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Enantioselective Reductions Promoted by
(Cyclopentadienone)iron Complexes

Umberto Piarulli*3, Sofia Vailati Fachini?, and Luca Pignataro®

Abstract: (Cyclopentadienone)iron complexes have recently gained widespread interest as cheap metal-based
pre-catalysts for the reduction of carbonyl compounds and imines, thanks to their air- and moisture-stability
and easy synthesis/purification. In this account, several approaches are presented to achieve enantioselective
C=0 and C=N bond reduction using this class of iron complexes. Most of the examples, used in the asymmetric
reduction of ketones, rely on chiral (cyclopentadienone)iron complexes, featuring a chiral cyclopentadienone
backbone and/or a chiral monophosphoramidite ligand, introduced by replacement of a CO ligand. The enan-
tiomeric excesses achieved so far with this strategy are at best moderate. Better ees could be obtained with
an alternative approach, used in the enantioselective reduction of C=N bonds, which consists in combining an
achiral (hydroxycyclopentadienyl)iron complex (i.e. the activated form of a (cyclopentadienone)iron complex) with
a chiral phosphoric acid.
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certed outer-sphere mechanism in which
the ligand is involved with its OH group.!3!
A large number of functional groups were
tolerated under these reaction conditions,

which the hydride ligand bridges the two
ruthenium metal centers.!”]

Casey and Guan demonstrated that hy-
dride 1b is a highly efficient catalyst for

1. Introduction

(Cyclopentadienone)iron tricarbonyl
complexes such as la (Scheme 1) were

first reported by Reppe and Vetter in
1953, with the particularity of being
easily synthesized and purified due to
their stability to air, moisture and column
chromatography on silica gel. Perhaps sur-
prisingly, it was not before 40 more years
that Knolker(?! and Pearsonl?! investigated
their reactivity in depth: in 1999, Knolker
and co-workers synthesized and isolated
the first (hydroxycyclopentadienyl)iron
hydridedicarbonyl complex 1b from the
stable (cyclopentadienone)iron tricarbonyl
complex la using a Hieber-base reaction
(Scheme 1A).[41 However, the potential
use of the active hydride 1b in cataly-
sis remained concealed until 2007, when
Casey and Guan reported its activity for
the chemoselective hydrogenation of al-
dehydes, ketones and imines under mild
conditions.5! Complex 1b showed similar
properties to the structurally related Shvo
catalyst 2 (Scheme 1B), a dinuclear ru-
thenium hydride, known since 1985,[¢ in
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the chemoselective hydrogenation of al-
dehydes, ketones and imines under mild
conditions (Scheme 2) according to a con-

such as isolated carbon—carbon double or
triple bonds, halides, nitro groups, epox-
ides and esters. Hydride 1b has also been

Scheme 1. A. Conver-
A. sion of (cyclopentadi-
SiMe3 SiMe3 enone)iron complex 1a
0 1) NaOH, THF OH into the corresponding
| ) R E—— | ) (hydroxycyclopentadi-
_Fe SiMe3 2) H3PO,4 __Fe SiMe; enyl)iron complex 1b,
OCOC/‘ co oCcC—, H as originally reported
oC by Kndlker and co-
1a 1b workers. B. Shvo’s
catalyst (2).
B. Shvo's catalyst
ph O—H—OL pn
/&-Ph Ph%\
Ph"7 Ru—"~ry X.OPh
Ph Ph
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OC co 9 co CO
Cat. 1b (1-2 mol%) R !
X Hs (3 atm) or /PrOH OH NHPh RZO\H
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Scheme 2. Use of the (hydroxycyclopentadienyl)iron catalyst 1b in the hydrogenation of

aldehydes, ketones and imines.®
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Scheme 3. Strategies
for the in situ R
formation of the active R2
complexes act-a sz%: 0
and b from the stable _— R?
(cyclopentadienone)iron Activation oc-Fe Ha
i orii "N
complexes a.[*2 oC
R act-a R1
R2 R2
szé%zo Activation i R23@>OH
A g F| R
oc-fes oc-feq
oc CO oc H
a b
i Me3NO / H, (oxidative CO-decoordination)
ii: hv / H, (photolytic CO-decoordination)
iii: K,CO3 / H,O (Hieber base reaction)

successfully applied in transfer hydroge-
nation, using isopropanol as reductant.>8
Sun and co-workers performed computa-
tional studies to confirm that catalyst 1b is
not able to hydrogenate olefins and alkynes
at relatively low temperatures.[®]

