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I. INTRODUCTION

During the last few decades, transition metal catalysts, especially those on
precious metals [e.g., palladium (Pd), rhodium (Rh), iridium (Ir), and ruthe-
nium (Ru)] have proven to be efficient for a large number of applications. The
success of transition metal based organometallic catalysts lies in the easy
modification of their environment by ligand exchange. A very large number of
different types of ligands can coordinate to transition metal ions. Once the
ligands are coordinated, the reactivity of the metals may change dramatically.
However, the limited availability of these metals, in order of decreasing risk
(depletion): Au>Ir, Rh, Ru>Pt, Re, Pd), as well as their high price (Fig. 1)
and significant toxicity, makes it desirable to search for more economical and
environmental friendly alternatives. A possible solution to this problem could
be the increased use of catalysts based on first-row transition metals, especially
iron (Fe) (1). In contrast to synthetic precious metal catalysts, iron takes part in
various biological systems as an essential key element and electron-transfer
reactions.

Due to its abundance, inexpensiveness, and environmentally benign nature,
use of iron has increased significantly in the last two decades for synthetic
transformation both in asymmetric synthesis and reaction methodology. This
development encouraged us to summarize the use of iron catalysis in organic
synthesis, which includes cycloadditions, C—C, C—N bond formation, redox,
and other reactions. This chapter has been divided into different sections based
on the reaction type.
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Figure 1. Comparison of prices for different transition metals (Sigma Aldrich).
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II. ADDITION REACTIONS
A. Cycloadditions
1. The [2+ 2] Cycloaddition

In 2001, Itoh and co-workers (2) demonstrated the [2 + 2] cyclodimerization of
trans-anethol catalyzed by alumina supported iron(Ill) perchlorate. A C, symmet-
ric cyclobutane derivative was obtained in excellent yield (92%) at room tempera-
ture (rt), though longer reaction time was required. They applied the same catalytic
system for the cycloaddition of styrenes and quinones. However, 2,3-dihydro-
benzofuran derivatives were obtained in excellent yields in place of the desired
[2+2] cycloadduct (Scheme 1) (3). Earlier, in 1982, Rosenblum and Scheck
(4) showed that the CpFe(CO), cation, where Cp = cyclopentadienyl, could afford
the unsaturated bicycle through the reaction of alkenes and methy] tetrolate, though
the yields obtained were inferior.

Significant improvement in iron-catalyzed [2 + 2] cycloaddition was achieved
in 2006 by Chirik and co-workers (5). They reported an intramolecular [2 + 2]
cycloaddition of the dienes resulting in the formation of [0.2.3] heptane derivatives
catalyzed by a bis(imino)-pyridine iron(Il) bis(dinitrogen) complex and only cis
product was obtained. Further, labeling experiments confirmed the reaction to be
stereospecific. A number of dienes containing different amine and ester functional
groups reacted efficiently, but the presence of secondary amine and an SiMe,
group inhibited the reaction. This reaction can also be performed in the dark,
clearly indicating the process to be thermally driven, rather than a photochemical
one. A mechanism of this catalytic process was proposed where iron is assumed to
maintain its ferrous oxidation state throughout the reaction with the help of redox
active {PrPDI ligand (Scheme 2).

MeO MeO OMe
alumina—Fe(ClO4)3
| MeCN, rt
Me
Me Me
0 C, symmetric
3 mol% Fe(CIO4)3/ Al,O3 @]
AR Ar—<ji>\
MeCN, rt > OH
0 R

Scheme 1. Early examples of iron-catalyzed [2 + 2] cycloaddition.
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Scheme 2. Plausible mechanism involving the iron(II) oxidation state [PDI=(N,N,E,N,N.E)-N,N'-
(1,1")-(pyridine-2,6-diyl)bis(ethan-1-yl-1-ylidine))bis(2,6-diisopropylaniline)].

A combination of ethylene and butadiene resembles a thermally allowed [4 + 2]
cycloaddition reaction, namely, the Diels—Alder reaction. Using their redox-active
bis(imino)-pyridine supported iron catalysts, Chirik and co-workers (6) reported
the more challenging [2 + 2] cycloaddition from the same set of starting materials
that furnished vinylcyclobutane in an excellent 95% yield. The protocol turned out
to be substrate specific, as with insertion of a methyl group in the 2- position of
diene, no cycloadduct was observed; rather it resulted in a 1,4-addition product. To
shed light on their plausible mechanism, several labeling experiments were carried
out with different substrates. They were successful in intercepting one iron
metallocyclic intermediate, which resulted from ethylene insertion into the coor-
dinated diene. The same species was also prepared by reacting vinylcyclobutane,
the product of the [2 + 2] cycloaddition, with the iron catalyst. Thus the reaction
proved to be reversible with iron metallocycle as an intermediate, and the
backward reaction demonstrated a rare example of sp’—sp> C—C bond activation
with an iron catalyst under mild conditions. Isolation of the metallocycle interme-
diate and labeling experiments led to a proposed mechanism for [2 + 2] cyclo-
addition and 1,4-addition. The reaction initiated by displacement of dinitrogen
ligands by diene an #* complex, and ethylene insertion, which furnished the
isolable metallocycle intermediate. In the next step, butadiene-induced reductive-
elimination resulted in vinylcyclobutane along with regeneration of an iron butadi-
ene intermediate. However, with isoprene, f-hydrogen elimination followed by
C—H reductive elimination resulted in the 1,4-addition product (Scheme 3).
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Scheme 3. Proposed mechanism for [2 + 2] cycloaddition of ethylene and butadiene.

2. The [3+ 2] Cycloaddition

In 2012, Plietker and co-workers (7) reported an iron-catalyzed [3 + 2] cyclo-
addition of vinylcyclopropanes (VCP) and activated olefins or N-tosyl imines to
generate functionalized vinylcyclopentanes and cyclopyrrolidines in high yields
and regioselectivities. The activation of VCP by the electron-rich ferrate, BuyN-
[Fe(CO);(NO)] (TBAFe) (TBA = tetrabutylammonium), resulted in the formation
of an intermediate allyl-Fe complex, which can be regarded as an al, a3, d5-synthon
(Scheme 4). Subsequent Michael addition onto activated olefins generated another
carbanion, which readily attacked the carbocationic part of the intermediate to
generate VCP derivatives. The scope of VCPs was tested with 1,1-bis(phenyl-
sulfonyl)ethylene as the Michael acceptor where different functional groups like
esters, nitriles, and amides were tested. Likewise, a variety of Michael acceptors
containing esters, sulfones, nitriles, amides, and ketones were successfully employed
in this reaction. Further, they tried to incorporate imines as the Michael acceptor to
extend their methodology. However, only N-tosylarylimines reacted successfully
while N-Ph and N-Boc protected imines gave no or undesired products. Notably,
activation of a carbon—carbon bond of VCP by an inexpensive iron catalyst would
encourage further investigation on other strained systems (e.g., cyclobutanes,
aziridines, and oxiranes).
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Scheme 4. Iron-catalyzed [3 +2] cycloaddition of VCPs and activated olefins [Mes =mesylate,
EWG =electron-withdrawing group, THF = tetrahydrofuran (solvent)].

Simple FeClj; acts as a Lewis acid catalyst to assist the ring opening of another
strained system, N-tosylaziridines (NTs), which in the presence of base reacts
efficiently with terminal aryl alkynes to generate substituted 2-pyrrolines
(Scheme 5) (8).

Further, a one-pot synthesis of y-amino ketones from 2-pyrrolines was achieved
by treatment with H,O at rt for 12 h. However, the scope of the reaction was limited
to Cl, F, and OMe containing arylalkynes and only NTs reacted successfully.
Internal alkyne resulted in a lower yield (48%), while alkylalkyne, as well as
electron-deficient aziridines, gave no product. Recently, Wang and co-workers (9)
reported an Fe(IT)/N, O ligand-catalyzed asymmetric [3 + 2] cycloaddition reaction
of in situ generated azomethineylides and electron-deficient alkenes (Scheme 6).
Only 10mol% FeCl, in the presence of diarylprolinol and Et;N efficiently
catalyzed the cycloaddition to afford a five-membered heterocyclic endo adduct
stereoselectively in good-to-moderate yield.

In 2002, Kundig et al. (10) reported the first asymmetric [3 + 2] cycloaddition of
nitrones and enals to generate isooxazolidines catalyzed by the Lewis acidic iron
complex (R,R)-3 (Scheme 7). The role of a Lewis acid was crucial as an
a,f-unsaturated aldehyde had to be activated in preference to stronger Lewis
basic nitrones having two coordination sites against one point coordinating
enals. However, they were successful in discovering such a reactive yet selective

RZ
NTs =

R1 FeC|3 (1 0 mol Q/c»)
* MeNO,, N,

-20°C,0.5h

Scheme 5. Iron chloride acts as a Lewis acid catalyst in [3 + 2] cycloaddition.
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Scheme 6. Iron(II)/N, O ligand-catalyzed asymmetric [3 + 2] cycloaddition.

iron- and ruthenium-based Lewis acidic complex. The iron complex turned out to
be the more beneficial choice.

In the presence of 2, 6-lutidine, which acts as a scavenger of acidic impurities,
C, N diarylnitrones and heterocyclic N-oxides reacted efficiently with methacro-
lein to generate an endo adduct selectively. Notably, this transformation was also
achieved by an elegant organocatalytic pathway with a high degree of enantio-
selectivity by the MacMillan group in 2000 (11).

3. The [2+2+ 2] Cycloaddition
Inter- and intramolecular [2 42 4 2] cycloaddition reactions of alkynes and

nitriles catalyzed by transition metals have been considered as the most straight-
forward and convenient approach to synthesize six-membered arenes and highly

H
D Me.__CHO (R, R)-3 Cm&”ém)

ﬁ/ * W/ 2,6-lutidine (1 equiv/ cat) N-g
- CH,Cly, —20 °C ondo

@I SbFg~

H
\\“,Fe"\o_
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Ph .
Ph
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Scheme 7. Iron-catalyzed [3 + 2] cycloaddition of nitrones and enals.
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substituted pyridines. Importantly, a number of functional groups (e.g., alcohols,
amines, ethers, esters, and halogens) can be tolerated while several C—C bonds
are formed in a single step. For these transformations, several transition metals
ranging from Co, Ru, Rh, Ni, Ti to bimetallic systems (e.g., Zr/Ni and Zr/Cu)
have been used in recent decades. Iron catalysis has also played a crucial role in
this reaction, though until very recently, methods were limited by poor chemo-
and regioselectivity, as well as difficulty in preparation and handling of the
catalysts.

In 2000, Pertici and co-workers (12) reported a cyclotrimerization reaction of
terminal alkynes catalyzed by Fe(3°-CHT)(;*-COD), where CHT = cyclohepta-
1,3,5-triene and COD = 1,5-cyclooctadiene, respectively, to generate various
multisubstituted benzene derivatives. The method lacked regioselectivity as a
mixture of two regioisomers was formed for most of the terminal alkynes in an
~1:1 ratio. Meanwhile, Zenneck and co-workers (13) developed a [2 +2+ 2]
cycloaddition reaction of two molecules of alkynes and nitriles catalyzed by an Fe
(0) complex to generate pyridines. This reaction was also limited by poor
chemoselectivity, as well as a complex procedure of catalyst preparation.

However, better chemoselectivity was achieved by Guerchais and co-workers
in 2002 (14) as they employed iron bis(acetonitrile) and tris(acetonitrile) com-
plexes to catalyze the cycloaddition reactions of carbon—carbon and carbon—
nitrogen triple bonds (Scheme 8). Three equivalents of alkynes cyclotrimerized to

R = Ph, Hex R = CO,Et, CHoNMe;,

Scheme 8. Iron-catalyzed cycloaddition reaction of C—C and C—N triple bonds (DCM = dichloro-
methane, CH,Cl,).
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Scheme 9. Intramolecular cyclotrimerization of triynes catalyzed by bench-stable iron salt [I[Pr=1,3-
bis(2,6-diisopropylimidazolium)-2,3-dehydro-1H-imidazole].

produce arene complexes in the presence of an iron tris(acetonitrile) complex in
CH,Cl, solvent at rt. Under the same condition, alkynes having heteroatoms
bonded to the propargylic position afforded pyridine complexes instead of
previously observed arene complexes, by the heterocyclotrimerization of two
alkynes and one metal-bound acetonitrile ligand. When MeCN was used as
solvent, in place of CH,Cl,, only ethyl propiolate reacted among the alkynes
as the carbonyl group successfully coordinated with the metal center competing
with inhibiting acetonitriles to provide a free pyridine derivative in 73% yield,
rather than generating the metal-pyridine complex. It was evident that nature of the
solvent had dramatically altered the outcome of the reaction as no organometallic
product was detected in this case.

On the other hand, in 2005 iron-catalyzed intramolecular cyclotrimerization of
triynes was reported by Okamoto and co-workers (15), which was less problematic
in terms of regioselectivity (Scheme 9). So far, the iron catalysts that have been
discussed are based on iron arene or iron 1,5-cylooctadiene and cycloheptatriene
complexes. An alternate approach with simple iron salts is advantageous, as
preparation and storage of expensive organometallic iron complexes can be
avoided. Further, this approach rendered the related processes much more
economical, as a fewer stabilizing ligands were required while reactions were
performed under milder condition with high efficiency. Inspired by such an
approach, Okamoto and co-workers (15) preferred commercially available iron
and cobalt salts, which in the presence of suitable ligands and reducing agent can
act as efficient catalysts for such transformations. They tested a number of
commercially available iron, cobalt, and nickel salts in the presence of an
imidazolium carbene ligand, and observed that cyclotrimerization occurred effi-
ciently only at rt or at 50 °C under a reducing condition. Zinc powder was the
reducing agent of choice, which supposedly converted the in sifu generated metal
complexes to their corresponding low-valent complexes so as to initiate the
process by formation of a metallacycle intermediate. Further, they showed the
advantages of their method by efficient formation of carbocyclic, O-heterocyclic
and biaryl compounds. In another report from the same group, N-based bidentate
ligands (e.g., 1,2-diimines or 2-iminomethylpyridines) were utilized in iron-
catalyzed chemo- and regioselective cyclotrimerization of triynes (16).
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Scheme 10. Cyclotrimerization catalyzed by low-valent iron—olefin complexes.

Recently, Furstner et al. (17) synthesized a fine blend of iron complexes of
formal oxidation states —2, 0 and +1 from readily available ferrocene. Among
these low-valent iron olefin complexes, complex 4 turned out to be a very efficient
catalyst in the cyclotrimerization reaction. This outcome is not surprising as Fe(0)
complexes are isoelectronic with Co(I) and Rh(I) species, which are arguably the
most widely used catalysts in transition metal catalyzed [2 + 2 + 2] cycloaddition
reactions. Interestingly, complex 5 with a formal oxidation state of (+1) is also
found to be effective, though a higher catalyst loading and longer reaction time is
required (Scheme 10). To gain mechanistic insights, 1,2-diphenylacetylene (tol-
ane) was reacted with a series of iron complexes.

Although significant advances have been made in recent years regarding
transition metal catalyzed [2+ 2+ 2] cycloaddition, an efficient iron-catalyzed
protocol for chemoselective synthesis of pyridines eluded the researchers for a long
time. The crucial role of low-valent iron complexes in realizing efficient [2 + 2 + 2]
cycloaddition lies in the fact that it facilitates the formation of a metallocyclic
intermediate by oxidative cyclization, subsequent reductive elimination that
generate arenes or pyridines. In 2006, Holland and co-workers (18) revealed
that alkyne binding to a low-valent iron metal center is particularly stronger than
that of phosphine. Inspired by this report, Wan and co-workers (19) developed an
iron catalyst comprising of readily available Fel, and dppp [1,3-bis(diphenyl-
phosphino)propane] as the phosphine ligand in the presence of Zn dust, which
served as the reducing agent (Scheme 11). Efficient synthesis of pyridines was
observed only at rt starting from diynes and a slight excess of nitriles in THF
solvent. They initially postulated that both ferracyclopentadiene, as well as the
azaferracyclopentadiene intermediate, might be operating in the catalytic system
and two plausible pathways were proposed. A competitive experiment using
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Scheme 11. An efficient iron-catalyzed [2 42 + 2] cycloaddition for pyridine synthesis.

an unsymmetrical diyne and acetonitrile indicated a ferracyclopentadiene inter-
mediate that might not be involved in the overall catalytic system. Further, another
competitive experiment with acetonitrile and 3 equiv acetylenes confirmed that
formation of such a ferracyclopentadiene intermediate is inhibited in the presence
of nitriles.

At the same time, Louie and co-workers (20) reported another efficient method
of iron-catalyzed pyridine synthesis. The Fe(OAc), in the presence of a sterically
hindered bis(imino)pyridine ligand catalyzes the cycloaddition of a different
substrate class, alkyne nitriles and alkynes, to form a number of pyridine
derivatives (Scheme 12).

4. The [4+ 2] Cycloaddition

The [4 + 2] cycloaddition reaction serves as an efficient and powerful tool for
synthesizing six-membered ring compounds by forming carbon—carbon and
carbon—heteroatom bonds. According to the Woodward—Hoffmann rule, the
concerted suprafacial [74,+ 72,] addition of diene with a dienophile is thermally
allowed and the reaction rate or feasibility of the reaction is strongly dependent on

R1
‘ R® 40 mol% Fe(OA) R
= ° 2
| | | | * RZ/ o, Z NS |
N 13 mol% 6 N~ RS
R! Zn, DMF, 85 °C
S
»
iPr | N | iPr
N N
BnO iPr iPr OBn
6

Scheme 12. Pyridine synthesis by iron-catalyzed [2+ 2+ 2] cycloaddition of alkyne nitriles and
alkynes (DMF = N,N-dimethylformamide).
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the energy gap of the frontier orbitals of the reacting species. Generally, it is
classified into two distinct categories: a normal Diels—Alder reaction that involves
interaction between highest occupied molecular orbital (HOMO) of the diene and
lowest unoccupied molecular orbital (LUMO) of the dienophile and Diels—Alder
reaction with inverse electron demand involving the HOMO of the dienophile and
the LUMO of the diene. In a normal Diels—Alder reaction, if the LUMO of the
dienophile can be further lowered in energy, the reaction would be much faster and
can proceed at a significantly lower temperature. One way to lower the energy is to
coordinate the heteroatom present in the EWG of the dienophile by Brgnsted or
Lewis acids. In this regard, transition metal complexes (e.g., iron complexes) can
facilitate the reaction by applying the same concept and can also induce chirality
into the reaction by using stabilizing chiral ligands. However, only a few reports
are in the literature regarding an iron-catalyzed Diels—Alder reaction.

In 1991, Corey et al. (21) reported the first iron-catalyzed asymmetric Diels—
Alder reaction between cyclopentadiene and 3-acryloyl-1,3-oxazolidin-2-one. For
this asymmetric catalytic system, FeX3; was chosen as the Lewis acidic metal
component, along with a C, symmetric bis(oxazoline) ligand, which imposed the
chiral environment. This metal-ligand (Fel3) complex, was further activated by
insertion of molecular I, into the reaction mixture, which significantly accelerated
the rate of the reaction even at —50 °C. The endo adduct was preferentially obtained
in preparatively useful yield (85%). Further, the chiral ligand was found to be
readily recoverable and recyclable, which emphasized the synthetic utility of this
protocol. Use of a fluxional additive with a similar catalyst system comprising of
Fe(ClO,4), and the ligand improved the enantioselectivity further (up to 91% ee)
(22). Here ee =enantiomeric excess. Khiar (23) in 1993 and Imamoto and co-
workers (24) in 2000 devised other bidentate ligands, such as C, symmetric bis
(sulfoxides) and diphosphine oxides, respectively, for an asymmetric Diels—Alder
reaction that resulted in lower diastereo- and enantioselectivity for the reaction
(Scheme 13).

Practical utility of the asymmetric Diels—Alder reaction was further enhanced
when Kanemasa et al. (25, 26) unveiled a series of cationic aqua. complexes
comprising of transition metal perchlorates and C, symmetric tridentate ligand
DBFOX/Ph (10) (Scheme 14). The use of a tridentate ligand was particularly
beneficial as it remained strongly bound to the metal by competitive coordination
with the substrate and created an attractive chiral environment in which the metal
was embodied. This in turn disfavored the aggregation or oligomerization of the
complex, yet it induced a high degree of asymmetry in the reaction outcome.
Further, the stability of the complexes in water made this catalytic system
advantageous.

In 2004, Shibasaki and co-workers (27) devised an efficient iron-catalyzed
Diels—Alder reaction that resulted in the formation of highly substituted acyl
cyclohexene derivatives in high enantiomeric purity (up to 92% ee) (Scheme 15).
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Scheme 13. The N, P, and S based ligand system for iron-catalyzed [4 4 2] cycloaddition (Diaster-
iometric excess =de, Tol =tolyl, Ad =adamantyl).

A 1.2:1 combination of tridenetate aryl-pybox ligands (11) and FeBr; in conjunc-
tion with AgSbFg provided an efficient catalyst that reacted with trisubstituted and
tetrasubstituted diene with equal ease. Further, this protocol was successfully
applied in the synthesis of biologically relevant natural product ent-hyperforin by
the same group in 2010 (28).

In search of an efficient asymmetric Diels—Alder reaction, Kundig and co-
worker (29) prepared a series of chiral phosphine ligands from an iron-

R
0 Fe(ClO4),/ ligand (10)
o//<N O @ 10 mol% ~
+ S N
L J<:\ DCM, —40 °C ¢ Yo
R o]
Yield 90%
de 98%
ee 98%

10 DBFOX/Ph

Scheme 14. Asymmetric Diels—Alder reaction-catalyzed cationic iron aquo complexes [DBFOX =
4,6-dibenzofurandilyl-2,2’-bis(4-phenyloxazoline)].
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Scheme 15. An efficient iron-catalyzed Diels—Alder reaction [pybox = bis(oxazolinyl)pyridine].

cyclopentadienyl complex with a cyclopentane diol and a hydrobenzoin back-
bone. These C, symmetric ligand systems were compatible with iron, as well as
with ruthenium, and cycloaddition between cyclopentadiene and enals were
realized in high diastereo— and enatioselectivity.

Alkynes were used as the dienophile as well. In 1992, Jacobsen and co-workers
(30) reported an iron-catalyzed [4 4 2] cycloaddition of 1,3-butadiene and alkynes
involving a “bare” Fe* cation. Experiments were performed in a Fourier transform
mass spectrometer (Nicolet FTMS-1000), where Fe* was generated by laser
desorption—ionization from a high-purity iron foil. The in situ generated
Fe(1,3-butadiene)™ reacted rapidly with ethyne (and propyne) via a proposed
n*-complex to form Fe(1,4-hexadiene)™, which upon subsequent dehydrogenation
yielded the Fe(benzene) " complex. However, with alkenes or nitriles, no cyclo-
addition was observed in this case. Alkynes were also used in a stoichiometric
reaction with vinylketeneiron (0) to generate catechol derivatives in moderate
yields and regioselectivity.

The Hetero-Diels—Alder reaction, which is regarded as a convenient route to
access six-membered heterocyclic compounds between aldehydes and dienes, are
limited by the usage of either activated aldehydes (e.g., glyoxylates) or electron-
rich dienes e.g., Danishefsky’s diene and Rawal’s diene. Further, strong Brgnsted
or Lewis acid had to be employed to overcome the poor reactivity of unactivated
dienes. These drawbacks were successfully addressed by Matsubara and
co-workers (31) in 2012, as they reported an unprecedented [4 + 2] cycloaddition
of unactivated aldehydes and simple dienes catalyzed by iron(IlI)-porphyrin
complex under mild and neutral conditions. A wide array of aldehydes and dienes
containing various functional groups were reacted efficiently in the presence of
5mol% of [Fe(TPP)]BF,. In addition, highly substituted pyran scaffolds were
generated in excellent yields and diastereoselctivities (Table I). High chemo-
selectivity, tolerance of water in the reaction medium, and mild reaction conditions
made this method advantageous.
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TABLE 1
Scope of Hetero-Diels—Alder Reaction Catalyzed by [Fe(TPP)|BF,*

R4 R4

3 3

i NP [Fe(TPP)JBF; (5 mol%) o R
R™H |

R2 benzene, 80 °C, 12 h =1 R2

Me Me Me Me
Me M O (6]
/\/O(j[ Mew |
Me Ph Me Me Me Me

NC
96% 95% 84% (1:1) 84%
/u/(\\/(g /% /%S”P% 5/
83% (99:1) 72% (99:1) 82% (99:1) 83% 36 h

“Here TPP = tetraphenylporphyrin.

B. Cyclopropanation

Small ring molecules are potentially important to influence the pharmaceutical
properties of many bioactive drugs (32). In this respect, cyclopropyl moieties
achieved more attention due to its ubiquitous presence in many natural products
(33), insecticides, modern pharmaceuticals, and in critical synthetic intermediates
(34). So far, the traditional process of cyclopropanation is the [2 + 1] addition of
different carbenes with olefins via radical pathways (35). In this respect, transition
metal (35) (Ru, Rh, Co, Cr, Mo, W, the Fischer—Tropsch carbene-transfer process)
mediated transfer of carbene to olefin from the stoichiometric carbene source is one
of the efficient pathways.

In 1966, Jolly and Pettit (36) first reported cyclopropanation (Scheme 16) by an
iron complex to an olefin. Importantly, this was the first example of a metal—carbene
complex acting as a carbene-transfer agent. Treatment of cyclohexene in the presence
of CpFe(CO),CH,OMe (12) and acid gave norcarane in 46% yield. It was proposed
that the reaction was accomplished by the intermediacy of CpFe(CO),CH,".

Recently, the cyclopropanation reaction was further developed. Most of the time,
the process of carbene transfer was hampered by low selectivity with the different
types of catalysts used. In 1993, Hossain and co-workers (37) developed the first
iron-based cyclopropanation reaction in a catalytic manner (Scheme 17). The Lewis
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Scheme 16.
©/\ [(7°-CsHs)Fe(CO),(thf)]*BF ,~ (10 mol%)
N>CHCO,Et CO,Et
40 °C, CH,Cl, 71%
(cis/trans 85:15)
Scheme 17.

acidic iron center in [(#-CsHs)Fe(CO),(thf)]"BF,~ can act as an efficient catalyst to
cyclopropanate styrene analogues in the presence of ethyldiazoacetate (EDA) as the
carbene source. After several rounds of optimization, it was found that 10 mol% of
catalyst at 40 °C with 5 equiv of styrene were the optimal requirement.

In the proposed mechanism (Scheme 18), THF was dissociated first from the iron
Lewis acid to generate cationic intermediate (13), which reacted with EDA to form

R COgEt “_,Fe"'
oc" ‘ NoCHCO,Et
oC
13
=\
R
o hy
OC\\“" ‘e%\/COZEt OC\“".‘ \?HCOZEt
oc | oC n#

15 \_/ 14
N

2

Scheme 18.
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H p-MePh 60 40
Me OMe

55 45

Scheme 19.

an intermediate complex (14) followed by extrusion of nitrogen to give an extremely
reactive iron—carbene complex (15). The new complex readily transferred the
carbene moiety to styrene. Several controlled experiments further supported this
plausible mechanism.

The iron—carbene complex reacted with styrene to form a 5.6:1 mixture of cis/
trans-1-phenyl-2-carboxycyclopropane (Scheme 19). This reaction indicated the
presence of the short-lived y-carbocation, which was rearranged to give the expected
product. The ratio of cis and trans products was mainly dependent on the electronic
property of the substituents attached to the intermediate. When electron-donating
groups were present, the rotation of the C;—C, bond was greater. Consequently, the
cis/trans selectivity was less for p-methylstyrene and 2-methoxypropene.

In 2002, Nguyen and co-workers (38) reported the olefin cyclopropanation
using u-oxo-bis[(salen)iron(IlI)] complexes [salen = N,N'-bis(3,5-di-tert-butylsa-
licylidene)-1,2-cyclohexanediamine] (16-20) (Scheme 20). Thus, this (salen)iron
complex (16) can be used as an efficient, selective, and inexpensive metal
alternative to a widely used ruthenium(II) salen complex.

The ethyldiazoacetate can act as an efficient reducing agent, and can break
the p-oxo bridge to produce the active (salen)iron(II) complex (16) for cyclo-
propanation. An optimized condition for cyclopropanation referred 5mol% of
catalyst with dry benzene or toluene as the solvent under refluxing temperature
(Scheme 21) (38). By varying the diamine backbone of the complex, different yields
of the product were obtained with subsequent increased or decreased reactivities. The
reaction was fastest with the least sterically hindered backbone (e.g., 1,2-ethanedi-
amine). But a bulkier 1,2-dimethyl-1,2-ethanediamine backbone gave the slowest
reaction.

In 2002, Morise et al. (39) reported the cyclopropanation reaction using trans-
[(CO)3Fe(/4-LP’N)2Cu]BF4 (21), which was the first metal-metal bonded six-
membered ring system with P,N donors (Scheme 22). In this complex, formally
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a zero-valent Fe center became attached to the Cu(I) center via the nitrogen of the
flanked oxazoline moiety from the phosphine group. This complex can be used as
an efficient catalyst for the cyclopropanation of styrene with ethyl diazoacetate.
The reaction was carried out using 1 mol% of the catalyst with DCM as solvent at
rt. The trans- and cis- ethyl-2-phenyl-1-cyclopropanecarboxylates were obtained
in 91% isolated yield in a 70:30 ratio. The complex 21 was the first metal-metal
bonded heterometallic catalyst for cyclopropanation.

7

5 mol% cat (16-20)

EDA

toluene/benzene
air, reflux

16 R'=1,2-ethanediyl

17 R'=1-methyl-1,2-ethanediyl

18 R'=1 ,2-dimethyl-1,2-ethanediyl
19 R'=1,2-cyclohexanediyl

20 R'=1,2-benzenediyl

©3A”L]/O‘Et

66—85%

tBu

tBu

tBu

tBu

Scheme 21.
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Nz/Aﬂ/ + ” 91% |0C—Fe——~ Cu BF4
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0 A\ | co |
DCM, air, rt Ph CO.Et PhZPHN
)
30 _ (Ol
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Scheme 22.

In 1995, Woo and co-workers (40) reported the asymmetric cyclopropanation
reaction of styrenes using different iron(II) complexes with chiral macrocyclic
(porphyrin-based) ligands (Scheme 23). These ligands provided the auxiliary
stereogenic centers in close proximity to the active metal sites and also made those
complexes as an efficient catalyst. The reaction was useful for the production of
industrially important trans cyclopropyl ester derivatives.

In order to get the mechanistic insight into the reaction, labeling experiments
were performed for styrene and styrene-dg. The reaction was presumed to go via
iron(IT), which was originally in situ generated by the reductant ethyl diazo acetate.
In contrast to other cyclopropanating catalysts, iron(II)(TTP) where TTP = meso-
tetra-p-tolylporphyrin, was less electrophilic. In the transition state, the alkene
possesses some carbocataionic character, which was in accordance with the
reverse secondary kinetic isotopic effect (KIE).

According to the proposed transition state (Scheme 24), the selectivity was
mainly dependent on the orientation of the alkene with the porphyrin plane. The
shape selectivity of the alkene was mainly dependent on the presence of the

ACOQEt

r

OEt 22
NF N /A
2 G DCM Ar ‘CO.Et ¥ A

o .
trans cis
major minor

PhMe 16 examples
O
(v
MePh
Fe(TTP) 22

Scheme 23.
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Scheme 24.

substituents on the nearest carbon to the macrocyclic plane. The trans product was
dominated due to the interaction between macrocycle and the large group (Rp).
The proposed model also depicted the increasing trans/cis ratio in some donor
solvents, which could coordinate axially to iron. Such coordination can reduce the
electrophilicity of the complex and therefore trans selectivity can be increased.

In 2002, the same group (41) developed some iron(IT) complexes with different
macrocyclic ligands and iron(II) porphyrin complexes, like iron(II) (D4-TpAP)
and Fe(a,f,-BNP) for asymmetric cyclopropantion (Scheme 25, BNP =bis

Q Ph/ Ph

NH N= NH N=
Ph{ }Ph Ph{ }Ph

N HN N HN

ol on

N

~

Macrocyclic ligand

Ar
-
Ar N A
()
Ar

D4-TpAP

Scheme 25.
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Scheme 26.

(binaphthylporphyrin)) with EDA. The reactions were carried out using 0.1—
0.4mol% of an Fe—porphyrin catalyst and 1-2mol% of an Fe-macrocycle
catalysts. Predominantly trans products were obtained compared to cis.

The enantioselectivity for this reaction was solely attributed to the orientation of
carbene, as well as the olefins. For the catalysts containing macrocycles, selectivity
appeared due to the parallel orientation of the C=C axis with the M=C bond
(Scheme 26). Minimized steric interactions between the ester group and the axial
proton of the chiral cyclohexyl group were achieved, when the olefin approached
from path a. Thus, the observed product had an (R,R) configuration and was
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TABLE II
Cyclopropanation Using the Halterman Catalyst

Fe—Halterman catalyst

X A A X
Substrate
Me MeO cl Br

53% 58% 58% 58%
trans/cis 96:4 937 94:6 92:8

obtained as a major trans isomer. A similar sense of chirality was introduced when
Fe—porphyrin catalysts were used. The olefin approached from the right side of the
carbene plane and as a result both (S,S) and (R,R) products were favored.

In 2009, Simonneaux and co-workers (42) reported the asymmetric inter-
molecular cyclopropanation of styrene analogues using an aryl diazoketone as
the carbene source and a chiral Halterman iron—porphyrin complex (23) as
catalyst. The initial attempt was made using the iron chloride Fe(TPP)CI as a
catalyst at rt. But low yield and major side products made those attempts
unsuccessful. When the Fe—Halterman catalyst was applied the yields, as well as
the selectivity (76% for trans), were increased. Different electronically and
sterically demanding substrates were successful in that process, with moderate-
to-good yield (Table II).

