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1. Introduction and Scope

Asymmetric catalysis constitutes one of the most important
subjects in chemistry originating thousands of published
works every year. But still, the application of such method-
ologies in chemical industry is rather limited due to the high
cost of chiral ligands and noble metals used in such
transformations. Additionally, sometimes the final products
contain high levels of metal contamination derived from
catalyst decomplexation or degradation phenomena, which
can became a serious drawback if the metal is toxic for
pharmaceutical and food industries. Because of these reasons
there are still advantages to using chiral building blocks
readily available in nature or by applying resolution of optical
isomers.' ™*

Stereochemical and chemical efficiencies of a certain
transformation are in principle better reproduced and pre-
dicted in homogeneous catalysis than in heterogeneous
catalysis. The presence of the heterogeneous support in a
reaction vessel, in some cases, can make the results
unpredictable (negative vs novel positive effects).” The
choice of the heterogeneous support for the catalysis is a
crucial decision. Some properties like high thermal, chemical,
and physical stabilities, chemical inertia, and homogeneous-
like behavior are highly desirable.

Diffusion of molecules inside a matrix adds a delaying
contribution to the kinetics equations. In heterogeneous
catalysis these phenomena are a sum of two contributions:
diffusion of molecules inside the solvent (which is also
present in homogeneous catalysis) and diffusion of molecules
inside the porous structure of the supporting matrix. Based
on this, homogeneous catalysis theoretically has advantages
over heterogeneous catalysis. But in heterogeneous catalysis,
the catalyst is easily recovered using just filtration or
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extraction techniques that are impossible to apply in homo-
geneous catalysis.

Amorphous and ordered silicas, clays, and highly cross-
linked polymers are the standard supports to create a
heterogenous catalyst from a homogeneous catalyst. The
principal immobilization mechanisms consist of ligand
grafting, metal coordination, microencapsulation, electrostatic
interactions, and ion exchange.

It is possible to combine advantages of homogeneous and
heterogeneous systems by running reactions with catalysts
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that have been chemically linked to soluble macromolecules
like oligomeric or low cross-linked soluble polymers, PEG,
and dendritic structures. The supported homogeneous catalyst
can be precipitated at the end of the reaction by addition of
a cosolvent and recovered like a heterogeneous system.

The reutilization of asymmetric catalysts and the reaction
media was possible using greener solvents like water, ionic
liquids, PEG, perfluorinated solvents, and supercritical CO,
(scCO,), which constitute alternatives to volatile organic
solvents. Water rises as the cheapest solvent bearing unique
characteristics that differ from the others solvents: it is
cheaper and the most abundant in nature and proved to have
some unexpected beneficial effects in organic transforma-
tions.°

In recent years, ionic liquids (ILs), which consist of organic
cations and appropriate anions (liquid compounds until 100
°C) have received considerable attention due to their potential
as alternative recyclable substitutes for volatile chlorinated
and nonchlorinated organic solvents as reaction media for
chemical processes. They have intrinsically useful properties,
such as thermal stability, high ionic conductivity, negligible
vapor pressure, and a large electrochemical window.”” '

Perfluoroalkanes present preferential fluorine—fluorine
interactions and low interactions with water, protic and polar
solvents, hydrocarbons, and common functionalized organic
compounds. This property allows the development of ef-
ficient separation techniques that could be applied to recycle
perfluorinated solvents and catalysts.'

Supercritical CO, is an unconventional solvent, which
differs from ordinary solvents due to the gas-like low
viscosity, high diffusivity, and liquid-like solubilizing power.
Additionally, these properties are readily tunable by changing
the operating temperature and pressure. scCO; has the added
benefits of an environmentally benign nature, being nonflam-
mable, low toxicity, and high availability.'®

The necessity to transfer the asymmetric catalysis meth-
odology to large scale synthesis technology is a crucial goal
for synthetic organic scientists worldwide. There are a large
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Scheme 1. Main Substrates Used for Asymmetric Hydrogenation Assays
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number of contributions toward achieving this goal dispersed
in the literature.>'” =23 In 2002, Chan and Li tried to combine
all these contributions.” During the last five years, several
reviews were published in the literature. The majority focus
on catalyst immobilization for both chiral and achiral organic
transformations, but they do not cover all types of catalyst
immobilization processes reported.''**~*® From the reviews
that focus only enantioselective catalysis, some cover only
one type of transformation or chiral ligand**~*' or self-
supported heterogeneous catalyst*? or solvent-free transfor-
mations,*> while Glorius et al. tried to cover several
transformations performed with heterogeneous catalysts.**

Since 2002, this area of reusable asymmetric catalysts
continued to grow surpassing 450 contributions in only 5
years if all types of catalyst immobilization strategies are
considered, such as homogeneous and heterogeneous ca-
talysis and unconventional reaction media. This work
constitutes an update of the earlier Chan and Li work®
covering a larger number of transformations and all types
of catalyst recycling methodologies described from 2002 till
July 2008.

In the beginning of each section, there is a brief description
of the reaction in question or some highlights from the past
in that area for the reader to easily perceive the type of
development accomplished in each transformation. For the
transformations in which considerable diverse efforts were
described, the literature was organized to include the
following approaches: heterogeneous catalysts, homogeneous
catalysts, and alternative reaction media. Within the text,
maximum efforts were made to establish comparisons among
the homogeneous nonrecyclable protocols with the method
for recovery, both in terms of reactivity and enantioselec-
tivity, giving special attention to the recycling process. This
recycling process will be analyzed both in terms of execut-
ability and efficiency. In terms of efficiency, sometimes the
reader can encounter Y.(x) =...% and ee.(x) =...%. These
percentages should be read as the yield (Y.) or enantiose-
lectivity (ee.) erosion at run x. The percentages are calculated
according to the following expressions:

Y(1) — Y(x)
Y(1)

ee(l) —ee(x)

Yo = ee(1)

ee (x) =

2. Asymmetric Alkene Hydrogenation

Asymmetric alkene hydrogenation is a powerful tool in
organic chemistry to prepare enantiopure compounds with
excellent atom economy. The catalysts applied in this
transformation are generally based on rhodium(I) and chiral
phosphines, which are extremely expensive. Therefore, this
transformation attracted considerable attention by chemists
interested in obtaining economically sustainable processes.
Generally, methyl a-acetamidoacrylate (MAA), methyl a-ac-
etamido cinnamate (MAC), and dimethyl itaconate are the
model substrates chosen by the authors to perform asym-
metric hydrogenation reactions (Scheme 1).

Scheme 2. Hydrogenation Reaction with Self-Supported
Heterogeneous Catalyst 1
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2.1. Heterogeneous Catalysts

Before 2002, the BINAP ligand was immobilized by
grafting to a polystyrene support and copolymerization to
form a polyurea polymer. The supported ligands proved to
behave similarly to free BINAP.”

Ding et al. prepared a self-supported heterogeneous
catalyst, 1, for enamine hydrogenation (10 h, 40 atm, 25 °C)
from a Rh complex (Rh(Cod),BF.) and a bis-phosphoamidate
derived from BINAP (Monophos). Excellent enantioselec-
tivities were obtained with aromatic and alkylic enamines
with this heterogeneous catalyst (equivalent to homogeneous
ligand, Scheme 2). The catalyst was recycled six times with
a minimal 5% enantioselectivity erosion.*’

Two years later, Ding et al. prepared a new self-supported
polymer based on the same homogeneous catalyst. In this
case, the ditopic ligand can self-assemble naturally by
hydrogen bonding to a dimeric structure in apolar solvents
(instead of being chemically linked). In the presence of
rhodium complex, the ligand will assemble into a polymeric
structure (catalyst 2). This polymeric complex proved to be
an efficient heterogeneous catalyst for enamine hydrogenation
reactions (substrate/catalyst (S/C) = 100, 40 atm H,,
91—96% ee). It could be recovered by filtration and reused
with minimal ee erosion. The reactivity dropped consecu-
tively during 10 cycles (from 180 to 8 h™"), and this is maybe
due to the absence of H, during the filtration, which
ultimately could lead to catalyst decomposition.*®

1

BF4
-, vaNeslay
- Rh. N O = /U\/~

o
"o Honon
N._N_N_.O
’

2

Geresh et al. immobilized the Rh—MeDuPhos catalyst 3
within polyvinyl alcohol cross-linked matrix. This supported
catalyst showed low solubility in water and was tested as a
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Scheme 3. Hydrogenation Reaction of Dimethyl Itaconate with Rh-Bisphosphines Immobilized in Siliceous Frameworks
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heterogeneous catalyst for methyl-2-acetamidoacrylate (MAA)
hydrogenation in this solvent. High levels of enantioselec-

tivity were accomplished (up to 97% ee). The catalyst could
be recycled twice without negligible enantiomeric excess and

yield erosion.*’
Efp ;
N

3

o+ CF3803_

Before 2002, de Rege et al. performed the heterogenization
of a chiral rhodium catalyst in MCM-41. This heterogeneous
catalyst proved to be as selective as the free catalyst (up to
99% ee) and proved to be recyclable.’

Several works have been published based on Augustine’s
method to perform the immobilization of chiral Rh(I)
complexes. In this method, the inorganic support (alumina)
bears a phosphotungstic acid (PTA) that coordinates to the
homogeneous catalyst to accomplish the immobilization
followed by the coordination of the chiral ligand.*®

The chiral ligands (R)-BINAP,* (R,R)-MeDuPhos,*° and
(25,45)-BDPP°! and carbon-activated®** supports were
studied under this methodology. Generally, the heterogeneous
catalysts were found to be less active than their homogeneous
partners under batch conditions but provided comparable
levels of enantioselectivities (generally above 90% ee). The
high degree of recyclability of these catalysts was also
demonstrated (up to 11 cycles).

Poliakoff et al. conducted dimethyl itaconate asymmetric
hydrogenation (see reaction in Scheme 3) under flow
conditions using this type of heterogeneous catalyst (im-
mobilization of [Rh(S,S-Skewphos)(nbd)|BF,). The reaction
was run under a flow of scCO, providing the respective
products with enantioselectivities near to conventional batch
systems (at 60 °C, 66% conversion and 63% ee). The catalyst
4 worked continuously during 8 h with consistent perfor-
mance.>* Recently this technology was extended to other
families of chiral diphosphine ligands.>

>

Rh/

é

alumina

Hutchings et al. showed that achiral [Rh(cod),]BF4 could
be immobilized in mesoporous MCM-41 by ion-exchange,

[Rnl]

Ha

S,S-CHIRAPHOS

(0]
/OMO/
0O
PPh,

R-ProPhos R,R-DIOP

followed by chiral ligand coordination ((R,R)-MeDuPhos).
Alternatively, they also immobilized directly the chiral
rhodium complex. Both types of heterogeneous catalyst
proved to be as efficient as their homogeneous analogues
(up to 99% ee) and could be reused 9 times without
enantioselectivity erosion in methyl itaconate hydrogenation
(S/C = 250, 80 psi Hy).>®

Hoelderich et al. prepared a small library of heterogeneous
chiral catalysts by direct immobilization of Rh(S,S)-MeDu-
phos, Rh(S,S)-MeBPE, Rh(S,S)-Chiraphos, R-Prophos, and
(R,R)-Diop into several ionic siliceous frameworks (MCM-
41, MCM-48, and SBA-15, Scheme 3). These new hetero-
geneous catalysts were applied in asymmetric hydrogenation
reactions of dimethyl itaconate proving to be very reactive
(>99% conversion), selective (99%), and enantioselective
(up to 98% ee). They could be recovered easily and reused
during four consecutive cycles with constant performance,
achieving a total TON of 20 000.%’

Sheldon and Maschmeyer immobilized two asymmetric
hydrogenation catalysts, ([Rh(cod)(R,R)-Me-DuPHOS]BF,
and [Rh(cod)(R,R)-DiPAMP]BF,), in a new Brgnsted acidic
aluminosilicate (AITUD-1) via an ion-exchange protocol.
These heterogeneous catalysts were found to have similar
behavior compared with the homogeneous catalysts in
hydrogenation of dimethyl itaconate and methyl 2-acetamido
acrylate (S/C = 100, 5 bar Hy), providing the respective
products with excellent enantioselectivity (98%). The het-
erogeneous catalyst bearing the [Rh(cod)(R,R)-DiPAMP]BF,
catalyst was shown to be most stable being reused efficiently
during four cycles. The effect of the solvent polarity in
rhodium leaching was demonstrated with the most unstable
catalyst.>®

Recently, the same authors screened several anionic
supports for electrostatic immobilization of Rh—MonoPhos
complex. It was concluded that phosphotungstic acid (PTA)
on alumina outperformed the other supports providing
excellent levels of enantioselectivity with absence of rhodium
leaching (four cycles). The other supports evaluated were
Nafion, Nafion—silica composite (SAC-13), and a mesopo-
rous aluminosilicate (ALTUD-1).>°

Thomas and co-workers grafted two asymmetric di-
amine ligands ((S)-(—)-2-aminomethyl-1-ethyl pyrrolidine
and (1R,2R)-(+)-1,2-diphenylethylenediamine) on sili-
ceous supports with the intent of immobilizing the
homogeneous Rh(alkene),BF. complex. The heterogeni-
zation was performed in two types of silica: MCM-41
(concave) and Cabosil (convex). Interestingly, the authors
found that the catalyst supported in MCM-41 with concave
pores, 5, slightly enhanced enantioselectivity compared
with homogeneous catalyst in asymmetric hydrogenation
of (E)-o-phenylcinnamic acid and methyl benzoylformate
(20 bar H,, 80—99% conversions, up to 96% ee). The same
behavior was not observed in Cabosil due to less hindered
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approaches of the reactants to the catalyst. Heterogenized
catalyst on MCM-41 proved to be recyclable up to three
cycles with minimal ee erosion.®

The same authors described an alternative method for
immobilization of cation rhodium catalysts. The utilization of
a catalyst with trifluoromethanesulfonate anion allowed the
immobilization on silica via hydrogen bonding with silanol
groups. The immobilization proved to have positive effects on
enantioselectivity (up to 94%) in (E)-a-phenylcinnamic acid
hydrogenation (20 bar H,) and allowed successful catalyst
recycling (once without loss of efficiency).’

Hayashi and co-workers chose to graft several chiral phos-
phine ligands to the surface of silica gel using the allylsilane
method. Ligand 6 was tested for rhodium-catalyzed hydrogena-
tion of methyl a-acetamido cinnamate proving to be as efficient
as the homogeneous ligand (97% yield, 93% ee). When the
catalytic system was reused, the reaction became slower, but
the enantioselectivity remained unchanged.®

o PPh,

o/\/\HJ\N

6

PPh,

Stohr and Pfaltz anchored a chiral bisphosphine ligand on
the surface of gold nanoparticles. The utilization of long
linkers allowed the ligand to be apart from the gold surface,
which made it a pseudohomogeneous ligand with heteroge-
neous properties. The rhodium complex with these ligands
(ligand 7) was tested in asymmetric hydrogenation of methyl
a-acetamido cinnamate providing enantioselectivities up to
93%. The catalyst was recovered by filtration and reused
three times without loss of enantioselectivity.®®

o)
PheP. MVW\ >
L s '

Ph,P

7

Zhou and co-workers prepared a pyrene-modified Pyrphos
ligand with the purpose of immobilizing its rhodium complex
inside carbon nanotubes due to w—s stacking interaction.

Trindade et al.

The heterogeneous catalyst 8 was applied on o-dehy-
droamino esters, hydrogenation proving to be as efficient as
that by the unsupported analogue (up to 96% ee, S/C = 100,
10 atm H,, 20 °C, 2 h). Furthermore, it was recycled eight
times with unchanged performance.®*

o PPh,

N
ate

8

Luna et al. grafted a Ru—(BINAP)(dpea) complex on the
surface of amorphous AIPO, support to achieve its recycling.
It was tested in the successive liquid phase enantioselective
hydrogenation of dimethyl itaconate, MAA, and MAC (in
dichloromethane, S/C = 45.4, 6.8 atm H, at 50—70 °C). This
heterogeneous catalyst 9 provided the respective products
with excellent enantioselectivities (99% ee) during several
days and working continuously (up to 10 cycles).®®

\ S
Ph
e do
F,/ \\N
TP d A\
(0 Q

Halligudi et al. prepared a BINOL-derived monodentate
phosphorothioite ligand and its iridium complex was co-
valently anchored to the surface of SBA-15, MCM-41, and
MCM-48 (ligand 10). These heterogeneous catalysts were
evaluated in the hydrogenation of dimethyl itaconate, from
which the catalyst immobilized on SBA-15 was proven to
be the most efficient (ee up to 96%, S/C = 1660, 40 °C, 20
bar Hy, and 20 h). It was found that this catalyst has virtually
no degree of leaching, which allowed its recyclability to six
cycles without any signs of catalytic activity erosion (total
TON = 8300).%¢

OO O:'P—s
o9

2.2. Homogeneous Catalysts

Prior to 2002, several chiral bisphosphines were im-
mobilized in linear polymeric supports (PEG and polyester
polymers) and in dendrimeric structures (Frechet-type den-
drimers and others). Generally all types of immobilization
had no negative impacts on the enantiomeric results of the
hydrogenation reactions, providing the respective alkanes
with excellent enantioselectivities (up to 99% ee). Further-
more, some were shown to be highly recyclable (up to 10
cycles).’

Fan and Chan prepared and tested a chiral dendritic ligand
11 bearing a Pyrphos moiety linked to its core for asymmetric
hydrogenation of a-acetamido cinnnamic acid. After in situ
catalyst formation (reaction between Rh(Cod),BF, and the
dendritic ligand 11), it furnished phenylalanines with excel-
lent ee’s (>97% ee vs 99% for unsupported ligand) with all
dendritic generations. As the dendrimer generation increases

10
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the catalyst became extremely hindered and therefore less
reactive. It was reasoned that the dendritic edges totally
microencapsulated the metal center, which should make it
more difficult for the reactants and products to move along
the dendritic capsule. The catalyst was recovered by filtration
and reused with constant ee. However, the conversion
decreaﬁs76d considerable upon recycling (run 1 94%, run 3
55%).

thP,
th :<<

11

Fan and Chan developed a new strategy to recover
dendritic catalysts based in a two-phase separation (BINAP-
derived dendrimer 12). Hydrogenation reaction of 2-ary-
lacrylic acids were carried on a two-component mixture
(hexane/pure ethanol 1:1) at 80 atm H, pressure
([RuCl,(benzene)], S/C = 100) and when total conversion
was achieved, a small quantity of water was added (2.5%)
to induce phase separation. The catalyst remained in the
hexane phase because it contains long aliphatic chains (C,o)
attached to the dendritic periphery, while products were
found in the wet ethanol phase. Furthermore, all dendrimers
showed equivalent activity and enantioselectivity compared
with the unsupported BINAP (up to 90% ee). When
submitted to recycle assays, 12 proved to be very stable,
showing no loss of efficiency (over four cycles).®®

OC10H21

C1oH210
CmHmO ” OC10H21

C10H210 PPh, PPh, OConzw
010H210 OCaoHyy
C1oH210 OCgHys OC1gHa4

CypH210
12

Rhodium-catalyzed hydrogenation reaction with mono-
dentate phosphite ligands derived from BINOL tends to
afford moderate enantioselectivity (76% ee). The introduction
of an alkoxy chain in the ligand proved to have a positive
effect on the enantioselectivity since an enhancement to 86%
ee was observed. This enhancement was possible by coor-
dination of a hemilabile alkoxy moiety restricting the rotation
of the P—Rh bond. Zheng et al. realized that attaching a
phosphite ligand to a PEG chain could produce the same
effect and also allow reutilization of the expensive catalyst.
This polymeric ligand, 13, enhanced the enantioselectivity
up to 96—99% in aromatic enamine hydrogenation (more
than its homogeneous analogue). The catalyst was recovered
by precipitation and filtration and reused three times with
small ee erosion (6%).%°
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2.3. Alternative Reaction Media

Before 2002, Guernik et al. performed the hydrogenation
of methyl o-acetamido cinnamate in the room temperature
ionic liquid (IL) [bmim]PFgin the presence of Rh—MeDuPHOS
with near perfect enantioselectivity. The reutilization of the
catalyst in the ionic liquid was demonstrated till the fifth
cycle.5 Recently, Peters et al. demonstrated the effect of CO,
in the hydrogenation of methyl a-acetamido cinnamate in
[bmim]BF, in the presence of Rh—MeDuPHOS. When the
partial pressure of COs is increased, the conversion decreases,
but the selectivity increases. The recycling of the catalytic
system was possible by extracting the products with MTBE.”

Task-specific ionic liquids (TSILs) combine two distinct
functions, an ionic liquid and a catalyst/ligand. The ionic
character allows the catalyst/ligand recovery without leaching
because it belongs to the molecular structure of the ionic
liquid. Taking advantage of the solubility of ionic liquids in
numerous organic solvents, the catalysis has a homogeneous
character, and the reaction products could be extracted with
low polarity solvents like ethyl ether. In some methodologies
where an ionic liquid is used, biphasic conditions are
necessary to achieve catalyst recycling, though with some
inherent diffusion problems. In the case of TSILs, this issue
does not exist since the reaction mixture is homogeneous.
Sometimes the attachment of such ionic groups in the catalyst
has negative effects on the catalysis.

Lee et al. attached two methyl imidazolium units on an
asymmetric diphosphine ligand to enhance its solubility in
ILs and increase its reutilization capability ((S,S)-ILG-
BDPMI).”! Aromatic enamines were hydrogenated using 1
mol % of this new catalyst 14 in [bmim]SbFs/i-PrOH
successfully to the respective amine in high enantioselectivity
(Scheme 4, S/C = 100, 1 atm H,, 97% ee). It was found
that the catalyst does not leach from the ionic liquid, which
could be reused three times with minimal ee erosion (2%)
and increasing reaction time (mainly in the last cycle).

It has been recently discovered that in the presence of
Rh—(S,S)-Me-BDPMI catalyst, hydrogenation of E and Z
isomers of f-acylaminoacrylates could be conducted with
the same enantioselectivity, but the conversion was dependent
on the solvent polarity. Curiously, the authors found that
isomer hydrogenation could be conducted in [bmim]SbF¢/
i-PrOH with similar conversions (fast rates).”> The enanti-
oselectivity was found to be solvent-dependent and slightly
lower ee was observed (94% for Z isomer and 88% ee for E
isomer). The Rh—(S,S5)-Me-BDPMI catalyst was reused at
least once, but the conversion readily decreased due to some
deactivation. Catalyst 14 was also tested, proving to be
slightly more reusable.

Pugin and Blaser showed that the TSIL concept could also
be extended to the Josiphos ligand, to which an imidazolium
tag was introduced on the lower CP ring. This ligand, 15,
retained Josiphos ligand efficiency providing excellent levels
of enantioselectivity for methyl oi-acetamidoacrylate (MAA)
and methyl a-acetamido cinnamate (MAC) hydrogenation
in biphasic methyl fert-butyl ether/[bmim]BF, (S/C = 200,
1 bar H,, room temperature, 10 min).It was demonstrated
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Scheme 4. Hydrogenation Reaction of Aromatic Enamines
in the Presence of TSIL Catalyst
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that the TSIL catalyst activity fell more slowly compared
with Rh—Josiphos catalyst upon recycling, showing the
impact of the ionic tag for catalyst affinity for the IL phase.”?
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Feng et al. reported the use of wet ILs as biphasic reaction
media for MAA and MAC asymmetric hydrogenation.” The
mixture of [omim]BF,/water (2 mL of IL to 2—3 mL of
cosolvent) proved to be the best reaction media for MAA
affording higher levels of enantioselectivity and conversion
(up to >99% ee) than the traditional methanol/isopropanol
system (catalyst loading of 0.5 mol %) for all ferrocene-
containing catalysts (Scheme 5).

The enantioselectivity enhacement was not caused by the
lower H, availability in the wet ILs but by characteristic
solvation of the components. This biphasic system proved
to be very stable, and only at the sixth cycle was an increased
reaction time required to achieve complete conversion always
with consistently 99% ee. For more apolar substrates like
MAC, an organic cosolvent like toluene was added to the
wet IL to achieve high enantioselectivity.

Bakos et al. performed o-acetoamidocinnamic acid asym-
metric hydrogenation in a biphasic mixture, [bmim]BF./i-
PrOH, with Rh(cod)(DIPAMP)BF, (0.5 mol %).”> Under
optimized conditions (55 °C, 5 bar H,) in 1 h, quantitative
conversion was achieved with 91% ee, which corresponds
to a value comparable with the literature. The ready solubility
of the catalyst in the IL and the products and starting material
in the alcoholic phase allowed the catalyst to be recycled.
In a third cycle, 10% yield erosion was observed due to some

Trindade et al.

catalyst leaching, while the enantioselectivity remained
unchanged. Yuan et al. also used the same biphasic mixture
to perform the hydrogenation of dimethyl itaconate in the
presence of Rh(R)-BINAPS (generated in situ, BINAP
bearing 3—4 sodium sulfonate moieties) where moderate ee
of 64% was achieved. The presence of ionic groups in the
ligand was crucial to minimize the ligand and rhodium
leaching during the extractions of the recycling experiments.”®

Livingston et al. performed dimethyl itaconate hydrogena-
tion in a reactor fitted with an organic solvent nanofiltration
membrane (OSN Sharmen 122, MWCO = 200 g/mol).”’
When the reaction was conducted in pure methanol and in
the presence of Ru-(R)-BINAP catalyst, 82% yield and 75%
ee were achieved. After the reaction was completed the
mixture was filtered through the OSN membrane allowing
catalyst recovery by rejection (99.9% rejection, MW = 794
g/mol). In the further cycles decrease of activity was observed
due to catalyst deactivation. When the reaction was carried
out with a solvent mixture (methanol/Cyphos 101), it was
observed that the IL increased the catalyst stability (being
reused up to eight cycles) and enantioselectivity up to 95%
ee. Was also found that the introduction of the IL caused a
reactivity decrease (20 h was necessary to achieve total
conversion instead of 3.5 h, Scheme 6). In later cycles, the
reaction became faster, which indicated that the initial low
reactivity could be omitted with a catalyst preactivation
period in the presence of the IL. Curiously, the yield was
depended on IL concentration, increasing when the latter
decreased.

Klankermayer and Francio showed that it was possible to
hydrogenate dimethyl itaconate (up to 52% ee) and methyl
2-acetamidoacrylate (up to 69% ee) with chiral induction in
the presence of an achiral diphosphine ligand, Rh(Cod),BF4,
and triethylamine (as additive) using a chiral ionic liquid as
solvent, [proline]NTf,. The products were removed from the
ionic liquid phase by scCO, extraction, and the catalytic
system was reused twice with 43% yield erosion.”®

Bannwarth et al. prepared a highly fluorinated BINAP
ligand 16 (58% fluorine content) with the purpose of
recovering ruthenium hydrogenation catalyst. Instead of using
expensive perfluorous solvents, a fluorous silica gel (FSG)
was tested as noncovalent immobilization agent (500 A pore
size). It was found that if the hydrogenation of dimethyl
itaconate was run in a mixture of methanol/o,o,a-trifluoro-
toluene (1/1), the enantioselectivity obtained reached 93%.
At the end of the reaction, the products could be removed
with MeOH/water (8/2), leaving the catalytic system retained
in the FSG. The recovered catalyst was only reused twice
due to catalyst degradation.”

Scheme 5. Chiral Biphosphine Ligands for Asymmetric Hydrogenation Reaction in [omim]BF4/Water
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Scheme 6. Hydrogenation of Dimethyl Itaconate Using Nanofiltration Technology
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Chan et al. showed that poly(ethelyene glycol) could be
added to methanol to conduct ruthenium- and rhodium-
mediated hydrogenation of 2-arylacrylic acids and enamides.
This solvent mixture proved to be as efficient as the original
solvent used in this transformation providing excellent levels
of enantioselectivity (quantitative yields, up to 98.6% ee).
Furthermore, it added the possibility to recycle the homo-
geneous catalysts during nine efficient cycles.*

In conclusion, a tendency to reuse the expensive catalysts
by heterogeneous methods in detriment to homogeneous
methods has been observed, especially when the heterog-
enization does not involve chiral ligand modification. The
introduction of chiral ionic tags on the chiral ligands
enhanced the catalyst recyclability in ionic liquids.

3. Asymmetric Ketone Reduction and
Hydrogenation

This section deals with catalyst recycling for asymmetric
hydrogenations and reductions of ketones (Scheme 7). Unlike
the last review,” borane-based catalysts will be described
mixed with other immobilization techniques. Several works
were reported before 2002 on immobilization of amino
alcohols ligands for this borane-mediated transformation
using supports like polymers, dendrimers, and inorganic
materials. Some of the supported ligands provided excellent
levels of chiral induction (up to 98% ee).

3.1. Heterogeneous Catalysts

One of the most successful immobilization techniques was
carried out by Noyori et al. when they anchored a BINAP
derivative to a polystyrene polymer. The ruthenium complex
with this ligand and DPEN was used to hydrogenate
acetoacetates with 97% ee during 10 consecutive cycles.
Polystyrene polymer was also used to immobilize TsDPEN
ligand for asymmetric hydrogen transfer reactions providing
recoverable ligands that can furnish excellent levels of chiral
induction (up to 98% ee).’

Ding et al. prepared a self-suported heterogeneous catalyst
derived from Noyori’s catalyst. The combination of a
bisBINAP ligand, Ru complex, and bisDPEN ligand moieties
resulted in a pale brown solid 17 insoluble in isopropanol,
the solvent of choice for the hydrogenation of aromatic
ketones (S/C = 1000, 40 atm H,, 20 h, 25 °C). This
heterogeneous catalyst proved to be superior to a catalyst

Scheme 7. General Substrates and Methods for
Hydrogenation or Reduction of Ketones
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prepared using a bisBIPHEP ligand.®'®* After a slight
optimization, it was possible to achieve ee’s superior to the
ones obtained with homogeneous counterpart (>94.5% ee).
The heterogeneous character enables the possibility of
recycling this catalytic system by simple filtration being
successfully recycled six times.
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17

Lemaire et al. immobilized diAm-BINAP in a polymer
copolymer using di-isocyanates as the linker. The most rigid
copolymer ligand, 18, was used in ruthenium-mediated
hydrogenation of acetoacetates with excellent performance
and near perfect selectivity (S/C = 1000, 40 atm hydrogen
pressure, 50 °C, 16 h, 99% ee). This heterogeneous catalyst
(in methanol) was reused three times without any changes
in its performance.®
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Wang et al. demonstrated that TSDPEN ligand grafted in
polystyrene beads (ligand 19) could be used in ruthenium-
mediated hydrogen transfer reactions of 2-cyanoacetophe-
none. This reaction proceeds to the formation of (§)-2-cyano-
1-phenyl-1-ethanol with excellent yield and ee (S/C = 100,
HCOOH/NEt;, 98% yield, 97% ee) comparable with the
results obtained with homogeneous catalyst. This system
demonstrated a decrease of reactivity upon recycling when
it was used to perform the synthesis of an important precursor
of fluoxetine.™
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Itsuno’s group was responsible for interesting contributions
in immobilization of DPEN derivatives into polystyrene
copolymers. The first catalyst was prepared by joining a Ru
complex and BINAP to DPEN ligand supported in polysty-
rene polymers prepared by grafting a bisphenol derivative
of DPEN into a chloromethylic PS resin (ligand 20). This
catalyst was tested in acetophenone hydrogenation providing
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the respective product with 73% ee (S/C = 200, 1 MPa H,)
and was reused three times without any decrease on
enantioselectivity. 535
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If the DPEN ligand was introduced by copolymerization
using a divinylmonomer of DPEN and styrene, the same
levels of enantioselectivity and recyclability were obtained
since the polymers are chemically equivalent. But the latter
was found to be less reactive probably due to some
inaccessible DPEN ligands.®” Recently, the authors demon-
strated that polyacrylate-type polymers are also suitable
supports to immobilize DPEN ligand.?%%°

Interestingly, when DPEN ligands were immobilized in
the same polymeric matrix as a monomer unit the reactivity
differences were suppressed. In fact, the catalyst prepared
by copolymerization provided identical levels of enantiose-
lectivity compared with the homogeneous catalyst (80% ee),
and its recyclability reached 16 efficient cycles.”®

Following their recent work, Itsuno et al. prepared PS-
supported TsDPEN ligand to be used in asymmetric hydro-
genation of acetophenone in water by copolymerization. The
presence of a styrene derivative monomer bearing a sulfonic
group in the polymer structure proved to be crucial for
polymer 21 swelling in water, and therefore to its efficiency
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also. The choice of the sulfonic counterion influenced the
enantioselectivity of the transformation since tetralkyl am-
monium counterion compared with sodium provided higher
ee (98%). This heterogeneous catalyst was recycled up to
five cycles with the same outcome of enantioselectivity.”'

Chen et al. used a polymer-supported chiral oxazoboro-
lidine 22 for the hydrogenation of meso-cyclic imide with
borohydride. This key transformation in the synthesis of
D-biotin furnished the desired alcohol in high levels of ee
(98.6%, Scheme 8) and proved to be recyclable up to five
cycles.”?

Cha and Wang prepared a heterogeneous copolymer
containing quinine and bisquinine-terephthalic ligands. The
complex of this polymeric ligand with PdCl,, was tested for
aromatic ketone reduction with sodium borohydride. The
optical yield observed never rises above 65% ee, and this
system showed efficient recyclability over five cycles.”?

Vinodradov et al. heterogenized the Ru-(S)-BINAP hy-
drogenation catalyst in a poly(diallyldimethylammonium

Trindade et al.

Scheme 8. Reduction Step of p-Biotin Synthesis
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salt). This heterogeneous catalyst was reused three times in
methyl levulinate hydrogenation (S/C = 200, 40 atm H,)
affording the respective alcohol with excellent enantiose-
lectivities (>98% ee).”*

Scheme 9. Hydrogenation Reaction with Chiral Ruthenium
Catalyst Incopored inside Davison 923
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Raja et al. applied Rege method to physically trap several
ionic complexes inside desiccant silicas having a narrow pore
size distribution (Davison silica type). It was observed that
the chiral restriction exerted by the support could induce or
improve the enantioselectivity of rhodium- and palladium-
mediated o-ketoesteres hydrogenation compared with the
reaction run in homogeneous media (as an example with
catalyst 23, Scheme 9).”> Reutilization details were given
in two filed patents.”®"’

Lin et al. were interested in preparing hybrid materials
containing organic linkers and metal nodes. The catalyst
Ru(4,4’-(POsH,),-BINAP)(DPEN)CI, bearing two phospho-
nic acid at 4 and 4' positions was synthesized for such
purpose. This ruthenium complex was then coordinated to a
zirconium salt (ZrOz-Buy) to prepare the desired structures.
With this heterogeneous catalyst in hand, hydrogenation of
aromatic ketones was conducted to evaluate its efficiency.
Interestingly, this catalyst proved to be much more enanti-
oselective than its homogeneous counterpart achieving excel-
lent enantioselectivities (0.1 mol %, 700 psi of Hy, 20 h to
give up to 99.2% ee). Furthermore, the catalyst was reused
seven times. The lost of efficiency observed in the seventh
cycle was attributed to some air deactivation.”® To efficiently
hydrogenate 3-ketoesteres, Zr-(4,4'-(POsH,),-(BINAP)RuCl,-
(DMF),) and Zr-(6,6'-(PO3H,),-(BINAP)RuCIl,(DMF),) in-
soluble hybrid materials were prepared using the same
methodology. Curiously, in this case the 6,6'-disubstituted
one proved to be more enantioselective than the 4,4'-
disubstituted one, furnishing ee’s up to 95% (1 mol %, 1400
psi Hy, 20 h). This catalyst was reused efficiently with
minimal ee erosion (5%) during five cycles.”® Higher levels
of enantioselectivity could be obtained (about 5% higher) if
this latter complex ((BINAP)RuCl,(DMF),) was anchored
into well-ordered mesoporous materials (SBA-15, catalyst
24). Unfortunately, this supported catalyst was less recyclable
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since in the fourth cycle a 10% conversion and enantiose-

lectivity erosion were observed.'®

OH

Jx 2 Sour

P ClDMF
Ph,
O

24

Kumar and Ghosh grafted DPEN ligand to the surface of
several siliceous materials. The catalyst 25 formed with
MCM-48 based heterogeneous ligand, BINAP, and ruthe-
nium was tested for the hydrogenation of aromatic ketones
(S/C = ~2000, 1.38 MPa H,, 100 °C) providing the
respective products in quantitative conversions with excellent
enantioselectivities (up to 98% ee). This system was recycled
four times without any erosion of efficiency.'*!
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Recently, van Koten and co-workers managed to graft an
amino-functionalized BINAP ligand to the surface of silica
gel and apply it as ligand for heterogeneous hydrogenations
reactions (catalyst 26). The ruthenium-mediated hydrogena-
tion of acetoacetates was successfully accomplished provid-
ing results highly comparable with the ones obtained with
unsupported catalyst (40 bar H,, 50 °C, 100% conversion,
> 99% ee). The recycling process could be repeated over
four times with no significant loss of efficiency.'?
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Lin et al. coated a ruthenium catalyst [Ru(4-POs;H,-
BINAP)(DPEN)Cl,)] bearing a phosphoric acid group into
magnetite nanoparticles to obtain an easily separable mag-
netic catalyst for aromatic ketones hydrogenation. This
catalyst could be prepared by two methods: thermal decom-
position and coprecipitation. The latter provided enhanced
chiral induction (0.1 mol %, 700 psi H,, 20 h, ee about 5%
higher on average, up to 98.0%) but was found to be less
recyclable (5 vs 14 efficient cycles).'®
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Scheme 10. Hydrogenation Reaction of Acetophenones in
the Presence of RuTsDPEN Catalyst Anchored in Silica
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Tu et al. grafted a TsDPEN ligand derivative into several
inorganic supports derived from silica gel (ligand 27).
Interestingly, amorphous silica gel behaved consistently
better compared with well-ordered supports like MCM-41,
SBA-15, or modified silica. Several aromatic ketones were
reduced in excellent selectivities and yields, superior or at
least equal when compared with unsupported catalyst
(Scheme 10). The catalyst presented a great lifetime since it
could be reused up to ten cycles without any recharge of
ruthenium. The reactivity decrease observed was due to
vestigial Ru leaching.'®*

Shortly after, the authors showed that the same catalyst
can mediate the hydrogenation of aromatic ketones in water
in the presence of PTC additives and sodium formate.
Curiosly, the water induced an acceleration effect on this
transformation and the high degree of reusability was
conserved.'?>1%

Yang and Li encapsulated an organometallic catalyst inside
mesoporous cages before silylation of the cage entrances.
This engineered support provides a prison for the catalyst
and allows free diffusion of small reactants through the cage
entrances. The heterogeneous Ru-TsDPEN/SBA-16—2Ph
was prepared by the encapsulation of Ru-TsDPEN in the
mesoporous cage of SBA-16 using diphenyldichlorosilane
as silylation agent. The heterogeneous system was found to
be as selective as the homogeneous one in acetophenone
hydrogenation (93% ee), despite being less reactive probably
due to diffusion constraints (S/C = 100, HCOONa, Et;NBr,
water). Its reusability reached six efficient cycles.'?”

Ying et al. anchored a TsDPEN ligand in several siliceous
supports (ligand 28). The ruthenium complex prepared with
such ligands proved to be more stable and reactive and to
provide higher levels of enantioselectivity (1 mol %, up to
98% ee), when it was anchored in silica mesocellular foams.
Several aromatic ketones were reduced with HCOOH/NEt;
with high yields and noteworthy enantioselectivities over six
cycles (sometimes surpassing homogeneous RuTsDPEN

catalyst).'%®
|| _H RuNH
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Togni and Pugin grafted on the surface of silica gel Grace
332, BIHEP ligands for ruthenium-mediated hydrogenation
of methyl phenylglyoxylate (0.01—0.25 mol %, 80 bar H,
at 40 °C). The addition of HBR (directly or by mixing in
situ methylsulfonic acid and lithium bromide) was important
to achieve excellent levels of enantioselectivity (up to 91%
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ee). Interestingly, when 29 was recycled its activity increased
gradually till the fourth cycle before decreasing till an
eleventh run. The enatioselectivity remained unchanged

during seven cycles.'"”
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Halligudi et al. immobilized a chiral cyclohexyldiamine
based Ru triphenylphosphine complex in mesoporous silica
SBA-15 and tested it for asymmetric hydrogenation of
aromatic and a,3-unsaturated ketones. It gave enantiomeric
excesses comparable with those obtained with the homoge-
neous system (S/C = 25640, 27 atm of H,, up to 76% ee).
The catalyst was reused twice without any decrease of
efficiency.'”

Liu et al. immobilized Ru(PPh3),(CI),((S,S)-DPEN) inside
the channels of four kinds of mesoporous materials with a
method based on a supported ionic liquid system (originally
designed to immobilize proline catalyst for aldol reactions).
Heterogeneous catalyst supported on silica gel proved to be
as efficient as the homogeneous catalyst and consistentely
recyclable up to five cycles (acetophenone, room temperature,
3 MPa H,, 10 h, KOH, >99% conversion, 75—79% ee).'!!

Zhao et al. performed hydrogenation of acetophenone
using a ruthenium catalyst adsorbed on alumina in the
presence of (R,R)-DPEN/triphenyl phosphine. The authors
achieved a maximum 60.5% ee and proved that the hetero-
geneous catalyst can retain its activity during five consecutive
cycles.'!?

Bergens et al. reported the first polymeric asymmetric
catalyst prepared by ring-opening olefin methathesis
polymerization (ROMP) of trans-RuCl,(Py).((R,R)-Nor-
phos) and cycloctene. The living ends of the polymer were
cross-linked with dicyclopentadiene and the pyridine
ligands with chiral DPEN ligand. The deposition of this
modified copolymer on BaSO, afforded the desired
heterogeneous catalyst 30. It was tested in 2-acetonaph-
thone hydrogenation (S/C = 500, 4 atm H», Scheme 11),
affording the respective alcohol with 83% yield and 83%
ee. This heterogeneous catalyst could be reused up to 10

Scheme 11. Hydrogenation of Aromatic Ketones in the
Presence of Chiral Rh Catalyst Deposited in BaSO,
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cycles with the activity reaching 100% and the optical
yield maintaining above 80% ee. Despite this catalyst
being less reactive than the homogeneous one, it proved
to be by far more selective (83% vs 48% ee).'!?

The enantioselectivity reached 95% ee when the bispho-
sphine ligand used was exchanged by a BINAP derivative
31. Furthermore, this catalyst could be reused 25 times
without any detrimental effect in the conversion and enan-
tioselectivity using 0.1 mol % of catalyst.''*
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Kantam et al. reported the application of nanocrystalline
copper oxide/BINAP as catalyst for asymmetric hydrosily-
lation of ketones in the absence of inorganic base. The
secondary alcohols can be obtained in very good yields and
enantioselectivities after hydrolysis with TBAF (up to 99%
ee). This heterogeneous catalyst was reused three times
without any yield or enantioselectivity erosion.''”

Several co-workers from Jiang’s group focus their efforts
to prepare several catalysts for the hydrogenation of alkylic
ketones.' '™ '?! The designed catalysts consisted of several
metal salts (palladium and rhodium) complexed to natural
biopolymers anchored in inorganic supports. More recently
Zhou from the same group designed a chitosan—nickel —iron—
nickel complex supported on silical gel to be applied in
hydrogenation of aromatic ketones.

3.2. Homogeneous Catalysts

Before 2002, the best results obtained were when TsSDPEN
ligand was immobilized in polystyrene and PEG polymers
providing excellent enantioselectivities (up to 97% ee) in
aromatic ketone hydrogen transfer reactions. This ligand was
also linked to Frechet-type dendritic structures, ligand 32,
providing the same levels of enantioselectivity. The ruthe-
nium complex with this ligand was reused four times.
Recently, Chen and Deng showed that rhodium/ligand 32
catalyst can induce excellent levels of enantioselectivity in
aromatic ketone reduction in the presence of sodium formate.
The recyclability was also high, achieving six cycles.'*

The same efficiency was reported when a PEG-supported
BINAP ligand was tested in the ruthenium-mediated hydro-
genation of acetoacetates (99% ee). The catalyst was recycled
four times and also with consistent efficiency.’

Xiao et al. grafted a phenol-derivative of DPEN ligand
to a poly(ethylene glycol) polymer to achieve the prepara-
tion of a soluble ruthenium catalyst that could be easily
recovered by precipitation.'?* A catalytic system combining
PEG—DPEN, PhanePhos ligand, and a ruthenium complex
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32

was used to quantitatively hydrogenate several aromatic
ketones in very good enantioselectivities (10 bar, 90—97%
ee, S/C = 2000). The catalyst 33 was successfully recycled
three times without any lost of efficiency just by precipitation
with diethyl ether.
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The ligand TsDPEN was also tested with this type of
immobilization strategy. In this case, the azeotrope formic
acid/triethyl amine was used both as solvent and proton donor
instead of hydrogen and no bisphosphine ligand was used
(S/C = 100).">* While the levels of enantioselectivities were
only slight lower (about 5%), the conversion only reach
quantitative levels for aromatic ketones containing electron-
withdrawing substituents. The catalyst was recovered and
recycled, but an appreciable decrease in its activity was
detected. For the third cycle, the yield eroded about 43%,
while the enantioselectivity decreased about 17%. When the
conditions were changed to an aqueous solvent and sodium
formate as hydrogen donor, the reactivity increased since
generally quantitative conversions were reached for shorter
reaction times.'?> This catalyst proved to be more stable
under these new conditions than in formic acid/triethyl amine.
This factor was reflected in its highly efficient recyclability
(up to 14 cycles).

