiral iron phosphoramidite complexes were reported by Berkessel [156]. With
monoPhos-iron dicarbonyl complex 129 (Fig. 17a), only moderate enantio-
selectivity (up to 31% ee) was achieved in the hydrogenation of acetophenone.
An enantioselective reduction reaction of imines was published by Beller [157].
The combination of Knolker’s iron complex with a chiral Brgnsted acid in toluene
at 65°C under 50 bar H, pressure smoothly catalyzed the reduction of a wide range
of imines in high yields and high enantioselectivities. Various aromatic ketimines
were hydrogenated smoothly in high yields and with excellent enantioselectivity by
using this complex, according to the transition state proposed in Fig. 17b. Both
electron-donating and electron-withdrawing substituents on the aromatic rings in
the meta or para positions had little impact on the hydrogenation activity.

10 Planar-Chiral Ferrocenyl Catalysts

Planar-chiral heterocycles have been used in asymmetric catalysis, either as effi-
cient chiral ligands for transition metals or as enantioselective nucleophilic cata-
lysts [158, 159]. These 2-substituted heterocycles are chiral because they are
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Scheme 61 Planar-chiral heterocycles as effective ligands for enantioselective catalysis in the
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Scheme 62 Planar-chiral heterocycles as enantioselective nucleophilic catalysts for the kinetic
resolution of alcohols
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Scheme 63 Planar-chiral heterocycles for the catalytic enantioselective rearrangement of
O-acylated oxindoles

n-bound to Fe" and the asymmetric environment is due to the presence of one
substituent on the heterocycle. Planar-chiral heterocycles have been demonstrated
as effective ligands for the catalysis of the enantioselective addition of organozinc
reagents to aldehydes [160]. Treatment of benzaldehyde with 3 mol% and 1.2
equiv. of ZnEt, afforded (S)-1-phenylethanol in good enantiomeric excess
(Scheme 61).

Planar-chiral heterocycles have been used as enantioselective nucleophilic cat-
alysts for various reactions. Kinetic resolution of alcohols was developed using
nonenzymatic acylation catalysts [161, 162]. Planar-chiral DMAP ferrocene deriv-
ative 131 catalyzed the kinetic resolution of aryl alkyl carbinols with high effi-
ciency (Scheme 62). The same catalyst can also kinetically resolve a racemic diol as
well as desymmetrize a meso-diol. High catalyst turnover and recyclability, as well
as the low sensitivity of the reaction to oxygen and moisture, make this method
attractive.

The same catalyst was used for the catalytic enantioselective rearrangement of
O-acylated benzofuranones and oxindoles (Scheme 63) [163]. This efficient reac-
tion generates a quaternary stereocenter. With the trichloro-fert-butoxycarbonyl
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substituent as the migrating group, the rearrangement occurred with high
enantioselectivity.

A similar planar-chiral catalyst was used in the dynamic kinetic resolution in the
ring opening of azlactones [162, 164]. The planar-chiral derivative catalyzed the
deracemization/ring opening of azlactones, thereby affording protected a-amino
acids in moderate enantioselectivity and excellent yield (Scheme 64). A catalytic
asymmetric method for the preparation of tertiary a-chloroesters from ketenes
using the same catalyst was also disclosed by the same author [165].

A synthesis of enantioenriched esters was also developed using planar-chiral
catalyst 133 (Scheme 65) [166]. The catalytic asymmetric synthesis of enol esters
of a-arylalkanoic acids from the reaction of ketenes with diphenylacetaldehyde was
achieved using 10 mol% of the catalyst. The addition led to the enol esters with very
good enantioselectivities. A catalytic asymmetric Staudinger reaction of these
ketenes with imines was developed by the same author [167]. Various ketenes
and N-triflyl imines reacted to afford p-lactams with good frans diastereoselectivity
and good enantioselectivity.

A remarkably efficient planar-chiral ferrocene nucleophilic catalyst (134) was
developed for the enantioselective acyl transfer of secondary alcohols (Scheme 66)
[168]. These novel catalysts contain both central and planar-chiral elements and are
suitable for the catalytic kinetic resolution of bulky aryl alkyl alcohols to afford the
corresponding esters with high enantioselectivities (up to 99.8% ee).
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11  Other Catalysts

In 1993, Khiar disclosed bis(sulfoxide) ligands with C,-symmetry axis, as bidentate
chiral controllers in a newly catalyzed Diels—Alder reaction (Scheme 67)
[169]. Such ligands are very attractive as a consequence of their ease of synthesis
and their availability in both enantiomeric forms from cheap starting materials. Bis
(sulfoxides) as chiral ligands, such as 135, together with iron(Ill) iodide, were
selected as the Lewis acid catalyst in the reaction between cyclopentadiene and
3-acryloyl-1,3-oxazolidin-2-one.

A new family of enantiopure N-heterocyclic carbene ligands has been devel-
oped. New enantiopure imidazolinium carbene ligands incorporating two hydroxy
functions have been prepared from chiral amino alcohols and diamines (Scheme 68)
[170]. The imidazolinium salts were used in the Et,Zn addition to 1-naphthyl
carboxaldehyde. Various metal salts, including FeCl, and FeCls, were investigated
in the presence of chiral imidazolinium salt 136 and 6 mol% of KO¢-Bu. Moderate
enantioselectivities were obtained.

Fe"-N,N'-dioxide = complex-catalyzed  asymmetric  haloamination  of
3-alkylidene- and 3-arylidene-indolin-2-ones was developed, affording the
corresponding chiral oxindole derivatives bearing vicinal haloamine substituents
with excellent results (up to 99% yield, >19:1 dr, 99% ee, Scheme 69) [171].

o O

o O 135 (12 mol %) ; .

D)« ALl Sgng e
N O CH,Cl, -50°C, 5h N)ko R X
/ 78% o7 N\ 135

endo/exo 56% ee
96:4

Scheme 67 Fe'"-bis(sulfoxide)-catalyzed Diels—Alder reaction
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Scheme 68 Fe-N-heterocyclic carbene complexes for enantioselective alkylation of an aromatic
aldehyde
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Scheme 69 Fe™-catalyzed asymmetric haloamination
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Scheme 70 Synthesis of Fe'-bis(isonitrile) complexes
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Scheme 71 Fe-catalyzed [3 + 2] cycloaddition reaction

Fe'' catalysts prepared from ligands 137-141 also exhibit excellent enantio-
selectivities for chalcone derivatives.

In 2010, Reiser reported the synthesis of bidentate bis(isonitrile) ligands that
could easily be synthesized from amino alcohols in two steps following the protocol
developed by them earlier [172]. The corresponding Fe" complexes were obtained
by treatment of ligands with FeCl, - 4H,0 in methanol which led to the formation of
[FeCl,{bis(isonitrile) },] complexes in good yields (Scheme 70).

These complexes were tested as catalysts for transfer hydrogenation of
acetophenone using isopropanol as the hydrogen source under basic conditions.
Complex 143 was identified to be an active catalyst at room temperature affording
I-phenylethanol with 90% conversion and 64% ee, demonstrating for the first time
the applicability of isonitrile ligands as chiral inductors in asymmetric catalysis.
They have also proposed that the reaction proceeds via a Meerwein—Ponndorf-
Verley-type mechanism, being different from the reported mechanisms for transfer
hydrogenations with ruthenium involving achiral isonitrile ligands [172]. The
authors speculate that the ketone binds via its carbonyl group or alternatively
through the respective heteroatom in the case of heteroaromatic substrates to the
iron center of the catalyst. Hydride transfer then occurs directly from the reduced
isonitrile group acting as the hydrogen donor.

Fe'-diaryl prolinol-catalyzed asymmetric 1,3-dipolar cycloaddition of
azomethine ylides with alkenes was developed by Wang (Scheme 71) [173]. In
the presence of FeCl, (10 mol%) and a,a-bis(3,5-bistrifluoromethylphenyl)prolinol
(147, 10 mol%), [3 + 2] cycloaddition of azomethine ylides with electron-deficient
olefins occurred smoothly in acetonitrile at room temperature to generate the
desired endo adducts in moderate to good yields and enantioselectivities.

An effective enantioselective Fe''-1-glycyl-3-methyl imidazolinium chloride
complex was developed and evaluated as organocatalyst in asymmetric aldol
reaction under solvent-free conditions [174]. The catalyst furnished the aldol
products with excellent yields and enantioselectivities (up to 98% ee) and could
be recycled.
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12 Summary and Overview

This review compiles the applications of enantioselective iron catalysts in organic
synthesis. Whereas in the 1990s only few iron-catalyzed oxidation and cyclopro-
panation reactions were developed, the field now comprises many major develop-
ments and appealing processes for various asymmetric transformations. In recent
years, various environmentally benign chiral iron catalysts were developed for the
epoxidation of alkenes, oxidation of sulfides, reduction of ketones and imines, and
various C—C bond-forming reactions. The current developments demonstrate that
iron chemistry truly is an emerging field. Efficient catalytic asymmetric transfor-
mations using iron are definitively high potential processes and bring very prom-
ising challenges to explore. Iron catalysts have undeniably contributed to the area of
environmentally benign catalysts, known as green catalysts. Moreover, the use of
iron salts as Lewis acids in aqueous conditions finally opened the door to designing
catalysts and broadening the concept of hydrocompatible Lewis acids, which has
since been applied to various reaction types. Given the ongoing need for new
economically and green reactions, the examples presented here are the starting
point for future developments in asymmetric iron catalysis. Asymmetric catalysis
using iron salts will clearly be a prominent area in the forthcoming years. The
development of more general enantioselective methods will demonstrate that it is
possible to mimic nature by using simpler and greener catalysts.
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Molecular Iron-Based Oxidants and Their
Stoichiometric Reactions

David P. de Sousa and Christine J. McKenzie

Abstract Molecular iron-based oxidants can oxidize organic substrates under
relatively mild conditions, sometimes even in water. If these reactions can be
converted to catalytic protocols, they hold great promise for the development of
greener methods for this particularly messy class of reaction. For application in
organic synthesis, the biggest question is: How selective can the reactions be? The
supporting ligands in these compounds are crucial for tuning the electronic struc-
ture of a catalytically competent iron-based oxidant and its selectivity in terms of
the production of a single, even enantiopure, product. A thorough understanding of
the stoichiometric generation of molecular iron-based oxidants and their subse-
quent reactivity is an important step for the development of new iron-based
catalysts. Ideally, and in analogy to many of nature’s iron-based enzymes, their
regeneration under catalytic conditions could involve the activation of dioxygen
from air. This chapter will focus on the stoichiometric reactions of iron compounds
with potential oxidizing agents including O,, peroxides, oxygen-atom donor
reagents, and even water, to form iron-based oxidizing species and the reactions
of these usually very transient species with oxidizable substrates. This chapter
might be especially inspiring for researchers in the field of iron catalyst design.

Keywords Bioinspired - C-H activation - Epoxidation - High-valent
iron - Nonheme iron - O, activation - Oxidant activation - Sulfoxidation
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1 Trends in the Use of Iron in Catalysis

Transition metal catalysts are mainstays in modern chemistry and essential in all
parts of the production chain that transforms the simple molecular building blocks
provided by crude oil and agricultural feedstock into the fine chemicals, pharma-
ceuticals, polymers, and other advanced materials, on which we are so reliant. For
the large part, the catalysts in use today are based on second and third row
“coinage” metals like Ru, Rh, Pd, Pt, and Au, with their main applications in
hydrogenations and carbon—carbon and carbon—heteroatom coupling reactions.
With the prices for these metals already being high and only rising [1], the more
abundant and cheap first row metals and even biologically tolerated metals, like
manganese and iron, are in focus. The number of patents filed (Fig. 1) clearly reflect
a trend. The apparent renaissance for iron represents a transition from
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heterogeneous iron oxide catalysts, like that used in the ever so important Haber
Bosch process, to an exploitation of the molecular chemistry of iron, a realm in
which this particular element quite possibly offers more possible spin states,
coordination numbers, and geometries than any other in the periodic table. A
multitude of catalytic applications should be within our grasp if we can discover
and develop the chemistry. Still, while iron is making its entrance into the catalysis
of alkylations, acylations, hydrogenations, and cross-coupling reactions — largely as
a replacement for the more expensive second row metals — there is still an area in
which iron (and manganese for that matter) has the potential to fill a gap where
catalysts traditionally have only rarely been employed — the area of oxidation
catalysis.

