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1. Introduction

Barry Sharpless was awarded the 2000 Nobel Prize
as a compliment to his preat contributions in the lield
of asymmetric epoxidation, which has been recog-
nized ag one of the most important techniques
emerging in the last 30 years. These fundamental
findings have largely expanded the scope of asym-
metric synthesis and allowed a more fargeted prepa-
ration of pharmaceulical products, such as antibiot-
ies, antiinflammatory drogs, and other medicines,

Chiral epexides are very important building blocks
for the synlhesis ol enanliomerically pure complex
muoleeules, in partienlar, of biologically aclive com-
pounds. ™ Catalylic asymmetric epoxidation is an
especially uselul technique for the synthesia of chiral
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compounds in both academia and industry because
a chiral catalyst molecule can act as an engvme Lo
indluee 2 million-level chiral product molecules.® The
development of chiral catalysts copable of inducing
asymmelric centers with high elliciency has always
been an impertani task for asymmetric synthesis.
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The ability to produce desired srganic compounds in
ctantiomerically pure forms from simple and readily
available precursors by using extremely small
amounts of chiral catalysts, penerally with substrate/
catalyst molar ralios of 100=1000 or higher, has
tremendously practical implications.*S A variety of
carbon—carbon double bonds, for example, those of
allylic aleohols, - and F-unsaturated esters, and
simple alkenes, ean be catalytically epoxidized with
several metal catalysts Y

In 1965, Henbest et al, oxidized olefins with an
enantiomeric excess {ee) of 10% using a chiral per-
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oxoacid as the oxidant, which was the hirst research
of azymmetric cpoxidation.® In the early 1980s,
Hatsulki and Sharpless made a milestone discovery,
by which the enantiomers of an epoxide could be
produced elliciently and predictably [rom an allylic
alechol with a catalytic system consisting of diethyl
tartrate (DET), titanium tetraizopropoxide [Ti(0-
Pril], and tert-buty] hydroperoxide (TEHP).'"* There-
after, much important progress has been made
toward the asymmetric epoxidation of other classes
of allcenes.

[n homogeneous catalytic systems, the reactions
can be efficiently carried out with high yvields and
ee'z, but lenpthy purification procedures are inevi-
table and generally the expensive catalysts are guite
difficult lo recover and reeyele, However, in hetero-
geneous systems, the reaction mixlure can be easily
geparated from one another by simple filtration, and
in some cazes the catalysts can be reused several
times, thus bestowing on heterogeneous systems
more convenient potential applications in industry,
Since Lhe solid-phase synthesis of oligopeptides was
irst reperted by Merrifield,!* many proups have
extensively developed various classes of heteroge-
neously asymmetbric epoxidation catalyats, such as
insoluble and soluble pelymer-supported 2% preanic—
inorganic hybrid-supported,®-%! dendrimer -support-
ed catalysts, ete. ™" Az compared with homogeneous
catalyats, helerogeneous ones also possess some
disadvantages, such as low reaclivity and difficult
preparation, thus leading to the appearance of some
new calalysts combining homogeneous and hetero-
geneous advantages, including “ship-in-a-bottle”
trapped eatalysts, "™ fluorous biphase catalysts, ™9
room-Lemperature ienice ligquids, ele

Thia review will systematically summarize the
progress of homogeneous and helerogeneous catalylic
chiral epoxidation in the past decades and grant a
convenient and wide vision for the understanding of
peers working in the area of asymmetric catalysis.

4
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2, Homogeneous Systems
2.1. Sharpless Systems

Az shown in Scheme 1, four epaxides (racemic 2
and 3) from peraniol 1 are possibly made through
improving either regio- or chemosalactivity, while the
formation of each of the individual enantiomers
requires enantiozelectivity,s® In 1957, Henbest el al,
reported that the slectronic deactivation at Gy coor-
dinated hy oxygen substituent cauzed the selective
coordination of peroxeacids to the 6,7-position deuble
bond, leading to racemic 34! In 1973, Michaelzon ot
al. eracked the regiozelectivity problem repressented
by the epoxidation of peraniol, Early epexidation of
geraniol 1 catalyzed by transition metals with alleyl
hydroperoxides was highly selective for the 2.3.
pozition compounds (racemic 2).% In 1980, Katsulki
et al, discovered titanium-catalyzed asymmetric ep-
cxidation of olefing bearing allylic hydroxy groups
into either 2 or ent-2, thereby solving one side of the
problem in enantioselectivity.

The reselution of the problem in regioselectivity
and enantivselectivity aroused the interest of many
groups in the rescarch of asymmetric epoxidation. In
1980z, Sharpless et al. first introduced chiral ligands
to transition metals Mo, T3, and ¥, further developing
a Sharpless asymmetric epoxidation system. They
suceessfully converted allylic alechols into asym-
metric epoxides in high chemical yields with more
than 90% ee, under the catalysis of a transition metal
catalyst TiOPr),; by using TEBHP as the oxidant with
4 chiral additive DET, However, this system holds a
main disedvantage, namely, a low turnover number,
which stimulates interest in searching for more
efficient catalysts. For the epoxidation of allylic
aleohols, many eflicient svalemas have been reported,
such as the eatalytic systems consisting of vanadium
catalysls and hydroxamic acids devivalives, 97 hul
the Sharpless protoeol with titanium tetraisopro-
poxide and tartrate esters ligands is still investigated
the most, 10

2.1.1. Chiral Titanium Catalysls

Over the past two decades, the use of titanium
alkoxide eomplexes as the catalysts for the asym-
metric epoxidation of allylie aleohols has undergone
a rapid expansion, especially since the discovery in
1980 by Sharpless et al.'® The Sharpless epoxidation
process seems to be well understood, in which the
impact of a chiral ligand on enantioselectivity is