The main drawback of the active hy-
dride 1b is its sensitivity to air, moisture
and light,!*l which makes a glove-box nec-
essary for its synthesis and manipulation.
However, later contributions demonstrated
that it is possible to use the bench-stable
(cyclopentadienone)iron pre-catalysts a
and convert them in sifu into the corre-
sponding active forms act-a (in the pres-
ence of Me,NO,[1% UV light!!!!) and b (in
the presence of K2C03['2]), as shown in
Scheme 3.

From the point of view of ligand de-
sign, two main strategies were followed
to modify the Knolker-type complex 1a in
order to improve the catalytic activity and/
or achieve novel reactivity. In the first in-
stance (Fig. 1A), the substitution pattern of
the cyclopentadienone ring was modified to

tune the steric and electronic properties of
the complexes. This was mainly achieved
by varying the cycle fused to the cyclopen-
tadienone ring, replacing the original six-
membered ring of 1a,['3] as well as the na-
ture of the substituents at the 2- and 5-posi-
tions of the cyclopentadienone.!32b.141 For
example, our group recently reported the
use of [bis(hexamethylene)cyclopentadi-
enoneliron complex (3a in Fig. 1A) as a
more active catalyst in the hydrogenation
and transfer hydrogenation of carbonyl
compounds.l4l

The second strategy to modulate the
structure of these complexes relies on the
substitution of one of the carbonyls with
other ligands (Fig. 1B). Ligand exchange
has been performed under oxidative con-
ditions (Me,NO) to replace CO with
nitriles,B5¢100.151  pyridines,5¢1  amines, 3!
phosphines3?!  and, more recently,
N-heterocyclic carbenes (NHCs).[16]

Both these strategies are also amenable
to the introduction of stereogenic elements
(stereocenters, and stereogenic axes or

A. Modification of the cyclopentadienone ring
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R
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R! ) R
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RRZ;é%:o szé%:o
| R? :> F| R?
-.Fe -re
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Fig. 1. Main strategies to obtain structurally modified (cyclopentadienone)iron complexes.

planes) into (cyclopentadienone)iron com-
plexes, in order to obtain chiral pre-cata-
lysts for enantioselective reductions such
as asymmetric hydrogenation (AH) and
asymmetric transfer hydrogenation (ATH).
The main approaches that were followed
to this end are discussed in more detail in
sections 2 and 3.

2. Chiral (Cyclopentadienone)-
iron Complexes Featuring a Chiral
Cyclopentadienone Ligand

The synthesis of (cyclopentadienone)-
iron tricarbonyl complexes can be per-
formed by two main synthetic strategies:
i) complexation of the cyclopentadienone
ligand using an iron carbonyl source (such
as Fe(CO), or Fe (CO),), or ii) cyclative
carbonylation of diynes with large excess-
es of the same iron carbonyl complexes,
which results in the formation of fused
bicyclic cyclopentadienones and in the si-
multaneous complexation of the iron tri-
carbonyl moiety. Both synthetic strategies
can in principle be employed for the for-
mation of chiral (cyclopentadienone)iron
complexes starting from chiral cyclopenta-
dienone or diyne precursors. In both cases,
one important issue to be considered is
that, upon complexation with the iron moi-
ety an additional stereogenic element may
be formed, viz. a stereogenic plane. In this
regard, Wills and co-workers synthesized a
few iron complexes starting from unsym-
metrical bis-propargyl ethers containing a
stereocenter (Scheme 4A).[1%] During the
cyclization, from each bis-propargyl ether
two diastereomeric complexes (4a/da’,
5a/5a’', and 6a/6a') were formed in unequal
quantities, which were separately tested in
the ATH of acetophenone using the for-
mic acid/triethylamine azeotrope (Scheme
4B). Both reactivity and enantioselectivity
were low (ee < 25%) and, interestingly,
these results were not influenced by differ-
ent hindrance of the R and Ph groups but,
rather, by the proximal versus distal posi-
tion of the methyl group on the stereogenic
center. An interaction between the methyl
and one CO ligand was invoked to explain
this behavior.[10d]