2 Iron-Based Oxidations and Iron-Oxidant Species

Iron complexes are capable of facilitating and accelerating the otherwise slow or
kinetically hindered oxidation of a multitude of organic functional groups using a
wide variety of oxidation agents. The way in which iron complexes “(L)Fe” achieve
this is by activating either the oxidizing agent “[OX]” or the substrate “S”. This is
generally facilitated by coordination to the iron center (Scheme 1) steps (i) and (v).
Initially an iron-oxidant adduct, “(L)FeOX”, or an iron-substrate adduct, “(L)FeS”,
is formed. In principle, all oxidation agents capable of coordinating to iron can be
activated by forming (L)FeOX-type adducts. The iron-oxidant species, (L)FeOX,
can either itself be the active oxidizing species, step (ii), or the iron center can
induce either a heterolytic or homolytic cleavage of the oxidant O-X bond, step

Fe-enzyme
or

s Fe-egzyme so

2
or

oxidant, [O]

s so
(L)Fe + OX — (L)Fe-OX LA» (L)Fe +X

(i) i

(iii)
X s so

LFeO N A (LFe

(L)Fe +S T» (L)Fe-S %%» (L)Fe + SO
v, Vi

Scheme 1 The bare bones of iron-promoted oxidations. The equation at the top is a commonly
encountered and uninformative, general representation for a catalytic oxidation reaction. On the
bottom, the “stoichiometric” iron-centric perspective showing generalized reactions with oxidants
(steps i—vi) and substrates (steps v—vi). S =substrate, SO = oxidized substrate, and (L)Fe =a
general formulation for a combination of ligand(s) and iron atom(s)
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(iii), to form a highly oxidized iron-oxo species “(L)FeO” which is then capable of
acting as the direct oxidant, step (iv). The processes in steps (i)—(iv) are iron-based
oxidations, and in this respect quite different from oxidations carried out by
oxygen- or carbon-based radicals. However, as detailed in Scheme 2, organic
radicals can also be generated in the presence of paramagnetic metal ions, and
oxidation processes effected by these radicals, can, depending on the oxidant, be
rather difficult to separate from the metal-based processes.

The above scheme should not imply that it is requisite for an iron-based oxidant
to be mononuclear or that there is only one supporting ligand “L”. It is, however,
most likely true that the presence of fewer supporting ligands will predispose the
system to less complicated solution speciation. Chelating multidentate ligands have
intrinsically high binding constants and are expected to support metal complexes
that are more robust. This is important since stability is a key factor when working
under harsh oxidizing conditions. But therein lies a dichotomy, we need simulta-
neous stability and reactivity. Electronic, steric, and topological features are
induced by the ligand(s), and this will be reflected in the iron complex in terms of
activity, selectivity, or stability [2]. Multidentate ligands furnish a greater possibil-
ity of some control over the resultant complex topology compared with mono- and
bidentate ligands. Especially designing complexes that are capable of activating the
benign oxidants dioxygen and hydrogen peroxide, for their application in controlled
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and catalytic oxidation of organic molecules, remains a long-standing goal within
the area of catalysis and biomimetic chemistry [2—4].

Common oxidizing agents and their main fields of use are depicted in Fig. 2.
Interestingly, the most environmentally friendly oxidants with the intrinsically best
atom economies (dioxygen, hydrogen peroxide, and ozone) are also the only ones
whose use transverses all three domains of applied oxidation chemistry. Dioxygen
and hydrogen peroxide are some of the relatively least hazardous oxidants in terms
of explosion risk — a serious consideration in large-scale production settings
[5]. Another attractive oxidizing/oxygenating agent, and perhaps one that is not
very obvious, is water. Iron can activate water by coordination. Subsequent proton-
coupled electron transfers (PCETs) can produce strongly oxidizing iron-oxo spe-
cies, (L)FeO.

Well known is the prominent role of iron in biology as an essential cofactor in
enzymes and proteins that bind and activate dioxygen. The example par excellence
is hemoglobin — the protein that keeps us all alive by chemisorbing dioxygen from
the air and delivering it to our tissues. A change in the endogenous donor, from
histidine to cysteine, converts the reversible O, binding Fe-heme site into an O,
activating site and consequently enables it to perform enzymatic oxidation
catalysis.

The binding of dioxygen by iron(Il) compounds is a good starting point for
delving into the way in which various iron-based oxidant adducts, (L)FeOX, and
iron-oxo species, (L)FeO, are generated. Dioxygen can be viewed as the fully
oxidized precursor from which most oxygen-containing oxidation agents are
derived. A basic overview of the activation of dioxygen and its reduced coun-
terparts by iron is presented in Scheme 2. The scheme is simplified and crude
but is useful in introducing the molecular O, and iron-oxido chemistry. To
highlight the connection, free radical oxygen species are drawn above their
iron counterparts. One important feature distinguishes the two types of species.
While the reactivity of the free radicals is diffusion controlled and generally
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occurs through radical-chain-based mechanisms giving rise to statistical mixtures
of products [6], the iron-oxidant intermediates are potentially able to act as
much more selective oxidants, principally through metal-based oxidation steps.
Many analogies can be drawn to the reactivity of stoichiometric organic
oxidants like 2-iodoxybenzoic acid [7, 8] and meta-chloroperoxybenzoic acid
(mCPBA) [9]. However, while it is often difficult to transform systems based on
stoichiometric organic oxidants into catalytically viable systems, the changes
needed for converting a stoichiometric metal-based system into a catalytic one
are often much smaller and easier to effect. Likewise, as discussed above, the
introduction of a ligand offers a versatile synthetic handle for tuning the
electronic and steric properties of the complex and its reactivity (Fig. 3).

3 Iron in Biological Oxidations

It is always good to take a look at the biological world to see if there are any
biochemical processes worth mimicking. A large range of heme and nonheme iron
enzymes are capable of carrying out a plethora of oxidation reactions. These
include mono- and dioxygenations; hydroxylations; oxidative ring-closure reac-
tions; cleavage reactions like C, N, S, and O-dealkylations; and oxidative haloge-
nations [10—16]. Thus, nature does indeed furnish several iron-based oxidants, from
which we can draw inspiration.

One of the most versatile iron-enzyme classes, capable of oxidizing a wide range
of substrates using dioxygen as the terminal oxidant, are the cytochrome P450
enzymes (Fig. 4c). These enzymes employ an active site consisting of an iron(III)-
porphyrin complex (aka heme site) often coordinated axially to a strongly donating
cysteine residue (Fig. 4a). The details of the catalytic cycle (Fig. 4b) are very
thoroughly studied, and spectroscopic evidence exists, often as a result of the study
of stoichiometric reactions, for al/l of the proposed catalytic intermediates [15—
19]. Here the catalytic hydroxylation of a hydrocarbon substrate provides an
instructive example of how activation of oxygen can be achieved. The quaternary
protein structure and the location of the enzyme largely determine the substrate
selection; however, P450s can be promiscuous. Indeed the metabolism of substrates
by this enzyme is so important that new drugs and prodrugs must be subjected to
P450 activity studies. The first step (i) in the catalytic cycle (Fig. 4b) is the
reduction of the active iron(Ill) resting state, Fem(heme). The iron(II) species
formed is susceptible towards oxidative addition by dioxygen, step (ii), which
leads to the formation of an iron(III)-superoxide intermediate. This intermediate
is then reduced to an iron(III)-hydroperoxide adduct which is cleaved homolytically
to release water and give a two-electron-oxidized species, FeIVO(heme'+), step (iii).
The redox non-innocence of the aromatic heme ligand means that the iron center is
not forced to store both of the two generated oxidizing equivalents. Here, the
porphyrin macrocycle accommodates one of the oxidizing equivalents by forming
a m-radical anion, while the iron center accommodates the other oxidizing
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equivalent, forming an iron(IV)-oxo species. The iron-oxo intermediate has radical
character and is therefore a powerful hydrogen abstractor, capable of removing
hydrogens from unactivated C—H bonds, step (iv). Doing so, an iron(IIT)-hydroxide
species and a carbon-based radical are formed. The carbon radical rebounds and
abstracts the hydroxide group from the iron center, step (v), which leads to the
reformation of the iron(IIl) active resting state and the release of a hydroxylated
substrate.

Besides the O,-metabolizing heme enzymes, there exists a diverse class of heme
enzymes, the peroxidases, capable of utilizing H,O, as terminal oxidant. The other
general class of iron enzymes is the nonheme iron enzymes [10—12, 14]. As their
name implies, the nonheme enzymes do not employ a heme cofactor in their active
sites. Rather the iron atom or atoms are bound directly by amino acid side chains
like histidine, aspartate, glutamate, asparagine, cysteine, tyrosine, and other cofac-
tors (e.g., sacrificial reductants or inorganic species like water or hydroxide,
carbonato, and NO). These enzymes make for a rather diverse class of oxidoreduc-
tases, capable of utilizing O, as a terminal oxidant in the oxidation of a wide range
of substrates. Some of the reactions carried out by nonheme iron enzymes are
summarized in Scheme 3.
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These reactions, in themselves, or as prototypes, are of great interest to organic
chemists. Some of the steps are feasible through conventional synthesis. However,
in contrast to the chemical processes, no large amounts of toxic waste are generated
in the biological processes. Furthermore, while nature carries out easily 100%
enantioselective oxidations, we are still a far cry from mastering this in the
laboratory. One has only to examine the world of natural products to find an
abundance of examples of advanced enantiopure molecules that cannot be
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synthesized in the laboratory. Many naturally occurring antibiotics contain chloride
atoms which have been inserted regio- and enantioselectively into both aliphatic
and aromatic compounds at some stage during their biosynthesis. Some examples
are provided in Fig. 5. A case in point is the synthesis of the Parkinson’s drug L-
DOPA. The industrial synthesis achieves chirality through the only tool available to
the synthetic chemist — asymmetric reductive hydrogenation of a pro-chiral alkene
[20] which was ultimately derived from vanillin via several prior steps. This last
reaction step is carried out with 95% ee, which by all standards is an impressive
feat. However, when we compare this process with the biosynthesis of L-DOPA
occurring in our brains, a radically different approach is found, with the target
compound being synthesized through a series of oxidations. The amino acid
phenylalanine is converted to tyrosine, which is then converted to L-DOPA
(Scheme 3c). L-DOPA in turn is a substrate for further oxidation reactions by
which other important hormones and neurotransmitters are biosynthesized. In
these reactions, dioxygen is the oxidant and the by-product is water. The requisite
electron donors listed above the arrows can all be regenerated.

The production of epoxides and aziridines is a reaction of great interest in the
chemical sciences. These ring-strained compounds are very susceptible to attack by
nucleophilic reagents giving ring-opened substituted products and are thus versatile
reaction intermediates in multistep syntheses. Likewise, a range of naturally occur-
ring pharmaceuticals contain epoxide rings [21]. One is the cardiovascular drug
eplerenone (Fig. 6). In nature, the epoxide group is usually derived from the
epoxidation of a double bond by cytochrome P450, as depicted in Fig. 4. Another
reaction, relatively uncommon in nature, is the monooxygenation and S-alkylation
of sulfides. Several prominent pharmaceuticals and many drug leads contain a
sulfoxide or a sulfonamide group. Examples of sulfoxide drugs include the
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nonsteroid anti-inflammatory drug sulindac, the antiulcer agents omeprazole and
lansoprazole, and the performance-enhancing drug modafinil [22, 23] (Fig. 6).