Chan and Li developed a new chiral ligand PEG—BsDPEN
for Ru-mediated asymmetric reduction of aromatic ketones
with sodium formate in water (S/C = 100). Ligand 34 proved
to be extremely competitive with the nonpolymeric version
providing the respective alcohols with quantitative conver-
sions and with excellent enantioselectivities (§89—99% ee).
The products were extracted from the reaction media with
hexane, and the aqueous phase was reused seven times with
only a slight decrease of activity.'?°
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Wang et al. prepared catalyst 35 and tested it in
the asymmetric hydrogenation of aromatic ketones. This
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polymeric catalyst proved to be at least as efficient as the
nonpolymeric analogue, achieving enantioselectivities up
to 96.5% using a catalyst loading of 0.1 mol % (25 °C,
20 atm H; in 12 h). This catalyst was precipitated upon
addition of diethyl ether and reused four times with 6%

ee erosion.'?’
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35

Fan et al. synthesized four dendritic BINAP ligands by
condensation of (R)-5,5'-diamino-BINAP with Frechet-
type polyether dendrons bearing a carboxyl group at the
focal point.'?® The catalyst prepared with this new ligand,
DPEN, and ruthenium was applied in aromatic ketone
hydrogenation (S/C = 500, 40 atm H,). Interestingly, it was
observed that different generations of the dendrons did not
have any influence on the reaction enantioselectivity (75%
ee). The third generation complex (e.g., ligand 36) was found
to precipitate quantitatively by addition of methanol to the
reaction mixture (isopropanol/toluene) enabling the possibil-
ity of its recovery. It was then reused twice efficiently before
the conversion fell dramatically in the third cycle (53%
erosion).
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As an alternative to this BINAP ligand, Fan et al.
prepared a polyurea polymer between diaminoBINAP and
a dendron bearing two carboxylic acids at the focal
point.'?® These ligands combined advantages of both
polymer and dendrimer macromolecules. In fact, it was not
necessary to prepare difficult and tedious higher generation
dendrimers to achieve the catalyst precipitation. Catalyst
formed with ligand 37afforded high enantioselectivity for
aromatic ketone hydrogenation (S/C = 100, 50 atm H,, up
to 92% ee). After each reaction, methanol was added to the
reaction vessel promoting the catalyst precipitation. The
recovered catalyst could be reused three times with high and
consistent enantioselectivity.

Deng et al. anchored the DPEN and TsDPEN ligands
on several dendritic structures. The first family of ligands
prepared bears the TsDPEN moiety in the periphery of
the dendrimer (as in ligand 38) and was tested for
ruthenium-mediated acetophenone reduction (in the pres-
ence of triethylamine and formic acid, S/C = 100).130 This
catalyst proved to be as selective as the unsupported one
(97.7% ee), but it was difficult to achieve an effective
recycling. To overcome this limitation, the authors prepared
a hybrid dendrimer, combining a dendron from the previous
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dendrimer (bearing the chiral diamine) with a Frechet-type
dendron (as in ligand 39).131 The enantioselectivity for
acetophenone hydrogenation remained virtually unchanged
and recycling was possible (at least twice), but better
recyclability was present for a dendritic ligand that bears
the TsDPEN moiety in the core (up to five cycles, ligand
32).
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Instead of having the polymer linked to the protecting
group of the chiral diamine ligand (in TsDPEN), the
dendron can be grown from the phenyl group present in
this ligand (ligand 40).Despite the level of enantioselec-
tivity remaining in the described range, the recycling
experiments suffered from consecutive loss of efficiency
due incomplete catalyst recovery (5 cycles, 27% yield
erosion).'*?

3.3. Alternative Reaction Media

Minghuai et al. prepared a new ionic liquid (IL) containing
the N-n-butylpyridinium cation and the 1-carbadodecaborate
anion (BPCBjoH;;). This new ionic liquid melts at 21 °C
and proved to be an excellent reaction media for acetophe-
none and ethyl formate hydrogenation using a rhodacarborane
as catalyst precursor ([closo-l,3-(172-3-CH2=CHCH2CH2))-
3-H-3-PPhs-3,1,2,-RhC,BoH ], S/C = 1000, and hydrogen
pressure of 12 atm) and BINAP. Quantitative conversion was
observed after 8 h with higher ee (>99%) and TOF (>239
h™") compared with the traditional reaction run in THF. The
catalyst and the chiral ligand were recycled in the ionic liquid

Trindade et al.

40

by removal of the reaction products under high vacuum and
reused up to six cycles without degradation of catalyst
activity and selectivity.'**

Several groups derivatized BINAP ligand by introducing
polar groups to enhance the catalyst (Ru/ligand) affinity
with the ionic liquid phase. Lin et al. used two Ru—BINAP
precatalysts containing two polar phosphoric acid groups
in order to improve their affinity to an IL phase.
Hydrogenation of acetoacetates in the presence of this
catalyst (1 mol %) under 1500 psi of hydrogen at room
temperature were conducted to test the efficiency of these
new ligands. However, when the hydrogenation was
conducted in pure IL, low ee’s were observed. When the
solvent used contained an equal quantity of methanol and
IL, selectivities above the ones obtained with Ru—BINAP
system were obtained with Ru/ligand 42 precatalyst
(95—99% ee). The IL propyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl) amide IL (DMPIIm) proved
to be the best media for recycling experiments since only
in the fifth cycle was some yield erosion detected with
unchanged ee.'**

PO3H;,
O LI
PPh, PPh,
l ! PPh, l ! PPh,
H,04P
PO3H;,
41 42

These polar bisphosphonic acid-derived BINAP ligands
41 and 42 were also tested for ruthenium-mediated asym-
metric hydrogenation of aromatic ketones in IL under 700
psi of hydrogen (0.1 mol % catalyst loading, in the presence
of DPEN ligand). This catalytic system provided ee values
up to 98.7% (ligand 42 provided higher ee’s). The authors
demonstrated that both propyl-2,3-dimethylimidazolium bis-
(trifluoromethylsulfonyl) amide IL (DMPIIm) and catalyst
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could be recycled and reused efficiently three times for the
asymmetric hydrogenation of 1-acetonaphtone in a solvent
mixture consisting of DMPIIm/isopropanol.'

Alternatively, trimethylsilyl groups were also attached in
positions 4 and 4’ of BINAP ligand. The catalytic system
formed with this new ligand, DPEN, and Ru proved to be
only slightly less enantioselective in [bmim]BF4/MeOH
mixture than in pure methanol (>94% ee, 1 mol %, 1400
psi Hy, for acetoacetates). The catalytic system was recycled
three times, but both yield and ee dropped consistently (an
average 10% efficiency loss in each cycle).'*¢

Lemaire et al. linked an ionizable group (ammonium salt)
in BINAP ligand to achieve its recycling in ionic liquid
media. With a low catalyst loading (0.1 mol %, 50 °C, and
40 bar H,) acetoacetates were successfully hydrogenated in
the presence of Ru—AmBrBINAP 43 catalyst in several ionic
liquids. The best IL ([bmim]BF,) afforded quantitative yields
in 15 h with 86% ee, but these results were clearly inferior
to those obtained when the same reaction was run in water
(95% ee). This is due to some halogenated impurities present
in the IL that tend to poison the catalyst. Curiously the
enantioselectivity rose to 90% ee in a second cycle.'>’
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Chan et al. tested the possibility of achieving the recycling
of RuP-Phos 44 complex in ionic liquids. First, the authors
found that excellent performance of such complex could be
obtained using a mixture of IL/MeOH (1/1, 99% conversion
with >99% ee for methyl acetoacetate) for hydrogenation
of a- and S-ketoesteres (1 mol %, 1000 psi H,). The best
recycling experiments were achieved in MeOH/[bmim]PFg,
since after five cycles the yield had only eroded 6%
(unchanged ee).'*®
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Malhotra et al. demonstrated that stoichiometric LiAIHy4
reduction of aromatic ketones could be carried out in
pyridinium-based ionic liquids in the presence of stoichio-
metric BINOL and 6,6'-Br,-BINOL. 6,6'-Br,-BINOL ligand
tended to provide only slightly higher levels of chiral
induction than BINOL (up to 70% ee). BINOL was recycled
three times in [EtPy][BF,] with minimal ee erosion (4%).139

When Geldbach and Pysan linked imidazolium moieties
to ruthenium catalysts bearing diamino or amino alcohol
ligands, it was observed that the recyclability and catalyst
stability was slightly improved compared with a nonionic
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analogue (2-propanol/KOH, S/C = 200). But some degree
of leaching still occurred due to catalyst 45 degradation.
Curiously, when formic acid/triethylamine was applied as a
hydrogen source instead of 2-propanol/KOH, catalyst 45
became less recyclable than the nonionic analogue.'*’

+2 BF;
»\N/ cr
crRu N
HN  NHTs
P Ph

45

Intrigued by the poor results demonstrated by 45 when
formic acid/triethyl amine azeotrope was used, Ohta et al.
decided to synthesize a new TSIL catalyst. In this case, the
ionic group (imidazolium) was linked to the asymmetric
diamine ligand. Both ionic 46 and neutral catalysts were
tested for acetophenone hydrogenation (RuClybenzene,, 1
mol %, 24 h), and both proved to be equally recycled for
two cycles. In the fourth cycle, the reaction run with the
TSIL ligand presented lower conversion erosion compared
with the neutral catalyst (23% vs 36%).'*!
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Liang et al. developed a new prolinol-derived sulfonamide
catalyst for BH;3 reduction of ketones bearing an ionic
imidazolium ring. Reduction of acetophenone was performed
in refluxing toluene providing the respective alcohols quan-
titatively in good enantioselectivities (75% ee, 20 mol % of
catalyst). Catalyst 47 proved to be superior to its nonionic
analogue providing about 10% enantiomeric excess. Recy-
cling of 47 up to four cycles was possible with 10%
enantioselectivity erosion. The recovery protocol involved
a series of extractions.'*?
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Chen et al. prepared a ruthenium hydrogenation catalyst
(TPPTS-Ru) stabilized with tris(3-sulfophenyl)phosphine
ligands. This catalyst was found to be extremely reactive
for the hydrogenation of acetophenone in [bmim]Ts and in
the presence of (1R,2R)-DPENS 48 (5 Mpa H,, S/C = 112,
100% conversion, 84.8% ee). The ionic liquid phase contain-
ing the catalyst was reused six times with 30% yield
erosion, #3144

Maillard et al. prepared a family of ligands derived from
salen and tetrahydrosalen ligands, bearing perfluoro alkyl
chains. These ligands were applied in acetophenone asym-
metric reduction with [Ir(COD)Cl], using isopropanol as the
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Naosg—{ SOsNa

H,N  NH,
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hydride scource (70 °C, 5 mol % catalyst). Ligand 49
provided the highest chiral induction (69—79% ee) when
compared with ligand 50 and proved to be stable under
liquid—liquid extraction conditions (D-100/isopropanol).'*®
Unfortunately when Ir and ligand 49 were reused a significant
yield and enantiomeric excess erosion were detected after
three recycles.

Hm— s H H o
NH HN —N N=
Cstd bCBF17 Cstd ‘%}*Cﬁn
CsFi7 CsFi7 CeF17 CgFq7
49 50

Sods et al. synthesized a prolinol catalyst bearing two
perfluoroalkyl chains (ligand 51). It was coordinated in situ
to BH3* THF promoting reduction of aromatic ketones. Using
only 10 mol % of catalyst with 0.6 equiv of borane produced
quantitative yields with an excellent 95% enantiomeric excess
for the acetophenone reduction (Scheme 12). The perfluori-
nated ligand (rather than oxazaborolidine) was quantitatively
recovered with a solid—liquid extraction methodology and
reused up to three cycles without any yield and ee erosion.'*¢

Recently, Yu and Curran showed that the solvent can be
exchanged to HFE-7500 (hydrofluoroether) without any
negative impact on the reaction efficiency. In this case,
dimethylsulfoxide or acetonitrile could be used as extracting
solvents to recycle the fluorinated prolinol ligand. With the
addition of a fresh amount of boronhydride in each cycle, it
was possible to recycle the ligand over eight times.'*’

Funabiki et al. prepared a novel prolinol catalyst for
borane-mediated reduction of aromatic ketones bearing two
perfluoro alkyl chains. Catalyst 52 proved to be less efficient
than catalyst 51, but the recovery protocol is only based on
cooling-induced precipitation. Unfortunately, considerable
enantioselectivity erosion exists upon recycling.'*®

Hope et al. prepared several perfluoroBINAP ligands to
be used in the methyl acetoacetate asymmetric hydrogenation
with [RuCl,benzene], (S/C = 1000, 50 bar H,). The authors
showed that the introduction of different perfluoroalkyl
chains in the BINAP ligand had no negative effect on

Scheme 12. Reduction of Aromatic Ketones with Borane in
the Presence of Perfluorinated Diphenylprolinol Catalyst
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enantioselectivity of the product (76—80% ee).'*’ In the end
of the reaction, crude was eluted through a short path of
fluorous reverse phase silica gel column using oxygen free
solvent to minimize perfluoroBINAP 53 oxidation. The
recovered ligand from the chromatography was reused once
without any change in the enantiomeric excess output.
Curiously, the same result was obtained when nonfluorinated
BINAP ligand was submitted to the same treatment.

0
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] ! PPh,

S3

CoF13

Water is a greener alternative to organic solvents because
is nontoxic and cheap. The introduction of ionizable groups
in the chiral bisphosphine ligands allowed the asymmetric
reduction or hydrogenation of ketones to be run in water.
At the end of the reaction, the products could be extracted
from the aqueous phase leaving the catalytic system behind.’

Chun et al. showed that addition of 2 mol % SDS to the
reaction mixture enhanced the reactivity ([RuCly(p-
cymene)],, chiral aminoamide, S/C = 100, HCOOH/NEt;,
up to 95% ee). At the end of the reaction, all organics were
extracted while the catalyst remained mainly in the aqueous
phase. Unfortunately, in the second cycle, full conversion
was not achieved.'”

Zhu and Deng disclosed a biphasic system (water/
dichloromethane) that enable the Ru—TsDPEN -catalyst
recovery and recycle, with aid of a mixture of surfactants
(SDS/CTAB, 2/1).This system allowed an increase of activ-
ity, chemoselectivity, and enantioselectivity (S/C = 100, up
to 99%) in aromatic ketone reduction with sodium formate.
The hydrophobic catalyst remained inside the micelles, while
the products were found mainly in the dichloromethane
phase. The aqueous phase was efficiently reused six times
in this transformation.'>'

Chan and co-workers showed that a solvent mixture of
PEGugo/water (3/1) was a suitable media to efficiently run
reduction of aromatic ketones with sodium formate in the
presence of Ru—TsDPEN (S/C = 100). The reaction
products were extracted with hexane, and the catalyst could
be reused up to 15 cycles with consistent enantioselectivity
(95% ee).'>?

Collin and Zouioueche showed that [RuCly(p-cymene)],
in the presence of N-phenyl-L-proline amide can promote
enantioselective reduction of aromatic ketones in water (with
sodium formate). Despite the modest yields (generally below
70%), the system recyclability was demonstrated during a
multisubstrate screening (up to seven cycles).'>

Lemaire et al. applied BINAP ligand 43 and its 4,4'-
analogue in ruthenium-mediated hydrogenation of acetoac-
etates (S/C = 1000 and 40 atm Hy). In a two phase protocol,
acetoacetates were added to an aqueous solution of the
catalyst to be hydrogenated to the respective alcohol with a
99% enantiomeric excess (both ligands gave identical ee
comparable with original homogeneous protocol). At the end
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Scheme 13. Reduction of o-Bromo-ketones in Water/Surfactant Media

0]
Br

[RuCly(p-cymene)],

Br

H,O/DCM, HCOONa, SDS
28°C,24 hr

TsHN

NaO3S

87 % yield, 94 % e.e.

NH,
SO3Na
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of each cycle, the product was extracted with pentane and
the aqueous phase could be reused for at least eight cycles
without any decrease of selectivity.'>*

Deng et al. developed for the first time a water-soluble
chiral TsDPEN bearing two hydrophilic sulfonic groups
(ligand 54). Its ruthenium complex was tested for aromatic
ketone reduction with sodium formate providing high enan-
tioselectivity (S/C = 100, up to 94% ee, Scheme 13). This
water-soluble catalyst could be recycled once with the same
enantioselectivity but decreased reactivity. An interesting
tolerance for o-bromo-acetone reduction was disclosed.'>

Vankelecom et al. developed a dialysis set up containing a
membrane that prevents diffusion of the catalyst from its
solution to the reactant phase, while smaller reactants will
diffuse by osmosis through both phases (Scheme 14). The
choice of solvent increases the catalyst lifetime and prevents
membrane swelling (required to minimize the catalyst diffusion).
Acetophenone was hydrogenated in the presence of
Ru—TsDPEN catalyst with 95% ee. The reactant phase was
removed, and a fresh batch was added, opening perspectives
of a continuous process. The TON achieved was 370.'

Fan et al. prepared a BINAP ligand derivative with thermo-
morphic properties (ligand 55). The ruthenium complex with
this ligand was insoluble in the dioxane/ethanol mixture (1/3)
at 0 °C but totally soluble at 60 °C. At 60 °C, the catalyst was
tested for acetophenone hydrogenation (H; 40 atm, 0.5 mol %
catalyst loading) providing the same activity as Ru—BINAP
complex (up to 98.6% ee). The catalyst insolubility at 0 °C
allowed its quantitative recovery and reutilization without any
erosion of enantioselectivity, though some lost of reactivity after

four cycles was observed.'”’
Ci1gH370, OCqgH37
? H 9
C18H37O C—N O N-C OC18H37
C1gHs70 O O OCigHs7
Ph,P  PPh,
55

Chan et al. showed that poly(ethylene glycol) could be
added to methanol to conduct ruthenium-mediated hydro-

54

genation of acetoacetates (85.2—99.2% ee) and aromatic
ketones (97.4—98.8% ee). This solvent mixture proved to
be as efficient as the original solvent used in this transforma-
tion providing excellent levels of enantioselectivity. Fur-
thermore, it added the possibility to recycle the homogeneous
catalysts employed for five efficient cycles.®”

Zhang et al. prepared 9-amino(9-deoxy)epiquinine and
9-amino(9-deoxy)epicinchonine to be applied as ligands
for iridium- and rhodium-mediated reduction of aromatic
ketones in isopropanol. The respective alcohols were
obtained in good yields and excellent enantioselectivities
(up to 97% ee), and the chiral complex could be
quantitatively recovered by extraction with a diluted
solution of hydrochloric acid. The recovered catalyst was
reused five times with consistent results.'>®

This section combines techniques applied in immobi-
lization of catalyst for hydrogenations and hydride reduc-
tions of ketones. This reaction has attracted considerable
attention during the last 5 years being explored by a many
types of techniques, including water-based protocols.
However, there are only few contributions using microen-
capsulation and ion exchange techniques.

4. Asymmetric Imine Reduction and
Hydrogenation

Before 2002, only two works were reported on imine
hydrogenation. A hydrosoluble bisphosphine ligand 56 was
used to hydrogenate N-(1-phenylethylidene)benzylamine
in which same levels of enantioselectivity were achieved
(63% ee) using this water-soluble ligand compared with
the organic-soluble analogue.’

SO4Na

N-(1-phenylethylidene)benzytamine  SO;Na SO;Na

56

In 2000, Salagre and Fernandéz showed that the immobiliza-
tion of the [Ir(COD)((S,S)-BDPP)]PF; catalyst on montmoril-
lonite and bentonite clays can increase the enantioselectivity in
N-(1-phenylethylidene)benzylamine hydrogenation reaction (5
atm H, and 7' = 40 °C). Curiously, the enantioselectivity also
increased upon reutilization.'>”

One of the most important herbicides of Syngenta, (S)-
metolachlor, is produced from a sterically hindered MEA-
imine 57 by enantioselective hydrogenation using the Ir-
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Scheme 15. Hydrogenation of Trimethyl-indolenine in Ionic
Liquid Media
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XyliPhos complex 58. Pugin et al. realized that immobilization
of this complex using a functionalized ligand could allow
an easy method for catalyst reutilization."®® The function-
alized ligand was attached to silica Grace 332 (catalyst 60)
and aminomethyl-polystyrene resins using a suitable linker
(catalyst 59).
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The homogeneous protocol using ligand 58 was found to
be very efficient, and the MEA-imine could be reduced at
substrate/catalyst ratio as high as 120 000 with TOFs up to
60 000 h™" (80 bar H,). The enantioselectivity was found to
be little affected by the immobilization on silica Grace 332,
since a slightly lower ee was observed (78% ee). Unfortu-
nately, the supported catalysts showed much lower reactivity
because the TOF did not go over 12 000 h™! (with S/C of
120 000), and it was impossible to reuse the immobilized
catalysts. The lower reactivity in the supported catalysts was
thought to be due to high local catalyst concentration, which
could lead to its deactivation.

Giernoth and Krumm looked at the scope of application
of several room temperature ionic liquids as solvents in the
enantioselective trimethyl-indolenine hydrogenation.'®' The
authors found that applying a preformed catalyst was more
beneficial for the reaction success compared with having
strictly anaerobic conditions. In fact when [C;omim]BFs was
used, quantitative conversion was achieved with 86% ee
(highly comparable with 90% ee obtained in toluene under
anaerobic conditions, Scheme 15). The reaction performed
in this solvent was conducted at a higher temperature (50
°C) due to the ionic liquid’s own viscosity, which allowed
the reaction to be faster (15 h).

Leitner et al. performed the N-(1-phenylethylidene)aniline
hydrogenation in the presence of chiral Ir-oxazolinephosphine
catalyst 61 in an ionic liquid/scCO, biphasic mixture.'®? With
[pmim]PF; as ionic liquid at 40 °C, 40 atm H,, and 0.2 mol
% catalyst (formed in situ), quantitative conversion was

Trindade et al.

observed in 22 h with 62% ee. The presence of the ionic
liquid improved the catalyst tolerance to molecular oxygen,
increasing its lifetime (reused up to seven cycles without
efficiency erosion). The scCO, was required to drop the ionic
liquid density and make the H, more available increasing in
this way the catalyst activity. The higher affinity of the
catalytic system for the ionic liquid phase allowed product
extraction using scCO, technology without catalyst contami-
nation.
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While looking for an air-stable iridium catalyst, Fan and
Chan found that a complex with the ligand P-Phos 62
possessed those characteristics.'®® This catalyst could be
prepared in situ by joining [Ir(cod)Cl],, (R)-P-Phos ligand,
and iodide in THF and used to quantitatively hydrogenate
quinolines with high enantioselectivities (90—92% ee, 700
psi Hy, S/C = 200). After this success, the authors made
some efforts to develop a protocol where the catalyst could
be recycled. The first choices were the immobilization on
PEG (MW = 400 Da) and ionic liquids. The catalytic system
proved to be much less efficient in those solvents, due to
their high polarity. An alternative approach found was the
less polar poly(ethylene glycol) dimethyl ether (DMPEG),
in which the reaction was carried out with the same levels
of efficiency, especially for a biphasic mixture with hexane.
After the reaction was completed, the hexane phase could
be separated, and the DMPEG phase was reused efficiently
after further washings with hexane. The immobilized catalyst
was reused seven times without any negative impact on the
reaction enantioselectivity. More recently this protocol was
extended to other chiral diphosphine ligands.'®*

Zhu and Deng showed that Ru-mediated enantioselective
reduction of aryl imines could be carried out in aqueous
media in the presence of sodium formate.'®> The reaction
was run in water with the aid of surfactants in a concentration
above the micellar critical concentration, since the formation
of micelles was found to enhance the reaction enantioselec-
tivity (CTAB was found to be the most efficient). In this
way, a large number of arylimines were quantitatively
reduced with excellent enantioselectivity (S/C = 100, gener-
ally above 95% ee, Scheme 16).

At the end of the reaction, the products were extracted
with a diethyl ether/hexane (1/1) mixture leaving the catalyst
in the aqueous phase. The catalytic system could be reused
over eight consecutive times with consistent 94% ee, though
with some yield erosion (Yc(8) = 9%).
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Scheme 16. Reduction of Aromatic Imines in Water/
Surfactant Media
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Fan et al. tested the dendritic BINAP ligand that they
developed in Ir-mediated reduction of quinolines in THF.
Second and third generation ligands (ligands 64 and 65)
proved to be more reactive and enantioselective than non-
dendritic BINAP (89% vs 71% ee). The presence of iodine
as an additive in this reaction proved to be crucial to achieve
43 000 TON and 3450 h™' TOF (45 atm H,, S/C = 50 000).
The dendritic wedges made the Ir-catalyst more stable and
allowed its recovery by precipitation with hexane and reuse
with consistent results for at least four runs. Despite the lower
activity observed in the fifth cycle, the enantioselectivity did
not change.'®

n-1 PPhy PPh,

63 —n = 1, first generation
64 —n =2, second generation
65 — n =3, third generation
66 —n = 4, forth generation

Ying et al. anchored TsDPEN ligand in siliceous meso-
cellular foams. The ruthenium catalyst prepared with ligand
67 proved to be the most stable, reactive, and enantioselective
(compared with silica gel). Salsolidine, an important precur-
sor of 1-substituted 1,2,3,4-tetrahydro-isoquinoline used for
treatment of Parkinson’s disease, was reduced with HCOOH/
NEt; in high yields (95—100%) and consistent 90% ee over
six consecutive cycles (Scheme 17).'%®

Scheme 17. Reduction of Aromatic Imines in the Presence
of Ru—TsDPEN Catalyst Immobilized in Silica
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There are several contributions applying homogeneous
recoverable catalysts that provided excellent results especially
in terms of recyclability. More efforts should be conducted
concerning heterogeneous systems.
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5. Asymmetric Alkene Hydroformylation

The hydroformylation reaction constitutes one of the most
successful organometallic reactions in organic synthesis
history. In this transformation an alkene is reacted with
molecular hydrogen and carbon monoxide (synthesis gas or
syngas) to obtain an aldehyde with high atom economy
(Scheme 18). In 1993, Nozaki and co-workers'®” combined
an unsymmetrical phosphine—phosphite ligand, (R,S)- BI-
NAPHOS, and rhodium(]) catalyst to afford chiral aldehydes
with excellent enantioselectivities from pro-chiral olefins.
Since then, these catalysts, (R,S)- BINAPHOS—Rh(I)(acac),
became (and still are) the most potent catalysts for asym-
metric hydroformylation.

Scheme 18. Hydroformylation Reaction
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In the late 1990s, the ligand containing vinyl fragments
was synthesized and successfully immobilized on a highly
cross-linked polystyrene support and proved to have an
excellent performance, without any lost of selectivity (92%
ee).” Unfortunately, the immobilized catalyst 68 showed
lower catalytic activity than the free catalyst when vinyl
acetate was applied (98% vs 54%).
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Alternatively, several bisphosphine ligands were deriva-
tized to introduce hydrophilic groups (sulfonic salts) to make
them water-soluble, ligand 69. Several attempts were made,
but the enantioselectivity never surpassed 18% ee.
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More recently, Yuan et al. observed that a similar
bisphosphine ligand 70 bearing the same hydrophilic groups
could be reused in vinyl acetate hydroformylation using a
toluene/ionic liquid biphasic reaction mixture (ionic liquid
used was [bmim]BF,). The polar groups were essential to
retain the complex in the ionic liquid to achieve a successful
recovery. In this case, the enantioselectivities observed
reached 60% ee, but the conversion was low (<55%).'%8

Li et al. immobilized a family of chiral Rh—phosphine
ligands in silica to achieve the catalytic system reutilization.
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The authors observed that (R)-BINAP ligand induced the
highest chiral level for vinyl acetate hydroformylation (72%
ee) with 100% selectivity toward the branched isomer, but
the conversions were residual (5%). When the phosphine
used was the (S)-DIOP, an increase in the reactivity (60%)
was observed. The catalyst was recovered by centrifugation
and reused.'®® More recently, the same authors described a
method to prepare Rh nanoparticles stabilized with a phos-
phine and tetraoctylammonium bromide. Only when triph-
enylphosphine was applied were conversions of 99% ob-
tained (in the other cases residuals remained).!”°

Shibahara and co-workers designed three solvent-free
reactors using polymer-supported catalyst 68 fixed on a
bed: a vapor-phase batch reactor,'”! a continuous vapor-
flow column reactor, and a continuous scCO,-flow column
reactor.'”> With the vapor-phase batch reactor, cis-2-butene
was hydroformylated to (S)-2-methylbutanal (syngas 12 atm)
in 12 h with a TOF and enantioselectivity of 13 and 79%
ee. These results were obtained with liquefied starting
materials where the TONs were higher and were comparable
to the ones obtained for a homogeneous protocol with
unsupported catalyst (TOF of 23 and 82% ee). The rhodium
hydride species derived from the catalyst proved to be less
stable under this solvent-free vapor phase when compared
with the homogeneous protocol, due to changes in the
catalyst color.

In order to be used in continuous vapor-flow column
reactors, the catalyst was packed together with sea sand in
a stainless column. This column reactor was used to
hydroformylate 3,3,3-trifluoropropene. The authors observed
that high selectivities and enantioselectivities (iso/normal =
95/5, up to 90% ee), which characterize a homogeneous
protocol, were maintained despite the TOF remaining at
lower levels due to the aldehyde’s strong affinity for the
catalyst (9 vs 64).

The necessity to obtain a general protocol for hydro-
formylation of gaseous, liquid, or solid olefins motivated
the authors to apply scCO; as solvent flow. Styrene was
injected portionwise into the column reactor under the flow
of syngas and scCO,, in the following manner: (1)
incubation of the catalyst in syngas atmosphere (H,/CO
= 1:1, total 88 or 120 atm) for 15 min, (2) injection of
styrene from the injector under the mixed gas flow (total
88 or 120 atm) for 30 min, and (3) sweeping products
from the column with higher pressure of scCO, flow (120
atm) for 15 min. When the styrene hydroformylation was
carried out at a total pressure of 120 atm, selectivity,
conversion, and ee’s remained constant for seven reaction
cycles (80% isoaldehyde, 90% conversion, 85% ee, Y.(7)
= 11%, and ee.(7) = 0%). This last apparatus was
successfully applied to synthesize a library of optically
active aldehydes, using a sequential injection protocol,
with similar results compared with a homogeneous
procedure.

The major advantage inherent to a heterogeneous apparatus
was related to easy catalyst recovery. Adding this advantage
to an organic solvent-free protocol offers a greener method
for hydroformylation of olefins.

Trindade et al.

6. Asymmetric Alkene Hydroboration and
Hydration

The enantioselective alkene hydroboration reaction
catalyzed by extremely expensive Rh—chiral phosphine
catalysts constitutes a powerful methodology to function-
alize olefins, furnishing a wide range of enantioenriched
compounds (alcohols, amines, carboxylic acids, among
others). This reaction was not compiled in the previous
review.’

Zhang et al. prepared a polysulfostyrene—gelatin—cobalt
complex (PSS—GE—Co 71) to catalyze asymmetric hy-
dration of allyl alcohol.'”® The respective (S)-(—)-1,2-
propanediol was obtained in 98% yield with 98.9% optical
yield under optimal conditions (PSS/GE weight ratio of 4/3,
cobalt content of 0.4 mmol/g, 90 °C, and 2 mL of acetic
acid for 1 mmol scale). The catalyst was easily recovered
by filtration at the end of each run and reused twice without
any significant drop of efficiency (Y.(3) = 1% and ee.(3) =
4%).

COH  NH, CO,H

o L
R+
NH, H NH,

N “sCoCl,
SOH SO P

71

Segarra et al. prepared several heterogeneous asymmetric
catalysts for alkene hydroboration by absorbing pure rhodium
complexes to smectite clays, montmorillonite K-10 (MK-
10) and bentonite (Na*-M).!”*

+ BFy | + BFy
PPh, ,
CRK .
'HPPHZ ‘ PF>h2 )
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The mechanism of catalyst immobilization remains
unclear, but it was thought to be clearly distinct in these
supports. In the case of montmorillonite K-10 (MK-10r),
possible interaction between countercation and counter-
anion with MK-101 maybe related to weak electrostatic
forces or hydrogen bonding. In the case of bentonite, since
the counternanion remained in solution, interaction be-
tween clay layers and countercation were thought to be
responsible by catalyst immobilization (Scheme 19).

Both supported catalysts were tested for styrene hy-
droboration using boranechatecol, but 72-Na™-Mr failed
to give the respective asymmetric alcohol with good regio-
and enantiocontrol for the first cycle (after oxidative
workup, Scheme 20). Curiously in a second cycle the
activity increased to moderate levels (94% yield, 63%
selectivity, and 35% ee). Meanwhile 72-MKr-10 (MK-
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Scheme 19. Proposed Immobilization Mechanisms

BF,
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10 preheated at 100 °C before immobilization) afforded
(R)-1-phenylethanol in high yield and regioselectivity
(96% and 97%, respectively) with moderate 55% ee
(values comparable with those obtained with the unsup-
ported catalyst). The catalyst was reused twice without
any lost of efficiency.

Scheme 20. Hydroboration of Styrenes
1. boranecatechol

Ph .+
P o, Y

OH

Two less sterically hindered rhodium catalysts, 73 and 74
([Rh(cod)(S)-QUINAP]BF, and [Rh(cod)(S,S)-BDPP]BF.,
respectively), were also adsorbed into MKr-10. While
74-MK7-10 failed to give competitive ee values (due to
several achiral conformations), 73*MKr-10 provided very
good enantioselective induction (up to 88% ee) combined
with the same efficiency noted for 72+MKr-10. Curiously
in the first cycle, modest results were obtained with this
catalyst (51% yield, 68% selectivity, and 50% ee), but if
the catalyst was submitted to an induction period (by stirring
in THF for 2 h), all parameters increased (80% yield, 84%
selectivity, and 80% ee). The clay MKr-10 proved to have
preventive actions toward catalyst degradation/oxidation
since it could be manipulated in air without any significant
lost of efficiency.'”>!7°

Xue et al. used a wool—palladium (II) complex for
asymmetric hydration of alkenes.'”” Under optimized condi-
tions (Pd content in wool of 0.1 mmol/g, 1 mol % palladium,
70 °C, N,, 24 h, and 0.02 g of oxalic acid), the complex
converted 1-octene into the respective S-alcohol in 49% yield
with 83.2% ee. The catalyst was easily recovered by filtration
and reused three times with minimal yield and ee erosion
(2%).

Despite the few reports on immobilized catalysts for alkene
hydration/hydroboration, high levels of efficiency were
achieved compared with the traditional homogeneous pro-
tocols. However, developing systems with better performance
is still required.

7. Asymmetric Alkene Dihydroxylation

The osmium-catalyzed asymmetric dihydroxylation (AD)
of olefins is a robust methodology to produce a wide range
of enantiomerically pure vicinal diols."’® This transformation
became an enantioselective catalysis event when Marké and
Sharpless applied N-methylmorpholine oxide (NMO) as co-
oxidant, allowing osmium tetroxide (OsO4) and a chiral
cinchona alkaloid ligand to be used in catalytic amounts
(Scheme 21).'7°

Although AD is a very important transformation, it uses
expensive reactants (OsO4 and cinchona alkaloid) and a
very toxic and volatile osmium component. A less volatile
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Scheme 21. Asymmetric Dihydroxylation Reaction of
Alkenes
0s0Oy4 cat.
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osmium reactant has been used for AD reactions
(K,050,(OH)4) in place of OsOy4 despite affording diols
with lower chemical yield and enantioselectivity. The use
of NMO as co-oxidant has the major disadvantage of
lowering the enantioselectivity on the diol product if the
olefin is not added slowly. On the other hand, if KsFe(CN)g
is used as co-oxidant, generally diols are afforded in
slightly higher ee’s than those obtained with the NMO
procedure (with olefin slow addition). Unfortunately in
this procedure a large amount of organic salts are used
making the reaction mixture too viscous (generally 3 equiv
is needed). These issues constitute the main restrictions
to the application of AD reactions to a large-scale process.
So it became imperative to obtain a simple procedure that
would allow the recovery and reuse of the Os ligand with
high efficiency and without osmium contamination in the
final product. In the past, several methodologies were
developed that target this purpose: several groups have
investigated the possibility of immobilizing the osmium
catalyst by anchoring the ligand to soluble or insoluble
polymer matrix or to inorganic solid support (silica) or
through microencapsulation or ion exchange techniques.>*!

7.1. Heterogeneous Catalysts

Immobilization of cinchona alkaloids on insoluble polymer
backbones benefits from a simplified separation by filtration
or centrifugation. The methodologies developed were based
on copolymerization of a vinyl derivative of a cinchona or
biscinchona alkaloids with standard monomers like styrene,
divinylbenzene, or acrylonitrile. With this type of catalysts,
the AD products were obtained in high yields (above 80%)
with excellent ee’s (above 90%).’

Despite their easy separation, some of these ligands suffer
from osmium and ligand leaching problems. In fact, some
catalysts have base-sensitive motifs in the spacer unit that
are likely to undergo hydrolysis under relatively mild basic
conditions, mainly when K;Fe(CN)s is used as co-oxidant.
In these cases, the supposed heterogeneous catalyst has a
soluble ligand species physically trapped in the polymer
network, which it is expected would be able to leach
appreciably to the solution.

Taking this into consideration, Salvadory et al. devel-
oped a method that clears the relationship between the
chiral-ligand concentration and enantioselectivity for the
AD of two common substrates (styrene and 1-phenylcy-
clohexene) with UV evaluation of the dissolved ligand
and control runs in the filtrate (OsO4 0.35 mol %, 3 equiv
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of K5Fe(CN)¢/K,COs3, 0 °C, and ‘BuOH/H,0 = 1:1). This
study showed that for two typical insoluble polymer-bound
(IPB) catalysts (grafted on silica or polymeric resins),
4—20% leaching may occur, allowing a homogeneous
pathway to occur to some extent. The authors set a 0.5% upper
limit to ligand leaching for the IPB derivatives of the phthalazine
class, in order to dismiss the possibility of homogeneous
catalysis occurring.'®® Salvadory et al. synthesized the sup-
ported ligand 75 with a copolymer architecture, which meets
the stability requirements to be attested as a truly heteroge-
neous catalyst (0.3—0.4% leaching).

MeO OMe

75

When submitted to the same AD conditions, it proved to
be very efficient for typical substrates, with conversions up
to 100% affording the respective diols in high ee’s (87—99%).
Under recycle assays using styrene as starting material, in
the beginning of each new cycle a small amount of OsOy4
(0.35% mol) was added to account loses during the recovery
of the ligand. The conversion and optical purity were
analyzed at 1.5 h of reaction time. The enantioselectivity
fell in the 87—91% range, while the conversion fell in the
72—94% interval during 12 recycles. Interestingly, the
conversions under these recycle conditions proved to be
comparable to or even higher than those observed in the
control experiments (50—71%).

Siegel et al. developed another procedure to immobilize
a bis-cinchona alkaloid to a polymer backbone. Following
their work with photorefractive polymers, they rationalized
that those cinchona alkaloid derivatized polysiloxanes could
be an excellent ligand support due to their low solubility
under AD conditions. To this matter a modified
(DHQD),PHAL ligand was prepared. This ligand can be
attached to polysiloxane using standard conditions to provide
the monofunctional polymer ligand 76.'8!

When ethylene glycol monoallyl ether acetate was used
as monomer, a copolymer was obtained granting solubility
under AD conditions. When applied to AD reactions, the
heterogeneous polymer 76 proved to give comparable or
higher yields and ee’s than its homogeneous counterpart 77,
despite generally higher reaction times. For example, under
the same reactions conditions (OsO4 1 mol %, ligand 5 mol
%, K3Fe(CN)g 3 equiv, acetone/water 10:1 and 0—4 °C),
trans-stilbene was dihydroxylated in 24 h in 98% yield with
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76 - x/y 1:0
77 —x/y 5:7

93% ee using the heterogeneous ligand 76, while when the
homogeneous polymer 77 was used, the respective diol was
obtained in 21 h in 88% yield and with 83% ee. When NMO
was used, the differences between these two ligands were
insignificant, and the reaction times lowered to 3 and 2 h,
respectively.

The heterogeneous ligand 76 was easily recovered by a
simple filtration and was successfully reused for the AD reaction
of trans-stilbene (K3Fe(CN)g as cooxidant) with at least for four
runs with no erosion of the excellent activity and selectivity, if
it is replenished with a fresh aliquot of catalyst (0.01 equiv of
0s0, added in each run, Y.(4) = 1%, ee.(4) = 0% with total
TON of 367). If no addition is made, a second run only achieves
acceptable results after 2 days. The homogeneous catalyst 77
could be recycled as well by precipitation after saturation with
water. Unfortunately the recovered ligand did not catalyze a
second run if not replenished with fresh OsO4 (2 weeks is
needed to observe formation of some diol from the same
substrate using NMO as cooxidant).

Militzer et al. used for the first time chitin as a sole ligand
under AD conditions. This biopolymer proved to be very
efficient but failed to give enantioenriched diols. An interest-
ing property of chitin relates to its ability to coordinate almost
quantitatively all osmium applied on AD. This observation
motivated the authors to test several nucleophilic commercial
polymers as scavenger polymers for osmium removal.'5?

Cha et al. copolymerized 1,4-bis(9-O-quininyl)terephtha-
late monomer in the presence of methacrylate, methyl-
methacrylate, and acrylonitrile. Once these heterogeneous
ligands were tested under dihydroxylation conditions (1 mol
% 0504, KsFe(CN)g, KoCOs, water/r-BuOH 1/1) they showed
that the type of copolymer greatly influenced the reaction
efficiency. The complex between osmium catalyst and 78
proved to have good recyclability. It maintained a consistent
80% yield for trans-stilbene dihydroxylation during six
cycles, while the enantioselectivity decreased in the first two
reutilizations from to 84% to a stable 65% ee.'®?

CO,CH4

OMe

Inorganic solid supports have been used for immobilization
of cinchona ligands because they have some advantages over
organic polymer-bound matrix. Besides having better me-
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Scheme 22. Tandem Heck Coupling—Asymmetric Dihydroxylation Reaction

O
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chanical and thermal properties, they do not need to be
carefully designed to perform AD reactions with high
efficiency. Before 2002, silica was the preferential inorganic
material used for this kind of immobilization. Extraordinarily
high yields (up to 97%) and ee’s (>99%) were achieved
using trans-stilbene as starting material; moreover recycling
experiments were successful till 6 runs.’

More recently, Choudary et al. reported the utilization of
catalysts anchored on inorganic supports. They synthesized
the bifunctional catalyst 79 for a tandem Heck—asymmetric
dihydroxylation procedure. The external surface of silica gel
was treated with 3-mercaptopropyl trimethoxysilane to obtain
a material with mercaptopropyl ethers. The vinyl alkaloid
for asymmetric dihydroxylation could be anchored by
reaction with 3-mercaptopropyl moieties in the presence of
AIBN in chloroform.'®*

OMe

The residual SH groups that did not react with the alkaloid
(due to its size), were treated with PdCl, in acetone under
reflux for 24 h. Finally, the palladium(II) was reduced to
elementary metal with hydrazine hydrate in ethanol for 4 h
at room temperature to afford 79. Catalyst 79 was success-
fully applied in tandem Heck—asymmetric dihydroxylation
of aryl iodides and acrylates and styrenes affording diols with
comparable or higher chemical yields and enantioselectivity
than the ones obtained in the homogeneous procedure
(Scheme 22).

The best results were obtained using K3;Fe(CN)g as co-
oxidant with yields of 90—96% and ee in between 98% and
99% (Os/ligand 1:1, OsO4 1 mol %, 12—24 h, 70 °C). When
catalyst 79 was reused, it was found that the AD activity
dropped (Y.(2) = 29%) due to osmium leaching during the
reaction (more OsO, was needed to restore first cycle
activity) but without changes in the ee. The Et;N+HI formed
in the Heck reaction was found to improve the ee’s when
NMO was used as co-oxidant (over homogeneous and
heterogeneous osmium catalysts), since it accelerates the
hydrolysis of osmate ester intermediate. The use of thiol
groups for immobilization of palladium reduces the total
mass of the bifunctional catalyst, compared with the two
heterogeneous catalysts made independently with cinchona
alkaloid and Pd.

Backvall et al. developed an elegant method for olefin
dihydroxylation based on three catalytic cycles.'® This
methodology allows the substitution of expensive stoichio-
metric NMO by a cheaper terminal oxidant, H>O,. The flavin
served as an electron transfer mediator (ETM) between the
terminal oxidant and NMM, generating NMO in situ.

Choudary et al. pointed out that using flavin as ETM
constitutes the major limitation of the methodology since it

OH
0s0, Ph O OH
KaFe(CN)g ©)\(|3/H or RO)K'/'\Ph
79 OH

Scheme 23. Elegant Chain Reaction for Asymmetric
Dihydroxylation of Alkenes
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cannot be recycled.'®® They substituted flavin by a hetero-
geneous titanium silicate (TS-1) and anchored the
(DHQD),PHAL alkaloid ligand to a silica-gel support (SGS,
ligand 80) in order to obtain a recyclable system (Scheme
23).

In fact, when the in sifu generated SGS—(DHQD),-
PHAL—0sO, complex (1 mol %), TS-1 (3.8 mol %), and
NMM (5 mol %) were employed in catalytic amounts to the
AD reaction of methyl cinnamate in H,O/t-BuOH (3:1), the
corresponding diol was afforded in excellent yield (94%)
and enantioselectivity (98% ee). This method proved to be
very efficient for these kind of olefins (cinnamates) yielding
diols with higher enantiomeric excess (>98%) than those
reported previously (<98%). The cornerstone to obtain these
high enantiomeric excess is related to the slow addition of
the terminal oxidant and the olefin (1:1 ligand/osmium
tetroxide, 1 mol % of osmium, 12 h at rt). This system could
be recycled at least for three cycles with replenishment of
30% of osmium in the beginning of each cycle with low
yield (Y.(3) = 2%) and enantioselectivity erosion (ee.(3) =
2%) providing a total TON of 277.