Safe and environmentally benign methodologies are always in demand for
synthetic chemistry. Especially when the reactive intermediates are toxic and
explosive. Considering these facts, Morandi and Carreira recently developed (43) a
new procedure for cyclopropanation that minimized the risk as well as the time and
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TABLE III
Cyclopropanation Using an Iron—Porphyrin Complex in Water

I\Ille Ph
O:SO_N\

NO
I, @ m AN e
R™ R Jaooc 6 M KOH R

/@A OZN\©/A o
MeO

Ph

f 24
89% 81% Fe(TPP)CI
OMe _—
©/\/A ~
8% 74%

effort. A water-soluble diazald derivative (i.e., N-methyl-N-nitroso-p-toluenesul-
fonamide), which showed low toxicity compared to other diazomethane precur-
sors, released diazomethane in situ on treatment with a 6 molar KOH solution.
Tandem cyclopropanation occurred in the presence of the Fe(TPP)CI catalyst (24)
when the ejected diazomethane was transferred to the organic layer. Except for
being hydrophilic, both the electron-rich and the electron-poor subtrates were well
tolerated under optimal reaction condition (Table III).

Carreira and co-workers (44) developed a cyclopropanation reaction
(Scheme 27, dr=diastereomeric ratio) using the same catalyst Fe(TPP)Cl (24)
and glycine ethyl ester hydrochloride as the inexpensive and safe carbene source to
yield the trans-cyclopropyl ester selectively.

R_:\ N NHCl 24 (5 mol%) N "CO,Et
Z T Co,Et NaNO;/OAcOH A
2 10 Examples
55-79% Yield
6:1-10:1 dr

Scheme 27.
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TABLE IV
Iron-Catalyzed Cyclotrifluoromethylation”

24 (3 mol%), DMAP (10 mol%)

/IL CF3CHaNHCl (1.5 equiv) R,,.%L
R Ar NaNO, (20 mol%), HpSO4 (10 mol%) A CFs
HoO, tt, 14 h
CFs /@/A//CE)ACbACFS
Me MeO FsC Br :: "/CFS
99% 89% 77% 95% 10%

“4-Dimethylaminopyridine = DMAP.

Trifluoromethylated cyclopropanes are important compounds in drug delivery
(45), though very few synthetic methods were reported for their preparation.
Carreira and co-workers (46, 47) recently reported potentially applicable methods
for the synthesis of trifluoromethylated cyclopropanes by using trifluoroethyl-
amine hydrochloride as the carbene source. Tandem cyclopropanation occurred in
the presence of 3 mol% Fe(TPP)CI (24) and saturated NaNO, solution to generate
carbene. Both electron-rich and electron-deficient dienes were good substrates
(Table IV) for this transformation, but it was unable to cyclopropanate 1,2-trans-
substituted double bonds.

C. Auziridination and Aziridine Ring-Opening Reactions

Synthesis of various nitrogen-based compounds, particularly a-amido ketones,
can be achieved by ring-opening aziridination (48). Therefore, development of
sustainable and effective methods for aziridination is highly desirable. Bolm and
co-workers (49) developed iron-catalyzed aziridination. They synthesized a-N-
arylamido ketones by using 2.5 mol% Fe(OTf), as catalyst and PhINTS as a nitrene
source (Table V), where OTf = trifluoromethanesulfonate.

Reaction conditions for a 0.25-mmol scale: Fe(OTf), (2.5 mol%), enol silyl
ether (2 equiv), MeCN (I mL), rt, 1 h.

Sulfonamide and iodosylbenzene or iodobenzne diacetate in the presence of
magnesium oxide gave styrene aziridine derivatives in good yields. Use of MgO
could be avoided by using less acetonitrile. The reaction gave moderate-to-good
yields for styrene derivatives as substrates and moderate yields for internal olefins
(Table VI).
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TABLE V
Synthesis of a-N-Arylamido Ketones”

: OSiMes
OSiMes  Fo(0Ti), (2.5 mol%) NHTS
RN R TPnINTs , mol sieves (a4A R
MeCN, rt, 1 h R'
O NHTs
NHTs
NHTs COuMe
Me
72% 63% 46%
(@)
MeMNHTS
50%

“ N-Tosyliminobenzyliodinane = PhINTSs.

TABLE VI

Iron-Catalyzed Aziridination™”<

R Fe(OTf), (5 mol%) R
R PhINX, oxidant )@‘@Sﬂxmr
R mol sieves (4 A), MeCN 1
R" 1, 0.5-3 h R

Me Me N
X=Ts= | _
SO, N~ ~S0O,~
NTs NTs
NZ Me Me
o I \ QNTs Me
/S\\
N""o

90% 359%06d 61%¢ 56%9

“Reaction conditions for a 0.25-mmol scale: Fe(OTf), (2.5 mol%), enol silyl ether 1 (2
equiv), MeCN (1 mL) rt, 1 h. Ts=tosyl.

b The known products were identified by comparison of their analytical data with those
of previous reports.

“Only trans-product was obtained selectively.

“Use of 10mol% of Fe(OTf),.
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TABLE VII
Asymmetric Aziridination of Styrenes”

Fe(OTf), (2.5 mol%) NSO(X
©/\ ligand (5 mol%)
PhINX, oxidant

mol sieves 4A) MeCN, t, 1 h

b BN

|
N 0 SN
] \J )
/ N N— =N
~ tBuU :
72% b /N 67% tBu 60%
40% ee 15% ee 20% ee

“Reaction conditions for a 0.25-mmol scale: Fe(OTf), (2.5 mol%), ligand (5 mol%), styrene (20
equiv), MeCN (1 mL), rt, 1 h.
®Both Fe(OTf), (5mol%) and a chiral ligand (30 mol%) were used.

Asymmetric synthesis of aziridine was achieved in the presence of chiral
nitrogen ligands based on 2,6-bis(N-pyrazolyl)pyridines (Table VII). A radical
mechanism was proposed from observed isomerization of cis-stilbene to the cis
and trans isomer under the reaction condition.

Further improvement in yield was obtained by using quinaldic acid in the
presence of ionic liquids, such as ethyl methyl imidazolium bis[(trifluoromethyl)
sulfonyl]-amide (emim BTA) or LiBTA (Scheme 28) (50).

Ring opening of aziridines by a nucleophile can generate stereospecific
p-functionalized amines. In this context, Schneider and co-workers (51) developed
an iron-catalyzed method to synthesize f-functionalized amines (Scheme 29).
Different N-substituted aziridines and aniline derivatives were tolerated under this
reaction condition.

o Fe(OTf), (5 mol%)

RA_R® Ng? quinaldic acid (15 mol%)  R? R? O\\ 2
T . PhiI=N i N LIBTA (8 mol%) }
R _ MeCN, mol sieves (4 A) R U
Me 85 °C

50-95% Yield
11 Examples

Scheme 28. Effect of ionic liquid in aziridination reaction.
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Ar FeCla(mep) (5 mol%) o NHAr
/ / O, '
; N-Ar 4 HoN AgSbFe (10 mol%) { j

R CH.Cly, t -~ 'NRAr

71-99% Yields
Substrate: 21 Examples

O Ovor (O30
D) e O

Scheme 29. Reaction scheme of ring-opening aziridination [mep = N,N'-dimethyl-N,N'-bis(2-pyri-
dylmethyl)-ethane, OMP = o-methoxyphenyl].

D. Carbometalation of C—C Unsaturated Bond

A carbometalation reaction is an addition reaction of an organometallic compound to
an unsaturated carbon—carbon bond resulting in a new carbon—carbon and carbon—metal
bond formation. Generally, catalytic iron salt in the presence of an organometalic
compound forms an organo-iron species, which accelerates the addition reaction to the
unsaturated C—C bond. In 1977 Lardicci and co-workers (52) first used FeCl; as a
catalyst in the alkylation of hex-1-yne by organoaluminium compounds. This protocol
showed regiospecificity toward 2-alkyl-alk-1-ene (26) and trialkylbuta-1,3-dienes (29)
with a small amount of oligomer and other cycilc trimers. With an optically active alkyl
substituent at the a-position of the triple bond, high stereospecificity was noticed upon
carbometalation. With [1-D]hex-1-yne, no deuterium transfer was detected after
hydrolysis (Scheme 30).

H R
R H R H
(1)Fecl; R H o . — H
Rm=—H + ARy —— = = + = + =+ o/ \_
(2) H3O H H R H H R' A ’
25 26 27 28
H R
R, R’ = alkyl R_H H — H
>—$_< + >_g:< + Oligomers
R’ — R
R H H R
29 30
R R

NogEpel

Scheme 30. Iron-catalyzed organoalumination of alphatic alk-1-ynes.
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AIR's + FeC|3
R———H
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HzO* R H \ R . H Hz0* 27
26 «——— H»—
R NP LFe .\ > LFe R
R——H
R
R - - H H——
L,Fe/ L,
R SR
R H H R H R R H
— FelL, — FelL, — Fel, — Fel,
R' - R' — R' — R' —
R H H R R H H R
lH3O+ l H;0* lHe,O+
29 30 28

Scheme 31. Proposed pathways for iron-catalyzed organoalumination of alphatic alk-1-ynes.

To begin with, the iron center performed ligand exchange with an excess of
organoaluminium compound, which underwent a cis-addition to the triple
bond forming an iron—carbon single bond. Compound 26 was preferentially
formed over 27 due to steric and electronic reasons. According to the proposed
mechanism, the dienyl species were formed from two probable m-alkyne—
iron species, which resulted in four organoiron compounds. Among them,
compound 29 was more favorable due to stereoelectronic factors. Alkylation
to the alkyne played a competitive role with cyclic trimer formation.
Finally, increased steric hindrance on the alkyne moiety led to cyclization
(Scheme 31) (52b).
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Me Me  R,zZn, FeCls (5 mol%) Me, Me Me, Me
(R)-p-Tol-BINAP (7.5 mol%) % aq NH,CI
> —_—

O._O  TMEDA, THP, toluene 0._0 0.0

X 0 .
R Zn R

Entry RoZn Yield (%) ee (%)
1 Pr.Zn 62 92 (R)
2 Et,Zn 88 89 (R)

Scheme 32. Iron-catalyzed olefin carbometalation (THP = tetrahydropyran).

In 2000, Nakamura et al. (53) reported FeCl; catalyzed olefin carbometalation
using a Grignard reagent or organozinc complexes (Scheme 32). A cyclopropene
moiety was easily carbometalated by this method. The carbometalated intermedi-
ate was also trapped with different carbon electrophiles. Enantioselective carbo-
zincation was achieved by applying a number of bidentate phosphine ligands. The
optimized condition with (R)-p-Tol-BINAP (2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl) and TMEDA [N,N,N N -tetramethylethane-1,2-diamine (solvent)]
produced carbometalation with high enantioselectivity.

Hosomi’s and co-workers (54) reported iron-catalyzed stereo- and regioselec-
tive carbolithiation of alkynes using a catalytic amount of Fe(acac); (Scheme 33).
They proposed that iron catalysis was going through an iron-ate complex. Under
this reaction condition, alkynyl ether and alkynyl amines were well tolerated, but
reaction with a simple alkyne (e.g., 6-dodecyne) totally failed.

Through iron-catalyzed alkyne carbometalation of propargylic and homo-
propergylic alcohol with Grignard reagent, a class of substituted allylic and

Bu
Bn Fe(acac)s (10 mol%), BuLi (3 equiv)
e ™" Mo N OBn
touene, =20 °C, 4 h

Me Me”~ “Me

99%

/\/NEt2 same as above jBi/\/
NEt
Me =~ Me X 2

72%

CsHy4
= same as above .
No reaction
CsHi1

Scheme 33. Iron-catalyzed region- and stereoselective carbolithiation of alkynes (acac = acetylacetonate).
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TABLE VIII
Stereo- and Regioselective Carbometalation of Propargylic and Homoproporgylic Alcohol”

"o 2 t Fe(lll) H OH
R cat Fe 3
_ RMgBr ————— » R >
R—=-)  * g THF, 0°C, 7 h, ~ Vp R
n=0—1 (5 equiv) =
Entry Condition Product Yield (%)
HO._ _Me
1 Fe(ehx); (0.2 equiv) dppe (0.2 equiv) nCioHoy \g H 75
Me
OH
2 Fe(acac); (0.2 equiv) NCeHia~ _~ 75
Me
OH
3 Fe(acac); (0.4 equiv) nCeHis % H 63
Ph

“1,2-Bis(diphenylphosphino) ethane = dppe; ehx = 2-ethylhexanoate.

homoallylic substrates were synthesized stereoselectively (Table VIII). In 2005,
Zhang and Ready (55) demonstrated regio- and stereoselective carbometa-
lation by use of a catalytic amount of iron(II) salt. A small amount of
dialkylated alkene and, in some cases, a hydrometalated species, was detected
as a side product. Further, a vinyl Grignard intermediate was trapped with a
different electrophile to produce tetrasubstituted allylic or homoallylic alcohols
(Table IX).

The iron(III) center is reduced through a fast ligand-exchange process with the
Grignard reagent. Then alkoxide directed carbometalation occurred forming a
cyclic vinyl-iron intermediate. Subsequent metathesis with the Grignard reagent
formed a vinyl-magnessium species, which was responsible for electrophilic
substitution. After #-hydride elimination from the FeR,, species, an iron-hydride
complex was generated that performed the hydrometalation of the alkyne moiety
(Scheme 34) (55).

With the prospect of alkyne carbometalation, in 2005, Hayashi and co-workers
(56) reported an iron—copper cooperative catalytic system, which successively
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TABLE IX
Intermediate Trapping of an Electrophile of a Carbometalation Reaction”

Fe(ehx)s (0.15 equiv) HO._ _Me

o OH MeMgBr (5.0 equiv)
MCioHar—= . " > nCioHay = E
Me THF,0°C,7h, E

Me

y

Entry E*“ Product Yield (%)

1 "C‘OHZ‘\K\[D 75 (92 D)

65

2 ZnCl,.NBS nCqoHaq =

C4oH
3 DMF nGqoRz1 =~ CHO 50

4 CuCN.LIiCl. allyl bromide nCqoHz1 ﬁj/\/\ 61

“ N-Bromosuccinimide = NBS.

H—| FeR,, 1

e(lln
MgBr MgBr RMgX
AP n %—T 0)

elimination

n
RMgX
9 R, FeO \

Rn-1Fe—MgBr

or R W/\(\*O
Me "
Me

Scheme 34. Proposed mechanism for the carbometalation of propargylic and homopropargylic alcohol.

I
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TABLE X
Alkyne Carbometalation Using an Iron—Copper Cooperative Catalytic System
Fe(acac)s (5 mol%) Ar H
RI—=—R? _Ar-MgBr CuBr (10 mol%) H20 —
0.90 mmol PBuj3 (40 mol%) R! R2
THF (1.7 mL), 60 °C, 24 h

Entry Ar R' R? Yield (%) (E):(2)
1 Ph Pr Pr 62 97:3
2 3-MeC¢Hy Pr Pr 70 95:5
3 3-OMeCgH, Pr Pr 56 97:3
4 4-FCeH, Pr Pr 40 95:5
5 3,5-Me,CeH3 H Ph 34 91:5
6 3,5-Me,CeH3 Me SiMes 56 72:26

performed aryl magnesiation with a Grignard reagent (Table X). An aryl magne-
sium bromide with an electron-donating as well as electron-withdrawing aryl

group was successfully employed.

An aryl-iron species was proposed through the ligand exchange between the
iron salt and the arylmagnesium bromide. The aryl-iron complex accomplished a
cis addition with the alkyne forming vinyl-iron complex. Upon transmetalation
this comlex gave vinyl-cuprate. A subsequent transmetalation with a Grignard
reagent formed the alkenylmagnesium bromide (Scheme 35) (56, 57).

Ar Cu(Ar)MgBr

ArMgBr R' R?2

Ar MgBr
— Ar,CuMgBr
R1 R2
2 ArMgBr
CuBr

Fe(acac)s

Ar—I[Fe]

Ar

R1

_ [Fe]

R2

i nArMgBr

Scheme 35. Mechanism of arylmagnesiation of alkynes with an Fe/Cu cooperative catalytic system.
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MeO MeO
Me
Fe(acac)s (5 mol%)
31 (20 mol% H20 Ph
nBu———~Ph+ ( ) > . H + —
THF, 60 °C, 16 h Y
nBu _ Ph nBu
MgBr Me Me (E) @
'\ﬂ,?e Yield 91%
. (E): (2) =89:11
iPr= NN
\—/
Me Me Me Me
31

Scheme 36. Iron-catalyzed arylmagnesiation of alkynes in the presence of the NHC ligand.

In 2007, the same group reported arylmagnesiation of aryl(alkyl)acetylenes in
the presence of a catalytic amount of Fe(acac); and an N-heterocyclic carbene
(NHC) ligand (Scheme 36) (58). The aryl-iron species preferentially promoted
cis addition to the alkyne forming an alkenyliron intermediate. The NHC ligated
intermediate gave the desired product upon transmetalation with Grignard
reagent.

Again in 2009, Hiyashi and co-workers (59) reported iron-catalyzed carboli-
thiation of alkynes in the presence of a catalytic amount of TMEDA (Table XI). In
this system, they demonstrated alkyllithiation of aliphatic and aromatic substituted
alkyne with good yield and stereoselectivity. The alkene-lithiated intermediate was

TABLE XI
Carbolithiation of Alkynes in the Presence of a Catalytic Amount of TMEDA

FeCls (5 mol%)

1 1 R3
M Lis P no_ TMEDA (20 mol%) meo _ RL_H A
THERT—= PPh; (10 mol%) R R® R H
Et,0, —20 °C A B
Entry R! R! R? Time (h) Yield (%) A:B

1 Bu Bu Ph 1.5 81
2 Bu Bu 3-CF3C¢Hy 1.5 82
3 Bu Bu 2-MeOCgHy 1.5 82
4 Bu Et Ph 1.0 81 98:2
5 iBu Me Ph 0.25 72 >99:1
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FeClz (5 mol%)

tBu H nPr
tBu nPr
InXo dppbz (10 mol%)
— (3 equiv) >
nPr
nPr

nPr—=—=—nPr 1 . THF, 60 °C, 14 h
Me3SiCHo.MgCl
(6 equiv)
FeClay/L
LAr-In
. H
H-In @ R———R
[Fe]
Ar-In H
[Fe]
R [Fe]—H _
R R
CC 4 :
R _
R———R
R HiFel o H f
| [Fe]
or R
/"R %
R R R

Scheme 37. Iron-catalyzed annulation reaction of aryllindium reagents and alkynes (dppbz = 1,2-bis
(diphenylphosphino)benzene

also used for further electrophilic substitution with aldehyde, alkyl bromide, and
SO on.

An aromatic ring can be constructed through carbometalation of two alkynes in
the presence of a catalytic amount of iron chloride. Upon formation of an aryl—-iron
complex from an arylindium reagent, reaction with alkyne was generated from an
alkenyl-iron species. An intramolecular C—H activation involving another alkyne
resulted in ring annulations (Scheme 37) (60).

Carbometalation in oxa- and azabicyclic alkene moieties are often prob-
lematic due to the ring-opening reaction through g-heteroatom elimination
(Scheme 38). Ito and Nakamura (61) reported an iron-catalyzed diastereose-
lective organozincation of oxa- and azabicyclic alkenes in the presence of
dppbz based ligands with much less conversion to the ring-opening product
(Table XII).
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RM
\ - >\ XM
N . M \

X=0O,NH
RM = Organometallic Compound

p-Heteroatom
elimination

Scheme 38. Schematic diagram for carbometalation of oxa- and azabicyclic alkene.

TABLE XII
Carbometalation in Oxa- and Azabicyclic Alkene Moieties™”

AroZn (1.5 equiv), FeCls (1 mol% @Ar @[
N 32 (2 mol%), THF/toluene (1:1)

X=O,NR 0°C 1-24h Ar_4 FCGH4
Me, SN
Ph\ /O Ph Ph F Ph —
Si TBDPSO: -
Ph" o \
Me F
65%2,24 h 75%2, 24 h 96%2,2h 81%, 24 h

“At 40°C, FeCl; (3 mol%), ligand (6 mol%).
b At 25°C (Boc= tert-Butyloxycarbonyl; TBDPS = tert-butyldiphenylsilane).

E. Michael Addition

The Michael addition is a useful pathway for C—C bond formation in the
synthesis of an organic molecule. The convenient base-catalyzed Michael addition
affords a number of side-product formations. To avoid the use of base, several
methods using a transition metal have been developed. A number of homogeneous,
as well as heterogeneous, iron-catalyzed Michael addition reactions have enriched
this field with prospects for the future.
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TABLE XIII
Michael Addition of Amines onto Acrylate Acceptors

X %).25 © NRg X
RNH N FeCls (10 mol%),25 °C s
o}

42 h, DCM (solvent) (o)

Entry Amines X Yield (%)

1 Diethylamine OEt 96

2 Diethylamine H Polymerization
3 Piperidine OEt 97

4 Morpholine OEt 90

5 Pyrrolidine OEt 95

6 n-Butylamine OEt 79

In 1989, Laszlo et al. (62) reported an FeCl; catalyzed Michael addition of
amines onto acrylate acceptors (Table XIII). Herein, FeCl; acted as a Lewis acid,
which coordinated with the carbonyl oxygen of the acrylate acceptor and catalyzed
the reaction toward a thermodynamically favored 1,4- addition.

Iron(IIl) salts have proven to be an effective catalyst for Michael addition
between 1,3-dicarbonyl compounds and vinyl ketones. In 1997, Christoffers (63)
reported the FeCl; catalyzed Michael addition reaction at rt (Scheme 39).

First, the enone substrate interacted with the iron center through a vacant
coordination site of a 1,3-dicarbonyl ligated iron complex. Then the center carbon
of the dionato ligand performed the nucleophilic attack to the enone in 1,4-fashion.
Since an olefin moiety should be in close contact with the dioneto ligand for the
alkylation of enone, the (S)-trans enone strongly disfavored the reaction
(Scheme 40) (64).

0 o o)
COzMe (0] FeCl3.6H,0 (1 mol%) Me
+ \)J\Me rt, no solvent o COs:Me
Yield 91%
o) O CO,Me
COoMe F9C|3.6H20 (5 mol%) 0
"~ 1,12h, DCM (solvent)
o)
Yield 80%

Scheme 39. Iron-catalyzed Michael reaction of 1,3-dicarbonyl compounds and enones.
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O L F/e\ / R?
(0]
}_JR1 (0] R1
R® v RSJK/\R4

Scheme 40. Proposed mechanism for an iron-catalyzed Michael reaction of 1,3-dicarbonyl com-
pounds and enones (COX =acyl halide).

A new class of Michael addition product was generated. The 2-acceptor
substituted cycloalkenones with an iron salt formed a stable enolate, which acted
as a Michael vinylogous donor toward the acceptor methyl vinyl ketone. Some
amount of aldol product of the desired Michael addition was also formed as a side
product (Scheme 41) (65).

CO;Me
o
CO,Me
cat FeCI3 SHQO
COQMe

OH SN
002Me o}

Y
/

Scheme 41. Iron-catalyzed Michael reaction with a vinylogous donor molecule.
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o
CO,Et + cat FeCly. 6H,0 EtO,C, O
‘ ——
G el
¢

Yield 39%

o

Scheme 42. Synthesis of biaryl compounds by iron-catalyzed Michael reaction.

By using a quinine derivative as the acceptor of a vinylogous Michael addition,
biaryl cross-coupled products were formed after overoxidation of the donor and
acceptor moieties of the addition product (Scheme 42) (66).

Asymetric Michael reaction with a chiral ligand was reported by Christoffers
and co-workers (67). In 2003, an iron-catalyzed Michael reaction on a solid
support was reported by Kitayama and co-worker (68).

F. Barbier-Type Reaction

Another popular way to construct a C—C bond is to attack the carbonyl center
with a nucleophilic carbon center. In this regard, the Barbier reaction has drawn
much attention for the preparation of alcohols from carbonyl compounds with
simultaneous C—C bond formation. Generally, the nucleophilic carbon center is
generated in situ from an alkyl or aryl halide, using various reducing agents (e.g.,
alkali and alkaline earth metals or lanthanides and their salts). Among various
lanthanides, Molander and Harris (69) found Sml, and Ybl,, to be very effective in
promoting various types of intramolecular Barbier-type reactions in the presence
of an iron catalyst. Several 2-(n-iodoalkyl) afforded good-to-excellent yield of the
corresponding bicyclic alcohols in the presence of Sml, and catalytic iron tris-
(dibenzoylmethane) [Fe(dbm)s] (Scheme 43, DBM = dibenzoylmethane) (70).

In particular, entries 1 and 4 in Table XIV show almost exclusive formation of
one stereoisomer. Lack of stereoselectivity for entry 2 is due to the ease of attack
from both the equatorial and axial side for equatorial side chains, whereas an axial
side has only one option for equatorial attack, leading to a single diastereomer
(Scheme 44) (70a).

o)
t Fe(db
+ 25ml, —catFe(dbm)s
O THF, 1t, 3 h

Scheme 43.
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TABLE XIV
Iron-Catalyzed Intramolecular Barbier Reaction
Entry m n % GC Yield cis: trans
(Isolated Yield)”

1 1 1 90 (60) >99.5:<0.5
2 2 1 100 (75) 1.3:1

3 3 1 85 (77) 2.0:1

4 1 2 67 18: 1

5 2 2 95 (75) 1: 1.5
6 3 2 (83) 1:2.3

“Gas chromatography = GC.

Me ° 2 Sml, / cat Fe(dbm)
Me% 8 OH + Me
Mg’ THF, 1,3 h
H |
80%
OH

O
Me 2 Sml, / cat Fe(dbm), Me
Me H Me
Me' THF, rt, 3 h Me
| 80%

Scheme 44.

Even for the 3-(alkyl)cycloalkanonenes, the desired intramolecular rearranged
bicyclic product was obtained in moderate-to-good yield (71). In all these cases, Fe
(dbm); was used as an effective catalyst due to its nonhygroscopic, air-stable
nature and easy solubility in THF. In addition, other iron complexes including
FeCl,, FeCls, and Fe(acac); were found to catalyze this reaction quite effectively
(Scheme 45).

Acyclic acyl derivatives (e.g., esters, amides, and thioesters) were successfully
converted into cyclic ketones (Scheme 46) (72).

Cyclization by C—C bond formation followed by lactone ring opening via C—O
bond cleavage can be obtained via intramolecular nucleophilic acyl substitution
(INAS) with specific stereoselectivity (Scheme 47) (73).

0 OH
2 Sml, / cat Fe(dbm)g I8
Me Me THF,-78°Ctort, <2 h Me
Me Me
I Me ggos,

Scheme 45.
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0 Smls (2 equiv) Q
/\/\(U\ Fe(dbm)s (1 mol%) é/Ph
' 4 THF, —30 °C, 30 min
Ph 18-74%
O
OMe SO-Me J\
Z= -OFEt, -S-iPr, —NG N —N , >N" 0
Me Bu -/
Scheme 46.
e} .
1) Me Sml; (2 equiv)

Fe(dbm)z (1 mol%)
THF, -30°C —rt

91%

Scheme 47.

G. Kharasch Reaction

Construction of a new C—C bond can also be done by simple addition of
polyhalogenated compounds with an alkenyl double bond by cleaving a C—X
(X=Cl, Br, I) bond to form new geminal C—X and C—C single bonds (74). This
type of transformation, popularly known as the Kharasch reaction, mainly goes
through a radical pathway and starts by homolytic cleavage of a C—X bond in the
presence of a radical initiator. Then newly generated alkyl radical attacks the
alkene followed by final abstraction of a halide radical from a new polyhalide
molecule leading to the final coupled product. Due to this radical pathway, several
iron catalysts were found to be particularly efficient to initiate this transformation.

The first breakthrough in an iron-catalyzed Kharasch-type reaction came from the
Hogeveen group (75). In their study, Me;NFe(CO),4 was preferred to Fe,(CO)o for
addition of CCly in various alkene (Scheme 48). Interestingly, a strained tricyclic
compound was formed in excellent yield from norbornadiene (Scheme 48).

Dimeric [Fe,(CO)4(Cp),] was also found to catalyze this reaction at an elevated
temperature (76). A detailed kinetic study showed first-order dependence on
halocarbon and a dimeric iron complex, but a more complex dependence over
the concentration of alkene. Interestingly, when simple halocarbon was replaced
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cl
o~ MeNFe(CO), (10mal%) ¢y 1 _cH,
HoC CCly, 1t, 16 h 2o
(o]

Lb MesNFe(CO), (10 mol%) CW& ClsC 2
/
CCly, 1t, 16 h

90%; exo/endo= 3/2

Scheme 48.
0 Me ol
cat [Fex(CO)(Cpy)] MeMO Q<
PN ClsC Me + o cl
Me™ SCH, * % _/<0Me 150 °C, 16 h cic’ ¢l
o)
13% 46%
Scheme 49.

by methyltrichloroacetate, a mixture of products were obtained with lactone as the
major product (Scheme 49) (76b).

Elemental iron also has been found to catalyze this type of transformation. A
bromo radical is preferred over chloro in this halogen-atom transfer radical
addition to alkene process (Scheme 50 DCE = 1,2-dichloroethane) (77, 78).

At elevated temperature, a-dichloroester also can give the same type of
compound by breakage of the C—Cl bond. The proposed mechanism involves
single-electron transfer (SET) from Fe(0) to the LUMO of the haloester with
concomitant expulsion of halide anion (Scheme 51) (78).

An intramolecular Kharasch-type reaction also can be performed by using a
catalytic amount of FeCL[(P(OEt);]; from a,a-dichloroester in both dia-
stereoisomers (79). Relative yields of the isomers depend on the catalyst loading
and time. When haloacid was used in place of haloester, lactone was observed as
the major product (Scheme 52).

Fe (20 mol%
Me Cl DMF(/1 2-DCE) Me, o1 §r
M 4+ H,C” CHzPh ’ MeO,C CH,Ph
MeO,C~ “Br Ar, 80 °C, 3.5 h 2 2
73%

Scheme 50.



IRON CATALYSIS IN SYNTHETIC CHEMISTRY

R
R |
R' !
<v§
R

R-X

Fel

H.C” R

43

\/\R'
Scheme 51.
COsR
- FeCl,[(POEt)sl5 COgR Co2
CI\ benzene, 160-165 °C <I\
CH, H C|
Catalyst ) 33 34 35
R (Mol%) Time (h) Yield (%) Yield (%) Yield (%)
Et 5.7 8 51 24 0
Et 8.7 20 32 51 0
H 4.0 24 0 0 66
Scheme 52.
III. THE C—C BOND FORMATIONS VIA C—H

FUNCTIONALIZATION

A. The C—H Arylation

Biaryl structural motifs are ubiquitous in nature as well as in synthetic
chemistry. From the days of the Ullmann reaction to traditional cross-coupling
reactions, transition metals have played the key role in forming biaryls through
C—C coupling. With advancement in coupling reaction chemistry, chemists have
devised a method where one organometallic reagent has been replaced by
unactivated, simple arenes thereby minimizing the related preactivation, extra
synthetic step, and waste. This approach is termed a “direct arylation” strategy. In
recent decades, progress in this field has been achieved primarily with second- and
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PhMgBr (6 equiv)
ZnCl,. TMEDA (3 equiv)
Fe(acac)s (10 mol%)
Phen (10 mol%)

Me_ Me @ iv)

Cl equiv
oS q
THF,0°C, 16 h

99%

Scheme 53. Iron-catalyzed direct arylation, where Phen = 1,10-phenanthroline.

third-row transition metal catalysts (e.g., Pd, Rh, Ru). The utilization of first-row
transition metals, which are less expensive and environmentally benign, is
challenging, though in recent years significant improvements have been observed
with Cu, Ni, or Fe catalysts. In Section III.A.1, recent advances in iron-catalyzed
direct arylation of unactivated arenes will be discussed briefly.

1. Direct Arylation With Organometallic Reagents

In 2008, Nakamura and co-workers (80) reported the first iron-catalyzed
direct arylation with an in situ generated organozinc reagent in the presence of a
suitable oxidant. Under optimized conditions, only 10 mol% Fe(acac);—phen
resulted in an excellent yield of the desired product at a remarkably low
temperature (0 °C) (Scheme 53).

The compounds FeCl, and FeCl; also were found to be equally reactive, but Fe
(acac); was chosen due to its ease of handling. Choice of a proper ligand system
was extremely crucial, as Fe(acac); alone was inefficient to catalyze the reaction.
Bidentate nitrogen-based ligand phen was found to be the most efficient after
extensive experimentations with various nitrogen-based bi- and tridentate ligands.
Similarly, several dihalide oxidants were tested and 1,2-dichloroisobutane (DCIB)
was found to promote this transformation in quantitative yield. Also, the combi-
nation of PhMgBr and ZnCl,.TMEDA (in 2:1 ratio), was essential for the success
of the reaction, as Ph,Zn or PhZnBr were unable to promote the reaction.

Regioselectivity of arylation was determined by the presence of a nitrogen-atom
in the substrates, which serves as the anchoring group for the metal. With
benzoquinoline as the substrate, arylation was observed exclusively at the C10
position, as it was the only available position for arylation. With 2-phenylpyridine,
an aryl group was inserted at the ortho position(s) only to give primarily the mono-
arylated product, though diarylation was also observed to some extent with
symmetrical substrates (Scheme 54).

The variation of electronically different substituents on 2-phenylpyridine and in
an aryl zinc reagent did not affect the yield of the desired product. However, the
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Ar = 4-FCgH,, 89%

A H(Ph) X
| R=H,82%(12%) || _ 11 AT = 3-FCeHa, 78%
N R =0OMe, 65% (21%) N Ar = 4-tBuCgHg, 82%
Ph g R =F 80% (20%) Ar Ar = 4-MeOCgH,, 76%
R = COzEt, 77% (13%) Ar = 2-MeCgHg, 0%
SN H(Ph) (s\ H(Ph) N| N
| — N\ _N kN/
N N
Ph Ph Ph
81% (9%) 59% (10%) 18%

Scheme 54. Iron-catalyzed direct arylation of 2-aryl pyridine derivatives.

method was found to be very sensitive to the steric requirement of the substrate, as
well as of the reagent. With a methyl group in the 3 position on the phenyl ring of 2-
phenylpyridine, arylation occurred exclusively at the less hindered position and
with 2-tolylzinc no product was observed.