Scheme 1. Regio- and Enantiosoleetive
Monocpoxidations of Geraniol®

unt-F emi=d

& Adopted Trom rel 40 with permission, Copyright 2002 Wiley-
VOH.
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critical ' * Regardless of the metal-catalyzed meth-
odology, the structure of hydroperoxides plays a
significant role in the level of enantioselectivity
achievable for the asymmetric epoxidation, which has
vezulted in the development of structurally diverse
alkyl hydroperoxides.® In the early Sharpless epoxi-
dation, the oxygen donor was achiral TBHP, and
asymmetrie induetion resulted from the contribution
of optically active tartrate with catalytic amounts as
chiral auxiliary. " We can imagine that if optically
active hydroperoxides are used, the hydroperoxides
will serve not only as the oxygen donors but alse as
the smarces of chirality without the need for tartrate
az chiral auxiliary. When the optically active hydro-
peroxide as the oxygen donor is used to provide the
chiral environment, achiral diol ligands must be
chozen as additives 1o limit the coprdination orienta-
tion between alkene molecules and the oxygen donors
during the assembly of the loaded titanium complex,
Gengrally, optically active hydroperoxides were ob-
tained either by 'Oy photooxidation of thiazolidine
derivatives™ and allylstannanes®™ or by oxidation of
unsaturated glycosides,™ Under titanium eatalysis,
first attempts of the epoxidation of allylic alcohols
witit chiral hydroperoxides only afforded ee's of less
than 20%, but sugar-derived hydroperoxides showed
higher enantioselectivities (up to 50% eg) 5657

In 1997, Adam et al. reported Ti-mediated asym-
metrie epoxidation of a variety of prochiral allylic
aleohals with optically active hydroperoxides (4, 5,
and 6b as oxveen donora and multidentate ligands
as achiral adeitives, to achicve up to 50% ee in good
yields (63—97%1.5 In the zame year, Lattanzi et al,
reporled the applicalion ol several Murylhydroperox-
ides 6 in the Sharpless asymmetric epoxidation of
allylic aleohols.™ The results showed that the enan-
Lizselectivity was strongly dependent on the substilu-
lion near Lhe reaclive sites, consistent with the
observations made by Corey™ and Sharpless et al 4240
Tertiary or alkyl hydroperoxide has been proven to
ersure high ee’s,™ %8 & pyway, an intrinsic limita-
tion of this system is imposed by the essentiality of
cogrdinated functional groups on the subslrate Lo
attain s high enantioselectivity, In 2002, Lattanzi et
al. made a further finding that a high enantiozelec.
tivity could be obtained in the asymmetric epoxida-
Lion of allylic aleohols with tertiary furylhvdroper-
mxide Ga as shown in Table 1.2 Entries 1 and 4
obtained high ee’s with the addition of stoichiometric

Table 1. Asymmetric Epoxidation” of Allylic Alcohols
Catalyzed by Gn

Hr ||.!‘ —— . G | M Lo —1118
Pl =t TP Lignad__ 1"‘#5_{_“, ; {
L ohon #) o WRCUHAL M sk SF N L
_fainy Sudebihe Ligand  Tiew ihh  Wocld )  wwi%h
1 Lataled Fad i b=
2 [ S LpEr AT 1 e
LRl
3 Laer K 4l
P LDET 25 s g
L L-TitPT kil 87 L
P G R Lames 2 o g
T :’:r“"ml LT 2 4 5

“ For experimental delails, see ref 82, Adapted from ref 62
with permission. Copyright 2002 Elsevier, * Stoichiometrie
conditione, © Catalylic conditions,

Xia al al
gquantity of chiral catalyst, while the use of a subs-

toichiometric amount of chiral catalyst in entries 2
and & resulted in a slight drop in the enantioselec-

LvILY.
OH 5, p=Me @Q
B h= R=Et Y

| 5

Ry, . R, ™ Ry=H, Ry=H, H;=Mu
;ll_f}r—t— b: Rj=COO0EL, Ry=Me, R;=H O0H
R; OOH o B =CO0OEL R;=Me, H=Me 1
] T

[n 2003, Lattanzi et al. first synthesized an enan-
tiopure tertiary hydroperoxide 7 from camphor via a
stereospecific nucleophilic substitution of hydroxyl
group bound to the chiral carbon center of the aleohol
molecule by H:Ds {unlike TADOOH), in which the
reactive peroxo (—O0OH) group is directly bound to
the astereogenic carbon eenter® However, the so-
prepared chiral tertiary hydroperoxide only offered
a moderate ee up to 46% and a yield up to 59% for
the asymmetric epoxidation of allylic aleohols. 1t is
noteworthy that the chiral tertiary aleohol can be
isalated at the end of epoxidation and then can be
recycled for the synthesis of the hydroperoxide, thus
providing & valuable chiral resource-saving protocol.
However, optically active hydroperoxides az oxygen
donors in the presence of multidentate diols (as
achiral ligands) always afford lower enantioselactivi-
ties than the Sharpless modus operandi of emploving
TBHP as an achiral oxygen donor and Cs-symmetric
tartrate as chiral auxiliary.

In 2003, Pérez et al. reported the synthesis of o
family of titaninm(IV) alkoxide compounds, i.e., [Ti-
(OPr){0R]]: [OR = AdamQ (8), DAGPO (9), DAGFO
(103, or MentO (11, [TOPr I ORE]: [OR = AdamD
(12), DAGPO (13}, DAGEFO (14), or MentO (15)], and
TH{ORY [OR = AdamO (163, DAGPO (17), DAGFD
(18), or MentO(19)].% These preparations eould be
performed by using two different routes: (a) throvgh
the metathesis reaction of TiClKOPrt; and TiCle-
(OPr): with ROH in the presence of EGN and (h)
alternatively through the aleohol exchange of Ti-
{OPr'); with a high boiling-point aleohol ROH, where
RO = adamantanoxi (AdamOH), 1,2:3 4-di-O-isopro-
pylidene-o-p-galacto-pyranoxi (DAGPOH), 1,2:5, 6-di-
Cisopropylidene-g-D-glueofuranexi (DAGINOL), or
(—-( 17,25 5R)-menthoxi (MentOH), Generally, the
solution state of most THOR L (OR = OMe, QRL,
(JBu®) appears to be an eguilibrium among mono-,
di-, and trinuclear species, and at room temperature
trinuclear species are dominant; however, with the
increase of steric bulk of an alkoxide ligand such as
OR = OPr, OBy, monomeric species are predomi-
nant. Sugars are natural chiral ligands and can
readily assemble transition metal complexes to form
a receptor cavity with three-dimensional structural
characteristies. More importantly, the entity of thus.
formed molecules possesses the intrinsic properties
of both sugars and metal complexes. Some of these
chiral titanium{IV) Lewia acid compounds, er., 13
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and 14 derived from discetone galactose and diac-
etone glucose, have been applied in the asymmetric
cpoxidation of cinnamyl aleohel to receive good
catalytic activity and stereoselectivity (5% vield with
22% pe lor 13 and 60% yield with 17%: ae for 14). On
the basis of salid-state NMR and variable tempera-
ture NMR experiments, they assumerd the existence
af love-level substituled dimerie titanium eompounds
TPy OR), (e = 1, 2] and highly substituted
mononuelear THOR; in the solution and solid states
due Lo the steric hindranee imposed by bully alkoxide
ligands with o nuclearity greater than 89
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2.1.2, Chiral Vanadium Catalysts