Creating a stereogenic plane upon for-
mation of the (cyclopentadienone)metal
complex may be desirable, because it in-
volves formation of chiral complexes even
from simple achiral ligands and metal
sources.!!7] However, as can be noted in
the above-discussed example by Wills
and co-workers,[19d] the formation of a
stereogenic plane also brings about syn-
thetic issues linked to separation of the
corresponding isomers. This problem can
be circumvented by use of C,-symmetric
diynes (or cyclopentadienones) for the
synthesis of the chiral complexes, leading
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to formation of a single complex in which
the cyclopentadienone plane is chirotopic
but non-stereogenic. This approach was
recently followed by our group with the
introduction of a (R)-1,1'-bi-2-naphthyl
residue in the 3,4-positions of the cyclo-
pentadienone (Scheme 5A), reasoning that
the binaphthyl backbone, with its stable
and rigid framework, could efficiently
shape the space around the iron atom and
induce high enantioselectivity. Evaluating
the structure of our catalyst we could antic-
ipate that the binaphthyl stereoaxis would
be relatively far from the reaction center,
so we planned some structural modifica-

Fig. 2. Results
of the screening

of complexes
7a-17ain the AH of

acetophenone.

m Conv. (%)

10a 1la 12a 13a 14a 15a 16a 17a

mee (%)
Positive: §
Negative: R

-20

Pre-cat. (1 mol%)
(0] MesNO (10 mol%)

>

HCOOH/Et;N
40°C, 48-96h

4a (R = TBDMS) 44%
5a (R = TMS) 37%
6a (R = Ph) 14%

OH

A Ph R
© —=-R Me, 0
J " Fe(cO) Oﬁo . o
_—
>%Ph Toluene é ,I|:e R \.||:e Ph
Mé 130 °C, 24h 0C'/ co OC4 “co
oC ocC

4a' (R = TBDMS) 8%
5a' (R = TMS) 17%
6a' (R = Ph) 10%

Pre-cat. Conv (%) e.e. (%)

4a 36 10
4a' 10 10
5a 85 23
5a' 96 11

6a 77 25
6a’ 17 5

Scheme 4. A. Synthesis of chiral (cyclopentadienone)iron complexes featuring both a stereocenter
and a stereogenic plane (Wills and co-workers).l'd B. Catalytic test of complexes 4a, 4a', 5a, 5a',

6a and 6a' in the ATH of acetophenone.

H, (30 bar)
(0] Pre-catalyst (2 mol-%)
Me3NO (4 mol-%)
_—

5:2 iPrOH / H,0, 70 °C

OH

o

10a (R,R'= OH) 14a (R, R' = OMs)
11a (R, R = OBn) 15a (R, R = OTs)
12a (R, R' = OAc) 16a (R, R = OTY)
13a (R.R'= OBz) 17a (R = OTf, R' = Ph)

Scheme 5. A. Chiral (R)-BINOL-derived (cyclopentadienone)iron complexes developed by our
group.[™® B. Screening of the pre-catalysts in the AH of acetophenone.

tions that in principle could improve the
transfer of the stereochemical information,
or allow for substrate orientation.

Thus, starting from (R)-1,1'-bi-2-
naphthol (BINOL) we synthesized a small
library of chiral complexes (7a-17a in
Scheme 5A) variously substituted at the
2,5-positions and at the 3,3'-positions of
the binaphthyl residue.l'8] Notably, owing
to the peculiar stability of (cyclopentadie-
none)iron complexes, the 3,3'-disubstituted
compounds 10a—17a could be prepared by
modification of a common precursor (8a),
performing functional group interconver-
sion on the iron complexes. Compounds
7a—17a, activated in sifu in the presence
of Me,NO, were tested in the AH of ace-
tophenone (Scheme 1B), giving the results
shown in Fig. 2.