In 2009, Nakamura and co-workers (81) also reported a related method, where
the aryl group was selectively inserted into the ortho C—H bond of aryl imines
(Scheme 55). In this report, dtbpy (4,4'-di-tert-butyl-2,2'-bipyridine) was used as
the ligand in place of phen with Fe(acac);. The 1,2-dichloroisobutane (DCIB) was
used as the oxidant to generate arylated ketimines or the corresponding ketones.
Mono-arylated products were obtained for a number of aryl and heteroaryl imines
in excellent yields. Interestingly, under the applied condition traditional leaving
groups of cross-coupling chemistry (e.g., Cl, Br, OTs, and even OTf) were
tolerated, thus exhibiting the possibility of orthogonal arylation or sequential
arylation—functionalization. This protocol was also found to be sensitive to the
steric requirements of the substrates like the previous method. Now, the mecha-
nism of this reaction remained unclear and a detailed investigation is still required.
Further, they enhanced the applicability of their methods by replacing DCIB by

PhMgBr (5-6 equiv)
ZnCl,. TMEDA (2.5-3 equiv)

Me Fe(acac)s (10 mol%) Me
Sy AT dtbpy (10 mol%) H* o
Me_ Me .
X H | (2 equiv) X Ph
THF,0°C, 16 h 83-92%

Ar = 4- MeOCGH4
X =Br, Cl, OTf, OTs, CN, OMe, CF3

Scheme 55. Iron-catalyzed directed ortho arylation of aryl imines.
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N~ |
PhMgBr (6 equiv) Ph\/\Si X
ZnCl,.TMEDA (3 equiv) Me
NZ Fe(acac)s (10 mol%) [Fe] =N~
| 2 | +
oG _ Ph 3
/\SiQ THF,0°C — 11, 3h %Si X »
Me, Me: [FeH |
Me™ "Si X
Me,

Scheme 56. Iron-catalyzed oxidative Heck reaction.

molecular oxygen as the stoichiometric oxidant, where sequential slow diffusion of
oxygen into the reaction medium at 12-h intervals turned out to be advantageous.

In 2010, by applying similar conditions, Ilies et al. devised an oxidative Heck
reaction in which the iron-catalyzed arylation of olefins was affected by organozinc
and Grignard reagents through a proposed ferracycle intermediate (Scheme 56)
(82). Here, 1-bromo-2-chloroethane was used as the optimal oxidant in place of
DCIB to significantly suppress the reduced byproduct. Substrates without a
directing group like 1-octene and styrene, as well as vinyl acetates or 2-vinyl
pyridines, having a directing group, remained unreactive.

Encouraged by the success of iron-catalyzed sp> C—H functionalization,
Nakamura and co-workers (83) further investigated the sp> C—H bond activation
with an iron catalyst. In 2010, they reported an intermolecular coupling of aliphatic
amines containing an N-(2-iodophenyl) methyl group (N-IBn) (acting as an
internal trigger for C—H bond cleavage) and an organometallic reagent to generate
an a-substituted product with an iron-based catalyst (Scheme 57). The reaction

RMgBr (1.2—2 equiv) H
L) 2 RMgB/ZnCl, TMEDA @ﬁ
N Fe(acac)s (2.5—5 mol%) N
tBuOMe, 50 °C, 15—30 min \©
R[Fe]

[\ RFel H RIFe] D_[Fe]_l

e GG

Scheme 57. Proposed reaction pathway of an iron-catalyzed a-arylation of aliphatic amines.

P4
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n=2 81% X=HF; 91% 88% 79%
T oo X = Cl; 88%
n=3,83% % _ OMe; 90%
n=4,82% -  IVe
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Bn _ Me Bn
54% 70% 69% 47%

Scheme 58. Scope of an iron-catalyzed a-arylation of aliphatic amines.

proceeded by metal-mediated activation of a C—I bond, followed by intramolecular
1,5-hydrogen transfer and a subsequent C—C bond formation through a putative
organoiron intermediate. Under optimized conditions, various cyclic and acyclic
aliphatic amines reacted smoothly, though with a bromo analogue, lower yield of the
desired product was observed (Scheme 58, Bn=benzyl). In the case of
unsymmetrical aliphatic amines, arylation occurred preferentially at a more substi-
tuted position, thereby further enhancing the probability of a radical pathway.

Control experiments suggested iron as the sole catalyst, as reaction occurred
successfully with other iron sources (e.g., FeCl; or FeCl,), but in the absence of the
catalyst, no conversion was observed. Labeling experiments clearly indicated the
1,5-H shift to be strictly intramolecular and no H/D crossover was observed. Also,
a competition experiment ruled out the possibility of C—H bond cleavage as the
rate-determining step of the reaction (Scheme 59).

Tran and Daugulis (84) also reported an iron-catalyzed deprotonative alkylation
of five- and six-membered heteroarenes (e.g., thiophenes, furans, pyridines, and
electron-deficient arenes) in the presence of a Grignard reagent with alkyl halides
(Scheme 60). Grignard reagent primarily serves as a proton abstractor and a
number of alkyl bromides and iodides undergo the transformation successfully.

Without using Grignard—organozinc reagents, iron mediated direct arylation of
unactivated arenes with boronic acids was reported by Yu and co-workers (85) for
the first time in 2008 (Scheme 61). A number of substituted boronic acids and
different unactivated arenes were coupled efficiently at a moderately high tem-
perature. The mechanism for this reaction still remained unclear, though the
intermediacy of radical species was ruled out by this investigation. However, this
method needs further modification, as it requires a stoichiometric amount of iron
salt and excess unactivated arenes.
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Me Me Me Me

D D D %Ar

ArMgBr (2 equiv)

I
Fe(acac)s (5 mol%)
tBuOMe, 50 °C

) ] Yield 98% Yield 92%
0.5 equiv 0.5 equiv 100% o-D incorp 0% o-D incorp
D Me MeD H Me MeH Me Me Me Me

%Ar %Ar
ArMgBr (2 equiv)

Fe(acac)s (5 mol%)
tBuOMe, rt, 5 min

0.25 mmol 0.25 mmol 0.12 mmol 0.12 mmol

Scheme 59. Labeling experiments for mechanistic study.

O,NHMe

(13—-25%) “'NHMe

Ar/ Het-Ar—H Ar/ Het-Ar
FeClz (5—10%)

CyBr, THF
TMPMgCI*LICI, rt, 2-18 h

Me@'\"e .LiCl = TMPMgCI*LiCI

Me N Me
MgCl

Scheme 60. Iron-catalyzed deprotonative alkylation of heteroarenes (TMP =2,2,6,6-
tetramethylpiperidinyl).

B(OH
(OF)2 Fen(SO4)3.7H0 (1 equiv)

RS X © cyclen (1 equiv) R X
I + —.
N K3POy4 (4 equiv), pyrazole (2 equiv) =

48 h, 80 °C, air

1equiv 90 equiv

R = ClI, Br, OMe,
COsMe, NO,, COoH

Scheme 61. Iron-mediated direct arylation of arenes by arylboronic acids (cyclen=1,4,7,10-
tetraazacyclododecane).
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R EWa Het-Ar B(OH). 1,4-Quinone
74 | N\ 1 N [Fe]/ K2S,0g N X [Fe] / KoS»>0g
— KN/ solvent, TFA O solvent
|

Scheme 62. Iron-catalyzed arylation of quinones and heteroarenes (TFA = trifluoroacetic acid).

Recently, Yu and co-workers (85) reported an iron mediated C—C coupling
reaction in 2012, that started from aryl boronic acids and electron-deficient
pyridines and quinones (Scheme 62). In the presence of a suitable oxidizing
agent, K,S,0g, a number of quinone derivatives were efficiently arylated by FeS.
Further, no exogenous ligand is required for the success of this reaction. Notably,
all these transformations significantly improve the applicability of iron catalysis to
achieve green and sustainable reaction protocols in coupling chemistry.

2. Direct Arylation With Aryl Halides

In 2010, Lei and Charette (86) independently reported iron-catalyzed direct
arylation of unactivated arenes with aryl halides. In Charette’s report, arylation
with aryl iodides and simple arenes was affected efficiently without the need of any
directing group or stoichiometric organometallic reagents (Scheme 63) (86).

The optimized condition required 5 mol% Fe(OAc), as the catalyst and bath-
ophenanthroline (10 mol%) as the ligand in the presence of KOrBu (2 equiv) at
80 °C. Even a 0.5 mol% catalyst loading was effective at an elevated temperature.
Various aryl and heteroaryl iodides were found to give the desired product in
moderate-to-excellent yields. Electron-rich iodides were found to be more reactive,
as even at rt moderate yields were obtained with a prolonged reaction time.
Notably, the protocol was efficient only with aryl iodides, as aryl bromide proved
to be less reactive while aryl chloride remained unreactive.

In a preliminary mechanistic investigation, a KIE of 1.04 was found thus ruling
out the possibility of C—H bond cleavage as the rate-determining step. A radical
pathway was proposed and an iron(Il)-iron(IIl) redox cycle was thought to be
operative (Scheme 64).

I Fe(OAc), (5 mol%)
Rt A bathophenanthroline (10 mol%) 7N
> KOtBu (2 equiv), 80 °C, 20 h R

1 equiv 100 equiv 40-93%

Scheme 63. Iron-catalyzed direct arylation of arenes with aryl iodides.
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Scheme 64. Proposed catalytic cycle.

In this proposed mechanism, one-electron oxidation of the iron center activated
the aryl-halogen bond and generated a radical species. In the next step, a radical
addition on arene was followed by abstraction of a halogen atom from the metal
center and KO7Bu quenched the resulting HI to form tBuOH, which had been
detected in the reaction medium. This radical pathway was further supported by
reactions with radical scavengers (e.g., TEMPO, 2,2,6,6-tetramethyl-piperidin-1-
yloxyl, and galvinoxyl), which practically inhibited the reaction. Control experi-
ments clearly indicated the prominent role of iron as the sole catalyst regardless of
its purity and no product was obtained in the absence of Fe(OAc),.

A similar method was demonstrated by the Lei and co-workers (87) group in the
same year, where FeCl; was the catalyst of choice along with N,N' -dimethylethy-
linediomine (DMEDA) as the ligand (Scheme 13). At moderate temperature, aryl
halides were efficiently reacted depending on the nature of the base used. With a
strong base, LIHMDS (2 equiv), the less reactive aryl bromides exhibited good
reactivity, while aryl chlorides were found to be moderately reactive (Scheme 65). In
the presence of excess KOfBu (3 equiv), more reactive aryl iodides reacted efficiently
to form the desired product in satisfactory yields. Electron-rich aryl bromides gave a
better result compared to electron-deficient ones. Also, substituent in the ortho
position resulted in a lower yield, indicating that steric hindrance had a detrimental
effect on reactivity. Notably, the same trend regarding the stereoelectronic effect of
the substituents was observed with aryl iodides in Charette’s report (86).

Detailed mechanistic studies were not conducted in this case, however,
preliminary studies ruled out any intermediacy of a benzyne analogue. A labeling
experiment with [d¢]-benzene yielded a KIE value of 1.7 and thus a radical
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X
FeClz (15 mol%)
N © DMEDA (30 mol%) X
R—- + R
Z Base (2-3 equiv) =

80°C,48h

0.5 mmol 45 mmol
X =8Br, |, Cl

For X= Cl, Br LIHMDS was used as base, whereas, for X= 1, KOtBu was used.
Here HMDS = bis(trimethysilyl) amide.

Scheme 65. Iron-catalyzed direct arylation of benzene with aryl halides.

pathway was considered. Also, in accordance with the report of Buchwald and
Bolm (88), reaction was performed with ultrapure FeCl; under standard conditions
and the same results were obtained. The arene coupling partner was required to be
in excess for the reaction. In conclusion, in direct arylation chemistry these
methods clearly indicate the significant development where less expensive iron
salts exhibited unprecedented reactivity.

B. The C—C Bond Formation Via Cross-Dehydrogenative Coupling

A cross-coupling reaction is one of the most powerful tools in organic synthesis.
Several approaches toward the desired cross-coupled products are known. The
straightforward approach will be direct coupling of two different C—H bonds instead
of using either organic halides—pseudohalides or organometallic partners or both
(89). This technique is popularly known as cross-dehydrogenative coupling (CDC).
Li (90) made a pioneering contribution in CDC by using a first-row transition metal
catalyst. After their initial work with copper, first iron-catalyzed CDC was reported
in 2007 and an iron catalyst was found to be more efficient than a copper catalyst (91).

1. The CDC Between Two sp® C—H Bonds

Intially, diphenylmethane was used as one of the coupling partners for the
double activation at the benzylic position. Similarly, another coupling partner was
1,3-dicarbonyl with an activated a-C—H bond. It was found that FeCl, was best
among various iron salts and di(tert-butyl)peroxide (DTBP) replaced tert-butyl
hydrogen peroxide (TBHP) with a further increase in yield (Scheme 66) (91).

The proposed mechanism involved homolysis of DTBP and a single—electron
transfer from iron(Il) with generation of a fers-butoxyl radical and a fert-butoxide
anion, which was then followed by generation of an active benzyl radical and
iron(III) enolate by proton abstraction. Then electrophilic radical attack led to the
desired cross-coupled product with the regeneration of an iron(I) species to
facilitate the catalytic cycle (Scheme 67) (91).
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O O
H o o FeCl, (20 mol%) R R3
1 tBuOOtBu (2 equiv)
Ty R Rl
80°C,8h
0.6 mmol 0.5 mmol 25-87%
Scheme 66.

Instead of Cg,:—H at the activated benzylic position, the a-Cyy:—H bond of
nitrogen in amine or oxygen in ether can also be activated (90, 92) by using an iron
catalyst. In this case, FeCl,, FeBr,, Fe(OAc),, and Fe,(CO)y showed a catalytic
property, but Fe,(CO)y was found to be the best in combination with DTBP as the
oxidizing agent. Both acyclic and cyclic ether along with thioether and tertiary
amine gave a moderate-to-excellent yield of the desired CDC product with 1,3-
dicarbonyl compounds (Scheme 68) (93).

The presence of nitrogen or oxygen at the a-position was crucial due to the
formation of iminium or oxonium ions as the key intermediate via SET. Further
attack from a carbon nucleophile led to the product (Scheme 69) (90).

Extension of this work by Li et al. (94) using N, N-dimethylaniline as the source
of the methylene group produced dialkylation with 1,3-dicarbonyl and a bridged
bis-1,3-dicarbonyl compound was generated (Scheme 70).

Fe'-OtBu + tBuO’ O O
RQJJ\/U\ R3
_ Ph” O R!
Homolysis Proton
tBuOOtBu of DTBP Abstractions

2 tBuOH

Fe!l O O

Electrophilic
Radical Attack

Ph” R!
o O
Ph” R’

Scheme 67.
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Several possible pathways were proposed for this transformation. In Li’s
proposal, first N,N-dimethylaniline underwent CDC with one molecule of the
1,3-dicarbonyl compound. Then, in one route direct SN attack might occur where
N-methylaniline acted as a leaving group. In other route, cope elimination led to an
a,f-unsaturated carbonyl moiety, where further Michael addition of a second 1,3-
dicarbonyl compound led to the final product (94). Also in situ generation of
formaldehyde from N, N-dimethylaniline and further coupling with two molecules
of 1,3-dicarbonyl compound cannot be ruled out (Scheme 71).

Activation of the alkylic Cp; —H bond is most challenging due to low reactivity,
selectivity problems, and the lack of a coordination site for the transition metal
catalyst for Cgs—H bonds. In all previous reports, both coupling partners had
specific activated Cy: —H bonds to participate in cross-coupling reactions. Till
now, only one successful example with iron had been reported, where unactivated
alkane was used as a substrate (Scheme 72) (95).

O O
Feg(Co)g (25 mol%)
Me 6 O tBUOOH (2 equiv) R R?
+
Ph~""Me R1J\/U\R2 ,1h R R2
2 equiv O O
70-92%

Scheme 70.
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Scheme 72.

2. The CDC Between sp” and sp> C—H Bonds

In accordance with the mechanism of CDC between the 1,3-dicarbonyl com-
pound and dibenzylmethane, as in Li’s report, other nucleophiles can be considered
to quench the intermediate formed from dibenzylmethane through the iron-catalyzed
SET process. Shi and co-workers (96) reported the cross-dehydrogenative arylation
(CDA) of dibenzylmethane with electron-rich arenes. Use of DDQ (dichlorodicya-
nobenzoquinone) in place of DTBP as oxidant gave a significant increase in yield,
and DCE as solvent reduced the amount of dibenzylmethane used for the reaction.
Excellent regioselectivity was observed for a class of electron-rich arenes, but double
CDA was also observed for more electron-rich arenes (Scheme 73 DDQ=2,3-
dichloro-5,6-dicyano-1,4-benzoquinone).

Based on preliminary mechanistic evidences by deuterium labeling, KIE, and the
side products obtained, first iron(Il) assisted SET oxidation was proposed to produce
a dibenzyl radical and reduced quinone. Then again, dibenzyl cation was generated



IRON CATALYSIS IN SYNTHETIC CHEMISTRY 55

Ph FeCl, (10 mol%) R

R ! a
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Scheme 73.

from dibenzyl radical through SET with regeneration of an iron(Il) species. Finally,
attack of this dibenzyl cation to an electron-rich arene followed by proton abstraction
by reduced hydroquinone afforded the coupling product (Scheme 74) (96).

Similarly, electron-rich alkenes were considered as the active nucleophile in
Shi’s other report to quench the benzyl radical or cation. Surprisingly, only styrene
was found to give the coupled product, but another styrene derivative did not give
the desired product.

Cl Cl

HO OH

Fe''Cl, Ph” >Ph
COgMe
SET
|

c . c
Fe''Cl,
/
o}

Cl
COQMe I
/Fe Cl HO
HO (0]
NC 4+ CN
Ph H N

C ©N .
Ph Ph” “Ph
. Ph__Ph
SET A I
Ph” “Ph
A
Ph” “Ph

COgMe

Meo\©

Scheme 74.
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FeCl, (10 mol%)

)H\ OAc tBuOO!BuU (1.2 equiv) R O
A >g T )\Ph Ny, 100 °C, 24 h ArM Ph
Scheme 75.

Later, l-aryl-vinylacetate was found to give the coupled keto product with
removal of the acetate group. The FeCl, and DTBP (rfBuOO7Bu) combination was
found to be excellent for this type of transformation (Scheme 75) (97).

Two possible catalytic pathways were proposed with SET from iron as the key
step. In pathway A, a tert-butoxyl radical and a benzyl radical attacked vinyl
acetate simultaneously to give an iron-coordinated radical intermediate, which
upon p-cleavage gave the desired coupled product (Scheme 76). In pathway B, a
benzyl radical was further oxidized into a benzyl cation through SET and was

H
R O Ar)\R
tBuOOtBu
Ar)\/u\ Ph FellL
" tBuOH
AcOtBu
CFeL,, Pathway A 1BuG )

O Me LoFe.

Ar>_()rPh Me” ~O” “Ph SET
/ Fe'lL
+
OAc A >R
o H,C” ~Ph
DIMe
N O| OtBu Pathway B
R Ph

~OtBu

Scheme 76.
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quenched by vinyl acetate. A proton-abstraction process may be involved in the
rate-determining step in either pathway as indicted by an intermolecular isotopic
competitive study (Kyp=2.4) (Scheme 76) (97).

Yet another breakthrough came from Li and co-workers (98), wherein an iron-
catalyzed CDC reaction and subsequent annulation of phenol and f-keto ester led
to the polysubstituted benzofuran. Notably, various iron salts did not alter the yield
too much, but the presence of water in an iron catalyst was crucial for a good yield
(Scheme 77).

The hypothesized mechanism showed formation of an Fe"* chelated complex,
followed by reductive elimination, tautomerization, and condensation leading to
the final product (98). Formation of the desired product from prepared compound 36
supported this hypothesis (Scheme 78).

3. The CDC Between sp’ and sp C—H Bonds

Besides aryl- and alkene-type substrates, terminal alkynes were also investi-
gated. Instead of 1,3-dicarbonyl systems, an a-sp® C—H bond from nitrogen was
found effective in CDC with terminal alkynes (Scheme 79) (99).

Both aromatic and aliphatic tertiary amines led to the desired product with
FeCl, and DTBP combination. Iron-catalyzed SET led to generation of an iminium
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ion intermediate and quenching by an alkynyl carbanion proposed to be involved
in this transformation (Scheme 80).

C. The C—C Bond Formation via Cross-Decarboxylative Coupling

Another potential approach for C—C bond formation is through C—H trans-
formation and intermolecular—intramolecular decarboxylative coupling. The ready
availability, low toxicity, low cost of carboxylic acids made it attractive as one of
the coupling partners for selective cross-coupling (96, 100). A proline derivative
was found to couple decarboxylatively with substituted S-naphthols in the
presence of FeSO, and DTBP (101). Besides p-naphthols, electron-rich
a-naphthols and indoles were also suitable nucleophiles for this decarboxylative
coupling (Scheme 81).

The proposed mechanism involved homolysis of peroxide in the presence of
iron(Il) salts, followed by hydrogen-atom abstraction by a tert-butyl radical from
the carboxylic acid to initiate decarboxylation with generation of 2-pyrrolidinyl
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radical. In the presence of Iron(Ill), this radical was further oxidized to the 2-
pyrrolidinium cation and was attacked by nucleophile generated by proton
abstraction from electron-rich naphthols or indoles (Scheme 82) (101).

D. The C—C Bond Formation via Alkene Insertion

Another design for C—C bond formation relating to this well-known technique
of radical or cation generation by iron-catalyzed SET processes followed by
quenching by an electron-rich compound could be using unsaturated alkenes or
alkynes instead of electron-rich arenes in the absence of any radical quencher. With
the use of the relatively high activity of the a-C—H bond of a heteroatom, Tu and
co-workers (102) reported this type of radical quenching using terminal alkenes
(Scheme 83).
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Controlled experiments, deuterium labeling, and cross-over experiments were
conducted to give an idea about the possible mechanism. Failure of aldehyde to
give the desired product indicated that the oxidation—hydroacylation-reduction
pathway was not followed (Scheme 84, Eq. 1). Quantitative deuterium incorpora-
tion in alkene (Scheme 84, Eq. 2) and deuterium scrambling (Scheme 84, Eq. 3)

Ph
/& CHO FeC|3 .
+ N —— >  No reaction 1
PR ~CHp ™ Ph DCE, 65 °C ()
Ph OH
/FQ j;H FeClg
Ph CH2+ DD Me DCE, 65 °C Ph D D Me (2)
99% D
Ph OH Ph OH
OH Ph Me Ph M
+ e
o D/)\Me D D H D
FeCls A B
+ 0,
Ph™ ~CH, OH DCE, 65 °C Ph  OH Ph  OH (3)
H Ph
H PhH H Ph 4+ PhD H Ph
1:1 D
AB=1:1,CD=1:1
FeCI3
Ph OH DCE, 65 °C Ph OH
+ “4)
Ph”” “CH, HH Me PhSH PhH H Me
(radical scavenger) .
Low yield

Scheme 84.
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indicated that hydrogen transfer from alcohol to alkene occurred in discretely
intermolecular fashion. Again low yield of the desired product in the presence of a
radical scavenger (Scheme 84, Eq. 4) implied that radical pathway was followed.

In accordance with all of these results, the proposed catalytic cycle showed
formation of a Fe'¥—H active species, which was involved in an outer-sphere-type
hydrogen radical transfer leading to the desired coupling product (Scheme 85) (102).

E. Oxidative Coupling of Two C—H Bonds

Irrespective of the different methods available for iron-catalyzed C—C
coupling via C—H bond activation, direct application in total synthesis was
restricted due to lack of control in selectivity and efficiency. Baran et al. (103)
reported examples of iron mediated C—C bond formation by C—H transforma-
tion, which was directly applied in total synthesis (Scheme 86, LDA =lithium
diisopropylamide).

In the total synthesis of anti-cancer natural products (e.g., stephacidins), Baran
et al. (103) reported an unprecedented intermolecular oxidative C—C bond
formation using Fe(acac); (103). In order to construct the bicyclic core of
stepacidin alkaloids, this type of C—C coupling was critical especially with proper
chemo- and stereoselectivity. A unique oxidation potential of the iron-based
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oxidant was proposed to control chemoselectivity. An easy formation of an iron-
chelated transition state was proposed to control high stereoselectivity.

In another example, they reported iron-mediated intermolecular oxidative
heterocoupling of two different carbonyl species to give 1,4-dicarbonyl species
with a specific stereoselectivity due to the different coordinating nature of iron
compared to copper (Scheme 87) (104). Mechanistic studies revealed nontem-
plated iron(IIl) mediated heterodimerization in this process with suppression of
other possible side products from homodimerization, cross-homo Claisen conden-
sation, cross-homo-aldol condensation, overoxidation, dehydrogenation, and
a-oxidataion.

The same group reported another example of oxidative coupling between
indinones and carvones, during the search for an alternate protocol to synthesize
the core unit of hapalindoles, fischerindoles, and welwitindolinones, a class of
indole-based heterocycles with a monoterpene unit attached at the C3 position
(Scheme 88, MOM = methoxymethyl ether). It was found that with the indole
type of moiety copper was best suited, where as for indinone the Fe based
Fe(rBuCOCHCOMe); was found to give the highest yield (105).

o O 0 LDA (2.1 equiv) o O Me
)% 25 °C, THF (0.3 M) S Ar
o N + Ar : o N
\J, Ar Me Fe(acac)s (2.0 equiv) \J Ar O
“Bn Bn

12 Examples
(up to 67% isolated yields)

Scheme 87.
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Another case of oxidative cross-coupling of f-naphthols to give C1-symmetric
1,1'-bi-2-naphthols (BINOLs) was reported by Katsuki and co-workers (106)
using the [Fe(salen)] complex (39) as an active catalyst (Scheme 89). High yield of
cross-coupled product compared to competing homocoupled product, as well as
high stereoselectivity proved this method to be advantageous compared to existing
stereoselective homocoupling methodologies.



64 SUJOY RANA ET AL.

IV. THE C—H BOND OXIDATION
A. Hydroxylation

Various transformations in nature occur via C—H oxidation C—H activation.
Different transition metal based enzymes accomplish C—H oxidation via the SET
process (107). Most of these enzymes contain “Cu” and “Fe” as a metal cofactor.
In organic transformation iron-catalyzed C—H oxidation was reported one century
ago, which was summarized as Gif chemistry, Fenton chemistry, and other non-
heme mimic systems (108). Recent iron-catalyzed C—H oxidations were mostly
focused on sulfide oxidation, epoxidation, and olefin dihydroxylation.

Recent breakthroughs in iron-catalyzed C—H oxidation made this field more
fascinating. In 2007, Nakanishi and Bolm (109), developed an efficient protocol
for the C—H oxidation of benzylic compounds to their corresponding ketone under
mild reaction conditions (109). The protocol was clean and efficient as it used an
aqueous of TBHP as an oxidant. This reaction was compatible with various
functionalized benzylic compounds (Table XV).

TABLE XV
Iron-Catalyzed Benzylic Oxidation”

(0]

FeCls (2 mol%) O O
aq TBHP (70%, 3 equiv)

pyridine, 82 °C, 24 h

O O
0 : _CO,H
/‘)‘\‘\ ©)1\©
F F = 0 MeO

93%P° 75%0° >99%P° 53%
O 3 ¢
O I

91%P 93%Pb 61%”? 86%

“The compounds FeCl3.6H,0 (2 mol%), TBHP (70%) in H,O (3 equiv), and pyridine, 82 °C, 24 h.
b All products were identified by comparison of their analytical data with those of previous reports or
commercial materials.

“At 110 °C, TBHP (70%) in H,O (6 equiv).
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Scheme 90. The C—H hydroxylation by a non-heme iron catalyst.

Interestingly, when 4-methylanisole and diphenylmethanol were tested, corre-
sponding overoxidation products, 4-methoxy benzoic acid and benzophenone,
were obtained in high yields. Surprisingly the oxidation of triphenyl afforded tert-
butyl triphenyl-peroxide in 91% yield instead of the corresponding alcohol product
(Table XV).

Later in 2010, Beller and co-workers (110) reported an oxidation protocol for
the sp> C—H bonds of phenols and arenes with a three-component catalyst system
consisting of FeCl;.6H,0, pyridine-2, 6-dicarboxylic acid (H,pydic), and n-
butylbenzylamine. A green and nontoxic oxidant H,O, was used (110). Under
optimum conditions the oxidation of 2,3,6-trimethylphenol (TMP) and 2-methyl-
naphthalene gave 77% and 55% isolated yields, respectively (Scheme 90).

Notably, the 2,3,6-trimethylbenzoquinone was the key intermediate for vitamin
E synthesis, whereas the oxidation of 2-methyl naphthalene provided menadione
(viz, vitamin K3 menanaphthone), which serves as a precursor for the synthesis of
various vitamin K derivatives (111).

It was a long-standing goal to develop a highly chemoselective and efficient
alkane C—H oxidation by non-heme mimic systems. Recent improvements were
more focused on developing synthetic models using a “green” oxidant (e.g.,
oxygen, air, or some hyperoxides). Que and co-workers (112) significantly
contributed to non-heme systems in terms of building a mechanistic frame to
understand metal-based C—H hydroxylation in non-heme systems. They reported
the selective C—H alkane hydroxylation by the non-heme iron catalyst/H,O, in
1997. Que and co-workers (113) used multidentate nitrogen-containing ligand
TPA [tris(2-pyridylmethyl)amine]. Later on, they developed different types of
multidentate nitrogen-containing ligands with a modification in steric and elec-
tronic properties. These catalysts showed significantly improved activity toward
C—H hydroxylation. Later on, Britovsek and co-workers (114) reported a valuable
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Scheme 91. Mechanism of iron-catalyzed C—O bond formation.

investigation on the synthesis and characterization of tetradentate nitrogen ligands
based iron complexes’s, and their catalytic activity toward C—H oxidation. High-
valent iron—oxo species could be accessed in non-heme ligand systems. A
mechanistic framework also had been well established for non-heme iron-
catalyzed C—H hydroxylation. Other non-heme enzymes (e.g., methane mono-
oxygenase and Rieske dioxygenases) could successfully catalyze the C—H
oxidation in nature, which inspired us to develop synthetic models for alkane
C—H oxidation (108, 115). Que and Tolman (116) also discussed the critical
fundamental principles, which were important for efficacy of their catalyst. Based
on these principles great progress had been made toward the development of new
ligands—catalysts and their catalytic application for alkane C—H bond oxidation.

Later, Que and co-workers (117) reported another Ny-tetradentate ligated iron
complex [Fe'' (CF3805),(M2PyTACN)], PyTACN = bis(2-pyridylmethyl)-1,4,7-
triazacyclononane, with a distorted octahedral center. These complexes showed
high catalytic activity for the oxidation of cyclohexane, as well as other tertiary
C—H bonds of cis-1,2-dimethylcyclohexane, adamentane, and 2,3-dimethylbu-
tane (Scheme 91).

The high levels of H,O'® incorporations were obtained from the H,O'® labeling
experiment during the oxidation of alkanes with tertiary C—H bonds [e.g., ada-
mantane (74%), cis-dimethylcyclohexane (cis-DMCH, 79%), and 2, 3-dimethyl-
butane (76%)] the % of o'® incorporations were denoted in the first brackets. The
results were independent of the substrate concentration, which suggested that the
OH—Fe"=0 species was the only key oxidant toward alkane oxidation with iron
complex [Fe"" (CF5S05),(M* PyTACN)] (41). Obviously this oxidation process was
significantly different from the Fe(TPA) complex [TPA = tris(2-pyridylmethyl)
amine]. The new results were explained by an unusual rebound-like mechanism
(Scheme 92). Notably, cis configuration of the two hydroxy groups in this catalytic
system were also different from the stereo requirement of the trans configuration in
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Scheme 92.  Sets of iron complexes with TACN backbone ligands.

heme complexes and it was a unique feature in these non-heme iron catalytic
systems.

Costas and co-workers (118) explored the iron complexes of the tetradentate
ligand M2TACN to a “TACN” family, which had a common methylpyridine
derived triazacyclononane (TACN) backbone (Scheme 92). These new families of
iron complexes show unprecedented efficiency in the stereospecific oxidation of
alkane C—H bonds and also dihydroxylation or epoxydation of alkenes.

In 2008, Reedijk and co-workers (119) described a simpler and more efficient
method for oxidation of cyclohexane (CyH) by using a catalytic amount of iron
salts Fe(ClOy), in acetonitrile and hydrogen peroxide as oxidant under mild
conditions. The oxidation protocol afforded both cyclohexanol and cyclohexanone
as a product (Scheme 93). Interestingly when the simple tridentate 2,6-bis[1-
(benzylamino)ethyl]pyridine (dapb) was used in the reaction, the selectivity
toward major products increased slightly.

Laterin 2007, Chen and White (120) reported a selective aliphatic C—H oxidation
by using the Fe(PDP) complex (42) ‘[PDP=2-({(S)-2-[(S)-1-(pyridin-2-ylmethyl)
pyrrolidin-2-yl]pyrrolidin-1-yl} methyl)pyridine]. The rigid backbone of the PDP
ligand in complex 42 (Scheme 94) played a vital role for selectivity in C—H
hydroxylation (120).

