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1. Introduction

Complexes of precious metals, particularly those from the
platinum group, occupy a central place in homogeneous cataly-
sis. However, the high cost and potential toxicity of precious
metals make them less desirable for industrial applications.
Thus, homogeneous catalysis using more abundant and
cheaper first row transition metals has become a popular
research theme. Iron catalysis is particularly desirable because
iron is inexpensive, readily available, and non-toxic. In biologi-
cal systems iron-containing enzymes are widely used as cata-

Laboratory of Inorganic Synthesis and Catalysis, Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), ISIC-LSCI,
BCH 3305, 1015 Lausanne, Switzerland. E-mail: xile. hu@epfl.ch

Gerald Bauer was born in 1984
in Tulln/Donau, Austria. He
studied ‘Technical Chemistry’ at
the University of Technology in
Vienna with semesters at the
UCT in Prague and the Univer-
sity of Waterloo, ON, Canada
during his bachelor studies.
Gerald received his M.Sc. in
2010 under the joint supervision
of Prof. Karl Kirchner, UT
Vienna, and Prof. Kazushi
Mashima, University of Osaka.
Shortly afterwards, he joined the
lab of Prof. Xile Hu at the EPFL working on the catalytic appli-
cations and mechanistic investigation of iron pincer complexes in
Kumada cross-coupling reactions, for which he was awarded his
PhD in 2015.

Gerald Bauer

This journal is © the Partner Organisations 2016

control the activity and stability of an iron center, a large number of iron pincer complexes have been syn-
thesized. Many such complexes exhibit excellent catalytic activity in a number of important organic reac-
tions such as hydrogenation, hydrosilylation, dehydrogenation, and carbon-carbon bond forming
reactions. In this review, recent examples of representative iron pincer catalysts are presented.

lysts, and examples include cytochrome P-450, peroxidases,
various oxygenases, and hydrogenases. While numerous
reports of iron-catalyzed organic reactions are known,"?
studies of well-defined iron catalysts are less common. Such
studies, however, are essential for the in-depth understanding
and further advancement of iron catalysis.

This review focuses on the catalytic applications of iron
pincer complexes.>®® Pincer ligands, in general, are triden-
tate, 6-electron donor ligands that enforce a meridional coordi-
nation geometry on the metal center. Although there is no
strict definition, a pincer ligand traditionally consists of a
central benzene ring, which is 1,3-disubstituted with two che-
lating side arms (Fig. 1). Both the central atom (Dc) and the
donors at the two arms (Ds) bind to the metal center, resulting
in strong chelation.*>°™'®> Replacement of the central aryl ring
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Fig. 1 Generalized structure of pincer complexes.®™>

by a pyridinyl or diarylamine group leads to two major classes
of variants of the original pincer ligands. In addition to their
strong chelating ability and structural rigidity, the advantage
of pincer ligands is their diversity. By modifying the central
and side donors as well as the ligand backbone, it is possible
to synthesize an almost endless number of ligands with
varying electronic and steric properties.” This diversity is very
attractive for homogeneous catalysis where systematic studies
of metal-ligand combinations are desired.

In this review, iron complexes of pincer ligands based on
the following frameworks are discussed: 2,6-disubstituted pyri-
dine, 1,3-disubstituted benzene, N,N-diarylamine, isoindoline
and bis(phosphinoethyl)amine. Only catalysis by pre-formed
iron complexes, but not in situ generated iron species, will be
presented. The examples are selected to give a representative,
but not comprehensive overview of the developments in the
field. Mostly symmetrically substituted pincer ligands with a
C, or C,, symmetry are included. Unsymmetrically substituted
ligands and terpyridine-type ligands are not treated. Pyridine
diimines (PDI) might be considered as pincer ligands, and

L=CH, NH, O

§el
-
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View Article Online

Inorganic Chemistry Frontiers
their iron complexes are very active for polymerization,"®™"°
hydrogenation, and other alkene, alkyne, and ketone
functionalization reactions. Several excellent reviews covering
these iron complexes have been published recently.>**' There-
fore, they will not be reviewed here.

2. Neutral pyridine-based PNP ligand
systems and their applications in iron
catalysis

The first iron PNP complexes were synthesized by Dahlhoff
and Nelson in 1971 by reacting 2,6-bis(diphenylphosphino-
methyl)pyridine with FeX, (X = Cl, Br, I, NCS). The resulting
complexes were in a high spin configuration and exhibited a
5-coordinate geometry with a slightly distorted square pyrami-
dal structure.® This ligand framework became popular, and in
addition to the variance of the substituents on the phosphorus
donors,” the linker (L) that connects the phosphorus donors to
the central pyridine ring could be modified to include not only
CR,,>**7! but also NR>**° and O (Fig. 2).*>*! To differentiate
between the different linkers, these pincer ligands are abbre-
viated as “P"N"P”, where L = C, N, O, to represent CR,, NR,
and O, respectively.

Several groups studied the influence of linkers on the elec-
tronic density of the metal centre using the IR frequencies of
M-CO bonds as a probe (Fig. 3).>°***° The CO stretching fre-
quency of [(PNP)FeX,(CO)] (X = Cl, Br) decreases when the

R
e
0 OO COOMe
/ 4
R R
‘COOMe

0 OO o

Fig. 2 Structure of pyridine-based PNP ligands and selected chiral and achiral substituents on the phosphorus.®
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Fig. 3 CO stretching frequencies for 1, 2-cis, 2-trans, 3 and 4.263440
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linker is changed from O to NH and to CH,. This result
suggests that the electron donating character of the corres-
ponding PNP ligands follows a similar order.

An interesting feature of these PNP pincer complexes is
their metal-ligand cooperation. The slightly acidic CH, and
NH linkers are easily deprotonated under basic conditions,
which causes a reversible dearomatization of the central pyri-
dine ring.*? Further details will be discussed below.

2.1 TIron(u) PYNVP pincer complexes for the selective
formation of 3-hydroxyacrylates from benzaldehydes and ethyl
diazoacetates

Aldehydes react with ethyl diazoacetates (EDA) in the presence
of Lewis acids (e.g. BF3;, ZnCl,, AlCl;, SnCl,, GeCl,) to form
B-keto esters.*® It was previously shown that the Lewis acid
[(n*>-Cp)Fe(CO),THF](BF,) catalyzed the reaction of benzal-
dehydes with EDA to give p-hydroxy-2-aryl acrylates.***>

More recently Kirchner and co-workers employed cis-
[(P"PNNNP)Fe(CO)(CH;CN),](X), (5-X; X = BF,~, BArF") for the
reaction of p-anisaldehyde with EDA (Fig. 4).>* These reactions
produced selectively a hydroxyl acrylate (A, >80%) and only
trace amounts of a f-keto ester (B). The two counter ions, BF,~
and BArF -, gave similar results. A tentative mechanistic propo-
sal is given in Fig. 5. The CO ligand exhibits a stronger trans
effect than the nitrogen of the pyridine ring. Therefore the
acetonitrile opposite to the carbonyl will be cleaved first. The
dissociation of acetonitrile and successive coordination of an
aldehyde gives intermediate 6. The nucleophilic attack of EDA
on the C=O bond gives the transition state 7, which upon
elimination of N, yields complex 8. Migration of the aryl sub-
stituent then leads to 9. The newly formed aldehyde is released
and tautomerizes into the thermodynamically more stable
ethyl 3-hydroxy-2-(-4-methoxyphenyl)acrylate.*

Kirchner and co-workers then examined the reaction using
a series of mono-cationic dicarbonyl complexes trans-
[(P'PNNNP)Fe(CO),Cl](X) (10X, X = NO;~, CF;C00~, CF5S0;",
BF,”, PF~, SbFs~ and BArF~; Fig. 4).*° Complexes 10-X (X =
NO;~, CF;C00~, CF3S0;7, SbFs~, BArF~) showed no activity.
Complex 10-PFs gave a 20% yield of the product while complex
10-BF, gave 88% yield. These results are in strong contrast to
previous results obtained using 5-BF, and 5-BArF as catalysts,
where the counter ion showed no influence.*® The reaction

View Article Online
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mechanism of the catalysis with 10-BF, was investigated by
DFT/B3LYP computations. It was found that the formation of
ethyl 3-hydroxy-2-arylacrylates had a lower energy barrier com-
pared to the formation of the p-keto ester. Hydrogen bonds
between the acidic N-H of the ligand, the BF, anion and the
EDA (N-H---F-BF,-F---EDA) seemed to play an important role."