Lee et al. prepared mesocellular silica foam with ordered
mesoporous walls containing magnetic nanoparticles (-
Fe,05) and (DHQ),PHAL ligand grafted in the pore surface
(ligand 81)."'®” This ligand was tested for AD reaction using
K;3Fe(CN)s as co-oxidant (1 mol % catalyst). Several
aromatic olefins were successfully dihydroxylated in high
yields (up to 95%) and excellent ee’s (up to 99.5%). At the
end of each cycle, the supported ligand was separated by
decantation with the aid of a magnet (magnetic separation)
and reused seven times without any loss of efficiency.
Unfortunately it was necessary to add more osmium tetroxide
at end of each reaction to maintain a high level of conversion.
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Choudary et al. anchored for the first time (QN),PHAL
in MCM-41 and used it for the heterogeneous asymmetric
dihydroxylation of olefins to afford diols with good to
excellent enantiomeric excesses in the presence of NMO,
K;3Fe(CN)g, or oxygen as co-oxidants.'®® However, it was
reused once with considerable yield erosion.

Park et al. copolymerized the vinyl alkaloid ligand 82 in
the presence of styrene and divinylbenzene. Osmium tetrox-
ide was also encapsulated in the polymer by osmylation of
unreated alkene bonds. This catalyst was submitted to
dihydroxylation of several olefins with excellent results
(quantitative yields, up to 99% ee). It was also reused four
times with 18% yield erosion (and increased reaction time)
due to osmium leaching.'®’

e
NP

MeO OMe

Using catalysts where OsOs was heterogenized offers
another efficient approach to recycle the catalytic system.
The most notable advantage of this methodology is related
with the ability to retain all toxic osmium content, without
product contamination. In general, all heterogenized osmium
provides an osmium font that is not toxic and volatile as
0s0;. Before 2002, there were only two groups that worked
in this approach. Kobayashi and co-workers developed
several catalysts based on osmium encapsulation within
polymer microcapsules.”'?° In the initial work, the authors
tried to use simple polystyrene as support (PS-MC-OsOy),
but it was found that the yields and selectivities in dihy-
droxylation reactions as well as recovery of the catalyst were
not satisfactory. Furthermore, styrene dissolved such a
polymeric support. Poly(acrylnitrile—butadiene—styrene) mi-
croencapsulated OsO4 (ABS-MC-0OsQOy) and phenoxyethoxy-
styrene-co-styrene microencapsulated OsOs (PEM-MC-
0s0y) appeared to solve those limitations.

Choudary et al. used an ion-exchange method to im-
mobilize osmium. Layered double hydroxide (LDH) consist-
ing of alternating cationic M(II);—(OH),*"" (x = 0—1) and
anionic A" +zH,O was chosen as ion exchanger. Both
methods afforded diols in excellent yields and with enanti-
oselectivities up to 99%. Choudary et al. also quaternized
the surface of Merrifield resin with a tertiary amine to achieve
osmium tetroxide immobilization. Aromatic olefins were
reacted with excellent 96% ee, but in the third cycle, only
10% conversion was obtained due to osmium leaching.

Recently, Kobayashi et al. used a phenoxyethoxymethyl—
polystyrene-microencapsulated OsOy catalyst (PEM-MC) for
AD of styrene in aqueous media without any success, since
the alkaloid ligand had low solubility in water.'”! To
overcome this problem, the authors added surfactants to the
reaction, where it afforded the respective diols in higher
yields (up to 80%) and ee (up to 74%). Zwitterionic
surfactants tended to coordinate osmium promoting its
leaching into the aqueous media (e.g., CH3(CHy);N-
(CHj3),[(CH;)S0Os]), while nonionic additives like Triton
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Table 1. Asymmetric Dihydroxylation Reaction of Styrene with
0s04 Microencapsulated in Phenoxyethoxymethyl—Polystyrene
OH

@OH

leaching of Os (%)

PEM-MC OsQ,4 5 mol %

= (DHQD),PHAL 5 mol %
Triton® X-405 10 mol %
H,0, K3Fe(CN)g, K,CO3, 24h
run yield (%) TON ee (%)

1 86 17.2 74 not detected
2 82 16.4 76 not detected
3 83 16.6 75 not detected

Table 2. Asymmetric Dihydroxylation Reaction of Styrene with
0s04 Microencapsulated in Polystyrene—1% Divinylbenzene

OH
PSresin-MC Os 5 mol %
OH
> (DHQD),PHAL5mol % ©)V
Trinton® X-405 10 mol %
H,0, K3Fe(CN)g, KoCO3, 24h
run yield (%) TON ee (%)

leaching of Os (%)

1 81 16.2 78 not detected
2 84 16.8 76 not detected
3 78 15.6 77 not detected
4 86 17.2 74 not detected
5 85 17.0 72 not detected

X-405 showed limited leaching of osmium. When the
reaction with Triton X-405 was quenched with aqueous
H,SO4 (2 N), no leaching was detected (Table 1).

The PEM-MC OsOy catalyst could be easily recovered at
the end of the reaction upon filtration allowing its reuse. This
catalyst could be recycled and reused for at least three cycles
with low yield erosion (~3%) and without ee erosion in a
total TON of 50 (Table 1). The ligand is not easily recovered
like in the water/acetone solvent system. Both poly(acrylni-
trile—butadiene—styrene) microencapsulated OsO; (ABS-
MC-0s0,) and phenoxyethoxystyrene-co-styrene microen-
capsulated OsO4 (PEM-MC-0sQOy) were found to be soluble
in some organic solvents, which could increase the osmium
leaching. To overcome this limitation, Kobayashi et al.
prepared a DVB cross-linked polymer using suspension
polymerization. After impregnation of the resin with OsOy,
an Os energy-dispersive X-ray (EDX) map showed that
capsules as small as 10—20 nm were filled with osmium.
This cross-linked catalyst proved to be insoluble in several
solvents providing a simple method for its recycling. When
submitted to AD conditions with styrene, it afforded the
respective diol in high yields and ee’s (Table 2); furthermore
it was reused in five consecutive cycles with the same level
of activity and negligible ee erosion (ee.(5) = 7.7%) with a
total TON of 75."

For the AD reaction of 1-phenyl-1-cyclohexene, the yield
and ee’s were improved using PSresin-MC Os (yield 94%
and ee’s of 82%) compared with those obtained using PEM-
MC OsOq as the catalyst (yield 82% and ee’s of 26%).

These resins allowed complete retention of OsO4, which
was its major advantage when compared with other meth-
odologies, but it failed to recycle the whole catalytic system
(alkaloid ligand). Furthermore it requires higher loads of Os
(5 mol %) than a homogeneous system and affords diols in
lower yields and enantioselectivities.

Following their work on ion-exchange techniques with
double layered hydroxides, Choudary et al. designed a
bifunctional catalyst composed of OsO, —WQO,4 for one-
pot synthesis of chiral diols via N-oxidation—asymmetric
dihydroxylation reaction. This heterogeneous catalyst was
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Table 3. Asymmetric Dihydroxylation Reaction with
Heterogenized OsO4

K50s0,4.2H,0-Na; WO,4.2H,0 LDH-OsW

Olefin

Yield (%) ee (%) Yield (%)  ee (%)
P X 92 95 92 96
93 92 95 93
Ph
ph X 92 94 93 96

L 87 92 90 93
/Q 91 90 89 91
Ph

ph Xx-Ph 85 99 93 99
2 -COLEt
o 82 99 89 99
MeQ
ph X -C0Me 91 99 92 99

found to be more active under AD conditions than its
homogeneous analogue, providing diols with comparable or
even higher yields and ee’s (NMM, Table 3). Furthermore,
it provided the advantage of easy separation from organic
products and uses lower amounts of the chiral alkaloid ligand
(DHD),PHAL as well.!*?

This methodology offers diols with higher yields and ee’s
than the Kobayashi PSresin-MC Os system. In addition, this
system was easily recycled and reused at least for five cycles
with minimal loss of activity and enantioselectivity (Ye(5)
= 2%, ee.(5) = 0%).

Motivated by these results the authors conceived and
developed a trifunctional catalyst based on PdCly —
0sOs —WO,  for tandem Heck coupling—N-oxidation—
asymmetric dihydroxylation reactions, using the same ion
exchange technology. A mixture of iodobenzene, styrene,
and NEt; in the presence of 1 mol % LDH—PdOsW was
stirred without solvent at 70 °C for 8 h. Then, the heating
was stopped and a mixture of (DHQD),PHAL (1 mol %)
and NMM in -BuOH/H,O (5:1) was added. Subsequently
hydrogen peroxide was slowly added over 12 h to afford
the desired diol in 85% yield with 99% ee. The LDH—PdOsW
catalyst was recovered quantitatively by filtration, while the
chiral ligand could be recovered (up to 95% recovery) by a
simple acid/base extraction. The recovered catalyst was
submitted to recycling assays without a significant drop in
activity (Ye(5) = 3.5%) for at least five runs. To prove the
synthetic utility of this trifunctional catalyst, the authors
applied it in the synthesis of two well-known drugs, diltiazem
and taxol side chain, minimizing by this way the number of
unit operations needed in the process. The success of this
kind of catalyst motivated the filing of several patents
protecting this technology.'?*~'%®

Choudary et al. applied their resins with covalently bonded
quaternary ammonium salts with immobilized osmium
tetroxide to asymmetrically dihydroxylate aliphatic olefins.
This osmium—resin catalyst proved to be very efficient, since
it afforded diols with high yields and ee’s (Table 4)."”

This study showed that one of the most successful ligands
in AD, (DHQD),PHAL, gave lower ee’s when used instead
of (DHQD),AQN. As a matter of fact when the amount of
ligand was increased by 3-fold in relation to the osmium
content, no great change was observed in the enantioselec-
tivity of the diol. This solid catalyst was easily recovered
by filtration and could be reused (after replenishment of the
chiral ligand) for at least five runs without change in the
activity (Y.(5) = 2.3%) and enantioselectivity (ee.(5) =
2.5%). Like Choudary’s LDH—PdOsW catalyst, this resin
was also protected by patents.'?®
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Table 4. Asymmetric Dihydroxylation of Aliphatic Alkenes with
Heterogenized OsO4

Resin-Os 1 mol % = ,OH
- /MOH

(DHQD),AQN 1 mol %
KsFe(CN)g, KoCO;5

H,O/t-BuOH
olefin Yield (%) ee (%) Diol config.
85 82 R
83 80 R
CsHi ™ 80 74 R
<:>_// 80 70 R
RN 85 84 R
R s 90 75 S.S

Scheme 24. Graphical Scheme of Osmylated Amberlist
XAD-4 and XAD-7

Searching for a more efficient heterogeneous catalytic system
for AD reactions, Song et al. immobilized osmium on nonionic
porous resins such as Amberlist XAD-4 (polystyrene-based
resin) and XAD-7 (polyacrylate-based resin) bearing residual
vinyl groups by osmylation (Scheme 24).'"

In fact, the resulting osmylated resins proved to be very air-
stable, nonvolatile, and much easier to handle than OsO4. AD
reactions ((DHQ),PHAL (1 mol %), Amberlite XAD-4+0sO,
(1 mol %) or Amberlite XAD-7+0sOy (1 mol %), KsFe(CN)¢/
K>COs (3 equiv), CH3SO,NH; (1 equiv), ~-BuOH/H,0) with
mono-, di-, or tri-substituted olefins and cinnamates afforded
the respective diols in excellent yield (88—97%) and ee’s
(88—99%) for both resins. The most fascinating result was
observed when styrene was dihydroxylated with XAD-4+0sO4
yielding the respective diol in 92% with an ee of 95% in 30
min! When the osmium content was reduced to 0.1 mol %
(approaching homogeneous AD conditions), the reaction be-
came slower (5—6 h) but retained the overall activity and
enantioselectivity. This result constitutes a major step forward
in the heterogeneous AD methodology. This catalytic system
was easily recycled by simple filtration and could be reused
for at least five cycles (with addition of further ligand and XAD-
4+0s0; (1 mol %)) with low yield erosion (Y«(5) = 5%) but
with some increase in reaction time (from 2 to 24 h for fifth
cycle). When the recycle experiments were performed under
pseudohomogenous conditions (XAD-7+0sO4 0.2 mol %) at
the third cycle a major drop in the activity was observed (Y(3)
= 25%), but the total TON observed reached 1325 (accounting
with the less efficient third run).

More recently, Song et al. improved the efficiency of these
later protocols by using the same type of resin bearing not only
residual vinyl groups but also quaternary ammonium moieties.”*
In fact, this resin became more efficient, suffering from less
osmium leaching providing faster reactions. Therefore, it
could be reused five times with the same outcome. The ligand
was also recycled by acid/base extractions.

Janda et al. conceived that osmium tetroxide could be
immobilized in an ionic polymer by means of electrostatic
forces. For this purpose, ionic polymers were prepared by the
reaction of poly(4-vinylpyridine/styrene) with distinct pyridine
content (10, 20, 30, and 50 pyridines per styrene unit) by
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Table 5. Asymmetric Dihydroxylation Reaction Catalyzed by
0sO4 Immobilized in Quaternized Poly(4-vinylpyridine/styrene)
Polymers

olefin yield (%) ee (%)
styrene 97 88
4-methoxystyrene 88 99
trans-stilbene 96 98
trans-4-stilbene carboxaldehyde 99 97
methyl-trans-cinnamate 89 99

quaternization with tri(ethylene glycol) monomesylate mono-
methyl ether (MsO-PEG;-OMe). The mesilate anion was
substituted by BF, by treatment with NH4BF,. Then osmium
could be immobilized in this polymeric matrix by shaking a
suspension of OsO4 with an ionic polymer solution in water/
acetonitrile (0.19 mmol of osmium per gram of catalyst.”""

With the most efficient resin ([*°P/S-PEGs][BF4][0sO.])
under AD conditions (olefins (1 mmol), catalyst (2 mol %),
(DHQD),PHAL (3 mol %), NMO (1.5 mmol) and 6—24 h at
room temperature), typical olefins were dihydroxylated to the
respective diol in high yields and ee’s (Table 5).

This resin could be easily recovered by filtration and
successfully reused at least four times for AD reaction with
trans-stilbene-4-carboxaldehyde (additional ligand was needed)
with high conversion (99%) and high enantioselectivity
(96%) in a total TON of 247. It should be noted that the
activity dropped consecutively during several runs due to
osmium leaching. This had a major consequence on the
increase of reaction time to achieve full conversion in
consecutive cycles. In fact, in the filtrates of several cycles,
the authors found small amounts of osmium (~4%).

Another interesting alternative for heterogeneous AD with
heterogenized osmium tetroxide was developed by Miao et al.***
They prepared a wool—osmium tetroxide complex by slowly
heating a solution of OsO, in +~-BuOH with well-washed wool
till the temperature reached 60 °C (24 h and under N,
atmosphere). When this natural biopolymer complex was
tested for AD of allylamine (wool—OsO4s 1 mol %,
K;3Fe(CN)s (3 equiv), K,COs (3 equiv), -BuOH/H,O 1.1),
it afforded the respective diol in 80.2% yield with 83.7%
ee. It should be noted that no chiral alkaloid ligand was used.
This catalyst could be reused for three runs without activity
lost (Y«(3) = 0.2%) and with stable ee’s (ee.(3) = 1.9%) for
a total TON of 240.

Caps et al. reported the heterogenization of Os3(CO);, on
the internal surface of AI-MCM-41 using simple chemical
vapor deposition.?’? This catalyst was used to dihydroxylate
trans-stilbene in good yields (64—80%) with enantioselec-
tivity up to 90%, without using any chiral ligand. However,
in a second cycle, it experienced some deactivation.

Venkateswarlu et al. microencapsulated osmium tetroxide
inside a polysulfone polymer.?** This catalyst was success-
fully tested in AD reaction of aromatic and aliphatic olefins
in excellent yields and ee’s (>89% ee) with a fast protocol
(30 min). The resin could be recovered by filtration and
reused up to five cycles with only 8% yield erosion (and
constant enantioselectivity).

Dehury and Hariharakrishnan heterogenized osmium tetrox-
ide in chloroapatite by anion exchange. The heterogenization
did not prove to be selectively detrimental since several
aromatic and electron-poor olefins were oxidized to the
respective diols with high enantioselectivity (>90%) in good
to excellent yields (71—96%). Furthermore, both osmium
salts and chiral alkaloid ligand (DHQD),PHAL) could be
recovered and reused four times with efficiency.?*>

Trindade et al.

Table 6. Asymmetric dihydroxylation reaction with QN-AQN
ligand anchored to PEG

Olefin TEO) t(h  Yield(%) ee (%)
P X 0 19 89 91
P 0 24 90 93
gy X-Bu 0 24 92 95
)\ 0 17 92 80
Ph
e it 24 80 92

7.2. Homogeneous Catalysts

One of the major advantages of soluble polymer-bound
catalyst resides in the absence of diffusion problems of the
reactants, which traditionally characterizes heterogeneous
systems. This issue is experimentally observed by the
increase of the reaction time for the heterogeneous systems.

Before 2002, homogeneous systems using soluble polymer
catalysts were based on chemical immobilization of cinchona
alkaloids to a poly(ethylene glycol) chain (PEG) with distinct
spacers.” One of the best results was obtained by Bolm and
Gerlach using a DHQD ligand attached to MeO-PEG via an
aryl spacer (linked to PYR segment). They successfully
dihydroxylated several vinylic and aliphatic olefins in high
yields and high ee’s, 95—99% and 87—90% ee, respectively.
This system was reused six times without a detrimental
change to its enantioselectivity (ee.(6) = 2%).

This section should account for all the cases where the
alkaloid ligand was covalently bound to a polymer chain (as
before 2002) and where it is attached to the polymer matrix
by physical interactions.

Chandrasekhar et al. used PEG (MW 400) as unique
solvent under AD conditions (0OsO; 0.5 mol %,
(DHQD),PHAL 2 mol %, and NMO 1.3 equiv). They
obtained the respective diol from trans-stilbene in only 2 h
with an excellent yield (95%) and ee (94%). The product
was removed with ether in an extraction procedure, after
which the PEG phase could be reused five times without
any significant decrease in activity (Y«(5) = 4.2%) and
enantioselectivity (ee.(5) = 4.2%) in a total TON of 922.
Additional (DHQD),PHAL was added in the beginning of
each recycle preventing a drop of 30% of the ee during five
cycles.?%

Zhang et al. tried to perform AD reactions in the same
conditions using the same PEG as sole solvent and a
zwitterionic ligand 87; they failed to obtain competitive ee’s.
To improve the enantioselectivity (to equal levels), olefins
were added slowly during 10 h, and the reaction was
performed using PEG as a cosolvent in an acetone—water
(10:1) mixture. For this procedure, both osmium and ligand
were successfully reused for five cycles with minimal lost
of activity (Y«(5) = 11%) and enantioselectivity (ee.(5) =
7.3%) with a total TON of 830.2%7

Another interesting interesting approach for immobilization
of the chiral alkaloid ligand was developed by Militzer et
al.. They rationalized that once they attached an ionizable
functional group at (DHQD),PHAL, it could be anchored
by means of electrostatic forces to a polyelectrolyte matrix.'8?
Unfortunately when this ligand 83 was applied to AD
reactions, using NaOCI as co-oxidant, with slight variations
of pH (basic), it afforded the respective diol with low
enantioselectivity. Perhaps the presence of such long-chained
ionic polymers interferes with the enantioselection step in
the dihydroxylation cycle probably by strong dipolar interac-
tions.
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More recently Zhang et al. synthesized a novel polymer-
bound alkaloid ligand QN-AQN-OPEG-OMe 84 and suc-
cessfully applied it to AD on several olefins giving diols
with high yields and higher ee’s than the corresponding
system in which the free ligand was used, (QN),AQN
(catalyst 10 mol %, K,0sO,(OH)s 0.4 mol %, K;Fe(CN)e
and K,CO; 3 equiv, +-BuOH/H,0 1:1, Table 6).2%%

\%\j
H™N\.WO Q OPEG-OMe
MeQ
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84

Under AD conditions (+~-BuOH/water 1:1), the catalyst was
totally soluble, and when the reaction was finished, the
catalyst could be extracted with dichloromethane and then
precipitated with ethyl ether (97% recovery). Despite the
addition of 40% of the initial amount of K,;OsO,(OH), in
the beginning of each recycle, the catalytic system was
successfully recycled in asymmetric dihydroxylation of
4-chlorostyrene for five runs with no reduction of activity
or enantioselectivity (Y.(5) = 1% and ee.(5) = 1% providing
a total TON of 1162).

Zhang et al. reported the immobilization of cinchona
alkaloids in PEG-4000 (MW = 4000) instead of PEG-OMe.
The ligand 85 was recovered always in good yields (95%)
and reused four times without chan§es in the activity (high
yields up to 87%, up to 99% ee).>°
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7.3. Alternative Reaction Media

In the last four years, another method for recycling the
catalytic system of AD reactions has emerged. This method
is based on greater affinity of the alkaloid—OsO4 complex
for the room temperature ionic liquids (RTILs) phase. This
affinity allows the extraction of the AD product with low
osmium contamination using solvents immiscible with the
RTIL phase. The leach of osmium occurs always when the
complex has some solubility in the solvent used for
extraction.
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Table 7. Comparative Dihydroxylation Reactions Run in
Different Reaction Media

‘BuOH/H,0 RTIL/H,0 RTIL/'BuOH/H,0O
Olefin  Ligand ‘2},21)‘3 o6 ‘E(ﬂ/il)d ee (%) Yield (%) ee (%)

= PHAL 88 97 87 62 86 94
PYR 91 93 86 75 90 89

/J\ PHAL 83 92 80 66 85 84
Ph PYR 95 77 77 71 97 80
. PHAL @ 90 71 90 88 89
Bu PYR 93 94 9% 90 96 91
PHAL 91 87 47 92 53 87
PYR 63 9 66 86 57 83
PHAL 89 9% 87 08 9 99

X _-Ph
PR PYR 94 87 81 9% 79 77
« s PHAL 94 04 69 87 96 92
Bu” Y PYR 79 75 52 63 92 9%

Afonso et al. started using RTILs to scope the substitution
of the standard organic solvent (-BuOH) used in AD
reactions. In this way, they studied two different solvent
systems, a biphasic RTIL/H,O system and a monophasic
RTIL/H,O/t-BuOH system, using two different ligands
((DHQD),PHAL and (DHQD),PYR). With [bmim]PF, both
systems gave similar or even higher results compared with
the traditional #~-BuOH/H,O system (K,OsO,(OH), (0.5 mol
%), (DHQD),PYR/PHAL (1 mol %), KsFe(CN)¢ (3 equiv),
solvent, room temperature during 24 h, Table 7).%'°

Once again the use of K,OsO,(OH), as oxidant proved to
be less efficient, affording diols with lower chemical yield
and ee’s than OsO,. But the authors believe that this decrease
was well compensated by using a less toxic oxidant.

Both systems could be easily recycled as the products were
extracted with diethyl ether. The biphasic system was
efficiently reused for nine runs without loss of activity and
enantioselectivity (Ye(9) = 10%, ee.(9) = 4%, and total TON
= 1334), while the monophasic system proved to be a little
more robust since it was successfully recycled 10 times
(Ye(10) = 12.5%, ee.(10) = 9%, and total TON = 1720)
affording higher yields. In all assays, the osmium content
on the extracted phase was analyzed being on average under
4% from its initial amount (0.5 mol %). After a more
intensive study, all reaction parameters were evaluated (e.g.,
solvent system, co-oxidant, and extraction solvent), and the
authors concluded the following:

For a biphasic system, the best solvent is a mixture of
[bmim]PFs and H,O (1:2); using NMO as a co-oxidant
provides higher yields and ee’s compared with K;Fe(CN)g
with a contamination level under 2%.

For a monophasic system, the best solvent is a mixture of
[bmim]PFs, HyO, and +-BuOH (1:1:2); KsFe(CN)g proved
to be more advantageous than NMO despite having a higher
contamination level (~4%). In general for both systems, the
optizrlnlum reaction temperature occurs between 25 and 40
°C.

Using (DHQ),PHAL as ligand and [bmim]PF as RTIL,
Song et al. obtained similar results as those reported by
Afonso et al. But in this case, the solvent system used was
acetone/H»O, 10:1, in which the RTIL is dissolved. When
Song et al. submitted their system to recycling assays, they
found out that a large amount of osmium was partitioned to
the ether phase. To solve this problem, they realized that
using an alkaloid with higher polarity would decrease
osmium leaching. So they used (QN),PHAL as ligand (5
equiv in relation to OsOy), which was dihydroxylated during
the reaction to a more polar ligand 86.%'2

This catalytic system (NMO 1.5 equiv, OsO; 1 mol %,
ligand 5 mol %, olefin slow addition for 12 h) could be
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MeO

reused at least for three runs with high efficiency for trans-
stilbene dihydroxylation (92% yield, 98—94% ee, Y.(3) =
1%, and ee.(3) = 4%). When OsO, content was reduced
from 1 to 0.1 mol %, the system became less effective but
still could be used for three runs in a total TON of 2370 (in
the third run, the diol was only obtained with 58% yield).
Improvements to this system were published recently by
Song and Park using (QD),PHAL allyl bromide salt, where
the recyclability reached five efficient cycles (with 0.1 mol
% of OsOy4 in -BuOH/water).?'*> The same results were
observed by Sheldon et al. when they studied the effect of
the chiral alkaloid ligand on the catalytic system recycla-
bility.*'* Like Song, Zhang et al. prepared and used a
quaternary salt of the alkaloid ligand 87 to minimize osmium
contamination to 2 mol % of total osmium tetroxide.*®’ This
catalytic system was recycled four times with 12% erosion
of yield and enantioselectivity (86%, 95% ee). The quater-
nization of the tertiary amine was not detrimental for the
enantioselectivity.

S 7 B
N—N Q

MeO.

87

This system was clearly improved in terms of recyclability
when osmium leaching was stopped by using also a tetralky-
lammonium TentaGel resin (also in ionic liquid phase). Up
to 10 cycles of reutilization were conducted in which only
15% of efficiency was lost.*"”

Afonso et al. explored an interesting property of RTILs
to minimize osmium contamination in theirs procedures.*'®
It is known that RTILs are not soluble in supercritical carbon
dioxide (scCOy), but the last is very soluble in RTILs. This
property allows scCO, to be used as extraction solvent, and
in addition, RTIL could be used as sole solvent for AD
reactions. The extraction was realized using 120 cm® of
sc¢CO, at 100 bar (CO, pressure) in a 0.5 mmol scale. By
this new procedure, the catalytic system could be recycled
eight times with osmium contamination under 0.6%. Unfor-
tunately, the erosion of yields and ee’s was higher than when
using diethyl ether as extraction solvent. It is known that
the solvent power of scCO, varies with its density (the
solvent power follows the density of scCO,) and could be
improved by changing operating pressure. For example, the
diol product from AD reaction on methyl trans-cinnamate
is more polar than 1,2-hexanediol; therefore higher extraction
pressure was required.”’” With [Cgmim]PFs as unique
solvent, methyl trans-cinnamate was dihydroxylated for six
cycles using MNO as co-oxidant (run 1, 91% yield and 77%
ee; run 6, 85% yield and 84% ee). At the end of each cycle,
the products of AD reactions were extracted with scCO, at
125 bar.

Trindade et al.

Scheme 25. Catalytic System Recycling Mechanism
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As mentioned, in this procedure the RTIL was the unique
solvent used; besides the easy recovery of the products by
the described method, the authors observed another interest-
ing advantage. If the olefins were added at once to the RTIL
phase, a second phase was initially observed due to low
solubility of the starting material in the RTIL. This second
phase disappeared slowly during the reaction acting as a slow
addition protocol affording diols with high optical purity
(above 90%) using NMO as co-oxidant.

Song et al. developed a simple method to achieve both
ligand (QN),PHAL and osmium tetroxide recycle without
aid of any solid or polymeric support nor with the use of
alternative reaction media like ionic liquids or perfluo-
rophases.”’’® In a simple and traditional homogeneous
protocol, sucrose was added to the reaction media prior to
the AD reaction. At the end, the AD product could be
extracted solely to an ether phase, while the ligand and
osmium were retained in the water phase. This retention was
due to hydrogen bonding between the ligand and the sucrose
(Scheme 25). It should be remembered that the applied ligand
also undergoes AD becoming more soluble in water. This
system could be reused three times with an average activity
erosion of 15%.

More recently, Kim et al. developed a similar strategy to
recover the catalyst under traditional homogeneous condi-
tions.?'® At the end of the reaction, osmium tetroxide was
mainly in the organic phase (as neutral OsOy) due to the
large excess of co-oxidant employed. Addition of a low-
weight olefin-like ethyl vinyl ether brings back the reduced
species (0s0,”7) to the aqueous phase, which will be
retained when all co-oxidant is consumed. Solvent extraction
allowed the immobilization of 89% of the osmium catalyst
in water, which can be used in eight consecutive cycles with
minimal yield erosion.

Ferreira and Crespo showed that nanofiltration can be used
to achieve the recycling of the asymmetric dihydroxylation
catalytic system in acetone/water solvent system. A total
TON of 334 over six consecutive cycles was obtained in
1-hexene dihydroxylation (K,0sO,(OH); 0.8 mol %,
(DHQD),PHAL 3.5 mol %, 71% ee).?*° Recently, the authors
tested the nanofiltration technology in this reaction using a
water/surfactant as reaction media, in the absence of organic
solvents.?*!
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Scheme 26. Asymmetric Epoxidation Reaction
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7.4. Asymmetric Alkene Aminohydroxylation

Song et al. applied their osmylated resins, XAD-4 (Scheme
24), in asymmetric aminohydroxylation (AA) of olefins (4
mol % catalyst, 5 mol % ligand, AcNHBr, and LiOH).
Excellent enantioselectivities (>99% ee) were achieved for
trans-cinnamates in quantitative yields. Both resin and ligand
were recycled up to three cycles with unchanged enantiose-
lectivity and 22% yield decrease.***

In parallel, Choudary et al. also applied their LDH-
supported osmium tetroxide in an asymmetric aminohy-
droxylation reaction, but lower yields (<55%) and ee’s
(<78% ee) were observed. Recycle assays immediately
showed a decrease in activity.”*®

Zhang et al. prepared the monomeric alkaloid ligand
[QN(SO,CH,CH,0H),],PYDZ, 88, and showed that it could
be recovered quantitavely (together with half-quantity of
osmium catalyst) after addition of PEG to the reaction
mixture (asymmetric aminohydroxylation of isopropyl trans-
cinnamate). This method was used to recycle the catalytic
system up to six cycles (96% ee, 20% yield erosion).***

MeO

Xu and Lin developed a methodology to prepare a family
of new PEG-bound bicinchona alkaloid ligands. This new
family was evaluated on cinnamic ester aminohydroxylation
in order to understand the ideal polymer length. The ligand
that had the biggest polymeric chain (PEGsggg, ligand 89)
behaved better in terms of efficiency (90% yield, 99% ee)
and allowed the capture of osmium during the recycling
procedure (precipitation upon addition of ethyl ether). Despite
decreasing reactivity in each run the recyclability achieved
five cycles.?*

89

In the past years, some of the methods for AD reactions
already afforded diols with excellent yields and enantiopurity.
In this way, AD studies became more focused on method
optimization, where both osmium and ligand can be ef-
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ficiently recovered and reused. That is measured not only in
terms of a large number of successful recycles but also in
lowering the loading of the catalyst systems. In contrast, less
extended approaches have been reported for the parent AA
reaction.

8. Asymmetric Alkene Epoxidation

The asymmetric epoxidation reaction constitutes a power-
ful tool to functionalize a large range of olefins (Scheme
26). Several efforts were made to substitute the traditional
oxidizing agents with greener options such as molecular
oxygen or hydrogen peroxide. Along with Sharpless,?°
Jacobsen,??’ Julid—Colonna??%?2° systems and other Lewis
acid-based BINOL catalysts*® have a crucial role in this
synthetic methodology.

8.1. Heterogeneous Catalysts

Before 2002, several works were reported for Mn—salen
immobilization on insoluble polymers. Grafted catalysts
tended to function better than copolymerized vinyl —Mn—salen
catalysts providing enantioselectivities competitive with
original Mn—salen catalyst. In the previous review, the
immobilization of chiral Mn—salen catalyst was performed
using two strategies: immobilization inside zeolites and
immobilization on the surface of silica. Using the first
methodology, the best ee value obtained was 88% for
p-methylstyrene epoxidation. In the latter methodology,
catalyst 90 provided good results in terms of enantiose-
lectivities (up to 82% ee) and recyclability.’

Gothelf et al. synthesized a new type of highly cross-linked
polymer having locally ordered domains by condensation of
a rigid trialdehyde with chiral ethylene diamine.?*° Manga-
nese complexation to the ligands completed the synthesis of
polymer containing Mn—salen complexes. Epoxidation of
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cis-2-methylstyrene with m-CPBA (2 equiv) and NMO (5
equiv) in dichloromethane at 0 °C was chosen to test the
efficiency of the prepared catalyst (0.5 mol % loading).
Catalyst 91, R = Ph, proved to be the most reactive (73%
conversion), stereoselective (cis/trans ratio = 12), and
enantioselective (57% ee for cis isomer). The homogeneous
complex has more tendency to furnish the trans isomer (cis/
trans ratio = 0.46) with higher ee (93%). When both catalysts
were reused a nonlinear variation behavior was observed for
all parameters (conversion, selectivity, and ee). From the first
to the second cycle, a decrease was observed for all
parameters, but in the subsquent cycles all parameters
increased (in some cases above the first run values).
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Hupp et al. synthesized a microporous metal—organic
framework in the shape of a paddle-wheel from adipyridil—Mn—
salen complex, zinc ions, and a second ligand (biphenyldi-
carboxylate) with a molecular formula Zny(bpdc),L-*
10DMF-8H,0.%*' This catalyst proved to be very stable
providing an easy method for Mn—salen recovery and
recycling since it is insoluble. The 1,1-dimethyl-2H-
chromene was epoxidized with yield (71%) and enantiose-
lectivity (82% ee) comparable to the homogeneous analogue
and was reused twice with minimal yield erosion (constant
ee). The reaction occurs mainly inside the framework
channels offering some degree of size selectivity.

Nguyen and Hupp prepared a coordination polymer by
reaction of a [bis(catechol)salen]Mn(IIl) complex with
several di- and trivalent metal ions (Cu, Mn, Cd, Mg, Cr,
Zn, Fe, and Ni). The polymer prepared with copper was
found to be insoluble in several organic solvents and proved
to be a good heterogeneous catalyst to perform the asym-
metric epoxidation of 2,2,-dimethyl-2H-chromene with 2-(tert-
butylsulfonyl)iodosylbenzene (79% yield, 76% ee). The
catalyst 93 could be reused during 10 cycles with minimal
yield erosion (10%) and constant enantioselectivity.**?
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Smith et al. grafted a Katsuki-type catalyst on a function-
alized polystyrene polymer via an ester linkage.””® Im-
mobilization did not affect the enantioselectivity of 1,2-
dihydronaphthalene epoxidation (94% ee) but the reactivity
decreased considerably. While reactions with homogeneous
catalyst were finished after 7.5 h, the polymeric catalyst 94
never furnished yields above 70% in less than 48 h. The
recycling protocol was not easy due to some extent of
polymer loss due to technical difficulties requiring reactant
recalculations on going from run to run. Gladly it gave
consistent enantioselectivity during six cycles. In 2004, the
authors performed the asymmetric epoxidation of dihy-
dronaphthalene in the presence of original Mn—Katsuki-type
salen catalyst in ionic liquid media ([bmim]PFs, 2.5 mol %,
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93% ee). The ionic liquid phase bearing the catalyst was
reused eight times (Y.(9) = 25%, ee.(9) = 13%).>**
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Heckel and Seebach immobilized Mn—salen complex in
a pore-controlled glass silica gel support, and its efficiency
was tested for styrene epoxidation (20 mol %) with m-CPBA/
NMO in dichloromethane in 30 min at —20 °C.?*> Catalyst
95 proved to be virtually as efficient as the Jacobsen catalyst,
furnishing the respective epoxide in 95% yield with 74%
ee. The catalyst could be recovered by filtration and reused
up to five cycles with some yield and ee erosion (31% and
6%, respectively).

95

Li et al. grafted phenolic groups on the mesoporous surface
of siliceous MCM-41 heterogeneous support.****” The chiral
Mn—salen complex was then anchored into this modified
support through axial complexation of manganese on the
phenoxy groups. This catalyst was tested for a-methylstyrene
epoxidation and gave better results in terms of enantiose-
lectivity (67—73% ee) than the homogeneous Mn—salen
complex (56% ee). When the reactions were run with EtOH
as solvent and NaOCl as oxidant at 0 °C, quantitative
conversions (99%) were accomplished (Scheme 27).

Scheme 27. Recycling of Mn—Salen Catalyst Anchored in
Modified MCM-41 (Phenolic Groups)

catalyst, EtOH R
NaOCl, 0 °C, 24 h ’

run 1: 89 % conversion, 70 % ee
run 2: 99 % conversion, 70 % ee
run 3. 98 % conversion, 73 % ee

Interestingly, alkenes that do not fit inside the cavities (like
1-phenylcyclohexene) were not epoxidized; a proof that all
Mn—salen complexes were strongly anchored and behaved
like a heterogeneous catalyst. The catalyst was reused three
times without any loss of activity and enantioselectivity.

The same methodology was extended to create a mono-
layer of phenyl sulfonic groups on the surface of several
inorganic supports (MCM-41, SBA-15 and activated silica).****
Once again those groups were used to axially coordinate
Mn—salen complexes like the phenoxy groups previously
reported. Despite all epoxidation reactions of a-methylsty-
rene furnishing lower yields, under heterogeneous conditions
the enantioselectivity remained higher than those observed
in the homogeneous protocol (homogeneous catalyst gave
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55% ee, supported Mn—salen—MCM-41 and Mn—salen—silica
catalysts gave 78% and 76% ee, respectively). When
Mn—salen—silica catalyst was reused, consistent 76% ee was
achieved during five cycles (Y.(5) = 30%). Interestingly,
when the olefin was changed to cis-f-methylstyrene, a
curious selectivity behavior was detected with anchored
Mn—salen catalysts. In fact, on going from a homogeneous
environment to small-sized pores, the cis/trans ratio changed
from 0.38 to 17.6 (Scheme 28). The supported catalyst was
found to be more selective for cis epoxide than the
homogeneous catalysts that showed a higher tendency to
generate the frans isomer.

Scheme 28. “Pore Effect” in the Selectivity of
cis-fi-Methylstyrene Epoxidation

| catalyst (1,5 mol%)

DCM, NaOCl,
20°C, 24 h

cis trans

homogenous Mn(salen)Cl: cis/trans= 0.38
Mn(salen)/MCM: cis/trans=17.6

The sulfonic and phenoxy groups were also prepared in
the surface of highly cross-linked polystyrene resins.**” These
new catalysts proved to be easier to handle than the silica-
based ones, providing the same results.

The authors disclosed that the presence of a phenol ligand
axially coordinated to homogeneous Mn—salen did not
improve the reaction enantioselectivity and that the catalysts
immobilized inside nanopores tended to give higher enan-
tioselectivities than those anchored on the external surface.**!
A possible explanation was related to the unique spatial
environment constituted by the axial bulkiness and rigidity
of the ligand and by the reaction taking place inside a
confined space (in the nanopore). It was also reasoned that
the inversion on the cis-f-methylstyrene epoxidation selec-
tivity was due to affected rotation motions necessary to
achieve the trans transition state caused by the lack of space
inside the nanopore. Kureshy et al. used MCM-41 silica
funcionalized with N-oxide groups to covalently anchor
Mn—salen. The authors also observed an increase in enan-
tioselectivities compared with the homogeneous catalysts for
the epoxidation of several aromatic alkenes. Curiously they
were able to successfully oxidate bulkier alkenes, like
chromenes. Since no signs of metal leaching were observed
and the MCM-41 matrix was not able to catalyze the
transformation, this clearly indicated that the anchored
Mn—salen complexes are accessible for bulky alkenes.***

Hupp et al. immobilized a Mn—salen catalyst in a mesopo-
rous anodic aluminum oxide membrane containing well-ordered,
densely packed, and nanoscale pores that allow easy access to
the catalyst by the substrates.”*> This was achieved by
preparing a catechol-substituted salen ligand that strongly
adsorbed in the surface of Al,Os. Catalyst 96 proved to be
as efficient as its unsupported analogue, providing the 2,2-
dimethyl-2H-chromene oxide in 79% yield with 81% ee
(100% selectivity). Moreover the catalytic membrane can
be recovered and reused after a simple cleaning procedure.
It was reused three times experiencing some yield (35%)
and enantioselectivity (15%) erosion due to manganese
leaching.

The catalytic membrane was incorporated in a membrane
reactor but lower conversions were observed so far, compared
with batch protocol.
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Choudary et al. performed asymmetric epoxidations using
Mn(acac); as catalyst, stabilized in a nanocrystalline mag-
nesium oxide (NAP-MgO) in the presence of chiral 1,2-
diaminocyclohexane.?** As an example, styrene was epoxi-
dized in 24 h to form styrene oxide in 70% yield and 42%
ee. Reutilization of such catalyst was possible up to a third
cycle with 18% yield erosion due to manganese leaching
events.

Kureshy et al. functionalized the surface of MCM-41 and
SBA-15 with a reactive 3-aminopropyltriethoxysilane al-
lowing the salen complex to be grafted and therefore
immobilized on the support.245

Both heterogeneous catalysts 97 proved to be nearly as
efficient as the unsupported analogue where quantitative
yields were achieved with good to excellent levels of
enantioselectivities (5 mol %, up to 94% ee). Furthermore
they were successfully recycled with minimal yield erosion
and consistent ee up to four cycles. In the case of styrene
derivatives, the heterogenized catalyst provided the respective
epoxides with higher enantioselectivity.>*® More recently Liu
et al. studied the pore effect for this type of immobilization.
They observed that siliceous supports, with bigger pores,
facilitated diffusion phenomena enhancing the reactivity,
nev&r}heless with a penalty on the epoxide enantioselectiv-
ity.

Liu et al. anchored a Mn(Ill)—salen complex in MCM-
48 and tested it in unfunctionalized olefin asymmetric
epoxidation in the presence of m-CPBA/NMO. The enanti-
oselectivity and reactivity of the immobilized catalyst 98
sometimes surpassed those obtained with the homogeneous
complex, and it could be recycled up to three cycles.?*®

A few years later, the authors anchored this ligand on
several siliceous supports (MCM-41, SBA-15, amorphous
silica, and MCM-48) using an ionic linker (imidazolium
chloride salt). In this case, the catalyst 99 was recycled five
times with success.**’

Liu et al. immobilized the Mn(III)—salen complexes in
MCM-48 modified with imidazolium-based ionic liquid
units treated with [bmim]PFe. This heterogeneous catalyst
was tested in asymmetric epoxidation of unfunctionalized
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olefins, where it was found to be stable and recyclable
(three cycles) and exhibited comparable activity and
considerably higher enantioselectivities than those ob-
tained by the homogeneous counterparts (e.g., >99%, 92%
ee for a-methylstyrene).?”°

The Freire group performed the coordination of hydroxyl
groups present in activated carbon to the axial position of
chiral Mn(IIT)—salen complex and its application in asym-
metric epoxidation. The heterogeneous catalyst lost its
efficiency upon recycling.>>!-*>2

Before 2002, Fraile et al. immobilized the homogeneous
Mn—salen catalyst in several clays. Despite revealing the
same activity, the heterogeneous catalysts provided lower
values of enantioselectivity.’

Freire and Pires encapsulated a chiral Mn(II)—salen
catalyst into three types of aluminium-pillared clays, but it
was found that these supports affected dramatically the
reaction enantioselectivity.*>

Anderson et al. prepared a hydrotalcite-like material,
ZnAl[C¢HsCO, ], by coprecipitation of a solution of zinc
and aluminum nitrates with an aqueous solution of NaOH
and benzoic acid.?** Ton exchange of benzoate anion with a
bissulfonic derivative of Mn(III)—salen complex completed
the immobilization of an epoxidation catalyst inside the
layered double hydroxides (LDH) host. The heterogeneous
catalyst 100 was tested for (—)-limonene epoxidation (in the
presence of pivaldehyde as co-oxidant and N-methylimida-
zole) where 100% conversion with 91% selectivity and 54%
diasteriomeric ratio were achieved. Aerobic epoxidation

Trindade et al.

(oxygen pressure of 150 psi) was chosen since it constitutes
a greener alternative to other hazardous oxidants. The catalyst
could be recovered and reused twice without any efficiency
loss. Later it was shown that this LDH—[Mn(Cl)salen]
catalyst showed slightly higher conversion, selectivity and
diasteriomeric excess for R-(+)-limonene and (—)-0-pinene
epoxidation under atmospheric pressure of air and oxygen.?>

+ + + + +
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+ + + + +
100

When tested for benchmark epoxidation reactions (with
styrene or a-methylstyrene), 100 was readily shown to be
inferior to other catalysts in terms of enantioselectivity. The
highest enantiomeric excess observed was 68% ee for
1-methylcyclohexene epoxidation.?>® The main advantages
of this protocol were related to using less dangerous oxidants
(dioxygen or air) at room temperature instead of low
temperatures required in Jacobsen’s system and utilization
of nonchlorinated solvents.

Choudary et al. immobilized a Mn—salen complex containing
the two sulfonic ionic (catalyst 101) groups attached to silica,
LDH, and a cationic resin.>>’ Catalyst immobilization on silica
through hydrogen bonding suffers from catalyst leaching,
which results in great drops in activity and enantioselectivity
in two reutilizations. Immobilization on LDH and cationic
resin proved to have beneficial effects on catalyst recycling
in terms of enantioselectivity (which remains unchanged up
to five cycles). Generally all tested olefins were quantitatively
epoxidized after 10 min. Epoxidation of cyclic olefins affords
excellent levels of enantioselectivity (>94% ee), while
acyclic ones, like styrene, were converted to the respective
epoxide in moderate ee (48% ee).