As expected, the presence of substitu-
ents in the 3,3'-positions of the binaphthyl
residue positively affected the enantiose-
lectivity, determining a 30—40% increase
of the ee (Fig. 2, complexes 8a and 10a-
17a vs. complex 7a). Remarkably, replace-
ment of the TMS substituents at the 2,5-po-
sitions of the cyclopentadienone ring with
phenyls (Fig. 2, pre-catalyst 9a) led to re-
versal of the sense of stereoinduction (R
instead of S enantiomer formed preferen-
tially). Unfortunately, none of the pre-cat-
alysts reached ee values higher than 52%,
probably due to the insufficient size of the
binaphthyl substituent pointing towards
the Fe center. Indeed, introducing a bulky
residue in this position turned out to be
synthetically impossible for steric reasons.
Finally, the substitution of the 3,3'-binaph-
thyl position and of the 2,5-positions of the
cyclopentadienone ring strongly affected
also the catalytic activity, although the ob-
served effect is difficult to rationalize.

The best pre-catalyst (8a) was used in
the AH of several other ketones (Table 1),
showing a fairly broad scope and giving in
most cases ee values ranging from 50% to
77%. Although these ee values are clearly
inferior to the best literature examples of
ketone AH,!!9] they still represent the best
results obtained so far with chiral (cyclo-
pentadienone)iron complexes.
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Table 1. Substrate screening for the ketone AH
promoted by pre-catalyst 8a.

H, (30 bar)
J(J)\ :Aaegfug?it/un)mol%) jﬁ"
R1 R2 5:2 iPrOH / H,0, 70 °C R1 R2
. |ee [%],
Entry| Substrate ('Zonverb abs.
sion [%]° | conf.
(e}
1 ~ 100 | 50,
o
o)
2 @* 100 | 46,
F3C
[e]
3 @* 64 50, §
MeO’
o]
4 @* 100 | 51,8
Cl
[o]
5 A 43 68, S
6 AN 99 51,8
o]
7 o~ 35 50, §
p
[e)
8 ©)V 97 | 57.8
o]
98 @é 25 77,8
(o]
0| LT 100 | 13,R
o]
1 @é 78 | 59.R
[e]
12 O)K 89 | 61,8
o]
13| L 76 0
(o]
14 %& 22 77,8

*Substrate/8a/Me,NO = 100:5:10.

Recently, Wills and co-workersreported
another class of chiral (cyclopentadienone)
iron complexes possessing a C -symmetric
cyclopentadienone ligand (Scheme 6) and
differing from each other in the protection
at the oxygen atoms of the fused cyclohex-
ane ring.[201 Complexes 18a—22a (Scheme
6), after activation with Me3NO or K2CO3,
were tested in the AH and in the ATH of
acetophenone, showing moderate catalytic
activity and low enantioselectivity (up to

18a-22a (10 mol%)
Me3NO (10 mol%)

@ﬂ
Conv. = 19-86%
Up to 24% ee

5:2 HCOOH / TEA
60 °C

A.
RO
) RO Ph
—=—Ph  .co 18a (R = H)
e(CO)s O 19a (R =Bn)
- = OR | Ph 20a (R = TBDMS)
= ph [oluene, oc-Fe. 21a (R =TIPS)
RO 130°C oc¢ ©O  22a(R=TBDPS)
B.

ot

H, (30 bar)
18a-22a (1 mol%)
Me3NO (1 mol%)
or OH
K,COj3 (5 mol%) *
5:2 iPrOH / H,O
80 °C or 100 °C Conv. = 6-100%
Up to 20% ee

Scheme 6. A. Chiral (cyclopentadienone)iron complexes featuring a C,-symmetric
cyclopentadienone ligand developed by Wills and co-workers.?” B. Screening of complexes

18a-22a in acetophenone AH and ATH.