The process was simple and clean. The electron-rich C—H bonds were
selectively oxidized in the presence of electron-deficient C—H bonds, for example,
the tertiary sp° C—H bond was preferentially oxidized over primary and
secondary C—H bonds (Scheme 94). The presence of electron-withdrawing group
on a or f to the carbon of the C—H bonds decreases the reactivity. Hence, the
presence of electron-withdrawing groups (e.g., carbonyl, ester, acetate, and
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| X
OH e) Me =z Me
Fe(ClO4), (1 mol%) | N |
dapb (1 mol%) N N N
H>O5 aq 1.5 equiv
Cy-OH Cy=0
dapb
Desired Product Byproducts
Entry Catalyst Major Products (%) (%)
1 With ligand Cy-OH(37) : Cy=0(54) 91 9
2 Without ligand Cy—OH(27): Cy=0(64) 87 13
Scheme 93. Iron-catalyzed C—H oxidation of cyclohexane with and without ligand (Cy=
cyclohexyl).

halogen functional groups) provided a better selectivity. The tertiary C—H bonds
remote to these groups showed a much better reactivity (Scheme 95).

Based on the stereoselectivity outcome of these iron-catalyzed C—H oxida-
tions, a concerted mechanism mediated by an electrophillic oxidant can be
visualized. Further they applied their method to complex molecules like a natural
product (+)-artemisinin in which the oxidation occur at the most electron-rich and
least sterically hindered site. In some cases, these iron-catalyzed methods were
high yielding and the reaction completed quickly compared to the enzymatic

reaction (Scheme 96a).

H 42 (5 mol%) OH
“Me  AcOH OME
. B0
oo H202 (1.2 equiv) I\; 2%, Coversion
(1 equiv) MeCN, rt o

>99:1 (dr),
56% isolated (3 times)

(SbFe)2

Scheme 94. Iron-catalyzed hydroxylation of unactivated sp> C—H bonds (Piv = pivaloyl)
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X = COMe, CO,Me, CH,Br, CH,OAc

Scheme 95. Reactivity pattern of different types of C—H bonds.

The presence of a carboxylic group acted as a directing group where the above
discussed selectivity principle did not work. It generally formed lactone as the
major product. For example, the tetrahydrogibberillic acid analogue under their
reaction protocol produced lactone in 52% yield. Subsequently, a slow addition
protocol was reported (121). Under a slow addition protocol, the reaction provided
high conversion without decrease in site selectivity (Scheme 96b). This method

42, ACOH, H202

MeCN, rt, 30 min
54%, recycle twice

C. Cunninghamella echinulata 0
(+)—Artemisinin 4 days, 47%

Slow addition of mixture of 42,
AcOH, and H»0,, and no recycling

51%

42, H-,0,
MeCN

Me 15
Me Me 1t 30 min
52%, recycle once

Tetrahydrogibberellic acid

Slow addition of a mixture of 42,
AcOH, and H,0, and no recycling

51%

Scheme 96. Application of iron-catalyzed aliphatic C—H hydroxylation.
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was applied in various diversified natural products, which showed a promising role
in drug discovery.

Inspired by the initial success of developing a versatile method of iron-
catalyzed sp° C—H hydroxylation, Chen and White (122) further explored
their method with a new class of substrates, where a combined effect plays an
important role for oxidation of secondary sp® C—H bonds (122). Clearly, a
secondary C—H bond has less electron density compared to a tertiary C—H
bond, but a secondary C—H bond has a higher steric accessibility than a tertiary
C—H bond. Furthermore, secondary C—H bonds were present in the ring system
(e.g., cyclohexane and decahydronaphthalene derivatives), where the combined
effects were well pronounced in terms of their reactivity and selectivity. Contex-
tually, the selective oxidation by a combined effect might provide a very useful
method for methylene functionalization. Electronic, steric, stereoelectronic, and
functional groups could determine the selectivity of C—H oxidation.

The diterpenoid-derived dione with 14 secondary C—H bonds and two tertiary
C—H bonds were tested under optimum reaction conditions (Scheme 97). Based
on selectivity principles, two tertiary C—H bonds were electronically and sterically
deactivated due to the electron-withdrawing carbonyl group. The side chain and
the B ring are electronically deactivated due to the presence of an electron-
withdrawing carbonyl group. The C2 position in the A ring was the least bulky site,
which was expected to be the most activated C—H bond in this case and the results
from the reaction were also consistent with the prediction. The C2 oxidation
product was obtained in 53% isolated yield and the C3 oxidation product in 28%
yield, whereas 12% starting material was recovered.

Their method functioned well with a complex pleuromutilin derivative
(Scheme 98). Dihydropleuromutilin derivative gave a C7 equatorial C—H bond
hydroxylation product along with other oxidized products.

In 2009, Costas and co-workers (123) reported iron-catalyzed C—H oxidation
with a different ligand backbone that afforded good regioselectivity with better

Melg 42, 25 mol% o, Me\ g

2 O AcOH, 0.5 equiv e
3 3
5 Me H
H

P HQOQ, 5.0 equiv
1gMe Me slow addition, 12% rsm

. ) - 53% (+28% C3-ketone)
Diterpenoid derivative

dione

Scheme 97. Role of the combined effect toward high selectivity for secondary C—H bond hydroxyl-
ation (RSM =recovered starting material).
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42 (25 mol%)
AcOH (0.5 equiv)

Me H>0> (5.0 equiv)
H  slow addition, 121% rsm

(0]
Pleuromutilin

20%
Total C7 oxidation = 62%

Scheme 98. Role of a combined effect toward the high diastereoselectivity of methylene oxidation.

yield (Scheme 99). Bulky hydrocarbon groups were introduced at the remote
position of the pyridine ring, which helped to form a robust cavity. The iron
complex [Fe(CF3S03),(S,S,R)-mcpp)] (43, mcpp =N1,N2-dimethyl-N1,N2-bis
(pyridin-2-ylmethyl)cyclohexane-1,2-diamine) provided better selectivity and effi-
ciency compared to White’s catalyst. Costas’s catalyst (43) with a much lower
catalyst loading (1 mol%) accomplished the hydroxylation of (—)-acetoxy-p-men-
thane preferentially at a more accessible (C1)—H bond. In this case, both electronic
and steric factors played an important role in distinguishing different C—H bonds.

In 2012, Kodera and co-workers (124) reported another alternative protocol for
an alkane C—H hydroxylation with a different type of iron complex (45) [iron(III)—
monoamidate complex] as a catalyst and H,O, as the oxidant. In the regioselective
hydroxylation of cis-4-methylcyclohexyl-1-pivalate, catalyst 45 (Scheme 100a)

43 (1 mol%)

Me OAc | H,0, (1.2 equiv) Me OAc OH OAc
- AcOH (50 mol%) : Me: . .
Me Me Me
v MeCN o .
Me Me M
Cq Me OH ©

L Me P4 P2

Yield 62%, P1:P2 = 17:1

M
\n L .oTf
%N*\Tg\on [Fe(CF3805)2((S,S,R)-mcpp)]
3 43

Scheme 99. Regiospecific hydroxylation by a robust non-heme iron catalyst.
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H\ /H —
(0] [_O S/
>\‘—\ / N\\III/N
\/ Fe\N/
g | L] l
\ N N
i
(0]

44 H-dpa
Pad 45 [Fe'(dpag)(H,0)2*

Me OH
45 O/~ 7L O/~ 7L
(b) PIVOM\ PivO OH + PivO Me

H202, MeCN trans-OH cis-OH

Scheme 100. Regiospecific hydroxylation by an iron(III)-monoamidate complex [dpaq = 2-(bispyridin-
2-ylmethyl)amino)-N-(quinolin-8-yl)acetamide] (45).

X X X

Me ~ 1 Me ~ Me ~
Memo\ Hz05, MeCN Me>(\/\/c\ bowel A

Me OH H Me H HO Me

7-OH 3-OH
7-OH 3-OH
X=H 39 3:2
OAc 53 9:1
Br 38 15:1

Scheme 101. Regiospecific hydroxylation by an iron(Ill)-monoamidate complex (45).

gave better selectivity (94% retention of configuration in 38% yield) in the
formation of the trans-OH product compared to White and Costas’s catalysts,
but the yield was comparable to the White catalyst and lower than Costas catalyst
(Scheme 100b).

The hydroxylation of 1-substituted 3,7-dimethyloctane with Kodera’s catalyst
provided better yields and selectivity compared to others. Preferential formation of
7-OH product over 3-OH (Scheme 101) is consistent with the selectivity rule
discussed above. Unlike White and Costas catalyst, no cis labile position is
available in Kodera’s catalyst and acetic acid is not required for catalytic activity.

B. Epoxidation

Epoxides are an important class of compounds often used as the key precursors
for synthesis of various drugs and natural products (125). Sharpless epoxidation of
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Me\ /\ lMe
N N
. Fe''(MeCN), | (SbFg),
| P « | 46 (3.0 mol%)
n-CgH
8h7__~ ”'CaHﬂ\(]
MeCN, MeCOxH (30 mol%) (o)
149 H,05 (1.5 equiv)
(10 mmol) 4 °C, 5 min 139
H20,, 30% in t-amyl alcohol (85%)

Scheme 102. Iron-catalyzed epoxidation

allylic alcohol and Katsuki—Jacobsen asymmetric epoxidation are historically
significant in the development of epoxidation chemistry (126). First, iron-
catalyzed epoxidation was reported in 2001 by Jacobsen and co-workers (127)
with Fe-mep (46) in the presence of a catalytic amount of acetic acid (Scheme 102).
Acetic acid plays a key role in order to form an iron-u-oxo carboxylate bridged iron
complex, which was most likely to be the active species as proposed by Jacobsen
and co-workers (127).

Later on, Stack and co-workers (128) reported epoxidation by an u-oxo-iron(III)
dimer, [((Phen),(H,O)Fe™),] (4-0)]C10,), in the presence of peracetic acid as the
terminal oxidant. Their method can tolerate a wide range of alkenes including
terminal alkenes (Scheme 103).

In 2002, Que and co-workers (129) developed a non-heme iron catalysts, [Fe"
(5-Me3-TPA)(MeCN),](ClO4), and [FeH(bpmen)(MeCN)z](SbFG)Z, where bpmen =
N,N'-dimethyl-N,N'-bis(pyridin-2-ylmethyl)ethane-1,2-diamine, for epoxidation of
alkenes under neutral conditions. But in these cases, cis-diols were obtained as the
major product and epoxides as minor products. Interestingly, the introduction of acetic
acid as an additive suppressed the formation of cis-diols and provided epoxides as the
major product. A high-valent iron oxo was proposed to be the active species for this
reactions (130).

In this field, the major breakthrough came from Beller and co-workers (131) in
2007. They developed epoxidation using FeCl;.6H,O in combination with pyri-
dine-2,6-dicarboxylic acid and pyrrolidine in the presence of H,O, as the terminal

[((Phen)2(H,0)Fe")5(u-0)](ClO4)s

0]
(0.25 mol%)
_ /Q
R MeCN, MeCOgH (2 equiv) R
5 min, 0 °C

Scheme 103. Iron-p-oxo carboxylate-bridged complex-catalyzed epoxidation.
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R FeCly-6H,0 (5 mol%), HyPydic (10 mol%), R
K(F@ Pyrrolidine (10 mol%) B{Rz
R3 H205 (2 equiv), t-amyl alcohol, 0 3
rt, 1 h (or 5 min) addition R
14 Examples

57-97% Yield

Scheme 104. The FeCl3.6H,O catalyzed epoxidation.

oxidant (Scheme 104). Aromatic olefins and 1,3-cyclooctadiene gave moderate-to-
excellent yields under their standard reaction protocol.

Later on, Beller and co-workers (132) developed a method, that could generate
epoxides from both aliphatic and aromatic alkenes. Iron complexes in combination
with various nitrogenous ligands (47-50) (Scheme 105) provided epoxides with
good selectivity.

The formation of a red precipitate was observed under reaction conditions.
From mass spectrometry analysis of the filtrate, it was found that the pybox ligand
(47) decomposes into H,Pydic and phenyl glycerol. After filtration, both the
residue and filtrate showed similar reactivity, which implied that the filtrate
contained decomposed ligand as well as iron (10). Based on these observations,
they further optimized the iron source, H,Pydic derivatives, and amine ligands in
order to get better conditions.

Later they reported a few modified methods using different nitrogenous ligands
(133). With formamidines (51) as ligands, they developed epoxidation for
aromatic olefins and 1,3-dienes. Notably, both aromatic and aliphatic alkenes
were tolerated with good selectivity (Scheme 106).

Scheme 105. Different ligands used in epoxidation.
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FeCls-6H,0 (5 mol%)

o~ _51(12mol%), Hp-Pydic (5 mol%) /QO
Ph 30% H,0, t-amyl alcohol, Ph
i, 1 h, air 10-94% Yield
12 Examples

|
N
_N__N .
Me™ ~F HoPydic = J\/j\

HO,C™ "N™ "COxH

Scheme 106.

Control experiments with a radical inhibitor like TEMPO, butylphenylnitrone
(BPN), and duroquinone suppressed the product yield greatly. Notably, the
presence of 1 equiv of TEMPO in their standard reaction stopped the reaction
completely. A further control experiment with S-pinene as substrate gave the
rearrangement products (56 and S55), which were in accord with the radical
mechanism (Scheme 107). In 2012, Kozak and co-workers (134) developed

N

OH
1
without| rearrangement rearrangement
2.1 1.1
HO HO
52 53 OH
54 55
(0]
HO =
56 57

Scheme 107.
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TABLE XVI
Iron-Catalyzed Asymmetric Epoxidation

FeCl3.6H50 (5 mol%)
H,Pydic (5 mol%
Alkene + H202 2Pydic ( ) Epoxides
(2 equiv) 58 (12 mol%)
2-methylbutan-2-ol, rt, 1 h

Ph\[ IS@

S S
tBu Me
Me
82%2 67%% 57%2
ee 81%P ee 35%° ee 28%P
(+)-(2R, 3R)° (+)-(2R, 3R)° (+)-(2R, 3R)°

“Yield of isolated product.

b Assigned by comparing the retention times of enantiomer.

“Determined by high-performance liquid chromatography (HPLC) on chiral columns by
comparing the sign of the optical rotation.

epoxidation methods using N-methylimidazole as the organic base in acetone.
Although their method showed poor selectivity for styrene, better selectivity was
observed for larger alkenes.

First, the iron-catalyzed method for asymmetric epoxidation was reported by Que
and co-workers (129) using [Fe(bpmcn)(CF3S03),] (bpmen = N,N’-bis(2-pyridyl-
methyl)-N,N’-dimethyl-1,2-cyclohexanediamine ligand). While studying the dihy-
droxylation of trans-2-heptene with H,O, as oxidant, 12% ee for the epoxide
byproduct was observed. In 2007, Beller and co-workers (135) developed an
efficient method for iron-catalyzed asymmetric epoxidation using H,O, as oxidant
in the presence of a chiral sulfoxamide ligand (58). Various internal alkenes were
tolerated under this protocol with good-to-excellent enantioselectivity (Table XVI).

In 2011, Beller and co-workers (136) reported epoxidation using molecular O,
as oxidant, which showed high reactivity as well as selectivity in the presence of
p-keto ester and imidazole as additives. Nishikawa and Yamamoto (137) devel-
oped asymmetric epoxidation for g,f-disubstituted enones by using Fe(OTf), with
a chiral phenanthroline ligand (59) in the presence of peracetic acid as the terminal
oxidant (Scheme 108). The reaction protocol provided epoxides of enones with
high enantioselectivity (up to 92% ee).
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Fe(OTf)2 (5 mol%)

0
59 (10 mol%)
NS
Ph)\/u\ R

MeCO3H (1.5 equiv)
MeCN
0°C,05h

59 R = m-xylyl
Scheme 108.
C. cis-Dihydroxylation

In nature, Riesky dioxygenases carry out dihydroxylation where iron is a metal
cofactor (138). Inspired from nature, Que and co-workers (129) in 2002 developed
the first iron-catalyzed synthetic non-heme systems for alkene dihydroxylation.
They synthesized iron(Il) complexes of the TPA family of ligands 60-65
(Scheme 109) and performed cis-dihydroxylation of 1-octene in MeCN using
H,0, as the terminal oxidant. Among these, TPA (60), TPA-5-Me; (61), and TPA-
3-Me; (62) iron complexes gave 69-87% yield of the cis-dihydroxylation product.
Minor amounts of epoxides were obtained as the byproduct.

Later on, they reported an asymmetric version of this cis-dihydroxylation
reaction by using a chiral ligand backbone (Scheme 110) [1,1’-Bis(pyridin-2-

R! N
N~
R2
UN N—
P \_g\}Rz

60=TPAR'=R?=H 63 =6-Me-TPAR'=Me R>=H
61=5-Me;-TPAR'=Me R2=H 64 =6-Me,~TPA R'=H, R?= Me
62 =3- Mea—TPA R2=MeR'=H 65=6-Me;~TPAR'=R2=H

/

— —
\ /N N / 66 = bpmen; R=H
67 = 6-Me,—bpmen; R=H
N N
Me/ -/ \Me

Scheme 109.
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53 434 %

BPBP BQBP 6-Me,-BPBP
a-[Fe'(BPBP)** a-[Fe'(BQBP)*  a-[Fe(6-Me,-BPBP)J2+

IS

6-Me,-BPMCN
[-[Fe'(6-Me,-BPMCN)]2*

BPMCN
a-[Fe'(BPMCN)J2*

Scheme 110.

ylmethyl)2,2’-bipyrrolidine (BPBP); 1,1’-bis(quinolin-2-yemethyl)-2,2'-bipyroli-
dine (BQBP); N,N'-bis(2-pyridyl-methyl)-N,N -dimethyl-1,2-cyclohexanediamine
(BPMCN)] (139).

Among these sets of iron complexes (68—72), catalyst 70 was the most effective
(97% ee) (Table XVII). Note that in all these cases there was a competition
between epoxidation and cis-diol product formation.

TABLE XVII

Asymmetric cis-Dihydroxylation of Olefins®
Catalyst Substrate cis-Diol (%ee)b Diol/Epoxide
68 trans-2-Heptene 38 (3) 1:4.6
69 trans-2-Heptene 78(3) 4:1
70 trans-2-Heptene 97(1) 26:1
70 trans-4-Octene 96(1) 13:1
70 1-Octene 76(1) 64:1
71 trans-2-Heptene 29 1:18
72¢ trans-2-Heptene 79 3.2:1

“Reaction conditions: A 70-mm solution of H,O, (10 equiv) in MeCN was delivered by syringe pump
over a period of 20 min to a degassed and stirred solution of catalyst (0.7-mm) and substrate (0.35 m) at
ambient temperature in air for 68 and 69 and under an Ar atmosphere for 70.

bPercent of ee of the predominant diol isomer.

“Results were normalized to 10 equiv H,O,.
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Scheme 111.

Later, in 2009 Que and co-workers (140) reported cis-dihydroxylation of the
aromatic double bond of naphthalene using H,O, as oxidant. Such a reaction
mimics the activities of naphthalene dioxygenases. In order to establish the
mechanism, they carried out an '30 labeling experiment. In the presence of either
10 equiv of 2% H,'®0, (100 equiv H,O per H,'%0,) or 10 equiv H,0, and 1000
equiv H,'80 as oxidant > 90% singly labeled diol product was observed. This
control experiment indicated that one O atom in cis-dihydroxylated product came
from H,O and another came from H,O, (Scheme 111).

V. CROSS-COUPLING REACTIONS

Metal-assisted cross-coupling reactions had gained immense importance toward
the formation of C—C, C—X bonds over the last three to four decades due to their
application in the synthesis of key precursors of various natural products and
pharmaceuticals (141). In this context, iron-catalyzed coupling reactions are impor-
tant, as most of the iron salts are environmentally benign and less expensive
compared to the late transition metals that were well known for cross-coupling
reactions (142). Nickel and palladium catalyzed cross-coupling reactions involving a
wide range of organometallic reagents and organic electrophiles were widely studied
(143). In 1972, Corriu and Masse (144a) Kumada and co-workers (144b) indepen-
dently reported nickel-catalyzed coupling of Grignard reagents with alkenyl and aryl
halides. However, iron-catalyzed coupling reaction of alkyl magnesium reagents
with vinyl bromide was reported prior to 1972 (145). Following this work, iron
sources were applied as catalyst for the cross-coupling reactions involving various
coupling partners that were discussed in this subsection.
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A. Alkenyl Derivatives as Coupling Partners

After Kochi’s pioneering work, Fe(dbm); catalyzed cross-coupling between
phenyl magnesium bromide and f-styrene bromide in bromobenzene was reported.
The reaction showed selectivity toward the vinyl derivative yielding trans-stilbene
and a trace amount of homocoupled biphenyl [Scheme 112, DME = dimethoxy-
ethane, dbm = dibenzoylmethane (ligand)] (146). Bromothiophenes were also used
as coupling partner with iPrMgCl, affording stereospecific trans- product in contrast
to nickel- or palladium-catalyzed reactions where a mixture of isomers was observed
(Scheme 113) (147).

Vinyl sulfones could be tolerated as electrophiles under these reaction condi-
tions. However, they gave a mixture of (E,Z) isomers. The 1,4-addition product
and reduction compounds were obtained as a byproduct (148). This methodology
was applied in the synthesis of natural product pheromones (Scheme 114). Notably
this reaction provided an olefin compound in the presence of nBuLi (149).

High selectivity (92% retention of configuration) was obtained when MeLi was
used as the transmetalating agent (Scheme 115) (150).

Fe(dbm)sz (0.5 mol%
phX-Br | PhmgBr (ebm)s { )

ph PN ph-ph
DME, —20°Ctort, 2 h

PhBr
With PhBr 74% 13%
Without PhBr ~ 90% 10%
Scheme 112.
Fe(dbm)z (0.7 mol% iPr
phs” B 4 iPrvgCl (ebms e
(E) THF, =78 °Ctort, 12 h (E)
Scheme 113.
Me Me o, Me
\— . PhMgBr Fe(acac)s, (1 mol%) Me
SO,tBu Ph
THF, rt, 20 h (E)
(E) 0
60%
Scheme 114.
H H
Me M& MelLi, Me MMB
H Fe(dbm):;, (15 mol%) H
THF, rt,2 h 91%
(+)-(S) 92% retention of configuration (+)-(S)

Scheme 115.
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TABLE XVIII
Iron-Catalyzed Cross-Coupling Reactions of Grignard® or Organomanganese”
Reagents (RMX) With Alkenyl Halides (R'X)

Fe(acac);cat
RMX+RX——R-R’
Entry RMX R'X R—R’ Yield (%)
MgBr ’T‘ “Ph
1 x SO,CF3 69
EtO,C |
2 iPrMgBr ACO (e C 72
(0]

3 n-BuMgBr MCI 80
Me 3
HO

4 C-C6H| lMgBr C5H11 > 82
Me

TN
ci
2

0
5 n-BuMnCl \é/\ﬂ | 7

0
6 MeMgBr o 4\9\ oT 70

nCoHa4

7 -BuMgB 78
nrBuNieBr /\OP(O)(OEt)z

MgBr
8 /©/ ZNsph 68
MeO

“Reactions performed with RMgBr (1.4 equiv) and Fe(acac); (5 mol%) at —20 °C for 15 min in THF/
NMP or at —5 °C for 15 min.

bReaction performed with n-BuMnCl (1.4 equiv) and Fe(acac); (3 mol%) in THF at rt 1 h (entry 6).
“Used 3 equiv of RMgBr.

Cahiez and co-workers (151) contributed significantly to improve the scope
of an iron-catalyzed cross-coupling reaction by utilizing functionalized aryl
Grignard reagents and vinyl halides (Table XVIII). Use of N-methylpyridine
(NMP) as the solvent additive to THF dramatically increased the yield of the
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Fe(acac)s ( 10 mol%)
MeMgBr, THF/NMP, =30 °C

90% yield

(1) KHMDS, PhNTf, OTIPS
(2) Fe(acac)s (cat)
MeMgBr, THF/NMP fo)
89% Yield Over 2 Steps E
Me
OTBS OTBS
Ciguatoxin

Scheme 116. Alkenyl triflate cross-coupling reactions in total synthesis [PhNTf, =N-phenyl-bis
(trifluoromethansulfonamide; TBS = tert-butyldimethylsilyl; TIPS = triisopropylsilyl; KHMDS =
potassium bis(trimethylsilyl)amide)].

cross-coupled product from 5 to 80%. Organomanganese reagents were tolerated
as a coupling partner when Fe(acac); was used as the catalyst (152). Different
alkenyl derivatives (e.g., alkenyl sulfones, sulfides, phosphates, triflates, esters,
ketones, enones, carbamates, and acetals) were well tolerated (151b, 153).
These protocols were applied for the total synthesis of ciguatoxin(—)-cubebene
(Scheme 116) and enantiopure bicyclic diene ligands (154). Notably, in
these cases better yields were observed with iron compared to the Ni/Pd
system (154b).

B. Aryl Derivatives as Coupling Partners

Application of iron-based organometallic compounds as a precatalyst in a cross-
coupling reaction was explored by Fiirstner and Leitner (155) (Table XIX). They
used aryl halides in the presence of different iron sources (5 mol%, as a preca-
talyst), such as Fe(acac); Fe(salen)Cl under mild reaction conditions (rt to —30°C
and < 1-h reaction time). Organomanganese, zinc, and magnesium derivatives
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TABLE XIX
Cross-Coupling Reactions of Organometallic Reagents (RMX) With Ar—X*

Entry Ar—X RMX Yield (%) of Product Ar—R

CO,Me
1 /©/ n-Ce¢H;3MgBr 83 (X=0TS)

X
2 Et;ZnMgBr 93
3 C4HoMnCl1 96
4 (C14H29)>MnCl 98
5 (C14H39),MnMgCl 98
6 n-C4HoLi 0
/=N
N
7 | N n—C14H29MgBr 72
\ ’ N N N

8 ©\/j\ PhMgBr 71
N MgBr
9 | 63

N

“Reactions performed with RM (1.2-2.3 equiv) and Fe(acac); (5 mol%) at 0 °C or at rt in THF/NMP for
10 min (Entries 1-6) or in THF at —30 °C for 1 h (Entries 7-9).

(both alkyl and aryl) were well tolerated, but no product was obtained in the case of
organolithium derivatives. Aryl triflates, tosylates, and unactivated aryl derivatives
(e.g., pyridines) were also compatible as electrophiles under these reaction
conditions. Reaction in a THF/NMP mixture as solvent was completed within
15 min. The reaction was susceptible to steric effects as ortho substituted
arenes gave a lower yield compared to para substituted arenes. Interestingly,
selective monosubstition was observed in the presence of more than one halide
in the electrophile (153b). Unfortunately, the reaction suffered from the
homocoupling of an aryl Grignard reagent, and is limited to only electron-
deficient haloarenes.

The reaction protocol was applied in the synthesize of the intermediate of the
immunosuppressive agent FTY720 (156). This method was applied in the total
synthesis of spermidine alkaloid (—)-isooncinotine (Scheme 117a) and the olfac-
tory macrocycle (+)-muscopyridine (Scheme 117b) (157, 158).
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Cl N Cl Fe(acac)s (cat) Cl N 6

THF/NMP
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Scheme 117. Aryl electrophiles’s cross-coupling reactions in total synthesis.

In 2007, Hatakeyama and Nakamura (159) reported that the presence of
FeF; in combination with an N-heterocyclic carbene as ligand greatly reduced
homocoupling of Grignard reagent (Scheme 118a). Nakamura’s method was
used by Hocek and Dvorakova (160) in regioselective monomethylation at the
6-position of 2,6-dichloropurines, with MeMgCl, without any modification. In
2009, Lamaty and co-workers (161) reported both the alkylation and arylation
of 4-chloro-pyrrolo[3,2-c]quinoline in the presence of a catalytic amount of
iron salts (Scheme 118b).

In 2012, Garg and co-workers (162) reported alkylation of aryl sulfamates and
carbamates using iron catalysts and described the Cgy—Cg: bond formation.
Sulfamate and carbamate functional groups could be used as directing groups for
various synthetic transformations in iron-catalyzed cross-couplings due to their
high stability, easy availability, and low reactivity toward conventional Pd(0)
catalyzed methods (Scheme 119a). Recently, Knochel and co-workers (163)
developed iron-catalyzed sp’-sp® cross-coupling between N-heterocyclic
chlorides/bromides and arylmagnesium reagents (Scheme 119b).
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(@)

Me Me
i C
FeX3 (5 mol%) O O
+ +
p-tolMgBr
THF, 60 °C O ‘
Me
73 74 75
Entry FeX; L (mol %) 73:74:75
1 FeF;.3H,0 SIPr.HCI (15) 98:<1:4
2 FeF;.3H,0 - 6:trace:4
3 FeCl; SIPr.HCI (15) 32:2:32
4 FeCl; KF (20) 92:1:8
SIPr.HCI (15)
)
Me_ Me\
N N N
5 mol% Fe(acac)s
A X
. RMgX THF/NMP
~ ~
N™ °Cl 30 min, rt N

R = alkyl, aryl groups

Scheme 118. In this scheme SIPr= 1,3-bis(2,6-dispropylphenyl)-imidazolidinium.
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C. Alkyl Derivatives as Coupling Partners

Alkyl halides are traditionally challenging substrates for cross-coupling
reactions due to their high-energy barrier in oxidative addition and favorable
p-hydride elimination (164). Some early examples of iron-catalyzed cross-
coupling were reported with alkyl halides, but these reactions suffered from
homocoupling and conversion of the alkyl halide to the corresponding alkenes
and alkanes (165). Efficient iron-catalyzed cross-coupling by using Grignard
reagent and alkyl halide was reported by Nakamura et al. (166) (method A,
Table XX). Iron(IIl) chloride (5 mol%) was used as catalyst in the presence of
TMEDA (Scheme 120a, entry 3).

Nagano and Hayashi (167) used Fe(acac); for the same reaction using Et,O
under reflux conditions (method B). Use of solvent combination THF/NMP played
a key role in the observed selectivity. In 2007, Cosy and co-workers (168a)
(method C) and Cahiez and co-workers (168b) (method D) explored the scope of
this reaction by using different alkyl halides as well as different alkenyl Grignard

TABLE XX
Cross-Coupling Reactions of Alkyl Halides (RX) With ArMgBr

Entry R—X ArMgBr Method” Yield (%)

X
1 O/ Ph A 99 (X=1, Br, C])

91 (X=Br)

2 n-oct-X Ph A 45 (X=Cl)

Me

73
3 -toyl B
n-Hex )\Br poy 97 (X=1)

TIPS Me\(

4 / c 80
Br = MgBr
MeSSi
5 Mo er C 6:2:2 (86)
MgBr
Br Me, MgBr
6 Me_ o~~~ )= D 7
Me Me

“Method A: FeClz(5 mol%), RX (1 equiv), ArMgBr (1.2 equiv, slow addition), and TMEDA (1.2 equiv,
slow addition), in THF (=78 to 0 °C), 0.5 h. Method B: Fe(acac); (5 mol%), RX (1 equiv), and ArMgBr
(1.04 equiv) in refluxing Et,O, 0.5h.
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(a) Br R
FeCls ( 5 mol%)
+
RMgBr, additive
THF, -78t0 0 °C 76 77
Yield (%) of 76 Yield (%) of 76 Yield (%) of
Entry  Additive (R =Ph) (R=H) 77
1 None 5 0 79
2 NMP 15 Trace 3
3 TMEDA 71 3 19
(b) Me

1.0 mol%
ArMgBr 4+ Cy-Br ( ) Ar—Cy
Et;0, rt, 5 min
© MgBr
> e ST PO
24% 29%
7 R
MgBr 79 X’.—/
RCHyF + X— - =

Yield 64—-98%

[l)'pp iPr

ﬁHe FH(I

l
/Pr Dipp iPr
79

Scheme 120.
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reagents as coupling partner in the presence of TMEDA as the additive
(Table XX).

Later on this year (2007) Chai and co-workers (169) developed cross-coupling
for unactivated alkyl halides and alkyl Grignard reagents in the presence of
phosphine-based ligands, Xanthphos. In 2011, Asami and co-workers (170)
reported the tridentate f-aminoketonato iron complex (78) as an efficient catalyst
for a cross-coupling reaction between aryl magnesium bromides and alkyl halides
(Scheme 120b).

Another approach for cross-coupling reactions involving nonactivated primary
alkyl fluoride with aryl Grignard reagents was developed by Deng and co-workers
(171) (in 2012) using a low-coordinate dinuclear iron complex [(IPr,Me;)Fe(u,-
NDipp),Fe(IPr,Me,)] (79, where Dipp = 2,6-diisopropylphenyl) as catalyst. This
method for Cy:—F bond arylation worked well for functionalized Grignard
reagents and primary alkyl fluorides (Scheme 120c).

1.  Low-Valent Iron Complex in Cross-Coupling Reactions

Iron-catalyzed alkylation of alkyl, allyl, and propargyl halides with an aryl
Grignard reagent has been developed by using the low-valent ferrate complex
[Fe(C,Hy][Li(tmeda)], as a precatalyst (172). This reaction tolerated various
functional groups (e.g., esters, ketone, nitriles, isocyanides, or ferf-amines)
(Table XXI). A low-valent iron-catalyst can be synthesized on a large scale as

TABLE XXI
Alkylation Catalyzed by a Low-Valent Ferrate Complex

[Fe(C2Ha),][Li(tmeda)], (5 mol%) R

RX + PhMgBr —Ph
THF, —20°C

Entry R-X Product Yield (%)

Br Ph
Oy Y .

OCN, ! N, _Ph
2 5 N5 %
o) o)
B Ph

3 EtO)K( ' EtO)K( 87

Et Et
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an air-sensitive crystalline material on treatment of ferrocene with lithium under an
ethene atmosphere (173). Following the initial report from Fiirstner and co-
workers (172), a variety of catalyst systems were synthesized by only varying
the ligand sets. Subsequently, the catalyst system was modified further to
efficiently couple the alkyl electrophile and PhMgBr (174). The reaction protocol
was found to be a good alternative of Jin and Nakamura’s (175), condition, where
TMEDA was used in more than stoichiometric amounts (176).