& number of asymimelric epoxidations based on
chiral vanadinm (V3 complexes with TEHP have been
reported, ! #HAIITE-E Gn which the epoxidation of
allylic aleohols is the most well-known 456088 Vg,
nadivm(V1 alkylperoxo complexes were widely ac.
cepled as intermediates in the catalytic systems of
VHacacky THHP*™ and VO(acacl/Tigand/TB-
HP AT Prige 1o the appearanes of titanium-based
catalyats, the Sharpless group had first developed
asymmetric epoxidation (0% eet catalyzed by the
chiral vanadium hydrozamate complex 2009 A few
years later, they found again thal when using pro-
line-derived hydroxamic acid as the chiral ligand, up
to 40% ec could be achisved.™ Additionally, in 1999
Yamamote et al. successfully applied a new chiral
hydroxamic acid 21, derived from 2,2 -hinaphthal,
serving as monovalent ligand coordinated with a
vanadivm complex in the asyvmmetric epoxidation of
allylic aleohals ta abtain an e up to 9454 To explore
the potentials of these new catalysts {urther, they
extenaively tested the epoxidation of various substi-
tuted allvlie alcohiols. The results showed that the
epoxidation of 3,3 -disubstituted allylic aleohals cata-
lyzed by VOIOPr); and 21e proceeded smoothly 1o
yield the correspending epoxides in moderate to good
vields (T0~87%) wilh mediocre ee's {41~T5% ec)
Hewever, in the ease of 2 3-disubstituted allvlic
aleohels, high ee around 90% ee was oblained,
irtespeciive of bearing aramatic groups. It should he
noled that wnlike titanium tartrate system, molec-
ular sieves th sequester water, which has a deleteri-
ous ellect on both Lhe rate and selectivity, wore not
requived in thia eaze ™™ It seems that zeveral
characterisiics of chiral vanadium complex played an
important role in increasing the rate and enantiose-
lectivity, i.e., the starting oxidalion state of vana-
dium, the coordination ability of hydroxamic acids,
and g-interaction or sterie repulsion between the

U13
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metal-binding site and oxidant. To improve the
efficiency of vanadium-hased catalysts, Yamamoto et
al, in 2000 developed a Tamily of chiral hydroxamic
acid ligands with a strocture similar to the complex
22 %% and found that the product seleclivily increased
gradually with an increase of the steric hindranee
in the side chain of amino acid, in which the best
result was achieved when using éert-leucine-derived
hydroxamic acid as the ligand. When L-e-aming aeid
was parlly changed into imido group, the best resalt
(B7% ce) was achieved for the epoxidalion of 2,3-
diphenyl-prop-2-en-1-0] with 1,8-naphihalene-dicar-
banyl-protected hydroxamie acid. Whereas for the
same reaction, if' aryl group near the metal-coordi-
nated site was changed, the highest ee value could
reach 96% when uwsing A-bis(l-naphthyl} methyl-
substituted hydrexamic acid as the ligand,

Y—0H ez HEeyelahesy)

:
HF—0H o b lt=Fin
,J:Z-‘%'; ['FL ci s HFIg
|
11}

A |

‘}]\»i i

an

The asymmetric epoxidation of homoallylic aleohols
was difTicull to conduet with the other metal-bazed
catalysts reported proviously. ™™ However, vana-
dium complexes could effectively catalyze the seour-
reree of this reaction Lo yield the corresponding epoxy
alcohols with good to high stereoselectivities,™ Yama-
mote et al. prepared a chiral vanadium complex 23
from vanadiom Lriisopropexide and an g-amino acid-
hased hydroxamie acicd, which was a rather efficient
catalyst for the epoxidation of disubstituted allylic
alevhels with up to 96% ee in high yields (almest
=O5% 94858 [y 2003, they reported again that this
chiral catalyst could also be used for the asymmetric
epoxidation of 3-monesubstituted homoallylic aleo-
hals with high enantioselectivities (84—51% ee) in
moderate yields (42—88%) as ghown in Table 2.

Table 2. Asymmetric Epoxidation of Homoallylic
Aleohols Using 23 as Ligand®
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“ Adapted from rel 80 with perenission, Coperight 2000
Wiley-VCH,
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Meanwhile, they observed that cunene hydroperox-
e (OMHP? aa the oxidant benefited a high enanti-
ozelectivity, while TBHP led to an extremely low
enantivselectivity <8%.

T 2000, Bolm et al. first reported the use ol a
vanadium-based catalyst bearing the paracyvelophane
planar-chiral ligand 24 in the asymmetric epoxida-
tion of allylic alcohols "™ Even simple TBHP could be
used as a terminal oxidant to yield epoxy alechols
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Qe n,

# J’T\&II
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with T1% ee for the epoxidation of (K)-2-methyl-3-
phenyl-2-propen-L-ol with 24e. To identily the ospti-
mal liganed structure with respect to the substituent
1% ab the nitrogen of 24, they tested the epoxidation
ol (F-2-melhyl-3-phenyl-2-propen-1-0] with ¥O-
10P and CMHTP in toluene and founed that all the
ligandz 24 resulted in the corresponding epoxides in
high vields = 86% with moderate enantioselectivities
S2=082% er, [nterestingly, in contrast to Yamamoto's
reaults with the ligand 21, bulky aliphatic substitu-
ents rather than aromatic groups at the nitrogen ol
24 romarkably increased the enantieselectivity, and
the S-configured ligand led to an (8 .5)-configured
epoxide a2 o predominant enanliomer.