2.2 Iron(u) PNP pincer complexes for catalytic hydrogenation

Chirik and co-workers reported that the dinitrogen cis-dihy-
dride complex [(*"P°NP)Fe(H),(N,)] (11, Fig. 6) catalyzed the
hydrogenation of simple acyclic and cyclic alkenes.** The
hydrogenation of 1-hexene under 4 bar of H, was achieved
using a 0.3 mol% catalyst loading in three hours and with a
conversion of more than 98%. The conversion for the hydro-
genation of cyclohexene was only 10%. Milstein and co-
workers developed a new iron pincer complex [(*"P°N°P)FeH
(CO)Br] (12, Fig. 6).>° The complex was active for the hydrogen-
ation of ketones under mild conditions. The reactions typically
proceeded in an ethanolic solution with 0.05 mol% of 12
under 4 bar of hydrogen pressure and temperatures of
26-28 °C. A maximum TON of 1880 was reached. A wide range
of aromatic and aliphatic ketones could be hydrogenated. The
catalysis was less selective for enone substrates such as E-4-
phenylbut-3-en-2-one and cyclohex-2-enone, where the C=C
double bonds were preferably hydrogenated. Interestingly, for
benzaldehyde only 36% of benzylic alcohol could be isolated
after the hydrogenation. The low yield might be due to catalyst
poisoning by benzoic acid, which was formed in small quan-
tities via a Cannizzaro reaction. By lowering the catalyst
loading to 0.025 mol%, increasing the loading of KO¢Bu (base)
to 0.625% and running the reaction in an ethanol/NEt; (2:1)
solution at 40 °C under 30 bar H,, the yield for the hydrogen-
ation of benzaldehyde could be increased to up to 99% and
the TON was up to 4000. This modified protocol was applied
for the hydrogenation of various aromatic and aliphatic
aldehydes.*'

For the hydrogenation of ketones catalyzed by 12, the reac-
tions were best run in ethanol; in THF or neat acetophenone
no conversion was observed. Stoichiometric reactions revealed
that the bridging methylene group of 12 was deprotonated by
KOtBu to form the complex [(*"P°N“P™)FeH(CO)] (13, Fig. 7)
containing a dearomatized pyridine ligand. It was proposed

co Xp
H‘ ,.
0 N, 10 mol% “Fe" H._OH b N_}P Pr2
] o+ . I Z NFe—L,
Ar H COOEt 20°C, 16h Ar COOEt HN_F)I'lF)r2
A B L4

5-X: Ly=Ly= CHacN, n=2

le} H
* Ar)J\/COOEt ;

10-X: L1 =CO; L, =Cl;n=1

Fig. 4 Reaction of p-anisaldehyde with EDA catalyzed by 5-X (X, = BF;~, BArF) and 10-X (X = NOs~, CFsCOO~, CF3SOs~, BF;~, PFs~, SbFs~ and

BArF~).
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Fig. 5 Mechanistic proposal for the formation of ethyl 3-hydroxy-2-(4-methoxyphenyl)acrylate from p-anisaldehyde and EDA.

H H
‘~/P"Pr2 ‘»/P"Pr2
L N-Fe—H Z_N-Fe—co
P"|Pr2 P"|F>r2
N2 Br
1" 12

Fig. 6 Structures of complexes 11, 12, 17 and 18.

that the 5-coordinated 16-electron species 13 might be stabil-
ized by the reversible addition of ethanol to afford the 6-coor-
species 13'. In the proposed mechanism, the
coordination of ketone to 13 followed by insertion into the
iron-hydride bond gave the alkoxide complex 14. The coordi-
nation of dihydrogen to 14 then gave intermediate 15. Hetero-
lytic cleavage of the dihydrogen in 15 then generated either
the hydrido alkoxide complex 16 or its dearomatized form 16'.
The catalytic cycle was closed by elimination of the alcohol
and regeneration of 13.>¢*”

The Milstein group further found that minor modifications
of the [(""P°NCP)FeH(CO)Br] (12) catalyst led to base-free
hydrogenation of ketones.?® They found that [(*"P°N°P)FeH
(CO)(n'BH,)] (17, Fig. 6) catalyzed the hydrogenation of aceto-

dinate

744 | Inorg. Chem. Front, 2016, 3, 741-765

H H
‘PPI’Q ’PIPFZ

7 _N- Ee—co 7 N- I;Ie H
P’lPrg PIPr2 \

H, H—BH,

BH3

17 18

phenone under 4 bar of hydrogen at 40 °C without the need
for an additional base. Aromatic and aliphatic ketones could
be readily reduced to the corresponding alcohols with yields of
53% to 99%. Interestingly, a related complex, [(**"P°N°P)FeH-
(n”BH,)] (18, Fig. 6), was not active. In aprotic solvents such as
benzene-ds and toluene-dg, [(""P°N“P)FeH(CO)(n'BH,)] (17)
loses BH; to give trans-[(*"P°N°P)Fe(H),(CO)], which is in equi-
librium with cis-[(*"P°N°P)Fe(H),(CO)]. Neither complex reacts
with acetophenone, excluding its participation in the catalytic
cycle.

Kirchner and co-workers recently synthesized a series of
[(*"PNNNP)FeH(CO)L]” (19-L) complexes with L = Br, CH;CN,
pyridine, PMe;, SCN~, CO and BH,™ and n = 0 and +1.%° The
spacers between the phosphine and pyridine donors were NH

This journal is © the Partner Organisations 2016
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Fig. 7 Proposed catalytic cycle for the hydrogenation reactions of ketones

and/or NMe. Complex 19a-Br (Fig. 8) was active in the hydro-
genation of acetophenones under 5 bar hydrogen at 25 °C,
with a catalyst loading of 1.0 mol% and 2.0 mol% KO¢Bu as
the base. The hydrogenation only occurred in alcoholic solu-
tions, with ethanol being the best solvent. Complex 19b-Br was
completely inactive while complex 19c-Br had low activity.
Changing the Br ligand of 19a-Br to CH;CN and BH, resulted
in similarly active catalysts. Changing the Br ligand to pyri-
dine, PMe;, SCN™, CO, however, led to inactive complexes,
because these ligands probably could not dissociate during
catalysis. The turnover frequency (TOF) was up to 770 h™".
Interestingly, both 19a-Br and 19b-Br were active for the hydro-
genation of aldehydes. Thus, 19b-Br is a chemoselective cata-

n
H
H Me | Me
N- PIPI’Z N- ’PIPFQ N-| P/Prz
N ﬁe—co - lje—co N l/-]e—co
N—- PllPr2 /N PllPr2 N— PiPrz
H M H
L © Br Br
19a-L 19b-Br 19¢-Br

Fig. 8 Structures of complexes 19a-L (L = Br, CH3CN, py, PMes, SCN™,
CO and BH47; n =0, +1), 19b-Br and 19c-Br.

This journal is © the Partner Organisations 2016

using [(P"PSNP)FeH(CO)Br] (12) as a pre-catalyst.

lyst for the hydrogenation of aldehydes. The mechanism of
hydrogenation catalyzed by 19a-Br was investigated by stoichio-
metric reactions and DFT computations.®® The results
suggested that 19a-Br reacted with one equivalent of a base to
afford the deprotonated 5-coordinated complex [(F"PNNVPH)-
FeH(CO)] (20; Fig. 9). An incoming ketone coordinated to the
vacant coordination site on the complex and inserted into the
iron-hydride bond to give the 5-coordinated alkoxide complex
[(P"PN"NYP™)Fe(OCHR,R,)(CO)] (21; OCHR,R, = alkoxide).
Hydrogen then bound to 21 to give [(P'P"N"PH)Fe(H,)-
(OCHR;R,)(CO)] (22). The heterolytic cleavage of hydrogen
with the aid of the coordinated alkoxide led to the formation
of an alcohol and regeneration of the hydride species
[(P"PMNNPH)FeH(HOCHR, R,)(CO)] (23). Substitution of the
alcohol by an incoming ketone closed the catalytic cycle. It was
shown that the amine stays deprotonated throughout the
catalytic cycle. The heterolytic cleavage of H, involving proto-
nation of the alkoxide ligand had a calculated barrier of
16.0 keal mol™, much lower than the 34.1 kcal mol™" calcu-
lated for the heterolytic cleavage involving the deprotonated
PNP ligand. The role of ethanol seemed to prevent the for-
mation of unactive Fe dihydride species.

Hu and co-workers recently synthesized [(""P°N°P)-
FeH(CO)L]" (24-L; L = CH,CN or Br and n = 0 or +1; Fig. 10)
complexes, where L = CH;CN or Br and 7 = 0 or +1.** The phos-

Inorg. Chem. Front,, 2016, 3, 741-765 | 745
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Fig. 9 Proposed catalytic cycle for the hydrogenation reactions of
ketones using [(P"PNNNP)FeH(CO)Br] (19a-Br) as a pre-catalyst.