D. Acyl Derivatives as Coupling Partners

Selective monoaddition of a nucleophile to an activated acid derivative is a
challenging task. In 1953, Cook and co-workers (177) successfully discovered the
selective monoaddition of a nucleophile to an acid chloride catalyzed by FeCls.
Such a reaction was used to synthesize 1,n-dicarbonyl compounds using di-
Grignard reagents (178). Various functionalized acid chlorides, cyanides, and
thioesters with primary, secondary, and tertiary alkyl and aryl Grignard reagents—
diorganozinc derivatives afforded the corresponding products in good-to-excellent
yields under mild reaction condition (Table XXII) (153b, 179). Total synthesis of
(Z)-jasmone and dihydrojasmone were done using this reaction (180).

TABLE XXII
Cross-Coupling of Acid Chloride Derivatives With RMgX
Entry R—X RM Product Yield (%)
O 0}
Me.__MgBr
M
NS S
Me
Me
M
0 \7)4 Q
2 i nC,H 89
nC7H15)J\C| OPiv 7 15% )4.
(M = ZnR?) OPiv
O (0]
3 | X7 “CN PhMgBr ﬁPh 79
~ ~
Cl N Cl N
O o}

5 /ﬁ Cl nCeH,sMgBr /ﬁ nCeHia 90
Me Me
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@ o) o)
)LNPMB [Fe(acac)s], (1.5 mol%) S)LNPMB
MeMgBr, THF ;’
’—O -78to 0 °C —0
c|/_ 80% yield Me/_
o Latrunculin A
H.] "OH
HN
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O
(b)

S

R
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/\ \ R \Fe/
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R

I
[FeCla(dppbz).]
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82 (R=TMS)

R
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+
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waer S e () )

Scheme 121. Iron-catalyzed acylation toward the synthesis of natural products (TMS = trimethylsilyl).
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Fiirstner et al. (181) synthesized the key building blocks for a concise total
synthesis of the actin-binding macrolides of the latrunculin family, like latrunculin
B (Scheme 121a) and the musk odorant (R,Z)-5-muscenone. In 2011, Jin and
Nakamura (175) reported a simple and effective cross-coupling reaction of
o-bromocarboxylic acid derivatives with aryl Grignard reagents. Better yields
were obtained by using bisphosphine iron(Il) complexes (80-82, Scheme 121b).
The reaction proceeds at low temperature in a chemoselective manner to produce
coupling products in good-to-excellent yields.
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E. Iron-Catalyzed C—O, C—S, and C—N Cross-Coupling Reaction

Iron-catalyzed methods were also applicable for a carbon—heteroatom bond
formation including C—N, C—0O, and C—S. A cooperative catalyst system
composed of Fe(acac);/CuO allowed N-arylation of aromatic heterocycles and
lactams (182). Later, this type of C—N bond formation was done using FeCls/
Fe,0; in the presence of N,N’-dimethylethylenediamine (dmeda, ligand) (183).
Although iron can catalyze an array of C-heteroatom coupling reactions, effect of
metal contaminants in these cross-coupling reactions needs to be verified in light of
recent developments reported by Buchwald and Bolm (88).

Amine-based ligand dmeda was also used for C—S bond formation
(Table XXIII) (184). Recently, the phosphine-based ligand xantphos has also

TABLE XXIII
Iron-Catalyzed Carbon—Heteroatom Bond Formation

Entry R—X Ar—X Product Yield (%)
{/ \\N I .
LY o oy o
H MeO MeO
J I N7
H EtO,C EO,0
OH | O
e a0 -
cl cl
N
4 ©: »—SH 914
S
OMe N
N | @[ Y-S5 OMe
5 S—SH S @ 914
S

Q Q
9
K

“Conditions: CuO (10 mol%), Fe(acac); (30 mol%), Cs,CO3 (2 equiv), DMF, 90 °C, 30 h.
b Conditions: FeCl; (10mol%), dmeda (20 mol%), K5;PO,, PhMe, 135 °C, 24 h.
¢Conditions: FeClz (10 mol%), (tBuCO),CH, (20 mol%), Cs,COs, DMF, 135 °C.
Conditions: FeCl; (10mol%), 20 mol% dmeda, NaOrBu, toluene, 135 °C.
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(@)
FeCly ( 10 mol%)

Xantphos ( 10 mol%) S
R'-X R?-SH -5\
* base, solvent R R?
o ) 135°C, 24 h 23 Examples
R' = Vinyl, R? = aryl, alkyl up to 98% Yield
X=1,Cl, Br
(b)
H
X Br N FeCls (10 mol%) N
e oI R
X~/ N_ g
R N K3PO4, DMSO R o
120 °C XN
2
Scheme 122.

been used for C—S bond formation with broad substrates studied by Lee and co-
workers (185) (Scheme 122a). S-Vinylation is limited to 1-(2-bromovinyl)benzene
and 1-(2-chlorovinyl) benzene. Related C—O bond formation was developed by
using FeCl3/2,2,6,6-tetramethyl-3,5-heptadione system (Table XXIII) (186).

In 2009, Mao et al. (187) reported an iron-catalyzed cross-coupling reaction of
vinyl bromides/chlorides with imidazoles in the absence of ligands and additives
(Scheme 122b, dimethyl sulfoxide = DMSO, solvent). Notably (E)-vinyl bromides
predominantly led to (Z)-products, while (E)-vinyl chlorides predominantly
afforded (E)-isomers (Scheme 122b).

F. Iron-Catalyzed Mizoraki-Heck Reaction

One of the important methods for C—C bond formation is the Mizoraki-Heck
reaction (188). Traditionally, palladium catalysts were used for this reaction.
However, iron-catalyzed methods could provide a greener and sustainable
approach. Consequently, the iron-catalyzed Mizoraki—-Heck reaction between
aryl-heteroaryl iodide and styrene was developed by Vogel and co-workers
(189) in 2008. A proline or picolinic acid ligated iron(II) species (20 mol%)
generated (E)-alkene in a stereoselective manner (Scheme 123).

G. Iron-Catalyzed Negishi Coupling Reaction

An iron-catalyzed Negishi reaction was reported by Nakamura M. and co-
workers (190) in 2009. The polyfluorinated arylzinc reagents (Scheme 1245) and
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FeCl, (20 mol%) X ‘
/Ej ©/\ ligand (80 mol%)
tBuOK (4 equiv)

S0, 60 °C Me

5 equiv
I, ligand = 2-picolinic acid, 87%
I, ligand = proline, 85%

X
X
X = Br, ligand = 2-picolinic acid, 19%

Fe salts (20 mol%) ~_Ph

@ A 2-picolinic acid (80 mol%) | A
> + tBuOK (4 equiv) _N
N Br o

DMSO, T °C

Fe salts = FeCl,, T =60, 41%
Fe salts = Fe(ClOy),, T = 25, 60%

Scheme 123.

alkyl halides (Table XXIV) were coupled by using either iron-1,2-bis(diphenyl-
phosphino)benzenedichloride (80) or a combination of FeCl; and dppbz[1,2-bis
(diphenylphosphino)benzenedichloride].

In 2009, Bedford et al. (191) explored the scope of an iron-catalyzed Negishi
reaction with 2-halopyridine and pyrimidine substrates in a THF—toluene mixture
(Table XX V). They proposed formation of an Fe—Zn bimetallic intermediate (83)
for the success of 80 in the Negishi reaction. The arylzinc reagent helped to
stabilize the putative active catalyst 84 (Scheme 124a) by preventing catalyst
decomposition (191).

Nakamura and co-workers (192) reported a cross-coupling protocol between
primary—secondary alkyl sulfonates and arylzinc reagents in the presence of FeCl;

(a)
Ph2 CI th Ar Ar
%
Fe’ Zn—Ar — L,F
/ \ \ A AroZn e\:l
h,©
83 84
[FeCIz(dppbz) ]
b
@) F FF
2 2 )
85a 85b 85¢c

Scheme 124.
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TABLE XXIV
Cross-Coupling of Arylzinc Reagents and Alkyl Halides®

R_X ZnAr, (1.2 equiv)FeCl; (3 mol%) with additive or FeCl,(dppbz), (3 mol%) RA
_ —Ar
THF, 60°C, 3h

Entry R-X Ar,Zn Product Yield (%)  Condition

| cHep-Br 85a cHepOF 92 (60°C,3h)

F
2 Br‘©1 8sb O O 77° (60°C, 15h)
Br F
FF
d.e o,
3 CoHy 1 85¢ cme@oa 91 (60°C, 24 h)

M
BuO.__O BuO— O e .
4 85b 85 60°C, 15h
\[lk %F ( )

“Reactions were carried out on a 1.0-2.0-mmol scale.
bIsolated yield.

“The '"H NMR yield.

4Used 3 mol% of FeCl; and 9 mol% of dppbz.

“Used 1.5 equiv of Ar,Zn.

TABLE XXV
Iron-Catalyzed Negishi Coupling of Halopyridines®
/ X /Ar
RTINS ° R
TN 4 zn@tolyy, B0BMI% TN
\ . = e - =
Entry Heteroaryl Halide Product Yield (%)
X —
1 | \ 7 Me 65"
N~ X N
(! P
N/)\Br \
Br —
X
Br
3 | \ 7 Me 56(50)
N"Br N

“Conditions: Heteroarylhalide (1.0 mmol), Zn(4-tolyl), (0.25M in THF, 4.8 mL), 1 (0.05 mmol),
toluene (6 mL), 100 °C, 4 h.
bUsed 1 equiv Zn(4-tolyl).
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nGeHis._OTs COMe cat FeCls COMe
DA 1 AEDA
Me LZn — "MgXp" | nCgHia

THF, 25 °C Me
(X=Cl,1) 71% Yield
Scheme 125.

and TMEDA. The arylzinc reagent was prepared from aryllithium or magnesium
reagents with Znl,. In situ formation of alkyl halides from sulfonates avoided
discrete preparation of secondary alkyl halides and gave high product selectivity
(Scheme 125).

H. Suzuki-Miyaura Coupling Reaction

Nakamura and co-workers (193) developed iron-catalyzed Suzuki—-Miyaura
coupling using iron(II) chloride—diphosphine complexes (81, 82) (Scheme 126) as
catalyst with magnesium bromide, lithium aryl borates. Primary and secondary
alkyl halides were successfully employed as the coupling partners for this reaction.

The reaction protocol was applicable for arylboronic acid and pinacol esters
possessing methoxy, dimethylamino, halides, and alkoxy carbonyl functional
groups (Table XXVI). The reaction occurred via formation of in situ borate
with butyl- or fert-butyllithium (192).

A stereospecific cross-coupling between alkenylboronates and alkyl halides
catalyzed by iron—bisphosphine complexes (81) was reported in 2012 by Nakamura
and co-workers (194) (Table XX VII). An in situ generated lithium alkenylborate was
the active alkenylation agent for this reaction.

R R

Veleje®

. P\Fe.’/P\Q/R
CI/ kel R

R

81 (R =tBu)
82 (R = TMS)

Scheme 126. Iron-bisphosphine complexes (192).
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TABLE XXVI
Substrate Scope of Suzuki-Miyaura Coupling of Alkyl Halides

R OMe Mel = 81 or 82 (1-5 mol%)

) — MgBr, ( 0—20 mol%

R—X + Bol\/Me M+ gBr2 ( )
Me THF, 0-40 °C

R'=1°, 2°, alkyl, R = Et, Bu, tBu, Ar = aromatic group, M = Li or MgBr

R'—Ar

Entry® Alkyl-X Coupling Product Yield (%)°

1¢ 99 (R” =H)

2 cHept—Br cHept«@» R 98 (R” = OMe)
3 90 (R” =CO,Me)
44 81 (R” = CO,EY)
54 74 (R" = CO,iPr)

__ |
= F
6 NN 79
s
2
o)
Eto)J\Ms/\Ph

“Reaction was carried out at 40 °C for 3—4 h on a 0.44—1.0-mmol scale using 3 mol% 82. Arylborates
were prepared from arylboronic acid pinacol ester and fBuLi.

bIsolated yield.

“Using 1 mol% 82.

4Using 1 mol% 82.

“Used 5mol% 82.

JAt 25 °C for 3-8h.

¢Used BuLi instead of rBuLi.

" The cis—trans ratio: 42:58.

O

7 %A
O 5 Br

Et
8° AcO

90

~Br A

The reaction protocol was also applied to alkyl-alkyl Suzuki—-Miyaura coupling
in the presence of [Fe(acac)s] (3 mol%)—xanthphos(6 mol%) and a stoichiometric
amount of iPrMgCl (Scheme 127a). Here iPrMgCl acted as an efficient activator
for trialkylboranes by forming magnesium tetraalkylborate, which was the key
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TABLE XXVII
Substrate Scope of Alkyl-Alkenyl Suzuki-Miyaura Coupling

81 or 82 (5 mol%)

Me Meo\tIBu e L+ MgBrz (20 mol%) R R
R=X+ e O/B% 1 THF, R® R
Me R3 R —20t040°C, 24 h
Entry R—X Coupling Product Yield (%) (E/Z)
oTBS

B 3 98
: O r O—/FM (>99% E)
/ Ph
2 ACO—<:>"'Br ACOW
OTBS
98
NCM (>99% E)

CeH13
ci P
MeO (>99% E)

98
(>99% E)

PR """ pp 98

5 Ph " Ph (9>899% B

Ph (>99% E)

transmetalating agent for this reaction (195). A radical clock experiment
(Scheme 127b) gave a ring-opening cross-coupling product, which indicated
the formation of an alkyl radical intermediate.This radical intermediate was
suggested to trigger the Suzuki—Miyaura coupling. Recently, a modified protocol
with iron—bisphosphine complexes (81, 82) was developed with unprotected
nonactivated halohydrins and aryl aluminium reagents as the coupling partners.
In this report, a free alcohol group formed an alkoxide, which in turn accelerated
the reaction and enhanced the diastereoselectivity (Scheme 128) (196).
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(a) .
nBuzB (2.0 equiv)
iPrMgX
1.9 equiv
Br ( auiv) Iron salt (3 mol%) nBu
Ci + [nBugiPrB]MgX] ligand (6 mol%) Q
CN THF CN
25°C,6h
(b)
Br [)I:e(achac);,»(] (5 moll%)) / R
; anphos (10 mol% R
R3iPrB][MgCl
> + [RIPBIMGCI THE 40°C. C Re D
2.9 equiv 18h 48% 0%
R = (CHy)1oCO2Et
Scheme 127.

phenyl metal reagent
CI” Y7 TOR (Ph,M; > 1equiv) 81 (5 mol%) Ph” 7 “OR
R=H, ] R=H,
R = SitBuMe, THF, THF,80°C,12h R = sjtBuMe,
0°C then H3O*

Scheme 128.

I. Sonogashira Reaction

The iron-catalyzed Sonogashira reaction was developed in 2008 by Bolm
and co-workers (197), with the use of FeCl;, an amine-based ligand
dmeda, and Cs,COj; as a base in toluene (Scheme 129a). Use of an iron-based
catalyst for this reaction instead of Pd/Cu made this method economical.
Various functional groups were well tolerated on both the coupling partners.
Furthermore, iron-catalyzed domino Sonogashira/hydroxylation of alkynes
also was reported (Scheme 129b). Notably, in 2009, Buchwald and Bolm
(88) reported the effect of metal contaminants in these cross-coupling reactions
and concluded that these reactions were likely catalyzed by trace copper
impurities rather than iron. Their correspondence raised the question about
the role of iron in the Sonogashira reaction and related cross-coupling
reactions.
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(a)
FeCls (15 mol%)

dmeda (30 mol%)

R H + Ar—X R——Ar
Cs,CO3, PhMe
(b) 135 C,72h
R Z
FeCls (15 mol%
e o-¢C
+
(0]
I Cs,COg3, toluene
OH R = Me 50%

Scheme 129. Iron-catalyzed Sonogashira reaction.

J.  Mechanism of Cross-Coupling Reactions

Initial mechanistic studies by Kochi (145) suggested that the iron(II) and
iron(II) species rapidly oxidize Grignard reagent to give a reduced soluble
form of iron that was most likely Fe(I). They also proposed that cross-coupling
was independent of the concentration of alkyl magnesium halide and first order
with respect to alkenyl halide and iron catalyst. Based on these observations, Kochi
proposed a catalytic pathway involving oxidative (ox) addition, transmetalation,
and then reductive elimination (Scheme 130a and b) similar to Pd catalyzed cross-
coupling reactions.

Fiirstner et al. (199) proposed the formation of a low-valent ferrate complex as
the active species for their cross-coupling reactions based on their experimental
data and literature reports (173, 198). At first, there was an in situ formation of
[Fe(_H)(MgX)z] (ferrate complex) and subsequently it was oxidatively added
between the R—X bond. The formation of this type of ferrate complex was
reported in the literature with the X-ray crystal structure of [Cp(dppe)Fe
(MgBr).3THF]. It has a covalent-bond character between the Fe and Mg centers.
Such an observation supported the idea that iron can remain covalently bonded to
magnesium in [Fe(MgX),], the “Inorganic Grignard Reagent” (173, 198). They
found that finely dispersed Fe(0)* particles in THF dissolved slowly on treatment
with an excess of nC4H,oMgBr and the resulting solution catalyzed the cross-
coupling reaction (Scheme 131). Further, iron complexes of different oxidation
states —2, 0, +1, +2 and +3 were prepared, which were devoid of stabilizing
ligands, and were tested for their activity toward the cross-coupling reaction. It was
observed that nucleophiles (e.g., MeLi, PhLi, or PhMgBr) were unable to undergo
p-hydride elimination. Rather, they rapidly reduce Fe>* to Fe** and then alkylated
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R
(b)
R-R' Fe! R'-Br
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R
/ " o
Fe!l Fe\ '
R R

MgBrs RMgBr
Transmetalation

Scheme 130.

the metal center. The resulting homoleptic organoferrate complexes, like [(Me4Fe)
(MeLi)]-[Li(OEt,)],, which was characterized by X-ray crystallography, trans-
fered their organic ligand to activate electrophilic partner (173). However, the
nucleophile, which underwent f-hydride elimination, was likely to follow a low-
valent ferrate mechanism. Consequently, the reaction mechanism was dependent
on substrates and the redox couple of iron in the solution. Based on these detailed
studies, they had proposed both an organoferrate manifold and a low-valent redox

manifold for these coupling reactions (Scheme 132) (199).
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OMe
3K
FeCly Fe® cl No Reaction
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al Very fast, —60 °C NHogCu4
Scheme 131.

Later, Holzer and Hoffman (200) found a sufficient amount of racemization for
chiral substrates under iron-catalyzed cross-coupling in contrast to Ni/Pd catalyzed
reactions, which gave products without any loss in optical purity. On the basis of
these observations, an SET mechanism (radical mechanism) was proposed rather
than transmetalation.

RMgX RMgX
\(R =Me, Ph, etc) poy (R =Etorhigher)
"R4Fe(MgX)," [Fe?~(MgX),]
R'-X
R'-X
R-R!
ol L |
- t
Organoferrate ow-valen
manifold ferrate manifold
MgXa
[R1.|l:eo(MgX)2] [R1_Fe0(MgX)]
R \—/
RMgX

Scheme 132.
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Scheme 133.

Cahiez et al. (176) proposed the Fe(0)/iron(Il) cycle via formation of an alkyl
radical anion (Scheme 133a). Cossy and co-workers (168a) also proposed a
radical-based oxidative addition and a “radical clock” experiment was successfully
carried out that further supported their hypothesis.

In 2009, Nagashima and co-workers (201) proposed an iron(II)—iron(IlI)
catalytic cycle on the basis of the isolation of catalytically competent intermediates
of both iron(II) and iron(IIT) complexes. Once again, their “radical clock™ experi-
ment confirmed a radical intermediate during these reactions (Scheme 133b).

In 2008 and 2009, Norrby and co-workers (202) supported the iron(I)/iron(III)
cycle, which was proposed 40 years ago by Kochi on the basis of their mechanistic
and computational studies. More recently in 2012, Bedford and co-workers (203)
reported that iron(I) was the lowest kinetically reasonable oxidation state in a
representative Negishi cross-coupling reaction with aryl zinc reagents and benzyl
bromide on the basis of the isolation of the catalytically competent Fe(I) species.
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Br 86 or 87 (5 mol%)
+ 4-tolyloZn
toluene, 45 °C, 16 h Me

OMe OMe

(1.00 mol) 73-94% Yield
PPh2 Ph2 22 Examples

PhyP,, | <l

2 /‘F\' X >Fe(
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2 k/PPhg Phy c
86 Xx=cl Br 87
Scheme 134.

Interestingly, better results were obtained in the presence of iron(I) phosphine
compared to the iron(II) phosphine complexes for reaction between aryl/alkyl
halide and an arylzinc reagent (204) (Scheme 134).

As discussed above, the iron-catalyzed cross-coupling reaction mechanism is
versatile and varies with the nature of the coupling partners the and on the reaction
condition. Formation of a radical intermediate is likely, and the iron(I)—iron(III)
catalytic cycle is more accepted compared to others.

K. Hydrocarboxylation
The iron-catalyzed hydrocarboxylation reaction was first reported by
Greenhalgh and Thomas (205). Bench-stable FeCl, was used as an iron precatalyst

in the presence of different amine ligands (Scheme 135; 88-91). It was observed
that FeCl,—bis(imino)pyridine ligands (88-89) and hydride source (EtMgBr, 1.2

5 BT

& g
N M
0 Me™ TN

N |
Me TmEDA Me
) o

Scheme 135.
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TABLE XXVIII
Substrates Scope of Hydrocarboxylation”

A (1) FeClz (1 mol%), 89 (1 mol%), CO,H
;

EtMgBr (120 mol%), THF, 2 h, rt  Ar Me
(2) CO2 Yield?

(Reaction yield a:f)°

CO5H CO.H CO.H CO.H
2
Me Me Me Me Me
Me tBu
M
OBn ©
90% 83% 72% 67°A:>d
(93% >, 30:1) (85% >, 40:1) (72% >, 100:1) (78%, 1:6)

“Condition: 0.7 mmol of 1, 1 mol% FeCl,, 1 mol% 7, THF (0.15 M), tt; (1) 120 mol% EtMgBr (3 M
in Et,0), 2h. (2) CO,, 30 min.

bIsolated yield a-product.

“Reaction yield and regioselectivity determined by proton nuclear magnetic resonance ('"H NMR)
using an internal standard.

9Used 120 mol% cyclopentylmagnesium bromide (2 M in Et,0); isolated yield of f-product.

equiv) gave the best yield of a-aryl carboxylic acid in the presence of CO, at
atmospheric pressure (Table XXVIII).

A mechanistic investigation was carried out with methanol-d, instead of CO,.
In this experiment, 1-deuteroethylbenzene was observed as the main product,
which indicated the possibility of a-aryl organometallic species formation. Such
a-aryl organometallic species (93) could be formed from 92. Subsequently, 93
underwent S-hydride elimination, hydrometalation, and transmetalation to form
a-aryl organometallic species (96). The nucleophile 96 attacked CO, to give the
desired product (Scheme 136).

L. Enyne Cross-Coupling Reaction

Conjugated enynes were the key structural motif of various bioactive molecules,
drug intermediates, and organic electronic materials (206). Generally, Pd was known
to catalyze the synthesis of these types of molecules via the Cy,—Cg,2 coupling
reaction. Nakamura and co-workers (207) first reported the FeCl; catalyzed enyne
cross-coupling in 2008 (Table XXIX, TBDMS = fert-butyldimethylsilyl). Lithium
bromide was used as the crucial additive and FeCl; efficiently catalyzed the cross-
coupling of alkynyl Grignard reagent with alkenyl bromides—triflates.
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Ph X RMgX )ﬁ Ph 96Me Ph” “Me
[Fe]
92 Transmetalation
RMgX
re H
P
Ph 7/\ [Fe]
[ —[Fel o5 95 Ph
f-Hydride 24 Hydrometalation
elimination ¢y
-
[Fe]-H
I
PR
Scheme 136. Mechanism of hydrcarboxylation.
TABLE XXIX
Iron-Catalyzed Enyne Cross-Coupling”
MeMgBr
(1.2 equiv) R?
LiBr FeClg xJ\L R2
i .5-1 1% 3
Rl—— H (1.2 equiv) (0.5—1 mol%) R Rl_— 4
; THF, 60 °C R3
(1.2 equiv) X = Br, OTf

o o Me_ Me
CGH1aT\\_ CGH13—<— =\
Ph T™MS  TBDMSO ) Ph
95% b-d >99% o9 929 bih

(89%£ 86%)

“Reactions were carried out at 60 °C for 24 h on a 1.0 mmol scale in the presence of 1 mol% of FeCl;
unless otherwise noted (TBDMS = fert-butyldimethylsilyl).

b1solated yield.

“Used 0.5mol% of FeCls.

4Ratio was (E/Z) 88:12.

“Used 0.5mol% of FeCl,.

/Used 0.5mol% of Fe(acac);.

¢Reaction time was 12h.

"Ratio was (E)/(Z) 85:15.
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Scheme 137.

They proposed the mechanism of enyne cross-coupling via formation of the
alkenyl iron complex 97. Subsequently, oxidative addition of alkenyl bromide to
97 resulted in the formation of high-valent ferrate (98), which underwent reductive
elimination to give the desired product. The presence of a lithium salt was
important to reduce Fe™ to the low-valent ferrate complex 97 (Scheme 137).

VI. DIRECT C—N BOND FORMATION VIA C—H OXIDATION

Transition metal mediated C—N bond formation methods via C—H activation
are important for the synthesis of nitrogen-containing organic compounds (208).
Nitrene intermediates or derivatives were used as the nitrogen source in most cases
(1d, 209). Often, hazardous compound PhI=NTs is used for C—N bond formation.
Consequently, use of amines and amides as the nitrogen source is challenging and
more sustainable (1d).

In 2008, Fu and co-workers (210) reported an efficient, inexpensive, and air-stable
catalyst—oxidant (FeCl,-NBS) system for amidation of benzylic sp> C—H in ethyl
acetate under mild conditions.The reaction tolerated a variety of substrates with
variations in benzyl sp> C—H bonds (100a—100c) and carboxamide—sulfonamide
(Table XXX). The NBS played a vital role as an oxidant and radical initiator.
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TABLE XXX
Substrate Scope for C—H Amidation”

NHR3
FeCl, (10 mol%)

R? NBS (1.1 equiv) R?
+ HN—R3
R! R?

EtOAC
carboxamlde

O OO,

100a 100b 100c
AN o) AN O X o)
F Br
) N N
& & &
68%° 77%P 74%"°

“Reaction conditions: benzylic reagent (1.2 mmol), amide—sulfonamide (1.0 mmol), NBS
(1.1 mmol), and FeCl, (0.1 mmol).
b1solated yield.

The reaction occurred via formation of the N-bromocarboxamide and N-
bromosulfonamide intermediate 101. Subsequently, it formed intermediate 102
as an active species through proton exchange. Then it formed the iron—nitrene
complex 103, which upon reacting with benzylic sp> C—H bonds, formed
intermediate 104 to provide the desired amidation product (Scheme 138).

Later in 2010, Li and co-workers (211) developed an iron-catalyzed C—N
bond-formation method without using a nitrene source (Scheme 139). Their
method included oxidative C—N bond formation of azoles and ether with
good-to-excellent yields. Iron(Ill) chloride was used as the catalyst and TBHP
as the oxidant (and radical initiator too). This combination activated the a-C—H
bonds of ethers. Subsequently, nucleophillic attack from azoles generated an
oxidative C—N bond with ethers. Under standard reaction protocol, imidazole and
its derivatives gave a high yield for such oxidative coupling with THF
(Scheme 139a). It was also observed that benzimidazoles underwent oxidative
C—N bond formation with ethers in moderate-to-good yield (Scheme 139b).

The reaction occurred via formation of a radical and hydroxyl anion from TBHP
in the presence of iron(I). The hydroxyl anion abstracted a proton from azole and
the rfBuO* generated a radical in ether. This ether was oxidized to an oxonium ion
in the presence of iron(II). Subsequently, it was attacked by an azole anion in
order to from a C—N bond (Scheme 140).
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/Br
R3-N
N
H Br FeCl
RS_Ni NHBS RS_N/ 102
H H +
FeClp HCl or HBr
101
Q
RS = R-C— FeCIBr —N=FeCIBr
103
O /@/\
I
R_”_ /\
O NHR3 "N\FeCIBr

R R 104

Scheme 138. Proposed mechanism of benzylic sp® C—H amidation.

Later in 2012, Xia and Chen (212) reported oxidative C—N bond formation
between azole derivatives and amides—sulfonamides via activation of sp> C—H
bond adjacent to the nitrogen atom, with good-to-excellent yields (Scheme 141).

Formation of a radical adjacent to nitrogen (105) was proposed, which was
followed by oxonium ion (106) formation. Subsequently, nucleophillic attack
occurred from azole, which gave the desired product (Scheme 142).

Iron-catalyzed direct amination was developed in 2011 by Yu and co-workers
(213). They used FeCls-benzoxazoles with formamide and different secondary
amines as nitrogen sources via decarbonylation (Table XXXI).

They proposed a Lewis acid catalyzed mechanism where FeCl; coordinated to a
nitrogen atom and facilitated nucleophillic attack (Scheme 143).

FeClp.6H,0 (2.5 mol%)

N .
@ [ \> . O TBHP (3.0 equiv) ’\E/\N‘(j
N o ~
(o)

H 80°C,3h

90%
FeClp.6H,0 (2.5 mol%)

N H . N
TBHP (3.0 equiv)
®) ©:N\> * R1J\OAR2 @EN\>
H

EtOAC, 1.0 mL Vo /—R2
mol sieves (4 A) , 80 °C, 3 h pt’ O

40-85%

Scheme 139. Iron-catalyzed oxidative C—N bond formation.



IRON CATALYSIS IN SYNTHETIC CHEMISTRY

(@ Fe' + tBuOOH Fe'' + tBuO® + OH~
N N
@Y+ on [ Y+ Ho
N N
H —_
jl\ 2 tBuO® . R? Fe'l ~__R?
© R o " R0 R N0
§| e
Fe'
N R’
R2 N
@ [ Y+ o N
N + N=/ 0-R?
Scheme 140.
H FeCl, (5 mol%) R
Rl /~NH I gt  DTBP (3.0 equiv) A N-R®
S o+ goNh r N—
Y:X ' Y§X' R2
RS CgHsCl
X,Y=CorN 120 °C, 3-6 h R3 = acyl or sulfonyl
Scheme 141.
tBuOOtBu 0-_Me
Me * O N\//N
/N /N\/ .
Me \Me Felcl,
tBuUOH
tBuOH
tBuO-Fe''Cl, Q
o N NH
N tBUO-Fe'-ClI
Me'105, Me v 0
N
Me’
orMe
106
tBUOH
N
Me /
Oﬁ’ \ BU HN—Z
N C
Me ,
+ Felll /N—<
tBuOH Me 107 Me

Scheme 142.

109



110 SUJOY RANA ET AL.

TABLE XXXI
Iron-Catalyzed Decarbonylative Amination”

0]

0 L Rre o R
Ly vy P
N R FeCly / imidazole N R
o * or +
-N 12h, 130 °C R?
N H., .R? * N
)\\\> N N\ SN
FI{B e} RS
R
o Me o Me SN2
J@[ PN /C[ N N/>_N\—/O
Ph N Me MeO N Me Ph
87% 71% 75%

“Conditions: DMF (solvent) (2mL), FeCl; (0.25 equiv), imidazole (2.0 equiv),130 °C,
12 h, under air. Yields were isolated yields, formamide or amine was the nitrogen source.

O Formamides or Amines o R
I L
N N R2

O
[Felll] [Fe”]

[Felll]/
o) o R

L) O
N “N° H R2

FeCl, B2
(6]
[Fe] JJ\ R1
R3” N
heat )
RZ
R%=H or Me

Scheme 143. Mechanism of iron-catalyzed decarbonylative amination.
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VII. IRON-CATALYZED AMINATION

Amine compounds are important in the pharmaceuticals industry and different
amine-based pesticides are widely used to protect crops. Hence, syntheses of
different amine compounds are important.

A. Allylic Aminations

Amine compounds could be synthesized by allyl amination where nitrogen-
based compounds added to unsaturated compounds (214). Allylic amination was
first reported by Johannsen and Jorgenson (215) and Srivastava and Nicholas (216)
independently in 1994 using allylic compounds and a phenylhydroxyl amine in the
presence of an iron phthalocyanine complex (method A) or a mixture of
FeCl,.4H,0/FeCl;.6H,O (method B) (Table XXXII).

Olefins generally gave low-to-moderate yields of allyl amines in this reaction via a
formal heteroene process (215). Iron—phthalocyanine (FePc) gave an amination
product with limited substrates, mainly olefins conjugated to aromatic rings. On
the other hand, use of an Fe'/Fe' catalyst system was more beneficial then FePc as it
gave good yields with nonterminal acyclic olefins. The later catalytic system (method
B), with a mixture of FeCl,.4H,0O/FeCl;.6H,0, showed better activity when PANHOH
was changed to 2,4-dinitrophenyl-hydroxylamine (217). Poor results were obtained
from both catalyst systems due to the decomposition of phenylhydroxylamine to
aniline, azobenzene, and azoxybenzene in the presence of iron complexes (218).

Two different sets of mechanisms were proposed based on the different
catalytic systems. Here FePc generally underwent an “~NR” transfer mechanism
“off” the metal (Scheme 144). The iron catalyst played an important role in

TABLE XXXII
Allylic Aminations of Olefins”

_H
rH + PhNHOH Fe cat rlTl

Ph
o U
76,31 (A,B) 62 (A) “NHPh Me” “NHPh

45 (A)

“Method A: Reaction performed with FePc (5 mol%), olefin (5 equiv),
and PhNHOH (1 equiv) in toluene under reflux for 10 h. Method B:
Reaction performed with FeCl,.4H,0/FeCl;.6H,O (9:1, 10 mol%),
olefin (1 equiv), and PhANHOH (2 equiv) in dioxane at 80 °C.
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Scheme 144.

forming nitrosobenzene from phenylhydroxylamine and in the formation of an
allylic amine from hydroxylamine via a hetero-ene reaction of PhANO with alkene
(219).

