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Fe—-H Complexes in Catalysis

Hiroshi Nakazawa and Masumi Itazaki

Abstract Organic syntheses catalyzed by iron complexes have attracted consider-
able attention because iron is an abundant, inexpensive, and environmentally
benign metal. It has been documented that various iron hydride complexes play
important roles in catalytic cycles such as hydrogenation, hydrosilylation, hydro-
boration, hydrogen generation, and element—element bond formation. This chapter
summarizes the recent developments, mainly from 2000 to 2009, of iron catalysts
involving hydride ligand(s) and the role of Fe—H species in catalytic cycles.
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1 Introduction

This chapter treats iron complexes with Fe—H bond(s). An H ligand on a transition
metal is named in two ways, “hydride” and “hydrido.” The term “hydrido” is
recommended to be used for hydrogen coordinating to all elements by IUPAC
recommendations 2005 [1]. However, in this chapter, the term “hydride” is used
because it has been widely accepted and used in many scientific reports.

In 1931, Hieber and Leutert reported Fe(CO)4(H), not only as the first iron
hydride complex but also as the first transition-metal hydride complex (FeH, was
reported in 1929 from FeCl, and PhMgBr under a hydrogen atmosphere. However,
it exists only in a gas phase) [2, 3]. The complex synthesized from Fe(CO)s and
OH™ (Scheme 1) is isolable only at low temperature and decomposes at room
temperature into Fe(CO)s, Fe(CO)3, and H,.

Scheme 1 The first iron Fe(CO); + 20H™ — Fe(CO)4(H), + 0032‘
hydride complex

Since then, many iron hydride complexes have been prepared, isolated, char-
acterized spectroscopically and, in some cases, by X-ray analyses. Hydrides
show diagnostic signals in 'H NMR spectra. They resonate to high field in a
region (0 ~—-60 ppm) for diamagnetic iron hydride complexes. Paramagnetic
hydride complexes, however, are very difficult to characterize. IR spectra are helpful
because Fe—H stretching frequencies are observed in the range of 1,500-2,200 cm ™'
However, it should be noted that the intensities are often weak and hence the method
is not entirely reliable. Crystallographic methods are generally powerful to obtain
3D arrangements and metrical data. However, hydrides, in some cases, are not
detected because the hydride in the neighborhood of the metal is such a poor
scatterer of X-rays. In addition, Fe—H bond distances should be carefully used
because X-ray methods often underestimate the true Fe—H internuclear distance by
approximately 0.1 A. The X-ray structure of [NEtzH][HFe;(CO);] having p-H
ligand was reported in 1965 [4]. This compound might be the first structurally
characterized iron complex bearing an H ligand (Fig. 1). The first terminal hydride
iron complex characterized by the X-ray analysis was CpFeH(CO)(SiCls),, in 1970
[5]. In 1972, the X-ray structure of cis-[Fe(H),{PPh(OEt),}4] was reported as the
first dihydride iron complex [6] (Fig. 1).
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Fig. 1 The first X-ray crystal structures of three types of the iron hydride complexes
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Iron hydride complexes can be synthesized by many routes. Some typical meth-
ods are listed in Scheme 2. Protonation of an anionic iron complex or substitution of
hydride for one electron donor ligands, such as halides, affords hydride complexes.
NaBH, and LiAlH, are generally used as the hydride source for the latter transfor-
mation. Oxidative addition of H, and E-H to a low valent and unsaturated iron
complex gives a hydride complex. Furthermore, B-hydride abstraction from an alkyl
iron complex affords a hydride complex with olefin coordination. The last two
reactions are frequently involved in catalytic cycles.

Protonation

[L,Fe]” + HY  —— LMH

Substitution of H for X
L,Fe-X + H ——> LFe-H + X

Oxidative addition

LFe + EH — LFeH)E

Scheme 2 Some typical B-Hydride abstraction
synthetic routes of iron

hydride complexes L,Fe-CHy-CH,-R  —— L Fe(H)(CH,=CHR)

A Fe—H bond is generally polarized as Fe®*~H°" because H is more electroneg-
ative than Fe. However, iron hydride complexes impart much less negative charge
to the hydride than early transition-metal hydride complexes.

Organic syntheses catalyzed by complexes of precious-metals (Pd, Pt, Rh, Ir, Ru,
etc.) have attracted considerable attention because both catalytic activities and
chemo- and region selectivities are superior to those of heterogeneous catalysts.
In order to understand the underlying principles of homogenous catalysis, the
reaction mechanisms are under intense investigation. For a large number of
mechanisms, it has been well-established that various hydride complexes act as
important intermediates in the catalytic cycle for hydorometalations such as, e.g.,
hydrosilylations or in hydrogenation reactions [7]. Furthermore, iron hydride com-
plexes were shown to play pivotal roles in fundamental organometallic chemistry
[8-11].

Precious metals have faced a significant price increase and the fear of depletion.
By contrast, iron is a highly abundant metal in the crust of the earth (4.7 wt%) of
low toxicity and price. Thus, it can be defined as an environmentally friendly
material. Therefore, iron complexes have been studied intensively as an alternative
for precious-metal catalysts within recent years (for reviews of iron-catalyzed
organic reactions, see [12-20]). The chemistry of iron complexes continues to
expand rapidly because these catalysts play indispensable roles in today’s academic
study as well as chemical industry.
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This chapter summarizes the development of iron catalysts involving hydride
ligand(s) and the role of the Fe—H species in the catalytic cycle in the past decade
(2000-2009).

2 Hydrogenation

Reduction of unsaturated organic substrates such as alkenes, alkynes, ketones, and
aldehydes by molecular dihydrogen or other H-sources is an important process in
chemistry. In hydrogenation processes some iron complexes have been demon-
strated to possess catalytic activity. Although catalytic intermediates have rarely
been defined, the Fe—H bond has been thought to be involved in key intermediates.

2.1 Alkene and Alkyne Reduction

Until recently, iron-catalyzed hydrogenation reactions of alkenes and alkynes
required high pressure of hydrogen (250-300 atm) and high temperature (around
200°C) [21-23], which were unacceptable for industrial processes [24, 25]. In
addition, these reactions showed low or no chemoselectivity presumably due to the
harsh reaction conditions. Therefore, modifications of the iron catalysts were desired.

In 2004, Peters and Daida reported the hydrogenation of olefins catalyzed by iron
complexes 1-4 having the tris(diisopropylphosphino)borate ligand, [PhBP"5]™,
under mild conditions (low pressure and ambient temperature) (Table 1) [26].
Although these catalytic activities were not high, a plausible reaction mechanism
has been proposed (Scheme 3). The iron(IV) trihydride phosphine complex a being
spectroscopically well-defined undergoes hydrogen loss to give the coordinatively
unsaturated mono hydride complex d. Two pathways from a to d are conceivable:
(1) the trihydride complex b, which is a detectable species by NMR, and (2) the
monohydride phosphine complex ¢, which can be structurally identified when
PR; = PMePh,. Olefin coordination to d and its insertion into the Fe—-H bond
affords the stable alkyl complex e. This iron alkyl complex reacts with hydrogen
to release the alkane with regeneration of the active species d.

b
H R
H:
\Fe_/PH R mee/H
a / e \d 7 [PhBP"]
y PRs H
A I o
H=—Fe~ Fe insertion
[PhBP'P"y] c [PhBP'P"y] R
\ SN / N © \
Fe Fe
[PhBP™] R tH; [PhBP™";]

—/

Scheme 3 Plausible pathway for hydrogenation of olefin catalyzed by the Fe—H complex
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Table 1 Olefin hydrogenation reactions catalyzed by iron complexes

10 mol% cat.

=\ —_— \ :I R
R Hy 23°C R ! |
! Fe .
\ [PhBP'PY
Catalyst Substrate Ho(atm)  Time(min)  TOF(mol/h) !
| R=Me: 1
1 Styrene 4 78 77 i CH,Ph: 2
2 Styrene 4 100 6.0 i H I|3R3
2 Styrene 1 410 1.5 | H=—Fe—H
I [PhBPIPY)
2 Ethylene 4 25 24.0 i
i R=Me:3
2 1-Hexene 1 130 4.6 i Et:4
1 1-Hexene 1 115 5.2 i [PhBPiPE]
2 Cyclooctene 1 55 10.9 i I
2 2-Pentyne 1 370 1.6 b Pipr,
! PI’2 P\\< PIPr
2
32 Styrene 1 1260 0.5 ! BG_>/
4  Styrene 1 1010 06 i b

“Hydrogenation carried out at 50°C.

Bis(imino)pyridine iron complex 5 as a highly efficient catalyst for a hydrogenation
reaction was synthesized by Chirik and coworkers in 2004 [27]. Complex 5 looks like
a Fe(0) complex, but detailed investigations into the electronic structure of S by
metrical data, Mossbauer parameters, infrared and NMR spectroscopy, and DFT
calculations established the Fe(II) complex described as 5§’ in Fig. 2 to be the higher
populated species [28].

A
L.
) )
Ar/N\':'e/N\Ar B Ar/N\Fe\/N\Ar
N Na N N,
5 5'

Complex 5 was more active than the well-known precious-metal catalysts
(palladium on activated carbon Pd/C, the Wilkinson catalyst RhCI(PPh;3);, and
Crabtree’s catalyst [Ir(cod)(PCy3)py]PFs) and the analogous N-coordinated Fe
complexes 6-8 [29] for the hydrogenation of 1-hexene (Table 2). In mechanistic
studies, the NMR data revealed that § was converted into the dihydrogen complex 9
via the monodinitrogen complex under hydrogen atmosphere (Scheme 4).
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Table 2 Comparison of iron complexes with transition precious-metal catalysts for the hydro-
genation of 1-hexene

0.3 mol% cat.

= 4 atm Hyp ! | \/
22°C | 5 N
i Ar’N\Fle\/N‘Ar
Catalyst Time (min) TOF (mol/h)  Ref. ; Ny N2
i I
5 12 1814 [27] 6 AN Mo
i °
10% Pd/C 12 366 [27] i Me3Si—==—SiMe;
RhCI(PPhg)s 12 10 7] VY
! 7 Ar~ e ~Ar
! AeN
[Ir(cod)(PCya)pylPFs 12 75 7] | [
62 1440 4 [29] i
i Ar-No N-pp
| 8 Fe
7 240 9 [29] |
8 240 90 [29] I Ar=2,6/Pr-CeHs

“Hydrogenation carried out at 60°C.

® ® [
e

|}1 -N, [\Ij/ xs H, N/

— e |

/N /N\ /N /N\ J—
Ar \F|e Ar + N, Ar \Fle Ar xsN, Ar/N\Fle Near

N, No N, H—H

5 9

Ar = 2,6-Pr,-CgHj
Scheme 4 Reaction of 5 under hydrogen atmosphere

Table 3 summarizes the scope and limitation of substrates for this hydrogena-
tion. Complex § acts as a highly effective catalyst for functionalized olefins
with unprotected amines (the order of activity: tertiary > secondary >> primary),
ethers, esters, fluorinated aryl groups, and others [27, 30]. However, in contrast
to the reduction of o,B-unsaturated esters decomposition of 5§ was observed when
o,B-unsaturated ketones (e.g., trans-chalcone, trans-4-hexen-3-one, trans-4-phenyl-
3-buten-2-one, 2-cyclohexanone, carvone) were used (Fig. 3) [30].