H n

O-[P'Pr,
e
— N+fe-co
o—Pflpr2
L

24-L

Fig. 10 Structure of [(P"PON°P)FeH(CO)L]" (24-L; L = CHsCN or Br and
n =0 or +1).

phinite donors are linked to the central pyridine ring by
oxygen atoms, so a dearomatisation of the central pyridine
ring upon deprotonation of the linker, as shown in the com-
plexes of Milstein and Kirchner®®*”*"?° is not possible.
Complex 24-Br is a chemoselective catalyst for the hydrogen-
ation of aldehydes. The scope of the reaction was probed for a
range of different aliphatic and aromatic aldehydes, using
10 mol% of 24-Br in methanol under 8 bar hydrogen at room
temperature (Table 1). Importantly, functional groups such as
terminal and internal alkenes, «,p-unsaturated aldehydes and
keto were tolerated. The addition of 10 mol% HCOONa pro-
moted the reaction. The catalyst loading and the H, pressure
could be reduced to 5 mol% and 4 bar, respectively (Table 2).
While 24-CH;CN was not active for hydrogenation under the

746 | Inorg. Chem. Front, 2016, 3, 741-765
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Table 1 Hydrogenation aldehydes using 10 mol% 24-Br as the catalyst

0 24-Br (10 mol%)
PN “oH
R H H, (8 bar)
MeOH
rt,24h
R: Aryl, Alkyl
Entry Aldehyde Product Yield® [%]
1 90 (82
©\¢o ©\/OH ( )
2 Br Br 88 (65)
20 OH
3 & b 94 (90)
4 96 (85
\©\¢o \©\/OH ( )
5 Q o 80 (74)
)J\©\¢o )nOH
6 74
O\%Q O\/OH
_O OH
A~ = OH
55

%
\
o
%
2

“Yield determined by GC (isolated yield).

conditions shown in Table 1, it was active when HCOONa was
used as an additive.""

The promotion by HCOONa encouraged the study of 24-L
for transfer hydrogenation of aldehydes using sodium formate
as the hydrogen donor. Indeed, both catalysts were active and
chemoselective for this reaction (Table 2).*!

Milstein and co-workers showed that trans-[("*"P°N°P)Fe-
(H),CO] (25; Fig. 11) catalyzed the hydrogenation of sodium
bicarbonate.?” A TON of up to 788 and a TOF of up to 156 h™*
were obtained. The yields of sodium formate were around
40%. NMR and IR studies suggested that carbon dioxide
inserted into one iron hydride bond to give [(**P°N°P)Fe(H)-
(n"-OOCH)CO] (26). The structure of this compound was con-
firmed by X-ray analysis. The formate ligand in 26 was easily
replaced by water to form [(**"P°NCP)Fe(H)(H,0)CO] (27).
A catalytic cycle was proposed (Fig. 12), in which the coordi-
nation of hydrogen to 27 gives [("®"P°N“P)Fe(H)(H,)CO] (28).
An incoming hydroxide deprotonated the hydrogen via hetero-
lytic cleavage (29). This might involve the deprotonation of the
PNP ligand forming the dearomatized complex 29'. Either way,
after elimination of water the starting dihydride complex 25
was regenerated.”” Complex 25 was also an active catalyst for
the decomposition of formic acid, with a TON of up to
100 000.*°

This journal is © the Partner Organisations 2016
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Table 2 Hydrogenation reaction with NaOOCH as a promoter (cond. A) and transfer hydrogenation (cond. B) of aldehydes
o "Fe" (5 mol%) E cond. A: cond. B:
N )
L R™ "OH ' NaOOCH (10 mol%) NaOOCH (5 equiv)
ROH MeoH 5 4bar H, 40°C.6h
' ! rt.24h
R: Aryl, Alkyl 5
Yield® [%] Yield® [%]
Cond. A Cond. B
Entry Aldehyde Product 24-Br 24-CH;CN 24-Br 24-CH;CN
1 80 (75) 75 98 (91) 95
0 OH
2 Br Br 83 (80) 94 98 (93) 94
.0 OH
3 cl cl 86 (81) 76 98 (91) 95
0 OH
4 S b 92 (88) 72 97 (92) 85
@O @;OH
5 -0 0 56 (50) 53 93 (89) 86
.0 OH
6 95 (87) 76 99 (92) 96
-0 OH
s 0 S, OH
7 / 71 57 82 79
- 0
8 66 (62) 76 99 (93) 96
0 OH
9 2 2 84 (76) 82 n/a’ n/a’
10 2 o 87 (83) 92 97 (87) 95
? 0
H
11 84 90 97 84
_0O OH
12 58 65 98 94
0 OH
13 65 (60) 78 85 (76) 72
0 = OH
14 0 0 (64) (67) (72) (68)
~0 = OH
15 NO, NO, 70 (63) 64 78 (65) 69
A~ = OH
16 60 68 95 90
~o OH
17 /\@/vo /\(ﬁ/\/OH 75 83 95 75
7 7

“Yield determined by GC (isolated yield). ” Not accessible.
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Fig. 11 Structure of trans-[(B“P°NP)Fe(H),CO] (25).

H
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L NFe—co 2
H,0 Pleu2 o
H S—H
P 25 ?
H-H H-H PBu;
! P 7 'N-Fe —
) :/PfBuz 7 /P Buy ~__N '/:|e co
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=N e PBu
Py, SN b
HO  Hy H
H 27
28

Fig. 12 Proposed mechanism for the hydrogenation of carbon dioxide
catalyzed by trans-[(®“PSNCP)Fe(H),(CO)] (25).

3. Monoanionic benzene-based PCP
ligand systems

The synthesis and application of PCP iron complexes are less
reported than their PNP counterparts. These complexes are
mostly formed via cyclometalation reactions. To promote the
iron-carbon bond formation, iron precursors in a low oxi-
dation state or with basic ligands such as alkoxides and alkyl
groups are used.*®>°

Creaser and Kaska reported the synthesis of [(V*P°C°P)Fe-
(H)(dmpe)] (30, Fig. 13).>" Treating the M°P°C°P ligand with
hydrated ferrous chloride in an ethanolic solution resulted in

+ FeCly Eton

PMe, PMe, A

Fig. 13 Synthesis of [P CP)Fe(H)(dmpe)] (30).
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[(MePCCCP)FeCly],
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the precipitation of a white polymeric compound [(M*P°CP)-
FeCl,], (A). This polymeric compound was converted to 30 in
the presence of dmpe (1,2-bis(dimethylphosphino)ethane) and
30% sodium amalgam. The structure and composition of 30
were confirmed by NMR and IR. The insertion of a Fe ion into
the C-H bond of benzene was proposed to take place when the
Fe(u) ion was reduced to Fe(0).

Guan and co-workers synthesized [(*P°C°P)FeH(PMe;),]
(31-R; R = iPr, Ph; Fig. 15)°*° by cyclometalation of the
RpOCOP ligand with Fe(0)(PMe;),. 31-iPr catalyzed the hydro-
silylation of various aryl aldehydes by (EtO);SiH. Aryl ketones
were less reactive under similar reaction conditions. In order
to gain some mechanistic insights, stoichiometric reactions
were probed. Benzaldehyde did not react with 31-iPr, excluding
its insertion into the Fe-H bond as a catalytic step. The reac-
tion of 31-iPr with CO for 24 hours at room temperature gave
quantitatively [(*"P°C°P)FeH(PMe;)(CO)] (32), where the CO
ligand was trans to the hydride. This result was expected
because the hydride had a strong trans-effect, which made the
trans PMe; more labile than the cis one. Complex 32 slowly iso-
merized to the thermodynamically more stable complex [(**"P°-
CPP)FeH(PMe;)(CO)] (32') where CO was cis to the hydride, but
the reaction took more than 7 days at 60 °C. The reaction of
deuterium-labelled CcgH5;CDO with a mixture of Ph,SiD, and
31-iPr (1:1:1) led to the formation of Ph,SiD(OCD,Cs¢H;) and
Ph,Si(OCD,CeH;), in a ratio of 4:1. No deuterium incorpor-
ation in 31-iPr was detected. This result further excluded the
involvement of the hydride in 31-iPr in the hydrosilylation
reaction. Based on the above results Guan and co-workers pro-
posed the following mechanism (Fig. 14).>

The PMe; in 31-iPr trans to the hydride dissociated to give a
vacant coordination site (33, Fig. 14). The isomerisation in
which the remaining PMe; ligand moved to a position trans to
the hydride was too slow to be catalytically relevant. An incom-
ing carbonyl compound might coordinate to the open site at
first before being reduced by silane (34, Fig. 14; cycle I). Alter-
natively, silane might first coordinate to the vacant site, get
activated, and then reduce the carbonyl compound (35,
Fig. 14; cycle 11).> The details of these steps were not clear.
Wang et al. reported a DFT study on the mechanism of this
hydrosilylation reaction, favouring cycle I. They found that the
carbonyl-coordinated compound underwent an isomerization
to move PMe; to a position trans to the hydride. This was fol-
lowed by the insertion of the carbonyl compound into the
Fe-H bond, giving an iron alkoxide complex. The cycle was