A. (S)-L*
T™MS (R(;rL* ™S
e TI\;)S e |0 |ZT,\;)S ‘ ‘ .
Me3NO or hv P-
OC//Fe‘oo toluene, reflux OC//Fe\L* g
oC oc
23a 24a (S)- or (R)-L*
B.
H, (10 bar)

[Dgl-toluene, hv

™S T™S T™S
|Fe T™S |Fe T™S |Fe T™S

HY 7o ocv e, oc—"&

od *t Hot od M

24b 24p’ 23b

| 58% 40% | 2%

diastereoisomers (epimers at iron)

Scheme 7 A. Synthesis of chiral (cyclopentadienone)iron complexes (24a) by replacement of
a CO with a chiral monodentate ligand (MONOPHOS). B. Formation of the diastereoisomeric
(hydroxycyclopentadienyl)iron complexes (24b and 24b’) possessing a stereocenter at Fe.

24% ee). Such a poor enantiocontrol is
probably due to the remarkable distance
of the stereocenters from the catalytic site
of complexes 18a—22a, which does not al-
low an efficient transfer of stereochemical
information.

3. Chiral (Cyclopentadienone)iron
Complexes Prepared by Exchange
of a CO with a Chiral Ligand

Berkessel and co-workers proposed
an alternative approach to generate chiral
(cyclopentadienone)iron complexes start-
ing from simple achiral complexes such

as 1a or 23a (Scheme 7A).U'1 Here, one
of the CO groups bound to iron is simply
removed — either photolytically (under UV
irradiation) or oxidatively (Me,NO) — and
replaced with a chiral monodentate ligand
such as MONOPHOS. When one of the
two remaining CO ligands is substituted
by H in the activation step (Scheme 7B),
an active (hydroxycyclopentadienyl)iron
complex is formed possessing a stereocen-
ter at the iron atom, and therefore existing
as a mixture of diastereoisomers (24b and
24b"). NMR studies carried out under the
activation conditions revealed that diaste-
reoselectivity in the formation of 24b and
24b' is low (24b/24b' = 1.45:1). Moreover,
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Scheme 8. A. Replacement of one CO ligand of two complexes developed by Wills and co-
workers (19a and 20a) with a (R)- or (S)-MONOPHOS (L*) to yield complexes 25a-28a.2" B.
Formation of the activated (hydroxycyclopentadienyl)iron complexes (27b and 27b') possessing a

stereocenter at Fe.?"

A.
(R)-L*
or
™S (RHL* ,
O MesNO

TMS toluene, reflux
oc-Fes
7a  OC

ot

CcO

H, (10 bar)

Pre-cat. (5 mol%)

hv (A =350 nm)
AR ettt N

toluene, 40 °C

Pre-cat. Conv. (%) ee (%)
7a 35 17, R
29a 82 39, R
30a 97 29, S

Scheme 9. A. Replacement of one CO ligand of complex 7a, developed by our group!'® with a (R)-
or (S)-MONOPHOS (L*) to yield complexes 29a and 30a.?" B. Screening of complexes 29a and

30a in the AH of acetophenone.

a small amount (2%) of the achiral (hy-
droxycyclopentadienyl)iron complex 23b
was also observed, deriving from removal
of the chiral ligand. The poor observed se-
lectivity in the formation of the diastereo-
isomeric active complexes 24b and 24b' is
reflected by the low enantioselectivity that
was obtained using pre-catalyst 23a in the
AH of acetophenone (up to 31% ee).

To overcome the problem of the un-
selective formation of a stereocenter at Fe,
Wills and co-workers applied Berkessel’s
approach to complexes 19a and 20a
(Scheme 6), which were subjected to ex-
change of a CO ligand with MONOPHOS
(L* in Scheme 8).[20! In this case, since

the original iron complexes (19a and 20a)
are chiral themselves, the use of either en-
antiomer (R or S) of the phosphoramidite
ligand created matched and mismatched
pairs (25a/26a and 27a/28a). Each of
these complexes was fully characterized
and then tested for the enantioselective
catalytic applications.