With internal alkynes such as diphenylacetylene and 2-butyne, the perhydroge-
nated products were formed in the presence of complex § via the corresponding
cis-2-alkene as an intermediate (Scheme 5). In case of terminal alkynes such as
trimethylsilylacetylene, the desired product was not formed.
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Table 3 Catalytic hydrogenation of various olefins with §

| A

_ cat.5 — E R NG R i
R 4 atmH, ; N— Fle/N Ar =2,6-'Pr,-CgH3
toluene or neat AT RS “Ar R=H:5,Ph:10

23°C TOF (mol/h) N, N>
Substrate
- Ph Ph
1814 271 [3300p2 3] 363 [27] 1344271 104 127]

For 10: [5300P2 3]

@ - )— MeOZCJ\/COQMe

5727 10752 11 104 [27) [1085]2 [3] 3.317
For 10: [60]2 [31] For 10: [275]2[31]
N /\)\
A~ NH2 P N AN =
3 [30] 320 391 1270 [30] 1270 39
A0 /\/O\/ /\/O\/\
> 240 [30] > 240 [30] > 480 [30]
o) 0O o) o)
T }—@ T Jr
19¢ [30] 0c [30] 0.04 [30] 0 [30]
P A :
/\)J\o/\ X o~ A o~
240 30 0.4 > 240 [%01
0
N
| F / Z
Fs
4.4 180 > 240 301 > 24030 > 24080

In brackets the results in pentane.
"The product is (+)-p-meth-1-ene.
“Reaction carried out at 65 °C

0.3 mol% cat. 5 /—\

. R\/\R
4 atm H,, 22°C
R = Ph, Me

Scheme 5 Overreduction of alkynes

33
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Fig. 3 Substrates leading to decomposition of catalyst §

The proposed catalytic cycle, which is based on experimental data, is shown in
Scheme 6. Loss of 2 equiv. of N, from 5 (or alternatively 1 equiv. of N or 1 equiv.
of H, from complexes shown in Scheme 3) affords the active species a. Olefin
coordination giving b is considered to be preferred over oxidative addition of H,.
Then, oxidative addition of H, to b provides the olefin dihydride intermediate
c. Olefin insertion giving d and subsequent alkane reductive elimination yields
the saturated product and regenerates the catalytically active species a.

, 5
[ Ar = 2.6-Pr,-CgH, ]
¢ —2N,
| X
R N—Fo—N 3
Ar Fe “Ar
a
N\Fe\/N N\Fe/N
/_/ —\l
H —
R R
d b

\ N\Fe/N Ar

\> "
Scheme 6 Proposed mechanism for catalytic hydrogenation of olefin with §

Further investigations revealed that this hydrogenation is accelerated in pentane
solution. These results are shown in brackets in Table 3 [31]. Under optimized
reaction conditions high catalyst TOF up to 5,300 were achieved when 10 was used.
In the absence of both hydrogen and nitrogen, 10 was converted into the n°-arene
complexes such as the bis(imino)pyridine iron n°-phenyl complex, 10-Phenyl, and
the corresponding 1°®-2,6-diisopropylphenyl complex, 10-Aryl, in the 85:15 ratio in
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C¢Dg solution (Scheme 7). Both n6—arene complexes were also determined by the
X-ray diffraction and showed no reaction to hydrogen and olefins. Therefore, it was
considered that the formation of the n°-arene complexes was a deactivation path-
way in the catalytic hydrogenation.

X

. '|\'/ Ph Ar-N
N—Fa——
r’ F|e\ N “Ar benzene-dg

N, N2

_ >

A

10 10-Phenyl 10-Aryl
Y -
Ar = 2,6-Pr,-CgHg 85% 15%

Scheme 7 Intramolecular arene coordination in bis(imino)pyridine iron complex 10

2.2 Ketone and Aldehyde Reduction

Hydrogenation of substrates having a polar multiple C-heteroatom bond such as
ketones or aldehydes has attracted significant attention because the alcohols obtained
by this hydrogenation are important building blocks. Usually ruthenium, rhodium,
and iridium catalysts are used in these reactions [32—-36]. Nowadays, it is expected that
an iron catalyst is becoming an alternative material to these precious-metal catalysts.

For transition-metal-catalyzed hydrogenation of ketones and aldehydes, H, or
the combination of ‘PrOH with a base has been widely used as the hydrogen source
(Scheme 8). In case of using H,, the reaction is called “hydrogenation,” whereas the
reaction using the combination of ‘PrOH with a base is especially called “transfer
hydrogenation.”

hydrogenation cat.
o - Ho ~ OH

R R cat R R

{ transfer hydrogenation ] PrOH, base

Scheme 8 Two pathways of hydrogenation reaction of ketones and aldehydes

With some transition-metal complexes, the ligand is not only an ancillary ligand.
Similar to the transition-metal, it takes directly part in the hydrogen transfer
process. Such ligand-metal bifunctional hydrogenation catalysis is dramatically
changing the face of reduction chemistry (Scheme 9) (for reviews of ligand-metal
bifunctional catalysis, see [32, 37-40]).
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Ph O e Ph Ph .~
1
Ar é\ Ph Ph / AI’ H2 Ar ] ,/ ,
Ar Ru— H— Ru Ar _— 2 Ru ?h ,I
S 4 -H, SE ’
OC c c CO OC [} y H R
PR
R !
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OO Aeoyoow, M

Scheme 9 Examples of ligand-metal bifunctional catalysts

These transition-metal catalysts contain electronically coupled hydridic and acidic
hydrogen atoms that are transferred to a polar unsaturated species under mild condi-
tions. The first such catalyst was Shvo’s diruthenium hydride complex reported in the
mid 1980s [41-44]. Noyori and Ikariya developed chiral ruthenium catalysts showing
excellent enantioselectivity in the hydrogenation of ketones [45, 46].

In 2007, Casey showed that 11, which corresponds to the Shvo’s complex
catalyzes hydrogenations of ketones and aldehydes [47]. Reaction of benzaldehyde
in the presence of catalytic amount of 11 under H, (3 atm) afforded the corresponding
benzylalcohol in 90% yield within 1 h (Scheme 10).

1
E TMS
o OH | ( ]:2
)J\ 2 mol% cat. 11 i | OS\H
_ cmofiecat. 17 ™
Ph H 3atmH, Ph H E C“"FE\H
toluene, 25°C 90% ! © (4

E [e) 1

Scheme 10 Hydrogenation of benzaldehyde catalyzed by complex 11

Catalyst 11 showed great tolerance for functional groups like unsaturated carbon—
carbon bonds (alkenyl and alkynyl moieties), halides, electron-withdrawing and
-donating groups, etc. (Table 4).

Although hydrogenation of N-benzylideneaniline in the presence of 11 afforded
the corresponding product (eq. 1 in Scheme 11), the o,B-unsaturated ketone was
converted into a mixture of unsaturated and saturated alcohols in the 42:56 ratio
(eq. 2 in Scheme 11). Several substrates (nitrile derivatives, epoxides, esters,
internal alkynes, and terminal alkenes), which are shown in Fig. 4, are not hydro-
genated in this catalytic system.
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Table 4 Iron complex-catalyzed hydrogenation of ketones

i TMS
j\ 2 mol% cat. 11 oH i OEID%'\;)S\H
_—
R "R? 3 atm H, R TR? | ores
toluene, 25°C ! 0 |
| C
' O 11
Substrate Product Yield?
(6] OH
x/©)\ X
X=pH 83% (99%)
p-Br 91% (99%)
p-l 84% (99%)
p-NO, 89% (99%)
O OH
N N
| X | S 87% (100%)
Z Pz
(0] OH
Ph)J\R Ph R
R =Ph 55% (69%)
CFs 91% (100%)
Cpropyl 46% (50%)
Q o 86% (100%)
Ph)kﬂ/Ph ph/'\_/Ph (mesoldi = 25)
o} OH
O OH
\/\)J\ W 87% (100%)P
(0] OH
R=H 57% (71%)
CH,Ph 84% (87%)

Ysolated yield (NMR conversion in paretheses).
PReaction was performed in diethylether.
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N 2 mol% cat. 11 N 1)
3 atm H,
Ph H toluene, 65°C P H
50%
O 2mol% cat. 11 oH ¢
+ 2
Ph/vj\ 3 atm H, Ph/\)\ Ph/\)\ @
toluene, 25°C 42% 56%

Scheme 11 Hydrogenation of N-benzylideneaniline and o,B-unsaturated ketone catalyzed by
Fig. 4 Unreacted substrates

complex 11
/@)\ /©)‘\OCH3
for hydrogenation catalyzed

by 11 Ph—=——Ph Ph X

From a mechanistic point of view, this hydrogenation reaction might follow
different mechanistic pathways (Scheme 12) [48]. One possibility is that interme-
diate a, which is generated by the transfer of acidic and hydridic hydrogen atoms of
11 to the C=O0 bond in aldehyde, reacts with H, to give dihydrogen complex ¢ and
then to give the corresponding alcohol and 11. The second one is that alcohol
complex b is formed as the initial product and is subsequently converted into a
which reacts with H, to ¢. The subsequent pathway is similar. Finally, it is also
possible that the full dissociation of the alcohol from b affords intermediate a’ and
then the addition of H, to a’ reproduces 11 to complete the catalytic cycle.

™S ™S ™S
~vs Mo o | [ I s
wFeg o = .FeIMs 0 == Fe.IMS H
oC" [ H J oC" | \:\ )\"H oC" | \ /
c Ph=", c H c
(¢} H o Ph o H
™S £ a b e/ H
(SN
oC" [ TH A I ——
§ ™S ™S i ™S
11 O@O\H %O\ E %O
Stvs R0 ! H | '
wFe s Fe TMS | ..Fe TMS
o TH w9 y o OC I NH d H i oC [N
8 H)r OC H WLPh i OC
Ph ! '
[ H i a

Scheme 12 Proposed catalytic cycle for Casey’s hydrogenation
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An iron complex-catalyzed enantioselective hydrogenation was achieved by Morris
and coworkers in 2008 (Scheme 13) [49]. Reaction of acetophenone under moderate
hydrogen pressure at 50°C catalyzed iron complex 12 containing a tetradentate diimi-
nodiphosphine ligand in the presence of ‘BuOK afforded 1-phenylethanol with 40%
conversion and 27% ee.

i ‘ (BF,),
o 4 mol% 12 oH | ~‘
)J\ 15 mol% 'BuOK )\ i _ )I(
Ph 25 atm H, Ph™ * ! o |e\
’PrOH 50 °C 40% , PxP
27% ee (S) ! C Ph, Ph, X = CH,CN: 12

Scheme 13 Morris’asymmetric hydrogenation catalyzed by iron complex 12

In addition, the related complexes 13 and 14 act as catalysts in enantioselective
transfer hydrogenations (Table 5). The reactivity of acetophenone derivatives

Table 5 Enantioselective transfer hydrogenation catalyzed by 13 and 14

i (BPhy)2
0.5 mol% 13 ' :
o 4 mol% BuOK OH E = =
R""R?  proH,22°c  R'*R? ' C§: :@

| th Phy
Substrate Time (h) Conv. (%) ee(S) (%) TOF (mol/h)
Ph-CO-Me? 0.4 95 29 907
Ph-CO-MeP 0.7 33 39 93
Ph-CO-Me 0.4 95 33 454
(2-Cl-CgH,)-CO-Ph 0.2 >99 18 995
(8-Cl-CgH,)-CO-Ph 0.4 99 24 495
(4-Cl-CgHg4)-CO-Ph 0.2 94 26 938
(4-Br-CgH,)-CO-Ph 0.2 93 33 930
(4-Me-CgH,)-CO-Ph 0.6 86 33 279
(4-OMe-CgH4)-CO-Ph 0.5 69 23 260
Ph-CO-Et 3.6 95 61 26
C1oH+CO-Me 0.3 94 25 564
Ph(CH,),-CO-Me 0.6 100 29 315
Ph-CO-Me® 2.6 34 76 28

40.25 mol% of 13 and 2 mol% of ‘BuOK were used
] mol% of ‘BuOK was used
“Reaction catalyzed by 14
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having a ortho-halide-substituted aromatic ring is higher. Interestingly, this
tendency is opposite to that for the ruthenium-catalyzed transfer hydrogenation
reaction reported by Noyori [50]. Catalyst 13 is also efficient for transfer hydro-
genations employing diphenylketone, benzaldehyde, or N-benzylideneaniline but
the ee values were not observed. The best enantioselectivity (76% ee) was achieved
by 14 with acetophenone.