H
"/PMez
lje— PMe,

va'ez

MegP

1. dmpe

2. Na(Hg) (30%)

30
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Fe<PMe; Cycle | Fe —PMe; Cycle Il Fie ~PMe;
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H
34 Rz L] 35

33

R R,

Fig. 14 Proposed mechanism for the hydrosilylation of carbonyl compounds catalyzed by 31-iPr.

closed by o-bond metathesis with silane, yielding silyl ether
and regenerating the iron hydride species.”® The computed
mechanism, however, was at odds with the experimental find-
ings, which excluded the insertion of benzaldehyde into the
Fe-hydride of 31-iPr as a relevant step.’>

Guan and co-workers also used 31-iPr for the decompo-
sition of NH;BH; (AB) to give H, (Fig. 15).>> The reactivity of
31-iPr could be increased by replacing the two PMe; ligands
with PMe,Ph, giving the complex [(*"P°COP)Fe(H)(PMe,Ph),]
(36). Complex 36, which showed an increased activity in the
beginning of the reaction, was less stable than 31-iPr during the
reaction. A further attempt was undertaken to increase the elec-
tron density of the metal center, by adding a methoxy group
para to the Fe-C bond (37, Fig. 15). Complex 37 was indeed
more active than 31-iPr and 36, and more stable than 36.”>

Recently Guan and co-workers prepared cationic complexes
[(*'P°COP)Fe(PMe;)(CO)](BF,) (38) and cis-[(*"P°COP)Fe(CO),]-
(BF,) (39) by the hydride abstraction of [(*"P°C°P)FeH(PMe;)-
(CO)] (40) and [(*"P°C°P)FeH(CO),] (41) using a Bronsted acid
such as HBF4-Et,0.°° 38 and 39 were able to activate hydrogen
in the presence of Hiinig’s base to give back the neutral
hydride complexes 40 and 41, respectively. 38 and 39 were

active catalysts for the hydrosilylation of benzaldehyde and
acetophenone, with increased activity over the corresponding
neutral complexes, 40 and 41.°°

4. Pyridine- and phenyl
bis(oxazolinyl) pincer systems

Iron pyridine bis(oxazoline) (pybox) complexes (Fig. 16) have
been widely used in catalytic reactions. In the majority of the
cases, these complexes were formed in situ by combining iron
salts and pybox ligands. The reactions studied included
cyclizations,””®° additions,®"®> the kinetic resolution of
racemic sulfoxides,’® and hydrosilylation
ketones.®” The active species were unclear, so they were not
further discussed.

The groups of Huang and Nomura employed pre-made
[(pybox-R)FeCl,] 42-R (R = Me,, Ph,, iPr(S)) complexes as cata-
lysts for the polymerisation of ethylene.®®*”’° Redlich and
Hossain prepared a series of [( pybox-R)FeCl,] (42-R; R = iPr(S),
tBu(S), Ph(S)) complexes and used them for the cyclopropana-
tion of imines (Fig. 17).* In the presence of one equivalent of

of aromatic

O-{PiPr, O PP, O-|PiPr,
S re—pmey < S ge—pmepn < M0~ S—Ee— e
O—PliPr2 O—P|iPr2 O-PiPr,

PMe, PMe,Ph PMe,Ph

[(P'POCOP)Fe(H)(PMes),]

31-iPr 36
H H 5 mol%"Fe"
H-N-B-H ————————
H H

[(PTPOCOP)Fe(H)(PMe,Ph),]

[(p-MeO-FPCCOP)Fe(H)(PMej),]
37

"Borazine" + 2.0-2.5equiv. H2T

Fig. 15 Activity of Fe—POCOP complexes 31-iPr, 36 and 37 for the decomposition of amine borane.
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42-R

Fig. 16 Structures of complexes 42-R (R = Me,,

Ph(S)) and 43-R (R = iPr(S), tBu(S), Bn(S), iBu(S)).

5 mol% 42-R (R =
5 mol% AgSbFg

Pr(S), tBu(S))

2h Ph
+  N,CHCOOEt H, N H
@vN\ DCM N
Ph rt, 48h Ph COOEt
47% yield

42-iPr(8): 45% ee
42-tBu(S): 49% ee
Side products:

£h y  COOEt o (OOEt
H, N COOEt N ph N~
Ph”  H Ph Ph Ph

Fig. 17 Cyclopropanation catalyzed by complexes 42-R (R =
tBu(S)).

Table 3 Hydrosilylation of ketones catalyzed by complex 43-R (R

Ph,, iPr(S), tBu(S),

iPr(S),

View Article Online

Inorganic Chemistry Frontiers

the halide abstractor, AgSbF, (relative to catalyst), 42-R (R =
iPr, tBu) catalyzed the reaction to yield 47% of the cis-aziridine
with ee’s below 50%. The trans-aziridine and p-amino-a,p-un-
saturated esters were side products.

Chirik and co-workers studied enantioselective hydrosilyl-
ation of ketones using chiral iron pybox complexes” [(pybox-
R)Fe(CH,SiMe3),] (43-R; R = iPr(S), ¢Bu(S), indane(1R,2S),
Bn(S), iBu(S); Fig. 16). The results in Table 3 show that the
catalysts were generally active, and the reactions have high
yields and a broad functional group tolerance. Bulky substrates
(2,4,6-trimethylacetophenone and 2,6-dimethyl-4-tBu-aceto-
phenone), however, could not react. The enantioselectivity was
low in all cases. Nishiyama and co-workers synthesized iron
complexes of a phenyl-bis(oxazoline) (phebox) ligand (44-R,
Fig. 18). The synthesis involved the reaction of Fe,(CO)y with
(phebox-R)Br (R = Me,, iPr(S)), probably via oxidative addition
of the C-Br bond at the Fe center (Fig. 18).”*

O\H/Q\WO Fe2 CO)q W/Qf\\(

>N Br N\g toluene S, \Fe QI
RW‘S/ R 50C,tme T Re

R2 R1

44-Me,: R¢, Ry = Me; 5h
44-iPr: Ry = H, Ry =iPr; 3h

Fig. 18 Reaction scheme for the complexation of [(phebox-R)FeBr-
(CO),l (44-R; R = Me,, iPr(S)).

= iPr(S), tBu(S), indane(1R,2S), Bn(S), iBu(S))?

1) 0.3 mo% 43-R
Ph,SiH; (2.0 equiv.)

23°C, 1 hour
o) Et,0 OH
RQ)I\R1 2) NaOH or H* Ry R4

Entry Compound R = iPr(S) iPr(s)? tBu(S) Bn(S) iBu(S)
1 2 80 (49) 99 (54) 99 (30) 99 (18) 99 (8)

=

o

R

R=H
2 R = 4-tBu 99 (23) 99 (13) 99 (25) 99 (25) 99 (11)
3 R = 4-OMe 99 (5) 55 (25) 99 (3) 99 (29) 97 (5)
4 R = 4-CF, 99 (20) 99 (20) 99 (12) 99 (21) 99 (12)
5 R = 3,5-(CF;), 99 (6) 99 (6) 72 (12) 99 (6) 99 (4)
6 R = 2,4-(OMe), 99 (32) 99 (32) 99 (50) 99 (32) 99 (22)
7 R = 2,4,6-Me; <1 1(30) 2(5) 4 (44) 2 (26)
8 R = 2,6-Me,-4-tBu <1 <1 1 (30) <1 <1
9 C{j 99 (30) 99 (41) 60 (2) 93 (22) 25 (7)

o 58 (10) 99 (11) 99 (25) 46 (17) (17)

10 ~~

“ Conversion [%] (ee [%]). ” The catalyst was activated by the addition of 0.95 equivalents of B(CeFs)s.
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The chiral complex 44-iPr(S) catalyzed hydrosilylation of
aromatic ketones. The reduction of 4-acetylbiphenyl in the
presence of 2 mol% 44-iPr(S) and 2 mol% of Na(acac) in
hexane at 50 °C gave 1-(4-biphenyl)ethanol in a 99% yield and
66% ee for the R-configuration. The reduction of 2-acetylan-
thracene and 2-acetylnaphthalene gave 49 and 53% ee, respect-
ively. However, the reduction of 1-acetyl-4-methoxybenzene
and 1-acetyl-4-methylbenzene had low enantioselectivity
(21-38%).7

5. Pyridine bis(N-heterocyclic
carbene) pincer systems

Bedford and co-workers showed that the iron(u) pyridyl bis-
(carbene) pincer complex, 45-Br, (Fig. 19) was an excellent
catalyst for the cross coupling of alkyl halides with p-tolyl
Grignard reagents (Table 4).”* While chlorocyclohexane
(Table 4, entry 1) was unreactive, bromocyclohexane and
4-bromo-1-methylcyclohexane could be coupled in 94 and 89%

T

AY ! \L Ar

45.L,: Ar = 2,6-Pry-CgHa; L = Br, N,
46-'—2: Ar= 2,6-M62-CGH3; L= N2
47-Ly Ar = 2,4,6-Mes-CeHy: L = N,

Fig. 19 Structures of 45-L, (L = Br, N,), 46-(N), and 47-(N,),.