s R=eyelohiexyl
i B=i-batyl
vr B=adamantyl
iz R=henzy]
ez B=CHIMhg

[n 2002, Wu et al, reported the synlhesis and
application of new vanadium catalysts bearing (+)-
ketopinie acid-based chiral hydroxamic acid ligands
28 and 26 for the asymmeiric epoxidation of allylie
aleohols.®! Owing to poorly enantiomeric selectivity
ol the chiral hydroxamic acid ligand 25 derived [rom
[ -ketopinic acid 27 with different substituents on
the nitrogen, tis straelure hid Lo be modified through
incorporating bulkicr substituents at Cp of the bor-
nank shelelon so as Lo acguire a high enantioselec-
Livity. This is a lwo-pronged strategy to study the
eflect of an A-substituent in a modified steric envi-
ronment of the bernane moiely on the selactivity and
alsn the impact of the size of the C; substituent of
bornane on the selectivity, Chiral hydroxamic acid
26 with reguired structural [eatures was prepared
abarting feom (- ketopinie acid 27 Moderate to high
e values (up te B9%) were obtained for the asym-
metric epoxidation of allylic aleohols with vanadinome
based catalvats coordinated by readily accessible new
chital hydroxamie acid lipands having diversely
struclural features, neccompanied by an important
characteristic that inereasing the bulk of the &N-
substituent relarcded the selectivily (Table 3).

a: =
li: R=CH, L
“‘-—N (r o ReCycloheayl
g 07 g R=CH(Ph),
He e R=Adamaniyl
25

a: k=1*h, ,=H
I Rep=Talyl, B =H
e R=p-'Butylphenyl, R =H

"l‘:ﬁ SR 0 Rel-Naphilyl, Ri=H 4
HJ ¢ R=4-Biphenyl, Ry=H Ho™y
I R=Th, B,=CH{PI],
i 17

¥ia at al.

Table 3. Asymmedrie Epoxidation of Allyvlic Alcohols
Using 2Ge as Ligand®
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v Adapted from el 62 with permission, Copyright 2002
Elgmicr.

In 2003, Bryliakov et al. earried out the oxidation
af (=1-{R)linalool with TBHP to form (25,38 ) and
(25 3R econfigured monoepoxides with moderate di-
astereomeric exeess ¢de) in the presence of a vana-
dinm(V) complex dervived from the interaction of
VOl neae)s] or [VOOBu")] with a new chiral pyra-
zolvlothanal ligand 28.* Normally, this reaction pro-
ceaded slowly at room temperature (only conversion
of 55% within 49 hl; however, the coordination of
chiral ligand 28 o the aclive center enhancad the
reaction rate considerably with an improved diaste-
reoselectivity, lor which the maximal de value of
aboul B6% was acquired ab 20 "C in toluene under
pplimal conditions, Adam et al. also reported the
viunadivm{Vi-catalyzed asymmetric epoxidation of
primaory allylic aleohols with optically active TAD-
DOL-derived hydroperoxides 29 and 30 (az the
agymmetric controller) to obtain up te 72% ee® After
the completion of reaction, the optically active TAD-
DOL could be completely recovered without any loss
of enantiomeric purity, which could provide the
oppartunity of regeneraling the chiral oxygen source,
This demonstrated the elfect of a hydrogen-bonded
lemplate on the enantiofaeial control in the vanadivm-
catalyzed epoxidation with a chiral hydroperoxide,
in combination with an achiral hydroxamic acid
ligand. This novel finding has greatly stimulated the
development of more effective hydroxy-funetionalized
hydroperoxides for the vanadivm-catalyzed asym-
metric epoxidation, The initial examples of the
titanium-eatalyzed asymmetric epoxidation of allylic
aleahols with optically active sugar-derived™ ™ or
simple secondary hydroperoxides™ achieved ee values
of up to 50%. Such hydroperoxides have been recently
ulilized in the asymmetric Weilz-Scheller epoxidation
ol o, f-enones to oblain high ee values of up to 90% %
However, when sterically TADDOL-derived hydro-
peroxide TADOOH was uzed, the hiphest enantio-
selectivity of 98% ee was achieved in the Weitz—
Scheffer epoxidation, the Baeyer—Villiger oxidation,
and sulfoxidation.®™ Alse in 2003, TADOOH was
suceessfully used as a chiral oxygen souree in the

B2
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catalytic saymmetrie epoxidation of allylic aleohols
by an oxovanadinme-substituted polyoxometalate ™

3 14]
N Pl Ph
'J-. e W0H 29 R=H
OR
30 R=Me
I'i Ph
ek

2.2, Porphyrin Systems

S0 far, the Lransition metal-catalyzed enantio-
selective epoxidation has been of utmost importance
and widely studied aver the past
deciadps, 0 TAZELELIEN Haweyer, in practice useful
eatalysts should {a) be easily prepared and stored,
o) display high reactivity (turnever [requency),
selectivity, and darability, and (¢) contain inexpen-
sive and environmentally benign metals in the coor-
dinaticn sphere by means of sterically and electroni-
cally tunable chiral ligands.™" The role of porphyrins
ia important in a bewildering arvay of proteins;™ their
functions include Ow storage {myoglobin Mb), O
transport (hemoglobin Hb), oxidation of inactivated
carbon—hydrogen bonds tevtochrome Pygy), and oxy-
gen reduction leytochrome ¢ oxidase). The diversily
al functions of these natural hemoproteins is dictated
by many lactors, such ag the number and nature of
axial ligands, the spin and oxidation state of the
metal center, the nature of the polypeptide chain, and
L geometry of the porphyrin ring.

Chiral metalloporphyring have constituted an im-
portant elass of catalysts for the asymmelric epoxi-
dution ol alkenes, which vecurs basically via highly
reactive oxometal (M=) inlermediates.” A rigid
macrocyelie core and alterable periphery of porphy-
rins make lhem attractive templates for huilding
asymmetric catalysis, Chiral groups have been at-
Lached Lo porphyrins in various geometries, aiming
al systems Lhol might give high enantioselectivities
and turnover numbers, Most studies on metallopor-
phyrin eatalysts are confined to the porphyrin com-
plexes of ivon, ™ 1" manganese," rutheniom, !0t
and melybdenum. ™% Several different strategies
have been adopted to append optically active groups
onbe Lhe macrocyclic ring of metalloporphyrins, 1251
Supplementary consideration lies in the nature of
gxidants and metals (Fe, Ru, and Mn, ete.)./'* OF
three metal complexes with the same chiral porphy-
rin ligand, much better resulls were obtained with
iron and ruthenium than with manganese, 1L has Lo
be pointed out that when 2,6-dichloropyridine-N-
oxide (ClyPyN O was used as the oxidant, the same
chiral porphyrin ligand resulled in dilTerent ee values
for stoichiometrie and catalytic reactions, possibly
due 1o the co-interaction of oxidant, axial ligand, and
oxypen bransler. 1 In conbrast, for the same reactions
similar pe was obtained using oxyvgen or isdosylben-
zene as the oddant. Berleszel™ and Che of gl #1218
alao deseribed high efficiency of the catalyvst systems
invalving different chiral porphyrein ligands for the
gaymmelric epoxidation of unfunctionalized olefins,
reported previously by Hallerman.'™ When using 2.6-
dichloropyridine-N-oxide as terminal oxidant, the