In the case of a second catalytic system (method B), Nicholas and co-workers
(220) showed that reaction occurred via formation of an azo—dioxide complex
(108) (Scheme 145).

Later, Srivastava and Nicholas (221) reported that nitroarenes could also be
used as an aminating reagent in the presence of [CpFe(CO),], as catalyst under a
CO atmosphere at high temperature (Scheme 146).

An iron—cyclopentadienyl-dicarbonyl complex also catalyzed allylation of
styrene nitroaryl compounds having electron-withdrawing groups. The reaction
temperature and pressure can be reduced (222) under a photoassisted condition.

B Ph T2+

Ph- N
(:Ié Oj\l Ph
e ' 2 FeCly~
N
(\)UQ o N 4
N N
Ph

108

Scheme 145.

[CpFe(CO)als (5 mol%)

Me Ph
NHA
>: + AI"N02 Tr\ '

PH
CO 50-75 atm ) o
dioxane, 160—180 °C Yield 54-92%

Scheme 146.
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TABLE XXXIII
Amination of Allyl Carbonates”

amine (2 equiv)

Fe catalyst
O(0O)COtBu PPh; NHPh
P . Pip.HCI (30 mol%) o L NHAPh
R R DMF, 80 °C R R? R1TNFR2
6-15h
NHPh NHPh NHPh NHPh
Me
Me™ X //in/L<Me CSH7/A§°/i\Me SN
69%P (97:3)° 87%P (97:3)° 61%° (97:3)° 62%° (96:4)°

“All reactions were performed on a 1-mmol scale.

Yield of isolated product.

“Regioselectivity of the crude product according to gas chromatography (GC) integration is given
in parenthesis.

0(0)COtBu ioniza;ion '_:eo rc;tlit,“?n 0
Fe=~ B -
\ _—
\)\R - %R .
© v enti-V
iPhNHz lPhNHz
(S)- Product (R)- Product
Scheme 147.

Later in 2006, Plietker (223) reported a regio- and stereoselective allylic
amination of allyl carbonates with secondary amines using a [BuyN][Fe-
(CO)3(NO)] and triphenyl phosphine combination as the catalyst. The presence
of a catalytic amount of piperidinium chloride (Pip.HCI) as a buffer retarded the
decomposition of the catalyst.The variation in carbonate and amine partners
provided good-to-excellent yield with high regioselectivity (Table XXXIII).

The reaction occurred via the formation of an o-allyl metal intermediate
(Scheme 147), and therefore provided high regio- and stereospecificity (223).

B. Intramolecular Allylic Amination

In 2011, Bonnamour and Bolm (224) developed an intramolecular C—H
amination of azidoacrylates toward the synthesis of indole derivatives using an
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Scheme 148.

iron(I) triflate as catalyst. This reaction tolerated various functional groups
including methoxy, alkyl, trifluoromethyl, halo, and phenyl groups at the para
position of the aryl ring (Scheme 148).

The field of nitrenoid-based C—H amination was pioneered by Breslow and
Gellman (225) by using Fe (TPP). Paradine and White (226) developed a highly
selective intramolecular C—H amination by using an inexpensive, nontoxic
[FeHIPC] catalyst, where Pc = phthalocyanine (109). This method showed a strong
preference for allylic C—H amination over aziridinations (Scheme 149). A
selectivity pattern emerged for the C—H amination: allylic > benzylic > ethereal
>3°>2°>>1° In the case of polyolefinic substrates, the selectivity was con-
trolled by an electronic and steric character. As expected, the relative rate of C—H
amination inversely varied with bond strength (Scheme 150) (226). Allylic

&\ % Allylic C-H amination
109 0. _0

Na”
H OSOQNHQ [FePc]. SbFe HN "0
catalyzed
Ry Rs PR R
C-H amination
3 C-H Allylicvs 3 C-H
0. _0 00
HNS 0 HN™"0
Me AN
R1>'\/'\R2Ph Ro

Scheme 149.
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Scheme 150.

substrates with a wide variety of substituents were successfully employed for such
amination reactions (Table XXXIV).

A stepwise mechanism was considered based on experimental observations.
However, the stereoretentive nature of C—H amination for 3° aliphatic C—H bonds
suggested a rapid radical rebound mechanism.

Later, Sun and co-workers (227) reported an FeCl; catalyzed intramolecular
allylic amination toward the synthesis of dihydroquinolines and quinolones

TABLE XXXIV
Intramolecular C—H Amination

O\\S//o
HN™ "0
H OSOpNH, 109 (10 mol%) RN m2
AgSbFg (10 mol%) ins
RN R2 N
PhI(OPiv), (2 equiv)? O, _0
4:1 PhMe/MeCN 1 NS0
rt, 6 h R
2
azir R
Styrenyl Trisubstituted Terminal
\\S//O O\\ //O O\\ //O
HN™ "0 Me HN"~0 HN" 0
/\)\)\ )\/'\/'\ M
Ph R M Me PhA\/'\/'\( °
) () =) Me
70% yield (0% RSM)b 53% yield (<10% RSM)b . 5 b
dr = 3.5:1 syn/anti® dr = 2.7:1 syn/anti 52% yield (10% RiM)
(E/Z) > 20:1 ins/azir > 20:1 dr=3:1 syn/anti
ins/azir > 20:1° ins/azir > 12:1¢
a = pivolate

“Pivalate = Piv.
’Isolated yields (syn+ anti); % RSM in parentheses.
¢ All product ratios were determined by 'H NMR analysis of the crude reaction mixture.
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Scheme 151.

(Scheme 151). No stereoretentivity was observed with pure enantiomeric sub-
strates. Hence, it was proposed that the reaction occurred via formation of the
carbocationic intermediate (110) (Scheme 152).

In 2011, Betley and co-workers (228) employed an iron complex of the
dipyrromethane ligand scaffolds bearing large aryl groups for C—H amination.
The use of a bulky ligand provided a high-spin iron complex (S = 2), which was the
catalytically active species. Reaction of iron complexes (111-113) with alkyl
azides provided C—H amination for toluene and aziridine in the case of styrene

CCL 4
=
N Ph FeClz d\APh
Ts ’T‘H
Ts
—Ph
— |‘:eC|3
/N—FeCIg !
th Zpn
NH I}IH
Ts Ts

H,0

Scheme 152.
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112 R = Ad - ("9L)FeCI(OEty)

Fe''(+NR)

113 R = Ar - (M'L)FeCl

NsR

Scheme 153.

(Scheme 153 Ad = adamantyl, Ar = aryl). The complex (*‘L)FeCI(OEt,) (112) gave
a better yield compared to 111 and 113. They were able to isolate a high-spin iron
complex, (A'L)FeCI(N(p-rBuC¢H,) during the reaction of (*"L)FeCI(OEt,) (113)
with p-BuCsH4N3 (228). A radical rebound-like mechanism by hydrogen-atom
abstraction was proposed based on their experimental findings.

VIII. SULFOXIDATIONS AND SYNTHESIS OF SULFOXIMINES,
SULFIMIDES, AND SULFOXIMIDES

A. Sulfoxidation

Sulfoxides are an important class of compounds since they were used for
various ligand syntheses. Selective oxidation of sulfide was reported in the
literature by using an iron catalyst in the presence of different oxidants (e.g.,
Hs5IO0g, HNO3, or other terminal oxidants) (229). Asymmetric sulfoxides were
usually synthesized using titanium, vanadium, and manganese complexes. But
those were less effective for practical use. One of the earlier methods iron
porphyrin in the presence of iodosyl benzene, gave a moderate enantioselectivity
(<55% ee) (230). Fontcave and co-workers (231) employed 114 as a ligand for iron-
catalyzed sulfoxidation, however, they got low enantioselectivity (ee.x =40%)
(Scheme 154).

Legros and Bolm (232) reported the major breakthrough in iron-catalyzed
asymmetric sulfoxidation. A highly enantioselective sulfide oxidation with optically
purity (ee =96%) was described under clean reaction condition (Table XXXV).
More challenging substrates (e.g., phenyl ethyl and phenyl benzyl sulfides) were
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TABLE XXXV
Iron-Catalyzed Asymmetric Sulfoxidation

[Fe(acac)s)/ ligand 115/116 g -
N

R R 30-35% aqH.0, (1.2 equiv) R R
CHQC|2, rt, 16 h

Product
Entry Sulfide Yield (%) ee (%)
1 Ph-S-Me 63 90
2 Ph-S-Et 56 82
3 Ph-S-CH,Ph 73 79
4 Ph-S-CH,-CH=CH, 63 71

well tolerated with excellent enantioselectivity under their reaction protocol. The
reaction was chemoselective since in phenyl allyl sulfide only the sulfur atom was
oxidized and the double bond remained unaffected (233). This method was useful for
the asymmetric synthesis of sulindac (> 90% ee), a biologically active chiral
sulfoxide (234).

An iron(IlT)-salen complex with H>O, could also catalyze the oxidation of
organic sulfides and sulfoxides, in which an iron high-valent oxo (FeW=O) species
was proposed to be the active species (235).

Me. Me
+ N
AN
/ |
/ ‘ /Fe\@ 4ClO4~ = ~N
114 NN !
! OMe
/@ X =H, Li
OH N COLX
HO
115 116

Scheme 154.
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/ \N Achiral ligand

=N, N=
ML o
tBu o o tBu / Chiral ligand
tBu o O tBu N e
N\ ~ .
tBu ‘p M
/ tBu o él o Bu
Chiral
counteranion tBu tBu .
117a: M = Mn Achiral
‘M= counteranion
17b:M=Fe 118a: M = Mn
117c: M =Cr 118b- M = F
117d: M = Co -M=Te
Scheme 155.
117b (1 mol%) (@) o. .0
_S. PhIO (1.1 equiv) 8. L. Y
Ar R Ar” "R Ar” R
PhH, 15 °C
8-12h
Scheme 156.

Later in 2012, Liao and List (236) reported a highly active and enantioselective
sulfoxidation catalyst using an iron(IlT)-salen cation (118b) and a chiral phosphate
counteranion (117a-117d) (Scheme 155). They used 117b as the chiral catalyst in
combination with PhIO as the terminal oxidant (Scheme 156). This reaction was
the first example of an asymmetric counteranion directed catalysis (236).

Their methodology had a potential application toward the enantioselective
synthesis of hydroxamic acid (Scheme 157), which is a potent histone deacetylase
inhibitor.

Very recently, Chen and co-workers (237) developed another protocol of
sulfoxidation using Fe(acac); (1 mol%) and polyethylene glycol as an additive
and O, as the oxidant.

S~ ~_COMe (a), (b) C /Sn,/\/\)LN/OH
—_— H
ol : 81% o

Potent histone deacetylase inhibitor

(a) 117b (2 mol%), PhlO (1.20 equiv), EtOAc, 10 °C, 12 h
(b) ag NH,OH, KOH, MeOH/THF

Scheme 157.
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B. Synthesis of Sulfoximines, Sulfimides, and Sulfoximides

Nitrene transfer was a key process for the synthesis of various classes of organic
compounds (e.g., aziridination and different nitrogen-containing compounds). It
was also utilized in the synthesis of N-substituted sulfimides. Bach and Kober
(238) first reported the iron-catalyzed method for the synthesis of sulfoximides
using FeCls/tert-butyloxycarbonyl azide (BocN3) (Scheme 158). Instead of
using FeCl; in a stoichiometric amount, it could be used in a catalytic amount
(25-50mol%) in their modified condition (Scheme 159). The nitrene could
transform sulfoxide and sulfide to sulfoximides and sulfimides, respectively.

These reactions were stereospecific and could be utilized for the synthesis of
chiral ligands. Optically pure sulfoxides could be converted into sulfoximides.
Subsequently, free NH,—sulfoximine was obtained after Boc cleavage. Bolm and
co-workers (239) synthesized chiral sulfoximines as ligands for enantioselective
synthesis. Syntheses of sulfoximines by imidation of sulfides and sulfimides were
obtained in moderate-to-good yield in the presence of acetylacetone or DMF
(Scheme 160).

X
[l BocNg, FeCl, cat OQ\ //NBOC
R™ "R H/S\R
X=0
X = lone pair of electrons
Scheme 158.
(|j| o 0o NBoc
o s BocN3, FeCl, (25 mol%) o \\S//
N7 ~
Me CH,Cls, 0 °C to rt >~ " Me
2.5 equiv 56% (based on BocNj3)
Scheme 159.
BocNg, FeCly, (10—25 mol%) HBOC
R/S\R' acetylacetone (1.3 equiv) _S. .
2.5 equiv CHyCl5, 0°C,5h
61-90% based on BocNy
R =Ph, Bn
R' = Me, Et

Scheme 160.
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e} ~ 3
|C|) \\//N SO.R
/S\ Fe(acac)s (5 mol%) R1/ \R2
R1 R2
R3SO.NH,, Phi=0O or
or 3
MeCN, rt N-SO:R
S S
R1/ \R2 R1/ \RZ
Scheme 161.

Later, Mancheno and Bolm (240) developed stereospecific methods for sulfox-
imine synthesis using Fe(acac); as a catalyst (Scheme 161). Unfortunately, the
reaction was susceptible toward steric effect.

Subsequently, they reported a modified method, which tolerated challenging
substrates including benzyl, sterically demanding alkyl, and heteroaryl substituted
sulfoxides at rt (Table XXXVI) (241).

1. Mechanism

An Fe(V)-nitrene complex [(Cl)Fe'=NR] was proposed as a imidation reagent
in the catalytic cycle (Scheme 162).

Darcel and co-workers (242) developed a sulfonylimines synthesis under
neutral condition starting from an aldehyde (Scheme 163).

TABLE XXXVI
Iron-Catalyzed Sulfoximide Synthesis”

O X
i Fe(OTf); (2.5-5 mol%) ANNs
S S
F{./ \R,, PhI=NSOR R,/ \R“
mol.sieves (4 A), MeCN, rt
R, R" = Alk, Ar, Het(Ar)
O _N-Ns
o} - o} ) %
©\O/\\//N-NS \\S//N Ns \\S//N NS 1o \S\/M
s PSP Meol Me
Me
OMe
96%P (46%)° 96%P (44%)° 60%P 86%P (80)?

“Reaction conditions: sulfoxide (1 equiv), Fe(OTf),, PhI=NNs (Ns =2 or 4-nitrobenzene-
sulfonyl) (1.3 equiv), and molecular sieves 4 A in acetonitrile (0.1 M) at rt.

b After column chromatography.

“Yield obtained by using 10 mol% of Fe(acac); as catalyst.

dReference (240).
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LnFe!

Phl=O H,0 O, N-Ns

>—< RVS\F{2

NsNH» PhI=NNs

O\\s /
R R?
Phl NNs
I
FeVL,
Scheme 162.
_SO,-p-Tol
Q FeCls (4 mol%) N
L+ p-Tol-SO,-NH, M
Ph™ H EtOH, rt, 1 h Ph™ "H
Scheme 163.

IX. REDUCTION REACTIONS
A. Hydrosilylation of Alkenes

Organosilicon compounds can be found in numerous consumer goods that are
associated with our daily life (e.g., oil, grease, rubbers, cosmetics, and medicinal
compounds). Most of them contain Si—C bonds that need to be synthesized
artificially, as they do not exist in nature. Addition of Si-H across an unsaturated
double or triple bond provides the most convenient and widely used approach to
form such organosilicons. This method is termed as hydrosilylation (HySi) and it
requires a transition metal catalyst (Scheme 164).

One of the major problems regarding hydrosilylation of alkenes and alkynes is
the selectivity issue, as side reactions (e.g., DHySi and Hy) may decrease the turn

Si
Hydrosilylation  (HySi)
_ P Fe cat ji Dehydrogenative (DHySi)
Si—H + & = hydrosilylation
e Hydrogenation  (Hy)

Scheme 164. Iron-catalyzed reactions of alkene and hydrosilane (243).
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over number (TON) and can generate unwanted side products in a significant
amount (Scheme 164). The success of this method, therefore, lies in discovering
highly reactive yet selective reaction conditions that will not only ensure high-
catalytic turnover, but also make the process economical and environmentally
benign as organosilicons are generated on the millions of tons scale.

Traditionally, for over three decades, among transition metal catalysts, plati-
num-based Spier’s catalyst (Pt,([(CH,=CH)SiMe,], O)3) and Karstedt’s catalyst
(H,PtCls.6H,O/iPrOH) have been regarded to be very powerful and are often
employed for commercial purposes. In 2007, worldwide consumption of platinum
by the silicone industry was estimated to be 5.6 metric tons and most of them were
not recovered (244). Also, Rh and lanthanide-based catalysts have been reported to
affect HySi. The high cost, limited availability, and toxic nature of precious metals
imposed a scientific challenge to discover catalytic systems based on earth-
abundant first-row transition metals, particularly iron.

Nesmeyanov et al. (244b) reported the first iron-catalyzed HySi reaction in
1962, where Fe(CO)s served as the catalyst in the reaction of alkenes and tertiary
silanes. Products from both HySi and DHySi were generated depending on the
substrate and reaction condition. In 1977, Schroeder and Wrighton (244c) dis-
closed a photoreaction of R3SiH and alkenes involving the same catalyst, Fe(CO)s.
Later, they proposed a mechanism of iron-catalyzed HySi for the Cp*Fe(CO),R
catalytic system (Cp* = 5°-CsMes, R = alkyl, silyl) that included the insertion of a
C=C double bond into an Fe—Si bond.

Completely selective DHySi was realized by Murai and co-workers (245) in
1993 as vinyl silanes were obtained from the reaction of styrenes and Et3SiH in the
presence of Fe3(CO);, (Scheme 165). Other metals of the same group (Ru, Os)
were also effective, but iron exhibited complete selectivity. However, the reaction
suffered a serious drawback, since 1-hexene afforded a complex mixture that
contained vinylsilane, alkylsilane, and allylsilane.

On the other hand, selective hydrosilylation of alkenes by inexpensive iron catalysts
eluded researchers, until Chirik and co-workers (246) made a significant breakthrough
in 2004 (Scheme 166). By using a well-characterized iron bis(imino)pyridine dini-
trogen complex (119), they successfully hydrosilylated a number of unactivated
olefins with PhSiH;, whereas with Ph,SiH,, a slower reaction rate was observed. The
method was also compatible with alkynes and with PhSiH;. However, due to the steric

J@/\ EtsSiH /@/\vs”ﬂa
R cat Fe3(CO)12 R

benzene

R =H, Me, CI, OMe

Scheme 165. Selective DHysi of styrenes catalyzed by triiron decacarbonyl.
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N N,
119-(N),

/\/\/Me PhSiHS PhHZSi\/\/\/Me
0.3% 119-(Ny),
22 °C

Scheme 166. Selective hydrosilylation of alkenes catalyzed by an iron bis(imino)pyridine dinitrogen
complex.

hindrance of the bulky silylalkene, no further reaction was observed even with a large
excess of phenylsilane.

Unfortunately, this catalyst was unreactive toward the most commercially
relevant silicon hydrides, the tertiary silanes (e.g., Et3SiH). To overcome this,
Chirik and co-workers (244) carried out a series of reactions under solvent-free
conditions with iron bis(imino)pyridine complexes containing both linear and
bridging nitrogen ligands. By manipulating the size of the 2,6-aryl substituent of
the bis(imino)pyridine ligand (iPr, Et) (120, 121), they were successful in employ-
ing a number of tertiary silanes as efficient silylating agents under ambient
conditions, though Et;SiH remained unreactive (Scheme 167). With a sterically

/N /

/N /N2 Nz

S / \ N / \ ‘
@ ﬁ

121 [(B'PDI)Fe(Ny)la(up-Ny) : R = Et
122 [(MePDI)Fe(Ny)]a(to-Ny) : R = Me
120-122 .
NS Me L RgiH ————— RS~ Me
~ ° 23°C
neat

120 (P'PDI)Fe(Ny),

Scheme 167. Iron-catalyzed selective hydrosilylation of alkenes.
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less hindered methyl as the substituent (122), the most active catalytic system was
discovered as a complete conversion of Et3SiH and 1-octene was observed after 45
min at 23 °C. This method was also applicable to styrene, as well as with amino
substituted olefins. Notably, in the case of a platinum catalysts, the amino group
often serves as a catalyst poison. Further, this catalytic system was successfully
applied in cross-linking of silicone fluids, thus promising a viable alternative to the
use of a precious platinum catalysts for such a purpose.

The problem of limited accessibility, as well as the air and moisture sensitivity
of iron-bis(imino)pyridine dinitrogen complexes, was overcome in 2012, by the
same group. In that year they prepared a series of iron dialkyl complexes
containing either bis(imino)pyridine or terpyridine ligands that served as efficient
pre-catalysts in the hydrosilylation reaction (247). At the same time, Nakazawa and
co-workers (248) independently reported selective single—double hydrosilylation
of 1-ocetene by iron complexes containing terpyridine as ancillary ligands.

Meanwhile, Ritter and co-workers (249) reported a very efficient iron-catalyzed
hydrosilylation of a 1,4-diene by a well-defined low-valent iron complex (123)
(Scheme 168). In the presence of redox active imino pyridine ligands, a number of
substituted dienes underwent hydrosilylation that provided allylsilanes in excellent
yields and selectivities.

In 2012, unprecedented reactivity of CpFe(CO),Me was exhibited in the
reaction of 1,3-divinyldisiloxane with hydrosilane by Nakazawa and co-workers
(241) (Scheme 169). In this reaction, one of the vinyl groups was dehydrogen-
atively silylated, while the other vinyl group was hydrogenated.

This reaction is a combination of DHySi and Hy, which are regarded as
unwanted side reactions in hydrosilylation chemistry, and from the reaction
outcome it can very well be termed as HySi. It was observed that two vinyl
groups and an oxygen atom connecting the vinylsilyl group were necessary for the
success of the reaction. A labeling experiment with MePh,SiD indicated that
hydrogen atoms from the silylated vinyl group and tertiary silane were responsible
for hydrogenation of the other vinyl group.

A

|
Me Arg T
N

HSi(OEt)3 -
\)LR (OEt)ssi/\/\R Fe\N:

~

5 mol% 123

toluene, 23 °C
Ar
91% Yield

Ar = 2,6-(iPr)2C6H3
123

Scheme 168. Iron-catalyzed hydrosilylation of 1,4-diene.
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Ro Ro CpFe(CO);Me Ro Ro
\/SLO/Sl\/ + R'3SiH Me\/SLO/Sl\/\S.R,
toluene, 80 °C M3

Mez Me, CpFe(CO),Me Me, Mes
X SiA.Si_Z + MePh,SD Me.__Si__Si ..
© 2 toluene, 80 °C Y 0] SiMePhy,
D

Scheme 169. A different iron-catalyzed “hydrosilylation” reaction.

B. Hydrosilylation of Aldehydes and Ketones

Reduction of aldehydes and ketones to the corresponding alcohols is a funda-
mental transformation in synthetic chemistry. Although numerous methods are
reported for reduction, the lack of chemoselectivity, sensitivity, and toxicity of the
reagents available call for the discovery of mild and easy to handle reaction
conditions. Hydrosilylation can be envisaged as a useful alternative in this regard.
Unfortunately, hydrosilanes by themselves are unreactive toward the carbonyl
compounds and a transition metal catalyst is needed for the success of the reaction.
In recent decades, several transition metals ranging from Rh, Ru, and Ir to Ti, Zn, Sn,
and Cu have been explored. But the cost of the metals, toxicity arising from the waste,
and residual toxicity in the product emphasizes the need for more sustainable and
greener protocols. Iron due to its relatively lower toxicity, inexpensiveness, and
abundance in the earth has drawn significant attention from the scientific community.

In 2007, Nishiyama (250) disclosed a hydrosilylation reaction of aromatic and
aliphatic ketones by using readily available Fe(OAc),/tmeda in conjunction with
(EtO),MeSiH as the hydride source (Scheme 170). Surprisingly, reaction did not
proceed in the absence of ligand; tmeda presumably helped the catalyst system to
be homogeneous by facile coordination with iron. By using a chiral ligand (e.g.,
bopa-tb in place of tmeda, up to 79% ee was achieved. But, competing DHySi
produced silyl enol ether in a significant amount since in most of the cases starting
material was recovered (2-51%) after work up. However, replacing tmeda by
thiophene-2-carboxylate as the ligand greatly improved the selectivity, as corre-
sponding alcohols were obtained in excellent yields (> 90%) with no or a trace
amount of starting material recovered.

To address the enantioselectivity issue, they prepared an iron catalyst based on
NCN type ligands, bis(oxazolinylphenyl), amine) (phebox and bis(oxazolinyl)

Ph Fe(OAc),/ tmeda Ph
(5:10 mol %)
Me Me
(EtO),MeSiH
(0]

THF, 65 °C OH

Scheme 170. The Fe(OAc),/tmeda catalyzed hydrosilylation of ketones.
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then H3O* or F~
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!
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ciCl' CHPh,
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Scheme 171. Enantioselective iron-catalyzed hydrosilylation of ketones.

pyridine (251a), plus Fe,(CO)y. However, only up to 66% ee with an (R) configura-
tion of the product alcohol was obtained with this catalytic system. Note, with the
same ligand, an Ru catalyst yielded alcohol of absolute configuration (S) with 77%
ee. Improved stereoselectivity was observed with bis(oxazolinylphenyl)amine
(Bopa) ligand in conjunction with iron (up to 88% ee) (124) and cobalt (up to
98% ee). In all these cases, (R) products were obtained. Addition of Zn powder to an
Fe-Bopa catalytic system dramatically altered the outcome, as alcohol product was
obtained with an absolute configuration (S) (Scheme 171) (251b).

Electron-rich phosphine ligands (125) were applied in conjunction with iron for
enantioselective hydrosilylation of ketones (up to 99% ee) (Scheme 172) (252a).
Earlier, Beller and co-workers (252b) utilized most inexpensive hydrosilane,
PMHS (polymethylhydrosiloxan) to reduce aldehydes by Fe(OAc),/PCy;. A
broad range of aromatic, aliphatic, and heteroaromatic aldehydes were success-
fully converted to alcohols with excellent yields under a particularly mild reaction

0 OH @( Me
©)LM9 Fe(OAc),/125 ©/LMe Me
P
THF, 65 °C, 16 h J
(EtO),MeSiH Me

aq NaOH/ MeOH 125
(S,S)-Me-DuPhos

Scheme 172.  Highly enantioselective hydrosilylation of ketones by use of an iron—phosphine catalyst
[DuPhos = 1,2-bis((2R,5R)-2,5-di-i-isoproplyphospholano)benzene].
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condition. Meanwhile, Yang and Tilley (253) made use of a simple iron amide
catalyst [Fe(N(SiMes),),] to generate alkoxysilanes in high yields from the
corresponding aldehydes and ketones.

C. Hydrogenation of C—C Unsaturated Bonds

Iron complexes have high complexing affinity toward the C—C unsaturated bonds,
which can cause a problem for hydrogenation due to deactivation of the catalyst by
forming a stable complex. In 1965, Frankel et al. (254) reported homogeneous
hydrogenation of methyl linoleate using Fe(CO)s as the precatalyst under a nitrogen
(250 psi) and hydrogen atmosphere (400 psi) at 180°C for successive hydrogenation.
In the presence of the iron—carbonyl complex, the double-bond isomerizes and forms
the conjugated diene leading to the stable complex 126. High temperature and pressure
was used to decompose this catalyst poisoning complex (126). Under reaction
conditions, an iron carbonyl compound results in the formation of H,Fe(CO),, which
is considered to be the hydrogenating agent (Scheme 173) (254).

Me

(CH2)4—CH:CH_CHQ_CH:CH_(CH2)7_COQMG

l Fe(CO)s

Me——(CHy), ~ CH—=CH—CH=CH——(CHj),—CO,Me
ﬂ Fe(CO)s

CHTCH_
Me——(CHg),—CH"/"" \ " CH—(CHy),—CO,Me
Fe
AN
oc co €O
126

Me——(CHy),~ CH=CH—(CH,),-CO,Me <~
Me— (CHy);— CO,Me
x,y =4,8;5,7; 6,6; 7,5; 8,4;9,3; 10,2.

v,w=2,12; 3,11; 4,10; 5,9; 6,8; 7,7; 8,6; 9,5; 10,4; 11,3; 12,2; 13,1; 14,0.

Fe(CO)s + Hy > HyFe(CO)s + CO

2 Complex X + 3Hy, ——> 2 monoene 1 HyFe(CO), + 2CO + Fe

Scheme 173. The Fe(CO)s catalyzed hydrogenation of olefin.
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TABLE XXXVII
Photoassisted Hydrogenation of the olefin by Fe(CO)s

.~ 0.011 M Fe(CO)s in benzene or toluene H, gas (10— 14 psi)
Olefin - Hydrogenated product
25°C, near-UV radiation

Entry Olefin Irradiation Time (min) Product(s) Conversion (%)

O
e - X

308
2 Me—" e 60 ve—" \-me 52

Linear hexenes

_ ~100
. Mef\j o Mer_\
o)

8.9
73

With fully hydrogenated product, a mixtures of double-bond isomerized
monoenoic fatty esters have been observed with considerable cis—trans isomeri-
zation (254).

After Frankel’s pioneering work in 1976 on hydrogenation under thermal
conditions, Schroeder and Wrighton’s (255) group carried out the photocatalyzed
hydrogenation of the olefin using the same iron—carbonyl precatalyst. In the
presence of radiation (UV), Fe(CO)s performed the hydrogenation of an alkene
under a milder condition than before (Table XXXVII). Again, positional isomeri-
zation of the double bond is the main limitation of this method. The olefin with the
alcohol moiety produced only the corresponding aldehyde.

Schroeder and Wrighton (255) proposed that photoirradiation initiates the
dissociation of the pentacarbonyl iron complex to the tetracarbonyl iron complex,
which under photolytic or thermal conditions, forms the H,Fe(CO);(n-alkene)
species (Scheme 174). Under a photoinduced condition, a H,Fe(CO);(n-alkene)
complex performs hydrogenation through the iron monohydride, HFe(CO);(alkyl),
complex. Surprisingly, in the presence of the 1,3-dienes, the hydrogenation reactions
are totally quenched due to the formation of a stable (1,3-diene)Fe(CO); complex,
which cannot be dissociated under the reaction condition.

Meanwhile, in 1972 Noyori et al. (256) demonstrated another route for the iron
pentacarbonyl mediated olefin hydrogenation of «,f-unsaturated ketones
(Scheme 175). In the presence of base and protonated solvent, the iron pentacarbonyl
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Me
HoFe(CO)e 7/ e

(CO) 2 Me H\
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Ho (CO)3 hv
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Fe(CO)s —> Fe(CO)4 HoFe( CO)3</\Me> Fe(CO)s /\ Me

CO
~ "Me
Fe(CO)4 K Fe(CO </\Me
2

Scheme 174. Mechanism for the Fe(CO)s catalyzed photoassisted hydrogenation of olefin.

Fe(CO)s + 3oH~ ——> [HFe(CO)l + COz> + 2H0

Scheme 175.

complex generates a hydrido—iron complex. They also proposed the formation of an
iron m-enolate intermediate.

This method showed selectivity toward the olefin moiety in the presence of a
conjugated ketone, aldehyde, ester, and nitrile entities. Contrary to earlier reports,
no isomerization of the double bond occurred. Steric hindrance near an olefin
moiety decreases the reductive efficiency of the complex, for example, yield of the
hydrogenation decreases from 2-cyclohexenone to 2-methy-2-cyclohexenone
(Table XXXVIII) (256).

Selective hydrogenation of alkyne has also been achieved by using the iron(II)-
cis-hydride-*-H, complex. Bianchini and co-workers (257) showed that terminal
alkynes are preferentially hydrogenated over a double bond present in the same
substrate (Scheme 176). Trimethysilane containing a terminal alkyne gave a low
turnover frequency (TOF) value for the desired hydrogenated product due to
formation of diene.

According to the reported hypotheses (Scheme 177) (257), one phosphine
ligating site of a tetra-phosphine bound iron(II) center unlocks from the metal
center to allow alkyne coordination. Subsequent hydride transfer to the alkyne
results in the iron—vinyl complex. Subsequently, a proton from dihydrogen to the
vinyl moiety is transferred through an intramolecular acid—base reaction as the
oxidation of iron(II) to iron(IV) is less likely. In the final step, molecular hydrogen
again coordinates with the iron center regenerating the active complex.

Brown and Peters (258) reported a tris(phosphino)borato-ligated iron(II)—
imide complex that can perform partial hydrogenation of benzene (Scheme 178).
The iron(IIT) hydride species is formed by a hydrogenolytic cleavage of the imide
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TABLE XXXVIII
Substrate Scope for Hydrogenation with a Hydridoiron Complex

o] Fe(CQ)s (4 equiv), NaOH (2 equiv) O
RI7TXAR2 MeOH + H,0 (2 mL) (viv 95:5) - R‘l’\)LRZ

1. mmeol

Entry Substrate Temp. (°C) Time (h) Product Yield (%)

O O

1 ©/\)L Me 20 12 ©/\)L Me >98
O O

2 ij 20 10 ij 96
(0] (0]

3 ij/ Me 60 2 35

N N
[(PP3)Fe(H)(N2)IBPh4 (1 mol%) R H

R——H Ha (1 atm) g >:<
2 mmol 63 °C, 2 h, THF (12 mL) H H

Ph H MegSii H  nCsHiy H MeO—HC=HC ~ H

Product >:< >:<

H H H H H H H H
TOF (h'" 45.2 5.2 245 21.2

Scheme 176. Hydrogenation of the alkyne iron(Il)—cis-hydride complex.
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Scheme 177. Catalytic cycle for hydrogenation of alkyne.

complex under a hydrogenation atmosphere and has been suggested to be the
active species for hydrogenation. Subsequently, a class of tris(phosphino)borato-
ligated iron(IIl) alkyl and hydride complexes were prepared for olefin and alkyne
hydrogenations (Scheme 179) (259).