NaO;S O 0 SOzNa
acac

101

Kureshy et al. immobilized dicationic salen complexes
(dialkyl ammonium salts, catalyst 102) inside the interstitial

Scheme 29. Enantioselectivity Enhancement inside Montmorillonite Clays (Epoxidation)

(e}
. catalyst (2 mol%) ©/<1
©/\ NaOCI, NPO, DCM
free catalyst: 99 % yield, 45 % ee, 4h
supported catalyst: 70 % yield, 70 % ee, 7 h
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space of montmorillonite clay layers (AlSiO,).>***° The
immobilization enhanced the enantioselectivity of the styrene
epoxidation reaction compared with the unsupported catalyst,
but the lower yields and higher reaction times are accounted
due to slow diffusion rates inside the layers (Scheme 29).
In this case and in clear contrast to Li et al. MCM-41
catalysts, heavy alkenes could be epoxidized since the double
layers are flexible. Reutilization of such catalyst was possible
up to four cycles without efficiency erosion but with
increasing reaction times.

8.2. Homogeneous Catalysts

Before 2002, several works were reported for Mn—salen
immobilization on insoluble polymers. Grafted catalysts
tended to work better than copolymerized vinyl—Mn—salen
catalysts providing enantioselectivities competitive with
original Mn—salen catalyst. The same good results were also
observed using soluble supported Mn—salen catalysts (PEG,
non-cross-linked polystyrene, or dendrimers).’

Liese et al. reported the application of a chiral Mn(III)—salen
complex covalently anchored to a hyperbranched polyglyc-
erol polymer as an efficient recyclable catalyst for asym-
metric epoxidation of chromenes (96% conversion, 96% ee;
competitive with Jacobsen catalyst). First, the authors
demonstrated the catalyst stability during four consecutive
batch epoxidations (total TON = 80). At the end of each
reaction, the polymer was precipitated and reused. Subse-
quently, epoxidation of 6-cyano-2,2-dimethylchromene using
catalyst 103 was carried out in a continuously operated
chemical membrane reactor for 20 residence times, and
steady conversions up to 70%, as well as steady enantiomeric
excesses up to 92%, were achieved (total TON = 240).2%0

Recently, Liese et al. showed that the hyperbranched polyg-
lycerol structure could be used as support for Co-mediated
resolution of racemic epoxides. The dendritic structure of this
polymeric support allowed the possibility that two nearby cobalt
units could cooperate providing a catalyst with enhanced
catalytic ability compared with the respective nonimmobilized
catalyst (possible bimetallic mechanism).?’

Holbach and Weck polymerized and copolymerized (function-
alized norbonene) a salen ligand bearing a norbonene group by
metathesis ring-opening polymerization.”*> Polymeric catalysts
proved to be as effective as nonsupported analogues in the
epoxidation of styrene, cis--methylstyrene and 1,2-dihy-
dronaphtalene. Unfortunately, the catalyst could not be reused
due to chemical and physical property degradation during
its recovery.

Yu et al. prepared a polymer containing a Mn(III)—salen
complex and tested it in unfunctionalized olefin asymmetric
epoxidations, in the presence of m-CPBA/NMO. The enan-
tioselectivity and reactivity observed with catalyst 106 was
in the range of those obtained with the homogeneous
Mn(IIT)—salen complex for styrene epoxidation, reaching
98% yield and 47% ee. The polymeric catalyst was recovered
by solvent precipitation and was reused efficiently twice.?*>
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Kureshy et al. showed that dimeric Mn(III)—salen com-
plexes 107 and 108 are able to catalyze the epoxidation of
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several alkenes (in the presence of a 4-PhPy-oxide and
NaOCl) with the same efficiency described for Jacobsen’s
catalysts; however the first was recoverable by precipitation.
It was shown that their reusability can achieve five cycles
without any efficiency erosion.?** Later, the authors described
a greener protocol where NaOCl was substituted by
urea—hydrogen peroxide.?®

Recently, Wang and Sun tested a dimeric pyrrolidine-based
Mn(IIl)—salen catalyst for epoxidation of styrene and
chromenes. The two salen units being covalently attached
from a spacer linked to the chiral diamine did not affect the
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catalyst efficiency (109 was superior to equivalent homo-
geneous monomeric catalysts). The recovery protocol was
also based on precipitation with addition of hexane, but when

reused, its activity readily dropped.?®®

o Qﬁ@’

Y

8.3. Other Epoxidation Catalysts

This section will foccus on the catalyst recycling for
epoxidation reactions of o,f-unsaturated alkenes and other
miscellaneous catalysts. Pu et al. reported before 2002 the
epoxidation of a,-unsaturated ketones in the presence of a
polymeric BINOL ligand, ~-BuOOH, and diethylzinc with
enantioselectivities of 81% ee.” Catalysts applied in
Julid—Colonna epoxidation tend to be gel- or paste-like,
which makes them difficult to handle. To circunvent this
problem, poly(amino acid)s supported on organic polymers
through covalent bonds or inorganic materials through simple
physical absorption have been explored.?®’ 272

Sasai et al. reported the use of polymeric BINOL 110 as
ligand to catalyze Yb-promoted epoxidation of benzalacetone
and La-promoted epoxidation of chalcone.?’”* The optimal
conditions for benzalacetone epoxidations with zerz-butyl-
hydroperoxide required the presence of 15 mol % triph-
enylphosphine oxide to afford the respective epoxide in 86%
yield with 71% ee. In the case of chalcone, additional
phosphine oxide was added during the catalyst preparation
to achieve 99% yield of epoxide with 73% ee (Scheme 30).
The ligands proved to be less efficient than their homoge-
neous counterparts. The ligands were recovered by centrifu-
gation and were reused once, furnishing epoxides with
decreased enantioselectivity (about 9—18% lower).

Scheme 30. Asymmetric Epoxidation of Chalcones and
Benzalacetone in the Presence of Lanthanides

La-ligand (5 mol %) O

A « 0O
O PhsPO (15 mol %) 0
TBHP (1,5eq.)

THF, rt., MS 4A, 1.5h
99 % yield, 73 % ee

O i ¢

~ Yb-ligand (2.5 mol %) e
PhzPO (15 mol %) *
CMHP (1,5 eq.)

THF, r.t., MS 4A, 24 h
86 % yield, 71 % ee

The heterogenization of BINOL ligands on polystyrene
(copolymerization, ligands 111 and 112) allowed further
improvement on the enantioselectivities in the chalcone and
benzalacetone epoxidation (98% ee and 88% ee, respec-

Trindade et al.

tively).?’* These latter catalysts (heterogeneous ligand and
metal) were reused twice with consistent enantioselectivity
(but 30% yield erosion).

Ding et al. prepared a heterogeneous La-BINOL catalyst
based on self-supported polymerization between the multi-
topic ligand 113 and a lanthanum source.?’> The heteroge-
neous self-supported catalyst was applied in chalcone
epoxidation with cumene hydroperoxide in the presence of
triphenylphosphine to afford the respective epoxide in
quantitative yields and 98% ee. Not only did this heteroge-
neous catalyst prove to be as efficient as its homogeneous
version (also when extended to other enones), but the reaction
was complete in a shorter period of time (30 min vs 18—24
h from the previous protocols). The recovered catalyst could
be reused up to six cycles with some yield erosion (16%)
and nearly unchanged enantioselectivity.

OH OH

/:Q—_ OH
HO

113

Wang et al. prepared a phase transfer catalyst based on
cinchona alkaloid derivatives supported on a PEG chain
(MW = 2000).%7® This polymer-supported catalyst 114 was
tested in the enantioselective epoxidation of chalcone
furnishing the respective epoxide in 90% yield with 86%
ee. Despite its recyclability (three efficient cycles), it failed
to give good results in terms of enantioselectivity when the
scope was extended to other chalcones.

Zhao et al. tested a dendritic catalyst for enantioselective
epoxidation of enones bearing a chiral pyrrolidinylmethanol
moiety in the core.”’”” Under optimized conditions chalcone
was epoxidized in 84% yield and 74% ee (CCL,, TBHP, room
temperature, MS 4 A, and 144 h). This method proved to be
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more general than the previous ones due to more consistent
results on the epoxidation of other chalcones (60—93% yield
with ee’s above 73% ee, generally). The dentritic catalyst
115 was recovered by precipitation and was reused four times
without any loss of efficiency.
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Recently a perfluorinated diphenylprolinol derivative was
applied in asymmetric epoxidation of chalcones. Zhu et al.
tested a family of catalysts from which 116 provided the
best results (30 mol %, 31—67%, 75—84% ee, CCly, TBHP,
room temperature). The catalyst 116 was recovered due to
its low solubility in methanol and reused three times without
any performance degradation.”’®
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Maruoka et al. reported the application of a new improved
chiral N-spiro quaternary ammonium salt 117 as a phase
transfer catalyst in the epoxidation of aromatic and aliphatic
enones with excellent enantioselectivities (>86% ee).>’® The
PTC catalyst was recovered by column chromatography and
reused four times without loss of efficiency.
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Recently, Tang et al. heterogenized a poly(L-leucine)
peptide in silica gel and tested this catalyst in asymmetric
epoxidation of chalcone (10 mol %) in the presence of
sodium percarbonate, producing excellent yields (91%) and
ee (up to 97% ee). The catalyst 118 was recycled five times
without any erosion of efficiency.?®’
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Han et al. prepared a new chiral biopolymer complex,
silica-supported casein—Co complex.?®! This complex was
found to successfully epoxidize allyl alcohol under aerobic
conditions (1 atm O,, 70 °C, 0.2 mmol/g Co content, and
2,4-dihydroxybenzaldehyde as reductant) with 70% yield in
91% ee. The recovered catalyst was reused twice with
minimal drops of activity (Ye(3) = 1% and ee.(3) = 2%).

Strukul et al. demonstrated that terminal alkyl-substituted
alkenes could be epoxidized in water in the presence of a
platinum catalyst, 119, and hydrogen peroxide. The presence
of Triton-X100 was crucial to solubilize the catalyst in water
to promote any catalysis. Furthermore, a considerable
enhancement of enantioselectivity was observed when the
reaction was conducted under these conditions compared with
that in organic solvents (58% vs 82% ee; yield ~55%).282
Under optimized reaction conditions, recycling experiments
were not possible.
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Sartori et al. immobilized an enantioenriched fluorotro-
pinone ligand (78% ee) for organic epoxidation (with oxone)
in siliceous supports (amorphous silica KG-60 and meso-
porous MCM-41).%% It was found that sulfide groups in the
spacer react with oxone; therefore the catalyst had to be
preoxidized before being tested in the epoxidation reactions.
The pretreated catalyst 120 had a similar performance to the
homogeneous analog 121 (Scheme 31) and could be reused
twice without yield and ee erosion, for both siliceous-
supported catalysts. The protocol scope was successfully
extended to other alkenes with only a slight drop in ee.

Scheme 31. Organocatalytic Asymmetric Epoxidation
Reaction with Supported Fluorotropinone
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Clearly, Jacobsen-type catalysts were heterogenized in
several types of supports behaving generally better than
homogeneous catalysts, being much more explored. Unam-
biguous experimental evidence was discovered for the “pore
effect” in catalysis, where enantioselectivity enhancements
were disclosed.

One of the main problems dealing with Mn—salen
complexes is the tendency for some degree of manganese
leaching from the supported catalyst to occur. This phenom-
enon limits some of the procedures described herein in terms



452 Chemical Reviews, 2009, Vol. 109, No. 2

of catalyst recyclability. In the case of other types of
epoxidation catalysts, more efforts should be made in order
to increase the recyclability.

9. Asymmetric Sulfide Oxidation

Several methodologies have been applied for the oxidation
of the sulfide moiety to chiral sulfoxides (Scheme 32).
Peroxidase-type enzymes offer an interesting alternative to
metal-catalyzed technology, but the high catalyst cost
constitutes a major drawback. Despite its importance, to our
knowledge, this reaction was not been the subject of any
review on the specific context of catalyst reuse.’

Scheme 32. Asymmetric Sulfide Oxidation to Sulfoxides
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Enzyme-Catalyzed Sulfide Oxidation. Kosti¢ and Kad-
nikova studied the effect of microperoxidase-11 (MP-11)
immobilization on the reactivity and enantioselectivity of
phenyl methyl sulfide oxidation to the respective sulfoxide.?**
The enzyme was encapsulated on sol—gel silica glass and
physisorbed, chemisorbed, and covalently attached to silica
gel.

Interestingly the free enzyme behaved poorly in terms of
methylphenyl sulfoxide formation (15%) when compared
with its immobilized partners (55—95% yield). Regarding
the enantioselectivity, none of the immobilized catalysts
surpassed the 36% ee observed when using the free enzyme
as catalyst. The increase in the reactivity upon immobilization
was proven to be related to the existence of monomeric MP-
11 under the immobilized conditions, since in solution MP-
11 tends to aggregate reducing its effectiveness. The lower
ee’s observed for the immobilized ligands are explained by
the interactions between the support and MP-11 that could
alter the catalyst conformation. Only a few of the im-
mobilized catalysts were reused once with some efficiency
(MP-11 chemisorbed, physisorbed, and covalently bonded
on silica gel). According to the authors, this lack of efficiency
was due to catalyst leaching during the recovery protocol.

Leaching problems due to desorption events could be an
important issue when working with adsorbed catalysts.
Therefore, Strukul et al. immobilized chloroperoxidase (CPO)
in a microporous silica gel cage to prevent leaching events
and catalyst deactivation with hydrogen peroxide (Scheme
33). Two distinct samples were prepared.”®> Sample A has
3.7 CPO units per 0.3 g of catalyst and gave lower
enantioselectivity (73—92% ee) than sample B, which has
123 CPO units per 0.3 g (>99% ee).

Scheme 33. Asymmetric Sulfide Oxidation in the Presence of
Chloroperoxidase Immobilized in Silica Cages

catalyst ‘+.\ O Sample A: 40-52 % conversion, 73-92 % ee

_S- s,

H,0,, 15°C, 4h Sample B: 40-85 % conversion, >99 % ee

R = Ph, 4-MeCgHy, 4-CICgH and 2-pyridil

In terms of reactivity, sample B reacted faster despite not
always giving higher conversions. Sample A failed to be
reused in a second cycle (dramatic drops in reactivity and
enantioselectivity were detected), while sample B was
efficiently applied in four consecutive cycles affording chiral
sulfoxides in >99% ee with only 6% yield erosion.

Trindade et al.

As mentioned before CPO denaturation promoted by
hydrogen peroxide with the known low solubility of organic
compounds in water constitutes the most important drawback
of CPO utilization in industrial applications. To overcome
this limitation, Spreti et al. reported the utilization of
poly(ethylene glycol) polymers on CPO-catalyzed asym-
metric sulfide oxidation.?®® The addition of poly(ethylene
glycol) to the reaction mixture solves both of these problems:
they increase the solubility of organic substrates in water
and allow the enzyme to retain more of its initial activity.
Under optimized addition of oxidant, it was possible to
achieve 100% yield with >99% enantiomeric excess (in the
case of thioanisole oxidation). Unfortunately, the chemical
yield dropped about 15% on each recycle.

Metal-Catalyzed Sulfide Oxidation.Chaudhuri et al.
developed two different methologies to achieve the
immobilization of bisoxazolidine (Box) ligands and ap-
plied them in sulfide oxidation to sulfimide.”®’ In the first
strategy, phenyl- and fert-butyl-substituted Box ligands and
Cu(acac), were microencapsulated in a polystyrene polymer
with a copper content of 0.38 mmol/g. The other methodol-
ogy involved the catalyst immobilization in the ionic liquid
phase ([bmim]BF,). Both methodologies provided sulfimides
in identical yields (in a range of 72—86% yield, from
aromatic sulfides), but the reaction run in IL proceeded faster
due to its homogeneous character. Interestingly phenyl-
substituted Box behaved in distinct fashions. This ligand,
when immobilized in IL, afforded sulfimides with higher
enantioselectivities (50% ee). fert-Butyl-substituted Box
failed to give competitive chiral induction. The reaction
product could be extracted from the ionic liquid phase with
the aid of ethyl acetate/hexane, 1/4. Furthermore, the catalyst
was recovered and reused several times with consistent
reactivity and enantioselectivity.

Kantam et al. tested a recoverable Cu(AcO),—poly-
(vinylpyrrolidone) catalyst in asymmetric sulfimidation of
several thioethers in the presence of PhI=NTs and chiral
-BuBox ligand (2,3 mol %). Several sulfimides were obtained
in very good yields (78 —96%), but the enantiomeric excesses
varied from 5% to 68% ee. The catalytic system was shown to
retain its reactivity after three cycles, but the enantiomeric excess
readily decreased due to ligand leaching.*®®

Hodge and Zhang disclosed a straightforward method to
immobilize a BINOL unit in polystyrene beads via a Suzuki
coupling. Such heterogeneous ligands were coordinated to
titanium tetraisopropoxide and tested in oxidation of prochiral
thioethers (10 mol % titanium loading, ee up to 91%). The
authors observed that retreatment of polymeric BINOL 122
with titanium complex allowed four runs with consistent
enantioselectivities.?®”
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Guo and Wang used tartarate ligands linked to PEGOMe
polymers in titanium-promoted sulfide oxidation to sulfox-
ides. From a large family, ligand 123 afforded sulfoxides
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with higher levels of enantioselectivity for a larger number
of sulfides (50 mol % catalyst, 62—91% yields, up to 99%
ee). This soluble ligand was recycled three times with
consistent results.?*°
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Ferrand et al. reported the preparation of optically active
Frechet-type polymers bearing chiral iron porphyrins (catalyst
124) and their application in asymmetric heterogeneous
sulfide oxidation.*!

124

The main disadvantage of the homogeneous protocol was
related to the low yields obtained (43% for thioanisole),
which were improved upon immobilization on polymeric
supports (up to 89%). The reaction enantioselectivity was
always comparable to or even higher than the one obtained
with the homogeneous catalyst (68% ee). The supported
catalyst 124 was easily recovered by filtration and reused
up to 15 cycles with 33% yield and 15% ee erosion.

Kantam et al. tested the possibility of using their osmium
tetroxide immobilized catalysts on LDH layers in thioanisole
oxidation reaction.?? The reactions were conducted in the
presence of (DHQD),PHAL, but the enantioselectivity never
surpassed 28% ee. The catalytic system was reused three
times with 20% loss of efficiency.

Barbarini et al. prepared several imine-alcohol ligands
anchored in polymeric polystyrene and polyacrylate for
VO(acac),-mediated oxidation of sulfide (125—127).%3
Generally, polystyrene-based catalysts performed better
affording higher yields and enantioselectivity than polyacry-
late based ones in thioanisole oxidation with hydrogen
peroxide. Comparable yields were observed between sup-
ported and homogeneous catalysts (51—72% yield), while
the enantioselectivity was always lower (8—50% ee). The
best supported catalyst was reused three times with minimal
yield and ee erosion (7%).

So far, titanium-promoted sulfide oxidations have proven
to be more recyclable than enzymatic procedures. Both
methods can provide near perfect enantioselectivities, which
make the chemical process noteworthy.

10. Kinetic Resolution of Racemic Epoxides

Lighter epoxides can be easily separated from the kinetic
resolution catalyst due to a high vapor pressure difference
(Scheme 34). Both monomeric?**?* and dimeric®*® Jacobsen
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catalysts could be recovered and reused without any decrease
of efficiency using this procedure. The catalyst loading
applied in these procedures is about 0.2—0.5 mol %.
Obviously, this protocol is rather limited since other heavier
epoxides cannot be removed by distillation or if so could
follow some degree of degradation. So the development of
alternatives with mild protocols is required.

127

Scheme 34. Kinetic Resolution of Racemic Epoxides
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10.1. Heterogeneous Catalysts

Allen et al. reported before 2002 the application of a
Co—salen catalyst linked to a polystyrene polymer. This
supported heterogeneous catalyst was tested in racemic
epichlorohydrin resolution for five consecutive cycles with
the same efficiency (50% conversion, 92% ee diol, and
>99% ee epoxide).”

Kim et al. tested a family of polymeric (linear and cross-
linked) salen ligands for Co(II)-mediated kinetic resolution
of terminal epoxides containing two distinct anions (tet-
rafluoroborate and hexafluorophosphate).?*” With 0.5 mol %
Co/salen 128, racemic epoxides were resolved with excellent
enantioselectivity (>99% ee for both diol and epoxide).

O

—N N=

I OH HO C 1

128

Interestingly the application of such anions improved the
catalyst recycling ability, which was not observed for
polymeric Co—salen having acetate as the anion. These
catalysts were reused up to seven cycles with extraordinary
consistency (44% yield and 99% ee for all cycles) without
any need for reactivation at the end of each reaction.
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Recently, Kim et al. showed that group 13 salts (AlCls,
GaCls, and InCl3) can enhance the catalytic efficiency and
enantioselectivity of polymeric Co(Il)—salen catalysts.>*®

Borovik et al. prepared a polymeric catalyst with high local
order using a tris-styryl—Co—salen complex 129 as cross-
linker and tested it for kinetic resolution of terminal epoxides
(3.6 mol % catalyst).? As the cross-linking degree increased
from 5% to 50%, the catalyst became more efficient in terms
of reactivity due to metal center approximation. Unfortu-
nately, low epoxide enantioselectivity was observed (<42%
ee), while the diol enantioselectivity did not surpass 86%.
The use of DMAP in the synthesis sequence proved to be
detrimental in the first recycle since inefficient removal was
accomplished during washing protocols, blocking the sub-
strate coordination to cobalt.

2

AN
P
N

QO QO

129

Choi and Kim immobilized Co(Ill)—salen complexes in a
ZSM-5/Anodisc membrane and applied it as catalyst for
hydrolytic kinetic resolution of terminal epoxides with water.
The catalyst [Co(IlI)—salen]PFs was immobilized in the Ano-
disc membrane, which was in contact with water and protected
from the organic phase by the ZSM-5 layer, which forbids its
diffusion. Since the catalyst was also insoluble in water, it
remained immobilized. The products diffused from the organic
phase to the Anodisc layer. The unreacted epoxide returned to
the organic phase, while the diol passed to the aqueous phase.
Enantioselectivities up to 98% were achieved in this way for
several distinct epoxides (epichlorohydrin, styrene oxide, and
1,2-epoxybutane) in 60—100 h.3*

Jacobsen et al. prepared gold colloids coated with a
monolayer of n-octanethiolates and thiolates with chiral
Co(Ill)—salen catalyst and tested it as catalyst for the
hydrolytic kinetic resolution of hexene-1-oxide. Due to
cooperative effects, the catalyst 130 exhibits a significant
acceleration relative to the homogeneous system (>99.9%
ee epoxide, 0.01 mol % catalyst). Recovery of immobilized
catalyst was possible by simple filtration, and after catalyst
reoxidation, it was reused seven times without any loss of
activity and enantioselectivity.*"’

Yang and Li demonstrated for the first time that
cooperative activation effects (between two metallic units)
can be enhanced in the nanocage of mesoporous materials
like SBA-16. The Co(Ill)—salen catalyst confined to
nanocages exhibited a significantly higher activity and
enantioselectivity for resolution of racemic aromatic
epoxides (S/C up to 12 000) compared with the homoge-
neous catalyst. Furthermore, the system retained its
activity for more than eight cycles (with regeneration).**3%3

Jacobs et al. physically adsorbed a Cr—salen complex in
dry silica gel (20 umol catalyst/g of silica) and tested it for
hydrolytic kinetic resolution of terminal epoxides with

Trindade et al.
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130

TMSN; (1.25 wt % catalyst).>** The solid catalyst was
removed upon sedimentation/filtration procedure and was
reused up to 10 cycles efficiently in the resolution of 1,2-
epoxyhexane. With this procedure, the unreacted epoxide
achieved high enantioselectivities (85—93% ee). In the latest
recycles, it was necessary to use a Soxhlet apparatus to
achieve catalyst recovery on a useful time scale, because
the small sized particles had a low sedimentation rate.
Attempts to deadsorb the catalyst from the crushed silica to
be readsorbed in a fresh support turned out to be less
competitive. If a dimeric Cr(IIl)—salen complex was im-
pregnated in silica, a lower degree of leaching was observed,
allowing two more efficient recycles.?*>-3%

Alternatively, the Cr(III)—salen complex was coordinated
to amino-functionalized silica.**” Although, noncoordinating
solvents could be used, some degree of metal leaching by
decomplexation (up to 1% per cycle) was always observed.
This catalyst resolved meso-epoxides (cyclohexane oxide)
with TMSN;3 providing excellent conversions and moderate
enantioselectivities (3 mol % of catalyst, 65— 77% ee).

Tanaka et al. prepared a novel chiral metal—organic
framework from Cu(NOs3), and chiral 2,2'-dihydroxy-1,1'-
binaphtalene-5,5'-dicarboxylic acid. The heterogeneous cata-
lyst 131 was applied in dynamic kinetic resolution of racemic
cyclohexene oxide with anilines (BINOL itself does not
catalyze this reaction under the same conditions). The authors
found that this reaction can be run under solvent-free
conditions (51% yield, 51% ee for the product). After each
reaction, the catalyst could be filtered and reused without
any appreciable loss of reactivity and enantioselectivity.*®

10.2. Homogeneous Catalysts

Breinbauer and Jacobsen reported before 2002 the ap-
plication of Co—salen catalyst supported in polyamidoamine
(PAMAM) dendrimers. This catalyst, 132, proved to be very
efficient (the first generation dendrimer) in epoxyhexane
resolution where the respective diol was obtained in 43%
yield and >99% ee.’

Song et al. showed that kinetic resolution of terminal
alkylic epoxides (with water) could proceed smoothly in the
presence of poly(salen—Co(IIl)) complexes to furnish excel-
lent conversions (>49%) and high enantioselectivities (up
to 98%).>*° Hydrolytic kinetic resolution of more reactive
epoxides like epichlorohydrin featured a different behavior
with the formation of a unique phase. The free terminal
amine from the catalyst 133 probably reacted with the
epoxide, improving its solubility in water allowing an easier
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method to achieve catalyst recovery. The recovered polymer
catalyst 133 showed good activity and selectivity (Scheme
35).

Scheme 35. Racemic Epichlorohydrin Resolution with
Polymeric Co—Salen Catalyst

O  0.5mol % catalyst, H,O 0 HO  op

AL 3

CIH.C THF,120 °C, 12h ClH,C CIH,C

conversion >49 %, 97% epoxide ee, 94 % diol ee
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Kureshy et al. tested the same type of polymeric salen
complex with chromium coordinated instead of cobalt with
chloride as the counteranion.>'® The supported catalyst was
tested for hydrolytic resolution of styryl epoxides with
anilines affording the respective amino alcohol in enanti-
oselectivities up to 87% ee (100% upon recrystallization),
while the remaining epoxide had 80% ee. In this case,
precipitation with hexane was required to achieve catalyst
recovery, after which catalyst was reused up to five cycles
with 10% yield erosion and consistent enantioselectivities.
Recently, the authors observed that a dimeric catalyst
provides better results in terms of both reactivity and
enantioselectivity. The recyclability was also improved, since
no yield erosion was detected.®!!

Following the excellent results observed with oligomeric
Jacobsen’s catalyst, Zheng et al. developed a family of
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polymeric Co—salen catalysts produced with di- and trial-
dehydes (cross-linkers) and chiral amine.*'* Combination of
several di- and trialdehyde ratios furnished polymeric sup-
ported catalysts with several cross-linking degrees, which
were expected to achieve the same levels of cooperativity
of two nearby cobalt atoms observed with oligomeric
Jacobsen’s catalyst. These new catalysts were tested in
racemic epichlorohydrin kinetic resolution with water (0.02%

catalyst loading).
<_§ OTs ; ; %
} JF. O
134 - Tri/Di = 0/100

135 — Tri/Di = 0.5/100~50/100
136 - Tri/Di = 100/0

1

Oligomeric catalysts 134 were less reactive than highly
cross-linked ones (more time to achieve ~50% conversion),
though the first tended to give higher enantioselectivities (up
to 98% ee for the epoxide and 97% ee for diol). Fully cross-
linked catalyst 136 was found to be less reactive due to
inaccessible catalyst sites. These results reflect that the effect
of cooperativity between two nearby cobalt atoms is de-
pendent on Co concentration and polymer rigidity. No
recycling data was given.

Jones and Weck prepared a family of Co—salen complexes
immobilized in polystyrene polymers by radical self-polym-
erization of Vinyl salen derivatives and copolymerization
with styrene.>'® These catalysts were tested in racemic
epichlorohydrin kinetic resolution with water (0.5% of
catalyst loading). The reaction was run under solvent-free
conditions since the polymers were soluble in the epoxide.

ey
—N N=
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137

The catalyst that produced better results was copolymer
137, with lower salen content, providing higher reactivity
(54% conversion) and excellent enantioselectivity (from 81%
to >99% ee). This observation can be explained by increas-
ing substrate mobility within the polymer chains that allowed
intramolecular cooperation between nearby cobalt units. The
polymeric catalyst could be recovered by precipitation from
diethylether and was reused three times with only a slight
decrease in reactivity (time needed increased from 1 to 2 h)
but with consistent conversion and enantioselectivity.

Holbach and Weck polymerized and copolymerized a salen
ligand bearing a norbonene group by metathesis ring-opening
polymerization.?*> The homopolymeric catalyst 139 proved
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to be as effective as the unsupported analogue for the racemic
epichlorohydrin kinetic resolution, while highly diluted
copolymer 138 proved to be less efficient. Unfortunately,
the catalyst lost its properties when precipitated with diethyl
ether and became much less soluble and less reactive.
Surprisingly, if the organic phase was removed by distillation
the recovered catalyst was found to be more efficiently
recycled.

138

139

Weberskirch et al. built a self-assembled nanoreactor to
perform hydrolytic kinetic resolution of aromatic epoxides
in pure water. The Co(III)—salen complex was anchored to
an amphiphilic copolymer that formed micellar structures
in water. The local high concentration of catalyst and the
reasonably low concentration of water inside the micellar
reactor allowed resolution of several types of aromatic
epoxides with excellent enantioselectivitites (up to ~51%
conversion, 99% ee of epoxide, 96% ee of diol). The
polymeric catalyst 140 could be separated and reused in four
consecutive cycles without loss of enantioselectivity. The
increase of the reaction time is due to incomplete regenera-
tion of the catalyst.*'*

—N N=
6
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Lu and co-workers showed that it is possible to resolve a
mixture of racemic epoxides by epoxide/CO, coupling in
the presence of chiral Co(Ill)—salen and quaternary am-
monium halide salts under solvent-free conditions. The
respective cyclic carbonate was obtained in 50—51% yield
(total conversion) with enantioselectivities up to 70% in
which the catalyst was reused efficiently only once.*'

10.3. Alternative Reaction Media

Song et al. performed the hydrolytic kinetic resolution of
racemic epoxides with water in the presence of Jacobsen
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catalyst (Co—salen 141) in a mixture of ionic liquid and
tetrahydrofuran ([bmim]PF¢/THF, 1/4).3'® The kinetic resolu-
tion of epichlorohydrins in water was achieved with excellent
enantioselectivities (>99% ee for the epoxide and 92% ee
for the diol with 0.1 mol % catalyst, Scheme 36). Further-
more, the authors disclosed that the catalyst did not follow
deactivation to cobalt(Il) species, which is a characteristic
of these reactions when run in organic media. It was also
found that cobalt(Il) inactive species could be used as the
catalyst precursor since some degree of Co oxidation occurs
in the ionic phase without addition of acetic acid (the usual
activating agent of organic media reactions). In addition, the
catalyst was found to be retained in the ionic phase during
product removal procedures (distillation and water/IL extrac-
tion) allowing its recyclability and reutilization (up to 10
cycles with consistent activity and enantioselectivity with
consecutively faster reactions).

Pozzi et al. substituted both tert-butyl groups at 5 and 5’
positions in Jacobsen’s catalyst by perfluoroalkyl chains to
achieve catalyst recycling by standard perfluorous extraction
techniques.>'” The authors tested this catalyst, 142, for the
hydrolytic kinetic resolution of racemic 1-hexene oxide with
water in the absence of solvent, since the catalyst was soluble
in the epoxide. This system afforded the respective resolution
with 46% conversion in 6 h with ee of 99% for diol and ee
of 91.2% for epoxide (S/C = 500).

Scheme 36. Racemic Epichlorohydrin Resolution with
Co—Salen in Ionic Liquids

0 0.1 mol % catalyst, H,O 0O HQ OH
> /Q + /_/
CIH,C THF/[bmim]PFg: 4/1  CIH,C CIH,C
20°C

conversion 52 %, > 99% epoxide ee, 91.2 % diol ee
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Catalyst 142 was recovered by means of product fractional
distillation, and it was reused up to four cycles without
efficiency erosion. To avoid a distillation process, standard
perfluoro techniques were tested also. Liquid—liquid extrac-
tion at room temperature with a perfluorinated solvent
afforded the best results (50% conversion, 99% diol ee in
the second cycle) with the lowest Co leaching (about 16%).
Solid-phase extraction allowed full catalyst retention, but only
50% was recovered from the solid phase. The physical
immobilization on perfluorosilica particles could allow
running the resolution in the presence of a heterogeneous
catalyst, but no activity was detected. It should be mentioned
that after catalyst oxidative activation with perfluorononanoic
acid, it became more reactive and more soluble in perfluoro
solvents.

Then the authors prepared a highly fluorinated Co—salen
complex in order to improve the catalyst solubility in
perfluorosolvents and diminish the epoxide reaction mix-
ture.>'® Indeed, catalyst 143 (after activation with
CsF7COOHR) provided the desired characteristics and could
be applied in biphasic fluorous catalysis using perfluorooc-
tane as the cosolvent of the racemic epoxide. It gave clean
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reactions (with 1-hexene oxide) without detectable traces of
byproduct, affording highly selective kinetic resolutions
(>99% ee for both diol and epoxide) over reasonable reaction
times (2—24 h) even at low catalyst loadings (0.2 mol %).
At the end of each reaction, the catalyst was precipitated
with acetonitrile, filtered off, and reactivated for further reuse.
Sadly a drop of activity was observed in a second run, while
the diol enantioselectivity remained unchanged. The heavily
fluorinated catalyst was less efficient upon recycling than
the lightly fluorinated one previously described. The reason
for activity loss remains uncertain.
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As Jacobsen-type catalysts were developed for asymmetric
epoxidation, several examples and techniques arose for
hydrolytic kinetic resolution of racemic epoxides. Homoge-
neous protocols tended to afford equivalent results compared
with traditional protocols or heterogeneous or macromolecule-
supported catalysts; one should be aware of mechanistic
evidence (synergistic effects by near metal units) in its design
to achieve higher levels of efficiency (compared with
traditional method) and recyclability. Interestingly, in general
the procedures described uses at least identical (if not lower)
amount of catalyst loading compared with traditional ho-
mogeneous reactions. This is outstanding since traditionally
the immobilization, especially in heterogeneous supports,
required the application of higher levels of catalyst loading
to achieve the same reactivity. Perhaps, the supports tend to
enhance the number of synergetic interactions improving
reactivities.

11. Kinetic Racemic Resolution of Alcohols and
Amines

The kinetic resolution of racemic alcohols is a straight-
forward protocol to sometimes circumvent impossible enan-
tiomer separation.>'® The acetylating enzymes that recognize
preferentially one isomer transforming it into the respective
acetate allows an easier separation protocol by polarity
differences. This kinetic alcohol resolution has one limitation:
50% is the maximum yield. In this way, dynamic kinetic
resolution allows total conversion of a racemic mixture in
only one optical isomer using the resolving catalyst and a
new catalyst that will racemize the remaining alcohol
(Scheme 37). Both catalysts used to achieve such a state are
extremely expensive, and therefore it is highly desirable that
recycling protocols should be developed. This reaction was
not reviewed in the previous review.’

Enzyme-Catalyzed Resolution. Bickvall et al. envisaged
the possibility to perform the reutilization of the catalytic
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Scheme 37. Kinetic Resolution vs Dynamic Kinetic
Resolution of Alcohols and Amines
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system used in alcohol dynamic kinetic resolution (DKR).*?°

Candida antarctica lipase B was recovered by filtration and
recycled more than three times in kinetic resolution (KR) of
B-hydroxynitriles (providing enantioselectivities up to >99%
and 50% conversion). The racemization ruthenium catalyst
(4 mol %) was also reused three times. Unfortunately, the
recovered enzyme from the DKR did not retain any activity
when tested under KR conditions. Therefore, the catalytic
system could only be recycled in a two-step manner (KR
followed by racemization) instead of one-pot DKR, which
needs several purification tasks.

Kim et al. reported the first ionic liquid-coated enzyme
(ILCE) for secondary racemic alcohol resolution in the
presence of Pseudomonas cepacia lipase (CPL). The enzyme
was coated with [PPMIM]PFs (PPMIM = 1-(3'-phenyl-
propyl)-3-methylimidazolium), which becomes liquid above
53 °C. The catalyst preparation protocol was very simple.
The powdered enzyme was added to the liquid [PPMIM]PFs
and stirred till a uniform heterogeneous solution was formed,
after which the solution was cooled to room temperature.
The resulting solid was broken down to small sized particles
and used to resolve several secondary alcohols. The ILCE
provided higher enantioselectivities than the native enzyme
(2-fold enhacement, Scheme 38).%*!

The authors observed that fresh ILCE showed reduced
activity in the first cycle due to some diffusion difficulties,
which were relieved in the second cycle when the particle
size decreased (100% relative activity of native enzyme is
achieved). After five cycles, 93% of the native enzyme
activity was retained.

Iborra et al. tested the possibility of having a flow system
for 1-phenylethanol racemic resolution. The main idea
consisted of immobilizing an enzyme (Candida antarctica
lipase B) in an ionic liquid, which acted as a stationary phase
and a racemic mixture could be flowed through the biocata-
lyst using scCO, as the mobie phase.**> More polar ionic
liquid-like [emim]NTf, tended to gave higher selectivities
(86.3% vs 84.8%) and half-life time (24 vs 22 cycles) when
compared with the less polar [bmim]NTf,. The (R)-1-phenyl
ethyl propionate was always obtained with conversions
higher than 35% and 99.9% ee’s. The use of IL as the
stationary phase provided a protective effect for the biocata-
lyst; therefore higher life times are observed (about 2-fold)
compared with enzyme adsorbed on celite.

Matsuda et al. applied the same flow methodology reported
by Iborra et al.,>** but did not use ionic liquid to immobilize
Candida antarctica Novozym 435.>** The kinetic resolution
of racemic 1-phenylethanol was conducted with this technol-
ogy for more than 3 days operation under supercritical
conditions (12.9—13 MPa of CO, at 42 °C) and resulting in
quantitative transformation of 221 g to (S)-1-phenylethanol
with 99% ee and (R)-(1-phenylethyl) acetate with 99% ee
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Scheme 38. Kinetic Resolution of Secondary Alcohols with
IL-Coated Pseudomonas cepacia Lipase

lipase
oH vinyl acetate QAc C;)H
+
ee, ee, E
native 54,5 % 98,7 % 265
ILCE 29,5 % 99,5 % 532

using 1.73 g of the immobilized enzyme. This new flow
system proved to be much more efficient than the batch
protocol.

Reetz et al. reported an efficient method for the resolution
of racemic secondary alcohol coupled with enantiomer
separation.”** Novozym SP 435 was used to perform
1-phenylethanol racemic resolution in ionic liquid media
([bmim]NTHf,) with vinyl laureate as the acyl donor. The use
of vinyl laureate allowed the formation of a low vapor
pressure (R)-ester that could be retained in the ionic liquid
together with the enzyme, while unreacted (S)-alcohol was
recovered in several cryotraps by flowing scCO, through the
ionic liquid (66% yield, >99.9% ee). The ester was removed
from the ionic phase by employing higher CO, pressure when
all alcohol was recovered (89% yield, >99.9% ee). Since
the recovered enzyme displayed the same activity for at least
nine cycles, a continuous flow apparatus was tested and
exhibited an enhancement on the separation yields. The major
drawback in this system is the time required to execute all
the processes (112 h), which lead to the recovery of a few
grams (~15 g).

Reetz and Wiesenhofer performed the kinetic resolution
of racemic 1-phenylethanol also in the presence of Candida
antarctica lipase B using the biphasic system PEGso/
5¢C0O,.3% In a batch reaction, an ideal conversion of 50.4%
was obtained, affording (R)-(1-phenylethyl) acetate in 98.1%
ee and (S)-1-phenylethanol with 99.7% ee. The enzyme was
retained in the PEG phase, while both products could be
extracted with scCO, (55 °C/140 bar). The recovered enzyme
could be reused up to 11 cycles with minimal loss of
efficiency (<4%). The authors also found that correct tuning
of CO, pressure allowed selective isolation of (R)-ester
product from the (S)-1-phenylethanol (73% selectivity).

Zong et al. tested an immobilized Novozym-435 at
[bmim]PFs in enantioselective resolution of racemic 1-tri-
methylsilylethanol with vinyl acetate. A remarkable enhance-
ment in the initial rate and the enantioselectivity of the
acylation was observed by using ILs as the reaction media
compared with the organic solvents. Quantitative conversions
were achieved (50.7%) providing unreacted alcohol in 97%
ee. The enzyme was recycled four times without a substantial
lost in activity and enantioselectivity.**®

Itoh et al. showed that [bdmim]BF, was a suitable reaction
media to perform the enzymatic resolution of 5-phenyl-1-
penten-3-ol and methyl mandelato with Novozym 345. The
products and acetaldehyde could be efficiently separated from
the ionic liquid phase and enzyme allowing its reuse up to
ten cycles.>*’ In 2006, the authors described the application
of several types of imidazolium-type ionic liquids derived
from poly(oxyethylene glycol)alkyl sulfate as additive or
coating material for lipase (Burkholderia cepacia lipase and
Candida rugosa lipase). It was disclosed that this material
accelerated the enzymatic resolution by about 500- to 1000-
fold, maintaining excellent levels of enantioselectivity (up
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to 99% ee). Both stabilized enzymes were reused four times
without loss of activity.*?®

Afonso et al. performed kinetic resolution of a racemic
precursor of indinavir with vinylacetate in the presence of
CALB in Aliquat 336 dicyanamide (Scheme 39). The
biocatalyst was filtered, and the products were removed from
the ionic liquid by sublimation allowing both medium and
biocatalyst reutilization.**°

The same group developed a new method to achieve the
separation of both enantiomers of secondary alcohol racemic
mixtures without application of laborious chromatographic
separations. The separation was accomplished by using an
ionic acylating agent that remains in the ionic liquid medium
([bmim]PFg) while the unreacted S-enantiomer was removed
by extraction. Next, the reacted R-enantiomer as ionic ester
was transesterified with ethanol by the same enzyme to be
also removed by extraction. This protocol could be used for
four consecutive cycles for secondary alcohol resolution
(Scheme 40).3%°

Park and Kim prepared a palladium nanoparticle entrapped
in aluminum hydroxide and found that they could catalyze
the racemization of secondary amines. In combination with
Novozym-435, they achieved the kinetic resolution of achiral
benzylic amines in toluene at 70 °C using ethyl acetate or
ethyl methoxyacetate as acyl donor (1 mol % catalyst loading
and 15 mg/mmol of enzyme). Aliphatic amines required 100
°C, higher catalyst loading (12 mol % and 120 mg/mmol of
enzyme), and 1 atm of hydrogen gas to achieve the same
quantitative yields with 98—99% ee. The aliphatic enzyme
was tested in recycling experiments under more aggressive
conditions. Nine consecutive cycles were achieved with 9%
yield erosion and 7% enantioselectivity erosion.**'

De Vos et al. immobilized a palladium catalyst in alkaline-
earth supports and found that also this catalyst could promote
racemization of chiral amines. Combined with Novozym 435
achiral benzylic and alkylic amines were resolved in excellent
yields (64—98%) with near perfect enantioselectivity (99%
ee, Pd/BaSOs 5 mol %, 100 mg/mmol enzyme). The
heterogeneous catalytic system was reused twice without
efficiency erosion. The support for the palladium catalyst
proved to have an important role in controlling the byproduct
formation.>*? Recently, the authors discovered that micro-
wave irradiation could be used to accelerate the racemization
rate without affecting the catalytic activity of Novozym
435.°%

Meanwhile, de Vos and co-workers discovered that Raney
Ni catalyst can be used to replace palladium as the racem-
ization agent. This new catalyst generally presented higher
racemization activity and selectivity than Raney Co, and it
is able to racemize aliphatic primary amines with higher
selectivity. In the case of aliphatic amines, racemization and
enzymatic resolution could be combined in one pot, resulting
in an efficient DKR. But for benzylic amines, physical
separation of the racemization from the resolution reaction
between two vessels was required to obtain an efficient
DKR.***

Transition-Metal-Catalyzed Resolution of Alcohols and
Amines. Rendler et al. developed a new strategy for
transition metal kinetic resolution of secondary alcohols
based on copper(I) dehydrogenative silicon—oxygen coupling
of racemic alcohols with chiral organosilanes (Scheme 41).33
The presence of a donor residue (pyridine) in the alcohol
was required to achieve 50% conversion (20 °C for 20 h) in



Recyclable Stereoselective Catalysts

Chemical Reviews, 2009, Vol. 109, No. 2 459

Scheme 39. Kinetic Resolution of Indinavir Precursor in Ionic Liquid
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Scheme 40. Protocol for Separation of Secondary Alchol Enantiomers without Using Any Chromatography Separation
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Scheme 41. Chemical Kinetic Resolution of Alcohols with a Recyclable Silane
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Scheme 43. Benchmark Reaction Applied for Asymmetric
Cyclopropanation Reactions
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92:8 dr due to a more rigid conformational binding to the
copper center.

Despite the ingenious idea behind the protocol, the main
disadvantage of this method was related to the necessity of
several polarity dependent separations to recover the chiral
organosilane coumpond.