Although details of the mechanism are not clear, it is suggested in analogy to the
ruthenium-catalyzed mechanism [51] that the iron hydride complex having amine
moieties [FCH(CO){ (R,R)-Pth(O-C6H4)CH2NHC6HloNHCHz(O-C6H4)PPh2 }]Jr,
which is generated by hydrogenation of imine linkage on catalyst 13, is the
candidate for a reactive intermediate (Fig. 5).

Fig. 5 Proposed catalytic ®

intermediate
\ I /
/ | \

A slight modification of the ligand structure finally led to an iron complex 15
with both high catalytic activity and enantiodifferentiation in transfer hydrogena-
tions [52]. Complex 15 acts as an effective catalyst for reduction of functionalized
acetophenones containing alkyl groups, cyclic alkanes, chloro- or methoxy-groups
on the aryl ring, and others (Table 6). Although the reaction rate is quite low up to
99%, the ee value is achieved with 2,2-dimethylpropiophenone. The highest TOF is
observed by using 2-aceto-naphtone as substrate. In case of N-benzylideneaniline,
the ee value is not observed.

In 2006, Beller and coworkers demonstrated two Fe-catalyzed transfer hydro-
genations of aromatic and aliphatic ketones in the presence of ‘PrONa as a base
and 'PrOH as hydrogen source (Table 7). One is a biomimetic iron porphyrin
system [53]. The highest TOF (642) was achieved by in situ generation of the
catalyst from Fe3(CO);, and p-Cl-C¢H,-substituted porphyrin ligand L3. The
other catalyst is an iron complex derived from the same iron-source upon com-
bination of terpy and PPhj; as ligands in a 1:1 ratio [54]. Other ratios of terpy and
PPh;, steric hindered phosphine ligands or bidentate phosphine ligands such as
Ph,P(CH,),PPh, (n = 1, 2, 4, and 6), and analogous substituted-terpy were not
effective. In both protocols, the base plays an important role for the catalytic
activity. ‘PrONa and ‘BuONa were efficient, but other inorganic bases, for
instance, LiOH and KOH as well as N-coordinative organic bases such as pyridine
and NEt; showed low activities. In the absence of a base, a transfer hydrogenation
was not observed.
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Table 6 Fe-catalyzed transfer hydrogenation of acetophenone

0.05-0.2 mol%15 ! Ph  Ph (BPhy),
8 eq. of ‘BUOK i . / L N
R "R?  ProH,22oc  R'*R? EP;F‘e"\‘P\
up to 4900 TOF J . 15
Substrate Time (min) Conv. (%) ee (%) TOF (mol/h)
Ph-CO-Me 30 90 82 3600
Ph-CO-Me? 30 75 84 3000
Ph-CO-Me® 30 80 83 3200
Ph-CO-Et 25 90 94 3375
Ph-CO-Bu 200 35 99 53
Ph-CO-(cyclo-C4H>) 40 95 94 1425
Ph-CO-(cyclo-CgH11) 85 76 26 536
Ph(CHy)»-CO-Me 30 98 14 1960
(4-CI-CgH4)-CO-Me 18 96 80 4800
(3-CI-C¢Hy)-CO-Me 13 98 80 4523
(4-MeO-CgH,)-CO-Me 40 65 54 930
(3-MeO-CgH,)-CO-Me 30 80 85 2400
Pr-cO-Me 60 86 50 1280
1-Aceto-naphthone 60 93 92 1380
2-Aceto-naphthone 11 90 84 4900
Ph-CH=N-Ph 240 41 — 100

4BuONa was used as a base.
PKOH was used as a base.

The scope and limitations for transfer hydrogenation employing either the iron
porphyrin system or the combination of iron compound/terpy/PPh; are listed in
Table 8. In most cases, the FeCl,/terpy/PPh; system displays a higher activity.
Except for chloromethyl- and cyclopropyl-acetophenone, the desired products
were obtained in good to excellent yields. It should be noted that a ring opened
product was not observed when cyclopropyl acetophenone was employed. Hence, a
radical-type reduction pathway was excluded and a hydride mechanism appeared to
be reasonable.

In mechanistic studies, monodeuterated alcohols were obtained by using ‘PrOD
(Scheme 14). These results indicate that the intermediate for this transfer hydrogena-
tion was not a dihydride complex but rather a monohydride complex, which was
generally accepted by analogous transition-metal-catalyzed reactions [55-57].
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Table 7 Fe-catalyzed transfer hydrogenation of acetophenone

o} OH
[Fe]cat. /L
PrONa, 'PrOH

100°C, 7 h

[Fe] L Yield(%)2 TOF (mol/h)® Ref.
R

R = Ph: L1 93 27 [53]
Fe3(CO)12 R R  4-pyridyl: L2 94 27 [53]
p-Cl-CgHy: L3 90 26 [53]
R L3 45° 642° [53]
Fe3(CO)12 terpy / PPh3 95 [54]
FeCl, terpy / PPhg 91 [54]

4Yield was determined by GC.
"Turnover frequencies were determined after 7 h.
€0.01 mol% of catalyst, which was the one-fiftieth of other iron porphyrin systems, was used.

Table 8 Fe-catalyzed transfer hydrogenation of various ketones®

O OH

1 mol% Fe cat.

R'” "R? PrOH, PrONa, 100°C,7h R'~ "R®

Fe3(CO)12 Fes(CO)1 2 FeCI2

Product L= L1 L2 terpy / PPhy
Yield (%) Yield (%) Yield (%) Yield (%)

OH X=p-Cl 93 95 >99 97
p-Me 50 68 84 83
[ p-OMe 46 72 63 75
A F 0-OMe  >99 >99 >99 >99
X
OH
R =Cy 26 [71] 89 95 93
R Bu 11[55]P 90 >99 >99
OH R = Et 92 87 81 92
‘propyl 21 22 48 57
Ph R CH,CI <1 <1 5 8
R
| X
R R R=Ph: LI terpy = NONTNYS
4-pyridyl: L2 | _N N

2Yield was determined by GC.
In brackets the results after 24 h reaction time.
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oD OH
Fe4(CO)4o/ terpy / PPhy
PPrONa, PPrOD, 100°C y o D
85% 15%

Scheme 14 Deuterium incorporation into acetophenone catalyzed by [Fes3(CO);,]/terpy/PPhas/
'PrONa/'PrOD system

The above-described reverse reaction (viz. the Fe-catalyzed dehydrogenation of
alcohols to ketones/aldehydes) has been reported by Williams in 2009 (Table 9)
[58]. In this reaction, the bicyclic complex 16 shows a sluggish activity, whereas the
dehydrogenation of 1-(4-methoxyphenyl)ethanol catalyzed by the phenylated com-
plex 17 affords the corresponding ketone in 79% yield when 1 equiv. (relative to 17)
of D,O as an additive was used. For this oxidation reaction, 1-(4-methoxyphenyl)
ethanol is more suitable than 1-phenylethanol and the reaction rate and the yield of
product are higher.

Table 9 Fe-catalyzed dehydrogen conversion of alcohol to ketone

| Tol Ph
OH 0 i MeO,C o P o
[Fe], oxidant ! MeO,C | Ph ]
- | Fe_Tol Fe Ph
solvent | oC"y \C oty \C
R R ! c 7o C (0]
i (o] (6]
16 17
[Fe] R Oxidant Solvent T(°C) Yield%, Time
16 (0.1 equive.) H BQ CeDs 65 1 16 h
17 (0.1 equive.) H BQ CeDg 65 11 17 h
17 (0.1 equive.) H BQ CsDs 65 24 4d
17 (0.1 equive.) OMe - (CD3),CO 54 38 4d
17 (0.2 equive.)’  OMe - (CDg),CO 80 52 4d
17 (0.5equive.)’ OMe - (CD3),CO 80 79 2d

4Yield was determined by NMR spectroscopy. BQ = benzoquinone.
PExperiments were run with 1 equiv. of D,O.

The proposed catalytic cycle for the dehydrogenation of alcohols to ketones is
shown in Scheme 15. The initial reaction of 17 with H,O affords the hydride
complex a and CO,. Dehydrogenation of a by acetone gives the active species b
and 2-propanol. The subsequent reaction of b with the alcohol yields the
corresponding ketone and regenerates a to complete the catalytic cycle.
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acetone 2-propanol
A
Ph Ph Ph
Ph 0 H,0 Ph OH Ph o
Ph T Ph= Ph I
Ph .Fe_Ph .Fe_Ph
oo o TN g o
C H
§,0 © 8 §
17 a >—< b
o HO

Scheme 15 Proposed catalytic cycle for dehydrogenation of alcohols to ketones

3 Hydrometalation

3.1 Hydrosilylation

Organosilicon compounds are widely used in our daily life as oil, grease, rubbers,
cosmetics, medicinal chemicals, etc. However, these compounds are not naturally
occurring substances but artificially produced ones (for reviews of organosilicon
chemistry, see [59-64]). Hydrosilylation reactions catalyzed by a transition-metal
catalyst are one of the most powerful tools for the synthesis of organosilicon
compounds. Reaction of an unsaturated C—C bond such as alkynes or alkenes
with hydrosilane affords a vinyl- or alkylsilane, respectively (Scheme 16).

Scheme 16 Hydrosilylation cat. R,Si
of C—C-multiple bonds H——=R ——— oo
HSIR3 R

Employing ketones or aldehydes as starting materials, the corresponding
silylethers are obtained. Thereafter, the oxidation or hydrolysis of the obtained
silylethers gives the corresponding alcohols (Scheme 17). In most cases, a hydride
(silyl) metal complex H-M-Si (M = transition-metal), which is generated by an
oxidative addition of H-Si bond to the low-valent metal center, is a key intermedi-
ate in the hydrosilylation reaction.

o} OSiR, OH
)J\ cat. )\ Oxidation
e B —
R1 R2 HS|F{3 R1 R2 R1 R2

Scheme 17 Hydrosilylation of carbonyl groups
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Bis(imino)pyridine iron complex 5 acts as a catalyst not only for hydrogenation
(see 2.1) but also for hydrosilylation of multiple bonds [27]. The results are
summarized in Table 10. The reaction rate for hydrosilylations is slower than that
for the corresponding hydrogenation; however, the trend of reaction rates is similar
in each reaction. In case of trans-2-hexene, the terminal addition product hexyl
(phenyl)silane was obtained predominantly. This result clearly shows that an
isomerization reaction takes place and the subsequent hydrosilylation reaction
delivers the corresponding product. Reaction of 1-hexene with H,SiPh, also pro-
duced the hydrosilylated product in this system (eq. 1 in Scheme 18). However, the
reaction rate for H,SiPh, was slower than that for H;SiPh. In addition, reaction of
diphenylacetylene as an alkyne with phenylsilane afforded the monoaddition prod-
uct due to steric repulsion (eq. 2 in Scheme 18).