Simple aromatic and aliphatic alkenes were hydrogenated efficiently following
Peter’s condition. Catalyst 127 was found to be more active since it is hydroge-
nated more easily than 128. Double-bond isomerization of 1-hexene was observed

Ar
N /Ar
HN
PhoFe PN Hy(tatm) T NHAr H Q ~7
Ph,oP ‘p/ PPth Fe ———> Fe — > Fe
»DENZENE  1pppp;) [PhBP;] [PhBP;]
B Isolated

Scheme 178. Hydrogenation of benzene by tris(phosphino)borato-ligated iron(IlI) hydride.
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Scheme 179. Catalyst for hydrogenation of unsaturated C—C bond.

during the course of hydrogenation. Alkyne is quantitatively hydrogenated to
alkane after successive double hydrogenations (Table XXXIX) (259). The TOF is
calculated after >95% conversion of the starting materials.

In their search for a better hydrogenation catalyst, Chirik and co-workers
(246) reported bis(imino)pyridine-iron(0)-bis(nitrogen) complex (129) (Scheme
180), which can facilitate hydrogenation of a different functionalized alkene and
alkyne (Schemes 179-181). The m-acidic imine ligand moiety was chosen to
provide stability for the iron(0) oxidation state. During deuteriolysis of norbor-
nene under the same reaction condition, exo, exo-2,3-norborane was generated
through a cis-addition toward the double bond. Geometrical and stereochemical
(cis—trans) isomerizations of the double bond were detected during the course of
hydrogenation (246).

A wide range of functionalized alkenes and a disubstituted alkyne were
hydrogenated using a catalytic amount of bis(imino)pyridine-iron(0)-bis(nitrogen)
complex (129) (260). Amino olefins were hydrogenated to amino alkanes without
any N-H trans-hydrogenation and the hydrogenation ability was increased with the
N-alkylated substrates. Alkenes with various oxygen-containing functional groups
and a fluorinated moiety can be tolerated. Di- and trisubstituted alkenes were
readily hydrogenated. In the case of an a,f-unsaturated ketone, conversion sharply
decreases due to the decomposition of the catalyst. Notably, olefin with a

TABLE XXXIX
Hydrogenation by Tris(phosphino)borato-Ligated Iron(III) Alkyl Complexes

127 or 128 (10 mol%), 50°C

Alkene or Alkyne - Alkane
Entry Catalyst Substrate H, (atm) Time (min) TOF (h™1)
1 127 Styrene 4 78 7.7
2 128 Ethylene 4 25 24.0
3 127 1-Hexene 1 115 5.2
4 128 1-Hexene 1 130 4.6
5 128 2-Pentyne 1 370 1.6




134 SUJOY RANA ET AL.

X
Me | _ Me
Pro ”\‘ iPr
N
\F/e\/
P
iPr Nz N, 1er
129
Scheme 180.
Lb D,, cat 129 ( 5 mol%) DD
H
H
Ho, cat 129 ( 5 mol%)
- M /N
/\/Me > Me/\/ e 4 M€ Me

ambient temperature

Scheme 181. Bis(imino)pyridine iron(0)-bis(nitrogen) complex for alkene hydrogenation.

conjugated ester moiety was selectively hydrogenated. Functional groups (e.g.,
amine or carbonyl) coordinate with the iron center prior to hydrogenation and
hydrogenation TOF is inversely proportional to the strength of this coordination
(Table XL) (260).

In 2012, Beller and co-workers (261) introduced the transfer hydrogenation of
the terminal alkyne to the corresponding alkene using formic acid as the hydrogen
source (Table XLI). Formic acid releases carbon dioxide and hydrogen, which
coordinates to the metal center and performs the hydrogenation. By using
deuterated formic acid (DCOOH) in place of HCOOH, deuterium was incorpo-
rated into the reduced alkene (261). A number of aliphatic alkynes, heterocyclic
alkynes, and aromatic terminal alkynes bearing electron-donating and electron-
withdrawing groups have been hydrogenated efficiently and selectively.

D. Hydrogenation of Ketones

Ketones are widely available precursors, for synthesizing enantiopure second-
ary alcohols. Optically active secondary amines, lactones, and so on, can be
prepared from enantiopure alcohols, which are widely used in fragrances, phar-
maceuticals, and in the beverage industry. Asymmetric hydrogenation is usually
achieved using a chiral environment around the metal center. However, selectivity
toward keto functionality in the presence of other unsaturated moieties is a
challenging task.
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TABLE XL
Olefin Hydrogenation Using Bis(imino)pyridine-Iron(0)-bis(nitrogen) Catalyst
Ve cat 129 (5 mol %) /—Me
R 4 atm Hy, 23 °C - R
Entry Substrate Time (min) Conversion (%) TOF (h™")
1 Me” 07X 5 >99 >240
(0]
2 900 3 0.04
Me)k o
o}
3 5 >99 >240
Me” 0" Me
F
F X
4 5 >99 >240
F F
F
O
5 No conversion
Ph)J\/\ Ph
6 A~ NH2 1440° 20 3
H
7 /\/N\Me 60° 95 320

“Catalyst loading 0.3 mol%.

Bianchini et al. (262) explored the iron-catalyzed reduction of ketone in 1993. A
trihydride iron(I) catalyst, [(PP3)Fe(H)(H,)]BPh,, was used for transfer hydro-
genation, where a superstoichiometric (20 equiv) cyclopentanol or isopropyl
alcohol was the hydride source. Reduction of ketone in the presence of an olefin
is extremely challenging since the C=C bond is more easily reducible than the
C=0 bond. Increasing the size of the olefin substituent (R;), decreases the chance
of C=C hydrogenation. A large substituent at ketone (R,) makes it less polarizable
and decreases the probability of hydrogenation of the keto-group. Thus, it was
possible to keep C=C unaffected even with a conjugated electron-withdrawing
group (Table XLII) (262).
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TABLE XLI
Iron-Catalyzed Selective Hydrogenation of Terminal Alkynes

PPh,

Fe(BF4)2.6H20

PPg (1:1) RN
A= HCoOH Cequy) )= |PPa= F
equiv H
THF, 40 °C, 5 h H ProP._J PP,
Br COMe CO,Me

99%, (0.75)8  99%, (1)¥  99%, (2.5) 2%, (0.75)2 99%, (1 99 %, (1

0.17
Fe(BF4),.6H,0 (1 mol %) D

o] PP3 (1 mol % o] D 0.18
D= —osdine— W
Mé — DCOOH, THF Mé D

40°C, 1h 0.51

“The values in parentheses are the catalyst loading in mol%.

Further interrogation showed that in the presence of H, gas, catalytic activity was
totally stopped. This result suggested that hydrogen gas coordinates with the metal
center and inhibits the substrate to bind with the metal center. For ketone hydrogena-
tion, a catalytic cycle was proposed (Scheme 182) (262), where (a) at first the ketone
coordinates with the metal center (may be in either ;1] or 172 fashion), (b) then the
hydride from the metal center is transferred to the keto carbon center through a four-
member transition state, (c) the secondary alcohol coordinates with the metal,
breaking the M—O bond of the reduced ketone, and (d) finally, the secondary
alcohol donates a hydride to the metal center and departs as the ketone. A similar
mechanism also has been proposed for the competing hydrogenation of an olefin. In
the case of olefin hydrogenation, the C=C bond first coordinates with the metal center
in #°-fashion and goes through a m-oxa-allyl intermediate. Therefore, any steric
hindrance near the keto group prefers olefin hydrogenation more and vice versa.

In 2007, Casey and co-workers (263) reported the first iron-catalyzed efficient
chemoselective H, hydrogenation of a ketone using the similar catalyst active center of
Shvo’s ketone hydrogenation catalyst, which replaced ruthenium with iron (130)
(Table XLII). Successful hydrogenation with aliphatic and aromatic ketones has
proved the utility of this method. Further, the reported reaction condition was milder
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TABLE XLII
Chemoselective-Transfer Hydrogenation of @, f-Unsaturated Ketones
o [(PP3)FeH(H2)1BPhy 0 OH OH PPhy
cyclopentanol + +
F{V\)]\R2 dioxane, 80 °C R1/\)J\R2 R1/\)\R2 R1/V\R2 PP3 = P
Saturated Saturated Unsaturated
iel:gis alcohol alcohol PhZP\) PPhy
Yield of Saturated Yield of Saturated Yield of Unsaturated
Entry Substrates Ketone (%) Alcohol (%) Alcohol (%)
R'=Ph; R =Me 0 0 95
! O (e} OH OH
Ph/\/U\Me Ph/\/u\Me oMo Ph/\)\Me
R'=Ph; R>=Ph 30 0 0
2 (0] O OH OH
Ph/\/lL Ph Ph/\)l\Ph Ph/\)\Ph Ph/\)\ Ph
R'=Me; R>=Ph 7 0 0
3 O (0] OH OH
MeA\)j\Ph Me/\)J\ Ph Me/\)\Ph Me/v\Ph
R'=Me; R>=Et 19 0 0
(0]

8 Ph/\/ Ph No reaction -
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Scheme 182. Catalytic cycle for transfer hydrogenation of a,f-unsaturated ketones.

than Shvo’s reaction condition. Functional groups including a nitro and a double bond
at the homoallylic position were well tolerated in this system. A ketone with a pyridine
moiety was also hydrogenated efficiently. High diastereoselectivity has also been
observed in the case of benzoin (meso/dl = 25). Under hydrogenation condition, esters,
epoxides, alkynes, and alkenes were survived well. Unfortunately, selective hydro-
genation of a,f-unsaturated ketone failed to be impressive.

Casey and co-workers (263b) first established the mechanistic details of hydro-
genation with Shvo’s catalyst. Detailed studies on the hydrogenation of benzalde-
hyde revealed first-order dependence with respect to both the aldehyde and the
catalyst. In addition, a primary kinetic isotope effect for transfer of both RuD and OD
was also observed. Since transfer of '>CO from labeled catalyst has not occurred,
they proposed an outer-sphere mechanism as depicted in Scheme 183 (263b).

In the case of an iron-based catalyst, Casey’s group found similar experimental
results and concluded that the iron catalyst is also going through the same
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TABLE XLIII
Substrate Scope for Hydrogenation Explored by Casey’s Group

™S
Cat 130 (2 mol%)
/ %‘OH
o H» (3 atm) H_OH
PR X ™S
R~ R toluene R R .Fe.
25°C,1-72h 16 Entries OC\/ H
Isolated yield 91-46% |  OC 130
87%, 36 h 89%, 6 h 57%, 24 h 87%, 8 h

/\/‘?\ 6 days /\j\H * /\)O\H
P " Me PhX""Me Ph Me

42:56

mechanistic pathway as that of ruthenium (Scheme 184) (263a). In the first step, the
hydroxyl proton is transferred to the keto-oxygen and hydride is transferred to the
keto-carbon. Consequently, hydrogen gas regenerates the catalyst and completes
the catalytic cycle. In addition, the proposed intermediate (131) was trapped by PPh;,
which provides further support to this hypothesis. Also, there was no rate depen-
dence on the concentration of PPhs. In situ, they quantitatively measured the rate of
hydrogenation by ReactIR and concluded that hydrogen transfer from the catalyst is
the rate-determining step and first order with respect to the catalyst.

Casey’s iron cyclopentadienone catalyst (130) with a chiral ligand environment
was capable of chiral hydrogenation. In 2012, Berkessel et al. (264) developed a
chiral precatalyst (133) that replaced one CO of Casey’s catalyst with a chiral
phosphoramidite ligand under photoirradiation (Scheme 185).

@Q

Ph_"D-q

_ , 2 !

%Ph ) Tol-<FX Ph D)?H

Tol U”D N
03¢ 1300 O13C 1300

Scheme 183. Labeling experiment on hydrogenation with Shvo’ catalyst.
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Scheme 184. Outer-sphere mechanism for transfer hydrogenation of ketones.
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Scheme 185. Enantioselective hydrogenation of a ketone using a chiral phosphoramidite.
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Scheme 186. Porphyrin ligands used in transfer-hydrogenation reactions.
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Iron—porphyrin systems are also known for transfer hydrogenation. In 2008
Beller and co-workers (265) tested a class of porphyrin derivatives (134a—134c)
and discovered ligand 134a (Scheme 186), which showed a good catalytic system
with FeCl,(Table XLIV) (265). Substitution at the meso-phenylic moiety of the
porphyrin system is responsible for tuning the oxidation potential of iron(II) to
iron(IIl). Unfortunately, no clear correlation between the catalytic activity and the
oxidation potential can be outlined. Different types of 2-alkoxy- and 2-aryloxy
ketones were tested and most of them had shown good-to-moderate yields.
Increasing the bulkiness simultaneously at the 2- and 6-positions, yield of
hydrogenation reaction decreased. However, a substrate without a six substitution
gave a good yield. Unfortunately, other hydroxyl protecting groups like sillyl and

acetyl were unsuccessful.

TABLE XLIV

Substrate Scope for Transfer Hydrogenation Using an Iron—Porphyrin Complex

j;<0 FeCl,, 134a Ho 2%

1 ‘R4 NaeH 10N~ or R1>g< “R*

R 2 R3R NaOH, 1Hoo C,2h R? RS
)<OH 9 entries,

Me Me Isolated Yield 99-43%

H OH P H_ OH
iPr Cl

R

R
R = p-CI-CgHg4, 134a

74% >99%

st T g

43% <1% <1%

<1%




142

O

©)LMe—>
iPrOH, 50 °C, 18 h

cat 135 (0.4 mol%)
H, (25 atm)

KOtBu (7 mol%)

SUJOY RANA ET AL.

H_ OH

©)*<Me

‘2
O

40%, 27% ee (S) i
P by Pﬁ Ph
L Me _
135 (BF4)2
Scheme 187. Asymmetric hydrogenation using iron complexes containing a P—N—N—P based
ligand.

Earlier asymmetric hydrogenation of ketones has been reported with a ruthenium-
based catalyst containing P-N—N—P based chiral ligands (Gao’s catalyst). Using a
P—N—N-—P chelated iron catalyst (135), Morris and co-workers (266) in 2009
reported hydrogenation under a high-pressured hydrogen atmosphere (Scheme 187).
Unfortunately, they failed to extend their substrate scope beyond acetophenone.

Catalyst 136 with P-N—N—P and 137 with P-NH—NH—P ligand systems
gave a similar result in the hydrogenation of acetophenone (Scheme 188) (266b).
Their similar activity suggested that these two systems go through the same active
intermediate. It was also assumed that iron-catalyzed reactions are going through
the same reaction pathway as the ruthenium based catalyst trans-[RuH,(P-NH-
NH-P)]. Density functional theory (DFT) calculations also proved that iron would
have similar activation barriers for ruthenium in the catalytic cycle (266b).

An outer-sphere mechanism was proposed for catalyst 135, where the N—H
proton binds with the carbonyl oxygen and the M—H hydride attacks the carbonyl
carbon. Therefore, the alcohol was generated along with an unsaturated imido
complex, which cleaved the hydrogen molecule heterolytically and regenerated the

— Me — — Me —
(BF4)2 (BF4)2
(Il I1]
VAN AN M
CLCD D
N VAR
N
Ph— [ P\ Ph/P P\
PhCPR PN PhCpy Ph
L Me — L Me —
136 137

Scheme 188. Iron catalysts for hydrogenation with a P-N—N—P and P-NH—NH—P based ligand.
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Scheme 189. Iron-catalyzed asymmetric hydrogenation of ketones.

active catalyst. The regeneration step required a high-activation energy and
therefore a high-pressured hydrogen atmosphere was needed for smooth function-
ing of the catalytic cycle (Scheme 189) (266b, 267).

A suitable chiral ligand for iron can promote hydrogenation in an asymmetric
fashion. For example, Morris and co-workers (266a, 267-268) found that catalyst
138 was suited for transfer hydrogenation using isopropyl alcohol as the hydride
source, as well as the solvent. Functional group variability and moderate-to-good
enantioselectivity were notable features of this method. They found that the
substituent next to the keto group determined the conversion, as well as the
stereoselectivity. From acetophenone to tert-butylphenyl ketone, conversion
decreased, but selectivity increased. On the other hand, cyclohexylphenyl ketone
showed low conversion and less stereoselectivity compared to acetophenone.
Unlike the meta position, the n-electron-donating moiety at the para position of the
aromatic ketone decreased the stereoselectivity. The method failed to generate the
expected product from a,f-unsaturated ketones (Table XLV) (266a). Catalyst 138
followed the same mechanistic pathway as catalyst 135 except for the last step,
where a secondary alcohol regenerated the active catalyst (269).

After considerable progress in the development of a phosphorous nitrogen-based
iron complex for ketone hydrogenation, Milstein and co-workers (270) reported
iron—pincer complexes as effective hydrogenation catalysts (Table XL VI). Even atrt
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TABLE XLV
Substrate Scope for Iron-Catalyzed Asymmetric-Transfer Hydrogenation

catalyst 138 (0.5 mol%) r Me T
j’\ KOtBu (4 mol%) XOH / ’ (BF4)2
R~ SR" 22°C,0.2-26h R“R" “
OH Aratm ) N
12 entries, /N\ |/N\
HA\MS Isolated Yield 100-69% @[ Fe D
1
Me ee 18-61% (S) F/ Cgp
H OH H OH Phy  Phy
Ph&me /©)<Me L i
Me © B 138
35%, 93%,
99% ee (S) 33% ee (S)
¢ H_oH o
Me O 23h OH . OH
Ph/\)LMe PhA\/*L Me Ph/\/*L Me
99%,
T8 e (s Noconv,17h 18%, 45% ee (S) 82%, 27% ee (S)

(26-28 °C) and at a relatively low hydrogen pressurized atmosphere (4.1 atm) iron—
pincer complex [({PrPNP)FeH(CO)Br] [{PrPNP = 2,6-bis(diisopropylphosphino-
methyl)pyridine] (139) showed hydrogenation with a broader substrate scope.

Halide substituted aromatic ketones and ketones with a pyridine moiety were
well tolerated.

TABLE XLVI
Hydrogenation of Ketones by an Iron-Pincer Complex

139 (0.05 mol%)
(0] KOtBu (0.1 mol%) OH

R/[LR EtOH, H, (4.1 atm), rt

o o N o

86%, 18 h 78%, 22 h 67%,20 h 87%, 15 h
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PiPr,

Scheme 190. Catalytic cycle for hydrogenation of ketones with an iron—pincer complex.

The hydrogenation of ketones by the [([PrPNP)FeH(CO)Br] complex puta-
tively underwent a direct reduction mechanism. The DFT studies by Yang (271)
showed that the pincer ligand was not involved in hydride transfer to the ketone
carbon, as well as the H, molecule cleavage by the hydrido-alkoxo species
(Scheme 190). Calculations also showed that the choice of EtOH as the solvent
is crucial for H, cleavage.

Further studies discovered a tetrahydridoborate iron—pincer complex [({PrPNP)
FeH(CO)(1'-BH,)] that can promote hydrogenation of ketones with almost the
same efficiency without any base (272).

Royo and co-workers (273) reported transfer hydrogenation of ketones using a
cyclopentadienyl functionalized NHC iron complex (Table XLVII). Their piano-
stool type iron complex (140) can accomplish hydrogenation in the presence of
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TABLE XLVII
Hydrogenation of a Ketone by a Cyclopentadienyl Functionalized NHC Complex

Me
Ph\(\@'\"e
NMe Me
o 140 (1 mol%), KOH OH Fe_
5 el YR SN
R™ R R™R .
HO—éMe Me
H 140
OH OH OH
o O
86%, 6 h 85%, 18 h 100%, 2 h

isopropyl alcohol as the hydride source. In 2012, Hashimoto et al. (274) applied
an iron(II)-N-heterocyclic carbene complexe for transfer hydrogenation. They
explored a number of monodentate NHC ligands with an iron(II) complex
for catalytic study. Iron NHC complexes (IMes),FeCl,, trans-(IMes),FeMe,,
(IEtPh*),FeCl,  [IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene] ~ and
[IEtPh* = 1,3-bis(R)-1’-phenylethyl)imidazole-2-ylidene] were efficient in catalytic-
transfer hydrogenation.

Recently, Beller and co-workers (275) published reduction of an aldehyde in a
water—gas shift condition using Knolker’s iron cyclopentadienone complex (141)
as catalyst (Table XLVIII). They used K,CO; as the base and water as the
cosolvent under a CO atmosphere. In their reduction protocol, aromatic and
alphatic aldehyde as well as a,f-unsaturated aldehydes can be employed. Presum-
ably, hydroxide attacked the CO coordinated to the metal center and formed CO,
and an iron-hydride species.This iron-hydride species was responsible for the
reduction.

E. Hydrogenation of Imines

Chiral amine moieties are found in numerous drug and pesticide molecules. The
most convenient way of preparing stereochemically active amines is the hydro-
genation of imines in an asymmetric way. As expected, plenty of catalytic methods
based on transition metals were developed in the past two decades. Iron is most
acceptable among other transition metals due to its natural abundance and
biorelevance. The reduction of imines is more challenging since they are much
more sensitive toward hydrolysis and other side reactions. This problem is settled
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TABLE XLVIII

147

Iron-Catalyzed Reduction of Aldehyde Using a Water—Gas Shift Condition

TMS
-0
cat 141 (1-2 mol%) | ™S
o] KoCOg3 (1 equiv) OH Fe_
J_ +co A ocvy co
R” K H,O/DMSO (1:1) ROH o
100 °C, 20 h
141
HO HO
Hom ]\ A\
N S
H OH 0 OH
CN NHCOMe
76%, 2 mol% 96%, 1 mol% 66%, 1 mol% 92%, 1 mol% 59%, 1 mol%
O OH OH
N H R A H + H
Me Me Me

Yield 99%, 4.8:5.2

electronic or steric protection (e.g., phosphinoyl, sulfonyl) of imines prior to

hydrogenation and then deprotection.
In 2008, Morris and co-workers (266a) showed that the iron—PNNP [P(2)(N2)]
ligated complex (138) can hydrogenate N-benzylideneaniline (Ph-CH=NPh)

(Sc

heme 191). Unfortunately, the same condition completely failed for N-(1-

phenylethylidene)aniline (Ph-CMe=NPh).
After Morris, Beller and co-workers (276) reported the iron-catalyzed asym-
metric hydrogenation of imines (Table XLIX). They used the iron(Il) hydride

/“( (BF4)2
NPh 138 (0.5 mol% NHPh ; IQ
)J\ . H OH 138 (0.5 mol%) /T
H Me” “Me KOtBu (4 mol%)  pp~ T H =N Nx
22 °C, 17 h, Ar atm H \Fe/
conv 100% /AN
PR OO
ph Ph" "Ph
- 138 B

Scheme 191. Hydrogenation of imine by an Fe"-PNNP ligated complex.
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TABLE XLIX
Assymetric Hydrogenation of N-(Diphenylphosphinyl)imines

N,P(O)th cat (Et3NH)[HFes(CO)11] HN,P(O)th _NS N—
)|\ 142 - /]\*
R~ OR KOH (5 mol%), iPrOH R~ “R" P Ph-p
45 °C, 30 min ph Ph Ph/
142
Ph2 Ph2 Ph2
94%, ee 96% (R) 85% ee 95% (R 85%, ee 95% (R)
O)Phz O)Phe P(O)Ph
- POPhe
67%, ee 92% (R 87%, ee 95% (R 29%, ee 35% (R)

carbonyl complex with the chiral PNNP ligand (142) for asymmetric hydrogena-
tion of N-(diphenylphosphinyl)imines. Aromatic and heterocyclic imines were
efficiently hydrogenated with up to 99% ee. But, aliphatic imines failed to give a
meaningful conversion, as well as stereoselectivity.

A year later, the asymmetric hydrogenation reaction of N-(1-phenylethylidene)
aniline (Ph-CMe=NPh) was demonstrated by Beller and co-workers (277) using
the Knolker iron cyclopentadienone complex (130) with a chiral phosphate ligand
(143) (Table L). It is notable that this type of imine was unreactive toward Morris’s
catalyst. In the current reaction protocol, a class of aromatic ketamines was
hydrogenated stereoselectively.

In 2012, Morris and co-workers (278) demonstrated a class of iron—PNNP based
precatalyst for asymmetric-transfer hydrogenation of N-(diphenylphosphinyl)
imines. They observed that the catalytic activity was dependent on the substituent
on the phosphorous atom or the type of diamine. Catalyst 148 gave very low
hydrogenation conversion due to the presence of an electron-donating ethyl group on
the phosphorous atom. However, catalyst 146 was efficient in conversion, as well as
in stereoselectivity. Aromatic and heterocyclic N-(diphenylphosphinyl)-imines were
efficiently hydrogenated with good conversion and excellent stereoselectivity
(Scheme 192).
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TABLE L
Hydrogenation of Imine by the Knolker Iron Cyclopentadienone Complex”

TMS
.R® Z 2_? S
N| 130 (1 mol%), 143 (5 mol% HN ( )
J\Rz Hy (50 bar), toluene R2 OC‘ Fe-y
65°C, 24 h

143
=2,4,6- IPI’3C@H2

PMP 0
HN” H
HN@ (LN\PMP HN'PMP
ve s P
Me Me
Me Me
FsC /@/k r
eO

M
87%, ee 93% (S) 87%, ee 98% (S)  91%, e 93% (S)  99%, ee 83% (S)

“p-Methoxyphenyl = PMP.

— Me —_
\ (BF4)2 ’ (BF4)2
§| Ph I <Ph
/ N

N -
ph Ph" Ph P b pH Ph
N 144 N B 145 B
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Scheme 192. Hydrogenation of the imine by a Knolker iron—cyclopentadienone complex.
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F. Reduction of Nitroarene to Anilines

In synthetic chemistry, reduction of diverse functional groups is an indispens-
able protocol. Hydrogenation of nitro compounds to the corresponding amines is
considered as one of the most important and classical methods for the production
of amines. Since amine derivatives are valuable intermediates for the manufacture
of many agrochemicals, pharmaceuticals, dyes, and pigments, it is important to
develop economically feasible catalytic processes for this transformation.

The selective reduction of the nitro group is often difficult when other reducible
groups (e.g., carbon—carbon or carbon—nitrogen double or triple bonds, carbonyl or
benzyl groups, and multiple Cl, Br, or I substituents) are present in the same molecule.
Continuous progress has been made and is still going on in this area to produce a
catalytic method based on iron that can selectively reduce the nitro group to the
corresponding amines. In this section, iron-based nitro reduction has been complied.

Bachamp (279a) used iron in a stoichiometric amount for the reduction of nitro
compounds to amines with Fe/HC1 (Scheme 193). This reaction was originally used
to produce large amounts of aniline for industry, but this reaction is the most vigorous
reduction method producing merely the amino products. Therefore, if the aromatic
moiety contains substituents prone to being reduced (e.g., carbonyl, cyano, azo, or
further nitro groups) a significant amount of the byproducts will be produced.

In 1998, Lauwiner et al. (279) applied an iron oxide-hydroxide as a catalyst for
the reduction of various substituted nitroarenes to produce the corresponding
amines (Table LI). Hydrazine hydrate was applied as the hydrogen source. Various
functional groups (e.g., halide, hydroxyl, amide, and acid) were well tolerated. The
important finding was that regioselective reduction of 1,3-dinitrobenzene produce
the corresponding 3-nitroanilines, but the method was not applicable for 1,2- and
1,4-dinitrobenzene. In most cases, an excellent yield was reported. The reaction
kinetics was measured to determine the dependence of the rate of reduction on the
nature and position of additional substituents other than the nitro group. It was
observed that the rate is enhanced by electron-withdrawing substituents and
decreased by electron-donating groups (279).

The same group reported the reduction of a series of monosubstituted 3- and
4-nitrophenylazobenzenes with hydrazine hydrate in the presence of the iron
oxide—hydroxide catalyst (Scheme 194) (280). Their study revealed that selectivity
for the nitro group reduction versus that of the azo bridge in substituted

NO, NH
Fe/ HCI

Scheme 193.
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TABLE LI
Iron Oxide-Hydroxide Catalyzed Reduction of Substituted Nitroarenes

NO2 NH,
= | FesHOg 4H,0 (0.0001 mol%) =~ |
A NoHsH,0 (15 equiv)  SA
R EtOH, 55-70 °C, 1-5 h R

SO,NH;

Co Som®) Gl

ortho = 98% ortho = 80%
meta =99% meta =92% 98% 99% 97%
para=98% para=99%

@NN@ w0y ol

98% 98% 96%

nitrophenylazobenzenes is higher than for the para nitro group than for the azo
bridge, than for the corresponding meta counterparts. This selectivity was
enhanced with the stronger electron-attracting properties of the substituent.
Moreover, the selectivity for the reduction of the nitro group versus that of the
azo function can be enhanced by increasing the reaction temperature (280).
Desai et al. (281) applied mild, neutral, ecofriendly, and a useful FeS—NH,Cl —
MeOH—H,O system for the reduction of nitroarenes to anilines (Scheme 195).
In 2003, Sonavane et al. (282) applied recyclable trivalent iron substituted
hexagonal mesoporous aluminnophospahte (FeHMA), for catalytic-transfer hydro-
genation of aromatic nitro compounds using isopropyl alcohol as donor (Table LII).
High chemo- and regioselectivity was reported in the studied substrates. The catalyst

QN = FesHOg 4H,0 (0.0001 mol%) @N
N \ NoH4.Ho0 (1.5 equiv) N@
EtOH, 70°C, 1-5h 7" NHy

Yield = 44-99%
R =H, 3-Cl, 4-Cl, 3-OMe, 4'-OMe, 3-Me, 4'-Me, 4-NHPh, NMe,, 4'-OH, 4'-NH,

Scheme 194.
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NO2 NH2
FeS-NH,4CI, MeOH - H,O
Reflux, 4—8 h
NH, E Yl;ld %o NH» NH» NH»
S 4-Cl 77
| . 2-OH 56
X 4-OH 74 NHPh
R 3-NH, 72 CO,Me

4-NH, 76 o o o

4COH 76 78% 80% 75%

4-Me 74

Scheme 195.

was recycled up to six times without any loss in selectivity. It was observed that the
regioselectivity depended on the reaction time (282).

In 2004, Deshpande et al. (282b) reported chemoselective reduction of substituted
nitroarenes that correspond to amines by using water soluble iron ethylenediami-
netetraacetic acid disodium salt (Fe"/EDTANa,) with molecular hydrogen
(Table LII). They applied this catalyst for hydrogenation in a biphasic toluene—
water system to achieve selectivity and recyclability. Catalyst remained in the
aqueous phase, while the nitro substrate and the product formed in the organic layer.
A comparision of reactivity of this water soluble iron salt showed little decrease in
activity, which may be due to the coordination of EDTANa, and also due to the
fact that catalyst remained in the aqueous phase. Excellent chemoselectivity with a

TABLE LII
The FeHMA Catalyzed Transfer Hydrogenation of Aromatic Nitro Compounds

NO, NHz
AN FeHMA (100 mg) | A
|, _J "KOH (20 mmol), MeCH(OH)Me (20 mL) 'R/ _
go ol 2.5-6 h, 82 °C

CHO COMe

Cl Me NH,
NO, NO, i @\
HoN NO, NH
NH; NH, NH,

First run 82% Firstrun 74% Firstrun 83% Firstrun 83% Firstrun 80%
Sixrun 81% Sixrun 74% Sixrun 83% Sixrun 83% Sixrun 80%

2
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TABLE LIII
Fe'/EDTANa,* Catalyzed Hydrogenation of Aromatic Nitro Compounds

NO, NH,
| N Fe'/EDTANa, (100 mg) | N
Lo H, (400 psi), Hy0 : C7H1g U
R 2-8.5h, 150 °C
NH»> NH, NH»> NH»> NH»>
i Me i i
HoN Cl
COMe COOH CH,CN

Yield = 84.6%  Yield = 99.0% Yield =99.0%  Yield=85.8% Yield = 90.1%
TOF (") =134 TOF (™) =434  TOF (h"') =208 TOF (h~") =393 TOF (h~") = 99

“Ethylenediaminetetraacetic acid =EDTA.

good-to-excellent yield was observed in most of the studied substrates with a
TOF (b7 range between 99 and 529.

A solid-supported catalysis has a number of advantages over conventional
solution-phase reaction because of the good dispersion of active sites leading to
more reactivity (Table LIV). Kumarraja and Pitchumani (283) applied the iron(III)
cation exchanged faujasite zeolite for selective reduction of nitro arenes to the
corresponding amines with hydrazine hydrate. A nonpolar solvent (e.g., hexane)
was used. Polar solvents lead to a decrease in yield by occupying the zeolite cavity
and thereby forcing the substrate into the solvent phase.

Kumarraja and Pitchuman (283) author also proposed an electron-transport
based mechanism for the reduction (Scheme 196). Hydrazine hydrate leads to the

TABLE LIV
The Iron(III) Cation Exchanged Faujasite Zeolite-Catalyzed Reduction of Aromatic Nitro Compounds

NO NH,
| A Fe''Y (500 mg) N
R = NyH4.Ho0 (10 equiv), CgH14, Reflux R~ Pz
NH NH; NH
NH, NH, NH; 2 2
Me ©/OH @ ©
NH; OMe cl COOH

91% 91% 100% 100% 63% 88%
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2Fe + NHoNH, — —— 2Fe' + 2H" + NoH,

2F,M 4 NoHs — 2Fe + 2H" + N,
2e” 2e” 2e”
AINO, ———>» ANO ———» ANNHOH —— ArNH;
2H* + +
2H 2H
Scheme 196.

one-electron reduction of ferric ion to the ferrous ion and generation of a proton.
Finally, oxidation of ferrous ion to ferric ion leads to electron transfer to
nitrobenzene. An intial four-electron process leads to hydroxylamine, which
was finally reduced to aniline in a two-electron process.