Gissibl et al. reported the immobilization of azaBox ligand
on PEG (M,, = 5000) via N-alkylation and its application

ligand (10 mol %)
NaOtBu (5 mol %)

SN SN
| P | =
r } +
"107/<Si,, OH

+ H\Si,,
“"OH 7(

in kinetic resolution of racemic 1,2-diols (copper-catalyzed
benzoylation, Scheme 42).336

The supported ligand provided the formation of the
product in 41% yield with >99% ee, while the homoge-
neous counterpart was more efficient in terms of activity
furnishing 49% yield. The azaBox ligand 144 could be
recovered in high yields (>95%) and reused up to five
cycles without efficiency variations. Recently this ligand
was also immobilized in a dendritic structure.*’

Kureshy et al. used a chiral Mn(II)—salen polymer to
resolve a mixture of racemic secondary alcohols by
oxidation in the presence of PhI(OAc), and KBr (dichlo-
romethane/water 1:2). The complex selectively oxidized
one enantiomer to the respective ketone furnishing enan-
tiopure unreacted alcohol (>99%). The catalyst 145 could
be recovered by precipitation with hexanes and reused in
subsequent experiments. Its activity slowly decreased over
five runs (Y.(5) = 18%), while the alcohol was always

isolated with high enantioselectivity (95—96% ee).>*%3?
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Kantam et al. immobilized a sulfonate derivative of
Mn—salen catalyst 146 in a resin bearing tetraalkyl
ammonium groups. This heterogeneous catalyst was also
tested in the oxidative resolution of racemic secondary
alcohols in the presence of PhI(OAc), and KBr (1 mol
%), providing conversions of 60% with a large range of
ee’s (18—96%). The catalyst was recovered by filtration
and reused efficiently during four cycles.**°

NaO,S SO;Na

As can be seen, some efficient recycling methodologies
already exist for kinetic resolution of racemic alcohols
based on both metal and enzyme catalysts, but the dynamic
kinetic resolution remains a challenge (mainly for alco-
hols).

12. Asymmetric Alkene Cyclopropanation

The discovery that rhodium and ruthenium catalysts
could be used to form controlled metallocarbenes derived
from diazo compound decomposition brought new per-
spectives to asymmetric cyclopropanation (Scheme 43).
In the earlier review, no example of such chemistry was
reported where the main attention was still focused on
copper-catalyzed cyclopropanations. Heterogeneous cop-
per catalysts were prepared containing Box ligands doubly
linked at this bridge carbon. Inorganic supports and
insoluble polymers were the first choices, but the observed
enantioselectivities were rather low. When an aza-Box
ligand was anchored to PEG chains (by only one of the
substitutes at the bridge carbon) competitive and recyclable
catalysts were born. The enantioselectivity observed for
these catalysts rose to 90% ee, and they could be used
for nine consecutive cycles.’

Trindade et al.

12.1. Heterogeneous Catalysts

Mayoral et al. prepared two Box ligands bearing two styryl
moyeties linked at the bridge carbon atom to be polymerized
and copolymerized it with styrene (and cross-linker) in the
presence of AIBN (ligands 147 and 148, the latter was first
described in 2000).>*' 3% The polymeric ligands were tested
in the benchmark cyclopropanation reaction (styrene cyclopro-
panation with diazoacetate), affording the respective cyclopro-
panes with an efficiency similar to the one observed with
homogeneous unsupported ligand (37/63 trans/cis selectivity,
T8%/72% ee (transicis)).

It is known that a Box bearing two methyl groups
attached at the C-bridge atom provide cyclopropanes with
higher enantioselectivities compared with Box ligands
bearing benzyl groups. Salvadori et al. successfully
achieved the immobilization of such ligands in polystyrene
using a flexible linker that separated the ligand from the
polymer backbone (Scheme 44).3** Not only did the
immobilization have a minor effect on the enantioselectivity
of the reaction, but the polymeric catalyst (Cu/Box 149)
could be recycled five times without any efficiency erosion.

Recently, this catalyst was also immobilized in an in-
soluble matrix of poly(dimethylsiloxane) providing the same
results as described previously.**

Mayoral et al. grafted Box-type ligands on the surface of
silica gel.>*® Both IndaBox and Ph-Box were immobilized

Scheme 44. Benchmark Cyclopropanation Reaction Promoted by Copper/Polymer-Supported AzaBox Complex
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heterogeneous: 60 %, 33/67 cis/trans, 90/93 % ee (cis/trans)
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in this hybrid organic—inorganic support and were tested in
the cyclopropanation benchmark reaction. While IndaBox—silica
ligand 151 failed to give competitive results, the ligand 150
proved to be only slightly less efficient than its homogeneous
analogue (64/36 trans/cis, 53/45% ee trans/cis). The latter
could be reused once with minimal loss of efficiency. In both
cases, the cyclopropanes were isolated in ~33% yield.

|SiO1,2 Sio1/2| (3102)15
|SiO1,2 Siowz‘ (SiO5)45 \
NH HN
0 0
_ﬂ/o o>=
0 @)
\ | o\></o
Ph Ph @
150
151

Alternatively, Ying et al. grafted a chiral Box ligand to the
surface of siliceous mesocellular foams using only one silanized
linker.>*” The siliceous mesocellular foams (MCFs) are stable
mesoporous silica with interconnected pores, high mechanical
strength, chemical robustness, and thermal stability. The
ability to control their ultralarge pore size and 3D pore
structure during the preparation of this type of inorganic
support make them well suited for fixating bulky complexes
and for catalyzing reactions involving large substrates (higher
diffusion rates than traditional silicas). It was necessary to
protect free silanol groups with trimethylsilane in order to
achieve excellent enantioselectivities. The heterogeneous
ligand 152 was applied in styrene cyclopropanation providing
cyclopropanes in 80% yield with excellent enatiomeric
excesses (65/35 trans/cis, 95/92% ee trans/cis, superior to
the homogeneous counterpart). The catalyst loading could
be decreased to 0.2 mol % without compromising the
reaction outcome. The Cu/ligand 152 was reused 12 con-
secutive reactions without losing activity or enantioselec-
tivity. Once again, monotethered Box li§ands proved to be
more selective than bis-tethered ones.**

Si(OMe);
OMe 4
B

0-i QT
OMe N
Si(OMe)s —N

OV‘ Bu

152

Reiser and Mayoral scoped Cu-Box and Cu-azaBox catalyst
immobilization by electrostatic interactions with laponite (clay)
and nafion—silica 153.>**7>* The theoretical studies enforced
the idea that copper is more strongly coordinated to azaBox
ligands than to Box ligands. This could explain the poor results
in terms of enantioselectivity observed with Cu-Box im-
mobilized complexes, due to minor coordination strength and
interference of the ionic support. When the catalyst Cu-#-Bu-
azaBox was immobilized in nafion—silica, it proved to be as
efficient as its homogeneous analogue, furnishing moderate
enantioselectivities (16—90% ee). In addition it could be reused
once without any efficiency loss.

Mayoral et al. prepared a supported ionic liquid film on
laponite containing a Cu-Box complex. This heterogeneous
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catalyst was tested in benchmark styrene cyclopropanation
reaction with diethyl diazoacetate with moderate success.
Interestingly, the reaction proceeded with a different trans/
cis ratio for this catalyst when compared with the same
reaction run in ionic liquid media. It was disclosed that the
thickness of the film had a crucial influence on the selectiv-
ity.*>* Recently, the Cu-Box complex immobilized in laponite
clay was tested for C—H insertion of carbenoid compounds
to tetrahydrofuran. The immobilization of the catalyst
allowed enantioselectivity increase for the resulting products
(up to 88% ee).>

Iglesias and Sanchez immobilized a chiral diamine ligand
on zeolites achieving a recyclability of four cycles in the
benchmark cyclopropanation reaction.>

Knight and Belcher grafted a z-butyl-Box ligand to a
Wang-type resin using a linker containing a 1,3-dioxane
ring.”>® This supported ligand 154 proved to be about 30%
less enantioselective (furnishing 65% ee) than its unsupported
partner in the benchmark cyclopropanation reaction.

t-Bu (o)

154

Mayoral et al. prepared several polymer-bound aza-Box
ligands 155 by grafting and copolymerization to be tested
for Cu(I)-catalyzed cyclopropanations of styrene with ethyl
diazoacetate.*®’ The supported ligands derived from grafting
proved to have a large number of catalytically active centers
accessible to substrate molecules providing enhanced cata-
lysts. The respective cyclopropanes were isolated with
enantioselectivities comparable to or even higher than those
provided by homogeneous and unsupported catalysts for
several olefins (as example, for styrene: 94%, 1 mol %
catalyst, up to 99% ee). The catalyst could be recycled up
to five cycles for reactive alkenes. When less reactive
substrates were used, the catalyst became inefficient and was
readily poisoned by the reaction byproducts.>?

A

o--N_0
e
S/N ?“Q
t-BU iBu
155

Doyle et al. grafted a methyl 2-oxa-pyrrolidine-(55)-
carboxylate moiety into two commercially available poly-
meric supports: NovaSyn TentaGel and Merrifield resins.*®
Both polymeric carboxyamidates were coordinated to rhod-
ium(IT) complex and tested as catalysts in intramolecular
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Table 8. Recycling Performance of Two Chiral Rhodium(II)
Catalysts Applying the Scavenger Argopore—Wang Resin

Rhy(S-TBSP)4 Rhy(S-biTISP),

ovele time yield ee evele time yield ee
T minp @ ) P min (%) (%)
1 10 92 82 1 18 91 85

2 17 91 78 2 23 91 86

3 14 89 73 3 26 90 87

4 14 89 70 4 36 90 87
10 60 87 88

15 92 89 88

cyclopropanation of allyl diazoacetate (1 mol % catalyst,
Scheme 45).

Scheme 45. Intramolecular Cyclopropanation Reaction
Promoted by Polymer-Supported Rhodium Methyl
2-Oxa-pyrrolidine-(5S)-carboxylate

o]

N

2 0 MeOOC
o Y catalyst )
Y ad CH,Clh . 0_/"* N— Rh N;:l
e} reflux
o) o
3
156

When the reaction was conducted with the unsupported
catalyst, the bicyclic lactone was obtained with 95% ee (75%
yield). With the heterogenized catalyst 156 in Merrifield
resin, it was possible to obtain comparable results during
nine cycles (92% ee, ~75% yield). The catalyst supported
on TentaGel gave slightly lower enantioselectivities and was
reused during seven cycles. The extremely active catalysts
157 and 158 were also grafted to NovaSyn TentaGel and
Merrifield resins by the same methodology.**”

157 - Rho(53S-MEAZ),, R=Me
158 - Rh,y(4S-IBAZ),. R=Bu

This approach to recover the asymmetric catalysts could be
problematic because any ligand modification could negatively
modify the catalyst chiral environment. Davies and Na-
gashima®® rationalized that the catalyst recovery could be
done using a scavenger-type polymeric support, 159

Trindade et al.

(Argopore—Wang) containing one pyridine terminal residue,
able to coordinate the dirhodium catalyst (at the vacant axial
position).

159

Two chiral rhodium(Il) catalysts, (Rhy(S-TBSP)s; and
Rh,(S-biTISP),), were immobilized in such a support and
tested in asymmetric styrene cyclopropanation with diethyl
diazacetate (0.5 mol %). Both catalysts were found to be
active, but the latter provided a longer lifetime (15 cycles)
with consistent results (Table 8).

The immobilization mechanism remains unclear, but
empirical evidence®®! suggests that it could be due to a
combination of pyridine coordination and an encapsulation
effect within the polystyrene matrix. More recently, this
immobilization methodology was extended to other asym-
metric dirhodium catalysts (like Rh,(S-PTTL)s and Rhy(R-
BNP),).%®* Both catalysts, 160 and 161, were used for
asymmetric cyclopropanation and for asymmetric C—H bond
intramolecular diazo insertion. Their recyclability was dem-
onstrated for three consecutive cycles.

Rh
o)
N OfRh
0
4
Rhy(S-PTTL), Rhy(R-BNP),
160 161

The same methodology was successfully extended to
Rh,(DOSP),, which was tested for asymmetric intermolecular
C—H insertion reactions.>®?

Ubeda et al. immobilized several dirhodium dicarboxylate
complexes bearing two ortho-metalated phosphine ligands
in a polystyrene support. The immobilization was ac-
complished by exchanging the two carboxylate ligands from
the homogeneous catalyst with the carboxylic acid groups
present in the polystyrene polymer. This heterogeneous
complex 162 was tested as catalyst for asymmetric cyclo-
propanation reaction between styrene and ethyldiazoacetate
(0.01 mmol per 100 mg of polymer, Table 9).

Table 9. Benchmark Cyclopropanation Reaction Catalyzed by Polystyrene-Supported Rhodium Complex

RA\R

s/\s
“COOEt

©ﬁ7 catalyst Ph" CooEt Ph
—_— .

N,CHCO,Et

2nLLe sA\R RA s

O—tRh—P
C

2 2
PH  COOEt PR  TOOE 162
cycle yield (%) cis/trans ee, % (1S,2R) ee, % (1S5,25)
1 94 41:59 52 61
2 94 42:58 52 62
3 93 42:58 51 63
4 91 43:57 52 63
5 89 41:59 52 65
6 89 42:58 52 65
7 89 43:57 51 65
8 84 43:57 45 65
9 62 42:58 43 61
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This catalyst afforded higher yields and ee’s than its
homogeneous counterpart (up to 67% yields). The catalyst
was efficiently recycled up to eight cycles.>®* Recently
another methodology to recycle this type of catalyst was
explored. The aromatic phosphine ligands had styryl groups
that were copolymerized in the presence of divinyl benzene.
This family retained the good recyclability observed for
catalyst 162.°%

Mayoral et al. immobilized PyBox ligand to a polystyrene
polymer by copolymerization. The polymeric ligand was than
impregnated with [RuCly(p-cymene)], affording the respec-
tive polymeric catalyst 163 with a ruthenium content of 0.27
mmol/g.>*°

o N 0
| ' |
... Cl.
ORET -/
cl p-cym /\

163

This catalyst proved to be active for the cyclopropanation
of styrene with ethyl diazoacetate (3 mol % ruthenium). The
respective cyclopropanes were isolated with high trans
selectivity (85:15 trans/cis), in which the major diasteriomer
was obtained in 85% ee’s with ~30% yields. This lack of
reactivity could be explained by the presence of several
inaccessible catalyst sites inside the polymer chains. Fur-
thermore, higher levels of enantioselectivities are achieved
in the homogeneous protocol due to application of large
excess of ligand (~4 equiv). As a heterogeneous catalyst, it
was easily recovered at the end of each cycle by filtration.
Unfortunately, in the third consecutive cycle, both activity
and enantioselectivity dropped about 50%. Recently, the
authors prepared a monolithic polystyrene resin bearing the
Ru-PyBox to be used under continuous flow conditions.*’
Grafting PyBox ligands to the surface of silica constitutes
an alternative method of immobilization, but it provided
inferior catalysts.**® The polymeric ligand 164 with a lower
cross-linking degree provided an efficient catalyst (52—70%
yields, trans/cis selectivity of 90/10 and enantioselectivities
around 85—91% for the trans-cyclopropanes).*®® The cata-

Scheme 46. Anodic Polymerization of Ru—Porphyrin
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Iytic system was reused consistently during four cycles;
however the recovery protocol required inert conditions.

The same ligand was also grafted in Merrifield resins but
proved to be slightly less efficient than polymerized ana-
logues (ligand 165, 36—47% yields, trans/cis selectivity of
88/12 and enantioselectivities around 77—83% for the trans-
cyclopropanes).

Reversible microencapuslation was also studied as a
method to achieve catalytic system recycling.*’° Both
polystyrene and Ru-PyBox were soluble in dichloromethane
(solvent used in the cyclopropanation reaction), but when
hexane was added, the polymers tended to microencapsulate
the catalyst, precipitating together. The grafted catalyst leads
to slightly lower yields than the microencapsulated one and
afforded comparable enantioselectivity (46—63% yields,
trans/cis selectivity of 88/12 and enantioselectivities around
75—85% for the trans-cyclopropanes). Although polymer-
ization is the best method for the immobilization of the Ru-
PyBox system (with low cross-linking degree), microencap-
sulation is a competitive alternative since no ligand
modification is required.

Simonneaux et al. prepared optically active electropoly-
mers bearing chiral metalloporphyrins by anodic oxidation
polymerization (Scheme 46).>"!

The polyporphyrin 166 was coordinated to ruthenium and
tested as catalyst in asymmetric styrene cyclopropanation,
affording the respective products in excellent yield (80—90%)
but with moderate enantioselectivities (<53% ee). The chiral
polymer catalyst was simply recovered by filtration and
reused six times with minimal erosion of activity and
enantioselectivity.

Scheme 47. Preparation of Perfluorinated Dirhodium(II)-tetraprolinate Catalyst
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12.2. Alternative Reaction Media

Mayoral and co-workers used room temperature ionic
liquids as solvent to achieve catalyst immobilization and
recycling in the asymmetric cyclopropanation reactions.>’?
Since the cyclopropanes derived from styrene have low
polarity compared with Cu-Box catalyst, solvents like hexane
can be used to extract the reaction product from [bmim]OTf
phase without catalyst leaching. It is known that chlorine
and water tend to coordinate to Cu(I) promoting nonchiral
pathways. This is why in general copper(l) triflates are used
as precatalyst rather than copper(I) chloride (72% vs 24%
yield and 94% vs 2% ee’s of trans product).

Interestingly, when overdried [emim][OTf] with P,Os
as solvent prepared from direct alkylation on alkyltriflates
was used, it was possible to use CuCl to obtain cyclo-
propanes with high ee’s (75—85% for trans and 72—79%
for cis, 1 mol %) despite copper triflate providing higher
yields (72% vs 32—51%). The application of overdried
RTIL’s constitutes a disadvantage since they generally are
very hygroscopic and can accumulate water during the
recycling protocols. Davies et al. showed that the presence
of 5% of halide impurities on the RTIL phase was more
than enough to completely deactivate the catalyst.?”?

Mayoral et al. showed that the Cu-z-BuBox catalyst
could be reused four times in the styrene cyclopropanation
reaction with drops of 17% in activity and 27% in
enantioselectivity due to ligand extraction to hexane
phases from the [emim][OTf] phase.372 This problem could
be solved using an azaBox ligand that will coordinate more
efficiently to Cu(I). Despite the isolated yield observed with
azaBox ligand being about 7% lower during each cycle
(40—35% for aza-Box and 40—55% for Box), the Cu-aza-
Box complex proved to be more stable than the Cu-Box
complex. The enantioselectivity of frans product remained
at 90% ee during more cycles (eight cycles).’”*

Benaglia and co-workers conceived of and synthesized
two new Box ligands for asymmetric cyclopropanation.®’”
These new ligands have the peculiarity of bearing one
(ligand 167) or two (ligand 168) perflouroalkyl chains
attached to the bridged carbon. The fluorine contents of
F-Box 167 and 168 were calculated to be 55.5% and 49.2%,
respectively.

CeF17 CoF CeF 17
7
/—Q O C<
CgF o] o]
& CoF 17 CsF17

Q0
e N ees

tBu tBu tBu
167 168

The ligand 168 was soluble in several nonfluorinated
solvents, while ligand 167 had more affinity for the perfluo-
rooctane phase due to its higher fluorine content. These
ligands were coordinated to copper(I) and tested in the
benchmark cyclopropanation reaction (styrene cyclopropa-
nation with diazoacetate).

The F-Box ligand 168 performed better in terms of
enantioselectivity than F-Box ligand 167 (78% vs 60%,
respectively). The level of enantioselectivity achieved is

Trindade et al.

about 20% lower when compared with the best result
reported in the literature with the traditional method. This
difference in enantioselectivity was probably due to some
steric hindrance and electronic repulsion between the per-
fluorotails, which will alter the Box coordination angle.

The F-Box 168 ligand was recovered by filtration
through a short-length silica path, while F-Box ligand 167
was more easily recovered by performing a dichlo-
romethane/perfluorooctane extraction. Both recovered
ligands presented some levels of contamination, which had
negative effects upon recycling, lowering both their yield
(from 68% to 60%) and enantioselectivity (from 78% to
66% ce).

Sinou et al. alkylated the same ligand with two less
sterically hindered perfluoro chains obtaining a ligand with
54.4% fluorine content.?’® Despite the lower yields obtained
(<63%), the enantioselectivity observed was higher (83%
ee). Ligand 169 proved to be more stable providing consistent
ee’s during five cycles (while the activity eroded 30%).

CsF17 CBF17
O,
L
N /
'Bu Bu
169

O’Hagan et al. prepared C,-symmetric fluorous diamines
170 and diimines 171, ligands that were used in Cu(I)-
promoted cyclopropanation reaction of styrene under biphasic
conditions (perfluoroctane/dichloromethane).>”” Despite the
promising results (yield = 77%, trans/cis = 67:33 and 62%
ee trans isomer), the ligand presented signs of degradation
when recycled.

NH HN
n-CgF 17 n-CgFy7

n-CgFq7 n-CgFq7
170

e

n-CgFq7 n-CeFqy
171

n-CgF 47

Biffis et al. chose McKervey’s dirhodium(Il)-tetraproli-
nates to synthesize perfluoroalkyl analogues that could be
recycled (Scheme 47).

This catalyst was more easily synthesized than perfluo-
roBox ligands described previously with an overall yield
of 66% (<26% overall yield for F-Box ligands). This
complex has a fluorine content of 50% and showed good
affinity for perfluorinated phases like perflouromethylcy-
clohexane (PFMC). In this case, styrene was rapidly
cyclopropanated with phenyl diazoacetate (4 h for rhodium
prolinates vs 22 h for copper-Box ligands), affording the
respective E cyclopropane in high yield (87% reaction
carried out in dichloromethane or 79% when carried out
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Scheme 48. Asymmetric Carbonyl—Ene Reaction

- OH
Rk + OHCCO,Et —CuTiPd )Jvl\
CO,Et

directly in perfluoromethykcyclohexane, PFMC). The
reaction carried out in the perfluorinated phase provided
cyclopropanes with higher levels of enantioselectivities
(62% vs 48% ee). In both protocols, the catalyst and the
nonperfluorinated compounds were separated by liquid—liquid
extraction. The recovered catalyst was reused twice
without yield and enantioselectivity erosion.?’®

Pozzi et al. described the application of chiral (1R,2R)-
diaminocyclohexane ligand 172 with perfluorous tails for
Cu(I)-promoted cyclopropanation of styrene with ethyl
diazoacetate. The corresponding cyclopropanes could be
obtained in 75% yield, 67/33 trans/cis, 44—45% ee for trans
and cis. The ligand lost a part of its efficiency when reused.
This ligand was also tested in the palladium-promoted allylic
substitutions and aromatic ketone reduction.’””

CuBox catalysts immobilized in insoluble polymeric
supports offer less limitations than those immobilized on
siliceous materials, where precapping could be necessary.
However, grafting a Box ligand to MCF provided a catalyst
competitive with the catalyst immobilized in PEG. Perfluo-
roligands or immobilization of catalyst on ionic liquid
suffered from lack of competitive recycle protocols. Rh-
catalyzed cyclopropanation proved to be extremely competi-
tive with the first catalyst family. In this case, it was possible
to achieve high recyclability without ligand modification
using a scavenger type polymer.

13. Asymmetric Carbonyl—Ene Reaction

The carbonyl—ene coupling mediated by titanium or
copper catalyst allows the formation of a new C—C bond
with a high level of enantioselectivity (Scheme 48). Gener-
ally, the copper catalyst applied in this transformation is
Cu(II)-bisoxazoline, which is prepared with an expensive
ligand. Apart from this, high catalyst loadings are normally
required to achieve good results (1—20 mol %). Titanium-
based catalysts applied in this chemistry use BINOL-type

Chemical Reviews, 2009, Vol. 109, No. 2 465

Table 10. Recycling Assays on Asymmetric Carbonyl—Ene
Reaction Catalyzed by Anchored Cu-Box Complexes in Gold
Nanoparticles

recycle yield (%) ee (%)
0 99 86
1 94 84
2 90 85
3 87 84
4 80 84

ligands, which are rather expensive as well. Therefore it is
necessary to achieve reutilization of such catalysts to boost
their industrial application.

Before 2002, one work of Cozzi and co-workers had
been reviewed.’ In that method, a PEG-immobilized Ph-
Box 173 was used to perform the benchmark carbonyl—ene
reaction between o.-methylstyrene and glyoxylate, affording
the respective product in 96% yield with 95% ee (10 mol %
catalyst). The supported catalyst was precipitated with diethyl
ether and reused twice with marginal loss of efficiency.

0
o i
0 o)
D
Ph Ph

173

Copper-Catalyzed Reactions. Benaglia et al. prepared
two new perfluorinated bisoxazolines ligands, which were
characterized by their low fluorine content (Box 174 with
46.2% and Box 175 with 38.1%), light fluorous ligands.**°
These new ligands were tested in the Cu-promoted carbonyl—ene
reaction between o-methylstyrene and ethyl glyoxalate
(Scheme 49). Catalyst Cu/175 (C;-symmetric) behaved better
in terms of enantioselectivity (65% yield, 74% ee, not far
from the 89% ee obtained by Evans et al.) than C,-symmetric
catalyst Cu/174 (73% yield, 7% ece).

The authors rationalized that this selectivity difference
was due to the proximity of the two highly fluorinated
tails, which could be responsible for some electronic and
steric hindrance that will alter the original bite angle of
the Box ligand. This behavior had been already observed
by Benaglia et al., when the authors tested two Box ligands
with heavier fluorine content for the same transformation

Scheme 49. Asymmetric Carbonyl—Ene Reaction Promoted by Cu—PerfluoroBox Complexes
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Scheme 50. Asymmetric Carbonyl—Ene Reaction Promoted by Cu-Box Immobilized in Zeolite-Y Matrix
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(ligands 176 and 177). The best light fluorinated ligand
175 could only be efficiently recovered with the aid of a
short silica-gel column (fluorous solid-phase extraction)
and was reused in a second cycle with 4% erosion in the
yield and ee (run 1, 65% yield in 74% ee; run 2, 62%
yield in 71% ee).>”®
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Sinou et al. prepared the perfluorinated ligand 178 and
tested its recyclability in the same transformation. The
respective alcohol derived from o-methylstyrene and ethyl
glyoxalate was obtained in 78% yield with 87% ee. The
catalyst was reused efficienctly at least five times with the
aid of fluorous reverse phase silica gel.*®'

178

Salvadori et al. copolymerized a styryl-substituted bis(ox-
azoline) 179 in the presence of styrene and divinylbenzene
to obtain an insoluble polymeric catalyst for the carbonyl—ene
coupling reaction of o-methylstyrene and ethyl glyoxalate.**
With 10 mol % catalyst loading, similar yields and enanti-
oselectivities were observed (96% yield with 90% ee, in 6 h)
compared with those from the homogeneous analogue and
the Evans protocol (99% yield with 89% ee). According to
the authors, the heterogeneous properties were responsible
for the slower reactions rates and the lower yields observed
when with different alkenes were tested (65—83% vs
87—92%). In the recycling assays, consistent 90% enantio-
meric excesses were obtained during five cycles. However,
the reaction time required to achieve high conversions
increased gradually in each cycle (~95% in 18 h).

Recently, this ligand was also immobilized in an insoluble
matrix of poly(dimethylsiloxane) providing the same results.
The copper complex was also tested with excellent results
for the Mukaiyama aldol reaction.**’

Kanemasa et al. attached a new linker to the bridge Box
carbon atom, an alkyl thiol chain. This new spacer allowed

catalyst (8 mol%) u“
_Latalystio mote)
(R,R)-1 (8 mol%) Ph CO,Et
20°C, DCM (R

T

0
N/\.)
Bh

CuHY: 20 h, 66 % yield, 80 % ee
Cu(OTf),: 20 h, 94 % yield, 66 % ee

179

the immobilization of the Box ligand in the periphery of gold
nanoparticles. These nanoparticles acted as a homogeneous
catalyst but aggregated when the reaction was diluted with
hexane (reaction carried out in dichloromethane) allowing a
method for catalyst recovery (reaction of Scheme 49, 10 mol
%, room temperature, 5 h, Table 10). The recovery protocol
is rather complex, which could constitute an important
drawback.**

Hutchings et al. immobilized Cu-Ph-Box catalyst within
a zeolite-Y matrix by electrostatic cation retention. The
heterogeneous catalyst behaved well in terms of activity and
enantioselectivity. In some cases, higher ee’s were observed
with the supported catalyst compared with the unsupported
one despite its lower reactivity (Scheme 50). The catalyst
was also applied in imine—ene reaction broadening the
methodology scope. The recovered catalyst did not suffer
from copper or ligand leaching, but efficient washings were
required to achieve a reusability of four cycles without any
loss of efficiency. The major drawback of the protocol was
related to the long reaction times required to achieve yields
in a range of 65—71%.%%*

Titanium(IV)-Promoted Reactions. Yamada et al. syn-
thesized an insoluble polymeric catalyst similar to Nakai’s
catalyst. Inorganic titanium species were added to non-cross-
linked copolymers bearing BINOL ligands, which self-
assembled to a cross-linked heterogeneous catalyst, 180. The
prepared catalysts were not found to be active under Nakai
conditions (DCM, —30 °C, 3 h, 93% yield with 98% ee).
At room temperature and in diethyl ether, moderate 68%
yield was achieved with 84% ee (5 mol % catalyst loading)
for the same reaction described above. When the loading
was increased to 20 mol %, the isolated yield increased to
85% (with 88% ee). The catalyst could be recovered by
filtration and reused up to four cycles with some yield (10%)
and ee (7%) erosion.”®’

Sasai et al. reported the immobilization of a u-oxoditita-
nium bisSBINOL complex for asymmetric catalysis. Im-
mobilization was achieved by copolymerization of a vinyl-
bisBINOLS ligand with methyl methacrylate (ligand/acrylate,
1/3) in the presence of AIBN. After treatment with Ti(O-i-
Pr)s, the heterogeneous catalyst 181 was tested in the
benchmark carbonyl—ene reaction furnishing quantitative
yields with 96% ee. The recovered catalyst was reused twice
with 25% yield erosion and consistent enantioselectivity.**
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Sasai et al. reported the first example of a chiral self-
assembled structure, formed through self-assembly of chiral
multidentate ligands with a metal. This polymer acted as an
asymmetric catalyst in carbonyl—ene reactions providing
high enantioselectivities (20 mol %). The catalyst 182 was
simply prepared by treating (R,R)-bis(BINOL) with Ti(O-
i-Pr)s and water in toluene at room temperature (stirred for
24 h) to obtain a red solid.>®’
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This insoluble polymeric catalyst was tested for benchmark
carbonyl—ene reaction affording the respective product in
98 h in 88% yield with 88% ee. While the enantioselectivity
remained unchanged for more four cycles, the reactivity
suffered a considerable decrease (reaction time increased to
147 h to afford only 66% in the fifth cycle).

Wang et al. showed that the enantioselectivity could be
increased to 95% ee using only 1 mol % catalyst, if it does
not have an oxo bridge between the two titanium centers.
Further ligand derivatization allowed the discovery of a new
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insoluble polymeric catalyst, 183, that provided quantitative
yields with 97% enantiomeric excess. This new catalyst was

also reused four times, but in this case both yield (19%) and
enantioselectivity (27%) decreased.>88
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Palladium-Promoted Reactions. Shen et al. demonstrated
that chiral Pd(II)/BINAP complexes can catalyze the asym-
metric glyoxylate—ene reaction between o-methyl styrene
and ethyl glyoxylate in [bmim]PFs. The respective product
could be obtained in quantitative yields with 70% ee. The
catalytic system and ionic liquid was reused four times
without any loss of efficiency.”®

The carbonyl—ene coupling has attracted less attention
than olefin cyclopropanation. Titanium-based catalysts some-
times suffer from considerable loss of reactivity upon
recycling probably due to catalyst deactivation or metal
leaching. Taking into consideration their potential, more
developments should be performed. Copper-based catalysts
present generally higher recyclability since some of them
are the same as those applied in cyclopropanation.

14. Asymmetric Alkene Metathesis

Hoveyda and Schrock synthesized in 2002 the first chiral
molybdenum-based polymer-supported catalyst 184 for
asymmetric olefin metathesis. The supported catalyst proved
to be as effective as the unsupported analogue in asymmetric
ring-opening or cross metathesis (AROM/CM), though when
it was tested in reactions involving asymmetric ring-closing
metathesis (ARCM), it failed to give competitive results in
terms of both yield and enantioselectivity.*°

0

w
(0]
-—

184

Molybdenum-Based Catalysts.Two years later, the same
group prepared several polymeric catalysts for AROM/CM
and ARCM reactions. These seven new catalysts were
divided in three main categories. In the first, the catalysts
possess a bisphenol-moiety linked to a polystyrene backbone
(copolymerization), which included the catalyst reported in
2002. The heterogeneous catalysts from this family differed
in the nitrenoid and carbenoid ligands (Scheme 51).3!

Catalyst 185 was mainly applied for ARCM reactions,
providing good to excellent activities and enantioselec-
tivities (inferior to its free partner), while catalyst 186
proved to have a similar performance compared with the
free catalyst under AROM/CM and AROM/ARCM condi-
tions. The catalyst 186 suffers from high metal leaching
(18—38%), in clear contrast to 185 (1%). The degree of
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Scheme 51. Asymmetric Metathesis Reactions with Molybdenum Catalysts Immobilized in PS Resins

O/\/
5 mol % catalyst ﬁ(
22 °C, benzene :

free catalyst: 1h, 95 % yield, 90 % e.e.
supported catalyst:1h, 91 % yield, 81 % e.e.

OBn OBn
g 5 mol % catalyst >§<
22 °C, benzene
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supported catalyst:3h, 73 % yield, 98 % e.e.

Table 11. Asymmetric Metathesis Reactions with Molybdenum
Catalyst Immobilized in PS Resins

R =2,4,6-(i-Pr)3CgH,

187
Free catalyst Supported catalyst
Substrate Product Mol (%); Time (h); Time (h);
Temp. (°C)  Yield (%); ee (%) Yield (%); ee (%)
Me, Me,
/\/Ss SI\O

5; 60 3; 86; >98 3. 86;>98

D

%22 0.3; 89: 94

Vi
~SiMe; ?(}Mez 5,22 2:83; 91
r 5 \

leaching detected for catalyst 185 was 5% less than that
for catalyst 184.

In the second family, the molybdenum complex was
immobilized to the polystyrene backbone bearing a
bisnaphthol moiety instead of bisphenol. Considering this
family, only catalyst 187 proved to be as effective as the
free catalyst under ARCM/AROM and ARCM conditions
(Table 11).

The third class rose up due to a drawback from polystyrene-
supported catalysts. The catalysts from the previous families
were prepared by coordinating the molybdenum complex to
the polymer-supported diol ligand. Consequently, reactions
involving any manipulation of the supported chiral ligand
cannot be rigorously monitored, and the intermediates cannot
be analyzed and purified. To overcome this problem, the
authors conceived three new catalysts where the molybdenum
complex was prepared just before the polymerization process
(Scheme 52).

0.3;62; 84

=
>jo 5:50 6; 87; 91 6; 8565
//_
A
(o)
\

2;89; 86

&ﬂ free catalyst: 3h, 78 % yield, 94 % e.e.

186

These new catalysts were characterized by possessing the
biphenol moiety and carbene ligand attached to a polynor-
bornene polymer with 8% cross-linking prepared by ROMP
(ring opening metathesis polymerization). As the polymer
degree of cross-linking decreased, the reaction efficiency
increased toward the free catalyst level. In this category, the
authors found that the polymeric catalyst could provide
identical or even superior yields and enantioselectivities when
compared with the free catalyst under the same ARCM
conditions (Scheme 53).

Unfortunately, polynorbornene supports suffer from oli-
gomeric release under the reactions conditions, which will
contaminate the final products. Both catalysts from the first
and second categories failed the recycling assays due to
dramatic drops in activity under a few recycle events.

One year before, Buchmeiser et al. reported the synthesis
of a supported chiral Mo complex 191, identical to the
catalyst 188, and tested it in ARCM reactions, providing
similar results to catalyst 188. This catalyst was submitted
to recycle assays, where drops of 50% in activity were
observed in the second cycle (enantiomeric excesses re-
mained unchanged).***

Buchmeiser et al. immobilized Schrock chiral olefin
metathesis catalyst on Ag-perfluoroalkylsulfonate-modified
PS and PS-DVB materials via arylimido ligand for the first
time. The catalyst 192 was applied in ARCM reactions
providing values of enantioselectivity close to those of the
corresponding homogeneous catalyst (up to 95% ee). Despite
heterogeneous catalyst being easily recovered, no data related
to recycle experiments were given.*”>

Ruthenium-Based Catalysts. There is an interesting
complementarity between ruthenium-based and molybdenum-
based catalysts in metathesis reactions in terms of substrate
reactivity and functional group tolerance. As an example,
with a Mo-based catalyst some substrates tend to undergo
competitive oligomerization which does not happen when
Ru-based catalyst is applied.

Inspired by the ruthenium Grubbs catalyst, Hoveyda et
al. designed, synthesized and tested an asymmetric version
for asymmetric ring-opening metathesis (catalyst 193, Table
12).

Catalyst 193 was an effective and practical chiral catalyst
for enantioselective metathesis reactions (up to 98% ee), in
particular in AROM/CM using aliphatic olefins such as
1-heptene and vinylcyclohexane. The authors found that this
catalyst is air stable and can be recovered by silica gel
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Scheme 52. Methodology for Molydenum Metathesis Catalysts Immobilization by ROMP

8 % cross-linked
188 -R = 2,6-(iPr)2-C6H3
189 — R = 2,6-(Cl),-CsH;
190 — R = adamantyl

Scheme 53. Asymmetric Metathesis Reactions with Molybdenum Catalyst Immobilized in Polynorbonene Polymer

/\/
O O
5 mol % catalyst \
W 22 °C, benzene H]r

free catalyst: 1h, 95 % yield, 90 % ee
supported catalyst:1h, 96 % yield, 86 % ee

Table 12. -Asymmetric Metathesis Reactions with Recoverable
Ruthenium Catalyst

@ 10 mol % catalyst /I“'Q"“\/R

R O~ B
00 7R 0G0
temp (°C); conv (%); recov. catal. ee
R time (h) yield (%) (%) trans/cis (%)
Ph 50; 1.0 <98; 71 96 >98:2 80
n-CsHy; 50; 1.5 <98; 57 92 >98:2 >98
Cy 50; 1.0 <98; 60 88 >98:2 >98

Hoveyda and co-workers developed a catalyst family
based on the catalyst 193 with slight structural changes.
Curiously it was found that catalysts that performed 100
times faster than catalyst 193 were inefficiently recovered
(catalyst 194, <50%).>%*

Motivated by recent findings of Grubbs et al.,**> Hoveyda
et al. decided to synthesize an iodide derivative of the first
chromatography. It was reused once without any loss of asymmetric Grubbs-type catalyst 195 by heating 194 (70 °C)
performance. with Nal in THF.**® As expected by the authors, this new

191
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Ph
194-R=Cl
195-R=1

catalyst 195 generally afforded AROM/CM reactions with
2,6-disubstituted 3-hydroxide pyrans in higher levels of
enantioselectivity but with a 10-fold decrease in the reactiv-
ity. As a result a small percentage of catalyst 195 was
recovered. Meanwhile, in this case catalyst 194 could be
more efficiently recovered (by chromatography) and recycled
up to five cycles with 10% yield erosion and without any
decrease in enantioselectivity (Table 13).

The catalyst reusability and air stability makes catalyst
194 a noteworthy catalyst. However, the recovery protocol
should be easier. A recent patent application was filled by
the authors.>*” In the case of molybdenum-based catalyst
other methods for immobilization should be tested in order
to minimize metal leaching.

15. Asymmetric Aldol-Type Reactions

The aldol reaction is an important transformation to
obtain new carbon—carbon bonds generally with formation
of stereocenters. There exist two main types of catalysis
for aldol reaction: organocatalysis and Lewis acid cataly-
sis. The first three subsections focus on several method-
ologies to recycle organocatalysts, while the last one will
focus contributions to recycle Lewis acid catalysts. This
section will also describe examples of aldol-type reactions
like Mukaiyama-aldol, nitro-aldol, Mannich, and nitro-
Mannich.

Cozzi et al. reported before 2002 the immobilization
of proline on PEG (MW = 5000 Da) to catalyze aldol
reactions between acetone and several aldehydes (as an
example of this, with 4-nitrobenzaldehyde 77% ee was
achieved). The catalyst was reused twice with similar
efficiency.’

15.1. Heterogeneous Catalysts (Proline)

Ferndndez-Mayoralas et al. used several mesoporous and
lamellar siliceous materials (MCM-41, silica, ITQ-2, and
ITQ-6) with different topologies to heterogenize (by
grafting) a proline derivative.>”® The organic catalyst 196
was tested for hydroxyacetone aldol addition (20% of
catalyst) to isobutyraldehyde and benzaldehyde (24 h in
DMSO). From the results, MCM-41 proved to be the best
support, affording the highest yield (45—55% with >99%
ee) along with reutilization, twice with low yield erosion
(~10%).

Trindade et al.

Table 13. Asymmetric Metathesis Reactions with Recoverable
Ruthenium Catalyst

OH OH
5 mol % catalyst O
%\Ph o O "'1/
(2 equiv) J

THF, 22°C Ph
cycle time (h); yield (%) EIZ ee (%)

recov. catal. (%)

1 1; 80 >98:2 94 90
2 1,75 >98:2 93 85
3 1;78 >08:2 94 88
4 1.5;78 >98:2 94 80
5 1.5;72 >98:2 94 67

Scheme 54. Selectivity Differences for Asymmetric Aldol
Reaction Using MCM-41—Proline Catalyst

0 (o]
/\)L catalyst (20 mol%) O*H 0
—_— - *
* BnO Y H BHOW]\
OH N3 N3 OH

free proline: 75 % yield, 6:1 anti/syn, DMSO
MCM-41-proline: 15 % vyield, 1:1.6 anti/syn, toluene

Interestingly, the reactions with supported catalysts
could be run in a less polar solvent like toluene with
almost unchanged yield (maximum yield variation of
15%). The diastereomeric ratio (anti/syn selectivity) did
not follow the same behavior. When aliphatic aldehydes
were used, no significant change could be detected, and
when more polar aldehydes were used, total dr inversion
was observed on going from free proline to supported
proline in toluene (Scheme 54).

This inversion of dr was found to be related to some
interactions between the reactants and the free silanol groups
on the surface of the support, probably because they could
provide new transition states for the transformation. High
time exposure of polar aldehydes with free silanols will make
the transformation less selective. Under microwave condi-
tions, the reaction could be completed in shorter reactions
times improving the selectivity (up to 90% yield). Recently,
this heterogenenized catalyst was tested with other types of
ketones and showed that its efficiency is extremely dependent
on the solvent nature.*’

One of the major disadvantages of proline immobiliza-
tion via grafting is related to some degree of enantiose-
lectivity loss. In many protocols described, proline was
covalently attached to a support through its carboxylate
group, which is responsible for the high ee’s observed in
the DMSO system. The discovery by Gong and Wu that
hydroxyprolinamides restore the activity by synergistic
effect of an additional H-bond group donor (OH) with
the proline amide granted a solution for proline-supported
catalysts. Davis et al., motivated by this latter discovery,
immobilized proline by grafting it into a TentaGel resin
(PEG-PS).*%° The proline in this supported catalyst 197 was
separated from the polymer chain by a suitable spacer that
has a near hydroxyl group (like Wu and Gong catalyst).

o
QY o
H HN N/Q
H
HO
197

Dipeptides and tripeptides were chosen to act as spacer.
Dipeptides containing Pro-Ser/Thr showed enhanced enan-
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Table 14. Recycling Assays for Aldol Reaction with Proline
Immobilized in a Polyelectrolite Resin
O O OH

/@)J\H catalyst )K/\@\
O,N acetone, 25°C, 15h NO,
run yield (%) ee (%)

1 98 70
2 97 68
3 95 71
4 94 72
5 97 70
6 97 69

tioselectivity compared with the unspaced catalyst (30%
vs 82% ee) in the 4-nitrobenzaldehyde aldol reaction with
acetone (13 mol % of catalyst, —25 °C and 41 h). A
dipeptide spacer provides better results than a tripeptide
spacer.

Almost simultaneously, Kudo et al. reported the ap-
plication of proline tripeptides (D-Pro-Tyr-Phe) immobi-
lized in PEG-PS aminated resins for aldol reactions in a
triphasic solvent media (water/acetone/THF, 1/1/1).401
Interestingly, this tripeptide behaved better than those
reported by Davis et al. in terms of reactivity (quantitative
yields, 71% ee). Furthermore, the catalyst could be recycled
four times without any loss of efficacy. Recently, the same
authors achieved a one-pot sequential acidic deacetalization
and basic enantioselective aldol reaction between acetone
and 4-nitrobenzaldehyde dimethyl acetal in the presence of
Amberlyst. The recyclability of this system reached six cycles
without erosion of efficiency.***

Zhang et al. applied (4S5)-phenoxy-(S)-proline as an
asymmetric catalyst for aldol addition of acetone to
2-nitrobenzaldehyde.*’* Using only 10 mol % of catalyst,
the authors generated the respective 1,3-hydroxyacetone in
90.2% yield and 83.4% ee in 16 h in the presence of
f-cyclodextrin. The existence of the hydrophobic phenol
moiety on the catalyst allowed the formation of a host—guest
complex with the -cyclodextrin. The heterogeneous char-
acter of such complex allowed catalyst separation by filtration
and consequent reuse up to four cycles with 10% yield
erosion and constant enantioselectivity.

Zlotin et al. reported the first example of proline im-
mobilization in the polyelectrolyte (S)-proline/poly(dial-
lyldimethylammonium) hexaflourophosphate and its appli-
cation for aldol reactions.*** Aromatic benzaldehydes were
reacted with acetone in the presence of catalyst 198 to afford
the respective aldol product in good yields and ee’s,
comparable with those on the protocol with DMSO. The
advantage of this system relies on its reutilization. The
recovered catalyst (by filtration) could be reused up to six
cycles with unchanged efficiency (Table 14).