Chemical Reviews, 2008, Vol 103, Mo & 1608

epoxide of 1, 2-dihydronaphthalene was obtained with
TT0% ee and B0% yield 1™

2.2.1. Iron Porphyrins

In the presence of meleeular O, synthelic iron(Il)
parphyrins, which are not imposed with protection
upon both faces, tend to be oxidized irreversibly to
form ge-oxo Fel(IT1) dimers.' To aveid this unfavor-
able oxidation, several model struclures with pro-
tected faces have been developed. 5% In 1994
Collman et al, presented a highly elficient catalyst
based on a novel chiral iron porphyrin 311" This
system pave very high enantioselectivities and turn-
over numbers for the epoxidation of styrene deriva-
tives (83% ee for styrene, 88% ce for pentalluorosty-
rene, and 82% ee for m-chlorostyrene) and non-
conjugated terminal alkenes. More sipnificantly, this
system manifested unusual chiral induction for non-
conjugated terminal olefing, such as 3 3-dimethyl-
butene and vinyltrimethylsilane, in which the e
values for these two olefing exceeded the highest
values obtained from any catalytic systems reported
previoualy, including salen-Mn derivatives, '#-12

HNOC
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In 2000, a new series of porphyring 32 that
incorporate four identical chiral binaphthyl deriva-
tives in the meso-positions was synthesized by Regi-
nato et al.™ Foue ironl 11D ehlore complexes (Fe-32}
have been tested as catalytic precursors in the
asymmetric epoxidation of styrene with wdoesylben-
zene as a single oxygen atom donor. The chemical
vield ol epoxide was about 47%; however, the ce value
was strongly dependent on the structure of the
catalytic precursor, ranging from 21% with Lthe
compound 32a (aocn) to 57% with the compound 32e
(o), in agreement with the results reported by
Collman el al.™ [n all the runs, absolute confligura-
tion of the products was (5], suggesting that the
stereschemical outcome of this reaction was primarily
decided by the absolute configuration of the binaph-
thyl moiety rather than by the overall molecular
arrangement.

R=
Meth
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2 S
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In 2000, Rose ct al. developed the application of
chiral iron-porphyrin 33,*° a “seat” porphyrin ob-
tained by condensing a chiral binap diacid ehloride
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with aminophenyl porphyrin; for the asymmetric
epoxidation of various terminal olefins with iedosyl-
benzene, eapecially for styrene and pentafluorosty-
pene, 59% ee and 83% ee were, respectively, ob-
tained.'* In the case of bis-binaphthenylporphyrin
34, the ee values for styrene and pentafluorestyrene
were 83 and 88%, respectively,'" while the best ee
[92%) was nbtained from the catalytic epoxidation of
fert-butylethylene. Furthermore in 2004, they syn-
thesized & new chiral binaphthyl-strapped iron-
porphyrin 35, which exhibited unprecedented cata-
Iytic activity toward the enantioselective epoxidation
of terminal olefins.'® For the epoxidation of styrene,
typical oo values were measured to be 90—-97%,
whereaz the turmover numbers (TONY averaged
16 000, The Cy-symmetric binap-strapped porphyrins
have proven 1o be efficient for the epoxidation of
terminal olefins."*'** The presence of two rigld binap
wallz efficiently directs the approach of olefin to the
metal center, induees a good transfer of asymmetry,
and inhibits the oxidative degradation of the catalyst
as well as the formation of an unreactive p-oxo
dimer.'® Tn addition, Cy-symmetrie porphyring ave
easily prepared from readily available o2*-tetrakis-
{C-aminophenyl} porphyrin. The chemical yields
based on the congumed PhIO varied from about 85%
in most cases to 96% in the case of styrene, Remark-
ably, very good enantioselectivity was maintained
when the reactions were carried out at room tem-
perature, e.g., the epoxidation of styrene at room
temperature afforded the desired epoxide in 84% ee,
and the catalyst could be revsed in the second run,
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Groves et al. hove carried out an investigation on
the asymmetric epoxidation of styrene to (R)-(+)-
styrene oxide (48% oe), catalyzed by optically active
iron porphyrins such as Fe'T{o,d0,8-binap)PPCl with
itesylbenzene, ™ Alge, iron complexes of a binaph-

A3 aial

thyl capped porphyrin were uzed by Collman et al, 1
for the epoxidation of 4-chloro-styrene (50% ee) and
d-nitrostyrene (56% ce). Naruta et al, reporied the
catalytic performance of on iron metalloporphyrin
wilh rigid backbones of hinaphthy] groups using 1,5-
diphenylimidazole as the cocatalyst and PhIO as the
oxidant.**? Thercafter, they improved the selectivity
of epoxides by designing “twin coronet” porphyrin
ligands, 13 in which each face of the macroeyele
i oceupled by two binaphthy] units. Beeauvae of the
difference of the binding mode of chiral auwdliary,
there were two topologically “eclipsed” and “stag-
gered” isomers with De symmetry, Iroen(I11} complex
of the eclipsed isomer was observed to be an cnan-
tioselective catalyst, robust enough to exhibit higher
than 500 TON with T4—98% =e [or chiral epoxidation,
For those clelins bearing electron-withdrawing sub-
stituents, the ee value was measured to he 74% for
pentafluorostyrene, 89% for 2-nitrostyrens, and 96%
for 3 5-dinitrostyrene, respectively, which was the
highest stereoselectivity reported for styrene deriva-
tives catalyzed by chiral metalloporphyrins. The
ligands are usually prepared through two routes, one
of which iz attaching the chiral superstructure Lo
each of the four atropisomers of the parent tet-
raarylporphyrin,'* the other medifying the substit-
uents on a single atropisomer, 35150