In the following sections, we will dissect the mechanisms of iron-mediated
oxidation catalysis by examining the stoichiometric reactions of stable iron com-
plexes which function as pre-catalysts, derived iron-oxidant adducts, and high-
valent iron-oxo species. In recent years, several highly reactive iron-oxidant
adducts and iron-oxo species have been “caught” and characterized using a battery
of spectroscopic and physical methods. We will cover many of the characterization
and reactivity studies and attempt to decipher the implications in terms of how the
reactivity is modulated by the molecular and electronic structure of the complexes.
In other words, we will examine catalysis from the point of view of the catalyst.

4 Activation of Dioxygen by Biomimetic Iron Complexes

4.1 Reactions of Iron(I1I1)-Substrate Adducts with Dioxygen

As depicted in Scheme 2b, iron complexes can in principle activate dioxygen
directly by its oxidative addition to the iron center. However, for substrates capable
of coordinating to a metal center, an equally viable alternative exists: activation of
the substrate. Through partial charge transfer, the coordinated substrate assumes
radical character which predisposes it to attack by triplet O,. As we shall see in this
and the next section, sometimes both oxygen activation and substrate activation
processes are involved in the actual oxidation.

The enzyme homoprotocatechuate 2,3-dioxygenase (Scheme 3g) uses such a
hybrid strategy to oxidize catechols to the corresponding dicarboxylic acids.
Homoprotocatechuate 2,3-dioxygenase is part of the larger class of nonheme iron
(I1I) intradiol-cleaving dioxygenases. In a series of papers some 15 years ago, Que
and coworkers addressed the question of how these enzymes activate the metal-
bound substrates towards O, [24-26] and in the process uncovered vital informa-
tion regarding the influence of the ligand sphere on the O, reactivity. They prepared
a series of heteroleptic biomimetic iron(Ill)-catecholato complexes using the
tetradentate tripodal ligands tpa, bpia, bpg~, pda®~, and nta’~ (Fig. 3) and the
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catechol 3,5-di-tert-butylcatechol (DBC). All the complexes are mononuclear, high
spin (S = 5/2), and with the same general structure as [Fe'"'(bpg)(DBC)] depicted in
Scheme 4. All complexes are air-sensitive, and if exposed to dioxygen, the coordi-
nated catechol will spontaneously be oxidized to the corresponding ring-opened
dicarboxylic acid, as illustrated in Scheme 4.

A dramatic increase in the oxygen reactivity is observed when going from the
trianionic carboxylato ligand nta’~ to the neutral ligand tpa containing three
pyridine donors. A strong and almost exponential correlation is observed between
the reaction rate and the wavelength of the catecholato-to-iron(IIl) charge-transfer
band of the complexes (Fig. 7). Phenolato-to-iron(III) charge-transfer bands are
sensitive probes of the redox potential of the metal center, and a red-shift is an
indicator of increased Lewis acidity of the metal center and, hence, a general
decrease in the electron density at the iron center [27].

"H-NMR spectroscopy shows that in going from the carboxylato environment of
[FeIH(nta)(DBC)]Zf to the pyridine environment of [FeIII(tpa)(DBC)]+, a progres-
sive paramagnetic shift of the catecholato protons takes place as the iron(III)-DBC
bonding becomes more covalent. This effects a “radicalization” (Scheme 5) of the
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coordinated catechol which effectively eliminates the spin barrier for reaction with
triplet O, [13] and provides rationale for why the complexes with the strongest
Lewis acidity are those that react fastest with O,.

Newer work by Paine and coworkers from 2014 [28], aimed at modeling the
recently discovered aminophenol dioxygenases, shows that analogous oxygena-
tions occur for iron-coordinated aminophenols. When [Fe''(6-Mes-TPA)(HAP)|*
type-complexes (HAP=4-methylaminophenol, 4,6-ditertbutylaminophenol or
4-nitroaminophenol) is exposed to dioxygen, the coordinated aminophenols are
spontaneously oxidized to the corresponding ring-opened deoxygenated products.
Subsequently these undergo spontaneous dehydrative ring closure to give the
corresponding picolinic acids (Scheme 6). '®0,-labeling experiments verified that
one of the oxygen atoms from molecular oxygen is incorporated into the cleavage
products — just as expected.

It is clear that there is a great potential in these dioxygen insertion reactions. It is
not unlikely that the substrate scope can be extended to practically any aromatic
molecule containing two vicinal functional groups, as long as both groups are
capable of coordinating to an iron center.

4.2 Binding of Dioxygen to Iron(II) Complexes

One question still remains: How do a dioxygen molecule and a coordinated
substrate actually react with one another? Does dioxygen react directly with the
substrate without iron being involved, i.e., is the role of iron that of a Lewis acid
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only? Or does dioxygen first coordinate to the iron atom to create an iron-superoxo
intermediate, as introduced in Scheme 2, which then attacks the coordinated
substrate? For heme systems, it is well established that O, can bind to the metal
site in an “end-on” fashion, and crystal structures showing this arrangement for
oxymyoglobin [29] and picked-fence porphyrin models [30, 31] have even been
obtained. Recent work by Lipscomb and coworkers [32] provides clues as to how
dioxygen is activated: When cooled anaerobic solutions of homoprotocatechuate
2,3-dioxygenase, saturated with substrate, are exposed to dioxygen, a short-lived
intermediate is observed. By using a mutated enzyme, in the presence of the reagent
4-nitrocatechol, the intermediate can be trapped for several minutes. This enabled a
thorough characterization by Mossbauer and Electron Paramagnetic Resonance
(EPR) spectroscopies. The spectra are fitted satisfactorily with a spin Hamiltonian
for a system consisting of two coupled paramagnetic centers. It can therefore be
concluded that the transient species comprises of a high-spin iron(III) center (S = 5/
2) antiferromagnetically coupled to a superoxide radical (S = 1/2) (Fig. 8). Thus, at
least in the enzymatic case, there seems to be evidence for iron having a double
role: It activates both substrate and oxidant. Scheme 7 gives an overview of the
proposed catalytic cycle for the enzyme.

The kinetics of reactions of iron(II) complexes with dioxygen has been studied
extensively [33]. In spite of this, until recently, the elusive Fe-superoxide adducts
had only been detected for iron-porphyrin complexes [31]. Even when using
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cryogenic stopped-flow techniques (with temperatures as low as —40 and —90°C),
the most commonly detected products are diiron(IIl)-peroxo-bridged species, Fe
(IIH)—O—-O-Fe(I1I), Scheme 8. These dinuclear species are themselves also transient
and decay to give diiron(Ill) oxo-bridged species (the coordination chemistry
equivalent to rust) [33, 34] especially in protic solvents. The precursor iron
(Il) complexes can also be dinuclear, however, and only one of the iron centers is
involved in the initial binding of dioxygen.

Four examples (besides the enzymatic intermediate) of plausible nonheme iron
(IIT)-superoxide adducts exist in the literature. All of them have been generated in
aprotic solvents. The earliest example was reported by Shan and Que in 2005
[35]. They exposed anaerobic dichloromethane solutions of the diiron
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(I1)  dihydroxo-bridged complex [(6-Mes-TPA)Fe"-(OH),-Fe"'(6-Me;-TPA)]
(Fig. 3) to O, at —80°C and detected a green intermediate using UV—Vis spectros-
copy. The species is only short-lived and quickly rearranges to a (relatively) more
stable diiron(IIl)-peroxo-bridged species, as expected from Scheme 8. Frozen-
solution resonance Raman experiments were carried out in the search for charac-
teristic O—O and Fe—O stretches. When '®0-labeled dioxygen was used, a shift in a
resonance assigned to v(O-0) at 1,310 cm™ ' to 1,231 cm™' was observed. By
comparing the result to similar O—O stretching frequencies observed for the better
characterized iron(Ill)-heme-superoxo species, it can be concluded that the green
species is a dinuclear iron-superoxo intermediate (Fig. 9). In 2007 Rybak-Akimova
and coworkers [36] detected a short-lived mononuclear nonheme iron species by
UV-Vis spectroscopy after exposing [Fe"(pyridoneN5)] to O, at —40°C in a
mixture of DMF/acetonitrile. This was tentatively formulated as the superoxo
complex, [Fe™(OO")(pyridoneN5)]. This species has a half-life of around
7,,=0.5-5 s before it reacts with a second [Fe"(pyridoneN5)] to give the (rela-
tively) more stable diiron(III)-peroxo-bridged species, [(pyridoneN5)Fe™-00-
Fe(pyridoneN5)]. No other characterization besides optical spectroscopy was
reported. Very recently (2014) Chiang et al [37] reported a possible mononuclear
iron(IIT)-superoxide intermediate, [Fe'(OO")(BDPP)], generated by bubbling O,
through an anaerobic solution of the iron(I) precursor complex, [Ee"(BDPP)]. The
intermediate proved difficult to analyze, with the complex being both EPR silent
and displaying a messy Mossbauer spectrum together with an almost featureless
resonance Raman spectrum. Not long after, however, Sastri and coworkers reported
the crystal structure of [Fe™(OO")(TAML)]>~ generated from the reaction of
potassium superoxide with [Fe"™(TAML)] . Interestingly, the O," moiety is coor-
dinated not in an “end-on” fashion, but instead in a “side-on” fashion. To rule out
that the species was not a Fe(IIl)-peroxide species, vide infra, magnetic suscepti-
bility measurements, and Mossbauer spectroscopy were carried out. The magnetic
studies reveal that the species consists of a § = 3/2 iron(III) center coupled antifer-
romagnetically to a S =4 superoxide moiety. Solution-state infrared spectroscopy
reveals a vibration at 1,260 cm™! that shifted to 1,183 cm™! upon exposure to
K'80,, cementing the Fe(III)-superoxo assignment.

The reactivity of [Fe"™(OO")(TAML)]*~ in stoichiometric reactions with various
substrates has been tested [38]. No reactivity is observed towards aliphatic
molecules with weak C-H bonds. The complex however does exhibit both
electrophilic and nucleophilic properties and can both dehydrogenate activated
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2,6-di-tert-butylphenols while also being able to deformylate para-substituted
2-phenylpropionaldehydes in a nucleophilic fashion. The products of the
methylaldehyde oxidations are reported to be the corresponding one-carbon short-
ened carbonyls (i.e., acetophenone in the case of native 2-phenylpropionaldehyde
(Scheme 11)). Consistently UV—Vis spectroscopy shows that the precursor
[Fem(TAML)r complex is regenerated after reaction completion. In the case of
the phenol oxidations, no product characterization was reported. It is however
known from previous studies with oxoiron(IV) species [38] and from autooxidation
studies that the oxidation of sterically hindered phenols usually yields complicated
mixtures of dimerized diphenoquinones [39-41], e.g., as illustrated in Scheme 9.