198

Pericas et al. anchored an organocatalyst for aldol reactions
in water via a 1,3-dipolar cycloaddition between a Merrifield
resin functionalized with an azide and an alkyne-substituted
4-hydroxyproline. Catalyst 199 promoted the aldol reaction
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between cyclohexanone and benzaldehyde, but the reactivity
was low and extended reaction times (18—144 h) were
generally required to achieve quantitative conversions but
with excellent chiral induction (anti/syn of 95:5, eesn of
95%). The presence of catalytically amounts of DiMePEGy
improved the reactivity of the system probably due to easier
diffusion of the reactants, decreasing the reaction time and
improving the isolated yields. Interestingly, the heterogeneous
catalyst proved to be extremely recyclable without lost of
efficiency.**
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Recently, the same authors tested their Merrifield-
supported 4-hydroxylproline in a-aminoxylation of alde-
hydes and ketones in chloroform with appreciable success.
Excellent levels of enantioselectivities (>96% ee) and
good yields were obtained for both aldehydes and ketones.
Once again the resin was reused three times without loss
of efficiency.*"®

Gruttadauria et al. anchored the 4-hydroxyproline in a
polystyrene resin to achieve its recycling in aldol reactions.
The authors observed that water was the solvent of choice
for aldol reactions between cyclohexanone and aromatic
aldehydes. High isolated yields (up to 98%), antilsyn
selectivity (96/4), and enantioselectivity (up to 98%) were
achieved. Recycling investigations have shown that this
material can be reused without loss of efficiency for at
least five cycles.**”*°® These good results were recently
corroborated by Tao et al. using another type of linker
that connects the proline moiety to the polystyrene.**

Portnoy et al. grafted proline-functionalized dendrons
to a heterogeneous polystyrene support via dipolar cy-
cloaddition (an example of this is catalyst 200). A family
of catalysts was evaluated in asymmetric aldol reaction
between acetone and benzaldehydes (30 mol % catalyst).
It was discovered that the dendron generation (spacer
length) played an important role in this transformation.
With a third generation catalyst, it was possible to achieve
an enantioselectivity of 71%, but the yield was very low
(35% yield). Some attempts were made to recycle these
catalysts, but their activity rapidly decreased in a second
cycle probably due to catalyst decomposition (but with
consistent enantioselectivity).*°

CO,H

Recently, Luo and Cheng described a new strategy to
immobilize pyrrolidine-type organocatalysts. The authors
constructed a library by combining a PS resin bearing
sulfonic acid groups with several chiral amines to achieve
immobilization by acid—base interactions. The support
played a role as catalyst anchor and as modulator for
activity and stereoselectivity. These heterogeneous orga-
nocatalysts were successfully applied in aldol and Michael
addition reactions. Cyclic ketones and acetone were
reacted with several benzaldehydes in the presence of 10
mol % of catalyst 201 providing the respective products
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with excellent enantioselectivities and anti/syn ratio (up
to 91:9 anti/syn, 97% ee for cyclohexanone, 83% ee for
acetone). The catalyst retained most of its activity up to
four cycles.*!!

|
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201

15.2. Homogeneous Catalysts (Proline)

Benaglia et al. immobilized (2S5,4R)-4-hydroxyproline on
PEGs(0p monomethylether for asymmetric aldol reactions.*?
Two catalysts (202 and 203) with different inherent proline
loading were prepared and showed good performance, highly
comparable to those reported for the proline/DMSO protocol
(Scheme 55). Catalyst 202 could be recovered in high yields
(up to 80%) by diethyl ether precipitation and reused three
times with constant enantioselectivity but falling reactivity
(about 5% per cycle). Furthermore, the last could be
efficiently applied in aldol reactions using other aldehydes
or hydroxyacetone with good efficiency.

Tao et al. chose linear polystyrene to immobilize proline
catalyst for asymmetric aldol reactions between benzalde-
hydes and cyclic ketones in wet DMF. Catalyst 204 behaved
much better in terms of chiral discrimination (up to 96:4 dr
and 96% ee) than in terms of activity (modest to good yields)
probably due to the low catalyst loading applied (5 mol %).
Reutilization was conducted after catalyst precipitation from
the reaction mixture (four recycles with 10% overall ef-
ficiency loss).*!?

The recent discovery of a proline containing tripeptide (H-
Pro-Pro-Asp-NH,) that promotes higher induction levels than
proline motivated further studies to improve its solubility in
order to enhance its catalytic performance.*'* Wennemers
et al. covalently attached such tripeptide to TentaGel resins
and to PEG polymer chains.*'> PEG-supported tripeptide
showed great solubility in several organic solvents and when
tested for acetone aldol addition to 4-nitrobenzaldehyde
showed the desired enhanced activity. As an example, using
0.5 mol % of catalyst the supported tripeptide reacted in 8 h
at — 20 °C to give 95% yield with 91% ee (Scheme 56),
while the free tripeptide needed 24 h to achieve quantitative
yield (98%) and the same level of enantioselectivity using 5
mol %.

TentaGel-supported tripeptide also proved to be as efficient
as the unsupported tripeptide (93% vs 99% yield with equal
ee) with recycling ability. Although enantioselectivity re-
mained high during six consecutive cycles, its activity started
to decrease after the second cycle.

Kokotos et al. reported the immobilization of 4-hydroxy-
(S)-prolines in diaminobutane poly(propyleneimine) den-
drimers containing a glutamate spacer and its application in
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Scheme 56. Asymmetric Aldol Reaction Using
PEG-Supported Peptidic Catalyst
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aldol reactions.*'® The second generation dendrimer 206
proved to be the most efficient among other generation
catalysts, affording the respective aldol product between
acetone and 4-nitrobenzaldehyde in 61% yield with 65% ee
(which was somewhat inferior to the DMSO protocol, 68%
yield with 76% ee).
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Envisioning an alternative, Zhao and Wang grafted a
proline molecule to the core of a Frechet-type dendrimer.
This new dendritic catalyst proved to be much more efficient
than the previous providing the respective aldol product
between acetone and 4-nitrobenzaldehyde in 72% yield and
87% ee. The catalyst also catalyzed the reaction of benzal-
dehydes with cyclic ketones providing almost enantiomeri-

Scheme 55. Asymmetric Aldol Reaction Using PEG-Supported Proline Catalysts
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cally pure alcohols. It was possible to recover the catalyst
by precipitation almost quantitatively. Catalyst 207 retained
its catalytic activity during at least five cycles.*!”
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Luo and Cheng prepared a highly efficient hybrid orga-
nocatalyst for aldol reactions from chiral amines and poly-
oxometalate acids (Scheme 57). The catalyst 208 was soluble
in the reaction solvent (acetone) and provided the respective
alcohols with excellent yields (up to 99%) and excellent
enantioselectivity (90—99% ee). The catalyst was precipitated
by addition of diethyl ether and was reused four times with
minimal yield erosion (10%) and consistent ee 18

15.3. Alternative Reaction Media (Proline)

Loh and Toma reported simultaneously the use of an ionic
liquid media for proline-catalyzed aldol reactions. Loh et al.
evaluated the scope of using several imidazolium-based room
temperature ionic liquids (RTILs) as solvent and verified that
all tested solvents gave comparable or even higher enanti-
oselectivities than traditional DMSO system.*'” However,
the elimination product/aldol product ratio varied from 12:
75 to 55:45 by changing the ionic phase. The [bmim]PFs
ionic liquid proved to be the best solvent affording the aldol
product of acetone and benzaldehyde (30 mol % proline) in
25 h in 58% isolated yield (75% conversion to aldol product)
with 71% ee (Scheme 58).

Since [bmim]PFg and proline have low solubility in the
extracting organic solvent (diethyl ether), the catalytic system
could be recycled up to four cycles with low erosion of yield
and ee (<10%).

Toma et al. also studied the effect of the same ionic liquid
([bmim]PFe) in aldol reactions.**° They obtained comparable
values (yield and ee’s) as those in Loh’s work (and DMSO

Scheme 57. Asymmetric Aldol Reaction Using Pyrrolidine
Catalyst Immobilized in Polyoxometalate Acids
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Scheme 58. Asymmetric Aldol Reaction with Proline in
Ionic Liquids
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Scheme 59. Asymmetric Aldol Reaction with Proline in
Ionic Liquids
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Scheme 60. Asymmetric Cross-Aldol Reaction between
Aldehydes with Proline in Ionic Liquids
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Scheme 61. Silica Gel Modified and Treated with Ionic
Liquids for Proline Immobilization for Aldol Reactions
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system) for acetone condensation with benzaldehyde (30 mol
% of proline). However the authors expanded the metholod-
ogy scope to other benzaldehydes, which reacted in good
yields (60—94%) and ee’s (63—82% ee). Interestingly,
comparable results were obtained when proline loading was
decreased from 30 to 5 mol % (Scheme 59). Loh et al. had
observed a similar result that lowering the catalyst loading
to 20 mol % resulted in an increase of reaction time and
decrease of efficiency.

Two years later Cérdova reported the first cross-aldol
reaction between aldehydes in an ionic liquid phase.**! Using
a mixture of [bmim]PF¢/DMF: 5/1 with a lower proline
loading (5 mol %) allowed the formation of B-hydroxy
aldehydes in good yields (69—76%) and excellent enanti-
oselectivity (>99% ee, Scheme 60). As previously discussed,
the proline is not extracted from the ionic phase allowing
its recycling up to four times without any efficiency erosion.
The methodology was applied to natural polyketide synthesis
with sequential cross-aldol couplings.

More recently, Guo and Huang simultaneously reported
the application of [bmim]BF, as solvent in oi-aminoxylation
of aldehydes and ketones in the presence of 20% of
proline.****** Guo et al. proved that this protocol was
comparable or even superior to the original protocol using
chloroform as solvent (up to 99% ee), besides allowing the
catalyst reutilization. Huang et al. obtained better results in
their recycling experiments on o-aminoxylation of both
propanal and cyclohexanone, achieving six cycles with
consistent enantioselectivity and with a small decrease in
the reactivity (eroded 10%).

Gong et al. reported the utilization of L-prolinamide to
catalize the asymmetric direct aldol reaction between acetone
and aromatic or aliphatic aldehydes in [bmim]BF,.***4%5 A
wide scope of aldehydes were reacted with acetone in the

presence of 20 mol % of (S,S,S)-pyrrolidine-2-carboxilic acid
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(2'-hydroxyl-1',2'-diphenyl-ethyl)-amine, 209, affording their
aldol products in good yields (46—82%, higher than in
acetone) with 91% to >99% ee’s for aromatic aldehydes and
99% ee’s for aliphatic aldehydes (higher than in acetone).
The catalyst was also able to be recycled (by permanence in
the ionic phase) and reused in the reaction of 4-CF;C¢HsCOH
with acetone up to four cycles with constant ee, though with
considerable decrease in the reaction yield after the third
cycle (50%).

M Ph
N/S
H
HO
209

The next work is described in this section because the
reaction occurs in a liquid ionic layer, despite the heteroge-
neous nature of the support.

Gruttadauria et al. covalently attached an ionic liquid
moiety to the surface of silica gel. This monolayer was
treated with more ionic liquid before being used to im-
mobilize proline for aldol reactions. This ionic layer covering
the silica gel particles acted as the reaction media, and it is
readily recovered upon filtration (Scheme 61).**>*® With
this protocol, 4-nitrobenzaldeyde was reacted with acetone
in excellent selectivity to afford the respective aldol product
in 85% yield and 66% ee (higher than in DMSO) and showed
great consistency upon recycling up to four cycles where
no efficiency erosion (30 mol % L-proline) was shown. From
the fourth cycle, the enantioselectivity started to drop, while
the isolated yield remained high (till cycle 9). Consistent
regeneration of the support by recharging with fresh proline
allowed the system to be recyclable up to 13 cycles. Recently,
this methodology was extended to other linkers and to H-Pro-
Pro-Asp-NH, organocatalyst. This last catalyst provided
higher levels of enantioselectivity (up to 86% ee) but was
less recyclable.**’

Luo and Cheng reported the application of a functionalized
ionic liquid in the aldol reaction of acetone and cyclopen-
tanone with aromatic aldehydes (20 mol % catalyst). This
ionic liquid bearing a chiral pyrrolidine proved to be easily
recyclable up to six cycles with an increase of the reaction
time by almost 2-fold (2 to 17 h). When cyclopentenone was
tested the dr observed generally decreased from 4.8:1 to 2.1:
1. The enantioselectivity of the minor diasteriomer was
superior to the one observed for the major diasteriomer
(~30% vs 10%).***

Chan et al. showed that the same catalyst could be attached
to an ionic liquid functionality, which increased further the
reativity and enantioselectivity compared with proline/DMSO
system (up to 87% ee). The catalyst 210 was extremely
efficient under neat conditions and showed good recyclability
(four cycles). The catalyst was recovered due to its insolubil-
ity in dichloromethane.**
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More recently, Lombardo et al. tested two catalysts bearing
ionic tags (imidazolium ring and quaternary ammonium) in
asymmetric aldol reactions between cyclic and acyclic
ketones and aromatic aldehydes in [bmim]NTf,. The authors
were able to reduce the amount of catalyst used to 5 mol %

Trindade et al.

and still obtained superior results to those afforded using
the original proline/DMSO system. However, this catalyst
loading made the recycling protocol more difficult and
limited reuse to two efficient cycles.**°

Zlotin et al. immobilized the same catalyst using an ionic
liquid with a pronounced amphiphilic character. Catalyst 211
was applied for the direct aldol reaction between cyclic
ketones with benzaldehydes in water achieving excellent anti/
syn and enantioselectivities (97:3, 99% ee for cyclopen-
tanone). The good recyclability of 211/water was demon-
strated till a fifth cycle.**!
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Luo and Cheng prepared a family of functionalized ionic
liquids incorporated with chiral pyrrolidine and tested them
as reusable organocatalysts for direct aldol reactions. The
absence of the carboxylic acid functionality made these
catalysts inefficient in terms of chiral induction (<10% ee)
for direct aldol between acetone and benzaldehydes. The
enantioselectivities increased to 30% when cyclic ketones
were used. Despite this limitation, the catalyst showed good
recyclability (up to six cycles).**®

Kucherenko et al. developed a new highly active and
recoverable (three cycles) catalytic system based on bis(pro-
linamide)cyclohexane 212/[bmim][BF,] for asymmetric aldol
reactions between several alkyl ketones and nitrobenzalde-
hyde. The respective 3-hydroxyketones were prepared in
moderate to good yields in the presence of a 3-fold excess

of ketone with good enantioselectivities (6—70% ee).t2
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Han et al. tested the biorenewable ionic liquid [cho-
line][proline] as catalyst in the aldol reaction between several
ketones and benzaldehydes in water. In general, the reaction
provided the respective product in yields comparable with
those reported in the literature, but the enantioselectivity
never rose above 10%. The ionic character of the catalyst
allowed its retention in the water phase, while the products
were extracted with ethyl acetate (five cycles).**

Xu and co-workers disclosed that a catalytical amount of
an imidazolium ionic liquid bearing a camphorsulfonic anion
can speed-up proline-catalyzed aldol reactions. Unfortunately,
no data for catalytic system recycling is provided.***

Chandrasekhar et al. reported the utilization of low-weight
poly(ethylene glycol), PEG MW = 400 Da, as reaction media
for aldol reactions between acetone and several aldehydes.*3343°
Not only had the system proved to be as efficient as DMSO,
but also it was shown to have excellent consistency upon
recycling. The immobilized proline (10 mol %) was retained
in the PEG phase and was reused to add acetone to
4-nitrobenzaldehyde up to 10 cycles with constant enanti-
oselectivity (67%) and some yield erosion (10%).

Négjera et al. reported the application of the BINAM-
bisprolinamide 213 as recoverable catalysts in the direct aldol
condensation reaction of 4-nitrobenzaldehyde with acetone
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in a mixture of DMF/water 1/1. The catalyst was recovered
by acid/base extraction protocols and was reused twice with
18% vyield erosion (from quantitative) and constant 79% ee.**’
Recently the authors demonstrated that the catalyst retains
its efficiency under solvent-free conditions and it was also
possible to reduce the quantity of ketone applied to 2 equiv.**®

213

Benaglia et al. proved that BINAM—monoprolinamide
could be used to catalyze aldol reaction between acetone and
benzaldehyde “on water” with excellent chiral induction in
the presence of stearic acid (dr up to 99% and ee up to 95%).
Unfortunately, the recovered organocatalyst lost about 40%
of its activity, though the chiral induction remained un-
changed.**°

Fache and Piva functionalized 4-hydroxy-L-proline with
a perfluoroalkyl chain (catalyst 214) and was applied as an
organocatalyst in the aldol reaction of 4-nitrobenzaldehyde
with acetone in a perfluorous-phase (benzenetrifluoride).**
The aldol product was isolated in 72% yield with 73% ee in
one day. Despite the low reaction rate the result was higly
comparable to the one obtained with proline in DMSO (68%
yield with 76% ee).
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The immobilization of proline became one of the most
explored targets to achieve recycling assays. In a few years,
several alternative solvents and supported catalysts have been
explored with excellent results. Ionic liquid based protocols
described in this section have an advantage compared with
supported catalysts, due to the required catalyst synthesis
on the latter.

15.4. Lewis Acid Catalysts

Orlandi et al. before 2002 used a polymerized PS-based
bisoxazoline ligand to catalyze (with Cu(OTf,)) the Mu-
kaiyama-aldol reaction between a silylketene and methylg-
lyoxalate. This catalyst besides offering high enantioselec-
tivity (91% ee) was reused seven times with consistent
enantioselectivity.

Itsuno et al. prepared a polymer-supported (S)-tryptophan
by copolymerization of styrene, divinylbenzene, and a chiral
N-sulfonylated oi-amino acid monomer derived from (S)-
tryptophan. This ligand, 215, was coordinated to 3,5-
bis(trifluoromethyl)phenyl boron dichloride and used as an
asymmetric catalyst for the Mukaiyama aldol reaction. The
polymeric catalyst proved to be only slightly less enanti-
oselective than the homogeneous one achieving good to
excellent yields with enantioselectivities up to 95% ee for
Mukaiyama aldol reaction between benzaldehydes and si-
lylenol eters. The recyclability of the polymer was demon-
strated in a second run.**!
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Kim and Hyeon immobilized a chiral bisoxazolidine ligand
on mesoporous silica SBA-15 and examined its performance
on the asymmetric copper-promoted nitro-Mannich reaction
(Scheme 62). The catalyst heterogenization had a positive
impact on the reaction enantioselectivity surpassing the
homogeneous catalyst. However, the reaction became slower,
3 days being necessary to achieve comparative yields that
are obtained in 1 day using the homogeneous Cu-Box
catalyst. The catalyst 216 was easily recovered and reused
five times without loss of reactivity. However, the enanti-
oselectivity and diastereoselectivity decreased gradually on
each cycle.**?

Kobayashi et al. synthesized a chiral zirconium catalyst
immobilized in molecular sieves powder.****** Tt was
prepared from Zr(Oz-Bu)y, (R)-6,6'-bis(pentafluoroethyl-1,1'-
bi-2-naphthol, N-methylimidazole (NMI), and powdered MS
5 A in benzene at 80 °C for 2 h. After solvent removal under
reduced pressure at 50 °C for 1 h, a chiral zirconium catalyst
with powdered molecular sieves was formed. Such catalyst
was tested in a Mannich-type reaction of an aromatic imine
with ketene silyl acetal, furnishing quantitative yields with
90% ee of the respective product in 18 h (Scheme 63). The
methodology was successfully expanded to other imines and
ketene silyl acetal combinations with comparable or even
higher yield and ee. The Lewis acid catalyst showed great
stability if stored under air, and its heterogeneous character
allows an easy recovery, and it could be reused twice without
any loss of efficiency (despite some leaching detected in all
cycles, ~5%).

Fan et al. prepared a dendronized chiral Box for copper-
catalyzed Mukaiyama-aldol reactions in aqueous media
(water/ethanol/THF = 2:9:9).**> Dibenzyl-substituted chiral
Box was doubly alkylated with four-generation dendrons at
the C-bridge atom, and those new catalysts were tested with
standard Mukaiyama-aldol reaction. Second-generation den-
drimer proved more efficient than zero-generation dendrimer
(equivalent to unsupported catalyst) affording 1,3-dihydrox-
yketone with 78% vyield in 64% ee and 2.2/1 syn/anti
selectivity (Scheme 64).

This supported catalyst could be recovered quantitatively
by precipitation and was reused without copper recharge with
falling activity.

Doherty and Hardacre demonstrated the positive impact
that the [emim]NTf, exerted on the Mukaiyama-aldol reac-
tion between methyl pyruvate and 1-methoxy-1-trimethyl-
silyloxypropene. When this transformation was run in IL
media at room temperature, catalyzed by Cu(Il)-+~-BuBox, it
was possible to obtain the respective product in 90% ee (at
—78 °C in dichloromethane an ee of 86% was observed).
The catalytic activity of this system was retained over three
cycles if an ionic tag was present on the Box ligand (ligand
219).



476 Chemical Reviews, 2009, Vol. 109, No. 2

Scheme 62. Nitro-Mannich Reaction Promoted by Cu-Box Complex Anchored to SBA-15
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Scheme 63. Mannich-type Reaction Catalyzed by heterogeneous Zr-BINOL-MS Catalyst
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Scheme 64. Mukaiyama-Aldol Reaction Catalyzed by Copper in the Presence of Dendritic Box Ligand
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The authors also studied the possibility of recycling the
catalyst by electrostatic interaction with silica. They found
that it was necessary to treat the silica with the ionic liquid
to achieve excellent levels of enantioselectivities for this
reaction (up to 91% ee with ligand 219). Silica modified with
imidazolium units and treated with ionic liquid was also
prepared and studied in this transformation. It was found
that it provided slightly higher enantioselectivities (up to 96%
ee) but two fewer recycles than unmodified silica (eight
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218
78 %, 64 % ee, 2.2/1:syn/anti

cycles vs six cycles). This result is in contradiction with
Gruttadauria’s findings for proline-catalyzed aldol reactions.
Probably the silica gel support is not totally inert under
Mukaiyama-aldol reaction conditions.*®

Benaglia et al. reported PEG-immobilized Box application
to Mukaiyama-aldol reactions in water (20 mol %).**” The
Cu-Box catalyst 220 did not suffer from enantioselectivity
lowering upon immobilization since slightly higher ee’s were
observed (55—62% ee using benzyl-substituted Box) com-
pared with other protocols in water (53% ee using isopropyl-
substituted Box). Unfortunatly, lower chemical yield (13—26%
vs 88% yield) was obtained due to low aldehyde solubility
in water since no surfactant was used. Extraction of the
Mukaiyama-aldol condensation product from water with an
organic solvent in which PEG—Cu-Box is not soluble
allowed catalyst recovery up to 85% yield. The recovered
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catalyst was pretreated before being reused twice with low
yield and ee erosion (5% and 10%, respectively).
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Benaglia et al. prepared two new fluorinated Box ligands,
which were characterized by their low fluorine content (for
Box 221 46.2% and for Box 222 38.1%), light fluorous
ligands.*®® These new two ligands were tested for Cu(I)-
promoted Mukaiyama-aldol reaction between silylketene and
ethylglyoxalate (Scheme 65). Catalyst Cu/222, C,-symmetric,
behaved better in terms of enantioselectivity (85% ee, not
far from the 92% ee obtained by Evans) than C,-symmetric
catalyst Cu/221 (7% ee). The recovered ligand 222 was
reused once with minimal efficiency erosion.

Abdietal. chemically attached a chiral lanthanum—lithium—
BINOL ligand to the surface of silica and on the inside of
micropores in MCM-41.**® The heterogeneous catalyst was
tested for nitroaldol between nitromethane and several alkylic
aldehydes (3.3 mol %, THF, —42 °C). This supported catalyst
223 proved to be slightly less efficient than the unsupported
analogue affording the respective aldol products in up to 86%
yield and in 84% ee. The catalyst immobilized on MCM-41
tended to afford higher enantioselectivities due to the pore
effect. This latter catalyst was reused 3 times with minimal
yield and ee erosion.

Choudary and Kantam tested their catalyst developed for
conjugated additions (nanocrystalline magnesium oxide) in
direct asymmetric aldol reaction between acetone and
aromatic aldehydes in the presence of chiral 1,2-diaminocy-
clohexane. The respective aldol products were obtained in
good yields and with moderate enantioselectivities, but the
catalyst could be reused up to four cycles with consistent
outcome.**® Recently, the authors also applied a nanocrys-
talline copper oxide to this reaction and obtained the same
results.*>”

Choudary et al. used commercially available magnesium
oxide crystals containing Lewis acidic sites (Mg”"), Lewis
basic sites (O*~ and O~) and isolated Brgnsted hydroxyls
(NAP—MgO). This catalyst was tested in the nitroaldol
reaction between nitromethane and several benzadehydes in
the presence of (§)-BINOL (—78 °C, THF). The respective
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1,2-nitroalcohols were obtained in excellent yields (up to
95%) and good to excellent enantioselectivities (60—98%
ee). 3!

223

The application of this heterogeneous catalyst was also
demonstrated in the preparation of chiral epoxides via a two-
step Claisen—Schmidt condensation and asymmetric epoxi-
dation reaction. The epoxidation step with NAP—MgO
showed comparable ee’s with an absolute configuration
similar to that observed in the homogeneous system using
dibutylmagnesium, diethyl tartarate, and fert-butylhydrop-
eroxide (up to 98% ee).*>?

Bandini and Umani-Ronchi tethered a chiral diamino-
bithiophene derivative to MeO—PEGsy to achieve the
recycling of the Cu(II) complex in the nitromethane addition
to aldehydes. The traditional reaction was run in dry ethanol,
but the supported catalyst 224 was not totally soluble in this
solvent. Therefore a large excess (40 equiv) of nitromethane
was necessary to solubilize the catalyst, and in this way, the
authors achieved quantitative conversions with 89% ee. The
catalyst could be retrieved by evaporation of volatile
compounds and washings with diethyl ether. The recovered
catalyst was reused up to five cycles without recharge of
copper salt with consistent enantioselectivity (84—87% ee)
and only moderate decreasing conversions.*>?

The application of proline and proline-type catalysts in
organocatalysis boosted its study as a potential recoverable
catalyst. Heterogenized proline and application of ionic
liquids as catalysts or solvent media are the most explored
recycling techniques for aldol reactions. Both produced good
results in terms of recyclability, but the latter also proved to
enhance the organocatalyst performance. Several Lewis acid
catalyzed aldol reactions during the last years were explored
broadening the number of contributions. Primarily, the
protocols are heterogeneous-based.

Scheme 65. Mukaiyama-Aldol Reaction Catalyzed by Copper in the Presence of Perfluorinated-Box Ligand
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16. Asymmetric Michael Additions

The asymmetric Michael addition reaction (Scheme 66)
is an important transformation to obtain new carbon—carbon
bonds generally with formation of new stereocenters. There
exist two main types of catalysis for this transformation:
organocatalysis and Lewis acid catalysis. This section first
will discuss several methodologies to recycle organocatalysts
and then will focus on contributions to recycle Lewis acid
catalysts.

Scheme 66. Asymmetric Michael Additions
(¢] O

organocatalysis
ﬁ Lewis acid catalysis ﬁ
, R HNu R NR

Recyclable Organocatalysts. Prior to 2002, Alvarez et
al. immobilized quinine and quinidine alkaloids in Merrifield
resins with several spacers. The best catalyst provided 85%
yield with 87% ee for cyclic acetoacetate addition to
methylvinylketone.”

Wang et al. designed and prepared a fluorous (S)-
pyrrolidine sulfonamide 225 to catalyze the asymmetric 1,4-
addition of cyclic ketones to nitroolefins in water.*>* The
presence of a Cy-fluorous tail made the catalyst hydrophobic,
forcing some degree of aggregation with the substrates in
the aqueous phase, enhancing in this way the reactivity
(compared with lighter fluorous catalysts). In fact, cyclo-
hexanone was reacted with trans-f-nitrostyrene over 9 h to
afford the respective product in 95% yield with 90% ee and
27:1 dr (10 mol %). The light-fluorous catalyst was almost
quantitatively recovered (>90%) using a fluorous solid-phase
extraction technique and was reused up to six cycles with
consistent enantioselectivity though with some yield erosion
(22%, Table 15).

Almost simultaneously, the same authors tested a fluorous
(S)-diphenylpyrrolidinemethanol silyl ether 226 as a catalyst
in the asymmetric 1,4-addition of aldehydes to nitroolefins.*>>
In this case, the reaction was performed in a fluorous solvent
(CFsPh), using 20 mol % loading, affording the desired

Trindade et al.

product in high yields (>82%) and excellent ee (>97%).
The light-fluorous catalyst was also recovered by the same
technique and reused in six consecutive runs with unchanged
outcome (Table 16).

CgFy7

Lo
H

OTMS
226

Proline also catalyzes the asymmetric 1,4-additions of
cyclohexanone to nitroolefins, but a lower level of enanti-
oselectivity was observed (50% ee in MeOH). Salunkhe et
al. used ionic liquids, such as [moemim]OMs, to replace
methanol as the reaction solvent, improving the reaction
enantioselectivity (73% ee in the presence of 40 mol % of
proline).*>® Unfortunately not all ketones showed the same
behavior as observed when using cyclohexanone (low yields
and ee’s for other acyclic ketones). The catalyst solubility
in the ionic phase allowed its reutilization up to three cycles
with constant yield (75%) though with a considerable drop
in selectivity (65% erosion).

Benaglia et al. tested their proline-immobilized catalyst
202 described in the aldol section for the iminium-promoted
addition of nitro-alkenes to cyclohexenone and enamine-
catalyzed addition of ketones to 2-nitrostyrene.*>” In the case
of enamine-type catalysis, the supported catalyst did not give
comparable yields and ee’s (60% and 35% ee) to those with
the unsupported proline catalyst (79% and 57% ee). Iminium
catalysis was tested under Yamaguchi conditions (81% yield
and 59% ee’s) using sodium prolinate as the catalyst, and
also in this case a lower efficiency was observed (65% yield
and 42% ee). The recycling experiments on iminium-type
catalysis were the most robust, affording consistent yields
and only 25% erosion of ee’s after four cycles.

Wang and co-workers anchored a chiral pyrrolidine
containing a near imidazolium unit to a Merrifield resin and
tested it as catalyst for asymmetric addition of cyclic and
acyclic ketones to nitrostyrenes. With 10 mol % 227, it was
possible to run this reaction under solvent-free conditions,
generally achieving quantitative yields, enantioselectivities
above 90%, and near-perfect >99:1 diasteriomeric ratios after
24 h. This heterogeneous catalyst was recycled seven times
with only 10% erosion of activity.*®

Zhao et al. anchored a 4-aminoproline organocatalyst to
PEG using two sulfonamide—succinate linkers. The catalyst
228 furnished higher levels of chiral induction in 1,4-addition
of cyclohexanone to nitrostyrene than free proline. Several
substrates were tested with this catalyst, providing the

Table 15. Recycling Assays for Asymmetric Michael Additions Catalyzed by Fluorous (S)-Pyrrolidine Sulfonamide

0 N O Ph 0
— N> catalyst 20 mol % A NO O\/H 1]
+ - 2 N N\ﬁ\n-C‘th

rt, H,O H H Ie)

225
cycle time (h) yield (%) ee (%) dr
1 6 92 90 34:1
2 9 95 90 33:1
3 10 90 90 33:1
4 14 95 89 36:1
5 24 85 89 22:1
6 50 70 89 11:1
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Table 16. Asymmetric Michael Addition Catalyzed by Fluorous
(S)-Diphenylpyrrolidinemethanol Silyl Ether
(e}

NO, O Ph
— catalyst 20 mol % NO,
HJH * ©/_/ i, PhCF H)H/b
cycle time (h) yield (%) ee (%) dr
1 4 89 >99 21:1
2 5 86 >99 24:1
3 10 90 >99 23:1
4 20 90 >99 24:1
5 23 89 >99 23:1
6 36 86 >99 28:1
o P
N N
H 9CI
227

products in good yields (24—94%) with excellent diasteri-
oselectivities (>98/2) and moderate enantioselectivities
(5—86%). The recovered catalyst obtained by precipitation
was reused several times, but in the second cycle, a
considerable decrease in the conversion (30%) was observed.
Hovzsegver, the enantioselectivity remained constant (60%
ee).

OH
Q, HN NH
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Independently, Wang and Pericas and their co-workers
immobilized a pyrrolidine derivative of proline in a poly-
styrene resin bearing alkyne groups via 1,3-dipolar cycload-
dition for asymmetric Michael addition reactions.****®! The
organocatalyst 229 provided very good results for cyclohex-
anone 1,4-addition to several nitrostyrenes, when the reaction
was run in water and in the presence of an additive
(DiMePEG 10 mol %, catalyst 10 mol %, quantitative
conversions, syn/anti 95:5, and ee’s up to 99%). The catalyst
was recycled three times without yield and selectivity
erosion. When the reactions were run using ketone as solvent,
the recyclability achieved 10 cycles.

N
oy
e
N
H
229

Luo and Cheng prepared a family of ionic pyrrolidines
and used them as organocatalysts for asymmetric Michael
addition of ketones to nitrostyrenes (TSIL, catalyst 230). The
reaction between nitrostyrene and cyclohexanone was per-
formed under solvent-free conditions in the presence of 15
mol % catalyst and 5 mol % trifluoroacetic acid. The products
were obtained in excellent yields (up to 100%), selectivities
(syn/anti, 99:1), and enantioselectivities (up to 99%). At the
end of the reaction, the catalyst was recovered by precipita-
tion (addition of diethyl ether) and was reused three times
slowly losing its reactivity (increased reaction time). The
ionic liquid moiety not only acts as a phase tag to facilitate
catalyst recycling but also can function as an efficient chiral
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inductor group to ensure high selectivity (by electronic
interference with nitro group).

Identical results were obtained by Liang et al. who linked
the ionic tag via 1,3-cycloaddition between an azidopyrro-
lidine and ionic tags bearing an alkyne (catalyst 231).4%463

A N
~nBu N~
Q\/N\/lg: H@ /\)/@?;:E/
H N
N
231

230
; E ®
<Nj\/N\/N\nBu
H <]

Br
232

The same authors described that an identical catalyst
(catalyst 232) can be applied efficiently in the desymmetri-
zation of 4-substituted cyclohexanones in Michael addition
reactions, providing products (with three asymmetric centers)
in good diasterioselectivities (up to 8.1:1).** Xu et al.
showed that this type of catalyst forms a host—guest complex
in PEG-800, which provided a protocol with higher recy-
clability, up to seven cycles.*®

Headley and co-workers attached the same functionalities
together using a 3-chloro-propane-1-sulfonyl chloride as the
linker. This organocatalyst was tested in Michael addition
reactions of aldehydes with nitrostyrenes providing the
respective products in moderate yields (up to 64%), good
enantioselectivities (up to 82% ee), and high diasterioselec-
tivies (syn/anti ratio up to 97:3). The authors rationalized
that the high levels of selectivity were due to a hydrogen
bond formed between the nitrostyrene and sulfonamide rather
than the presence of the ionic group (Scheme 67). The
catalyst was efficiently recycled twice.**® It was possible to
increase the reaction yields maintaining the same levels of
enantioselectivity when the reaction was conducted in
methanol and using a catalyst bearing an ionic liquid with a
shorter alkyl chain (only one methylene between imidazolium
ring and sulfoxide).*®’

Scheme 67. Mechanistic Rationalization for the High Levels
of Selectivity
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Xu et al. prepared a family of pyrrolidine—pyridinium-
based organocatalysts for asymmetric Michael addition of
cyclohexanone to nitrostyrenes in ionic liquids ([bmim]BF,).
The best catalyst, 233, provided the respective products in
excellent yields, selectivities, and enantioselectivities and
proved to be recyclable (together with the ionic liquid phase)
four times (quantitative yields, up to >99% ee, and >90:10
synlanti selectivity).*®® Headley et al. explored the pyrroli-
dine-based chiral pyridinium ionic liquids under neat condi-
tions obtaining the same results.*®

Recently, Luo and Cheng described a new strategy to
immobilize pyrrolidine-type organocatalysts. The authors
constructed a library by combining a PS resin bearing
sulfonic acid groups with several chiral amines to achieve
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Scheme 68. Asymmetric Michael Addition Catalyzed by
Insoluble Self-Assembled Catalyst
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48 h, 86 % vyield, 96 % ee
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the immobilization by acid—base interactions. The support
played a role as catalyst anchor and as modulator for activity
and stereoselectivity. These heterogeneous organocatalysts
were successfully applied in aldol and Michael addition
reactions. Cyclic ketones and acetone were reacted with
several nitroolefins in the presence of 10 mol % catalyst 234
providing the respective products with excellent enantiose-
lectivities and anti/syn ratio (up to 94:6 anti/syn, 87% ee
for cyclohexanone). The catalyst retained most of its activity

up to six cycles.*!!
c Yo R

234

Iz

Recyclable Metal-Based Catalysts. Before 2002, Arai et
al. prepared a poly-ALB compound, 235, and successfully
applied it in the asymmetric 1,4-addition of malonates to
cyclohexenone in 78% yield and 93% ee. This catalyst was
reused four times with 35% yield and 20% ee erosion.’

R

Trindade et al.

Takizawa et al. reported the first example of a chiral self-
assembled structure, formed through self-assembly of chiral
multidentate ligands with a metal that acted as an asymmetric
catalyst for Michael additions in high enantioselectivity.>*’
Catalyst 236 was simply prepared by treating (R,R)-bis-
(BINOL) with LiAIH4 and BuLi in THF at 0 °C to obtain a
white solid compound.

S OO
OO hee

This insoluble polymeric catalyst was tested in enantiose-
lective Michael addition of benzyl malonates to cyclohex-
enone and showed a similar performance (Scheme 68) to
the homogeneous monomer ALB (Al—Li—bis(binaphthoxide),
12 h, quantitative yield, 97% ee).

At the end of the reaction, the supernatant solution was
removed with the aid of a syringe and the catalyst could be
reused. In the fourth cycle, significant erosion on the activity
(~30%) and enantioselectivity (~20%) was observed.

Sasai et al. developed a new synthetic methodology to
prepare cross-linked polymers for multicomponent asym-
metric catalysis based on the concept of catalyst analogue
(Scheme 69).*”° The Si-tethered BINOL complex is more
stable than the structurally identical ALB complex, which
allowed its application as template during the polymerization
to provide the correct cross-linking degree to the polymer,
being later hydrolyzed to furnish the free ligand. The ligand
was then treated with AlMes; and BuLi to provide the
polymeric ALB-type catalyst. When the catalyst 237 was
applied, the enantioselectivity obtained was 91% ee, while
if no catalyst analogue was used to act as a template only
21% ee was observed (10 mol %). In the case of ALB
complexes, the requirement of coordination of two BINOLs
to the same titanium metal to achieve high levels of
enantioselectivity was clearly favored by the construction

Scheme 69. Preparation of Polymeric ALB Catalyst via the Catalyst Analogue Concept

T
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Scheme 70. Asymmetric Michael Addition Catalyzed by Dendritic ALB and GaSB Catalysts
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of a polymer using the catalyst analogue. In the absence of
catalyst analogue, random polymerization occurred, and the
existence of two BINOL units near for coordination was not
guaranteed. Unfortunately no recycle experiment was reported.

Suitable dendrimers with BINOL ligands in the periphery
offer another strategy to form ordered ALB complexes
(ligand 238). Sasai et al. prepared a dendrimer with such
characteristics and showed that it catalyzed the same
transformation in high levels of enantioselectivities (>91%
ee) but in low yields (<63%).*”! The addition of sodium
tert-butoxide allowed an increase in the reaction yield to 79%
(with slight ee decrease to 89%). The same transformation
was also catalyzed by a complex formed by Ga—Na in 83%
yield with 97% ee (Scheme 70).

Sekiguti et al. reported the immobilization of a multi-
component asymmetric catalyst (Al—Li—bisBINOL) by
copolymerization of a vinylbisBINOLS ligand with methyl
methacrylate (ligand/acrylate 1:3) in the presence of
AIBN 386 Subsequent treatment with AlMes; and BuLi
afforded a suitable homogeneous catalyst 239 for 1,4-

®
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dendritic ALB: 48 h, 79 % yield, 89 % ee
dendritic GaSB: 72 h, 83 % yield, 97 % ee
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additions of benzyl malonates to cyclohexenone in high
yields (91%) and high ee’s (93%). The recyclability of this
catalyst was demonstrated for carbonyl—ene coupling.
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Weck et al. tested an AlCl(salen) immobilized in a
poly(norbonene) polymeric matrix with a relatively flex-

Scheme 71. Asymmetric Michael Addition Catalyzed by AlCl(Salen) Anchored to Polynorbonene Resin

I mol CN O O
/\)J\NJ\Ph catalyst 5 mo /o;
H TMSCN, IPA N Ph
45°C, 36 h H
toluene cycle 1: 96 % yield 98 % e.e.

240

cycle 5: 95 % yield 96 % e.e.

50
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Table 17. Asymmetric Michael Addition Catalyzed by
Pd(II)—BINAP Catalyst in Ionic Liquids
o) (0]

Pd-cat (2,5 mol %) CH-0-£Bu
‘ 7’ 201

COt-Bu* \)J\ [bmim]OTF, 0 °C

o]
cycle time (h) yield (%) ee (%)
1 8 98 83
2 8 98 84
3 8 92 83
4 8 91 84
5 15 94 84

Scheme 72. Asymmetric Michael Addition Catalyzed by
NAP—MgO Catalyst
0 O CHyNO,

O = O +CHNO, —NAP-MgO. THF __NAP-MgO, THF

-20°C, DAC
run 1: 12h, 95 % yield, 96 % ee
run 5: 12h, 95 % yield, 96 % ee

Scheme 73. Asymmetric Allylation of Carbonyl Compounds
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ible linker in the asymmetric addition of cyanide to a,f3-
unsaturated imides (Scheme 71). The homogeneous poly-
meric catalyst 240 could be used in a 5 mol % loading
providing the respective products in quantitative yields
and excellent enantioselectivities (up to 99% ee). After
precipitation, it could be reused four times without any
decrease in efficiency. Kinetic studies indicated that the
activity of the polymeric catalyst is significantly higher
than that of the unsupported analogue suggesting an
enhancement effect of the bimetallic pathway due to
catalytic site proximity.*’?

Hayashi et al. reported BINOL ligand immobilization (via
grafting) to a PEG—PS resin.*’* The amphiphilic character
of the support allowed the 1,4-addition of phenylboronic
acids to cyclopentanones catalyzed by Rh(acac),(C,Ha)s to
be carried out in water. Since the catalyst 241 was insoluble,
it could be easily recovered by filtration and reused up to
five runs with unchanged enantioselectivity (3 mol %, 94%
ee). Sometimes some loss of activity was observed probably
due to catalyst air sensitivity. Excellent levels of enantiose-
lectivity were maintained (>91% ee) in the reaction of
several cyclic enones.

0
RS
H
RPh,

h(acac

T

241

Choudary et al. used commercially available magnesium
oxide crystals containing Lewis acidic sites (Mg”"), Lewis
basic sites (0>~ and O™) and isolated Brgnsted hydroxyls
(NAP—Mg0).*1#7* This inorganic material was used in the
asymmetric Michael additions of nitromethanes to chalcones
in the presence of (1R,2R)-(—)-diaminocyclohexane (DAC)
as a chiral auxiliary. Acidic Lewis sites promoted the

Trindade et al.

electrophilic activation of chalcone carbonyls, while the basic
Lewis site tends to activate nitroalkane by deprotonation.
The Brgnsted hydroxyls groups formed hydrogen bonds with
DAC and with the nitro group directing an asymmetric
Michael addition in excellent yields (95%) and enantiose-
lectivities (96% ee, Scheme 72).

The NAP—MgO catalyst was reused after heating at 250
°C for 1 h under nitrogen atmosphere. The reactivated
catalyst was reused five times and showed consistent yields
and ee’s for asymmetric Michael additions.

Sodeoka et al. used an ionic liquid phase to enable
Pd(I)—BINAP  complex immobilization.*’>  Using
[hmim]BF, as solvent, cyclic acetoacetates were added to
methyl vinyl ketone (5 mol %, —20 °C in 15 h) affording
the respective product in 97% yield with 88% ee. In a
traditional protocol, where THF is used instead of the ionic
liquid, yields and enantioselectivities up to 92% were
observed, but the reaction was somewhat slower. Efforts to
achieve catalyst recycling using this IL ended in the
formation of black palladium resulting from catalyst degra-
dation. When [hmim]BF4 was replaced by [bmim]OTf (8 h
at 0 °C), slightly lower enantioselectivity (83% ee) resulted,
but catalyst recycling was accomplished (without formation
of black palladium) over five cycles with minimal erosions
(Table 17).

Christoffers et al. grafted a L-valinamide to a poly(ethylene
glycol) chain providing a soluble supported chiral auxiliary
242 that promotes the enantioselective addition of cyclic
acetoacetates to methyl vinyl ketone in the presence of
Cu(OAc),.*’® Excellent levels of enantioselectivities were
achieved (97% ee) even in the second cycle (90% ee).

ke
e
iPr NH2
242

Kaneda et al. heterogenized La®" species and (R,R)-tartaric
acid on fluoroapatite.*’” This supported catalyst was suc-
cessfully tested in the addition of cyclic acetoacetates to
methyl vinyl ketone in toluene, affording the respective
product in 97% yield and 60% ee. Due to its heterogeneous
character, the catalyst was reused during three cycles without
any readdition of organic ligand.

Salvadori et al. prepared a chiral phosphoramidite ligand 243,
anchored to Merrifield resin and tested it in the copper-mediated
diethylzinc conjugated addition to cyclohexenone. The heteroge-
neous catalyst based on ligand 243 proved to be less reactive,
requiring 24 times more time to achieve complete conversion
compared with the homogeneous protocol, and the enatioselec-
tivities observed were 20% lower (74% vs 95% ee). For the
recycling assays, it was necessary to add copper in the beginning
of each cycle due to some leaching problems. In a second cycle,
the enantioselectivity increased to 84% ee, but in the two
subsequent cycles, it fell to 65% ee.*”®

As can be seen, proline and pyrrolidine-type catalyst
surpassed the alkaloid based methods. The protocols with
perfluoro-organocatalysts are very efficient, but the discovery
that the presence of ionic tags on the catalyst can provide
positive effects on the reaction selectivity has attracted
considerable attention. Metal-based catalysts were also
considerably studied, which resulted in the appearance of a
new concept, the catalyst analogue. However, more efforts
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Scheme 74. Coordination of Rhodium to Phe-Box Ligand Anchored to Wang-Type Resin
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should be made in this area to obtain more desirable
recyclable protocols.