Table 10 Olefine hydrosilylation catalyzed by 5§

| X
1
PhH,Si | R = R ,
_ cat. 50r 10 \ | l}l Ar = 2,6-Pry-CgHg
. 1
R HSiPh R | AV Fer Nsar R=H:5Ph: 10
pentane 1 | N
N, 2
TOF(mol/h)
Substrate Product 5 10
NN PhHaSi _~_ ~_~ 364 [27]’ 330 [311 930 [31]
Ph /_/Ph
A 242 [27]
PhH,Si
/\/\/ PhHgSI\/\/\/ o_oga[27]
SiHoPh
O O™ wmen e

Ph

Ph /_< 271
104
/\ PhH,Si 0
M PhHZSiWWSiHSPh 20 [27)

2 2
SiH,Ph

425% of the internal hydrosilylation product was also obtained.
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Scheme 18 Fe-catalyzed cat. 5 Ph.HSI
hydrosilylation of alkynes NN H.Si 2SNy (1)
>SiPhy 5
and alkenes
SiH,Ph
t.
Ph—=—=—Ph cat. 5 — @)

HsSiPh  Ph  Ph

Stoichiometric reaction of 5§ with phenylsilane produced the iron(0) bis(silane)
o-complex 18, which was confirmed by the single-crystal X-ray analysis as
well as SQUID (Superconducting QUantum Interference Device) magnetometry
(Scheme 19). Complex 18 as a precatalyst showed high activity for the hydrosilylation
of 1-hexene.

Scheme 19 Ligand | ~ | ~
exchange in hydrosilylations pZ pZ
N 2 PhSiH, N
— o N —N
Ar/N\Fle N\AI’ _2 N2 AI’/ \Fe\ \ r
N, | >siHoPh
2 PhH,Si—H
5 18

The hydrosilylation of various ketones catalyzed by a combination of Fe(OAc),
with a N-coordinated ligand was reported by Nishiyama and Furuta in 2007 [65].
In this reaction, the catalytic activity was dependant on the N-coordinated ligands
employed (Scheme 20). The ligands on the left side of the dashed line were
effective, whereas those on the right side led to no or low catalytic activity.

5mol% Fe(OAc),
N-coordinated ligand
2 eq. (EtO),MeSiH

R "R?  THF,65°C,24h R” R o+ R

OSiR, OH

)\Rz 48-94%

! X
R R | A i — | P
N\ N PNy b MeN Nme [T NS
WY ST A T e e
R=H bipy pybox-am i
Bu bipy-th |
py ~ |
1
NS CUR N o et
MeN  NMe, T N 5 A Bt
imeda Ar” bimpy N\Ar i Me,N  NMe, Ar = 4-MeOPh

Scheme 20 Hydrosilylation of ketones catalyzed by Fe(OAc), with the N-coordinated ligand
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The Fe(OAc),/tmeda system showed good activity and chemoselectivity. The
bromide and ester groups on the aryl ring of acetophenone were not reduced.
Intriguingly, the catalytic activity was improved by using sodium thiophene-2-
carboxylate (STC) instead of the N-ligand as a ligand for Fe(OAc), [66]. With
the Fe(OAc),/STC system, it was possible to use polymethylhydrosiloxane
(PMHS) as well as (EtO),MeSiH as a silyl source. However, in the presence of
other iron sources such as FeClz and Fe(acac), with STC no hydrosilylation was not
observed. In both systems, benzalacetone was reduced to the corresponding alcohol
in good to excellent yields with a small amount of 1,4-reduction product. To check
the scope of the catalytic reaction of the Fe(OAc),/STC system, both transfer
hydrogenation and hydrogenation reactions (see 3.2.2) were examined but the
system was not very effective.

In 2007, the first asymmetric hydrosilylation was observed when a combination
of Fe(OAc), with the chiral ligand such as a pybox-bn (L1), bopa-ip (L2), and
bopa-tb (L3) was used [65]. The results are summarized in Table 11. The best ee
value (79% (R)) was attained by the combination of Fe(OAc), with L3.

Table 11 The Fe-catalyzed enantioselective hydrosilylation of ketones

5 mol% Fe(OAc)2
7 mol% Ligand

O 2 eq. (EtO),MeSiH OSiR, j’\“
1 2 o 17 R2 17 R2
R R THF, 65°C R Hot R
Product Ligand Yield(%) ee(%)

L1 93 37 (R)

OH
/©/\ L2 82 57 (R)
Bh L3 82 79 (R)

OH

OH
©/\nC5H11 L3 39 59 (R)

Y(ﬁ\/

0 A_0O ,

l/\l N I\} H =Pr: L2 bopa-ip
L1 ’

R
oN N O 'Bu: L3 bopa-tb
/

Bn Bn L
pybox-bn o R\\
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Beller and coworkers reported hydrosilylation reactions of organic carbonyl
compounds such as ketones and aldehydes catalyzed by Fe(OAc), with phosphorus
ligands (Scheme 21). In case of aldehydes as starting materials, the Fe(OAc),/PCy;
with polymethylhydrosiloxane (PMHS) as an H-Si compound produced the
corresponding primary alcohols in good to excellent yields under mild conditions
[67]. Use of other phosphorus ligands, for instance, PPhs, bis(diphenylphosphino)
methane (dppm), and bis(diphenylphosphino)ethane (dppe) decreased the catalytic
activity. It should be noted that trams-cinnamaldehyde was converted into the
desired alcohol exclusively and 1,4-reduction products were not observed.

5 mol% Fe(OAc),

10 mol% L H
j\ H-Si compound Oxidation 0
R R? THF, 65°C R R®

L = PCy,, R = aryl, heteroaryl, alkyl, R? = H: 72-99%
PCy,, R' = Ph, R? = Me: 82%

5 R'=aryl
L= ©: y R2 = alkyl, aryl
P
"
48-99% ee
(S,S)-Me-Duphos

Scheme 21 Hydrosilylation catalyzed by an Fe complex with phosphorus ligands

An iron complex-catalyzed asymmetric hydrosilylation of ketones was achieved
by using chiral phosphorus ligands [68]. Among various ligands, the best enantios-
electivities (up to 99% ee) were obtained using a combination of Fe(OAc),/(S,S)-Me-
Duphos in THF. This hydrosilylation works smoothly in other solvents (diethylether,
n-hexane, dichloromethane, and toluene), but other iron sources are not effective.
Surprisingly, this Fe catalyst (45% ee) was more efficient in the asymmetric hydro-
silylation of cyclohexylmethylketone, a substrate that proved to be problematic in
hydrosilylations using Ru [69] or Ti [70] catalysts (43 and 23% ee, respectively).

Both Fe-catalyzed systems are compatible with functionalized organic carbonyl
compounds such as halides, sterically bulky groups and electron-withdrawing or
-donating groups on the aryl ring, or alkyl and heteroaryl groups for aldehydes.
A screening of H-Si compounds showed that PMHS and (EtO),MeSiH were
suitable for both reactions.

In 2008, Gade and coworkers reported that the asymmetric hydrosilylation of
ketones was catalyzed by the Fe complex with a highly modular class of pincer-type
ligand (Scheme 22) [71]. This Fe catalyst system showed both moderate to good
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enantioselectivities and yields at slightly elevated temperature. Although the yield
of product increased when the reaction was carried out at 65°C, the enantiomeric
excess of that decreased. By using sterically bulky dialkyl ketones such as ada-
mantylmethylketon and #-butylmethylketone, both yield and enantiomeric excess of
products decreased.

Fe cat.

1
1
. ! Ph N
2eq. (EtO),MeSiH : N N
j\ THF, 40°C, 40 h oH ;P C
N Fe(OAc)
1 2 17> g2 i
R” TR K,COg, MeOH R | ph \ \_\/
R = aryl, alkyl: R2= alkyl 51-83%, 56-86% ee (S) | Ph N IN\ :
=

Scheme 22 Asymmetric hydrosilylation catalyzed by the Fe complex with the pincer-type ligand

Interestingly, the activity of the corresponding cobalt catalyst possessing a
pincer-type ligand is higher than that of the iron complex. In addition, the cobalt
complex also acts as a catalyst in asymmetric intermolecular cyclopropanations.

Hydrosilylations of aldehydes and ketones with Ph,SiH, catalyzed by a bis(imino)
pyridine iron complex were also achieved by Chirik and coworkers (Scheme 23) [72].
The catalytic activity of 19 is much higher than that of 20 except using 2-hexanone and
5-hexen-2-one as a ketone. The reaction rate increases with electron-withdrawing
groups in the para position on the phenyl ring (the order of activity: CF; > H >
OMe > ‘Bu > NMe,). This tendency is similar to that observed for the
corresponding hydrogenations, which was reported by Morris (see 2.2) [49].

1
Fe cat. | | X
2 Ph,SiH, i
Q 23°C, 3 h j\” i N7
- . ! |
R R®  NaOH or H R’ R? E R N\Fe\/N “R
: | CH,SiMe,
R' = aryl, alkyl; R?= H, Me CH,SiMe,
54-99% for 0.1 mol% of 19 R=Cy: 19

21-99% for 1 mol% of 20 2,6-iPr2-CGH3: 20

Scheme 23 Hydrosilylation catalyzed by a bis(imimo)pyridine iron complex

The comparison of a bis(imino)pyridine iron complex and a pyridine bis
(oxazoline) iron complex in hydrosilylation reactions is shown in Scheme 24 [73].
Both iron complexes showed efficient activity at 23°C and low to modest
enantioselectivites. However, the steric hindered acetophenone derivatives such as
2/ 4’ 6'-trimethylacetophenone and 4'-tert-butyl-2’,6'-dimethylacetophenone reacted
sluggishly. The yields and enantioselectivities increased slightly when a combina-
tion of iron catalyst and B(C¢Fs); as an additive was used.
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Fe cat.
2 eq. PhSiH;
j\ Et,0, 23°C, 1 h OH
R! Me NaOH R * "Me
R'= aryl, alkyl
0.3 mol% B
o A0 R2=Pr  58-99%, 5-49% ee
N 1
| J Bu  60-99%, 3-50% ee
N | N/
) Fe - Ind  84-99%, 1-33% ee
R | or,siMe, Bz  46-99%, 6-32% ee
CH,SiMe, Bu 25-99%, 4-22% ee
1 mol% “,
o) o) R3=Pr:E=Si 95-99%, 1-21% ee
S/N N j C  89-99%, 0-26% ee
me P ‘Bu:E=Si  86-99%, 0-15% ee
Me3EHZC\ CH,EMe, Ph:E=C  94-99%, 4-18% ee

Scheme 24 The comparison of a bis(imino)pyridine iron complex and a pyridine bis(oxazoline)
iron complex for hydrosilylation of ketones

3.2 Hydroboration

Allylboranes are widely used in organic synthesis (for recent examples, see [74—82])
and have been prepared mainly by using Grignard and organolithium reagents.
However, these conventional methods present shortcomings such as inapplicability
for compounds with an electrophilic functional group [75]. Although transition-
metal-catalyzed hydroborations of olefins is well-established (for reviews of transi-
tion-metal-catalyzed hydroboration, see [83, 84]), examples for hydroborations of
dienes are comparably rare. Hence, the Pd(0)-catalyzed hydroboration reaction of
unfunctionalized 1,3-dienes with catecholborane affords branched (Z)-allylic bor-
onates as aresult of a 1,4-addition (eq. 1 in Scheme 25) [85], while Rh(I)- [86] and Ni
(Il)-catalyzed [87] hydroboration reactions afford 1,2-addition products mainly
(eq. 2 in Scheme 25).