5 Nucleophilic Reactions of Iron Peroxide Adducts

While only few iron(II)-O, adducts have been identified, adducts formed in the
reaction of iron complexes with reduced forms of O, are relatively more common.
Heme and nonheme iron complexes are capable of reacting with dihydrogen
peroxide and alkyl hydroperoxides (like ferz-butyl hydroperoxide) to form spectro-
scopically detectable peroxide adducts and secondary products like high-valent
oxides (Scheme 1 steps (i) and (iii)). The first iron(III)-nl—alkyl peroxide adduct,
based on tpa, was reported in 1993 [42]. A short time later, the first iron(III)-nl-
hydroperoxide and iron(III)-n*-peroxo adducts were spectroscopically identified
[43, 44] using the neutral pentadentate ligand metpen (Fig. 3). Since then, several
iron(IIT)-hydroperoxo [45-60], iron(Ill)-peroxo [55, 60-63], and iron(II)-
alkylperoxo adducts [51, 64—68] have been reported. All these complexes are
thermally unstable and can only be detected for short times at low temperatures.
The hydroperoxo and alkylperoxo adducts are typically generated by exposing the
precursor iron(II) (Scheme 10) or iron(IIl) complex to a somewhat large excess of
H,0, or alkyl hydroperoxide in order to attain reasonable concentrations of the
species. When Fe(Il) is used, the cleavage of H,O, is promoted and an intermediate
Fe(III)-hydroxide is formed with concurrent production of hydroxyl radicals. The
intrinsic mechanistic details of these reactions have been examined by Hazell
et al. for a series of iron(II) complexes of the Rtpen ligand family, [Fe''(Rtpen)
CI]" (R=CH3;, CH,C4Hs). They have shown that the formation occurs in a two-step
process. The first and fastest step is the oxidation of the starting chloride complexes,
[Fe"CI(Rtpen)]* to [Fe™(Rtpen)(OH)]** (or [Fe(Rtpen)(OCH;)]** when
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Scheme 10 Generation and generic structures of iron(IlI)-hydroperoxo and iron(IIl)-peroxo
adducts and secondary products, high-valent iron-oxo species

methanol is present). The second step is a much slower substitution, where a
hydroperoxide molecule substitutes the OH™ group as auxiliary ligand and thus
forms the iron(Ill)-hydroperoxide adduct, [Fe(Rtpen)-(ryl-OOH)]2+ [59, 69].

Peroxo adducts usually are generated by the deprotonation of a hydroperoxo
adduct. However, they can also be generated from the direct reaction of superoxide
with an iron(IT) complex [50] (Scheme 10). The time span for the decomposition of
iron(IlT) peroxides ranges from seconds to several hours at room temperature
depending on the supporting ligand system. Several decay routes have been
shown. In some cases, the decay occurs by homolytic cleavage of the O—O bond
to give the corresponding iron(IV)-oxo complexes, which are in themselves also
potential oxidants (Scheme 1 and Sects. 2, 6 and 7).

Both high-spin (§ =5/2) and low-spin (S = 1/2) iron(IlI)-hydroperoxo adducts
have been reported, with the majority being low spin. In both cases, a rather
diagnostic hydroperoxo-to-iron(IIl) charge-transfer band is observable in the opti-
cal spectra around 500—600 nm. So far no single crystal X-ray structures are known;
however, there are two reports of isolated powders [47, 58]. In spite the absence of
structural data, much knowledge has been gleaned regarding the coordination mode
of the —-OOR (R=H or fers-butyl) moiety from resonance Raman and Extended
X-ray Absorption Fine Structure (EXAFS) studies. These clearly point towards the
only mode of coordination for the mononuclear complexes being the “end-on” ;'
fashion [50, 53, 56, 70]. With respect to the spin state of mononuclear iron(IIl)-
peroxo adducts, there is less flexibility, and so far, all those reported are high spin
(§=5/2). Resonance Raman studies and EXAFS point towards the peroxo moiety
coordinating in a bidentate “side-on” 5~ fashion [56], so the complexes are probably
mostly 7-coordinated. A d—d transition appears in the vicinity of 500700 nm. Two
crystal structures of mononuclear iron-peroxo adducts are known. One is of the
nonheme iron(IIl) complex, [Fe™O,(TMC)]* [45] (Fig. 10), and the other is an
impressive model for the active site of cytochrome c oxidase: an iron(II)-porphyrin
complex linked to a [Cu™(TPA)]* moiety, where the peroxide group bridges the Fe
and Cu atoms in an end-on/side-on bridging fashion [61].
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Fig. 10 Structures of two iron(IIl)-;'-hydroperoxide complexes and their conjugate bases iron
(II)-n*-peroxide adducts

The reactivity patterns of iron-hydroperoxides and iron-peroxides are at present
not completely understood. One of the difficulties faced when performing reactivity
studies of these adducts is the problems that arise from the excess H,O, in solutions
necessary for maintaining reasonable concentrations of the species. Blatant in
Scheme 10 is that the mixing iron(II) complexes with H,O, will inevitably lead
to the simultaneous generation of oxygen-based HO" radicals and a mixture of iron
intermediates (viz., Fe(Ill)-hydroxo, Fe(Ill)-hydroperoxo, Fe(Ill)-peroxo, and Fe
(IV)-oxo species). Furthermore, these systems can catalyze the disproportionation
of H,O, to O, and H,0, and this can be the dominating reaction. In this case,
substrate oxidations, even if they are present, may go unnoticed. There are several
reports showing that substrate oxidations have been observed using Fe
(II) complexes and H,O,; however, statistical mixtures of products are often
obtained [71] presumably due to organic radical-chain reactions proliferated by
HO" radicals [72]. Despite the difficulties, investigations of stoichiometric reactions
with potential substrates are essential for fine tuning this chemistry, so that it can be
implemented for catalysis. Thus, the iron-based oxidants need to be distinguished
from each other and from hydroxyl radicals. In the following, we will discuss some
studies that have been performed, either by using isolated powders [47, 58] or by
employing low temperatures in combination with stopped-flow techniques [45, 62,
73].

5.1 Reactions with Aldehydes

Nam and coworkers [45, 62, 74] have probed the reactive nature of the high-spin
peroxide and hydroperoxide adducts [FeIlloz(TMC)]+, [FemOz(N4Py)]+, and
[Fe"(TMC)OOH]** (Fig. 10) by using stopped-flow techniques to mix the com-
plexes with a range of different substrates while measuring the decay of their
chromophores by UV-Vis spectroscopy. The high-spin hydroperoxo adduct
[Fe"(TMC)OOH]** and both peroxo complexes, [Fe™O,(TMC)]* and
[FeO,(N4Py)]*, are capable of acting as nucleophiles in the oxidative cleavage
of aldehydes like 2-phenylpropionaldehyde, pentanal, 2-methylbutanal, and
pivaldehyde. The hydroperoxo adduct reacts fairly quickly, whereas the reactions



330 D.P. de Sousa and C.J. McKenzie

O,

H O o
+  [Fe"(McooHRr ——= M )I\ o FeTMO
CH, CH, HO H

Scheme 11 Oxidative splitting of 2-phenylpropionaldehyde by an iron(IlI)-hydroperoxide adduct

of two peroxo adducts are more than two orders of magnitude slower — a clear
indication of their poorer ability to act as oxidants. Similar observations have been
made for iron-porphyrin complexes, where species like [Fe™O,(TMP)]~
(Scheme 17) despite their negative charge are widely regarded as unreactive [75,
76]. In the case of the oxidation of 2-phenylpropionaldehyde promoted by the
Fe-TMC complexes, the cleavage products are acetophenone and formic acid
(Scheme 11). UV-Vis spectroscopy shows that a diamagnetic iron(Il) complex,
likely to be [Fe(TMC)]**, is formed after the reaction is complete.

5.2 Hydroxylation of Alkanes and Aromatic Compounds

It is generally accepted that the initial step in the metal-mediated hydroxylation of
aliphatic and aromatic hydrocarbons is the abstraction of a hydrogen atom from the
weakest C—H bond in the substrate. Common test substrates include molecules on
the brink of aromaticity (i.e., molecules that achieve aromaticity if hydrogen atoms
are removed). Examples are cyclohexadiene (bond-dissociation energy, BDE =
74 kcal mol™") and dihydroanthracene (77 kcal mol™'). A good diagnostic test
for a hydrogen-atom abstraction pathway is to plot the natural logarithm of the
initial rates for the reactions of the iron species with a series of substrates against the
C-H bond-dissociation energies of the substrates. If a linear correlation is seen, it is
fair to conclude that the rate-determining step in the oxidations is a hydrogen-atom
abstraction and that the mechanism is the same for all substrates in the series. The
basis for this test is the Evans—Polanyi relationship, which is often obeyed for a
series of reactions with similar reagents (i.e., the assumption is that a direct
correlation exists between the activation energy and the enthalpy change for the
rate-determining step for a series of related reactions (Scheme 12)). It should be
noted that the relationship is rather empirical and that the parameters obtained
should not be subjected to overinterpretation.

In line with this, Nam and coworkers compared [Fe:IHOz(TMC)]+ and the two
hydroperoxides, [Fe"(TMC)OOH]** and [Fe(N4Py)OOH]**, in potential
hydrogen-abstraction reactions with xanthene (BDE=76 kcal mol ') and
dihydroanthracene. Only the hydroperoxide adducts shows activity and that this
was roughly on the same scale as the corresponding high-valent iron-oxo complex
[Fe"YO(TMC)J** (see Sect. 6). The major oxidation products are xanthone and
anthracene, respectively. In both cases, it is likely that products formed initially
are unstable hydroxides. These are oxidized further, either spontaneously or by a



Molecular Iron-Based Oxidants and Their Stoichiometric Reactions 331

The Evans—Polanyi relationship: E, =E, + a - BDE

The Arrhenius equation: k=A. =Rt

In(k) = [IN(A) — E/RT] — (a/RT) - BDE

Scheme 12 The Evans—Polanyi relationship and the Arrhenius equation. k£ = the rate constant,
E,=activation energy, a = transition-state factor, A = pre-exponential factor, R = gas constant,
T = temperature

*  [Fe(N4Py)OOH¥ —— [Fe"(N4Py)OH]"
0
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Scheme 13 The steps in the oxidation of xanthene to xanthone

metal-based oxidation, to give the observed products (Scheme 13). A similar
reactivity trend has been observed by Wada et al. [47] for the high-spin adduct
[Fe'(bppaH,)(OOH)]**. The complex gives only a low yield of hydroxylated
product when reacted with cyclohexane (BDE =96 kcal mol '), whereas when
exposed to cyclohexene, a greater yield of cyclohexenol (BDE of o-C-H
bond = 75 kcal mol ") is obtained with no epoxide or diol products detected. Oxida-
tion of the electron-rich dimethylsulfide on the other hand proceeds only very poorly,
whereas the reaction with the more electrophilic dimethylsulfoxide gives a good yield.
Thibon et al. [73] observed that the low-spin [Fem(metpen)OOH]+ is capable of
giving low yields of phenol when reacted with benzene (BDE =112 kcal mol )
and slightly higher yields of ortho- and para-hydroxyanisole when reacted with
anisole. The iron speciation in the product mixtures was monitored by EPR spectros-
copy and the final complex identified as [Fe"(metpen)OH]**

A last example is provided by Rybak-Akimova, Que, and coworkers [77, 78]
who used the complexes [Fe"(bpmen)(CH;CN),]** and [Fe"(tpa)(CH;CN),]** to
activate H,O, and promote either an ortho-hydroxylation of benzoic acids to
produce the corresponding salicylic acids or their decarboxylation and concomitant
ipso-hydroxylation to give phenol products. By first mixing the iron(II) complexes
with benzoic acids under anaerobic conditions, iron(II)-benzoate adducts are gen-
erated. Subsequent addition of a slight excess of H,O, leads to the formation of
oxidized iron(IIl)-salicylate complexes and occasionally iron(III)-phenolate
adducts (see Scheme 14). The authors identified the products through observation
of strong phenolato-to-iron charge-transfer bands (41~600-700 nm,
£~2,000 M~' ecm™") in the UV-Vis spectra of the reaction solutions and by the
appearance of distinctive Fe-O stretches (v ~540-660 and 860-960 cm™') in the
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Scheme 14 Mechanistic proposal for the oxidation and possible decarboxylation of iron(III)-
coordinated benzoates to salicylates or phenols
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Fig. 11 Structures of iron(IlI)-salicylate complexes

resonance Raman spectra of the solutions. By removing the iron from the com-
plexes using the strong chelator EDTA*™, the presence of liberated salicylic acids
could be confirmed by NMR spectroscopy. Using esterification protocols, yields
and product distributions were determined by GC analyses. In the case of the
Fe-bpmen system, exposure to benzoic acid and H,O, leads to the quantitative
formation of [Fem(bpmen)(salicylate)]+. The corresponding reaction for [FeH(tpa)
(CH3CN)2]2+ on the other hand gives a mixture of the corresponding iron(IIl)-
salicylate (51%) and iron(IIl)-phenolate (21%) complexes (Fig. 11).