Table 4 Coupling of 4-tolylmagnesium bromide with alkyl halides
catalyzed by iron pyridyl bis(carbene) complex 45-Br,

MgBr 5 mol% 45- Br2 Alkyl
Alkyl-X  +
EtZO
35°C, 30 min
Entry Substrate Product Yield [%]

1 O/X 94

X =Br
2 X=cl —
’ QBr \Q\O\ o
4 CHis @ 71

C7H4s

“trans: cis = 69 : 31.

This journal is © the Partner Organisations 2016
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Table 5 Catalytic hydrogenation of tri and tetra substituted alkenes
CNC (carbene) iron(0) dinitrogen complexes 45-(N,),—47-(N,),

Rs R 5 mol% "Fe" Rs R
R“)Y 1 bamby23C 1
R2 atm R, Rz
Entry Compound 45-(Ny), 46-(N,), 47-(Ny),
O
1 95(1h 35(1h 35(1h
MO/\ >95 (1 h) (1h) (1h)
2 O 89 (12 h) >95 (1 h) >95 (1 h)
oA
3 )\/ >95(15h)  >95(1h) >95 (1h)
4 O/ 20 (24 h) >95(12h)  >95 (1 h)
5 ll i 4 (48 h) 68 (48h)* 60 (48 h)
6 /K( 0 (24 h) 0(24h) 0 (24 h)
X

“cis:trans =3:1.

yields (Table 4, entries 2 and 3). 1-Bromooctane was coupled
in a 71% yield.”

Chirik and co-workers synthesized the iron(0) complex
45-(N,), (Fig. 19) and employed it for the hydrogenation of
ethyl 3-methyl-2-butenoate. A complete conversion was
obtained after 1 hour.” The results prompted the examination
of analogous complexes bearing sterically less demanding aryl
substituents, 46-(N,), and 47-(N,), (Fig. 19).

Table 5 compares the activity of complexes 45-(N,),-
47-(N,), in the hydrogenation of various internal alkenes
(5 mol% catalyst, 4 atm H,, room temperature). The hydrogen-
ation of ethyl 3-methyl-2-butenoate using 46-(N,), or 47-(N,),
as a catalyst was less efficient as compared to that using 45-
(Ny), as a catalyst, due to competing deactivation pathways.”>
However, for other acyclic trisubstituted olefins, 46-(N,), and
47-(N,), are as active as 45-(N,),. They are even more active for
the hydrogenation of cyclic trisubstituted olefins. A cyclic tetra-
substituted olefin could be hydrogenated using 46-(N,), or
47-(N,),, but acyclic tetrasubstituted olefins could not be
hydrogenated.”

6. N,N-Diphenylamino-based pincer
systems

Milstein and co-workers prepared iron complexes of an acri-
dine ligand [(*““PNP)FeBr,] (48) and [("*“"PNP)Fe(CH;CN)(p*-
CH;CHNBH;)] (49) (Fig. 20, ““"PNP = 4,5-bis(diphenylphos-
pino)acridine, ™A“PNP = 4,5-bis(diphenylphospino)-9H-acri-
dine-10-ide).”® Interestingly, in complex 49 the acridine is in

Inorg. Chem. Front.,, 2016, 3, 741-765 | 751
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PPh,

FeBr,

THF
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1. FeBry (30 min)
2. NaBH,4 (5 h)
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I
Ph,P—Fe—PPh,
/\

Br

H

Br
48

H

CNC

I
Ph,P—Fe—PPh,

CH;CN
rt H NCCH
SN ’
B\
/ "H
H
49
Fig. 20 Synthesis of 48 and 49.
Table 6 Hydrogenation of internal alkynes catalyzed by 49
R
_ 49 R —\
R1 — Ry + R1 RZ
H,, THF R4
Entry Alkyne 49 [mol%] Time [h] Pressure [bar] Yield [%] E:Z
1 R < > — ph 0.6 12 4 99 100:0
R=H
2 R =0OMe 0.6 36 4 99 99:1
3 R = COCHj3; 2 65 4 99 64:36
4 R = COOEt 2.2 22 4 89 (11)* 99:1
5 R=CN 4 72 10 94 99:1
6 R=Cl 2.2 23 10 87 (13)° 99:1
7 2.5 70 10 99 99:1
=—Ph
Ph a
8 = 4 21 4 98 (2) 100: 0
MeO I I
9 7N — pp 2 48 4 70 (30)* 61:39
=N
10 @%SiMe3 17 17 4 76 (24)* 99:1
11 Me;Si—=—"SiMe; 1 30 4 85 100:0
12 0.6 11 4 99 —

{ =

“Theyield in parentheses is the corresponding alkane product [%].

the reduced form and the p*-CH;CHNBH; ligand originates

from the insertion of acetonitrile into BH, ™.

48 and 49 were employed for hydrosilylation of internal
alkynes. While 48 was not active, 49 was an efficient and selec-
tive catalyst (Table 6). The yields were generally between 85 to
100%, and the reactions were E-selective. A high functional

752 | Inorg. Chem. Front., 2016, 3, 741-765

group tolerance was obtained: ether, ester, ketone, halide and

nitrile substituents remained intact during the reduction. A

terminal alkyne, phenylacetylene, could also be reduced.”®

Niwa and Nakada developed a carbazole-based tridentate
bis(oxazoline) ligand (CarBox-R) that displayed porphyrin-like
properties in the iron catalyzed epoxidation reaction of

This journal is © the Partner Organisations 2016
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Table 7 Asymmetric epoxidation of trans-stilbene using 50 and 51 as
catalysts

PhIO (3 equiv.)
"Fe" (1 mol%)
NaBArF (4 mol%)
Ph Additive (2 mol%) O

A\

/=/

Ph CH,Clp PR Ph
0°C, time
Ph Ph
e o
] (L .2
NS Z
o N—Fe—N" o Q" N—Fe-N" O Ar\N)J\N’Ar
ciol cicr M/ J
Ph  Ph Ph  Ph
Ar= 2,6-iPr2-C6H3
Entry  Complex  Additive Time [min]  Yield [%]  ee[%]
1 50 None 30 35 83
2 50 None 60 Trace n/a
3 50 SIPrAgCl 60 55 88
4 51 SIPrAgCl 60 Trace n/a

(E)-olefins.”” In the presence of 4 mol% NaBArF, [(CarBox-Ph)-
FeCl,] (50, 1 mol%) catalyzed the epoxidation of trans-stilbene
using iodosobenzene as an oxidising reagent (Table 7). The
reaction gave a 35% yield with an ee of 83%. In the absence of
NaBATrF no reaction was observed. When SIPrAgCl (SIPr = N,N'-
bis(2,6-1Pr,-CeHj3)-4,5-dihydroimidazol-2-ylidene) was used as
an additive the yield and ee could be increased to 55% and
88%, respectively. The reaction with the structurally similar
[(bopa-Ph)FeCl,] (51-Ph(S); vide infra) gave no yield. The inves-
tigation of the substrate scope showed the broad utility of this
reaction. Various substituted trans-stilbenes and cinnamyl
alcohol derivatives reacted to give the corresponding (S,S)
epoxides in high enantioselectivity.””

Fe(OAc), (5 mol%)
53-R(8S) (7 mol%)
(EtO),MeSiH (2 equiv.)

THF, 65°C, 24h
then H30+

N
H
N

O N N” 0O

—) -
T

R

(0]

53-R(S)

AT
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Nishiyama and co-workers studied the enantioselective
hydrosilylation of ketones catalyzed by iron bis(oxazolinylphe-
nyl)amino complexes (bopa-R; 53-R(S); R = dpm (CH(Ph),), iPr,
{Bu, Ph, Bn). The reduction of 4-acetylbiphenyl by (EtO),MeSiH
was used as test reaction. The best results were obtained with
53-dpm(S), with a 99% yield and a 72% ee (Fig. 21). The scope
of the reaction was then further probed (Table 8; condition A).
The yields were usually high and a range of functional groups
were tolerated. The enantioselectivities were modest to good.
The R-enantiomer was the major product.”® Attempts to isolate
the active complex by mixing iron(u) acetate with 53-R(S) were
unsuccessful. However, they were able to isolate [(bopa-iPr)-
Fe'Cl,] (51-iPr(S)) from a refluxing mixture of FeCl, and
53-iPr(S) in THF under air. Interestingly, 51-iPr(S) was inactive
for the hydrosilylation of 4-acetylbiphenyl under the previously
described conditions.