In an experiment similar to the one
described by Berkessel (see above), the
activation of complex 27a was studied
by NMR. Perhaps owing to the presence
of an additional chiral ligand compared
to 24a, this time the activated (hydroxy-
cyclopentadienyl)iron complexes 27b
and 27b' were obtained in ca. 12:1 ra-

tio (Scheme 8B). However, despite this
highly diastereoselective activation, use
of pre-catalysts 25a-28a led to very low
activity and enantioselectivity in both AH
and ATH of acetophenone (both conv. and
ee < 20%).120

A similar approach was also followed
by our group making use of the binaph-
thyl-derived chiral cyclopentadienone
complex 7a (see above) combined with
MONOPHOS (L*).211 The two air-stable
diastereomeric complexes 29a and 30a,
containing either (R)- or (S)-MONOPHOS,
were prepared and screened in the hydro-
genation of acetophenone (Scheme 9).
Yields were satisfactory (>80%) with both
pre-catalysts, which showed better enan-
tioselectivity than the parent complex 7a.
Complex 29a represents the matched com-
bination, forming (R)-1-phenylethanol
with 39% ee, whereas 30a is the mis-
matched combination, affording (S)-1-
phenylethanol in 29% ee.

4. Dual Catalysis Approach

to AH Involving Achiral
(Hydroxycyclopentadienyl)iron
Complexes

A completely different approach to
achieve enantioselectivity in the reduc-
tions promoted by (cyclopentadienone)/
(hydroxycyclopentadienyl)iron complexes
was described in 2011 by Beller and co-
workers, who developed a procedure for
the AH of N-aryl ketoimines (Scheme
10B) using the achiral (hydroxycyclopen-
tadienyl)iron catalyst 1b in combination
with a chiral phosphoric acid, (S)-TRIP.[2?]
According to the proposed mechanism(23]
(displayed in Scheme 10A), the Brgnsted
acid acts as a chiral template, forming
hydrogen bonds simultaneously with the
catalyst and with the substrate. A wide va-
riety of different N-aryl ketoimines were
hydrogenated with high yields and excel-
lent ee. Employing the same system it was
also possible to hydrogenate quinoxalines
to tetrahydroquinoxalines and 2H-1,4-
benzoxazines to dihydro-2H-benzoxazines
(Scheme 10B), with high yields and excel-
lent ee values.[24] Furthermore, Beller and
co-workers applied the same concept also
to the asymmetric reductive amination of
ketones with anilines, once more with good
yields and excellent ee values.[?51 Although
this methodology allowed to achieve bet-
ter enantioselectivity than those relying on
chiral (cyclopentadienone)iron complexes
(see sections 2 and 3), it has the limita-
tion of employing the sensitive complex
1b, whose synthesis and handling must be
performed in glovebox. Moreover, the cost
of the chiral phosphoric acid co-catalyst,
whose synthesis is not trivial, should be
taken into consideration.
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LT 00,

Yield = 90%
ee =T74%

H, (5 bar)
toluene
60 °C
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Yield = 67-90%
ee = 58-74%

Scheme 10. Combined use of the (hydroxycycolpentadienyl)iron complex 1b and a chiral
phosphoric acid [(S)-TRIP] to achieve the AH of ketoimines?? (A) and quinoxalines?* (B).

5. Conclusions

(Cyclopentadienone)iron tricarbonyl
complexes have recently attracted a lot of
interest as reduction pre-catalysts thanks
to their straightforward synthesis, air- and
moisture-stability and easy purification by
chromatography on silica gel. Numerous
reports have shown that these stable com-
plexes can be converted in situ into highly
efficient catalysts for the chemoselective
reduction of aldehydes, ketones and im-
ines. In this account, we have described
several approaches to achieve enantiose-
lective C=0 and C=N reductions rely-
ing either on chiral (cyclopentadienone)
iron complexes — obtained by modifica-
tion of the cyclopentadienone backbone
and/or replacement of a CO with a chi-
ral ligand — or on combination of achiral
iron complexes with chiral co-catalysts.
These approaches were aimed at bring-
ing the stereogenic elements capable to
create the enantiodiscrimination as close
as possible to the reactive site and induce
an efficient stereocontrol. Although all
the examples shown suffer from serious
limitations (low ees in the case of the
chiral complexes, poor practicality in the
case of the dual catalysis approach), this
represents a highly challenging field of
research which is being actively investi-
gated and will bring new perspectives to
the development of enantioselective base
metal-derived catalysts.
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