For both complexes, reactions with substituted benzoic acids, like 3-methyl and
3-chlorobenzoic acids, give rise to mixtures of salicylic acid isomers. While the
collective yields for the Fe-bpmen system consistently is around 90-95%, the
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Fe-tpa system only gives collective yields of around 50-60%. With activated
methoxy-substituted benzoic acids, the yields drop and decarboxylated phenol
products are generated with both complexes. Likewise, reactions with deactivating
nitro-substituted benzoic acids also give lower yields. To determine if the active
oxidant is an iron(III)-hydroperoxide adduct or a high-valent Fe(IV)-oxo adduct,
the authors generated both reactive intermediates independently with Fe-tpa system
in the absence of substrate and examined their reactivity when exposed to substrate.
Interestingly [FeIVO(tpa)(NCCH3)]2+ does not react with any of the benzoic acids,
whereas [FeIH(tpa)(N CCH3)OOH]2+ does. When using oxygen-18 labeled H21802,
it was repeatedly observed that only one of the oxygen-18 atoms is incorporated
into the product. The pathways in Scheme 14 were proposed.

6 Electrophilic Reactions of Iron-Oxo Intermediates

While by far the most common and stable oxidation states of iron are the +2 and +3
states, iron can be forced into higher oxidation states. A common feature of high-
valent complexes of any metal ion is the presence of an auxiliary oxo (O%") group,
and this is also the case for iron(IV) and iron(V) species. More rarely, the auxiliary
group can also be a nitrido (N°7) or an imido (NR?™) group. Somewhat unique for
iron, these high-valent oxidation states are very unstable and will act as strong
oxidizing agents by both inner sphere and outer sphere mechanisms. The charac-
terization of ferryl (Fe"V=0) [80-86] and perferryl (FeV=0) [87] complexes are
important steps towards the discovery of robust catalysts. Their potential strong
electrophilic nature will faciliate formal O-atom transfer reactions with electron
rich substrates such as sulfides and phosphines [39, 84, 88-91, 91-93]. High-valent
iron species are far too unstable to be put into a bottle and so must be generated in
situ, ideally using benign less reactive terminal oxidants. As covered briefly in
Sect. 3, it is widely believed that many heme and nonheme iron enzymes employ
transient iron-oxo species as the direct oxidants in their catalytic cycles, and
evidence for these species has been found through the use of advanced techniques
such as freeze-quench Mossbauer spectroscopy and stopped-flow low-temperature
UV-Vis spectroscopy [93].

The most common strategy for generating iron(IV)-oxo and iron(V)-oxo species
is to oxidize a precursor iron(II) and iron(IIl) complex with a two-electron oxidant
like iodosylbenzene (PhIO) or mCPBA (Fig. 12b). An alternative strategy is to use
peroxides like hydrogen peroxide and TBHP [45, 94, 95]; however, this requires
that the intermediate iron(Ill)-alkyl peroxide or iron(Ill)-hydroperoxide species
decays spontaneously to give an iron(IV)-oxo complex (Scheme 10). As discussed
above, these reactions face the risk of being rather complicated, and the chemistry
can be difficult to control. Most Fe(IV)-oxo complexes have been prepared using
PhIO, or a derivative, as oxidant. This strategy has also commonly been employed
for the preparation of the “high-valent” complexes of other first row transition metal
ions, e.g., Cr(V)oxo [96], Co(IV)oxo [97], Mn(IV)oxo [98], and Mn(V)oxo
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Scheme 15 Formation of high-valent iron-oxo species from intermediate iron-iodosylbenzene
adducts

[99]. All these species are formed in accordance to the general reaction Scheme 15.
This reaction implies the intermediate formation of a metal oxidant adduct (e.g.,
“(L)FeOX” in Scheme 1), which in this case is a complex in which iodosylbenzene
(PhIO) is coordinated.

6.1 High-Valent Nonheme Iron(IV)-Oxo Complexes

Examples of non-porphyrinic iron(IV)-oxo complexes are shown in Fig. 12a. The
first three, one based on a neutral tetradentate ligand the other two on pentadentate
ligands, [Fe"O(tpa)(CH;CN)J**, [Fe"YO(N4py)]**, and [Fe'YO(bztpen)]**, are
generated using PhIO according to Scheme 15. An obvious strategy for increasing
the oxidation state of iron is to use more electron-donating ligands. Appending
negative charge to the ligand through the introduction of a carboxylate, amide,
phenolate, or a sulfide donor is a way to achieve this. In the case of the biomimetic
carboxylato complex, [Fe"YO(tpenaH)]**, and the thiolato complex, [Fe'YO
(TMCS)]", however, only iron(IV)-oxo species have been obtained so far. The
contrast in their preparation, compared to the first three complexes, is however
worth noting. While the generation of iron-oxo intermediates is usually performed
in organic solvents, these two species are among a few recent examples of iron(IV)-
oxo complexes generated in water through oxidation with Ce(IV) [100-103]. In
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[(tpenaH)Fe""-O-Fe"(tpenaH)]*" + H,0 = 2 [Fe"(tpenaH)OH]**

[Fe"(tpenaH)OH]*" + Ce" —  [FeO(tpenaH)]*" + Ce™ + H'

Scheme 16 Formation of an aqueous iron(IV)-oxo complex through cerium(IV) oxidation

recent work, iron-oxo species have even been generated electrochemically [104,
105] and photoelectrochemically [106] also in aqueous solvents.

As discussed in detail in Sect. 4.2, iron(II) complexes of the classes of ligands
described here are usually not stable in aerobic solutions. This is especially true in
aqueous media, where iron(II) compounds are usually oxidized rapidly by O, to
form p-oxo-bridged complexes. Likewise monomeric iron(III) complexes often
undergo hydrolysis and oligomerization in the presence of water. Therefore, if a
complex shows this propensity, reversibility is essential. The synthesis of [Fe'YO
(tpenaH)]2+ is an example (Scheme 16) [100]. [FeIVO(tpenaH)]2+ is an aggressive
H-atom abstractor and no selective oxidation of a particular substrate has been
reported. This result offers interesting perspectives with respect to the use of water
as a solvent and as O-atom donor.

Likely due to their very short life times (minutes to hours even at low temper-
atures), only a handful of Fe(IV)-oxo complexes have been crystallized (one of
which includes [FeWO(N4Py)]2+ (Fig. 12a)). However, while their isolation is often
very nearly impossible, their identification in solution is relatively straightforward
since nonheme iron(IV)-oxo species exhibit a range of diagnostic spectroscopic
features. The most prominent is perhaps a near-infrared optical d—d transition
between 800 and 900 nm, which, in the case of nonheme complexes, gives these
species a pale green color [93]. In heme complexes, these optical transitions often
are obscured by the much stronger ligand transitions [107]. The Fe=0O moiety also
gives rise to distinctive vibrations in resonance Raman spectra between 750 and
850 cm ! [93]. The oxidation state of the iron center can be determined with great
certainty with advanced techniques such as Mossbauer and X-ray absorption near-
edge spectroscopy (XANES), while structural details can also be obtained from
fitting of the EXAFS part of the X-ray absorption spectrum. The pre-edge energy of
a complex determined from its Fe—K-edge XAS spectrum is a useful indicator of
the oxidation state of the iron center, when compared to other complexes of the
same (or a related) ligand with iron in different oxidation states (Fig. 13). As a rule
of thumb, a one-step increase in the oxidation state of iron will increase the
pre-edge energy by 1 eV [108, 109]. Likewise, a good correlation can often be
found between the oxidation states for a series of similar complexes and the
Mossbauer isomer shifts of the complexes. An excellent example of this has been
reported by Wieghardt and coworkers [110] (Fig. 14).

Both the nonheme oxoiron(IV) species [Fe'YO(N4Py)]** and [Fe'YO(TMC)]**
(Fig. 12a) and the fluorinated porphyrin complex [Fe'YO(TPFPP)]** (Fig. 15) have
been proven capable of dealkylating electron-rich N,N-dialkylanilines. The porphyrin
complex is by far the most reactive, but in all three cases kinetic studies strongly
indicate that the likely mechanism is a PCET pathway. Likewise all three iron(IV)-
oxo species have been found to be acting as strong electrophiles in the reactions (with
negative Hammett constants — p > 2) [87]. [Fe'VO(N4Py)]** and [Fe" O(bztpen)]**
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(Fig. 12) have also proven capable of oxidizing a range of sulfides, such as
thioanisoles and the more difficult dibenzothiophene [89, 91, 92]. Interestingly,
titration studies by Park et al. have shown that these reactions can be greatly
accelerated through the addition of redox-inactive metal ions like M**=Lu’*, Y**,
and Sc**. Kinetic studies revealed that the acceleration is due to interactions with the
trivalent ion which somehow switch the mechanism from an oxygen—atom transfer
pathway to a faster tunnelling—driven PCET pathway [92, 93].

Iron(IV)-oxo species are capable of reacting in hydrogen-atom transfer reactions
(also covered in Sect. 5.2). In a comparative study, a series of Fe-TMC complexes,
[Fe'VO(TMC)(X)]*** (X=CH;CN, CF;CO0~, N37) and [Fe'YO(TMCS)]", were
compared in their capability to abstract hydrogen atoms from both C-H and O-H
bonds [38, 83, 88]. A strong correlation was revealed between the reactivity and the
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donor strength of the axial auxiliary ligand “X”: the stronger the donor, the faster the
reaction. The introduction of the strong axial donors also has the effect of increasing
the reduction potential of the species. [38]. An explanation for the rate acceleration
could therefore simply be an enhanced stabilization of the high-valent species. The
same trend is also observed for iron porphyrins [111] as covered in the next section.

6.2 Iron(V)Oxo and Iron(IV)Oxo-(Oxidized Radical Ligand)
Complexes

The chemistry of synthetic biomimetic iron-porphyrin complexes is very well
developed, and as a consequence, the cytochrome P450 enzymes (Sect. 3) are
presently one of the most well-understood classes of metalloenzymes. The most
commonly encountered synthetic porphyrinato ligands are tetraphenylpor-
phyrinates (TPP*7) and their substituted analogues tetramesitylporphyrinates
(TMP?") (Fig. 15). Iron(Ill)-porphyrin complexes like [Fe"™'(TPP)CI] and
[Fe"(TMP)CI] are capable of undergoing one- or two-electron oxidation to give
iron(IV)-oxo species and formal “iron(V)oxo” species — where one oxidizing
equivalent is located on the iron center as a Fe(IV)oxo moiety while the second is

2-
R F F

TPFPZ R= F

TMPZ  R=

Fig. 15 Illustrations of the TPP?~, TPFP*~, and the TMP?~ porphyrinate ligands

[Fe porph

[Fe”| (porph), ]AL> [Fe‘|I (porph)] [Fe”I porph)] <—4[Fe”I porph)]

e
Y

[Fe porph

OIPh
& PhIO

PhI+

Scheme 17 Generation of iron(IV)-oxo and “iron(V)-oxo” intermediates from H,O, or PhIO
oxidation of an iron(IIT) porphyrin complex. Here porph®~ is a generic porphyrin ligand
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Fig. 16 Optical spectrum showing the oxidation of [Fe"™(TMP)CI] by mCPBA to form [Fe'YO
(TMP)CI]. Adapted from Groves and Watanabe [114] with permission from the American
Chemical Society. Copyright (1988) American Chemical Society

supported by the porphyrinato ligand which forms a n-radical, i.e., [Fe'YO(TMP™)]
Cl (Scheme 17).