I 2003, Smith et al. observed that the ee values
indueced by chiral iron porphyring 36—39 depended
on the structore of catalysts and substrates, the
temperature, and the solvent and that replacing a
2,6-di{1-phenylbutoxy-phenyl group by a pentafluo-
rophenyl group led to a marked improvement in the
efficiency and stability of eatalyst. 1% Generally, the
presence of a pentafluorophenyl group on the por-
phyrin ring can inerease the catalytie activity in three
ways: (1) The electron-withdrawing fluorines acti-
vate the electrophilic high-valent oxviron intermedi-
ate. {2} By removing electron density [rom the
macrpeyelic ring, the halogens make the porphyrin
lezs suzceptible to be attacked by the active oxidant,
leading to less zelf-destruction of catalyst, (3) Since
a pentafluarophenyl group is congiderably leas bulky
than 2 6-di(1-phenylbutoxy-phenyl not only does this
allow easier access of the subsirate to the oxeiron
center during the eatalytic cyele, but it also removes
oxidizable 1-phenylbutoxy groups, retarding intramo-
lecular destruction of ecatalyst. They likely play
important roles in oxidations; however, it iz difficult
to determine which of three effects is the most
important, Tron(IIT) tetra (pentafluerophenyld por-
phyrin was a significantly beiter catalyst than the
nonfluerinated analogue iron (111} tetraphenylpor-
phyrin. Lowering the temperature from 20 {o 0 °C
resulted in a higher epoxidation yield and a small
but significant increase in the ee values, Although
the overall yields and ee values showed an obvieus
dependence on the solvent, the major enantiomer
formed with each substratefeatalyst combination was
unaffected by wvaristions. Intorestingly, no single
solvent was optimal for all three aystems,

In 2003, Boitrel et al. further developed the ap-
plication of four atropizsamers of an L-proliney] picket
porphyrin iron complex 40 in the asymmetrie epoxi-
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dation of p-chlorestyrene and 1,2-dihydronaphtha-
lene, inmwhich low ee values ca. 34% were obtained. "2
The results show that even in a Hexible structure,
toe much hindranee implies g negative consequences
on the zelectivity of epoxidation. It is worthwhile to
be mentiened that the enantioselectivity obtained
with picket porphyrins was as high as that with
strapped ones, and in some cazes, even higher
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222 Bufhenium Porohyring

Ruthenivm complexes coordinated with either D-
chiral porphyrins or homochiral porphyrins have
boon reported ™55 Ty some cases, these chiral
melalloporphyring eould eatalyze the oxidation of
stvrene derivatives with good ee values but low
yields VLIS Ao rs importantly, for identical chiral
porphyrin ligands ihe rutheniom complexes were
much better at inducing the asymmetry than were
the more commenly used iron, manganese, or thod-
ium depivatives U TRESWE Ty 190958 Gross et al,
reported the first example of epoxidation catalyzed
by a homochiral ruthenivm porphyrin 41a™ and
nhaerved a notable effect of solvent on the enanti-
paelectivity of chiral epoxy styrene, for which the
enanlioselectivity induced by benzene (44% ee) was
much higher than by dichloromethane (4% ee),
Recently, there was renewed interesi in the oxidation
reactions catalyzed by rutheniumd(Il) porphyrin com-
plexes and simultaneously in the development of new
chiral ruthenium porphyrins. 7" The catalytic reac-
tions were mainly focused on asymimetric epoxidation
ol alefing, "™ and in some cases a gradual deactiva-
Lions of eatalyst was observed, posaibly aaeribed to the
formation of inactive carbony] complexes from frans-
dioxol telramesily lporphyrinato) rotheniom (VT In
1994 new members 4la—e of Desymmetric rathe-
nivm porphyring were reported,'! which showed to
be the most selective catalysts for the asymmetric
epoxidation of lerminal and Lrans-disubstituted ole-
fing. The enaniioselectivity obtained with 41b was
much higher than with 4la and resulted in the
exploration of ruthenium porphyrin complex 4le,
which was also based on the X-ray erystalline struc-
tures of both 41a and its ruthenium compleg!?H150
and on the molecular modeling investigation of 41b.
ldeed, 41e was a very good catalyst, with higher
chiral induction for terminal and trans-olefing but
sigmilicantly poorer chiral induclion for cis-olefins.

031 -
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The epoxidation of styrene and its m- and p-chloro-
substituted derivatives proceeded with 79—83% ee 5!

ar X=1CH,

I X=TPh

c: X=3-Cl-1"h
i X=Et

= K=-|ICH1]1-

A strategy to catalyze highly enantioselective ep-
oxidation ol unfunctionalized trans-disubstituced alk-
enes would be to prepare reactive, isolable, and chiral
mectal—oxo complexes, which can act upon trans-
alkenes Lo give epoxides with better enantioselectivi-
ties than cis-counterparts. ™ Onee such complexes
are obtained, the relationship of structure—enanti-
oselectivity established by studving stoichiometric
epoxidations af’ alkenes ecould assist future design for
better metal catalysta. In 1999, Zhang et al. applied
De-symmetric chiral frons-dioxoruthenium (V) par-
phyrins 41a, d, and e, bifacially encumberad by four
chiral threitol units, to catalyze the enantioselective
epoxidation of trans-F-methylstyrene (70% co) and
cinnamyl chloride (76% eg) 12

Berkessel et al. in 1897 synthesized an enantio-
merically pure ruthenium carbonyl porphyrin 42a
with very high vield by refluxing the corresponding
porphyrin ligand with Ruy(C0); in phenol.'® The
catalyvtic asymmetric epoxidation of olefins over 42a
with 2 8-dichleropyridine M-oxide (2,6-DCPNOY, which
was carried out at room temperature in benzene
under argon, afforded epoxides in goed yields up Lo
B8% with up to 7% ee. Tn 2003, they reported again
the uze of three enantiomerically pure and electroni-
cally tuned ruthenium carbonyl porphyrin catalysis
42b—d in the asymmetric epoxidation of a variety of
olefinic substrates, '™ Introduction of a CI7y substitu-
ent in the remote position resulted in an improved
stability, and turnover numbers up ta 14 200 with
an ce value of 80% were achieved for the epoxidation
in benzene using 2 6-DCPNO as the oxygen donor
(1.1 equiv to olefin) at rosm temperature.