In a subsequent study, Nishiyama and co-workers showed
that 51-R could be activated by the addition of 6 mol% Zn. The
model substrate, 4-acetylbiphenyl, could be reduced in a 98%
yield with a 65% ee.”® But in this reaction the S-enantiomer
was the major product, which is opposite to the reaction using
the mixture of Fe(OAc), with a ligand. The origin of the change
in selectivity was unclear. The new reaction conditions were
also general for the enantioselective hydrosilylation of ketones
(Table 8; condition B).

Hu and co-workers recently reported that complex 51-R (R =
tBu(S), Ph(R)) was an excellent catalyst for the Kumada cross
coupling reaction of non-activated alkyl halides (Table 9).5%%'
The protocol tolerates a range of functional groups, including
carbamates (entry 11), N-heterocycles (entries 2 and 4), Boc-pro-
tected piperidine (entry 10), tetrahydropyran (entries 7 and 8),
base-sensitive ester (entries 3 and 9) and ketone (entry 4).
Natural product-derived compounds, including 3-iodocholes-
tene, cholestenyl-6-iodohexanoate and menthyl-6-iodohexanoate
(Table 9, entries 12-14) were also coupled in moderate to good
yields. The enantioselectivity for the coupling of 3-iodobutyl-
benzene, 2-iodobutylbenzene and 2-iodopropylbenzene,
however, was low. Only an ee of up to 20% could be obtained.*°

oH 53-Ph(S): 92% 20% ee (R)
H 53-iPr(S): 99% 61% ee (R)
53-tBu(S): 90% 68% ee (R) - 48h

53-dpm(S): 99% 72% ee (R)

Fig. 21 Enantioselective hydrosilylation using the in situ formed iron catalyst.
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Table 8 The influence of Zn metal on the stereoselectivity in the hydrosilylation reaction of ketones

View Article Online

Inorganic Chemistry Frontiers

Condition ) ; Condition A: Condition B:
lo) (EtO),;MeSiH (2 equiv) OH '
L A ! Fe(OAc), (5 mol%) 51-dpm(S) (5 mol%)
R "R2 THF R" "R? i 53-dpm(S) (6 mol%) Zn (6 mol%)
65°C, time H 24 h 48 h
then H30* of F- E
Condition A Condition B
Entry Ketone Yield” [%] ee [%] Abs. config Yield” [%] ee [%] Abs. config
1 /@i 98 78 R 99 63 s
MeO
2 @ 99 54 R 99 76 s
Meo\©)k
o
3 95 50 R 99 36 s
OMe
4 Q 99 40 R 99 55 s
Fac\©)\
o
5 99 71 R 99 82 s
MeO l I
6 Q 99 85 R 99 80 s
7 9 97 90 R 99 95 s
MeO. : [j
8 ol foz 93 86 R 99 81 s
9 @ o 97° 89 R 99? 95 s
o
o
10 @M 94 35 s 99 33 s
o
1 88 58 R 98 1 s
©)kCSH11
o
12 57 15 R 87 60 s
w
13 Q 40" 18 S 40" 32 s

“ All reported yields were of the isolated product. ” Reaction time was 96 hours. © Reaction time was 48 hours.
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Table 9 Cross coupling of alkyl halides with the phenyl Grignard reagent catalyzed by complex 51-tBu(S)

51-tBu(S) (5 mol%)

R-X + PhMgCI R-Ph
THF
R=Alkyl (1.0 equiv) r.t., 1h
X=Br, |
Entry Halide Product Yield® (%)
: iy P

82°

2 N J_/| NJ_/Ph 83
v

3 83
)J\c)%"t\/l )'Lo’ég‘t\/Ph

4 o I o Ph 57 (25)°
“r v

5 X 95”¢ (X = 1)
88° (X=1)
93¢ (X = Br)

i Ph
7 7

8 ! 92°
Q/CJ Q/foj
F F
9 | Ph 71/
i COOEt i COOEt
) . S )
N h
Boc Boc
o 0o
11 65
Bn*o)J\N\:\\ Bn‘OJ\N\:\\
I Ph

O O
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Table 9 (Contd.)
51-tBu(S) (5 mol%)
R-X + PhMgCI R—Ph
THF

R =Alkyl (1.0 equiv) r.t., 1h

X=Br, |
Entry Halide Product Yield” (%)
13 53¢
14 85

(@o

Ph

“Isolated yields at 100% conversion. ” Reaction at —40 °C. “Use of 51-Ph(R) as a catalyst. ¢ 25% starting material was recovered. ¢ Mixture of
diastereoisomers: 66 : 34 (d.r. for RX = 91: 9). / Mixture of diastereoisomers: 52 : 48 (d.r. for RX = 81:19). £ Mixture of stereoisomers: 81 : 19 (d.r.

for RX =100:0).

7. 2,5-Disubstituted pyrrolidine-
based pincer ligands

The group of Gade developed a new class of pincer ligands
based on bis(oxazolinylmethylidene)isoindolines (boxmi).

Complex [(boxmi-Ph(S))FeCI(S,)] (54-Ph(S); S = solvent; n =1
or 2) was an active catalyst for the azidation of cyclic p-keto
esters and 1-indanones (Table 10).%> The indanone derived tert
butyl p-keto esters could be converted in high yields and high
enantioselectivities (90-93%) were achieved for many sub-
strates. It was shown that the bulky tert butyl substituent on
the ester is crucial for higher enantioselectivities (compare
entry 7 with entry 9). Substituted cyclopentenone derivatives
could also be converted in high enantioselectivity.®*

Gade and co-workers then applied this catalytic system for
the azidation of 3-aryloxindoles. The previously optimized
conditions gave lower ee’s. The selectivity could be increased
by the in situ formation of the catalytically active species,
which was generated by mixing 10 mol% Fe(OOCEt), with
12 mol% 55-Ph(S) in diethylether at room temperature. Under
the optimized reaction conditions the reactions of various
3-aryloxindoles were successful. The yields were between 85
and 90% and the ee were between 87 and 94% (Table 11).%*

Gade and co-workers then showed that [(boxmi-Ph(R))Fe-
(OAc)] (56-Ph(R)) and [(boxmi-Ph(R)Fe((S)-OCHCH;Ph)]
(57-Ph(R)) catalyzed the enantioselective hydrosilylation of aryl
ketones (Fig. 22).%* The latter complex was employed for the
hydrosilylation of various substrates (Table 12).

756 | Inorg. Chem. Front, 2016, 3, 741-765

Good yields and selectivity were achieved for many substi-
tuted acetophenones. Different substituents had almost no
influence on the outcome of the reaction. Changing the alkyl
substituent of acetophenone to a more sterically demanding
isopropyl group decreased the ee to 73% (entry 8). The use of
diaryl ketones decreased the selectivity (entries 15 and 16). An
inner sphere mechanism was proposed. Activation of the pre-
catalyst gave an iron alkoxy complex, which undergoes s-bond
metathesis with silane to give the silyl ether product and the
iron hydride species. The prochiral ketone coordinates to the
hydride complex and subsequently inserts into the metal
hydride bond to regenerate the iron alkoxy complex.®?