R

243

17. Asymmetric Allylation of Carbonyl
Compounds

The asymmetric allylation of carbonyl compounds (Scheme
73) is one of the most efficient asymmetric C—C bond
forming reactions. In addition, enantiomerically enriched
homoallyl alcohols are important intermediates in synthesis,
which can be converted to a wide variety of synthetically
useful compounds. Several methodologies have been devel-
oped using rhodium, titanium, or indium catalysts, as well
as organic catalysts. Some of these catalysts bear expensive
building blocks that are more economically applied if reused.

Before 2002, two important works in this area were
reported: Yoshida et al. used a dendritic Ti—BINOL complex
to perform this transformation with high enantioselectivity
(up to 92% ee). The utilization of polymer-supported chiral
N-sulfonamide alcohols was also accomplished but provided
lower levels of enantioselectivity.’

Portnoy’s group has been responsible for introducing a
new methodology for stepwise synthesis of Box and PyBox
heterogeneous ligands via solid-phase chemistry.*’® Weiss-
berg and Portnoy extended the scope of such methodology
to Rh—PheBox catalyst immobilization.**° PheBOX ligands
were first prepared by anchoring to Wang-type resins, and
catalyst formation was completed by direct ligand metalation
with RhCl; (Scheme 74).

This new catalyst family was tested in benzaldehyde
enantioselective allylation with allyltributyltin to afford
homoallylic alcohols (3 mol %). Rather surprisingly, the well-
known catalyst 244 provided low asymmetric induction
(<9% ee) since in solution its unsupported analogue was
the most selective (61% ee).481 In this work, catalyst 245
provided the higher enantiomeric excess (48% ee). Despite
the low levels of chiral induction, high yields were obtained
in all reactions (73—83%), which do not suffered from great
loss of activity (about 4% erosion) upon one recycle.

The same chemistry has been evaluated by Lu et al. In
this case, In(Ill)—PyBox was used as catalyst, and its
reutilization was achieved using a mixture of [hmim]PF¢/
dichloromethane as reaction media (the reactions proceeded
at — 60 °C, Scheme 75).%82

RNCl3.xH,0

o

244 — R = Benzyl
245 - R =Ethyl

Scheme 75. Asymmetric Allyation of Aldehydes Catalyzed
by In(III)—PyBox Complex in Ionic Liquids
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By use of a heavly substituted PyBox ligand, 246,
homoallylic alcohol was isolated in 72% yield with 88% ee.
This result was not far from those obtained when the reaction
was run only in dichloromethane where 81% yield and 92%
ee were obtained.*®® Evaporation of dichloromethane and
product extraction with hexane showed that In(III)—PyBox
was retained in the ionic liquid phase, and further reuse up
to four cycles with consistent yield and slightly decreasing
ee (ee.(4) = 12%) was achieved. Other aliphatic and
conjugated aldehydes were also reacted furnishing good
yields and high ee (up to 94% ee).

The same methodology was also applied in the asymmetric
allyltributylstannane addition to ketones.*** The authors
observed that the ionic media provided conditions to achieve
slightly higher yield (58—82%) and asymmetric inductions
(55—93% ee) for the range of ketones tested (aryl, vinyl,
and alkyl ketones). The In(IIl)—PyBox catalyst was also
retained in the ionic media and recycled up to four cycles
with some enantioselectivity erosion (about 14%). The
reactivity remained nearly unchanged (Y.(4) = 4%).

Yin et al. reported the application of perfluoro-BINOL ligand
247 for Ti(IV)-mediated addition (10 mol % catalyst) of
allyltributylstannane to benzaldehyde.*®> This protocol only
afforded good results (85% yield, 90% ee) when the reaction
was carried out under biphasic fluorous conditions (FC-72/
hexane), but it proved to be limited to substrates with strong
electron-withdrawing groups, and the ligand was recovered
by liquid/liquid extraction and purified by column chroma-

tography.
D
OH
Cry

247

CeF13

Stuart et al. applied ligand 248 in this transformation
obtaining the respective allylic alcohols with comparable yield
and slight lower enantioselectivity (75% ee). The perfluorinated
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ligand was recovered using fluorous reverse phase silica gel
and reused three times with 10% overall efficiency erosion.**®

O
OH
oy
CsF13

248

Nakada et al. described the application of Cr(II)—ligand 249
in asymmetric Nozaki—Hiyama allylation of benzaldehydes
with allyl bromide. The catalyst was recycled once maintaining
its high efficiency (up to 90% yield, 92—94% ee).**’
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Allyltrichloride silanes are a viable alternative to tin-
allylating agents.*®® Allyltrichloride silanes react with alde-
hydes in the presence of a chiral organocatalyst (phosphora-
mides) to form the desired homoallyl alcohol. It was known
that a reaction that occurs via two phosphoramides coordi-
nated with the organosilane grants higher reactivity and
enantioselectivity than the one-phosphoramide pathway. In
this way, Oyama et al. expected that phosphoramides
immobilization in a polymer would create a high local
concentration and also allow asymmetric catalyst reutiliza-
tion.** So, two styryl-substituted phosphoramides were self-
polymerized and copolymerized with styrene in the presence
of AIBN (80 °C, 24 h) and tested for enantioselective
benzaldehyde allylation (Scheme 76).

As expected both homopolymers derived from monomers
250 and 251 behaved better in terms of activity (62% and
84% yield with homopolymer 250 and 251, respectively) than
the respective unsupported analogues 252 and 253, respec-
tively. In the case of homopolymer 251 higher yield and
comparable ee (63% ee) were observed when compared with
the most effective monodentate phosphoramide catalyst 254
(36% yield and 60% ee). Introduction of styrene monomers
to obtain copolymers did not provide any improvement.

Trindade et al.

These are the first examples of catalyst immobilization
for aldehyde allylation reactions. As can be seen, PyBOX
ligand tends to afford higher levels of enantioselectivities
compared with PheBOX ligands, but both methodologies still
have an important drawback of general use or formation of
toxic organotin compounds. The organosilane allylating
agents constitute a greener alternative to such compounds,
making further development of new highly effective phos-
phoramide organocatalysts imperative.

18. Asymmetric Dialkylzinc Addition to
Aldehydes

The asymmetric dialkylzinc addition to aldehydes (Scheme
77) is an important transformation that creates new
carbon—carbon bonds. The reaction can be conducted by
direct dialkylzinc addition to aldehydes promoted by chiral
amino alcohols. Alternatively, it is possible to conduct
titanium-promoted dialkylzinc addition to aldehydes in the
presence of BINOL-type ligands and chiral amino alcohols.

18.1. Heterogeneous Catalysts

Before 2002, the three main types of chiral ligands for
this transformation (amino alcohols, BINOL, and TADDOL)
were immobilized in both soluble and insoluble polymers
with considerable success. Several polymeric ligands pro-
vided high levels of enantioselectivity (up to 98% ee) and
proved to be recyclable. Ephedrine ligand was anchored to
siliceous supports to achieve its recyclability. The im-
mobilization provided ligands that proved to be as enanti-
oselective as ephedrine itself (up to 64% ee), while anchoring
a diphenylprolinol derivative failed to give competitive
enantioselectivity.’

Martens and his co-workers immobilized a chiral amino
alcohol by two different strategies in polystyrene polymers
by grafting or copolymerization.****’! The grafted ligand
255 was soluble under the reaction conditions and proved
to be as efficient as its unsupported partner in the direct
addition of ethylzinc to benzaldehyde. (R)-1-Phenylpropanol
was isolated in 83% yield with 89% ee (24 h, 25 °C and
10% mol ligand), but when reused, both yield and ee dropped
about 9%.

In the second strategy, the amino alcohol was immobilized
by copolymerization with styrene and divinylbenzene af-
fording the polymeric ligand 256. Due to its high degree of
cross-linking, the ligand acts as a heterogeneous catalyst once

Scheme 76. Asymmetric Organocatalytic Allyation of Aldehydes Catalyzed by Polymeric Phosphoramides
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Scheme 77. Asymmetric Dialkylzinc Addition to Aldehydes
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in the presence of diethylzinc. The appropriate polymeriza-
tion conditions provided a monolith with the desired
morphology and properties, which could be applied as a
stationary monolithic column. This feature allows the design
of a continuous flow system where the reaction mixture is
continuously passed through the monolith for 24 h. This new
protocol provided (R)-1-phenylpropanol in 85% with 99%
ee in the first cycle. Further reutilization up to four cycles
showed no lost of activity and enantioselectivity.

A continuous flow system is a very appealing solution for
industrial applications because the need for catalyst separa-
tion is suppressed and the products can be easily isolated
just by removing the solvent, increasing the overall efficiency.

Hu et al. used (I1R,2S)-ephedrine-bearing dendronized
polymers with poly(phenylene) backbones to be applied for
direct asymmetric addition of diethylzinc to benzaldehyde.**>
With only 5 mol % ligand, both prepared polymers (257 and
258) afforded the (R)-1-phenylpropanol in 73—75% ee. The
recovered catalyst (by filtration) was reused once without
any drop of activity.

257 -n=0
258 ~n=1

Pericas et al. reported in 2003 the synthesis of (R)-2-
piperidino-1,1,2-triphenylethanol covalently bonded to poly-
styrene polymeric support.**®> Despite its enormous effi-
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ciency, the price paid for its efficiency was still high, since
the preparation of the ready-to-anchor ligand involved up to
five steps from commercial precursors. More recently,
Castellnou et al.*** reported a simplified procedure (in two
steps) for such supported-ligand synthesis (Scheme 78).

The supported catalyst 259 was tested in the direct
diethylzinc addition to benzaldehydes where 94—95% ee was
obtained in high yield using only 2 mol % catalytic resin at
0 °C after 4 h. The catalyst could be recovered and was used
to prepare 1-phenylpropanol in five consecutive batches
under standard conditions (resin 4 mol %, toluene, 0 °C)
with the same catalyst sample. The reactions were completed
in all cases in 6 h, with the resulting alcohol having constant
enantiomeric purity (95% ee). Recently such a polymeric
ligand was efficiently applied under a continuous flow
process. The high catalytic activity of this system allowed
complete conversion of substrates with the use of stoichio-
metric reagent ratios and unprecedentedly short residence
times (less than 3 min).**>

Recently, Gros et al. described the application of a
pyridine-based tridentate chiral ligand in enantioselective
direct addition of diethylzinc to benzaldehydes supported on
Merrifield resin. This heterogeneous ligand, 260, provided
the respective phenylpropanols with excellent levels of
enantioselectivities (up to 93% ee) and proved to be fully
recyclable during five cycles.**°

260

Hodge et al. applied a diphenylprolinol grafted in poly-
styrene beads as catalyst for alkylzinc addition to benzal-
dehydes. High levels of catalyst loading were required to
obtain levels of enantioselctivities comparable with the
homogeneous system (78 —94% ee). The polystyrene-based
catalyst 261 was recycled efficiently nine times.**’

HO Ph
261

Seebach et al. synthesized a family of TADDOL-supported
polystyrene ligands for titanium-promoted diethylzinc ad-
dition to aldehydes.**® The polymers were obtained by radical
copolymerization of suitable dendritic cross-linkers (contain-
ing TADDOL ligand in the center) in styrene and divinyl-
benzene mixtures. A detailed study of this family showed

Scheme 78. Preparation of (R)-2-Piperidino-1,1,2-triphenylethanol Anchored in Merrifield Resin
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that the best dendritic cross-linker was ligand 262 when
present in a content of 0.1 mmol/g.

e

These kinds of dendritic cross-linkers have the advantage
of creating a less hindered catalytic center. In fact, the
supported ligand performance was impressive. It was ob-
served that (S)-1-phenylpropanol was formed in a constant
reaction rate through 20 consecutive cycles with consistent
enantioselectivity. In fact, this system proved to be almost
as efficient as the unsupported TADDOL (99% for TADDOL
vs 98:2 er for polymeric ligand 262). The swelling ability
of this catalyst during the 20 recycles remains unchanged,
which can explain the excellent performance. In fact, the
heterogeneous polymeric ligand 262 performed faster than
the homogeneous counterpart, which is quite rare (20 mol
% ligand). Altava et al. prepared several polymeric monoliths
bearing the TADDOL ligand that showed good performance
in titanium-promoted diethylzinc addition to benzaldehyde
working under flow conditions.*°

Gau et al. copolymerized a styrene-substituted N-sulfo-
nylated amino alcohol with styrene and divinylbenzene to
achieve its recycling. The complex formed with this ligand,
263, and titanium was tested in diethylzinc addition to
aldehydes. It was disclosed that when 20% of ligand was in
the heterogeneous polymer, it resulted in excellent levels of
enantioselectivity and activity (up to 95% ee). The ligand,
recovered by filtration, was reused several times with small
erosion of enantioselectivity in each cycle (about 3%).”%
Recently, the authors described ligand 264, which is more
reactive and more reusable than 263 (nine efficient re-
cycles).>!
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Scheme 79. Asymmetric Dialkylzinc Addition to Aldehydes
Promoted by MPC-Based Catalyst

o OH

. 9 -
H+ Et,Zn ligand (10 mol %) ©/\/
Ti(O-i-Pr)4,DCM, - 10 °C
MPC: 98 % conversion, 86 % ee
BINOL: >95 % conversion, 90 % ee

El-Shehawy prepared several norephedrine derivatives
immobilized in polystyrene resins by copolymerization. Such
heterogeneous ligands were tested in enantioselective dieth-
ylzinc addition to the exocyclic C=N bond of some 1,2,4-
N-triazinylarylimines in the presence of TIPSCI as activator.
The enantioselectivities of the addition products obtained
with copolymer chiral ligand (up to 91% ee) were compa-
rable with those obtained in the homogeneous unsupported
protocol (u;) to 92% ee). The polymer 265 was reused once
efficiently.”*?

OH
265

Moreau et al. used a trialkoxylated camphorsulfonamide
for synthesis of functional organosilicas as a highly ordered
material using template-directed hydrolysis—polycondensation
with tetraethylorthosilicate (TEOS). This heterogeneous
ligand was tested in titanium-promoted addition of dieth-
ylzinc to benzaldehyde. The presence of uncapped free
silanol groups made this catalyst less enantioselective than
the unsupported analogues.’®

Ma et al. immobilized the chiral (1R,25)-(—)-2-amino-1,2-
diphenylethanol and (1S,2R)-(+)-2-amino-1,2-diphenyletha-
nol on the layered frame of zirconium phosphate to obtain a
chiral heterogeneous ligands for diethylzinc addition to
aldehydes. Despite the modest levels of enantioselectivity
achieved (<52% ee), the ligand proved to be easily recy-
clable (up to 10 cycles). %433

Sasai and his co-workers immobilized a sulfide derivative
(R)-BINOL ligand by anchoring it to the surface of a gold
cluster forming amonolayer-protected gold cluster (MPC).>*3%7
The distance between the BINOL and the cluster influenced
the enantiomeric route of titanium-mediated addition of
diethylzinc to benzaldehydes. The spacer length should
provide the necessary distance to make the ligand readily
available for titanium coordination (pseudohomogeneous
reaction). The optimum spacer length disclosed five carbon
atoms since it proved to be as efficient as free BINOL
(Scheme 79). Unfortunately in a second cycle, the ee
decreased 18% althought the conversion suffered from a
smaller decrease.

An organosilane-substituted (S)-BINOL was anchored in
the surface of siliceous materials, MCM-41, MCF, and SBA-
15 by Abdi et al.>*®% These heterogeneous catalysts were
applied to Ti(IV)-mediated diethylzinc addition to aldehydes
where MCF readily proved to be the most efficient support.
In the preliminary results, low enantioselectivities were
observed and was caused by free-silanol groups present in
the support, which interact with titanium. When those groups
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were protected with tetramethylsilane, enantioselectivities
increased to 94% ee (comparable with free BINOL). The
ligand 266 was recovered by simple filtration and reused up
to four efficient cycles with some yield (27%) and enanti-
oselectivity (9%) erosion before regeneration.
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Mayoral et al. immobilized a readily available chiral amino
alcohol ligand ((R)-1,1,2-triphenyl-2-(piperazin- 1-yl)ethanol)
on silica by sol—gel synthesis and grafting. Both ligands were
tested in the direct diethylzinc addition to benzaldehyde, but
only 267, prepared by grafting, provided good enantiomeric
excesses (77% ee). The recovered solid was reused, though
with a considerable loss of activity (49% yield erosion) with
nearly unchanged eantioselectivity (6% erosion). The addi-
tion of butyl lithium to the reaction proved to be crucial to
achieve these results.>'”

I/\/\\Phph

Xu et al. immobilized N-sulfonylated amino alcohols
in amorphous silica to be used in titanium-mediated
ethylzinc addition to aldehydes. In the first tests, the
requirement to pretreat the free silanols with titanium
isopropoxide to achieve any reaction (98% yield, 80% ee,
substrate benzaldehyde) was disclosed. The catalyst 268
showed an impressive recycling ability, since was reused
nine times without any significant decrease of reactivity
and enantioselectivity.''
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Soai et al. reported the use of chiral organic—inorganic
hybrid material (silesquioxane), derived from silylated trans-
1,2-diaminocyclohexane, as chiral initiator in asymmetric
autocatalysis (Scheme 80). The heterogeneous initiator 269
could be reused several times without any decrease of
efficiency.”'?

18.2. Homogeneous Catalysts

Before 2002, the three main types of chiral ligands for
this transformation (amino alcohols, BINOL, and TADDOL)
were immobilized in both soluble and insoluble polymers
with considerable success. Several polymeric ligands pro-
vided high levels of enantioselectivities (up to 98% ee) and
proved to be recyclable.’

Venkataraman and Anyanwu covalently anchored salen
ligands at the end of monomethoxy—PEG chain polymers
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Scheme 80. Autocatalytic Asymmetric Dialkylzinc Addition
to Aldehydes Promoted by a Chiral Organic—Inorganic

Hybrid Material
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(MeO—PEG, average MW = 5000 Da) and prepared a
family of three supported ligands.”'®> When salen ligand was
directly coupled to the MeO—PEG (without any spacer) the
catalytic system showed poor selectivity (66:34 er), probably
because the PEG support was affecting the catalyst microen-
vironment. This idea gained special importance when sup-
ported salen ligand 270 showed better selectivity (91:9 er).
The same behavior improvement was observed with the
unsupported analogs of 270 bearing the spacer, indicating
that immobilization on the polymer had no effect on the
selectivity. This parameter, in this case, was mainly con-
trolled by the spacer nature.

ok,

OH HO

Furthermore, ligand 270 proved to be as selective as the
unsupported salen ligand, despite being less reactive. The
supported ligand could be recovered quantitatively by
precipitation from ethyl ether and reused five times without
any significant lost in selectivity or reactivity.

Bolm et al. prepared two new chiral polymer-supported
ferrocenyl oxazolidines for enantioselective alkyl transfer
to aldehydes (PEG and trityl resin). The catalyst im-
mobilized in PEG was the only one to give comparable
values of chiral induction compared with the unsupported
analogue (catalyst 271). It was also shown that it could
be recycled four times without any yield and enantiose-
lectivity erosion.”'*
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Punniyamurthy et al. prepared a polymeric salen ligand
272 and tested it in direct diethylzinc addition to benzalde-
hydes. The respective alcohol was obtained in good yields
(74%) and good enantioselectivities (70% ee). The ligand
was successfully reused once.’!'”

In the case of reactions promoted by titanium, Chan et
al.>'® synthesized two polymer-supported BINOLs, 273 and
274, by coupling an aminomethyl polystyrene resin with (S)-
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272

2,20-dihydroxy-1,10-binaphthyl-3-carboxylic acid and (S)-
2,20-dihydroxy-1,10-binaphthyl-3,30-dicarboxylic acid. Both
273 and 274 provided better performance than their unsup-
ported analogues for titanium-promoted diethylzinc addition
to arylaldehydes (20 mol % ligand). The higher conforma-
tional rigidity of polymer 274 resulted in significant im-
provement of enantioselecitivity (from about 60% to 90%).
The reutilization of these ligands was demonstrated in an
alkene hydrogenation reaction.

0]

o] H/O
Cowo L
Sep o

273 274

Moreau et al.’'” studied a distinct methodology to
immobilize BINOL ligands by copolymerization of vinyl-
substituted BINOL monomers (cross-linkers) with styrene.

275 276 277

Polymers derived from monomer 275 behaved poorly
in terms of enantioselectivity like polymers with a great
degree of cross-linking probably due to difficult access
or steric hindrance to the BINOL moiety (10 mol %
ligand). Low degree of cross-linking in polymers derived
from 276 and 277 monomers showed comparable ef-
ficiency (conversions >99% and 73—78% ee’s) to unsup-
ported BINOL (conversion >99% and 80% ee).

Soai et al. synthesized a hyperbranched dendrimer with
a flexible carbosilane core and chiral ephedrine ligands
in the periphery. These dendrimeric catalysts were suc-
cessfully applied in the direct dialkylzinc addition to
aromatic aldehydes providing the respective products in
moderate to good yields with very good levels of
enantioselectivity (74—93% ee). Catalyst 278 was reused
once efficiently.”'® This dendritic ligand was also studied
in the reaction of diethylzinc with N-(diphenylphosphi-
nyl)imines.>"?
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Recently, El-Shehawy et al. were able to improve the
enantiomeric induction using chiral ephedrine ligands
chemically anchored to soluble or insoluble supports
(88—94% ee). The authors prepared a chiral dendrimer
bearing ephedrine ligands on the periphery and a styrene
moiety in the core that was polymerized to form a linear
and soluble polystyrene chain. This macromolecule, 279,
could be precipitated and reused without considerable
efficiency erosion.’*’
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Sasai et al. prepared micellar nanoparticles via polym-
erization of amphiphilic units containing a styrene moiety
in water. The asymmetric ligand BINOL derivative
prepared could be grafted before or after polymerization.
This nanoligand, 280, was tested in titanium-promoted
diethylzinc addition to aldehydes. The homogeneous
micellar ligand proved to be less efficient than free BINOL
(yield 60% vs > 99%; ee 81% vs 89%) and suffered from
a considerable drop of enantioselectivity upon just one

recycle.’7:52!
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Wang et al. grafted a chiral amino alcohol ligand derived
from proline onto two polymeric supports (PS and PEG).
Only the soluble ligand (in PEG) furnished competitive

280
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results compared with unsupported ligand in diethylzinc
addition to aldehyde reactions, but it failed in the recycling
assays. ?

Ma et al. prepared Frechet-type dendritic BINOL ligands
to be applied in titanium-promoted diethylzinc addition
to benzaldehydes. Excellent yields and enantioselectivities
were achieved with this ligand, sometimes surpassing the
free BINOL based system (up to 89% ee). Ligand 281
could be recovered by precipitation with methanol addition
and reused twice without yield and enantioselectivity
erosion.”*?
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Ramoén and Yus applied the polymer-supported trans-
1-phenylsulfonylamino-2-isoborneolsulfonylaminocyclo-
hexane ligand 282 in titanium-promoted phenyl addition
of acetophenones. The respective tertiary alcohols were
obtained in quantitative yields and very good enantiose-
lectivities (up to 90% ee). However, the system proved
to suffer from considerable loss of efficiency upon
recycling.”**
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18.3. Alternative Reaction Media

Moreau et al. immobilized two types of ligands for
titanium-promoted ethylzinc addition to benzaldehyde in
an ionic liquid: camphorsulfonamides®*® and BINOL
derivates.’?® In the first case, a family of camphorsulfona-
mide-like ligands was prepared. They afforded the respective
alcohol in quantitative conversions (25 °C, 18 h). The ligand
283 showed the highest consistency in terms of enantiose-
lectivity; in addition it could be reused for four consecutive
cycles affording (S)-1-phenylpropanol with a constant 64—65%
ee.

The BINOL-derived ligand was immobilized in a similar
fashion by coupling with an ionic liquid moiety. The
immobilized ligand 284 proved to be as effective as the
BINOL itself, affording (S)-1-phenylpropanol with 82%
ee, and its recovery was achieved by filtration after several
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extraction protocols. It was reused three times with
constant enantioselectivity (81—82% ee).
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The application of fluorinated BINOL-type ligand 285
in this reaction was reported before 2002. It provided
higher enantioselectivity (82% ee) and higher recyclability.
Other perfluorinated amino alcohol ligands were also
tested providing the same levels of efficiency.’>%’

Curran et al. reported, in a previous work, the ligand
285 with a fluorine content of 61.2% that provided results
comparable to the original system (81—89% yield and
80—83% ee vs 97% yield and 85% ee) in titanium-
promoted diethylzinc addition to aldehydes using a
biphasic solvent system of toluene/hexane/FC-72. How-
ever, it was known that ligand 285 had a slight affinity
for the extracting organic solvent probably due to its
fluorine content (61.2%). Later, the same authors designed
and synthetized a new perfluorinated BINOL ligand, 286,
with a higher fluorine content (64.1%).52%-5%°

(CeF 15CH,CHo)sSi (CeF47CHCH,)5SI
A, L,
” C

(CeF15CHCH, XS OO (CoF1rCraCH)S:

285 286

284

The ligand 286 had high affinity toward the perfluorinated
phase in detriment to organic phase (hexane), but the activity
and enantioselectivity were somehow slightly inferior when
compared with ligand 285. Clearly, ligand 285 provided the
best results, and its reutilization problems were solved by using
a solid-phase extraction technique. The reaction mixture was
passed through a fluorous reverse phase silica gel column and
eluted with acetonitrile. The retained ligand 285 was recovered
using FC-72 and was reused up to four cycles without any
efficiency loss.

Kumadaki et a reported the synthesis of new
axially dissymmetric ligand with perfluoroalkyl groups,
(Ra)-2,2'-bis[(R)-1-hydroxy-1H-perfluorooctyl]biphenyl.
The ligand 287 was tested for titanium-promoted dieth-
ylzinc addition to aldehydes and proved to be superior to
shorter length perfluoroalkyl analogues previously reported
and to free BINOL, affording the respective alcohol in
96% yield with 97% ee (5 mol %). Due to its high fluorine
content, the perfluoroligand was extracted to an FC-72
phase and reused seven times without any sign of
efficiency drop. More recently, this ligand was used in
the addition of methyl group to aldehydes.>*?

Ando and co-workers synthesized a perfluorinated TAD-
DOL-like ligand for asymmetric titanium-promoted dimeth-

1 530—532



490 Chemical Reviews, 2009, Vol. 109, No. 2

CrFis : OH
OH CrF1s

287

ylzinc additions to aromatic aldehydes. The ligand 288
proved to be an efficient promoter for this transformation
providing excellent levels of enantioselectivity (up to 98%
ee). Taking advantage of the low solubility of the ligand in
cold toluene made it possible to recover and reuse it. During
the five recycles, the enantioselectivity slightly decreased.
The reason for such behavior remains unclear because no
signs of epimerization were observed for the recovered
ligand.>**
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Kim et al. described a method for the modification of
pyrrolidinylmethanol derivatives in direct asymmetric addi-
tion of diethylzinc to aldehydes.”®> The optimal reaction
conditions were found to be at 40 °C, under biphasic
conditions, affording the desired product in 92% ee. Curi-
ously, the perfluorinated derivative provided an unusual
enantioselectivity behavior upon temperature variation.
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The ligand was recovered by lowering the temperature to
0 °C, where a phase separation occurred and in this way
allowed an effective separation (FC-72/hexane). Interestingly,
the partition coefficient observed for ligand 289 at 0 °C was
only 2.3. So, it was reasoned by the authors that stable
289-Li-Et,Zn forced the ligand to stay in the FC-72 phase.
This protocol allows 289 to have a long lifetime (about 9
runs) affording (S)-1-phenylpropanol with high ee’s (run 1
92% ee vs run 9 82% ee, ee.(9) = 11%).

For this reaction, perfluoro and heterogenized ligands were
the main methodologies explored. Silica and insoluble
polymer-supported catalysts proved to be extremely efficient
and recyclable being used as solid phase in continuous flow
studies. Diphenylprolinol-type ligands have now proven to
be efficient and recoverable catalysts.

19. Asymmetric Cyanosilylation of Carbonyl
Compounds

The cyanosilylation reaction is a straightforward method
to prepare cyanohydrins, which are used as precursors for
the preparation of a wide range of pharmaceuticals, agro-
chemicals, and insecticides (Scheme 81). Two of the most
important methodologies so far developed are those based
on chiral vanadyl salen (VOsalen) complexes and chiral
titanium salen (Ti(IV)salen) complexes. Excellent levels of
enantioselectivities were achieved in cyanosilylations of

Trindade et al.

Scheme 81. Asymmetric Cyanosilylation of Carbonyl
Compounds
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aromatic aldehydes, such as benzaldehyde (94% ee with
VOsalen and 88% ee with Ti(IV)salen catalyst).5 36

There are obvious advantages to developing new methods
that allow efficient catalyst reutilization. Seebach et al.
reported cyano addition to pivaldehyde in the presence of
20 mol % dendritic Ti—BINOL complex with 72% ee. The
catalyst was recycled four times with increasing enantiose-
lectivity (to 83% ee).’

Corma and collaborators were responsible for a very
interesting study comparing different protocols to achieved
VOsalen catalyst reutilization. In 2003, the authors prepared
a disilylated salen precursor 290 to be grafted into the walls
of a structured inorganic mesoporous material by a postsyn-
thesis treatment.”®” These solids are called periodic meso-
porous organosilicas (PMOs). The resultant material (0.25
mmol % to benzaldehyde) shows a high TON (320) for the
room temperature silylcyanation with TMSCN (3 equiv) of
benzaldehyde with an enantiomeric excess of 30%. The result
is still far from the 94% ee achieved with the unsupported
homogeneous catalyst.
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One year later, the same catalyst (VOsalen) was im-
mobilized by five distinct methods: by grafting in single wall
nanotubes (catalyst 293), in activated carbon (catalyst 294),
in silica (catalyst 292), by covalent bonding to an ionic
moiety (catalyst 291), and finally by retention in an ionic
liquid phase ([beim]PFs and [emim]PF).>%®

=N_ N=
V.
CI

_é\oﬁ/\s

catalyst CN

A
N@/N/\/\s}i

MeO‘,Si\
291 o OSiMe;

silica

o}
292

5
o

NH
activated carbon

294

Generally all catalysts exhibit moderate to high reactivities
(67—88% conversions, 0.24—1 mol % catalyst), but catalysts
293, 294, and 291 performed poorly in terms of enantiomeric
excesses (48—66% ee). Catalyst 292 and the VOsalen
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catalyst in the ionic liquid phase ([emim]PFg or [beim]PF)
afforded higher enantioselectivities (85% and 89% ee,
respectively).’* In the case of catalysts 293 and 294, the
low enantioselectivity observed could be due to achiral
interference of the solid support. When VOsalen catalyst was
covalently attached to an ionic moiety, some negative effects
on the reaction enantioselectivity were observed, as previ-
ously reported.”*® The two catalysts with the best performance
were submitted to recycling experiments. Heterogeneous
catalyst 292 was tested in three consecutive cycles providing
the same enantioselectivity (Y(3) = 4%, further reuse up to
five cycles showed great drops on both conversion and ee),**!
while the homogeneous VOsalen catalyst immobilized in IL
presented a higher recyclability (Y.(5) = 2%).>*°

Kim et al. prepared a family of chiral Ti(IV)salen
complexes immobilized on ordered mesoporous silica (MCM-
41). The immobilization was performed according to two
different methods: direct condensation of a Ti(IV)salen
silanol derivative and multigrafting of salicilaldehyde deriva-
tives and diaminocyclohexane on 3-mercaptopropyl-func-
tionalized MCM-41. Both methods provided catalysts that
behaved poorly in terms of conversion (<50%, 10 mol %
catalyst 295), but the latter furnished levels of enantioselec-
tivities comparable with the homogeneous partners (up to
93%).54*
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In 2003, Moberg and co-workers immobilized Ph—PyBox
ligand to TentaGel resin using two different spacers. This
was accomplished by connecting a 4-bromo-substituted Ph-
PyBox ligand to a spacer bearing a terminal alkyne (via
Sonogashira coupling). This spacer contained an alcohol or
a carboxylic acid functionality, which was reacted with the
suitable resin to establish an ester linkage.”*
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Both heterogeneous Ph—PyBox ligands 296 and 297 (20
mol %) were tested in the catalytic asymmetric silylcyanation
of benzaldehyde in the presence of 10 mol % YbCls. The
respective cyanohydrins were prepared within 30 min with
88—89% conversion. The supported catalysts retained the
reactivity level of the homogeneous catalyst, while the
enantiomeric excesses obtained were slightly lower than the
homogeneous analogue (80—81% ee for heterogeneous
catalyst vs 89% ee for homogeneous analogue). The authors
justified this decrease in the enantioselectivity as a result of
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the ligand immobilization. Curiously, both polymeric ligands
showed an outstanding lifetime since they can be used in 30
consecutive cycles without any change in the reaction
outcome (enantioselectivity and conversion). However, the
catalytic system (ytterbium/ligand complex) was only ef-
ficiently reused during four cycles, due to metal leaching
phenomena during the filtration procedures.

More recently, Moberg and Levacher anchored an
alkyne—Ph—PyBox ligand into a polystyrene-supported resin
bearing an azide group via a cycloaddition reaction. Ligand
298 was tested in cyanosilylation of aromatic aldehydes
promoted by lanthanides (ytterbium and lutetium). High
conversions (68—87%) and high enantioselectivities (67—78%
ee) were obtained for this reaction in four consecutive cycles
(10 mol % catalyst, acetonitrile/dichloromethane 3:2).°**

O/\N—N
X UN

|\
O ~
Y
\—N
Ph Ph
298

Zheng et al. prepared a polymeric Ti(IV)salen catalyst for
the synthesis of O-acetylcyanohydrins from KCN, Ac,0, and
aldehydes. The polymeric catalysts were prepared by copo-
lymerization of di- or tribenzaldehydes with a chiral diamine
to obtain supported catalysts with several degrees of cross-

linking.>*®
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301 - Tri/Di = 100/0
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The optimal cross-linking degree was placed between 0.5/
100 and 2/100 (tri/di), where 91% conversion with 89% ece
were obtained (—20 °C and 4 h, highly comparable with the
homogeneous analogue). With increase of the cross-linking
degree, it became more difficult for the catalyst to form oxo
bridges between two near metal centers, which resulted in
lower levels of enantioselectivity. However, the respective
catalysts became more stable and therefore more reusable.
The polymeric ligand with a cross-linking ratio of 25/100
was reused six times with minimal conversion (run 1 99%,
Ce(7) = 4%) and ee erosion (run 1 80% ee, ee.(7) = 7%) if
the reactions were prolonged to 16 h.

The polymeric linear VOsalen catalyst 302 was prepared
and tested in this transformation, proving to be superior to
the linear polymeric Ti(IV)salen catalysts (2 mol %, — 20
°C, 90% yield and ee). Unfortunately, it was not possible to
reuse it.>*
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Khan et al. prepared a new polymeric VOsalen catalyst
identical to Zheng’s catalyst. This new catalyst, 303, proved
to be as reactive as Zheng’s catalyst but provided higher
levels of enantioselectivity (1 mol %, room temperature, 97%
yield and 94% ee). Furthermore, it tends to precipitate in
apolar solvents, allowing its reutilization (up to four efficient
cycles).547’548
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Khan et al. tested two dimeric VOsalen and Ti(IV)salen
catalysts under identical conditions. Both catalysts showed
improved efficiency, where conversions up to 99% with
enantioselectivities up to 96% were obtained for several
benzaldehydes. Furthermore, catalysts 304 and 305 were
recovered by precipitation (with hexane) and reused up to
four cycles with consistent enantioselectivity.>*’
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It is known that strategies based on catalyst immobilization
in soluble macromolecules require precipitation techniques
to achieve catalyst recovery. In some cases, those techniques
do not furnish the immobilized catalyst in quantitative yields.
An example of such complex catalysts are those immobilized
in PEG. Venkataraman and Anyanwu showed that a PEG-
supported titanium—salen complex 306 could be recovered
and reused for silylcyanation of benzaldehyde (0.1 mol %
of catalyst) at least five times without any lost of activity
(conversions always above 95%) and enantioselectivity (run
1 =86%, run 5 = 85%, ee.(5) = 1%).550 These results are
comparable with those obtained with the unsupported catalyst
analogue. The recovery process involved a Soxhlet-dialysis
protocol, where the Soxhlet chamber was refilled with fresh
dichloromethane every 20 min. After 38 h about 98% of
cyanohydrins are separated from the PEG-supported
titanium—salen complex.
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Sad et al. prepared the chloride aluminum-BINOLAM
catalyst 307 for silylcyanation of benzaldehydes. With this
catalyst in the presence of triphosphine oxide and molecular
sieves, it was possible to achieve conversions and enanti-
oselectivites above 99%. Enantiomerically pure (S)-BINO-
LAM was almost quantitatively recovered by acid—base
extraction and purification and was reused without any loss

of efficiency.”!
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The method for heterogenization of Ti(IV)salen catalysts
should allow the formation of Ti oxo bridges between two
near units. This is the reason polymeric supports behaved
better than inorganic supports. On the other hand, VOsalen
catalysts maintained most of their activity when immobilized
in silica and homopolymers. It should be interesting to see
the performance of those catalysts when incorporated or
grafted in polystyrene-type resins. Lanthanide-based catalysts
should also be further studied in order to decrease the degree
of metal leaching.

20. Asymmetric Cycloadditions

Organocatalysts. Before 2002, boranes were coordinated
in polymers containing BINOL, amino acid, or tartaric acid
moieties to be used as catalysts in Diels—Alder reactions
between cyclopentadiene and methacrolein.” The best sup-
ported catalyst provided excellent performance with high
selectivity toward the exo isomer (selectivity >99% with
88% ee). This catalyst was constructed by loading a
polymeric BINOL with B(OMe); in the presence of 4 A MS.

Since its first report, chiral imidazolidinones developed
by MacMillan et al.>>? quickly demonstrated their enormous
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Scheme 82. Iminium Catalysis Promoted by MacMillan-type
Catalysts
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potential to induce formation of new asymmetric centers at
a high level of enantioselectivity on iminium- and enamide-
based catalysis.”>> Among several successful examples of
reactions catalyzed by this organocatalyst family, Diels—Alder
cycloadditions figure among the most important methodolo-
gies scoped (iminium catalysis, Scheme 82).

Despite some of the organocatalysts proving to be easily
prepared from enantiopure amino acids in good yields, others
do not follow that characteristic. So it was not surprising
that some attempts to immobilize and recover such catalysts
started to appear.

Pihko et al. reported the first heterogeneous immobilization
of a MacMillan-type catalyst.>>* The supported catalysts, in
silica and JandaGel resins, were prepared by solid-phase
synthesis (three steps). JandaGel-supported catalyst 308 (20
mol %) was found to be more suitable for reactions with
low polarity transition states (when cyclopentadiene was
applied as diene) affording good yields (60—73%) with high
enantioselectivities (83—99% ee), sometimes even surpassing
the homogeneous catalyst. This system was recovered by
filtration and reused once with slight yield and ee decrease
(5—10%, with 10 mol % catalyst loading). Silica-supported
catalyst 309 (20 mol %) was found to be more apropriate
for Diels—Alder reaction of 1,3-cyclohexadiene/2-methylb-
utadiene with acrolein affording high yields (79—83%) and

90% ee.

Interestingly cycloaddition between cyclopentadiene and
acrolein in the presence of 3.3 mol % silica-supported catalyst
309 was more efficient than the same reaction run in the
presence of 20 mol % JandaGel-supported catalyst 308.
Unfortunately, the same behavior was not observed with the
other aldehydes tested.

Benaglia et al. used tyrosine instead of phenylalanine to
prepare a functionalized version of MacMillan’s catalyst.>>
The hydroxyl group was used to graft that organocatalyst to

(6]
TN

{ . o/\/\NJg

Q©A7LJg D A

308 309
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poly(ethylene glycol) chains (MW > 2000 Da) achieving a
practical method for its immobilization. Acrolein and 1,3-
cyclohexadiene were reacted with 10 mol % supported
catalyst 310/TFA mixture in 40 h to furnish the Diels—Alder
adduct in 67% yield, 94:6 endolexo selectivity, and 92% ee
for the major isomer (Scheme 83). These results were inferior
to those obtained by MacMillan et al. working under similar
conditions with 5 mol % (S)-5-benzyl-2,3,3-trimethylimida-
zolidin-4-one hydrochloride 311 as the catalyst (82% yield,
93:7 endolexo selectivity, and 94% ee of the major isomer).

Catalyst 310 could be recovered by precipitation from
diethyl ether in 70—80% yield. Some degree of degradation
accounts for the considerable decrease in the yield during
five cycles (from 67% to 38%). This PEG—OMe-supported
catalyst was also applied in 1,3-dipolar cycloadditions of
phenylnitrones with acrolein with identical performance. For
this type of cycloaddition, HBF, proved to be best the acidic
additive.”

Ying et al. anchored a MacMillan-type catalyst in novel
siliceous mesocellular foams by two different strategies. In
the first one, allyl silanes bearing the organocatalyst were
reacted with the siliceous material and sequentially capped
with hexamethyldisilazane (catalyst 312). In a second ap-
proach, a mixture of styrene, divinylbenzene, and a styrene
derivative of the organocatalyst were copolymerized inside
the siliceous support. The polymer coated the well ordered
walls of the structure (catalyst 313). When both catalysts
were tested in the Diels—Alder reaction of cinnamaldehyde
with cyclopentadiene, they proved to be as reactive as the
unsupported organocatalyst (5 mol %, quantitative yields).
Unfortunately the process was about 10% less enantioselec-
tive than the original protocol (93% vs 83% ee). The PS-
coated catalyst 313 was the only one that retained the same
outcome in a second cycle.>’

Kim et al. performed the cycloaddition of acrolein with
1,3-cyclohexadiene catalyzed by the MacMillan catalyst
(311) in ionic liquid media. Due to the catalyst ionic
character, (5)-5-benzyl-2,3,3-trimethylimidazolidin-4-one hy-
drochloride (5 mol %) was found to be soluble in a wide
range of ionic liquids. However, the reaction only occurred
in high yield (85%) and enantioselectivity (93% ee, Scheme
84) on a hygroscopic IL (like [bmim]PFs). The authors
rationalized that the residual water in the IL helped the
reaction turn over. The cycloaddition reaction occurred faster
in [bmim]PFs than in acetonitrile and displayed comparable
efficiency, and the catalyst could be recycled three times with
20—25% loss of efficiency (both yield and ee).”®

Zhang et al. prepared a MacMillan-type catalyst bearing
a perfluorinated tail to achieve its recycling using fluorous
solid-phase extractions. The catalyst 314 was tested in
Diels—Alder reaction between cyclohexadiene and acrolein

Scheme 83. Asymmetric Cycloaddition Reactions Promoted by MacMillan-type Catalysts Immobilized in PEG
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Scheme 84. Asymmetric Cycloaddition Reactions Promoted by MacMillan-type Catalyst in Ionic Liquids
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and proven to be superior to the original catalyst (93.4:6.6
endolexo selectivity, 93.4% ee endo). The catalyst was
recovered by retention in a fluorous silica phase, while the
products were eluted with acetonitrile/water (65/35). The
recovered catalyst (84%) was used in a second cycle with
similar efficiency.’>”

O ph
CSFWJ_@jN)S ‘\\l
~NH

314

The Corey group reported several works since 2002 using
a family of chiral oxazaborolidinium salts (catalyst 315 and
316) to catalyze cycloadditions of electron-withdrawing
dienophiles (acrylates). The catalysts were recovered by
silica-gel column chromatography, Wthh is not a practical
method for catalyst recovery.’

Lewis Acid Catalysts. Metal-based asymmetric catalysts
act as Lewis acids activating the dienophile in cycloaddition
reactions. The main strategies earlier developed relied on
direct ligand linkage with the recoverable support, where

[bmim]PFe/H,0 (95/5)

+
%\;Ho &

endo (ee)
17 (93)

CHO
exo (ee)
1(-) 85 % yield

Table 18. Recycling Assays for Asymmetric Cycloaddition
Reactions Promoted by Polymeric Crsalen Catalyst

recycling t (h) yield (%) ee (%)
Ist cycle 23 74 62
2nd cycle 24 77 62
3rd cycle 22 71 64
4th cycle 23 60 66
5th cycle 24 55 63
6th cycle 22 56 63
7th cycle 23 17 63
Ph H
LIPh Ph
N0 N o
H B TN H BT TN
315 316

several Lewis acids could be coordinated. The most consis-
tent catalysts built contained the BINOL moiety (grafted or
copolymerized) and an aluminum or titanium metal center.
These systems furnished the desired products with excellent
enantioselectivities (above 90% ee).’

Hoveyda et al. immobilized a chiral phosphininime ligand
in a Wang resin to achieve its recovery and recycling.’®®
This ligand 318 was applied in a Danishefsky diene and
arylimine cycloaddition reaction catalyzed by Ag(I)/ligand
in air with undistilled THF as the solvent. With 5 mol %
catalyst, 96% yield and 86% ee were obtained, and ligand
reutilization achieved five cycles. Under the same conditions,
the unsupported protocol (ligand 317) furnishes the respective
arylenamine with 98% yield and 95% ee (Scheme 85).