R py(0) cat. /=<q_ )
7 \,\ HBCat BCat
Ni(l) cat.
Scheme 25 Transition metal or Rh(l) cat.
catalyzed hydroboration of SN ——— S gear @

1,3-dienes HBCat
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In 2009, Ritter and coworkers reported a selective Fe-catalyzed hydroboration of
1,3-dienes to produce linear (E)-y-disubstituted allylboranes under mild conditions
when a combination of L1-FeCl, and magnesium metal as a catalyst was used. The
branched (E)-allylboranes were obtained by using L2-FeCl, instead of L1-FeCl,
(Scheme 26) [88]. For the synthesis of 2-borylallylsilanes, this method was superior
to the previously reported silaboration of allenes [89].

1
1
4mo|%|.°1-FeCI2 H LN o A
10 mol% Mg P ! N N—<
PinB R i Ar
i

/ Et,0, 23°C, 3 h L1
0 linear Ar = 3,5-dimethylphenyl

/
| 1.2eq. H-B
w\h RIS
.
7N
ety
L2 i

R © H
U

: 5 mol% L2-FeCl
HBPin 2
10 mol% Mg
— PinBﬂ)
Et,0, 23°C, 3 h R

branched

Scheme 26 1,4-Hydroboration of 1,3-diene derivatives with pinacolborane catalyzed by an iron
complex

For a mechanistic investigation, hydroboration of myrcene with pinacolborane-
d; was examined. A selective deuteration was observed at the methyl group of the
hydroboration product (Scheme 27).

4 mol% L1-FeCl, D

M 1.5e D_B/O omor M
* e BTRS PinB

Et,0, 23°C, 3 h
myrcene

Scheme 27 Selected deuteration in hydroboration of myrcene catalyzed by FeCl, with L1

The proposed mechanism for Fe-catalyzed 1,4-hydroboration is shown in
Scheme 28. The FeCl, is initially reduced by magnesium and then the 1,3-diene
coordinates to the iron center (I — II). The oxidative addition of the B—D bond of
pinacolborane-d; to II yields the iron hydride complex III. This species III under-
goes a migratory insertion of the coordinated 1,3-diene into either the Fe—B bond to
produce m-allyl hydride complex IV or the Fe-D bond to produce m-allyl boryl
complex V. The n—c rearrangement takes place (IV — VI, V — VII). Subse-
quently, reductive elimination to give the C—D bond from VI or to give the C-B
bond from VII yields the deuterated hydroboration product and reinstalls an
intermediate II to complete the catalytic cycle. However, up to date it has not
been possible to confirm which pathway is correct.
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/‘\
PinB—Fé \—>\R
/{ > \
N R N
RN NR' RN NR / RN NR
\ M F D
—, Il
/ \ \/ KV PlnB
ci CI \_( \_< P|nB R -
N\ 7 Ar
Ar
/ Ar = 3,5-dimethylphenyl
D N N
RN NR' RN NR'
Ping” >R i 4 D
or
PinB” _\Z(_

\\_/( PinB/D\)\R | R

R Vi vil

Scheme 28 Proposed mechanism for 1,4-hydroboration

4 Organic Synthesis

4.1 C-C and C-E Bond Formation

C—C and C-E (E = heteroatom) bond formations are valuable reactions in organic
synthesis, thus these reactions have been achieved to date by considerable efforts of
a large number of chemists using a precious-metal catalysts (e.g., Ru, Rh, and Pd).
Recently, the application range of iron catalysts as an alternative for rare and
expensive transition-metal catalysts has been rapidly expanded (for recent selected
examples, see [12-20, 90-103]). In these reactions, a Fe—H species might act as a
reactive key intermediate but also represent a deactivated species, which is
prepared by B-H elimination.

Iron-catalyzed cross-coupling reaction of aryl Grignard reagents with alkyl
halides possessing B-hydrogens was achieved by Hayashi and Nagano in 2004
(eq. 1 in Scheme 29) [104]. Although alkyl Grignard reagents with aryl and alkyl
halides do not fit in this reaction, the combination of secondary alkyl halides as well
as primary ones with aryl Grignard reagents are adaptable. In 2006, Ready and
Zhang reported that the carbometalation-cross coupling of propargylic and homo-
propargylic alcohols affords tri- and tetrasubstituted olefins with high regio- and
stereo-selectivity catalyzed by Fe(IIl) complexes such as Fe(acac); and Fe(ehx);
(ehx = 2-ethylhexanoate) (eq. 2 in Scheme 29) [105]. While Cu(I) salts show a low
activity (<5% conversion) [106, 107], Co(OAc), and Ni(acac), catalysts afford the
corresponding products in moderate yields.
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Fe(acac); cat.
RX + ArMgBr > R—Ar (1)
Et,0, reflux, 0.5 h
HO H OH
R2 Fe(lll) cat. R3
RE— + RdMger —————> Z X R? @)
— n ot

Scheme 29 Iron-catalyzed cross coupling reaction of aryl Grignard reagents with alkyl halides

The initially formed tetra-alkylferrate(II) represents the reactive intermediate in
both reactions that undergoes a carboferration of the triple bond in eq. 2, Scheme 29.
Transmetallation from Fe to Mg yields a vinyl-magnesium species, which liberates
the desired olefin upon hydrolysis within the acidic work-up procedure. In the
above two reactions, a competing f-hydride elimination from the ferrate yields
the unreactive Fe—H species and hence is considered to be the deactivation step in
the catalytic cycle.

In 2009, Ritter and coworkers reported a stereo- and regio-selective 1,4-addition
of o-olefins to 1,3-dienes catalyzed by the mixture of FeCl,, the iminopyridine
ligand (L1 or L2), in the presence of magnesium metal (Scheme 30) [108]. This
combination is also adaptable to the 1,4-hydroboration of 1,3-dienes (see 3.2).

R' = aryl, benzyl 51-94%
R? = Me, H; R® = Me, alkyl

2 mol% FeCl, ! )\ Ph
2 mol% L1 or L2 : \( N—(
4 mol% M i Me
R \)LRS g R1/\/\)\R3 i L1
g2 Et,0 (1 M) /=
5 Ph

Scheme 30 Fe-catalyzed 1,4-addition of a-olefins to 1,3-dienes

In contrast to the hydroboration protocol, this reaction affords the linear 1,4-
diene addition products in either case as the sole product using both L1 or L2 as a
ligand. The system possesses a good degree of functional group tolerance for the
functionalized styrenes with electron-withdrawing or -donating groups such as
halides, ethers, and esters on the aryl ring.

The proposed catalytic cycle is shown in Scheme 31. Hence, FeCl, is reduced by
magnesium and subsequently coordinates both to the 1,3-diene and a-olefin (I — III).
The oxidative coupling of the coordinated 1,3-diene and o-olefin yields the allyl alkyl
iron(Il) complex I'V. Subsequently, the n—c rearrangement takes place IV — V). The
syn-B-hydride elimination (Hz) gives the hydride complex VI from which the C-Hz
bond in the 1,4-addition product is formed via reductive elimination with regeneration
of the active species II to complete the catalytic cycle. Deuteration experiments support
this mechanistic scenario (Scheme 32).
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Ph. RN /NR'
|[Fe
HE N\ Y X e
X NR
Ph/\/ \_< phiM
Hz n Hza oY)
HE“\
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\_/ Mg \ / RN NR'
/Fe — \Fe\/ l
cl ¢l \ 7 \’\_/< _ I

TN Ph
[ [ RN NR NSV N
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Ph/\/\)\ RN\F/NR H VHE
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Scheme 31 Fe-catalyzed 1,4-addition of a-olefins to 1,3-dienes

D
D 5 mol% L1+FeCl
Ph™ S + \J\ 2 /Y\/)/\ 1
Ph™X (1)
/\D/ X 15 mol% Mg, Et,O !
D 5 mol% L1<FeCl
Ph™ > \J\ 2 /Y\)\ 2
/\H/ 15 mol% Mg, Et,0 Ph

Scheme 32 Deuteration experiment for 1,4-addition of a-olefins to diene catalyzed by an
iminopyridine-ferrous chloride complex

Iron-catalyzed C(sp”)-C(sp°) bond-forming cross-coupling reactions of alcohols
with alkenes has been reported by Tu and coworkers in 2009 [109]. Reactions of
primary alcohols with various alkenes in the presence of a catalytic amount of
FeCl; in 1,2-dichloroethane afford the desired secondary alcohols as the cross-
coupling products in moderate to good yields (Scheme 33). Iron sources such as

3
S\H R® XOH FeCl, (0.15 eq.) OH R
BN Feosotse) 1T

RZ R® DCE, 65°C R! b R2

R' = alkyl 48-93%
R? = aryl; R® = H, Me, aryl

Scheme 33 Fe-catalyzed primary alcohols with various alkenes
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FeCl,, Fe(acac);, and Fe(ClO,); instead of FeCls, however, showed low activity.
Tertiary alcohols, such as 3-phenylpropanol or cyclohexylmethanol instead of
alkenes, are also adaptable to this reaction.

Based upon deuterium-labeling experiments, the following catalytic cycle was
proposed (Scheme 34). The Fe(Ill) center coordinates to the olefin and interacts
with the C(sp®)-H bond adjacent to the oxygen atom of the alcohol to form
intermediate a. Cleavage of the C(sp*)-H bond gives radical pair b. Subsequently,
both free-radical addition and dissociation afford a free-radical and a Fe(IV)-H
species. The hydrogen transfer from the hydride complex to ¢ gives the desired
product and regenerates the [Fe]™ catalyst for the next catalytic cycle.

OH RS R1\<H t
R1J\H + )\Rz H::I; OH
[FelR®
:< .
a R
[Fe]lll OH E H_[F:e]IVR3
<R“*He —
| b R2

OH RS /
377
R1 R
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Scheme 34 Proposed catalytic cycle for the C—C bond formation

Beller and coworkers found in 2009 that alkynes react with amines under the CO
pressure (20 bar) in the presence of catalytic amounts of [Fe;(CO),,] to the
corresponding succinimide in moderate to excellent yields (Scheme 35) [110].
Various terminal and internal alkynes and ammonia or primary amines are adapt-
able for this transformation. Furthermore, [Fe(CO)s] as an iron source showed high
activity. The catalytic activity, however, decreased considerably when a phosphine
ligand such as PPh; and ('Bu),P("Bu) was employed.