The first high-valent iron-oxo complex was generated in 1981 by Groves and
coworkers [112]. They were trying to solve a long-standing question in the field of
porphyrin chemistry: The nature of the mysterious Intermediate I of cytochrome
P450 — a transient species observed to be the active oxidizing species in these
enzymes [113]. By oxidizing the porphyrin complex [Fe"(TMP)OCH;] with
mCPBA at —78 °C, the high-valent [FeWO(TMP°+)OCH3] was generated. The
complicated electronic structure of this green intermediate was deduced by
subjecting it to a battery of spectroscopic techniques.

When following the reaction with optical spectroscopy [114], a dramatic change
in the intense porphyrin Soret band around 420 nm is observed, accompanied by a
new broad Q band around 600 nm (Fig. 16). The resulting spectrum is rather
reminiscent of that for Intermediate I in the cytochrome enzymes. This together
with the revelation of a spin S = 3/2 ground state from Mossbauer, NMR, and EPR
studies leads to the conclusion that the Fe(Ill) system as a whole has undergone a
two-electron oxidation — with one oxidation equivalent situated on the iron center
and the other on the porphyrin ligand, forming a spin S=1 Fe(IV)-oxo moiety
ferromagnetically coupled to a S = 1/2 porphyrin-radical ligand. Thus, the conju-
gated macrocyclic ligand behaves in a redox non-innocent manner and supports the
iron center by donating an electron. The oxoiron(IV)-porphyrin-n-radical species is
a competent oxidant capable of epoxidizing alkenes and hydroxylating alkanes
[112]. Interestingly when PhIO is used as the oxygen-atom donor, the red species
[Fe"YO(TMP)]~ is generated instead. The combination of [Fe'"(TMP)CI] and PhIO
in methanol is a good catalytic system for olefin epoxidation, hydrocarbon hydrox-
ylation [115], and sulfoxidation of sulfides [116] (Scheme 18).

As depicted in Scheme 17, the product obtained from PhIO is not general, and it
has been observed that with other porphyrins, or other supporting axial ligands, the
two-electron-oxidized oxoiron(IV)-porphyrin-n-radical can indeed be generated
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O + [Fe"(TMP)OCH] + PhIO ©>o + [Fe"(TMP)OCH;] + Phl
HO,
OH
+ [Fe"'(TMP)OCH] + PhIO + + [Fe"(TMP)OCHa] + Phi
9 o 9
s I Y%
O/ \O + [Fe"(TMP)OCHs] + PhIO — ©/ \© + ©/ \© + [Fe'(TMP)OCH3] + PhI

Scheme 18 Epoxidation of cyclohexene, hydroxylation of adamantane, and sulfoxidation of
diphenyl sulfide with [Fe™(TMP)OCH;] and PhIO

[117]. This puzzled researchers for quite some time until Nam and coworkers
carried out a systematic study of the factors that influence this selection [118—121].
When axial ligands like X =0OH , CH;CO, ", F~, CI" are present, the oxidation
with PhIO yields the red one-electron-oxidized product Fe(IV)oxo, whereas if weakly
coordinating anions like X =NO;~, ClO,~, CF;SO;~ are employed, the same
reaction generates the green two-electron-oxidized “Fe(V)oxo” species [119]. Rather
dramatic differences are found in the iron(Il)/iron(Ill) redox potentials of the
[Fe"(TMP)X] complexes, with stronger donor anions leading to larger shifts com-
pared with the weakly coordinating anions.

X OH  |CH,CO,~ |F~ |cI™ || |NOy~ |ClO,~ |CF:805~
E, (vs.Fc): | 1,200 |820 780 770 || [420 350 330

Competitive reactivity studies have been performed [122] where a mixture of
cis-stilbene and trans-stilbene is epoxidized with PhIO using as catalysts the iron
complexes of the related, unmethylated, tetraphenyl ligand TPP?~ and its electron-
deficient fluorinated analogue TPFP? ™. Interestingly, dramatically different product
selectivities are seen when [Fe(TPP)Cl] and [Fe(TPP)CF;SO;] are used as
pro-catalysts. Not only are the yields using the triflate complex slightly better,
with a total yield of 60% (against 54% for the chloride complex), the reactions are
also much more selective with a 56% yield of cis-stilbene oxide and only 4% trans-
stilbene oxide. In contrast, the reactions using the chloride complex produce an
isomeric mixture of 26% cis-stilbene oxide and 28% trans-stilbene oxide. The same
reactivity trends are also observed for the analogous electron-deficient fluorinated
porphyrin complexes, [Fe"(TPFP)X]. Impressively, the electron-poor porphyrin
systems are also capable of activating H,O, [122—124] (however, as always with
H,0,, selectivity is a problem). The results can be rationalized with the notion of
two different species acting as the active oxidants in the case of the chloride
adducts, [Fe™YO(porph)Cl]~ and [Fe™(porph)(OR)CI1]”~ (OR=OIPh or “OOH),
whereas in the case of the triflate adduct, only [Fe"YO(TMP"")CF;S0s] is acting
as oxidant. Support for the Fe(III)~OIPh intermediate hypothesis was later pro-
vided, when the same group spectroscopically detected Fe(III)-OIPh adducts and
found that these exist in equilibrium with the corresponding [Fe" O(porph™)]
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Scheme 19 Generation of the iron(III)-OIPh adduct of tpena™ and its possible subsequent
heterolytic cleavage to yield a iron(V)oxo derivative
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Fig. 17 Structure of the Fe(V)oxo intermediate of TAML*~

[120]. Generally, it has been observed that oxidative power increases when the
porphyrinic scaffold is decorated with electron-withdrawing substituents [117,
118]. Somewhat counterintuitively, it has also been shown that the reactivity of
[Fe'VO(TMP)(p-OPyY)]" complexes towards the electrophilic epoxidation of ole-
fins and hydroxylation of aromatic and aliphatic substrates increases, when Y is an
electron-donating group [111]. DFT calculations indicate that a complicated trans-
effect is at play.

While iron(III)-OIPh adducts have been proposed or implied numerous times,
and spectroscopically trapped with porphyrin ligands, only one example of a
structurally characterized iron complex of OIPh exists. The complex, [Fe'(tpena)
OIPh](CIOy),, was generated using the hexadentate monoanionic nonheme ligand
tpena™ in 2012 [125]. The complex is capable of oxidizing the sulfide thioanisole
chemoselectively to its sulfoxide. The reaction must occur either by the direct
oxygen-atom transfer to the thioether S atom from [Fe(tpena)OIPh]** or from a
putative [FeVO(tpena)]2+ derivative (Scheme 19).

There is some evidence that nonheme complexes of negatively charged ligands
are capable of supporting iron(V)-oxo species. Despite this, no true “iron(V)-oxo”
species has been detected for porphyrin systems. However, one iron(V)-oxo species
has been generated and thoroughly characterized using the macrocyclic nonheme
amido ligand TAML*™ [86] (Fig. 17). Somewhat surprisingly, stoichiometric
reactivity studies have revealed that [FeVO(TAML)]_ is only a mediocre oxidant
in the oxidation of alkenes and alkanes, when compared to the analogous Fe(IV)oxo
species [86, 126]. Regardless, the Fe-TAML system and its derivatives (especially
systems where the ligand is decorated with electron-withdrawing fluoride substit-
uents) are effective catalysts in the nonselective oxidation of sulfides, hydrocar-
bons, and chlorinated aromatic compounds with H,O, [127-129] and in the
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selective N-dealkylation of tropane alkaloids [130, 131]. A key feature of the
Fe-TAML systems is that despite being extremely good catalase mimics (17 L O,
per g catalyst per second vs. 22 L/(g s) for beef liver catalase), when substrate is
present, the substrate oxidation pathway dominates over the catalase pathway
[94]. This is especially true when the substrate concentration is kept higher than
the H,O, concentration. [Fe'YO(TAML)]*~ has been shown by Popescu and
coworkers [95] to be the dominating species when [FeHI(TAML)]_ complexes
are exposed to aqueous H,O, or ‘BuOOH, with no traces of [FeVO(TAML)]*.

7 Halogenation Reactions of Iron-Halide and Iron-
Hypohalide Adducts

In biology, the halogenation of aromatic and aliphatic biomolecules is a common
reaction catalyzed by vanadium, heme, and nonheme iron enzymes. Examples of
chlorinated natural products are shown in Fig. 5. Generally, the enzymes catalyze
these reactions by organizing the reactants and generating oxidizing OX™ equiva-
lents (X=ClI, Br, 1), using simple halide ions and O, or H,O,, to generate the active
oxidants. While the heme enzymes are capable of halogenating activated/electron-
rich aromatic substrates, the nonheme iron enzymes are also capable of halogenat-
ing difficult aliphatic substrates. Only a few synthetic iron complexes have been
reported able to carry out such reactions. The earliest example is given by Kojima
etal. in 1993 [132], who, in fact, prior to the discovery of the nonheme halogenases,
showed that the complexes [Fe'(tpa)X,]Cl10, (X=CI", Br™) (Fig. 18b) are capable
of halogenating the aliphatic substrates cyclohexane and adamantane using tert-butyl

<:> <:> +
00'Bu a7 o) ar \ f H 1
||:e..._cI i Il-‘le'V—CI ie'"—m

C@%Oy%

Fell—OH Fel—cl

Fig. 18 Concurrent halogenation and hydroxylation of alkanes. (a) The proposed mechanism for
the chlorination of cyclohexane by tert-butyl hydroperoxide and nonheme iron(III) complexes,
explaining why competing hydroxylation also takes place. (b) Structure of [Ee"(BP1)CL,]. (c)
Structure of [Fe(tpa)Cl,]*
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hydroperoxide (TBHP) as the terminal oxidant. The reactions could not be
made catalytic, as the necessary amounts of the halide source (added as fert-
butylammonium salts) rendered the complexes inactive. Furthermore, problems
are encountered when using an excess of TBHP. Under such conditions mainly
the oxygenated products, cyclohexanol and cyclohexanone, are formed and with an
alcohol/ketone ratio of 9/13 (close to 1) indicative of a free radical-based and not a
metal-centered oxidation mechanism [2, 133]. In 2010, Comba and Wunderlich
[134] tested the halogenation activity of iron(II)-bispidine complexes (Fig. 18c)
probing TBHP, H,O,_ and PhIO as terminal oxidants. They obtained a near 50/50
ratio of halogenated-to-hydroxylated product when using TBHP, while H,O, and
PhIO gave almost exclusively halogenated products, albeit in much lower yields.
Again attempts to covert the stoichiometric reaction to a catalytic reaction failed, as
no additional halogenated product was obtained beyond the first turnover. Similar
mechanistic considerations were made (Fig. 18a).

In both cases, DFT calculations support these “rebound-type” mechanisms [134,
135]. The iron(IV)-oxo species abstracts a hydrogen from one of the substrate
carbons, forming an organic radical which in turn abstracts a chloride
(or hydroxide) from the iron(IIl) center. This mechanism can be experimentally
justified in that it accounts for the concurrent formation of hydroxylated and
halogenated products. A Fe(III)-OO'Bu adduct [64] has been identified for the tpa
system. Likewise iron(IV)-oxo complexes are known for both systems [104,
136]. A fundamental issue with the mechanisms however is the a priori assumption
of homolytic O—O bond cleavage of the Fe(III)-OOR adduct to form a Fe(IV)oxo
species. It appears that no attempt has been made to test if the alkyl peroxide
adducts themselves could be the active oxidants.