Liu et al. (284) applied activated iron for the reduction of nitroarenes
(Table LV). Iron powder was preactivated by hydrochloric acid and then used
as a catalyst for the reaction. Other tested acids (e.g, acetic acid, sulfuric acid, and
phosphoric acid) did not provide the appropriate yield of the desired amine. Liu
et al. (284) had also activated iron with zinc powder in the presence of ammonium
chloride. Similar results were obtained as in the case of the acid-activated iron
catalyst. Though an excess of iron metal (5 equiv) was used, a sensitive functional
group (e.g., cyano, olefin double bond, and carbonyl) were well tolerated.

Shi et al. (285) applied Fe,0O3;—MgO as a catalyst for the reduction of the
pharmaceutically important sulfur-containing nitro compounds to amines by using
hydrazine hydrate as the hydrogen source (Table LVI). Sulfur-containing com-
pounds are generally considered difficult because of the poisoning of the catalyst,
but Shi et al. (285) applied Fe,03—MgO successfully to obtain good yields of the
corresponding sulfur-containing amines.

Gamble et al. (286) applied iron powder for selective reduction of nitro
compounds under ultrasonic irradiation (35kHz) (Table LVII). It was proposed

TABLE LV
Activated Iron-Catalyzed Reduction of Nitroarenes

NO, NH,
| AN Fe (5 equiv) / HCI (0.5 equiv) N
w4~ NHC|, EOH, 50-80°C,5-6 h : R|/ P
NH, NH> NH, NH, NH, NH, O
Br _N,
~ /S
N HoN (o]
CN CH,CN  CcOPh ~_0O

90% 99% 87% 98% 91% 90% 85%
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TABLE LVI
The Fe,0;—MgO Catalyzed Reduction of Sulfur-Containing Nitro Compounds

NO;, NH,
X Fe203 - MgO, N2H4.H20 AN

|// MeCH(OH)Me,1-3.5 h, reflux R/ ¥z

R
NH, NH, NH, NH;
NH,
Ej o
S<~oH S~Me PhS
98% 95% 99% 87% 98%

that ultrasonication helps in cleaning and activation of the surface of metal reagents,
consequently resulting in the activation of the metal catalyst. Tri- or tetrasubstituted
substrates were tested for the reduction. Good yields were reported in most cases.

Iron-catalyzed reduction of nitro compounds to amines was mostly carried out
using hydrazine hydrate as the hydrogen source. In 2010, Chandrappa et al. (287)
for the first time carried out rapid catalytic transfer hydrogenation using a
stoichiometric amount of an Fe—CaCl, combination in a water: ethanol mixture
(Table LVIII). Various functional groups (e.g., cyano, carabonyl, halide, and
amide) were well tolerated.

TABLE LVII
Iron Powder Catalyzed Reduction of Nitro Compounds Under Ultrasonic Irradiation

NO; NH,
| N Fe (5 equiv) - X
R/ PZ EtOH: MeCOOH: H.0 (2 :2: 1), &2
60 °C, 0.25-2 h, ultrasonication

NH, OH OMe NHz HoN
Br NH, Br NH, Clm)ym \QN/\/CN
N.__N .
o}
Me SO OMe OMe E(

77% 65% 86% 82% 78%
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TABLE LVIII
The Fe/CaCl, Catalyzed Reduction of Nitro Compounds

NO; NH,
| N Fe (3 equiv), CaCl, (1 equiv) X
AP EtOH : H,O (20: 1), 60 °C,0.5h R/ —

R

OMe NH, 0 NH, NH,
Br NH, CK@ HaN D)‘\OMe F u&u
|
CN F | N._N
¢

80% 90% 88% 86%

85%

Most importantly, good yields were obtained in the multisubstituted macro-
molecules as well (Scheme 197a). This method was also applicable for the
reduction of azo compounds to the corresponding amines (Scheme 197b) (287).

In 2010, Beller and co-workers (289) and Lemaire and co-workers (288)
independently reported the iron-catalyzed reduction of nitro compounds to the
corresponding amines by using silanes as the hydrogen source (Scheme 198).
These requests gave the first report on the use of an iron—silane combination for
nitro reduction. Beller and co-workers (289) applied ferrous bromide, phosphine

@ HoN CHO
0 ‘
©/\O
CONH,

88% 85%

(b)

QN N@ e (3 equiv), CaCl, (1 equiv)
EtOH : HoO (20 : 1)
60 °C,0.5h

R =H, Me, OH, OMe, ClI Yield = 76-92%

Scheme 197.
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NO. NH,
| S Fe(acac)s, (10 mol%) N
= TMDS (4 equiv), THF - |/ _
R 24 h, 60 °C R

Yield = 80—99%
R = Br, CHO, COOH, COOMe, CN, NO,

N02 NH2
FeBr, (10 mol%)
| X PCy3 (12 mol%) - A
U PhSiH; (2.5 equiv), toluene R
R 16 h, 110 °C

Yield = 25—-99%

R =H, F,Cl, Br, I, CF3, OMe, SMe, COMe, CHO, COOMe, CN, NO,

Scheme 198.

ligand and triphenyl silane, whereas Lemaire and co-workers (288) applied Fe
(acac)z and 1,1,3,3-tetramethyldisiloxane (TMDSO) without using any ligand, but
the substrate scope was much less.

In 2011, Beller and co-workers (289) applied Fe—phenanthroline—C as a hetero-
geneous catalyst for highly chemoselective reduction of nitro aromatic compounds
(Scheme 199). The combination of Fe(OAc),—phenanthroline—C provided only 10%
conversion even after 24 h, but the pyrolysis of the in situ generated Fe(OAc),—
phenanthroline complex supported on carbon led to full conversion of the nitro
compounds to the corresponding amines. Challenging functional groups (e.g., halide,
cyano, ester, double, and triple bonds were well tolerated [289].

Sharma et al. (290) applied a combination of iron phthalocyanine and an iron
salt for a highly chemo- and regioselective reduction of aromatic nitro compounds
in a green solvent (water—ethanol) system using hydrazine hydrate as the hydrogen
source (Scheme 200). Iron phthalocyanine and iron sulfate were also studied as a
separate catalyst, but the combination of both produce a better result than

NO, NHz
X Fe-phenanthroline/C (5 mol%) ~N
S NoHsH0 (4 equiv), THE RF
R 15 h, 100 °C

Yield = 93-99%
R =H, F,Cl, Br, I, CF3, OMe, SMe, COMe, CHO, COOMe, CN, NO,

Scheme 199.
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NH»
FePc + FeSO4.7H20
= | (0.5 mol% each) N |
> NoH4.Ho0 (2 equiv), SA

R H,O:EtOH (1:1),120°C, 7 h

R =-F, —-Cl, -Br, -I, -OH, -OMe, -COOH, —-CN, -COOMe, —CONH,, -NO,, —NHCH,Ph
Pc = Phthalocyanine

Scheme 200.

individuals do. The reduction sensitive functional group was well tolerated. The
most important finding of this method was the regioselective reduction of the nitro
group and tolerance of an N-benzyl and an O-benzyl functional group, which are
generally considered acid—base sensitive.

Beller and co-workers (291) further reported the first base-free catalytic-transfer
hydrogenation of nitroarenes (Scheme 201). An iron-based catalyst and a phos-
phine ligand combination was applied in the presence of formic acid as the
hydrogen source at ambient temperature in a green solvent (ethanol). This method
avoids the use of any base, which is generally required for the catalytic-transfer
hydrogenation. High chemoselectivity with good-to-excellent yield was reported
for most of the studied substrates (291).

To confirm that the nitro group is reduced by catalytic-transfer hydrogenation
and not by hydrogen generated from dehydrogenation of the formic acid, the
reduction was performed under a 5-bar hydrogen pressure in the presence of an
iron catalyst. No reduction was observed, which confirmed the catalytic-transfer
hydrogenation. Beller and co-workers (291) also analyzed the gas phase of the
reaction mixture. A 3.2: 1 ratio of carbon monoxide to hydrogen was observed.
This ratio showed that only 31% of the consumed formic acid was decomposed to
hydrogen showing the necessity of using 4.5 equiv of acid.

NO, NHz
Fe(BF4)2.6H20 (4 mol%), PPh
X PP4 (4 mol%) N 2
| 3 . > || PP. = p—""PPh,
R = HCOOH (4.5 equiv), R~ = 3
EtOH, 1 h, 40 °C _ PPh,
Yield = 77-99%

R =F,Cl, Br, I, CF3, OMe, SMe,COMe, CHO, COOMe, CN, NO»

Scheme 201.
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Reduction of a nitro group to an amine can proceed by two mechanisms: through
hydroxylamine or through azobenezene. To confirm which pathway was followed,
the authors analyzed the reaction mixture and only a small quantity of azobenzene
(<1%) was observed. Further, the direct reduction of azobenzene resulted in only a
48% conversion and 5 % yield of aniline clearly indicating the direct reduction
pathway in their reaction. On the basis of these results and isolated iron complexes,
it was proposed that the [FeF(PP2)]* (A) cation act as the active catalyst. This
cation coordinated to formate leading to the neutral complex (B). A f-hydride
elimination from B resulted in complex C, with the elimination of carbon dioxide.
This reaction was followed by protonation of complex C by formic acid leading to the
iron dihydride complex D that reduced the nitrobenzene to nitrosobenzene. This
cycle was repeated two more times to yield aniline (Scheme 202).

NO NO

NH, Hzl
Ha H H
-~ N-N
NH, NO

two more cycles
HCOO~

FeF (PPa)*

(HoFSFEPaL [(HCO) FeF (PP3)]

B\ [HFeF PP3)]
H

Scheme 202.
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TABLE LIX
Iron Nanoparticle-Catalyzed Reduction of Nitro Compounds

NOg NHz
Fe nanopatrticles (3 equiv) _
H,O, rt, 1-3 h -
NH, NH,
NH, R= OMe, 86%; NH,
CHO, 94%;
COOH, 90%;
CONHQ, 890/0; = SePh N 0
(¢}
CN, 93%; (% N
R Br, 90%; © H
’ ’ 86% o 90%
1, 89% | 92%
N
ot S o T O
N
N~ HO\/\/N\/©/ H
92% 92% 89%

Nanoparticles have unique properties compared to the bulk material due to their
high surface-to-volume ratio. [ron nanoparticles have been applied for the selective
reduction of aromatic nitro compounds in water without using any additional
hydrogen source at rt (Table LIX). It was proposed that the hydrogen coordinated
iron nanoparticales are responsible for the hydride atom. This weak hydride acted
as a target specific reducing agent for the highly electrophilic nitro group. Good-to-
excellent yield was observed with high chemoselectivity in most of the substrates.
In this method, an excess amount of iron nanoparticles (i.e., 3 equiv) was applied,
which need improvements.

Cantillo et al. (292) applied in situ formed iron nanoparticles in a catalytic
manner for the reduction of nitro compounds using a microwave. Hydrazine
hydrate was used as the hydrogen source and the reaction time was 2—8 min. This
method has the advantage of being homogenous as the colloidal nanocrystals
remain in the solution. Then nanocrystals start to aggregate forming a precipitate,
and therefore making the reaction mixture heterogeneous. After completion, the
nanocrystals can be removed easily by using a magnet. Products were purified
simply by filtration and excellent yields were observed for all the selected
substrates. This method was also applied for the synthesis of amines up to the
gram scale using a continuous-flow method.
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G. Hydrogenation of Carbon Dioxide and Bicarbonate

Carbon dioxide is a widely available carbon source and also has a greenhouse
effect on the environment. Therefore, the reduction of carbon dioxide to formate is a
breakthrough froms both the industrial, as well as the environmental, viewpoint. For
the same reason, a number of methods involving rhodium, ruthenium, iridium, and
palladium were developed in the last 20 years. In 1975, Inoue et al. (293) reported
that group 7 transition metal complexes including iron could generate formate from
carbon dioxide, hydrogen, and alcohol in the presence of a tertiary amine. The iron
complex [H,Fe(diphos),] was tested with high pressurized CO, and H, at 140 °C
(Scheme 203, diphos = 1,2-bis(diphenylphosphino)ethane.

In 1978, Evans and Newell (294) reported an anionic iron—hydride complex [HFe
(CO)4]™ for carbon dioxide reduction. Their method suffered from the use of a high-
pressure gas and high temperature. Later, Jessop and co-workers (295) designed a
high-pressure combinatorial screening process using pressure sustainable apparatus
(up to 200 bar). Their process established that a catalytic amount of FeCl;, depe
(Cy,PCH,CH,PCy,) and DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) is essential for
generation of formate under 100-bar hydrogen and carbon dioxide atmosphere.

Beller and co-workers (296) reduced bicarbonate to formate (and formamide) in the
presence of catalytic Fe(BF,),.6H,0 and PP;5 as ligand [PP; = P(CH,CH,PPh,);].
A reasonable TON =610 was attained under 60 bar H, at 80 °C (Scheme 204).

In 2012, Beller and co-workers (296) reported an improved version for
hydrogenation of carbon dioxide and bicarbonate using a catalytic amount of
Fe(BF,),.6H,O. Their catalytic proposal included formation of [FeH(H,)(PP5)]
from Fe(BF,), in the presence of H; gas and base (Scheme 205) (297). Afterward,
reaction of carbon dioxide and hydride, generated formate. Both the [FeH(H,)-
(PP3)]* and [FeH(CO,)(PP3)]* intermediates were characterized by nuclear
magnetic resonance (NMR) spectroscopy. In the last step, H, gas regenerated
the catalytic species and removed formic acid.

A number of pincer complexes were reported with higher row transitional
metals (Ir, Ru) for CO, hydrogenation. The strong donating ability of the pincer

ROH + 0O, + M, _[HFe(diphos))
25atm 25atm Et3N,140°C,21h

Yield = (mol of HCO,Et/ mol of complex) = 2

HCOZR + HZO

Scheme 203. Hydrogenation of Carbon Dioxide Using [H,Fe(diphos);].

Fe(BF4)2.6H20 (cat) ROH/NHR',
CO, + Hy ———— > HCO,H.base ——— > HCOOR/HCONR',
MeOH, base

Scheme 204. Catalytic hydrogenation of CO, and formation of formate ester and formamides.
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Fe(BF4)2.6H2O
FeHL(PP Hz, base
[FeHL(PP)s] THF, PP,
For example L = CO, \ 80 °C
base
[FeH(H2)(PP)s]
HCOOH.base
Hy
[Fe(H)(HCO,)(PP)s]base.H* [FeHH(PP)s]base.H*
CO,

Scheme 205. Mechanism for hydrogenation catalyzed by Fe(BF,),.6H,0.

ligands facilitated the insertion of carbon dioxide into the metal-hydride bonds. In
2011, Milstein and co-workers (298) studied the iron—pincer complex trans-
[(1Bu-PNP)Fe(H),(CO)] (150) for effective hydrogenation of carbon dioxide
and bicarbonates (Scheme 206). In their hydrogenation protocol, carbon dioxide
was hydrogenated under low-pressure hydrogen (6.66 bar) and a carbon dioxide
(3.33 bar) atmosphere with a TOF of 156 hL. Hydride directly attacked CO,
generating formate, which was subsequently replaced by the cosolvent water. This
water molecule was displaced by H, in the next step. In a final step of the catalytic
cycle, trans-[(fBu-PNP)Fe(H),(CO)] (150) was regenerated through the hetero-
Iytic cleavage of the H, molecule in the presence of base or dearomatization and
succesive proton transfer (Scheme 207) (298).

150 (0.1 mol%) .
CO, + Hx + NaOH W HCOsNa + H,O \ /N‘Fe\—CO
3.33 bar 6.66 bar 2 (10:1)

Scheme 206. Hydrogenation of carbon dioxide using an iron—pincer complex.
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PtBus

H2O / N—Fe\—CO

CO,

H, |
N—Fe=CO or{ N—Fe=CO
| o | oH
PtBuz . PtBu
OH 2 + 20

HoO

OH~

Scheme 207. Hydrogenation of carbon dioxide with an iron—pincer complex.

H. Amide Reduction

Beller and co-workers (299) developed a very convenient and general
method of amide reduction for the synthesis of amine derivatives. During
their study on iron-catalyzed dehydrations of primary amides in the presence of
polymethylhydrosilanes (PMHS) as the reducing agent, a secondary amine was
obtained as the byproduct. From their details investigation, they were able to
develop a method for amide reduction. They used a Fe3(CO);, complex as the
catalyst in the presence of PMHS as the reducing agent. This finding was the
first report of an iron-catalyzed hydrosilylation of amides to an amine
(Table LX).

The iron precursor formed an activated species that resulted in hydrosilylations
of the carbonyl group in the amide to generate O-silylated N,O-acetal (151).
Subsequently, 151 transformed to 152, which was further reduced to the amine
with a second equivalent of activated species (Scheme 208).
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TABLE LX
Iron-Catalyzed Reduction of Amides Using PMHS as a Reducing Agent”

(0]
1 Fes(CO 2—10 mol% 1
)J\N R!  [Fes(CO)12] ( mol%) R/\N,R

PMHS, 100 °C, 24 h

S e e

93%%° 84%° 89°/ b c 839, b.d

R

“Reaction conditions: Amide (1 mol), [Fe3(CO);»] (2-10 mol%), PMHS (4-8 mmol),
nBu,O (SmL).

*Yield of isolated product.

“Toluene as solvent.

4 Contained 10% tribenzylamine.

R1O R2 2.0 equiv R3SiH R1/\N/R2 + (R%Si),0
[Fe] °
R3SiH
[Fe]
H OS|R3 R1/§,'\']’Rf ;
N N,R N OSiR3
& =

Scheme 208. Mechanism of reduction of amides.

I. Reductive Aminations

Amine compounds are very important for pharmaceuticals and natural product
synthesis (300). Reductive amination of carbonyl compounds is one of the
alternative protocols for synthesis of amine compounds. Renaud and co-workers
(301) developed an iron-catalyzed reductive amination method. They synthesized
different iron(Il) complexes (153-158, (Scheme 209) (266a, 302). Interestingly,
full conversion of starting material into the desired product was obtained by using
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| X
Me = Me
. ; cl
Rr T Pr o @BuNC_ | _CN(tBu)
| ~p
N\Fe/N /Fe\
A\ (tBu)NC él CN(tBu)
ipr @Ol el
153 154
NCMe
pp Ph i Ph 2+ on Ph ',D(B“)3Ph 2+
P 1 p-Ph P, . p-Ph
’/F‘:e\\\‘ (ZZNN
_N/', \N_ . N\
| _ | N
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{_PPhe PPh,
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Scheme 209.
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X
ﬁbﬁ o
} 159 (5 mol%), MegNO (5 mol%)

+
EtOH, 85 °C
NH 71%, dr=1:1

Scheme 210.

the Knolker complex 130 (263a, 264, 277, 303). Complex 130 was air sensitive and
decomposed quickly. But, its related complex 159 (Scheme 209, Scheme 210) was
air stable but unable to show activity toward reductive amination. Interestingly, when
it was treated with trimethylamine N-oxide, which oxidatively removed CO ligand
from 159 and generated a 16e species (163, Scheme 211). Subsequently, 163 reacted
with hydrogen to form 130 in sifu, which showed full conversions with moderate
yield and selectivity. Note, other piano-stool complexes, 160 and 161, failed to give
product. The reaction tolerated both primary and secondary amines, as well as both
aliphatic and aromatic aldehydes, to provide alkylated amines in good-to-excellent
yields (Table LXI). Control experiments between norborene carboxaldehyde and
tetrahydroisoquinoline were carried out under standard reaction protocol
(Scheme 210). This reaction provided an amine product in 71% yield and 1:1
mixtures of diastereomers. Based on these observations, imine (165)/enamine (166)
equilibrium was proposed in the mechanism (Scheme 211).

TABLE LXI
Substrates Scope of Reductive Amination by a Knolker Complex”

159 (5 mol%), Me3zNO (5 mol%)

R? Ho (5 bars R2
R1/§O N HN\ 2 ( ) R1/\N,
R3 EtOH, 85 °C R3
Me Me Me
N N
I\O (}\lH H/j
| | | Me HN
Me Me Me Me Me Me v\Ej
74% 49% 75% endo, 65%

“The hydrogenation reactions were carried out with aldehyde (1 mmol) and amine (1.2 mmol) in the
presence of an iron precatalyst (5 mol%) and trimethyl-N-oxide (5 mol%) in ethanol (2 mL) under 5
bar of hydrogen at 85 °C.
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T™MS
™S CH
)~ Ha

Fe
—|= /

™S oc™ |\
Fe__ oC
oc” \ ~co 130
co

MegNO
(-COg, -MegN)

168 R
R2 R2
N 165 NH 166
L. g
|1 A1
R + R®NH,
0
“\‘ 164
R1

Scheme 211. Mechanism of reductive amination by a Knolker complex.

The in situ generated 130 then led to activation of 165 (or 166) via coordination
through the hydroxy group and generated intermediates 167 and 168 (Scheme 211).
Subsequently, addition of hydride provided reduced amine and with regeneration of
the unsaturated iron(0) complex (163).

In 2008, Bhagane and co-workers (304) synthesized amines via reductive
amination using an iron(I))EDTA complex with molecular hydrogen as the
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TABLE LXII
Reductive Amination Using FeCl; as Catalyst®

5 mol% FeCls

HoN
R L 1N ) PMHS R1/\N R2
THF, 60 °C
91%b e 78%>0 93%P

“Reaction conditions: FeCl; (0.12mmol, 5mol%), aldehyde (2.4 mmol),amine
(2.4 mmol), PMHS (0.5 mL), THF (2.0 mL), 60 °C, 24 h. All products were charac-
terized by GC-MS (mass spectrometry) and 'H NMR.

bIsolated yield.

hydrogen source. Later Enthaler reported a very effective method for reductive
amination by using FeCl;/PMHS (Table LXII). This reaction tolerated a wide
range of aromatics aldehydes (Table LXII) (305).

The reaction was proposed to undergo a Lewis acid catalyzed imine formation
followed by the reduction of this imine (Scheme 212).

Later, Beller and co-workers (306) reported another alternative protocol of
reductive amination between a ketone—aldehyde and an amine. In Beller’s report,

) + Ph-NH,
_Ph N
HN RaSi~ P _M
Ph) Ph N

[Fe] X\)
[Fe]-. N- Ph [Fel

)l S|R3

N

HSIRg

Scheme 212. Mechanism of reductive amination using FeCl; as catalyst.



IRON CATALYSIS IN SYNTHETIC CHEMISTRY 169

TABLE LXIII
Reductive Amination of Ketones and Aldehydes with an Amine in the Presence of H,"

0 R R4 Fea(CO)z (4 mol%) Rs‘N'R4
Lo N A
=L =¥ H 50 bar H,, toluene, 65 °C, 9 2

24h ROR

97% 92% 90% 88%

“General reaction condition:0.5-mmol aldehyde, 0.75 mmol amine, 0.02 mmol Fe3(CO);», 50 bar, H,,
65 °C, 24 h.

1 mol% Fe(OTf)s NHR'

o)
U+ RNH

R R

TequivNaBrs g5 929, Yield

R, R' = alkyl, aryl, or heterocyclic

Scheme 213. Reductive amination using Fe(OTf);/NaBH,.

the iron carbonyl complex was used as the catalyst in the presence of molecular
hydrogen (Table LXIII).

In 2012, Bandichhor and co-workers (307) reported another protocol for
reductive amination using Fe(OTf), as the catalyst and NaBH, as a reducing
agent (Scheme 213).

X. TRIFLUOROMETHYLATION

The introduction of the trifluoromethyl group (—CF;) into organic molecules is
crucial for the discovery of biologically active compounds (308). The CF; group
can act as a useful biostere of a methyl group and also it does not suffer from
metabolic oxidation. In 2012, Buchwald and co-workers (309) developed a facile
method for trifluoromethylation of potassium vinyltrifluoroborates using catalytic
amounts of FeCl, and Togni’s reagent (171) (Table LXIV) as the trifluoromethyl
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TABLE LXIV
Trifluoromethylation Reaction with Iron Catalysis®

R/\/BFSK . le) FeCl, (10 mol%) R/\/CFS
-0
170 171
1.1 equiv 1.1 equiv
xCF3 X CFs XCFs ~__CF3
SO G Vs
Cl Br MeO s
78% one (/‘;_:/Z) 68% 74% 2 (83%)
>95:5 (E/Z) : >95:5 (E/Z) ~95:5 (E/Z) CFs
O —
AN CF3 O o AN CF3
N
o b Ts
34%(80%) 66% 65%
83:17 (E/Z) >95:5 (E/Z) >95:5 (E/Z)

“Reaction conditions: compound 170 (1.1-0.55 mmol, 1.1 equiv), 171(1.0-0.5 mmol, 1.0 equiv),
FeCl, (10mol%), [171],—o = 0.40 M. Contains 10-15 mol% of a protodeboronated side product.
“Here 15 mol% FeCl, was used.

source. This method works efficiently for different aryl, heteroaryl, and aliphatic
compounds (Table XLIV).

Some trifluoromethylated substrates gave a considerable amount of (E/Z)
isomers (Scheme 214). According to Parsons et al. (309), such observations

X BF3K E
/©/\/ qﬁ FeCl, (10 mol%) /©/\VC 3
Me

MeCN, rt
24 h 70%
17 >95:5 (E/2)
FeCI2 (10 mol%)
o BFsK +  oF
MeCN, rt 8
171 24h 76%
67:33 (E/2)

Scheme 214. Selectivity in the formation of trifluoromethylated product.
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disfavor transmetalation—reductive elimination type mechanism. Interestingly,
Sn(OTY), provided a similar selectivity and yields of the desired product. Notably,
irrespective of the geometry of the potassium trifluoroborate starting material,
same product was obtained. All these observations supported formation of a
cationic intermediate by Lewis acid catalysis.

XI. CONCLUSION

Efforts toward the development of sustainable, efficient, and selective processes
for the synthesis of fine chemicals and pharmaceuticals are undoubtedly increas-
ing. Designing environmentally benign methods for the construction of highly
valuable building blocks from renewable raw materials remain a challenging task.
In this context, catalysis based on abundant, inexpensive, and relatively nontoxic
metals can play a pivotal role in the chemist’s synthetic toolbox. Recently,
catalysts based on iron metal have emerged as sustainable alternatives to precious
metal-based catalysts in a range of synthetic applications. The wealth of knowl-
edge concerning reaction pathways that is available for transition metal catalyzed
reactions will continue to advance the growth of well-defined catalytic systems
with iron. Handling of a number of useful “ligand—iron” complexes is often
problematic due to their air sensitivity. Expensive and toxic late transition metals
are used as an alternative for a given reaction. Consequently, designing and
developing air stable, robust, and easy to handle iron catalyst should be a primary
goal for aspiring chemists.
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ABBREVIATIONS
acac Acetylacetonate

BINAP 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl
BINOL 1,1’-Bi-2-naphthol

Bn Benzyl
BNP Bis-Binaphthylporphyrin
Boc tert-Butyloxycarbonyl

BocNj; N-tert-Butyloxycarbonyl azide
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Bopa Bis(oxazolinylphenyl)amine

BPBP 1,1’-Bis(pyridin-2-ylmethyl)-2,2'-bipyrrolidine

BPMCN  N,N'-Bis(2-pyridyl-methyl)-N,N'-dimethyl-1,2-cyclohexanediamine
bpmcen (ligand)

bpmen N,N'-Dimethyl-N,N'-bis(pyridin-2-ylmethyl)ethane-1,2-diamine

BPN Butylphenylnitrone

BQBP 1,1’-Bis(quinolin-2-ylmethyl)-2,2’,-bipyrrolidine

BTA bis[(trifluoromethyl)sulfonyl]-amide
Bu Butyl

CDA Cross-dehydrogenative arylation
CDC Cross-dehydrogenative coupling
CHT Cyclohepta-1,3,5-triene

COD 1,5-cyclooctadiene

COX Acyl halide

Cp Cyclopentadienyl

Cy Cyclohexyl

CyH Cyclohexane

Cyclen 1,4,7,10-Tetraazacyclododecane
dach 1,2-Diaminocyclohexane

dapb 2,6-Bis[1-(benzylemino)ethyl]pyridine

DBFOX  4,6-Dibenzofurandilyl-2,2'-bis(4-phenyloxazoline)
DBM Dibenzoylmethane (solvent), dbm (ligand)

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DCE 1,2-Dichloroethane
DCIB 1,2-Dichloroisobutane

DCM Dichloromethane
dppbz 1,2-Bis(diphenylphosphino)benzenedichloride

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

depe Cy,PCH,CH;PCy,

DFT Density functional theory

DHySi Dehydrogenative hydrosilylation
diphos 1,2-Bis(diphenylphosphino)ethane
Dipp 2,6-Diisopropylphenyl

DMAP 4-Dimethylaminopyridine

DMCH Dimethyl cyclohexane

DME Dimethoxyethane

dmeda N,N'-Dimethylethylenediamine (solvent) dmeda (ligand)
DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide (solvent), dmso (ligand)

dpaq 2-(Bis(pyridin-2-ylmethyl)amino-N-(quinolin-8-yl)acetamide

dppbz 1,2-Bis(diphenylphosphino)benzene
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dppe 1,2-Bis(diphenylphosphino)ethane

dppp 1,3-Bis(diphenylphosphino)propane

DTPB Di-(tert-butyl)peroxide

dtbpy 4,4'-Di-tert-butyl-2,2'-bipyridine

D,-TpAP H,[HPhH(dach),] where 1,2-diaminocyclohexane (dach)
dr Diastereomeric ratio

DuPhos (-)-1,2-bis((2S,5S)-2,5-di-i-propylphospholano)benzene

EDA Ethyldiazoacetate

EDTA Ethylenediaminetetraacetic acid

ee Enantiomeric excess

emim Ethyl methyl imidazolium

EWG Electron-withdrawing group

FTMS Fourier transform mass spectrometer

GC Gas chromatography

HMA Hexagonal mesoporous aluminophosphate

HMDS Bis(trimethysilyl)amide

'"H NMR  Proton nuclear magnetic resonance
HPLC High-performance liquid chromatography
H,Pydic  Pyridine-2,6-dicarboxylic acid

HOMO Highest occupied molecular orbital

Hy Hydrogenation

HySi Hydrosilylation

[EtPh 1,3-Bis(R)-1’-phenylethyl)imidazole-2-ylidene)

INAS Intramolecular nucleophilic acyl substitution

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

Ipr 1,3-Bis(2,6-diisopropylphenyl)-2,3-dehydro-1H-imidazole

iPrPNP 2,6-Bis(diisopropylphosphinomethyl)pyridine
KHMDS  Potassium bis(trimethylsilyl)amide

KIE Kinetic isotopic effect

LDA Lithium diisopropylamide

LiHMDS Lithium bis(trimethylsilyl)amide

LUMO Lowest unoccupied molecular orbital

mcpp N1,N2-dimethyl-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-
diamine

mep N,N'-Dimethyl-N,N'-bis(2-pyridylmethyl)ethane

Mes 2,4,6-Trimethylphenyl

MOM Methoxymethyl ether

NBS N-Bromosuccinamide

NHC N-Heterocyclic carbene

N-IBN N-(2-Iodophenyl) methyl

NMP N-methylpyridine

NMR Nuclear magnetic resonance

NTs Tosylaziridine



174 SUJOY RANA ET AL.

OTf Trifluoromethanesulfonate

OMP o-methoxyphenyl

Pc Phthalocyanine

PDI (N.N'E,N,NE)-N,N'-(1,1')-(Pyridine-2,6-diyl)bis(ethan-1-yl-1-
ylidene))bis(2,6-diisopropylaniline)

PDP PDP=2-({(S)-2-[(S)-1-(pyridin-2-ylmethyl)pyrrolidin-2-yl1]

pyrrolidin-1-yl} methyl)pyridine
phebox Bis(oxazolinyl)phenyl
Phen 1,10-Phenanthroline
PhNTf, N-Phenyl-bis(trifluoromethanesulfonimide)
PhINTs N-Tosyliminobenzyliodinane

Pip Piperidinium

Piv Pivaloyl

PMB 4-Methoxybenzyl bromide
PMHS Polymethylhydrosiloxane
PMP p-Methoxyphenyl

PNNP [P(2)(N2)] ligad set

Pr Propyl

PrPNP 2,6-Bis(diisopropylphosphinomethyl)pyridine
pybox Bis(oxazolinyl)pyridine
PyTACN Bis(2-pyridylmethyl)-1,4,7-triazacyclononane

rt Room temperature

RM Organometalic reagent

RSM Recovered starting material

salen N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino
SET Single-electron transfer

SIPr 1,3-Bis(2,6-diisopropylphenyl)-imidazolidinium

TACN Triazacyclononane

TBA Tetrabutylammonium

TBDMS  tert-Butyldimethylsilyl
TBDPS tert-Butyldiphenylsilane
TBHP tert-Butyl hydrogen peroxide

TBS tert-Butyldimethylsilyl

TEMPO  2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl
tf Trifluoromethylsulfonyl

TFA Trifluoroacetic acid

THF Tetrahydrofuran (solvent), thf (ligand)
THP Tetrahydropyran

TIP Tetrakis(imino)pyracene

TIPS Triisopropylsilyl

TMDSO  1,1,3,3-Tetramethyldisiloxane
TMEDA  N,N,N'N'-Tetramethylethane-1,2-diamine (solvent), tmeda (ligand)



TMP
TMS
TON
TPA
TPP
TOF
tol
Tosyl
TTP
uv
VCP

ISAREE NS I ]

© o N o

14.
15.
16.

IRON CATALYSIS IN SYNTHETIC CHEMISTRY

2,3,6-Trimethylphenol
Trimethylsilyl

Turn over number
Tris(2-pyridylmethyl)amine
Tetraphenylporphyrin

Turn over frequency

Tolyl

4-Toluenesulfonyl
meso-Tetra-p-tolylporphyrin
Ultraviolet
Vinylcyclopropane
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