8. Bis(phosphinoethyl)amino pincer
ligands

Although pincer ligands were mostly based on rigid backbones
such as arene, pyridine, and diarylamine, ligands based on
more flexible alkyl linkers have also been reported. The
pCHNH(CM2kp Jigand, also known as MACHO,* enforces a
meridional coordination geometry on many transition metal
ions. Their iron complexes have found many catalytic
applications.>*>%°

Schneider and co-workers synthesized a series of different
Fe(u) and Fe(0) complexes supported by RP(CH:NH(CHDp (R =
¢y (CeHyy), iPr; Fig. 23).%° The complexes [Fe(*P“H2:2NH(H2)2p)-
Cl,(CO)] (58-R; R = cy, iPr) were prepared by treating the ligand

This journal is © the Partner Organisations 2016
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Table 10 Enantioselective azidation of cyclic -keto esters catalyzed by complex 54-Ph(S)
54-Ph(S) (10 mol%)
; 0 "Ag" (10 mol%) ; [
R "Azid" (1.5 equiv.) R COOR3
4 COOR® a A/
R2 e, Et,0 R2™ e, Ny
n=1,2 rt,48h n=1,2
(o]
N;—1—O0 4 j
COO™ Ag* "N _Ph
| Cl
on N—Fle‘
2 \ _N._Ph
"AZid" "Ag
&
(S = Solvent
n=1,2)
[(boxmi-Ph(S))FeCI(S,)]
54-Ph(S)
Entry Product Yield” [%] ee [%] Entry Product Yield” [%] ee [%]
93”

1 ©[1§/coofsu 89
.
2 MeO j@i;/c 00lBu 87 93
MeO N,
3 /E:E/;C 005 87 90
Br l//N3
4 VO 2 0By 89 91
>{N3
5 L:igf ooiBu 90 92
Me' ‘,/N3
6 ojiiig/coofsu 85 93
<0 N
7 C :/(/O COO'Bu 88 90
MeO "/N3

“ All reported yields were of the isolated product. ?

with FeCl, under a CO atmosphere. Both 58-cy and 58-iPr show
a low spin configuration. The Fe(0) complexes, [Fe(RpCH2):-
NH(":2p)(CO),] (59-R; R = cy, iPr) were prepared by mixing
Fe(CO)s with the ligand under UV irradiation. Both 59-cy and
59-iPr are in a low spin configuration. 59-R reacted with
CH,CI, to give 58-R. 59-iPr reacted with HCI to give the cat-
ionic hydride species, [Fe(""PI“22NH("2)p)H(CO),]CI (60-iPr).
NMR spectroscopy suggested that both cis and trans CO
isomers were formed. The neutral hydride complexes
[Fe("PCH2-NH(CH2:P)H(CO)CI] (61-R) were obtained either by
the reaction of 58-R with "Bu,;NBH, in acetonitrile at room temp-
erature or by UV irradiation of the cationic complex 60-R. The
reaction of 58-iPr with an excess amount of NaBH, (10 equiv.)
generated the borohydride complex [Fe(""PICH2:NHM2:p)H(CO)-

This journal is © the Partner Organisations 2016

0
8 Mes\©§coofsu 84 81
.
o
9 @:ﬁf coMe 90 70
4
10 % I 84 88

(e}

11 ﬁg c00'Bu 89 92
o}
12 :f cO0BN 87 69
N

3
0]

13 OO’Bu 87 67
14 COOBU 88 76
C@“ﬁ

Product was confirmed by the literature as R-enantiomer.

(n,-HBH,)] (62-iPr). High resolution X-ray crystallography and
NOESY experiments of 62-iPr revealed an intramolecular hydro-
gen bond between the terminal hydrides of the n;-HBH; and
the N-H of the ligand. Protonation of 62-iPr with 2,6-lutidinium
tetraphenylborate gave the dimeric complex [(Fe(""P(CH2NH(C2)p).
(CO))a(t2, M1:M1-HoBH,)](BPhy,) (63-iPr). This compound is a
group 8 metal complex with a p,, n,:n,-H,BH, ligand.85

8.1 Hydrogenation of esters and nitriles

The groups of Guan and Beller independently reported the
hydrogenation of esters to alcohols catalyzed by 62-iPr.>*%%%”
Both aliphatic and aromatic esters were hydrogenated in mod-
erate to high yields. Aromatic esters showed higher reactivity
compared to the aliphatic esters. For a substrate containing
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Table 11 Enantioselective azidation of 3-aryloxoindolines catalyzed by an in situ formed iron catalyst

Fe(OQOCEt), (10 mol%)

o}
Ny—1—0 \ju
‘Ph

R 55-Ph(S) (12 mol%) R
Ri/ "Azid" (1.5 equiv.) Ri/ N, /N
Boc rt., 36 h Boc \ /N’j,Ph
"Azid"
O
55.Ph(S)
Entry Product Yield” [%] ee’ [%)] Entry Product Yield® [%] ee’ [%]

1 87 91 5 85 94
2 85 91 6 89 90
3 90 91 7 85 91
4 85 94 8 89 87

4 All reported yields were of the isolated products. ” The absolute configuration was determined by a crystal structure of an 1,2,3-triazole which
was obtained by click reaction of the azide compound, entry 3 with (3-bromophenyl)acetylene. The configuration was confirmed as the

R-enantiomer.

01 01

f \ITJ oPh /' SN"Ph ph
Fle‘io>— N—Fle-unoJ.,,

\ /Nj,\\Ph \ /Nj\\Ph z
0 o

56-Ph(R) 57-Ph(R)

Fig. 22 Structures of complexes [(boxmi-Ph(R))Fe(OAc)] (56-Ph(R)) and
[(boxmi-Ph(R)Fe((S)-OCHCHzPh)] (57-Ph(R)).

both C=C and C=O groups, methyl cinnamate, hydrogen-
ation of both groups was obtained.

Guan and co-workers then reported the hydrogenation of
CE-1270, a methyl ester derived from coconut 0il.*® The sub-
strate consisted of methyl laurate (C12, 73%), methyl myristate

758 | Inorg. Chem. Front., 2016, 3, 741-765

(C14, 26%) and trace amounts of C10 and C16 methyl esters
(~1%). The hydrogenation was carried out under neat con-
ditions under 52 bar hydrogen pressure at 135 °C, using
1 mol% 62-iPr as the catalyst. The reaction gave a full conver-
sion after three hours, giving a combined GC yield of 99% for
fatty alcohols. In an upscale experiment (100 g), the yield was
only 25%, suggesting catalyst degradation. Lowering the tem-
perature to 115 °C increased the yield to 40%.%° Complex
62-iPr was then further employed in the hydrogenation of neat
coconut oil, without transforming it to the corresponding
fatty acid methyl esters. A yield of 12% was reached after
23 hours.”

Beller and co-workers reported the hydrogenation of nitriles
and dinitriles using 62-iPr as the catalyst.”® The catalyst
showed good chemoselectivity, tolerating various functional
groups (Table 13).
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Table 12 Enantioselective hydrosilylation of aromatic ketones catalyzed by 57-Ph(R)
57-Ph(R) (5 mol%)
0 (EtO),MeSiH (2 equiv) OH
R" "R? toluene R" "R?
-78°Ctort, 6h isolated yield:
then K,CO3/MeOH o590,
Entry Product ee [%] Entry Product ee [%]
1 OH 99 9 o 94
/@/‘\ [: ] Pr

Ph

2 oH 98 10 oH 95
o S

MeO

3 o 93 11 QH 99
o e

MeOOC
| o - . Sl

F
5 /@j’i 99 13 Of H 99

Br
6 /5{01 99 14 % 99

Bu Me
7 Me OH 99 15 OH F 81

<8 Cr

F F
F
8 ©/‘,’%/ 73¢ 16 e 31
l I OMe

“56% yield. ” 4 equiv. of (EtO),MeSiH were added.

Aryl nitriles with electron-donating groups could be
reduced at a lower temperature than aryl nitriles with electron-
withdrawing groups. The method could be employed for the
hydrogenation of more challenging aliphatic nitriles.

8.2 Acceptorless dehydrogenation of alcohols, formic acid
and N-heterocycles

Beller and co-workers showed that 62-iPr and [Fe(*"P{CH2):-

NH"2:P)H(CO)Br] (64-iPr; Fig. 24), were active catalysts for
the dehydrogenation of methanol to give hydrogen and CO, in
the presence of a base (8 M KOH) at 91 °C. The TON was up to
10000 after 46 hours. In order to improve the stability of
62-iPr in the reaction, an additional ligand (up to 5 equiva-
lents) was added. The life time of 62-iPr could be improved
from 43-66 h to 5 days.” Hazari and co-workers® showed that
complex [Fe(RPC2:N(CH2:p)H(CO)] 65-R (R = iPr, cy; Fig. 24)