M=Ru(O)
a: X=H

hr X= (M H,
: X=CH,
d: X=CF,

42

Dioxypen is the most appealing since it is economi-
cal and environmentally friendly,'®5 bul reports on
the use of dioxygen in the enantioselective epoxida-
tion of alkenes are quite sparse. Chiral Mn (f-
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fetoiminata) complexes could catalyze aerobic asyn-
metric epoxidation of alkenes, but aldehyds was
required as a sacrificial reductant.® In 1998, Lai et
al, reporled Lhe first example of aerobic enantiose-
loctive epoxidation of alkenes catalvzed by dioxoru-
theniumi¥1) complex 43 with a Di-symmetric chiral
porphyrin ligand, which did not rely on the use of a
co-reductant. 51 Tha complex exhibited catalylic
activity toward aerobic enantioselective epoxidation
of prochival alkenes with an enantioselectivity up to
1A% pe under an oxypen pressure of 8 atm. Flowever,
Lhe catalylic oxyzenation of styrene using air in one
alm pregsure in CleCle gave very low turnover
numhers; even less than & atm pressure of oxygen
atyrene oxide was obtained with only 10 TON and
e ee, Bul when the amount of catalyst was
atotehiometrie, the atlainable oo value was 776,
Lawering the temperature decreased the cpoxide
vield, For the asymmetric epexidation of alkenes, the
cevaloes of epoxides ranged feam 40 Lo 775, Elnd the
highest ee value was due to the reatlmn af 1,2.
dilivdronaphthalens with the complex in dichlore-
mebhane at =15 “C.

43

[n 2003, Le Maux et al. synthesized two new Co-
avmmebrie chiral porphyring bearing eyclohexy! sub-
stituents at the srtho-position of meso-pheny] groups
and used theie ruthenium complexes 44 -47 to cata-
lyze the asymmetric epoxidalion of styrene deriva-
tives with 2 6-dichloropyridine-N-oxide, .., o mod-
arale pe value of 35% was obtained for the 1,2-
ditivelronaphithalene subsirate, 5 The resulls show
that the presence of varmous evelohesane rings as
cliral entities on metalloporphyring appears to be an
attractive mechanism lor controlling both the reae-
tivity and the enantioselectivity. Hovwever, the poor
reactivity of “chiral eyelohexyl short arma” has be-
wome pn bndication of the level ol steric incumbranee
that ean be tolerated in o reactive homochiral por-
phyrin complex. Compressing the size of the ring,
e, choosing evelopentane, evelobulane, and evelo-
propang rings, eould be a good alternative Lo ewer-
come this huvdle, as reported peeviausly with chiral
phosphines in the asymmetric hydrogenation, B7-15

228 Manganese Porphyring

Toachieve high turnover numbers, Mn complexes
ol some chiral porphyring have been gynthesized and
tegted for asyminetric epoxidations, ™ S0 [y 1003,
Proesz et al. reported the application of the chiral
manganese porphyrin complex 48 in the ssymmetrie
epoxidacion of plefins with sodium hypochlorite as an
oxygen donor '™ As shown in Table 4, when the
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Table 4. Asymmaetriec Epoxidation of Olelins Coladyzed
by Porphyrin Complex 48 with NaCl0 as the
('.leul'int.“
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# Adapled o rel 154 wilh permizsion, Copyright 19493
Elsevier.

reactions were carried out at the most stable pH =
L3 value of porphyrin, the reaction time wus usually
leng. When the pld value of the reaclion mixture was
adjusted to between 9.5 and 1005 by the addition of
solid NaHC O, all the reactions were greatly acceler
ated, and Lhe catalvst decompoesed rapidly, Addilion-
ally, when the eatalyst was added into the reaction
mixture in several batches, the frst portion of
calalyst decomposaed laster than Lhe laller saes,

Colliman et al. studied the synthesis and catalvtic
praperties of threitol-strapped manganese porphy-
rins % When associated with bulky eoeatalvsts such
as 1,5-dicyelohexvlimidazole, those catalysts effec-
tively catalyzed the epoxidation of 4-chlorostyrene
[aE}“r eel and eis-f-methylstyrene {77% ece), In 1HDE,
Vilain-Deshayes ¢ al. further investigated the agym-
metrie epoxidation of 4-chlorostyrene and 1,2-diby-
dronaphthalene catalyzed by a series ol chiral Mn-
porphyrins 49—54 bearing glyeesyl substituenis
(glieose, maltose, lactoze) at the ortho- or meta-
position of the meso-pheny] groups with dilute HaO,
ar iodosylbenzene as the coidant, %15 T'he enanti-
ogelectivity was moderate ca. 29% e and strongly
dependent on the position of the glycosyl residue, The
meta-glycosylated catalysts wers nol able to induce
a significant ee level; however, when the chiral
moeieties were in ortho-positions, closer to the active
center ol the macroeyele, an environment able to
incuce a high enantioselectivity eould be generated.
The use of natural sugar derivalives as chiral molives
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on metallopoephyeing would be possible to catalyze
the enantivseleclive epoxidation of poorly reactive
olefing with easily aceessible oxidants such as HoOy.
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Compoundds devived lrom 2,2-evelophane are thought
to he very stable to the action of light, oxidation,
acids, and bages and relatively high temperatures. '
[n 1985, Rispens et al, reported homochiral, atropi-
somerically pure mangancsze complexes 55 containing
o (2 2-para-cyclophane-d4-carbaldehyde building block
group, which were used as the catalysts in the
epoxidation ol unfunetionalized olelins using agqueous
MaCle), 30%- 0 and PRI as oxygen donors. ' Up
Lo TR overall turnover numbers were obtained in the
pregenee of NaClO and PhIO, while with 30% H.O.
only catalase activity was observed; unfortunately,
o significant enantioselectivity was achieved. How-
ever, when the MndIIT) complex of porphyrin 53 was
uged in the epoxidation of unfunctionalized alkenes
with aquecus NaClo, the enantioselectivities in the
range of 22—31% were obtained. These encouraging
peatlts sugpested that enantiopure [2,2]-para-cyclo-
plane-4-carbaldehyde could be a good building block
[opr the synthesis of new chiral porphyrins,