Recently, de Visser and coworkers [90, 137] have taken a new approach to this
topic and in two communications performed comparative studies. They compared
the low-spin [Fe™(N4Py)OOH]** and [Fe™(bztpen)OOH]** adducts (Fig. 10) with
the low-spin iron(IV)-oxo analogues, [Fe'YO(N4Py)]** and [Fe'YO(bztpen)]**
(Fig. 14a), in the ability to oxidize simple halide X~ ions (X=Cl, Br, I). It turns
out that the iron(IIl)-hydroperoxo adducts are generally much faster at oxidizing the
halide anions than the iron(IV)-oxo adduct. The order is presented below:

[Fe' (N4Py)OOH] HEN [Fe'"!(bztpen)OOH] s [FeIVO(bztpen)]2+

> [Fe"VO(N4Py)]*

For all the complexes, a linear correlation between the rate of oxidation and the
oxidation potential of the halide anions is observed. Such linearity can be
interpreted within the framework of the Marcus theory of electron transfer. This
means that the processes are driven predominantly by electron transfer from the
halide ion to the iron complex. Consequently the rates observed are mainly deter-
mined by the electrochemical potentials of the reagents [138]. In the case of
[Fem(N4Py)OOH]2+, addition of Br~ (added as a TBA salt) leads to the formation
of [Fe™(N4Py)OH]?** — according to UV—Vis and mass spectrometry. No attempt to
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analyze the reaction products for the reactions of the iron(IV)-oxo species has been
reported, rather it is hypothesized that either X" or X~ is formed. The findings have
been rationalized by DFT calculations on the N4Py systems with bromide. BDEs
for the bonds have been calculated and found to be high. This rejects the notion that
the hydroperoxo adduct could have undergone homolytic O-O cleavage. The nature
of the transition states determined for the two intermediates are quite different. An
early transition state was calculated for the reaction with the iron(I'V)-oxo interme-
diate, with a nearly complete le™ electron transfer from Br™ to the FeO moiety. In
contrast to this, a late transition state was established for the Fe(III)-OOH interme-
diate, with only minor charge transfer. It can therefore be concluded that for [Fe"VO
(N4Py)]2+ aone e transfer takes place, while in the case of [Fem(N4Py)OOH]2+ a
2 e” transfer (most likely oxygen-atom transfer) occurs, Scheme 20.

Non-heme iron complexes have also been tested for somewhat more useful
reactions. When exposing [Fe'(N4Py)OOH]** and [Fe'O(N4Py)]** to anisole
and tert-butylammonium chloride, chlorinated anisole products are observed. The
Fe(III)-OOH system turns out to be the most selective, with the main products being
para- and ortho-chloroanisole, while the Fe(IV)-oxo systems is less selective and
also yields 2,4-dichloroanisole and chloromethylbenzene. No absolute yields have
been reported and, somewhat surprisingly no co-formed hydroxylated products are
reported either. A reasonable rationalization for the observed trends in the reactivity
can be deduced on the basis of the redox potentials of the iron complexes. It is
known that the redox potential for the reversible Fe**/Fe** couple for the precursor
iron(IT) complex [Fe"(bztpen)NCCH;]" is around +80 mV higher than that of the
corresponding [FeH(N4Py)NCCH3]2+ (Ev,=+690 and +610 mV, respectively). The
same trend is observed in the electrochemical generation of the ion(IV)oxo species,
where the Fe"™-OH,/Fe'VO couple has been estimated to be some +170 mV higher
for the bztpen system than for the N4Py system (E,,=+1,070 and +900 mV,
respectively) [104]. The electrochemistry suggests that it is harder to oxidize iron
in the bztpen systems compared to the N4Py systems. This is a good indicator that
there is less electron density on the iron center in the bztpen systems than in the
N4Py systems. Thus, it is expected that [Fe" O(bztpen)]** will be reduced faster
than [Fe'YO(N4Py)]**. Likewise the increased Lewis acidity of the iron center in
[Fe"(bztpen)OOH]?** should stabilize the hydroperoxide moiety, making it less
likely to undergo O—O bond cleavage.

Another system capable of chlorinating substrates are the fluorinated
hypochloride porphyrin complexes, [Fe(TPFP)(OCI),]™ and [Fe™ (TPFP)(OCI)
(1-Me-Im)] (1-Me-Im = 1-methylimidazol (Fig. 15 and Fig. 19). Fujii and
coworkers [139] tested both complexes in their ability to chlorinate the primed
substrate 1,3,5-trimethoxybenzene at —60 °C. Interestingly, only the dihypochlorite
complex is active. The reactivity of [Fe"™(TPFP)(OCI),]™ and the lack-hereof for

. [Fe"(N4Py)OOH]*" + Br — [Fe(N4Py)OH]*" + BrO
Scheme 20 Reactions of

iron(IV)-oxo and iron(III)-
OOH adducts with bromide [Fe"ON4PY)J*" + Br + H' — [Fe"(N4Py)OH]" + Br"

[Fe"(N4Py)OH]*" + BrO™ + H' — [Fe"(N4Py)OBr]*" + H,0
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the imidazole-substituted complex is accompanied by a much enhanced stability of
the latter. By monitoring the decay of both species by UV—Vis spectroscopy, it is
seen that the Fe(IIT)-hypochlorite adducts decay to give Fe'YO(porph™) species. In
a related study, the authors took another approach and first, using ozone, generated
a porphyrin-z-cation radical, [Fe"™VO(TPFP ") (NO5)]**, which was then exposed to
a mixture of chloride and trifluoroacetic acid. This system is also active in the
chlorination of aromatic and aliphatic substrates [140]. The related manganese(II)
complex [MnHI(TPP)Cl] has likewise been shown capable of catalyzing rather
selective chlorinations and fluorinations of a wide range of aromatic and aliphatic
substrates, using CIO™ and AgF/PhlO, respectively [141, 142].

From the existing literature in the field, it seems appropriate to suggest two
candidates for the active oxidant in the halogenation of hydrocarbons by iron
complexes. Either the active halogenating agent is a putative iron(IIl)-hypohalide
adduct — generated directly with added hypochloride or hypobromide — or gener-
ated in situ from hydrogen peroxide and a halide source. Alternatively, the active
oxidant is an iron(IV)-oxo species with a co-coordinated halide as second auxiliary
ligand. In the first case, a concerted transition state is to be expected where the role
of the iron center is to act as a polarizing Lewis acid that activates the oxygen atom,
without undergoing any spin state changes. In the case of an iron(IV)-oxo adduct as
the active oxidant, a rebound mechanism as detailed previously must be at play.
This will explain the co-formation of hydroxylated products. It is not unlikely that
in the case of H,O,/Cl™ systems both mechanisms can potentially be active, but that
the dominating pathway is dependent on the specific iron system, and thus a matter
of choosing the right supporting ligand. In this respect, it should be reiterated that
some iron(III)-hydroperoxide complexes decay spontaneously to give iron(IV)-oxo
species, while others do not. Summarizing these mechanistic considerations,
Scheme 21 is proposed.
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Scheme 21 A collective mechanistic proposal for the halogenation of C—H bonds by iron(IIl)/
H,0,/X™ systems

8 Electrophilic Reactions of Iron-Nitrido and Iron-Imido
Intermediates

Just as iron can be stabilized in high-valent oxo states (FeIV:O and FeV:O) in
complexes of a wide variety of ligands, so are analogous iron-nitrido (Fe" = N) and
iron-imido (Fe"Y=NR) species accessible [107]. Some examples are shown in
Fig. 20. While the chemistry of iron nitride/imido systems is much less developed,
it is obvious that there are many parallels due to their common electrophilic nature
[90]. The electrophilicity of these high-valent species translates into an ability to
react with electron-rich substrates, and in the same ways as iron-oxo adducts are
capable of epoxidizing alkenes and oxygenate sulfides and sulfoxides, so are iron-
nitrido and iron-imido adducts capable of inserting an imido group into alkenes and
sulfides/sulfoxides to generate the analogous aziridines and sulfimides/
sulfoximides. An overview of O- and N-oxidized sulfide derivatives is given in
Scheme 23. The parallels can be illustrated with an example. In Scheme 22, an
epoxidation of trans-stilbene by a hypothetical iron(IV)-oxo complex together with
an analogous aziridination of trans-stilbene by an iron(IV)-imido adduct is shown.
In both cases, the high-valent iron complexes are generated from the reaction of an
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Fig. 20 Examples of iron-imido and iron-nitrido complexes
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Scheme 22 Generalized reaction schemes for the (a) epoxidation and (b) aziridination of the
alkene trans-stilbene by iron(IV) =X complexes (X=0, NTs)
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Scheme 23 Sulfide and its oxygen and nitrogen oxidated derivatives

iron(I) precursor complex with a hypervalent iodine transfer reagent, in this
example PhIO and N-tosyliodinane (PhINTSs), respectively.

Just as iron(IV)-oxo intermediates are very strong hydrogen abstractors capable
of removing hydrogens from unactivated hydrocarbons, so are iron(IV)-imido
intermediates. An example of this is provided by Chang and coworkers [143]
who reacted the iron(Il) compound [Fe'l(TPA2CONHBUy 12+ ith PhINTSs at
—40 °C, leading to the generation of a transient chromophore — likely the
corresponding iron(IV)-imido complex [FeIVNTs(TPAZC(O)NH!B“)]“. Upon
warming to ambient temperatures, the species reacted with an unknown substrate
in a hydrogen-abstraction reaction to give an iron(II)-NHTs species, [Fe"(TPAZ®
(ONHBuy NHTs))?* (Fig. 20). Sorokin and coworkers have demonstrated that the
high-valent diiron phthalocyanine species [(Pc)Fe™-N=Fe!Y(Pc)] (Fig. 20) is capa-
ble of activating H,O, and TBHP towards the defluorination of fluorinated aromatic



Molecular Iron-Based Oxidants and Their Stoichiometric Reactions 347

OH
* [(PoFe"-N=FeV(Pc)) *  HOp ——— © * o PcyFFeV-N=FeV(Pe)T  * H0

Fig. 21 Defluorination of fluorobenzene by an diiron(IIl)-nitrido bridged species
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Scheme 24 Examples of biologically active molecules containing the S=N motif

compounds [144]. This reaction was subsequently successfully converted to a
catalytic reaction. Carbon-fluoride bonds are some of the strongest known, which
makes this an impressive achievement (Fig. 21).

In another recent study, Vardhaman et al. [90] compared the two high-valent
species [Fe'YO(N4Py)]** and [Fe'YNTs(N4Py)]** (Fig. 20) in their ability to act as
oxidants in heteroatom transfer reactions with the sulfide thioanisol and as
hydrogen-atom abstractors with xanthene, dihydroanthracene, and cyclohexadiene.
The nitrido species is found to be much faster than the oxo species in all reactions,
suggesting that the iron-nitrido species is a stronger electrophile. This is confirmed
by the Hammet plot for a series of para-substituted thioanisols, which gives a much
more negative slope for the iron-nitrido species than for the iron-oxo species.

Sulfimides (R,S=NH) and sulfimines (R,S=NR) and their derivatives, like N-
cyanosulfimides (R,S=N-C=N) and sulfoximides (O=S(R;)=N), are not uncom-
mon in pharmaceutical and agrochemical lead compounds. Some examples of
biologically active sulfoximines and sulfoximides [145], including the phosphory-
lase inhibitor methionine sulfoximine, are shown in Scheme 24.