O
Fe cat. R
R—R' NR"
NH,R", CO R
Scheme 35 Synthesis of o)
succinimides catalyzed by an R, R'=alkyl, aryl, H
iron complex R"=H, alkyl 48-98% yield

The proposed reaction mechanism, which is assisted by Periasamy’s stoichiomet-
ric reaction [111-118], is shown in Scheme 36. Initially, the reaction of [Fe;(CO);,]
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with an amine gives both an “amine-[Fe(CO),4]” and an [Fe,(CO)g] species. Subse-
quently, [Fe>(CO)g] reacts with alkynes under CO pressure to yield complexes a or b.
The corresponding cyclic imides are obtained by the reaction of a or b with an excess
amount of amine and CO via intermediates c—d. Although some mechanistic details
are unapparent, hydride complex d and dihydrogen complex e are considered to be

key intermediates.

O
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Scheme 36 Reaction mechanism of the formation of succinimides catalyzed by iron complexes

In 2009, Chirik reported a hydrogen-mediated reductive enyne cyclization
catalyzed by the bis(imino)pyridine iron complex 5 (Scheme 37) [119]. In the

R%\

5 mol% 5

E 4 atm H,
/ CgHe, 23°C
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E —_—

E = N'Bu, NTs, NBn, NPh, NCH,CgMes, O, C(CO,Et),

R =H, Me, SiMe,

57-95%

Scheme 37 Synthesis of succinimides catalyzed by an iron complex

»
N, N2
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presence of the Fe catalyst under hydrogen pressure, various 1,6-enynes are readily
converted into the corresponding cyclic products. The unsaturated moiety on the
product is subsequently hydrogenated to give the desired products such as pyrro-
lidine, tetrahydrofuran, and cyclopentane derivatives (see also 3.2.1) [120].

The catalytic cycle, which is supported by stoichiometric and labeling experi-
ments, is shown in Scheme 38. Loss of 2 equiv. of N, from § affords the active
species a. Reaction of a with the 1,6-enyne gives the metallacycle complex b.
Subsequently, b reacts with H, to give the alkenyl hydride complex ¢ or the alkyl
hydride complex d. Finally, reductive elimination constructs the C—H bond in the
cyclization product and regenerates intermediate a to complete the catalytic cycle.

N\Fe/N N\Fe/N N\FG/N
AN ﬁ ) R
gjﬁ \/ b

Scheme 38 Catalytic cycle for the hydrogen-mediated enyne cyclization

In addition, (Z,2)-3,4-diethylene-substituted pyrrolidines and cyclopentane are
obtained when 2,7-diynes were used as a starting material in Scheme 39.

— \ 5 mol% 5
_—

E E 17
— 4 atm H, (17)
_ 23°C,3h
E = NTs, NBn, NPh, C(CO,Et), 58-97%

Scheme 39 Reductive cyclization of diynes
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As an alternative method for the C—C bond formation, oligomerization and
polymerization reactions of olefins catalyzed by a bis(imino)pyridine iron complex
are also well known (Scheme 40) [121-124].

E Fe cat. | A
Fe cat. i R’ Pz R’
—\ ——> oligomer, polymer | N
R additive ! N |
! N—Fe—N
: RS SN R
Cl Cl

Scheme 40 Olefin polymerization catalyzed by a bis(imino)pyridine iron complex

The corresponding iron-catalyzed oligomerization of ethylene was developed by
Gibson and coworkers [125]. A combination of an iron precatalyst with MAO
(methyl aluminoxane) yields a catalyst that affords ethylene oligomers (>99%
linear a-olefin mixtures). The activity of ketimine iron complexes (Rl = Me) is
higher than that of the aldimine analogs (R' = H) and also the o-value of the
oligomer is better (Scheme 41).

B R
~
— /1,21ns. Fe%
R R
N
7 1,2-ins. Fe N N\
Fe~H = 2,1- Y\/\ =
— -ins. =
AN Fe /= k|net|cally favoured reaction polymer
2,1-ins. R—> Fe R
2,1-ins. E‘/Y .

Scheme 41 The proposed mechanism of olefin polymerization

A head-to-head dimerization of a-olefin catalyzed by a bis(imino)pyridine iron
complex has been reported by Small and Marcucci [126]. This reaction delivers
linear internal olefins (up to 80% linearity) from o-olefins. The linearity of pro-
ducts, however, depends on the catalyst structure and the reaction conditions.

Fink and Babik reported that propylene polymerization was achieved by a bis
(imino)pyridine iron complex with Ph3C[B(C¢Fs)]4] and trialkylaluminium as addi-
tives [127]. Both 3-methyl-"butyl and "butyl endgroups were observed by '*C NMR
spectrum when triisobutylaluminium as an activator was used, whereas the only
"propyl endgroup was formed in case of triethylaluminium activation. In addition,
this polymerization proceeds two times faster with than without a hydrogen atmo-
sphere, but the M|, value decreases and the M/M,, value rises up.

The reaction mechanism is investigated by using DFT calculations [128, 129] indicat-
ing formation of a Fe—H species to be an important step. In case of 1-butene, the synthesis
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of linear octenes (i.e., 1,2- and the successive 2,1-insertions of 1-butene) is kinetically
favored rather than that of branched products (Scheme 41). Dimers are obtained via a
competitive reaction of B-hydrogen elimination and B-hydrogen transfer termination.
Further insertion reaction into the Fe—C bond affords higher oligomers and polymers.
The direct reductive amination (DRA) is a useful method for the synthesis of
amino derivatives from carbonyl compounds, amines, and H,. Precious-metal (Ru
[130-132], Rh [133-137], Ir [138-142], Pd [143]) catalyzed reactions are well
known to date. The first Fe-catalyzed DRA reaction was reported by Bhanage and
coworkers in 2008 (Scheme 42) [144]. Although the reaction conditions are not mild
(high temperature, moderate H, pressure), the hydrogenation of imines and/or enam-
ines, which are generated by reaction of organic carbonyl compounds with amines,
produces various substituted aryl and/or alkyl amines. A dihydrogen or dihydride iron
complex was proposed as a reactive intermediate within the catalytic cycle.

1 mol% FeSO,-7H,0

0 H 5mol% EDTA-Na,  Ro~g-R
+ N
R‘J\R2 R "R* ca. 27 atm H, R1J\R2
) H,0, 150°C
R = alkyl, aryl R3=H, Pr 21-90% yield

R2=H, Me, Et  R*=alkyl, aryl

Scheme 42 Direct reductive amination of organic carbonyl compounds

4.2 Others

The dehydration of primary amides with hydrosilane catalyzed by iron carbonyl
clusters, such as [Et;NH][HFe3(CO);,] and Fe,(CO)o, was achieved by Beller and
coworkers in 2009 (Scheme 43) [145]. This reaction shows good functional group
tolerance (e.g., such as aromatic, heteroaromatic, and aliphatic substrates).

A mechanistic proposal, which is based on the ruthenium-catalyzed dehydration
reaction reported by Nagashima and coworkers [146], is shown in Scheme 44.
Reaction of a primary amine with hydrosilane in the presence of the iron catalyst
affords the bis(silyl)amine a and 2 equiv. of H,. Subsequently, the isomerization of
a gives the N,0-bis(silyl)imidate b and then elimination of the disiloxane from b
produces the corresponding nitrile. Although the disiloxane and its monohydrolysis
product were observed by '*C and *°Si NMR spectroscopy and by GC-Mass-
analysis, intermediates a and b were not detected.

2-5 mol%
i [EtsNH][HFe5(CO) 1]
Scheme 43 Fe-catalyzed R* NH (EtO),MeSiH, 100°C

dehydration of amides to 52-99%
nitriles R = aryl, heteroaryl, benzyl, alkenyl, adamantyl

R-CN
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Scheme 44 Plausible pathway of Fe-catalyzed dehydration of primary amides to nitriles

In 2009, Beller (Scheme 45) [147] and Nagashima (Scheme 46) [148] indepen-
dently reported an iron-catalyzed hydrosilane reduction of carboxamides to amines.
Although inexpensive PMHS and TMDS as an H-Si source are usable, the yield of
product considerably decreased when hydrosilane containing only one H-Si moiety
or iron sources such as Fe(acac), and FeX, (X = F, Cl) was used. In both thermal
and photoassisted conditions, almost the same reactivities were observed upon
using a combination of Fe catalyst with TMDS (Scheme 46).

o} 2-10 mol%

2 2
Al R [Fes(COel iy R
Scheme 45 Fe-catalyzed I 3 PMHS, 100°C, 24 h |3 o
. . R R 50-98%
deduction of amides to
amines R = aryl, heteroaryl, alkyl: R?, R3 = aryl, alkyl, heterocyclic
0 100°C, 24 h
JJ\ R2 Fe cat. o _R? Fe cat. A hv
R’ N (10 mlo/s Fe) R’ N Fe(CO)s 66-98%  69-94%
R? R3 Fey(CO);, 82-96%  68-95%

hv

R = aryl, alkyl: R?, R® = alkyl, heterocyclic

Scheme 46 Fe-catalyzed reduction of amides to amines under either thermal or photoassisted
conditions

A catalytic mechanism, which is supported by deuterium-labeling experiments
in the corresponding Ru-catalyzed procedure [146], is shown in Scheme 47.
Accordingly, the reactive Fe-hydride species is formed in situ by the reaction of
the iron precatalyst with hydrosilane. Hydrosilylation of the carboxyl group affords
the O-silyl-N,O-acetal a, which is converted into the iminium intermediate b.
Reduction of b by a second Fe-hydride species finally generates the corresponding
amine and disiloxane.
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Scheme 47 Fe-catalyzed hydrosilane reduction of amides to amines

Oriyama and coworkers reported an iron-catalyzed reductive etherification of
carbonyl compounds with triethylsilane and alkoxytrialkylsilane [149, 150] and
alcohols (Scheme 48) [151].

O OR
cat. FeCl
+ ROSi 43’ )\
=1 R2 (ROH) Et;SiH R! R?
Scheme 48 Iron-catalyzed 1 > up to 100%
reductive etherification of R’ =aryl, alkyl, R"=H, alkyl P

. : - :
carbonyl compounds Si = Me3Si, Et3Si, ‘BuMe,Si

Although some methods for reductive etherifications of carbonyl compounds
have been reported [152—-162], the iron-catalyzed version possesses several advan-
tages: (1) fairly short reaction times are needed, (2) not only trimethylsilyl ether but
also triethylsilyl and ‘butyldimethylsilyl ethers and alcohols are adaptable, and (3) a
broad substrate scope.

Our groups developed a catalytic C—CN bond cleavage of organonitriles cata-
lyzed by the Fe complex (Scheme 49) [163, 164]. In this reaction, an organonitrile
R-CN and Et3SiH are converted into Et3SiCN as a result of the C—CN bond
cleavage and the Si—CN bond formation, and the R—H product. This is the first
example of the catalytic C—CN bond cleavage of acetonitrile.

CpFe(CO),Me cat.
Et,SH + R—CN - Et,SiCN + R—H
v

R = alkyl, aryl

Scheme 49 Iron-catalyzed decyanation of nitriles
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Supported by DFT calculation [165], we proposed the mechanism shown in
Scheme 50 for the reaction with acetonitrile. Thus, one CO ligand in CpFe(CO),Me
is released via photolysis to give the 16-electron species a CpFe(CO)Me. In the
presence of Et3SiH, the hydride complex CpFe(CO)Me(H)(SiEts) is formed. Sub-
sequently, reductive elimination to give CH, yields the important intermediate b
CpFe(CO)(SiEt3), which reacts with R—-CN to give CpFe(CO)(SiEt3)(n2—NCR).
This nitrile complex is then converted into CpFe(CO)(Me)(nI—CNSiEt3). Finally,
dissociation of Et3;SiNC regenerates a to complete the catalytic cycle. The released
Et3SiNC isomerizes to Et3SiCN. In addition to the reaction of b with MeCN, b
reacts also with Et3SiH to give the bis(silyl)hydride complex, which is isolable.