Nakano et al. also grafted this type of ligand to several
polystyrene-based resins and tested them in palladium-
catalyzed Diels—Alder reactions. The authors found that the
support had a significant influence in the reaction efficiency,
where the PS—Et-COOH support provided the best results.
Cyclopentadiene was reacted with acryloil-1,3-oxazolidin-
2-one in the presence of 20 mol % palladium (II)/ligand 319
complex, with 79% yield, 93:7 endolexo selectivity, and 92%

Scheme 85. Asymmetric Cycloaddition Reactions Promoted by Chiral Ag—Phosphininime Complex Immobilized in Wang Resin
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ee. The heterogeneous catalyst was reused twice with 30%
yield and enantioselectivity erosion.”®®

Ph,P
i ~O-CO-Et-PS

319

Schulz and co-workers applied a distinct immobilization
technique to recycle Crsalen catalyst. The authors prepared
a bis-thiophene—Crsalen complex and induced electropoly-
merization of this monomer. The resulting polymer 320 was
then addressed for the same transformation (4 mol %
catalyst). The hetero-Diels—Alder reaction between Dan-
ishefsky’s diene and heptanal in THF during 24 h at room
temperature was conducted to study this heterogeneous
polymeric catalyst recyclability (Table 18). The catalyst
immobilization proved to be a bit detrimental for the reaction
enantioselectivity since it decreased 10%.%®” The authors
showed that despite some yield fluctuation this system was
very robust, achieving a recyclability of 20 cycles.®®

H
—N
5
B o' clo
S
320

Ding and Meng synthesized a new type of dendritic
2-amino-2'-hydroxy-1,1'-binaphthyl (NOBIN)-derived Schiff-
base ligand and applied it to titanium-catalyzed hetero-
Diels—Alder reaction of Danishefsky’s diene with aldehydes.
The first generation dendrimeric ligand 321 was found to
give higher enantioselectivity than the homogeneous unsup-
ported ligand. A large number of aldehydes were reacted
with this catalyst (10 mol %, Scheme 86), affording the
respective adduct in quantitative yields and with high ee
(>90%). The catalyst was quantitatively recovered by
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precipitation/filtration and reused without further titanium
and additive ((S)-naproxen) recharge up to four cycles with
minimal yield (10%) and ee (2%) erosion.”®”

Heckel and Seebach immobilized Crsalen complex in a
pore-controlled glass silica gel support, and its efficiency (2
mol %) was tested in hetero-Diels—Alder reaction of
Danishefsky’s diene with caproaldehyde (HOCCsHy,) in fert-
butylmethylether over 24 h at room temperature.”*> The
supported catalyst 322 proved to be almost as efficient as
Jacobsen’s catalyst, yielding the respective cycloadduct in
91% conversion and 80% ee (vs 97% conversion with 83%
ee). The catalyst could be recovered by filtration and reused
up to 10 cycles, whereas the conversion showed some
fluctuations (91—55%), the enantioselectivity increased with
the number of runs up to a certain level (~84%).

o/l\o

Lemaire et al. heterogenized an IndaBox ligand by grafting
it onto a silica surface and by copolymerization with
methylene diphenyl isocyanate (MDI). Both catalysts were
tested in Cu(Il)-promoted cycloaddition of 3-acryloyl-2-
oxazolidinone with cyclopentadiene (Cu(OTf), 8 mol %, dry
dichloromethane, —78 to 0 °C). The polymer 323 gave 100%
conversion with 89% endo selectivity in 51% ee and was
successfully recycled twice. On the other hand, silica-
supported catalyst 324 gave higher ee (79%) even at higher
temperature but failed to provide consistent results upon
recycling.””®

Capping off the free silanol groups on the support proved
to be highly desirable since it was shown to have a linear
impact on increasing the enantioselectivity.’’! The same
methodology for immobilization on silica was extended to
Cu-Box ligands by the Iwasawa group.’?

Lancaster et al. immobilized Box ligands onto mesocellular
foam (MCF).>”® This silica support has high surface area
(814 m? gfl) containing ultralarge pores of 25 nm, which

Scheme 86. Asymmetric Cycloaddition Reactions Promoted by Dendritic Ti—NOBIN Catalyst

OTMS ligand/Ti : 2/1 /=0
:% * 0 (10 mol % catalyst), rt “1ph
OMe (S)-naproxen, toluene 0

48 h, 99 % yield, 97.2 % ee

,—Ph
O

S

321



496 Chemical Reviews, 2009, Vol. 109, No. 2

T

324

were interconnected by windows of 11 nm. The IndaBox
ligand was grafted to the surface of this siliceous material
followed by free silanol capping with organosilanes. The
existence of free silanols proved to have detrimental effects
on the enantioselectivity of Cu(Il)-catalyzed cycloaddition
of 3-cryloyl-2-oxazolidinone with cyclopentadiene (70% ee
vs 47% ee). Upon immobilization, a slight decrease of
enantioselectivity was observed (about 10%), but the reaction
with immobilized catalyst was always faster. At —78 °C,
the immobilized catalyst 325 gave quantitative conversion
in 8 h with 96% endo selectivity in 88% ee. This feature
could be explained by the pore structure, which would
prevent any steric issues associated with the immobilization
of bulky ligands and minimize any diffusion limitation of
large substrates. The catalyst was reused at least four times
without any observable efficiency loss.

%
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O’Leary et al. immobilized Cu((S,S)-phenyl-Box)(OTf),
catalyst to amorphous silica via hydrogen bonds. The catalyst
was tested in a Diels—Alder reaction between N-acryloy-
loxazolidinone and cyclopentadiene and proved to be more
enantioselective than the nonimmobilized counterpart (33%
vs 20% ee). Its reusability was tested, and the authors verified
that the catalyst complex could be reused at least once
without any activity loss.>”*

Curiously the supported catalyst 326 provided the opposite
optical isomer compared with the traditional homogeneous

Trindade et al.
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catalyst. The immobilization greatly alters the catalyst active
site conformation in this case.

Wang et al. extended the same strategy to several others
catalytic systems (phenyl- and fert-butyl- substituted Box
ligands combined with three different metal centers, Mg, Zn,
and Cu) and found out that the best system requires Cu-z-
BuBox as catalyst and toluene as the solvent.’’> High
enantioselectivity (>90% ee) and moderate reusability (up
to three recycles) were observed under such conditions in
the same transformation. Experimental and theoretical studies
showed that the inversion of the absolute configuration upon
immobilization of the Cu(II)-PhBox catalyst was triggered
by the anion dissociation (triflate anion) from the Cu(Il) onto
the surface of the support.

Doherty and co-workers observed an accelerating effect
in the Diels—Alder reaction between N-acryloyloxazolidi-
none and cyclopentadiene in the presence of Cu--BuBox
when conducted in [emim]NTf, compared with organic
solvents. This enhancement of reactivity was also useful to
achieve good results in more challenging substrates. The
authors attached an imidazolium ring in one of the bridge
carbon substituents to achieve catalyst recycle (ligand 327).
This slight modification was not detrimental for the reaction
efficiency and allowed the catalytic system to be reused nine
times without yield or enantioselectivity erosion (leaching
degree below 0.03%).%7°

NTF,O o/,le
/N/é\

N
N —N

O

Kim et al. observed that the same transformation catalyzed
by Cu-IndaBox ligand can have its enantioselectivity en-
hanced to 94% ece if [bmim]SbFs is used instead of
dichloromethane (8 mol % catalyst, 3 °C, 10 min). Further-
more, the authors showed that the catalytic system and ionic
liquid could be recycle 16 times with residual enantioselec-
tivity erosion (88—92% yields, 10 min).>”’

Doherty et al. found that when platinum complexes with
BINAP ligands catalyze the cycloaddition reaction between
cyclopentadiene and acrylalyl-N-oxazolidinone in an IL phase
([emim]NTf,), the enantioselectivity and reactivity of the
catalytic system was increased (100% conversion, 92% ee)
compared with reactions run in dichloromethane.’’® It was
reasoned that the ionic liquid exerted some kind of stabiliza-
tion of a reaction intermediary that was responsible for such

327
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improvement. Furthermore, product extraction with diethyl
ether allowed the catalyst to be recycled up to three cycles
with minimal yield and ee erosion.

Loh et al. performed the cycloaddition of acroleins with
butadienes and cyclopentadiene in [hmim]PF in the presence
of (S)-BINOL—In(III) and allyltributyl stannane. This system
performed better in terms of yields (78—92%) in the ionic
liquid media than in dichloromethane and furnished excellent
enantioselectivities (up to 98% ee). Furthermore, the catalytic
system remained in the ionic liquid while the products were
extracted allowing its recycle. In the seventh cycle, the yield
eroded 5% while the enantioselectivity fell 12%.%"°

Nakano et al. tested the cycloaddition of cyclopentadiene
and acryloyl-1,3-oxazolidin-2-one in several ionic liquids in
the presence of a cationic Pd-phosphinooxazolidine catalyst
328. The [bmim]BF, proved to be an excellent media for
this transformation, furnishing at room temperature the same
levels of conversion and chiral induction obtained in dichlo-
romethane at —50 °C (89% yield, 96:4 endol/exo, and 96%
ee). In the first recycle experiment (at room temperature),
an enantioselectivity decrease of 11% was observed in the
third cycle. The authors optimized these experiments,
performing the reaction at — 40 °C in a mixture of
IL/dichloromethane (1:2, due to ionic liquid viscosity). At
the end of the reaction, the dichloromethane was removed
under pressure, and the products were extracted with diethyl
ether. With these optimizations, eight efficient recycles were

achieved.’®°
2+
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N Ph
0
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Chollet et al. reported the application of a charge transfer
complex in Cu(Il)-promoted cycloaddition of 3-acryloyl-2-
oxazolidinone with cyclopentadiene.”®' The charge transfer
complex forms when an electron-poor molecule gets in
contact with an electron-rich molecule. The attachment of
an electron-rich moiety to IndaBox ligand allowed catalyst
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immobilization. The charge transfer complex 329 was
successfully employed affording quantitative conversion,
93% de, and 84% ee, values which are comparable to those
obtained with the unsupported catalysts (Scheme 87). The
catalytic system was recovered by precipitation with pentane
and filtration. The system was reused with an extraordinary
longevity (11 recycles). Surprisingly, the catalyst became
more efficient as it was being reused since the reaction time
dropped from 44 h (run 1) to 0.5 h (run 11).

Furuno et al. reported the use of new rare earth catalysts
with chiral BINAP-type phosphorates.”®* The new catalysts
showed enhanced solubility in dichloromethane (without aid
of any additive) and were tested in hetero-Diels—Alder
reaction of Danishefsky’s diene with aromatic aldehydes.
Heavy lanthanides such as Yb and Er tended to afford higher
ee’s (up to 98%) than lighter ones (up to 91%). The catalyst
330 proved to be the most robust combination showing
excellent performance (99% yield and 93% ee). It was also
recovered by precipitation with diethyl ether and was reused
up to three cycles with low yield (4%) and ee (6%) erosion.

| I 0...0
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Carmona et al. reported the use of rhodium aquo com-
pounds in asymmetric 1,3-dipolar cycloaddition between
methacrolein and aryl nitrones ([’-CsMes)Rh((R)-
Prophos)(H,0)](SbFs),) affording the respective adducts in
quantitative yield (5 mol %), 63:37 endo/exo selectivity in
90%/75% ee (endolexo).”®® Due to the catalyst’s inherent
solubility in water, it could be recovered and reused up to
five cycles with constant enantioselectivity and dropping
yield (Ye(5) = 25%).

Valerga et al. demonstrated that a TpRu complex with a
chiral phosphinoamine ligand can be efficiently used as a
Lewis acid catalyst for enantioselective solvent-free Diels—Alder
reactions and 1,3-dipolar cycloadditions. With this catalyst,
methacrolein was reacted with cyclopentadiene, and the

Scheme 87. Asymmetric Cycloaddition Reactions Promoted by Cu-Box Complex Immobilized in a Charge Transfer Complex
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Table 19. Asymmetric Cycloaddition Reactions Promoted by
Heterogeneous Ag—BINAP Catalyst

e N |
Ph™ "N° COMe (S)-BINAP-AGCIO, o0 N__0
| (5 mol %)
O N0 NEt; (5 mol %)
U toluene, rt, 16h Ph™ " ~COMe
H
cycle catalyst (mmol) % recovered yield (%)  eeendo (%)
1 0.060 95 91 >99
2 0.057 93 89 >99
3 0.053 92 91 >99
4 0.047 90 90 99
5 0.042 90 88 98

product was obtainded in moderate enantiomeric excess
(36—70%). The catalyst was recovered at the end of the
reaction by filtration.>®*

Néjera and Sansano discovered that (S)-BINAP—AgClO4
complex was insoluble in toluene, and it promotes the 1,3-
dipolar cycloaddition reaction between azomethine ylides and
maleimides (Table 19). The respective products were ob-
tained in good to excellent yields (82—90%), excellent endo
selectivity (98/2), and excellent ee’s (up to >99%). Due to
its insolubility, it was almost quantitatively recovered and
could be reused efficiently up to five cycles.’®

From the literature reviewed in this section, it can be said
that in general recyclable metal-based Lewis acid catalysts
were more efficiently reused than immobilized organocata-
lysts, perhaps due to higher chemical stability. Furthermore,
it was shown that a large scope of Lewis acids could be
recycled in this reaction. There are some contributions where
high levels of recyclability were obtained (more than five
cycles); however there are still a large number of examples
where loss of efficiency becomes a limitation. Since only a
few protocols discuss the degree of metal leaching present
in their studies, it is difficult at this stage to understand
whether that low recyclability is due to metal leaching or
catalyst degradation.

21. Asymmetric Iminic Glycine Ester Alkylation

Cinchona derivative alkaloid salts have been elegantly
applied as phase transfer catalysts. Due to their economic
value, it is highly desirable to combine two phase catalysis
with catalyst reutilization. In the past, the application of

Trindade et al.

O-supported polymeric cinchonidinium 331 was reported
achieving ee’s up to 94% in enantioselective alkylation
reaction of N-protected glycine esters.”®

Néjera et al. prepared several insoluble chiral polymeric
ammonium salts by N-quaternization of a family of cinchona-
related alkaloids with different types of commercially avail-
able polystyrene resins (Merrifield resin and polystyrene
grafted to polypropylene resin).”®” All these polymers were
tested as insoluble phase transfer catalysts (PTC) in the
triphase enantioselective alkylation reaction of N-protected
glycine esters with benzyl bromide using an aqueous base
(Scheme 88).

Generally, all catalysts were found to be effective, but the
chiral induction was disappointingly low (<40% ee). Mer-
rifield-supported cinchonidinium salt 332 was the exception,
affording the desired product in high yields and enantiose-
lectivities up to 90% ee. When this catalyst was tested with
other alkylating agents, generally inferior enantioselectivities
were observed, except when benzylbromide was used.>®® All
polymers were recovered by filtration after the alkylation
reaction and reused up to three cycles without any loss of
activity.

Park and Jew prepared a family of hydrocinchonidine-
derived ammonium salts supported on Merrifield resin. The
authors found that the presence of functionality with the
ability to form hydrogen bonds in the quaternization group
can enhance the enantioselectivity of the alkylation of glycine
enamines. This was proposed to be due to the formation of
a more rigid transition state. Several electrophiles were tested
providing generally amino acids with excellent enantiose-
lectivities (76—96% ee) in good yields. The polymeric phase-
tranfer catalyst 333 could be recycled four times without
efficiency erosion.’®

333

Cahard et al. quaternized four diasteriomeric alkaloids with
soluble PEG chain polymers to obtain immobilized phase-
transfer catalyst 334.°°° Among quinine (33% ee (S)-
enantiomer), quinidine (13% ee (R)-enantiomer), cinchonine
(53% ee (R)-enantiomer), and cinchonidine (81% ee (9)-
enantiomer), only the latter performed well in terms of
enantioselectivity (Scheme 89). It is interesting to see that
these four quasi-enantiomeric PTC catalysts sometimes offer
rather different results. Merrifield-supported catalysts de-
scribed previously afforded higher yields and enantioselec-

Scheme 88. Asymmetric Iminic Glycine Ester Alkylation Promoted by Polymer-Supported Alkaloids
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Scheme 89. Asymmetric Iminic Glycine Ester Alkylation Promoted by Polymer-Supported Alkaloids

) Ph
84 % yield
81 % ee

PhCH,Br /23
PTC catalyst (10 mol %)  Ph N _-COsPr-i
Ph._N._-COPr-i : N cr
50 % ag. KOH, Pho N &
Ph PhMe, 0°C, 15 h O
O'H\‘WO—PEGWOOOMe
o]

tivities than PEG-supported catalysts. The recovered catalyst
was reused once, but the enantioselectivity decreased,
probably due to some catalyst degradation.

When the benzyl bromide was replaced by other alkylating
agents, the observed ee did not surpassed 34%, which
constitutes a drawback since those agents usually afforded
higher ee than benzyl bromide. Kim and Huh immobilized
the same cinchonidine catalyst to PEGsggo by quaternization
substituting the ester functionality by ether and protecting
the free alcohol. This phase transfer catalyst showed similar
efficiency compared with Cahard’s polymeric alkaloids but
showed higher efficiency in a second cycle (1st cycle 83%
yield and 73% ee; second cycle 69% yield and 70% ee).””’

In an attempt to improve the asymmetric induction, Cahard
et al. attached the PEG chain to the alcohol via an ether or
ester linkage, leaving the quinuclidine moiety free to be
quaternized with bulky 9-(chloromethyl)-anthracene, 335. Sadly
the chiral induction was lower than the selectivity described
when N-linked-PEG catalyst was used (<62% ee, rather low

compared with 94% ee obtained by Corey et al.>*?).

O\PEGE,OO()OMG

335

Benaglia et al. showed that substitution of PEG polymers
of MW = 5000 Da by ligther polymers (PEGag) in catalyst
335 allowed some improvement in the enantioselectivity to
64%. The authors justify that PEG exerted some influence
in the steric course of the reaction. PEG increased the polarity
of the organic phase enhancing the solubility of the inorganic
cation leading to competing nonstereoselective alkylation.>*?

Wang et al. prepared a dimeric chiral PTC with two
cinchona salts linked by a long PEGago chain. Catalyst 336
was stable under basic aqueous media and promoted the
alkylation of glycine Schiff bases in high enantioselectivity
(up to 97%) and high yields (up to 98%).>** The PTC was
recovered by precipitation with diethyl ether after extraction
from the aqueous phase with dichloromethane. The catalyst
was reused twice with low yield erosion (5%) and consistent
enantioselectivity.

Nijera et al. anchored a family of PTCs derived from
cinchonidine at the core of soluble dendritic structures.””
The dentritic catalysts were tested for protected glycine
alkylation and generally undergo the reaction with high yields
(76—94%), but only the second generation catalyst 337

OMe

MeO =N

afforded high enantioselectivity (76% ee). Due to their high
molecular weight, the dentritic structures could be recovered
by dialysis membrane processes and reused. An increase of
the reaction time was related to the drop of activity in the
subsequent cycles, while the ee fell 25% after three cycles.
Higher generation catalysts proved to be more stable under
recovery conditions, giving more consistent results despite
low performance.

337

Maruoka et al. developed for the first time a perfluorous
phase transfer catalyst derived from binaphthyl-modified
N-spiro-type catalysts.’*® The new catalyst 338 (3 mol %)
was tested in the alkylation of protected glycine esters in a
biphasic system (50% aq KOH/toluene 1:3). The respective
products were obtained in 82% yield and 90% ee after 96 h
at 0 °C for a range of alkylating agents (comparable to
traditional nonfluorinated catalysts®®’). The catalyst was
extracted to the FC-72 phase and reused twice with negligible
yield and ee erosion (1—2%).

SiMe,(CH,),CgF 17 SiMey(CH,),CsF 47

CgF17(H2C)oMe,Siy, ! ! OO StMez CH,),CqF 4
OO o L,
‘SiMe,(CH;),CgF 4

SiMe,(CH, )2(:8F17 SiMe,(CHooCsF 17
338

CgF17(H;C)oMe,Si
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Scheme 90. Asymmetric Addition of Alkynes to Imines Promoted by Cu—PyBox Complex in Ionic Liquids

@ 5 mol%)
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Scheme 91. Asymmetric Addition of Alkynes to Imines Promoted by Cu—PyBox Complex in Water/Stearic Acid Medium

L,

CuOT{/Ph-PyBox
(10 mol°/)

H,O / stearic acid

o =

Ditetraalkyl ammonium salts derived from tartaric acid
were applied by Shibasaki et al. in asymmetric phase transfer
alkylation of N-protected glycine esters with benzyl bro-
mide.>”® Catalyst 339 (10 mol %) was the homogeneous
promoter that can achieve higher yields and ee (90% yield
and 70% ee) and can be recovered by precipitation and
decantation upon diethyl ether and water addition to the
reaction mixture. These catalysts were very useful and their
recycling ability has been recently applied in the total
synthesis of aeruginosin 298-A.>%°

I/ '\ :
OMe

339

In this section, the inherent difficulty to prepare supported
chiral PTC alkaloid-based catalysts without compromising the
reaction enantioselectivity was elucidated. One of the main
limitations was related to altering the inorganic base solubility
on the organic phase that will promote some achiral alkylations.
It could be interesting to study whether such modifications
applied to Maruoka’s catalysts produce better results.

22. Asymmetric Addition of Alkynes to Imines

Alkyne addition to imines catalyzed by Cu(I)—PyBox
complexes provided an important class of enantioenriched
propargyl amines that have been used for the synthesis of
various amino derivatives, including biologically active
compounds. The development of methodologies to achieve
product separation from the expensive catalyst was therefore
important. In this reaction, sources of Cu(I) that are air-
unstable were applied, constituting a clear limitation for
traditional recovery protocols. The utilization of solvents in
which dioxygen has low solubility combined with a recycling
ability could be the solution for this problem. This reaction
was not reviewed in the previous work.’

Afonso et al. studied the possibility of using room
temperature ionic liquids (RTILs) as the solvent media for
Cu(I)-promoted phenylacetylene addition to N-benzylidene-
aniline. They observed that the substitution of toluene by

N

ey
0 “ o]
N -
Ph

hY

h
Ph-PyBox
86 % vyield, 85 % ee

[bmim]NTf, as solvent (in the presence of CuOTf and Ph-
PyBox) had no effect on the isolated yield and enantiomeric
excess of the amine product (Scheme 90).%% 1t should be
noted that using only 5 mol % catalyst/ligand afforded similar
results to a reaction run in toluene using 10 mol %.

Since the catalytic system was not soluble in hexane, this
solvent was used to extract the nonorganometallic products from
the ionic liquid phase, achieving the desired recycle protocol
(six cycles). However, hexane was not polar enough to fully
extract the reaction product from the ionic liquid, while diethyl
ether was able to accomplish such task. Unfortunately, 25% of
catalyst was also extracted to the ether phase.

Weissberg et al. developed a new methodology for
preparing heterogeneous bis(oxazolines) ligands based on
solid-phase synthesis.*’® Recently, this methodology was
extended for the synthesis of PyBox-supported ligands
supported on Wang resin.®”!

340

After incubation of ligand 340 with a solution of CuOTf
in dichloromethane, a light brown polymer was obtained.
The heterogeneous catalyst was used for the first time to
catalyze phenylacetylene addition to N-benzylidene-aniline
(10 mol % catalyst, 40 °C, 24 h), where a 63% yield with
83% ee was achieved. In a second cycle, the recovered
catalyst showed signs of metal oxidation, which resulted in
a decreased yield (20%, with constant enantioselectivity).
When the solvent was switched to THF, higher yield was
obtained (80%) but the enantioselectivity of the product fell
to 54% ee in the first cycle. Addition of ascorbic acid to
reduce Cu(II) to active Cu(I) enhanced the reutilization (run
1 80% yield; runs 2 and 3 78% yield), but the products are
isolated in near racemic form (<5% ee).

Li et al. developed a protocol to execute Cu(I)-catalyzed
addition of alkynes to aromatic imines in water with reduced
reaction time (24 h) in the presence of a surfactant (stearic
acid) and chiral Ph—PyBox ligand (Scheme 91). The
respective amines were obtained in good yields (up to 89%)
and enantioselectivities rounding 35—97% ee. Furthermore,
the products were extracted with hexane at the end of the
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Scheme 92. Asymmetric Allylic Substitution

R}\/\R' + NuH

palladium M
molybdenum R)\/\R'
reaction leaving the catalytic system behind in the aqueous
phase. This protocol was efficiently applied during five
cycles.®? Under certain conditions, the hydrolysis of PyBox
ligands in the presence of Lewis acids (Ce(OTf),) or in acidic
conditions has been observed.®” No signs of decomposition
were reported on this example.

Alternatively, O’Leary and co-workers immobilized a
Cu(I)— and Cu(Il)-Ph—PyBox triflate complex on silica due
to electrostatic interactions. Both heterogeneous complexes
were tested in asymmetric addition of phenylacetylene
addition to N-benzylidene-aniline (2.8 mol % copper),
proving to behave similarly compared with the homogeneous
catalyst (quantitative yield, up to 80% ee). The catalyst
reusability was studied during three cycles.®®*

In these first results, comparable values of reactivity and
enantioselectivity were obtained with the respective to unsup-
ported and homogeneous protocols, but still there are some flaws
in the reutilization process that need to be improved. The ionic
liquid based protocol provided similar enantioselectivity to that
observed in original homogeneous protocol, but the recycling
processes were limited due to leaching problems.

23. Asymmetric Allylic Substitution

The asymmetric allylic substitution reaction (Scheme 92)
constitutes an important tool to build chiral building blocks
for several compounds with economical interest. This reac-
tion is traditionally performed using palladium and molyb-
denum catalysts in the presence of expensive chiral mono-
and bidentate phosphines.

23.1. Heterogeneous Catalysts

In 2002, two approaches were disclosed that demonstrate
well the state-of-art of this reaction. In the first one, Hallman
et al. used a phenyl-substituted Box linked at the bridge
carbon atom to an ArgoGel resin. Despite this catalyst (ligand
+ palladium) being found troublesome in the recycling
assays, it afforded constant high enantioselectivities (94—95%
ee). In the second approach, Uozumi et al. reported the
application of TentaGel-supported aminophosphine ligands
in as;;mmetric allyl alkylation with enantioselectivity up to
98%.

Song et al. reported the immobilization of Trost-type
bisphosphane ligands in two polymeric resins, Merrifield and
JandaJel, and its application on desymmetrization reaction
of cis-1,4-bis-(benzoyloxy)cyclopent-2-ene with dimethyl
malonate in the presence of elemental palladium (Scheme
93).9% The ligand immobilized in JandaJel resin (ligand 341)
proved to be much more reactive (quantitative yields in
shorter times) than its homogeneous analogue furnishing the
same levels of enantioselectivity (96% ee). The same was
not observed with the catalyst supported in the Merrifield
resin due to its inferior swelling ability. The Pd/ligand 341
was reused four times with some efficiency erosion.

Almost simultaneously, Trost et al. reported the immobiliza-
tion of their ligand (bisphosphane 342) to an ArgoGel resin.®*
In this case, the reaction chosen to test the supported catalyst
efficiency was the intramolecular desymmetrization of cis-
1,4-bis(urethane)cyclopent-2-ene (2.5 mol % Pd, Scheme 94).
The supported system was less efficient than its unsupported
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Scheme 93. Asymmetric Allylic Substitution Promoted by
Palladium and Trost-type Bisphosphane Ligands
Immobilized in Polymeric Resins

PhOCO@/OCOPh Pd(0)/ligand (MeOQC)zHchCOPh
e

N

0 0

NH HN
PPhy PhoP
341

analogue (78% yield with 90% ee vs 97% yield with 99%
ee, n = 2). A consistent behavior was observed when the
catalyst was recycled during four cycles, with minimal yield
erosion (about 5%).

The more rigid ligand 343 was also prepared but proved to
be less efficient than bisphosphane 342 (81% yield with 73%
ee, n = 1). The reutilization of the supported catalyst 343 was
possible up to seven cycles with almost unchanged enantiose-
lectivity, however with decreased activity (Ye(7) = 18%).

Moberg et al. reported the immobilization of a bis-
pyridylamide ligand to TentaGel resin via grafting.®®” This
new supported ligand 344 was tested in molybdenum-based
asymmetric allyl alkylations with enhanced efficiency when
compared with the best homogeneous analogue. Despite the
reaction being somewhat slower due to the heterogeneous
character of the catalyst, the same level of conversion and
enantioselectivity were found (90% yield with 97% ee) with
greater branched-to-linear product selectivity (35:1 vs 19:1,
Scheme 95). Curiously the attachment of a -OMe group in
the para position of one of the pyridine rings enhanced that
selectivity up to 98:1. The ligand could be reused seven times
without changes in the reaction outcome.

Uozumi and co-workers covalently attached a phosphi-
namine ligand to an amphiphilic resin (PS—PEG).®*® The
supported ligand 345 was tested in the asymmetric allylic
amination of cycloalkenyl carboxylates under heterogeneous
conditions in water. Good to excellent yields and excellent
enantioselectivities (up to 98% ee) were obtained for a wide
range of substrates (10 mol %, Scheme 96). The easily
recoverable catalyst was reused twice with the same ef-
ficiency. More recently, this methodology was applied
equally to asymmetric allyl etherification.®®

This supported ligand was also tested in palladium
catalyzed asymmetric allylic alkylation during a three step
protocol to prepare cyclopentanes via enantioselective alky-
lation, propargylation, and cycloisomerization of 1,6-enynes
in water (Scheme 97).6'°

Nakano et al. grafted a chiral phosphinooxathiane ligand
to several polystyrene-based resins and tested them in
palladium-catalyzed allylic alkylation and amination of allyl
acetates. The authors found that the support had a significant
influence on the reaction efficiency, where the diethylsilyl-
chloride polystyrene support provided the best results. As
an example, ligand 346 promoted quantitative benzylamine
condensation with allylic acetate in 99% ee. The heteroge-
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Scheme 94. Intramolecular Desymmetrization of cis-1,4-Bis(urethane)cyclopent-2-ene Catalyzed by Palladium/Bisphosphane

Complex Anchored in ArgoGel Resin
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Scheme 95. Asymmetric Allylic Substitution Catalyzed by
Molybdenum/Bis-pyridylamide Complex Anchored in
TentaGel Resin
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neous Pd—ligand complex was reused twice with 30%
and 20% yield and enantioselectivity erosion, respect-
ively.®!!

Better results for alkylation of allylic acetate were obtained
when a chiral phosphonioxazolidine ligand 347 was hetero-
genized using the same strategy. In this case, the best support
was PS—Et-COOH, with which the respective product was
obtained in 99% yield and 99% ee. Unfortunately, if no
palladium was added for the subsequent run, 57% yield and
33% enantioselectivity erosion were detected.”®®

Hayashi and co-workers chose to graft several chiral
phosphine ligands to the surface of silica gel using the
allylsilane method. Ligand 348 was tested in palladium-
promoted allyl acetate substitution with NaCH(COOMe),,
proving to be slightly less enantioselective than the homo-
geneous ligand (98% vs 81% ee). Interestingly, when the
catalytic system was reused for the third run, an enantiose-
lectivity of 90% was observed.®>

{3-C3HsPdClIl,
—_—

THF, RT N
Ligand Ts
e
N PPhy
O,
@(/ \/};O
o “NH
OMe O

Ph,P. :5
0-CO-Et-PS
347
O/\/\Q\(O
\

PPh, N

/\
348
Uozumi et al. reported the application of MOP ligand
anchored to PS—PEG resin (ligand 349) in palladium-
catalyzed allylic reduction of allylic acetates. The respective
products were obtained in very good yields (up to 82%) and
ee’s up to 80% during seven cycles.®'?

23.2. Homogeneous Catalysts

Ding et al. prepared a new type of C,-symmetric bispho-
sphine ligand bearing a cyclobutane backbone and tested it
in the palladium-promoted allylic alkylation and amination
reaction.®'® Due to the excellent results obtained with those

Scheme 96. Desymmetrization of Cycloalkenyl Carboxylates with Palladium/Phosphinamine Anchored in PS—PEG Resin

MeOOCO\(ﬁ '
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Scheme 97. Palladium-Catalyzed Asymmetric Allylic
Alkylation during a Three Step Protocol To Prepare
Cyclopentanes

MeO,CO H
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racemic BO:C

MeO I l
PPh,
H
ot L

349

new ligands, considerable efforts were made to link them to
soluble poly(ethylene glycol) polymers to accomplish their
recovery at the end of each reaction. In fact, one of those
polymer-supported ligands (ligand 351) was found to be more
enantioselective than its unsupported partner (ligand 350)
(Scheme 98).

The supported catalyst was quantitatively recovered by
filtration and reused three times in allylic alkylation and eight
times in allylic amination reaction, though with some yield
(11—18%) and ee (6—8%) erosion.

Caminade et al. reported the application of a dendritic
ligand bearing iminophosphine ligands in the periphery in
the benchmark asymmetric allyl alkylation reaction ((rac)-
(E)-1,3-diphenyl-3-acetoxyprop-1-ene with malonates, 2.5
mol % Pd).°"* The third generation dendrimer ligand 352
provided quantitative yields with high enantioselectivity
(90%) and could be reused twice with some efficiency loss
(8% erosion on both yield and ee).

Bandini and Benaglia grafted a chiral C;-symmetric
diamino-oligothiophene ligand in a soluble polymeric sup-
port. This ligand, 353, was coordinated in sifu with palla-
dium(II) species and tested in asymmetric allyl alkylation
reactions of malonates and allyl carbonates in the presence
of Cs,CO3. When the reaction was conducted in THF, the
catalyst was insoluble and proved to be as efficient as the
homogeneous unsupported catalyst (up to 98% yield, 99%
ee). When the reaction was run in dichloromethane, the yield
and ee decreased slightly, but this solvent allowed an easier
method for catalyst recovery by precipitation. Unfortunately,
the catalytic system was less efficient in a second cycle. If
the reaction mixture was passed through Celite, only the
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ligand was recovered. The batches were refilled with
palladium to improve the recyclability allowing up to three
cycles with minimal ee erosion.®'”
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23.3. Alternative Reaction Media

Toma et al. envisioned the possibility of using 3-butyl-
I-methylimidazolium hexafluorophosphate ([bmim]PF) as
the reaction media and an opportunity to achieve Pd(0)/
ligand recycle.®'® Several ferrocenylphosphine ligands such
as (R)-BINAP 354, ((S,5)-"Pr-Phosferrox 355, (S,R)-'Pr-
Phosferrox 356, and (R,S)-BCyPFA) 357 were tested in the
asymmetric allylic substitution of (rac)-(E)-1,3-diphenyl-3-
acetoxyprop-1-ene with dimethyl malonate (Scheme 99).
Generally it was difficult to find a combination of ligand
and base (potassium carbonate and bis(trimethylsilyl)aceta-

Scheme 98. Palladium-Catalyzed Allylic Alkylation Promoted by C,-Symmetric Bisphosphine Ligand Immobilized in PEG
OAc Nu

_ + NuH __Pd(0Yligand (2.5 moi%) *

¢
Peg-supported ligand:

Nu = dimethyl malonate, 99 % yield, 94,7% ee
Nu = benzylamine, 99 % yield, 97.3 % ee
Non-supported ligand:

Nu = dimethyl malonate, 99 % yield, 90,8% ee
Nu = benzylamine, 99 % yield, 87.0 % ee

BSA, CH;CN

HO—, OCO(CH,),CO,PEG-OMe
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=4-t-BuCgHy Ar = 4-t+-BuCgH,
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Scheme 99. Asymmetric Allylic Alkylation Promoted by Pd/Bisphosphine Complexes in Ionic Liquids
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mide/potassium acetate) that could furnish both high yield
and enantioselectivity. Furthermore, due to the low quantity
of ionic liquid applied, it was not possible to prevent some
catalyst loss during the workup, which implied some decrease
in the activity upon recycling. Under optimized conditions
(2 mol % Pdy(dba);, 15 h, 40 °C, potassium carbonate),
ligands (S,S)-iPr-Phosferrox or (S,R)-iPr-Phosferrox afforded
the respective allyl substitution product in 86% yield with
90% ee.

Lyubimov et al. reported the first application of an ionic
liquid as solvent in a allylic amination reaction (Scheme
100).°'7 In the reaction between (rac)-(E)-1,3-diphenyl-3-
acetoxyprop-1-ene with dipropylamine in the presence of a
Pd(0) catalyst/asymmetric diamidophosphite ligand 358 in
1-butyl-2,3-dimethylimidazolium tetrafluoroborate ([bd-
mim]BF,) a quantitative transformation resulted in 48 h with
84% ee (4 mol % Pd). Any attempt to recycle the catalyst
failed.

Before 2002, Cavazzini et al. prepared a chiral “light
fluorous” phosphine ligand (ligand 359) and carried out
the Pd-complex-catalyzed allylic alkylation with malonates
with excellent enantioselectivities (44—99% ee). Due to
its low F-content, it could not be fully extracted to the
n-perfluorooctane phase. Further variations on this type
of ligand did not improve the previous results.

O-adamantyl
358

</©/OCHZC7F15>
P 2
_\\OCHZC7F15

359

Sinou et al. prepared two new fluorinated MOP-derived
ligands containing perfluoroalkyl chains in the positions
6 and 6' (ligand 360 and 361).°'® Both ligands were tested
in the palladium-mediated asymmetric allylic alkylation
reaction of racemic (E)-1,3-diphenyl-3-acetoxyprop-1-ene
with malonates and both proved to be rather ineffective in
inducing high levels of asymmetry (<37% ee).

One year latter Pozzi and Sinou presented another
perfluoroligand, in this case based on BINAP (ligand 362),
for asymmetric allylic alkylation reactions. Unfortunately,
this ligand was not as efficient as its MOP analogue
(presented earlier in the introduction section) since it did
not afford enantiomeric excesses higher than 37%.°"°

KoCO3, [bmim]PFg

0 < NMe,
PhyP O ~
6 N C ~
PCy,
Fe Fe
-
PCy,
(S,R)-iPr-Phosferrox (R.S})- BCYPFA
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(CgF 13H2CH2C)3Si CgF7r

PPh,
WOCH,C7F 15

(CeF 1aH2CH,C)3SI"
360 361

bocm&&;
2
<©\OCHZC7F1E>

2

362

T

With the development of chiral Perfluoro-Box ligands
for cyclopropanation reactions, carbonyl—ene among
others reactions, their application was somehow expected
in asymmetric allylic substitutions. Sinou et al. tested two
of those catalysts in allylic alkylation reaction of (rac)-
(E)-1,3-diphenyl-3-acetoxyprop-1-ene with malonates in
excellent results.®*° Both reactions run in dichloromethane
and in benzenetrifluorine (BTF) afforded quantitative yields
of product with excellent levels of enantioselectivity (90—94%
ee, ligand 363, Scheme 101).

An early attempt to recover the catalyst was made by
performing a liquid/liquid extraction (FC-12/CH,Cl,), but
this resulted in the formation of black palladium. Another

Scheme 100. Asymmetric Allylic Amination Promoted by
Pd/Diamidophosphite in Ionic Liquids
OAc N(Pr),

- PA(0)/L: 1/4 x
0 e T

Scheme 101. Asymmetric Allylic Alkylation Promoted by
Pd/PerfluoroBox Complex

OAc (Cone)z
= Pd(0)/Fbox (5 mol%)

NaH, solvent O O

CH,Cl,: 98 % yield, 94 % ee
BTF: 100 % yield, 90 % ee

CgF47 CeF17
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Figure 1. Annual evolution of publications under the theme of recyclable stereoselective catalysts.

approach was based on the solvent evaporation with CoF1r FeF7
removal of 70% of catalyst by redissolving in FC-72. The

recovered catalyst was reused furnishing the same level

of chiral induction. These ligands were also applied in o | |\O)
allylic oxidation of electron-rich alkenes. NN

More recently another perfluorinated Box ligand was
tested by the same authors in the same reaction. This new
ligand 364 has more perfluorinated tails, which allowed
its extraction from acetonitrile to FC-72 and therefore its
reutilization (one time without efficiency erosion) with OCH:C7F1s  OCHZC7F4s
excellent levels of enantiomeric excess (92% ee).?! 364

Mino et al. attached two perfluoroalkyl chains on reaction became slower requiring higher temperature (30 °C)

diaminophosphine ligand to achieve its recycle together
with the palladium catalyst (Scheme 102).%%2 The Pd/
perfluoro ligand 366 complex was tested in the allylic
alkylation reaction of racemic (E)-1,3-diphenyl-3-acetox-

to achieve quantitative conversion with 90% ee.

With 5 mol % catalyst loading, it was possible to recycle
both ligand and palladium efficiently up to six cycles with
nearly unchanged outcome. At the end of each reaction,

yprop-1-ene with malonate, proving that it retained some of
the qualities of the parent nonflourinated ligand 365. The

the solvent was removed under low pressure. Redissolution
of the product in hexane and supernatant removal with a

Scheme 102. Asymmetric Allylic Alkylation Promoted by Pd/Perfluoro Diaminophosphine Complex
OAc CH(CO,Me),

= Pd(0)/ligand (2 mol%) | I P |

non-fluorinated ligand: -10 °C, 99 % vyield, 95 % ee
fluorinated ligand: 30 °C, 96 % yield, 90 % ee

BSA, LiOAc, Et,0

OCOC41F23
N
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Scheme 103. Wacker-type Cyclization Promoted by Pd/PEG-Supported Boxax Complex
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syringe finished the recovery protocol. The development
of ligands with higher F-content clearly improved the
recycling efficiency.

The main strategies for catalyst recycling explored in
the literature are ionic liquids, perfluoruous techniques,
and polymer-supported ligands (mainly heterogeneous).
In several cases, the recyclability of the catalyst was quite
low due to palladium leaching.

24. Miscellaneous Reactions

In this section, important contributions will be discussed
that could not be considered in the previous categories.

Chung et al. showed that a nanoparticle cluster of
cobalt—rhodium carbonyls could be efficiently applied in
chiral Pauson—Khand reaction in the presence of (S,S)-
2,4-bisdiphenylphosphine pentane. The respective cyclo-
pentenones were obtained consecutively during five cycles
in quantitative yields with unchanged 84% ee (1 atm CO
at 130 °C).°*

Uozumi et al. prepared 6'-substituted Boxax ligands to
be anchored in several soluble and insoluble supports.
PEG-supported Boxax ligands were used in Pd-mediated
Wacker-type cyclization providing good levels of chiral
induction though poor reactivity (Scheme 103).62462

He et al. described the application of a novel 9-thiourea
epiquinine supported on mesoporous silica that exhibits
a high enantioselectivity (up to 99.2%) in Friedel—Crafts
reaction of imines with indoles. This chiral ligand 367
was reused three times with 20% yield erosion and stable
enantioselectivity.%°

Qs N

CFs

367

Nakamura et al. disclosed that fluorous BINAP ligand
368 provided higher levels of enantioselectivity than
BINAP in palladium-promoted asymmetric Heck reaction
between 2,3-dihydrofuran and 4-chlorophenyl triflate (up
to 93% ee). Recycling experiments failed due to ligand
oxidation in FC-72 phase.®*’

(CeF13CHLCHy)3SI/,

(CsF13CH,CH,)3Si

368

Shi and co-workers observed the same oxidative deg-
radation of chiral phosphine ligand 369 chains tested in
aza-Morita—Baylis—Hillman reaction. This chiral Lewis
base provided excellent levels of enantioselectivity for the
reaction of methylvinyl ketone with aromatic imines (up
to 95% ee).%%®

Abdi et al. employed a new polymeric Zn(salen)
complex in the enantioselective phenylacetylene addition
to aldehydes and ketones to produce corresponding chiral
secondary propargylic alcohols with yields up to 96% and
enantioselectivity up to 72% and tertiary propargylic

Trindade et al.

CgF13CH,CHy,.

CgF13CH,CH;

369

alcohols with yields up to 79% and enantioselectivity up
to 68% at room temperature, with the added advantage
of reuse four times with retention of enantioselectivity.®?’

Xu and Hui obtained slightly superior enantioselectivi-
tites for titanium-promoted phenylacetylene addition to
aldehydes (up to 81% ee) with the chiral S-hydroxylamide
grafted on the surface of amorphous silica. After ligand
370 is restored it could be reused five times with 10%
yield erosion and consistent enantioselectivity.®*°

O Bn

@/y )\ﬁEt
S N Et
H OH

370

Zhao and Zhu prepared a new dendritic chiral pyrro-
lidinylmethanol derivative and showed that it is an efficient
chiral ligand for asymmetric catalytic aryl transfer to
aldehydes with the PhB(OH)./ZnEt,. The respective dia-
rylmethanols were obtained with excellent enantioselec-
tivities (up to 98% ee), and the chiral ligand 371 was
recycled four times without efficiency erosion.®?’

r;©\0_/_Ph

371

Zhu et al. prepared a new chiral ligand 372 for ytterbium
catalyzed Biginelli reaction that proved to furnish aza-
heterocycles with excellent levels of enantioselectivity (up
to >99% ee). The catalyst could be recovered by pH-
controlled extractions and reused efficiently several
cycles.®*?

/\ Ph,  Ph —

N

=N N N N
dOHHO
372

Nishiyama et al. showed that Rh—PheBox complex
could be recovered after silica gel chromatography and
reused once with some selectivity decrease in asymmetric
reductive aldol reactions between benzaldehydes and
acrylates.®??
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25. Conclusions

Since the previous review published in 2002,> remark-
able progress has been observed in the development of
efficient asymmetric synthetic methodologies that allow
catalyst reuse for a diverse range of organic reactions under
homogeneous or heterogeneous conditions or by using
alternative reaction media such as water, ionic liquids,
perfluorinated solvents and catalysts, supercritical CO,, and
membrane separation technology. This area has been estab-
lished as one of the “hottest” areas in organic chemistry with
consistently 100 contributions every year (Figure 1). How-
ever, at this stage, the following directions may be consid-
ered:

(1) the development of more efficient protocols that allow
less leaching of precious (as well as toxic in many cases)
metals, minimal use of volatile organic solvents, and the use
of water as reaction media;

(2) more developments on the less explored methodologies
based on the use of microreactors and membrane-based
technologies;

(3) exploration of efficient methodologies for catalyst reuse
for the most recent asymmetric transformations based on
different organocatalysts.

One of the most important parameters that help to
identify the limitations and potentialities of a recycling
protocol using organometallic catalysis is the degree of
metal leaching. This phenomenon is the main cause for
the decrease of reactivity upon recycling in most of the
protocols described herein, and this parameter is not
always determined.
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