A representative example of the state-of-the-art in industry for the production of
N-oxidized sulfides in a synthetic route for N-cyanosulfimides and N-cyanosul-
foximides is illustrated in Scheme 25, and described in a recent patent from Dow
AgroSciences. [146]. The sulfide is first oxidized to N-cyanosulfimide using cyan-
amide as N-donor and PhI(OAc), as oxidant (possibly with PhI=N-CN or PhI
(NHCN), as the active oxidant [147]). The N-cyanosulfimide is then oxygenated
using the peracid mCPBA. This process could be a future target for a significant
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Scheme 25 Conventional synthesis of N-oxidized sulfides

improvement in atom economy if a Fe-catalyst/O,/reductant or Fe-catalyst/H,O,
regime could be implemented in place of the stoichiometric use of PhI(OAc), and
mCPBA.

9 Intramolecular Ligand Oxidations

The self-degradation of the ligand in metal complexes during exposure to large
excesses of oxidants under catalytic conditions should not be ignored. A helpful
mental exercise is to inspect the ligands in Fig. 3. It is not difficult to imagine the
various alkyl and aryl C—H bonds which could be subjected to oxidative attack.
They may in fact be even more activated to do just that when the ligands are
coordinated. Endogenous ligand oxidation may however not always detrimental. In
some special cases an in situ activation of the complex might be a requisite
activating step. For example, the posttranslational oxygenation of the cysteine
donors to the nonheme iron atom occurs in the activation of nitrile hydratase
[158]. An obvious method for addressing the potential instability of a supporting
ligand and/or complex is to study the reactions of the pro-catalysts with oxidants
and identify the resultant iron species. A true catalyst should of course not be
consumed. The insights gained from examination the degradation products are
twofold: Firstly the observation of the cleavage or oxygenation of certain parts of
the ligand scaffold gives direct information on the vulnerabilities of the ligand and
thereby hints at how ligand design can be improved. Secondly, the characterization
of “degraded” complexes can be informative for gleaning mechanistic details [72,
100, 148-157]. Particularly interesting with the view to greener oxidation chemis-
try are those reactions which imply O, activation. Degradation products can give
clues for the next iteration in rational catalyst design.

The vulnerability of the often present methylene groups linking amine and
pyridine donors towards oxidation by TBHP in basic organic solvent was demon-
strated for the iron complexes of tpa and related di(2-pyridylmethyl)amine (dpa) in
the presence of ca. 33 equivalents of TBHP [72]. After removal of iron by cyanide
and workup, together with unaffected tpa, several of its oxidized derivatives were
identified (Fig. 22). Chemically equivalent products were obtained in analogous
experiments using [Fe(dpa),](OTf),. Complex robustness will however depend on
reaction conditions and even the actual presence of substrate. These results illus-
trate the importance of checking catalyst integrity after reactions.
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Fig. 22 Products from the oxidation of the aminopyridyl ligand in [Fe(tpa)(OTf,)] when treated
with an excess TBHP in acetonitrile/pyridine under conditions simulating catalytic reactions,
however without the presence of substrate

The removal or replacement of the oxidatively susceptible part of a ligand may
inhibit suicidal self-oxidation and thereby preserve the activity of the iron catalyst
during the harsh working conditions. Bpmen (Fig. 3) is used for both manganese-
and iron-based oxidation catalysts [160]. Britovsek and coworkers compared
[FeH(bpmen)(OTf)z] with the iron complex of the parent non-methylated ligand
and found that the unmethylated complex was significantly less catalytically active
[157]. The reason for this is likely to be that the amine NH groups are susceptible to
oxidative conversion to imines [161] or amides [72]. Methylation of the amine
groups effectively prevents this reaction and endows some steric constraints.
[Fe''(bpmen)X,] complexes however are still susceptible to deactivation through
u-oxo formation (see Sect. 4.2), especially in the presence of aqueous oxidants like
H,0, [155, 157].

N-Dealkylations make the ubiquitous amine connector a potential weak link. As
outlined by Britovsek and coworkers, an adjacent CH, group can be oxidized to
form a hemiaminal (N-CH-OH) group [157]. An N-bound hemiaminal complex
can isomerize easily to the corresponding O-bonded (NH-CH-O") complex.
Examples of such rearranged systems have been isolated several times [148, 149,
151, 162]. Alternatively if the amine group is linked to a methylpyridine or a
methylbenzyl group, a cleavage reaction can occur with the formation of an
amide complex, or it can perhaps further oxidized to a picolinate complex. Forma-
tion of stable picolinate complexes of transition metal ions derived from more
elaborate ligands have been reported on several occasions [152, 153, 163,
164]. There is no reason to assume that iron complexes will be immune to this
particular ligand degradation. Indeed, ligand degradation reactions via oxidative
N-dealkylation has recently been observed for [FeH(bpmcn)Clz]2+ during catalytic
toluene oxidation with H,O, [155]. Further examples of endogenous amine linker
oxidations are shown in Fig. 23. In the first example the dangling benzyl groups on
the classic bpmen scaffold are subject to different ligand oxidations, dependent on
the presence or not of chloride as co-ligand in the starting iron(II) complex. In their
presence, the benzene moiety is C-H hydroxylated, while in their absence
N-dealkylation occurs (Fig. 23a) [150]. The methoxylation of the amide containing
PaPy3 ligand in Fig. 23D is initiated by the formation of a hydroperoxide complex
which was spectroscopically characterized [53]. Nucleophilic attack by methanol
on the carbon C=N bond to the amide would seem to aided by the heterolytic O-O
cleavage and possible the transient formation of a strong Lewis acidic iron(V)oxo
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Fig. 23 (a) Different ligand oxidation reactions depending on the type of auxiliary ligand. (b)
Methoxylation of a Fe(IlI) amide complex. (c¢) Stepwise oxygen atom addition to the thiolato
ligand in an Fe(Il) complex

species. Sulfur donors are particularly prone to conversion into sulfoxides and
sulfones. The complex [Fe'(TMCS)]**, which has a pendant thiolate group
attached to its cyclam ligand, can be sulfoxidized if exposed to mCPBA
(Fig. 23c). If, however, base is added before the addition of mCPBA, the sulfur
oxygenation is prevented and the Fe(IV)oxo species in Fig. 12a is formed
instead [159].

The involvement of an undetected Fe(V)oxo species in an intramolecular
O-atom transfer is entirely credible for the complexes of the pentadentate
carboxylato ligands, bzbpena™ and mebpena . Both ligands form stable Fe(III)
complexes; however, these can activate O, and peroxides. In the case of [Fe
(bzbpena)OH]™, the dangling benzene group is hydroxylated in the presence of
air when ascorbic acid is provided as the reductant [151]. Solutions change from
yellow to dark blue over a few hours, indicating the formation of an iron(IIl)-
phenolato complex, as depicted in Fig. 24a. Thus, it seemed obvious that the
removal of this sensitive part of the ligand might be a way of trapping an iron(V)
oxo species. Instead, the use of the homologue metpena™ gives an unexpected
outcome: the regioselective oxygenation of one of the amine N atoms (Fig. 24b).
The crystallographically characterized product seems rather unfavorable, given its
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Fig. 24 (a) Intramolecular oxygenation of the dangling benzene moiety in [Fem(bztpena)OH]Jr
via a putative Fe(V)oxo generated by heterolytic O—O cleavage of a precursor hydroperoxo species
to give [Fem(btpenaO)]Jr (b) Regioselective amine N-oxygenation of [FeHI(metpena)Clz] and the
structural assignment of an ion in its ESI mass spectrum which can be related to the isolated
product by intramolecular O-atom transfer and loss of neutral HCI

7-membered chelate ring. It is indeed quite unexpected that if an oxygen atom is to
be inserted regioselectively into one of the iron-ligand bonds of a complex such as
this, it is inserted into a particular amine-iron bond rather than a pyridine-iron bond
(to give a coordinated pyridine N-oxide) or the carboxylato-iron bond (to give a
coordinated peracid). The observation of an ion in the mass spectra of the reactions
solutions, assignable as “[FeV(O)Cl(mepena)]+,” gives some clues to the formation
of this unusual molecule. This apparent iron(V)oxo complex could potentially be
formed by an intramolecular O-atom migration and reformation of a Fe—-N bond
concurrent with deprotonation and coordination of the dangling pyridine associated
with neutral HCI loss. Similarly to the /-oxide complex, Fe(III)-OIPh of the related
hexadentate ligand, Scheme 19, the N-oxide complex, [FeIIIClz(HmepenaO)]+
might be regarded as a latent Fe(V)oxo species.

10 Conclusions and Outlook

Iron-based oxidation chemistry is incredibly rich and currently in a state of rapid
expansion. We have attempted to provide a comprehensive coverage of the most
important findings from the viewpoint of stoichiometric reactions in the solution
phase.

From our survey of the literature, it is clear that tremendous progress has been
made in identifying pertinent iron-based oxidants and the types of ligand systems
which can support them. These ligands will be expected to withstand chemically
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harsh conditions, for example, the presence of excess oxidants, and an awareness of
their potential weak points is increasing. Over the years, focus has moved away
from the iron porphyrins and onto the nonheme systems. However, other conju-
gated systems like the corroles have been somewhat neglected and deserve more
attention. The prevalence in nature of metalloenzymes for neutralizing aggressive
reactive oxygen species like superoxide shows us that oxidative resistance of the
supporting ligands of a catalyst is possible to achieve.

What is especially pleasing is the significant progress made in the understanding
of how the environmentally attractive, but difficult, oxidants O, and H,O,, are
activated. Iron does indeed seem to possess some unique qualities here. We predict
that within the next couple decades that the art of harnessing and controlling the
oxidizing powers of the ultimate green terminal oxidant — dioxygen will have been
mastered. Another highlight, and an area for which we anticipate great growth, is
the dawning research topic of iron-nitrido and iron-sulfido chemistry. Here oxida-
tive chemistry is taken in a new direction and is moved away from the traditional
oxygen-atom insertions, and onto more elaborate oxidative coupling chemistry — in
analogy with the reductive couplings well-known from modern organic chemistry.
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Cytochrome ¢ oxidase, 328
Cytochrome P450, 102, 147, 154, 279, 316,

320, 337

D
Davies’ reagent, 13
Diamine-derived catalysts, 285
Diamino-bis(oxazoline), 277
Diaminobicyclo[2.2.2]octane, 274
Dichloroanisole, 343
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ), 8

Diels—Alder, enantioselective, 281, 291
Diene carboxylates, 22
Dienes, 23, 73, 90, 181, 210, 219, 281, 291

polymerization, 240
Dienol phosphates, 23
Dihydropyrroles, 105
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Gif chemistry, 10
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Homogeneous catalysis, 259
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Indoles, aminohydroxylation, asymmetric

intramolecular, 110

synthesis, 112

Iodosylbenzene, 10

Iron, abundance, 1
high-valent, 311

reduction, 173

toxicity, 1
Iron bipyridines, chiral, 264
Iron catalysis, 1

metal impurities, 1
Iron hydride, 11
Iron nitride/imido systems, 345
Iron peroxide adducts, nucleophilic

reactions, 327

Iron porphyrins, chiral, 261
Iron-halide, 3412
Iron-hypohalide adducts, 341
Iron-imido, 345
Iron-nitrido, 345
Iron-oxo intermediates, 333
Iron(III) tris(acetylacetonate), 22
Iron(III)-salicylate, 332
Isochromans, 93
Isopenicillin N synthase, 151

K

Kabachnik-Fields reaction, 139
Ketimines, 103, 198, 293, 299
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reduction, 200
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Pudovik reaction, 138 alkenylation, 131
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