This journal is © the Partner Organisations 2016

catalyzed the base-free dehydrogenation of methanol in water.
Methyl formate was obtained as a side product, suggesting the
incomplete dehydrogenation of methanol. Following the reac-
tion by NMR revealed the formation of [Fe(®P(¢H2:NH(CH2)2p).
H(CO)(OOCH)] (66-cy; Fig. 24), which took the catalyst away
from the catalytic cycle. In the presence of a Lewis acid the
accumulation of 66-cy could be prevented. Thus, Lewis acids
were used to promote the dehydrogenation of methanol. A
TON of up to 51000 could be reached.”” In an analogous
study, LiBF, was used to promote the dehydrogenation
of formic acid catalyzed by 65-R and 66-R (R = iPr, cy).
They obtained the best results using 0.0001 mol% of 66-iPr
in a 2.2% solution of formic acid in dioxane at 80 °C.
10 mol% of LiBF, was used as the additive. The reaction fin-
ished after 9.5 hours giving a TON of 983 642 with a TOF of
196728 h™1.%°
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'
PR
o
—Fo—
/BH3 N i cO
cl H B PR,
1) FeCl H NaBH H N~ !
2 PR 4 PR
2) CO (1atm) <IL/_F/ 2 10 equiv <IL/_F/ 2 g BPh," N
THF e ACN/EtOH P C0 ToiF BH
Ple 1:1 Ple rt, 1h H
t, 2h
cl e H T/—‘-/PRQ
PR, 58-R 62-R N—Fo—
’ /le CO
NH — PR
. ok,
PR2 CHQC|2
rt, 12h o —l al H
Rp(CH2)2H(CH2)2p 63-R
1) Fe(CO)s H PR, HCl2MinELO)  H—IpR,
2) hv 7 1.5 equiv &
N—Fe—CO N—Fe— CO
Acetone /l THF < /I
rt, 2.5h PRo rt., 10 min PR
CcO H
59-R 60-R
hv THF .
r.t., 30min
Cl
H "Bu,NBH ¢l
PR 4NBH, H/—‘-PRZ
< / 1.0 equiv. <| /
N—Fe—cOo ——=d. . {_FL_co
/ ACN C
PR rt, 48h PRz
Cl H
58-R 61-R
Fig. 23 Synthesis and reactivity of iron complexes of RP(CHzNH(CH2zp,
Table 13 Hydrogenation of nitriles and dinitriles catalyzed by complex 62-iPr
Ar——N A ONH; CF
62-iPr (1 mol%)
or or
o o iPrOH, 30 bar H,
N—R——N T, 3h cr +H3N/\R/\NH; cr
Entry Substrate T[°C] Yield” [%] Entry Substrate T[°C] Yield” [%]
1 2N 70 97" 13 N 2N 100 80
o &
2 /©///N 70 99 14 A 130 92
|
Ph S0 N
N = b
3 Z 100 81 15 HN N 100 40
s
4 o 70 84 16 N 100 58"
©// T
5 N 70 92 17 /©///N 130 75
(l)/©/ MeOOC
0
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Table 13 (Contd.)

View Article Online

Review

N + -
AN A NHE Cl
62-iPr (1 mol%)
or or
o o iPrOH, 30 bar H,
N=—/ R——N T, 3h cr +H3N/\R/\NH; cr
Entry Substrate T[°C] Yield” [%)] Entry Substrate T[°C] Yield” [%]
6 I I 2N 70 98 18 Q///N 100 93
~o I I HoN
N
=
7 O N 100 99 19 o Q// 100 70
® .
H
8 /©///N 100 71 20 N 100 93
o 1)
FiC
F
9 /©///N 100 81
F
10 N 130 78 21 PN 100 95
= d
N 100 83
cl
11 N 100 88 22 /\)\ 100 11
r
12 Br\©//N 100 92 23 /©///N 100 85
NZ

“Isolated yields at full conversion (primary amines were 1solated as HCl-salts).

b GC-yield with hexadecane as the internal standard. °10%

transesterification product (-COOiPr) product were observed. ¢ Reaction was quenched after 20 min.

The groups of Schneider and Jones further reported the
acceptorless dehydrogenation of different primary and second-
ary alcohols using 62-iPr as the catalyst.’® The formed H, was
removed from the reaction medium by a steady flow of N,, in
order to shift the reaction equilibrium. Secondary benzylic
alcohols (entries 1-8) were oxidized to the corresponding
acetophenone derivatives in good to excellent yields (65-92%).

Br OOCH
iR i
C ] &
P IP ry PI|22 ?cy)z
H H
64-iPr 65-R 66-cy

Fig. 24 Structure of complexes [Fe(P"P{“H22NHCH22p)H(CO)Br] (64-iPr)
and [Fe(RPCH22N(CH22p)H(CO)] 65-R (R = iPr, cy).

This journal is © the Partner Organisations 2016

The protocol also tolerates a range of different functional
groups (MeO, Me, NO, and halides). For substrates with elec-
tron withdrawing groups (entries 4-6) the catalyst loading could
be lowered to 0.1 mol%. An aliphatic cyclohexanol (entry 10)
was oxidized to cyclohexanone in a 64% yield. Primary alcohols
and diols were also used as substrates. Benzylic alcohol formed
benzyl benzoate exclusively (entry 9). The chemoselectivity of
secondary over primary alcohol was tested using 1,2-propandiol
and 1,3-butanediol (entries 13 and 14). In both cases the sec-
ondary hydroxyl group was oxidized before the primary group.
The diols 1,2-benzenedimethanol and 1,5-pentanediol (entries
11 and 12) gave the corresponding lactones in 96 and 59%
yield. Furthermore, it was shown that the reactions could be
reversible, and the hydrogenation of ketones was achieved with
62-iPr as the catalyst (Table 14).”

Beller and co-workers further studied the dehydrogenation
of diol substrates to give lactones catalyzed by 62-iPr.”* In con-
trast to the conditions described by Schneider and Jones.”®
(toluene, reflux, 1 mol% 62-iPr), their reactions took place in

Inorg. Chem. Front., 2016, 3, 741-765 | 761
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Table 14 Acceptorless dehydrogenation of alcohols catalyzed by
62-iPr

OH 62-iPr (1 mol%) o)
B — e + H,
R' “R? toluene R" "R?
reflux, time

Product

e 24 89

Entry Substrate Yield [%]

ea

Time [h]

48 69
5 12 78
O,N O,N
0]

/@j\ 12 67
MeOOC
@]

10 24 64

OH
s

12 HO  >""0oH 24 59

13 24 67
o~ OH P OH

(o]
14 /K/OH )K/OH 24 61

“0.1 mol% 62-iPr.

tert-amyl alcohol at 150 °C with 0.5 mol% 62-iPr and 10 mol%
K,CO;. The conditions were applied to 18 different aromatic
and aliphatic diols which could be converted to the corres-
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ponding 5-membered lactones in good to excellent yields. Also
6-membered and 7-membered lactones can be synthesized.
The scope was further extended to 9 different a,0-amino alco-
hols giving the corresponding lactams in good to excellent
yields.

Jones and co-workers applied complexes 62-iPr, 64-iPr and
65-iPr for the acceptorless dehydrogenation of saturated N-het-
erocycles to their aromatic counter parts and molecular H,.%®
The method was applied to a range of different 1,2,3,4-tetrahy-
droquinolines (Table 15, condition 1, entries 1-6). 2,6-Di-
methylpiperidine and 2-methylindoline could be oxidized as
well (entries 7 and 8). Partial dehydrogenation products were
not observed. Remarkably, pyridine and quinoline products,
which were potential ligands for iron, did not influence the
reaction. It was observed that in the presence of 5 bar of H, 62-
iPr completely lost its catalytic activity for the dehydrogenation
reaction, which suggested that this complex catalyzed the
reverse reaction, the hydrogenation of unsaturated hetero-
cycles in the presence of H,. This was indeed true, and con-

Table 15 Reversible acceptorless dehydrogenation of N-heterocycles
catalyzed by complexes 62-iPr and 64-iPr

7 Condition 1 AT
R A o R e~ R TR
N Condition 2 FSN
Condition 1: Condition 2:

62-iPr (3 mol%) 64-iPr (3 mol%)

xylenes KOBu (10 mol%)
reflux, 30 h H2 (5 bar)
THF, 24 h

Condition 1 Condition 2

Entry N-heterocycle Yield [%] Yield [%]
1 69 77
e
2 72 66
=N
3 91 92
7
4 = 83 n/a®
Ph
5 78 71
6 89 85
7
7 ©1R')7 86 69
8 )\/j\ 58 60
W

“Not accessible.
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ditions were found for the hydrogenation of many such un-
saturated heterocycles (Table 15, condition 2).

9. Summary and outlook

As described above, many new classes of iron pincer complexes
have been recently synthesized and applied for organic syn-
thesis. The reactivity of these complexes depends critically on
the nature of the pincer ligands. The large number of success-
ful applications underscores the advantages of pincer ligands,
namely their diversity, modularity, and strong chelating
ability. These examples also suggest that pincer ligands and
iron catalysis are a perfect match for one another.

While iron pincer complexes are often used for hydrogen-
ation, hydrosilylation, and related dehydrogenation reactions,
their applications in other reactions including epoxidation,
aziridation, and C-C bond-forming reactions are emerging.
Given the many benefits of iron catalysis in organic synthesis,
it is clear that there is a huge amount of unexplored potential
of iron pincer complexes in catalysis. Until now, enantio-
selective catalysis using chiral iron pincer complexes remains
scarce. This state will likely change rapidly in the near future.
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