= =
~Fe~gjgt, —» Fe
oC N SiEty VAN
MeH (CH,) Et,SiH H SiEt, C H
= = °
; —F€~SiEt C~Fe~giet
EtSSn-i% oCH/ I\Vle 3 o) b iEty ‘\\M\eCN
| h |
Vv
—Fewy, . —> —Fe~ F ~
oC Ze Me _co OC Fe Me oC /s SiEty
(6]
>\ = A =4 /
Et,SICN < Et,SiNC /Fe\ -— Fe
3 3 | Ca OC/\>N\
Me N ?/ SiEt,
SiEt, Me

Scheme 50 Fe-catalyzed the C—CN bond cleavage of acetonitrile

We also reported that CpFe(CO),Me acts as a precursor for the Si—O-Si bond
formation reaction from hydrosilane and DMF (Scheme 51) [166, 167]. In this reaction,
tertiary silanes and bis(silyl) compounds are converted into the corresponding disilox-
anes and the polymers with (-R—Si—O-Si),, backbone, respectively.

2 R;SiH (R;Si),0 i Fe cat.
S
A i C//Fe\Me
Me Me Me Me E (S:
H—Sli—F(—SIi—H S| R- S| (0] !
Me Me Me Me n i

Scheme 51 The Fe-catalyzed Si—O-Si bond formation reaction from hydrosilanes and DMF
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The reaction of CpFe(CO),Me with R3SiH gives the bis(silyl)hydride complex
21. Photoreaction of 21 in DMF afforded the corresponding disiloxane (Scheme 52).
We believe that the oxygen in the disiloxane is derived from DMF, because NMes
is concomitantly formed in this reaction. It is considered that the silyl species a,
which is prepared via reductive elimination of R3SiH from 21 in situ, is the active
species within the catalytic cycle. Therefore, the generation of a bis(silyl)hydride
species is the dormant step. We are currently studying the details of the reaction
mechanism.

=

|
_F DMF
RS~/ \ “SiR; —— (R3Si),0
hv
S H

= =

_F _Fe__.
R3S|;/ SH\SiRs T» oC~ °siR,

O 5 R,SiH a

21 R = Me,Ph

Scheme 52 Fe-catalyzed Si—O-Si bond formation reaction from hydrosilane and DMF

Isomerization reactions of allylic alcohols a to ketones b are catalyzed by various
metal (e.g., Ru, Rh, Co, Ni, Mo, Ir, Pt) (Scheme 53) [168—172]. However, these metals
are expensive and in some cases harsh reaction conditions are required.

a R? b R?
Scheme 53 Transition metal R1W/\/ RS _ cat R1w R3
catalyzed isomerization of
allylic alcohols R OH R 0O

A mild, Fe(CO)s-catalyzed isomerization of this type was reported by Grée and
coworkers [173]. Allylic alcohols having mono-, di-, trisubstituted alkene are
readily converted into their corresponding ketones, whereas polyunsaturated deri-
vatives do not rearrange (Scheme 54).

The isomerization mechanism is clearly established by labeling experiments. The
rearrangement of a to ¢ via a n-allyl hydride complex b in the coordination sphere of
the metal is a key step in this cayalytic cycle (Scheme 54) [174, 175]. In case of
polyunsaturated derivatives, formation of a stable n* complexes (Scheme 55) is
preferred over the rearrangement (a — c).

In addition, a 532 (visible) or 355 (UV region) nm laser-induced photoisomeriza-
tion of allylic alcohols to aldehydes catalyzed by [Fe;(CO);,] or [Fe(CO),PPh;] was
developed by Fan [176]. In this reaction, key intermediates such as the n-allyl hydride
species [FeH(CO)3(n3 -C3H3ROH)] (R = H, Me) were detected by pulsed laser FTIR
absorption spectroscopy. These results strongly support the w-allyl mechanism of
photoisomerization of allyl alcohols.

Furthermore, details of the isomerization of 1-alkenes into 2-alkenes were exam-
ined by deuteration experiments [177] and by using time-resolved IR spectroscopy in
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the gas phase [178] and in solution [179, 180]. The reaction mechanism, which is
supported by the DFT calculations, is shown in Scheme 56. Thus, reaction of
Fe(CO)s with a 1-alkene under photo-irradiation gives the n*-alkene complex a.

/l\/\R
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1 1 . O H
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Scheme 56 Isomerization reaction of 1-alkene catalyzed by an iron complex
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Complex a is readily converted into a Fe—y-H agnostic complex b within an early
picosecond timescale and then the n-allyl hydride complex ¢ is generated by hydride
abstraction. The energy level of the 2-alkene isomer d, which is calculated by DFT
experiments, is similar to that of the l-alkene complex b. In the next step, Fe
(CO);3(n*-1-alkene)(n>-2-alkene) f, which is generated via intramolecular isomeriza-
tion of the coordinated 1-alkene to 2-alkene and the coordination of another 1-alkene,
is a thermodynamically favored product rather than formation of a Fe(CO)3(n2—l—
alkene), e. Subsequently, release of the 2-alkene from f regenerates the active species
b to complete the catalytic cycle.

5 Hydrogen Generation

H, serves as the alternative energy source relative to fossil fuels and biomass [181]
because it is clean and environmentally friendly. Hence, catalytic hydrogen gener-
ation from water under mild conditions is one of the goals for the organometallic
catalysis. One of the hopeful methods is the electrochemical reduction of protons by
a hydrogenase mimic.

Based upon structural investigations by experts in the field of molecular biology,
several Fe-containing complexes are found in the active side of natural proteins, e.g.,
a diiron complex in [FeFe]-hydrogenases (structure a in Fig. 6), a binuclear Fe—-Ni
complex in [NiFe]-hydrogenases (structure b in Fig. 6), or a monoiron complex in
[Fe]-hydrogenases (structure ¢ in Fig. 6). In [FeFe]-hydrogenases, two Fe centers are
bridged by a CO ligand and a small organic moiety. However, it is not clear whether
the moiety is a dithiolate ligand or not [182-187]. On the other hand, [NiFe]-
hydrogenase is mainly constructed from both a large subunit containing the Ni—Fe
cluster [188—190] and a small subunit, an iron—sulfur cluster ([4Fe—4S]). The waved

a b
Csy Cys\ Cys
] s Cys |
o S S—[4Fe-4S] Oc. o 3
For S Nre S i [4Fe-4S]
et Ty w' e-
0C" | Sc\ CN NC" 1 O s
C (0] C C |
N (6] N Cys
[ = open site c
| X
—
HO
| £o
OC— Fe—L L =unknown ligand
Cys—S OH2

Fig. 6 The models for the active site of [FeFe]-, [NiFe]-, and [Fe]-hydrogenases
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line stands for the interface between the hydrogenase large subunit and the small
subunit [191-193]. The crystal structure of the model for the active site of the [Fe]-
hydrogenases is not entirely clear [194, 195].

5.1 Electrochemical Reduction

Within the past 10 years, various biomimetic Fe model complexes were prepared
and their catalytic activities in the electrochemical reduction of protons to H, were
investigated (Scheme 57).

Fe cat.

Scheme 57 Fe-catalyzed SH' 4+ 260 — = H,

electrochemical reduction of
protons to H,

In 2001, Rauchfuss found that the dithiolate diiron complex Et,N[Fe,{p-
S>(CH,)3 J(CN)(CO)4(PMe)s] 22 acts as a catalyst in this reaction under strong
acid conditions such as H,SO4, HCl, and HOTs [196]. In a preparative-scale
reaction, a solution of 10> M of 22 with 50 equiv. H,SO, in CH3CN was
electrolyzed at —1.2 V. Gas chromatographic analysis showed that the yield of
produced H, was 100 (+=10)%. The proposed catalytic cycle is shown in Scheme 58.
Initially, 22 is converted into the p-hydride complex 23 by metal protonation.
A subsequent second protonation at the N atom of the CN™ ligand affords 23H™.
Two-electron reduction of 23H" yields H, and regenerates 22. In this cycle, the p-
hydride complex 23 was isolated by a stoichiometric reaction of 22 with H,SO,
[196] and its structure was confirmed by the X-ray analysis [197].

LY - oS ed
we 1y o 1
oC™y \ CN oC"' 1 >SH N "CN
Me,P Me,P
8 22 O ¢ 23 O
H*
2e@ l
S, CO
H Oc. 73,
? Sra g,
C™ [ >p~ \_"CNH
Me;P
23H+ ©

Scheme 58 Proposed mechanism of the reduction of protons to H, catalyzed by 22
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Further investigations of the related dithiolate diiron complexes [Fe,{-S»(CH;);}
(CO)4(L),] (L = CO or phosphine) were conducted by Rauchfuss’s group and
Darensbourg’s group [197-199] and revealed the catalytic activities to be strongly
dependant on the nature of the ligand L. Two proposed mechanisms for these
complexes are shown in Fig. 7. EECC mechanism (Fig. 7a) is adopted when L is a
CO ligand, whereas ECCE mechanism (Fig. 7b) is likely for the phosphine complex.

a b
e© &®
o e
Fe'—Fe' ¥>lFe0—Fe'| Fe'—Fe' L»IFeO—Fe'I
H2 H
o 2
H+j ke e@j l/ H*
S @
HO _ e
| 20 HT H ﬁ'
Fe'l---Fe®| =<~ [Fe®-Fe9)| Fe!l--—-Fe'| =< [Fe'l---Fe'
H* H+

Fig. 7 Two proposed mechanisms for H, production from [Fe,{p-S»(CH;);3}(CO)4(L),]

The p-hydride diiron complex [(pu-H)Fe,(BC)(CO)4(PMes),|PFs 24 (BC =
benzo-[c]-cinnoline), which was prepared by protonation of [Fe,(BC)
(CO)4(PMe3),] as a model for the active site of the [FeFe]-hydrogenase, was
reported by Rauchfuss in 2007 (Scheme 59) [200]. The structure of 24 was con-
firmed by the X-ray analysis. The electrochemical reduction of protons was attained
by using 24 as a catalyst in the presence of p-toluenesulfonic acid (pK, = 8.73).

MeOH
% //\\ O HOL e //\\ cO
oc// S\Co NH,PFs  oC ,\H/ E?\Co
Me,P PMe, PMe;
§ 24

Scheme 59 Protonation reaction of [Fe,(BC)(CO)4(PMes),] to form 24

In the same year, Evans and coworkers reported the electrochemical reduction of
protons to H, catalyzed by the sulfur-bridged dinuclear iron complex 25 as a
hydrogenase mimic in which acetic acid was used as a proton source [201]. The
proposed mechanism for this reaction is shown in Scheme 60. The reduction of
25 readily affords 25°~ via a one electron reduction product 25~ . Protonation
of 25°~ by acetic acid produces the p-hydride complex 25H™~ which is reduced to
25H?". The obtained 25H> "~ reacts with acetic acid to generate molecular hydrogen
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Scheme 60 Proposed mechanism of the reduction of protons to H, catalyzed by 25

and 25~ to complete the catalytic cycle. This ECEC mechanism was confirmed
by calculations and electrochemical experiments.

Evans found that molecular hydrogen was efficiently generated by the reaction
of a simple diiron complex [CpFe(CO),], (Fp,) with acetic acid (pK, = 22.3) in
acetonitrile [202]. Electrochemical simulations revealed that Fp,, [CpFe(CO),] ™~
(Fp™), and [CpFe(CO),H] (FpH) were key intermediates in this catalytic mecha-
nism (Scheme 61). Reduction of Fp, produces both an Fp~ anion and an Fp-
radical, which is further reduced to give an Fp~ anion. The oxidation of the
Fp™ anion by proton affords FpH. This protonation was found to be the rate-
limiting step. The dimerization of the FpH generates Fp, and H,. Alternatively,
the FpH is reduced to afford the FpH ™ anion, which is subsequently protonated
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with release of H,. This system was adaptable to weaker acids such as
2-BrC¢H,OH (pK, = 23.9), 4-BrC¢H,OH (pK, = 25.5), and 4-BuC¢H,OH
(pK, = 27.5). In contrast, 25 showed no activity when 4-"BuC¢H,OH was used.

Chiang and coworkers synthesized a dimer of compound 26 in which two
diiron subunits are linked by two azadithiolate ligands as a model of the active
site for the [FeFe]-hydrogenase [203]. Protonation of 26 afforded the p-hydride
complex [26-2HY2H"®]** via the initially protonated spieces [26-2H™]**
(Scheme 62). These three complexes were also characterized by the X-ray diffrac-
tion analyses. H,-generation was observed by electrochemical reduction of protons
catalyzed by 26 in the presence of HBF, as a proton source. It was experimentally
ascertained that [26-2HNZHFe]4+ was converted into 26 by four irreversible
reduction steps in the absence of HBF,.
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Scheme 62 Reaction scheme of dimer of dimer iron complexes as models

The proposed mechanism of H, evolution by a model of [FeFe]-hydrogenases
based upon DFT calculations [204-206] and a hybrid quantum mechanical and
molecular mechanical (QM/MM) investigation is summarized in Scheme 63
[207]. Complex I is converted into II by both protonation and reduction.
Migration of the proton on the N atom to the Fe center in II produces the
hydride complex III, and then protonation affords IV. In the next step, two
pathways are conceivable. One is that the molecular hydrogen complex VI is
synthesized by proton transfer and subsequent reduction (Path a). The other
proposed by De Gioia, Ryde, and coworkers [207] is that the reduction of IV
affords VI via the terminal hydride complex V (Path b). Dehydrogenation from
VI regenerates L.
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Scheme 63 Two pathways for catalytic mechanism of the Enzymatic H, production

Although the mechanistic insights for the model complex of [FeFe] hydrogenase
became clearer little by little, those for the [NiFe] hydrogenase are still challenging
topics.

Heterodinuclear Ni—-Fe complexes, which are not stabilized by the phosphine
and NO ligands, were synthesized by Tatsumi and coworkers as [NiFe] hydroge-
nase mimics [208-210]. Several examples are shown in Fig. 8. However, the
catalytic activities of these complexes are not ascertained.

The first electrochemical H, generation catalyzed by a hetero-nuclear Fe—Ni
complex [Ni(L)Fe,(CO)q] (27) [L*~ = (CH3CeH3S,),(CH,)5* ] (Fig. 9) with tri-
fluoroacetic acid was reported by Schoder and coworkers in 2006 [211]. Based on
their electrochemical behavior, spectroscopic data, and DFT calculations of 27, an
EECC mechanism was ruled out and therefore an ECCE or ECEC mechanism
involving the formation of Fe"-H~ and Ni"'-H ™ intermediates is likely. In this
cycle, six catalytic turnovers were achieved. This value is comparable to those for
[Feo(X)(CO)4(PMe3),] [X = 2(EtS7), pdt®", edt’”, xyldt®"] (ca. 6-30 TON)
[198, 199].
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In 2009, Rauchfuss and coworkers succeeded in the synthesis of the Fe—p-
H-Ni complex [(CO)s;Fe(pdt)(u-H)Ni(dppe)]BF, 28 (pdt = 1,3-propanedithiolate,
dppe = 1,2-C,H4(PPh,),) as a model for [NiFe]-hydrogenases (Scheme 64)
[212]. The structure of 28 was characterized by X-ray crystallographic analysis.
This is the first example of an Fe—Ni thiolato hydride complex. Evolution of H,
by electrochemical reduction of CF;CO,H (pK, = 12.65) was observed in the
presence of the catalytic amounts of 28.

\F@/S'%N,_th HBF, \F\\*‘/S'%N._FF,’hz
C““.‘e \I\> oC“‘ ‘e\ ~ \I\>
© c P c P
o] Ph, o) Ph,
28

Scheme 64 Protonation reaction of (CO)3;Fe(pdt)Ni(dppe) to form 28
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Yang and Hall investigated mechanistic details for the H-H bond cleavage by
mononuclear [Fe]-hydrogenases using computational methods (Scheme 65) [213].
Accordingly, model complex I reacts with H, to give the dihydrogen complex 1II,
which is subsequently converted into the hydride complex III via TSyyyy for the
cleavage of H, with sulfur as a proton accepter. Complex III shows strong interac-
tion through Fe-H® ...H*-0 dihydrogen bond.

Me Me

N N
53 53
OC7Fe—\@C}OH A OC7Fe—\@C}OH
H,0 C'Ho RO ClHo
o)
[ °
Me\ o Me\ o
S A8
HY | & Ho |
0C—_Fe ~NEZ>—OH OC:7ITe—NC> OH
H-__ p—
CH (6] H ¢ HO
O m S -

Scheme 65 The calculated mechanism of H-H bond cleavage reaction of the model complex for
[Fe]-hydrogenases

5.2 Photochemical Reduction

Transition-metal catalyzed photochemical reactions for hydrogen generation from
water have recently been investigated in detail. The reaction system is composed of
three major components such as a photosensitizer (PS), a water reduction catalyst
(WRC), and a sacrificial reagent (SR). Although noble-metal complexes as WRC
have been used [214-230], examples for iron complexes are quite rare. It is well
known that a hydride as well as a dihydrogen (or dihydride) complex plays
important roles in this reaction.

An iron-catalyzed photochemical hydrogen generation from water was devel-
oped by Wang, Sun, and coworkers in 2008 [231]. A three component catalyst
system (a ruthenium polypyridine derivative as the PS, a dithiolate diiron complex
as the WRC, ascorbic acid as both electron and proton donor (SR)) in CH3;CN/H,O
under photo-irradiation conditions showed catalytic activity in the hydrogen gener-
ation (Scheme 66). Although the visible light-driven hydrogen generation from
water proved successful, the catalytic activity is not high (up to 4.3 TON based on
the iron complex).
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Scheme 66 Photochemical hydrogen generation catalyzed by the model complex of [FeFe]-
hydrogenases

Very recently, Hammarstrom, Ott, and coworkers found that the catalytic activ-
ity was significantly increased (up to 200 TON based on the iron complex) when a
diiron complex having a 3,6-dichlorobenzene-1,2-dithiolate ligand (Fig. 10) instead
of a benzylazadithiolate ligand was used as a WRC (see ref. [64] in [232]).

Fig. 10 Diiron complex

having a 3,6- Cl Cl
dichlorobenzene-1,2-
dithiolate ligand as a catalyst OC S. S CO
for the hydrogen generation \F/\\\O\,IF /
wFe e
OC\\ ‘ \ 1 /C O
O %

Recently, Beller and coworkers reported another efficient Fe-catalyzed light-
driven hydrogen generation system [233]. The highest activity for the iron complex
was achieved by using the combination of [Ir(bpy)(ppy).][PFslas the PS, an iron(0)
carbonyl complex as the WRC, and triethylamine (TEA) as the SR under photolysis
conditions. The maximum TON was 322 based on the iron complex. The mechanism
for the photochemical reduction of water, which is similar to the one proposed by
Wang, Sun, and coworkers [231], is shown in Scheme 67. The iron carbonyl species
a is generated by reduction of [Fe(CO)s] by the PS™, which is generated by
photoreaction of PS and TEA as the SR. Protonation and reduction of a affords
the hydride species b, which is subsequently protonated to give dihydrogen with
regeneration of a.

Two different types of zinc-porphyrins coordinated diiron complex act as cata-
lysts for the photochemical reduction hydrogen evolution from water. In this system
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Scheme 67 The proposed mechanism for iron-catalyzed light-driven hydrogen generation from
water

achieved by Hartl and coworkers (Scheme 68) [234], two different chromophores
(Zn" and Zn®) and a tertiary amine N'Pr,Et as a SR for the electron donor are
required.

i
1
20N \F{:/S‘%Fe/ ~ N~z
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1
mE__ o e
1

i 1.0

. o ! Zn2. R =Ph
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Scheme 68 The molecular hydrogen evolution catalyzed by self-assembled Zn—Fe—Zn complex
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Appendix

The isolated iron hydride complexes introduced in this chapter are listed in
Table 12, where the hydride chemical shifts in the "THNMR spectra and the Fe—H
bond distances are summarized.
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Table 12
H NMR X-ray analysis
Complex hydride signal (5, ppm) Fe-H bond distance (A) Ref.
PR
By
H7/Fr §13.72 (s)? [26]
Ry = Me,: 3 72(s 1.44(2), 1.46(3), 1.51(2)
PR P’P;\P'Prg e
\\\ o Ety 4 513.16 (s)® [26]
8o
1 MePh, 513.16 () [26]
Ph
H_ PRs
A Ry=M 1511(14) [26]
= Me. 52.34 (br,s R
Pr,R P’F’;P'Pr2 ¢ ° o9
\J MePh, N.D. 1.363(13) [26]
Ba
I
,N\FE/N N.D. [27]
H—H
C“"ie\ 511.62 (s) 1.38(2) [235]
g [47]
for catalytic
1" reaction
| N
Z
)
N—Fe—N{ 5
Ar Ar 56.69 () 1.45(3), 1.51(3) [27]
| X>-siten
PhH,Si—H
18
L
Phie,Si—] %\is Ry=Me,Ph:21  §13.22(s) 1.44(3) (166.167]
oC H Et 513.71 (s) 1.46(3)
B o
oC v e‘/s:q‘“F /C
OC“n‘ e,\H/ i?""CN 517.08 (d, Jpy = 24 Hz) 1.70(2) for Fe, [97]
Me P c 1.63(2) for Fe,
[e]
23
OO
e 515.479 (dd, Jpy, = 8, 26.5 Hz, unsym) [200]
K o)
MegP LA oC 5 -
025: E~H’Fe\CO 815.621 (dd, Jpy = 9 Hz, sym) 1.62(3) for sym [200]
2 PMeg,
o} "Pr o 20
%\9 N %\Q,PMea
Mean'Fe\s S’Fe\
M espj,;? s\\ ‘\f./ o 515.46 (d, Jpy = 21 .5 Hz) 1.620°, 1.668° [203]
§% ‘NS g PVes
n 1
.
[26-2HFe]**
—BF,
% e/s% _Ph,
C“-\-Fe\ Ni \F’> 83.53 (it, Jpy = 6 Hz, Jyy=0.6Hz)  1.46(6) [212]

Ph,
O 28 2

AH{3'P} NMR measurement.

The bond distances were calculated by Mercury 2.2 for Windows [236] using CIF

data.
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