I
a H=—
<l R,=
b =11,

55

[t has been reported that the rate of organic
oxidations catalvzed by metalloporphyring are strongly
enlinneed by the addition of an axial ligand, such as
pyridine-type bases " For Lhe asymmetric epoxida-
tone, e addition of axial ligand to eatalytic svatems
tawell-known to be o convenient and efficient =trat-
wiry o enhance enantioselectivity, Por instance, high
enantioselectivity and good chemical yield were real-
ied in the epoxidation of 2.2-dimethylehromene
dovivatives using achiral salen-Mn as the catalyst in
the presence of chiral hipyridine &N -dioxide, '™ Also,
axial ligation is important for effective asymmetry
tranafer during the alkene epoxidation catalyzed by
single-faced chirval porphyring becanse they can act
a5 blocking agents for the unhindered face to fores
the incmning substrate to interact with the hindered
ehival pocket. "™ In 2002, Lai et al. investipated the
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Scheme 2. Various Organic Bases Used in Chiral
Mn-Porphyrin-Catalyzed Alkene Epoxidation®

o O 6 0D

v Adapted from rel 171 with permizsion. Copyrighl 2002 Goarg
fl.‘h ii'::l e "r‘l_:rld“ f

effect of multifarious organic bases (Scheme 2) in
chiral Mn-porplyrin-catalyzed alkene epoxidation,'™
They obzerved that for substituted pyridines, the
enantieselectivity of eis-f-methylstyrene epoxidation
followed a linear free energy relationship (chiral
eatalyst 56), which is for pyridines bearing electron-
donating groups as well. Compared to the case of no
amine additive, when 4N N-(dimethylaminoipyri-
dine (DMAP) and KHSO; (Oxonel were employed as
the axial ligand and the oxidant, a signifieant im-
provement in the enantivselectivity from 43 to 81%
ee for the epoxidation of cis-f-methylstyrene with o
stereospecificily of 86.5% was achieved. This was also
the first successful use of Oxone in the metallopor-
phyrin-catalyzed asymmetric epoxidation, Very re-
cently, Smith et al. in 2008 prepared the chiral Mn-
porphyrin eatalyst 37 to allord a very low ec value
ol 7.8% lor styrene, 5.8% lor eis-hept-2-ene, and (L8%
for 2-methylbut-2-ene, respectively. '™

2.2.4. Molybdenum Porphyring

[n 1970, Srivastava et al, first published the
preparation of melybdenum porphyrins. ™ Numerous
molybdenum complexes with porphyrin ligands have
been synthesized since then: however, to our knowl-
edge all the reported complexes bear nonchiral por-
phyrin macrocycles, which prevents them fram func-
Liening as catalysts in asymmetric epoxidations. [n
2001, Liw et al, mitiated investigalions on chiral
molybdenum porphyrins.'™ It had been well docu-
mented thal molybdenum-catalyzed epoxidations
with alkyl hydreperoxides 58 usually involved [Mo-
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tpe-0i] or |Mo-00R] active intermediates: ™2 there-
firre, the synthesis and structural characterization of
IMOYOCP=100Me ] bearing a chiral Dy-symmetric P*
ligand (HaP* = 5 10,15,20-tetrakiz [{ 15,48 5K 85
1,204,567 S-octahydro-1,4:58-dimethanoanthracene-
G¢l] porphyrind was performed, along with the
calalytic behavicr of 58 for the epoxidation of aro-
matie alkenes with TBHP, which represented the
lirst molybdenuny porphyrin-catalyzed asymmetric
epaxidation of alkenes with an ee value up o 20%
iTable 51, These findings have highlighted the po-

Table 5. Asymmetrie Epoxidation of Aromatie
.I’I.“'i.l._!l'l.i.'ph:‘ with THBHP Catalyeed by Complex 557
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“Adapted from rel 105 with permission. Copyright 2001
[Elziv e,

tential use of chiral paroxo or alkylperoxo eomplexes
of Mo-porgphyrins for the asymmetric epoxidation of
alkenus,

o

58 M=Mo=0

2.3. Salen Systems

Asymmetric epoxidation of unfunctionalized alk-
ened holds o considerable interest in organic synthe-
giz because the resulling enantiomerieally pure ep-
oxides are versatile intermediates in the preparation
ol several classes of compounds.

Difficulty in the construction of an effective por-
phyrin calalyvsl iz partially attributable to its 7-con-
Jugated planar strueture, which does not allow the
presence ol stereogenic carbong in the porphyrin ring.
[n eontrast to the porphyrin complex, the salen
complex can contain stereogenic carbons at C", Cy",
Ca and Cg carbons (Scheme 3019 Since these ste-
teogenic centers locate elose to the metal center,
therelore, higher asymmetric induetion can be an-
ticipated by vsing optically active salen complexes
as catalyats. Facile synthesis of salen ligands from a
number of readily available chiral diamines has led
to a successlul endeavor, which in a short time span
made it poszible to screen a large number of ligands
to optimize Lhe catalyst structure. Very lengthy steps
invalved in chiral porphyrin synthesis have limited
extensive applications of chiral porphyrins as cata-
lysts, For industrial purposes, salen-Mn catalyvsts are
preferred sinee manpanese itself iz a relatively
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Scheme 3. Asvmmetrice Carbons in Porphivrin and
Sulen®

LR

* Adapted from ref 173 with permission. Copyright 1993 Wiley-
VICH.

nontoxic metal, and manganese complexes are supe-
rior Lo iron complexes [or the selective epoxidation
of olefins, chiefly because of fewer side reactiong over
manganese complexes,

2.3.1. Manganese and Chromium Salens

The ploneering studies performed by Katsuki and
Jacobsen et al. have led to a variety of chiral salen-
Mn(lll} catalysts, which have made an efficient
breakthrough in epoxidizing nonfunclionalized alk-
enes  with different oxidants at high enantio-
selectivity M-S80L 0D A yariety of alkenes have,
thus, been epoxidized enantioselectively wilh simple
oxidants such as PhIC, NaClO, HaOg, and Oxone, and
an aptimal enantioselectivity for a given substrate
could be achieved by choosing the proper catalyst and
reaction conditions,'™®1% Rather straightforward ae-
cess to chiral salen ligands, based on the condensza-
tion of diamines with salicylaldehyde derivatives,
provides a unique opportunity to finely tune the steric
and electronic properties of the catalyst.'™ More
importantly, chiral salen systems offer an additional
advaniage over the known chiral porphyring because
the asymmetric centers in salen complexes locate
closer to reactive metal sites than those in porphyrin
complexes 568712117517

As the mode] to mimie the funetion of evlochrome
Pysn, & transition metal Schiff-base has several ad-
vantages: (a) easy availability, (b) low cost, and (c)
high epoxidation activily toward a wide range of
unfunctionalized olefing. This should malke il to be a
very attractive candidate for laboratory and indus-
trial uses.'"" The discovery of chiral salen-MniIID
complexes has, for the first time, allowed a conve-
nient and inexpensive route for the efficient asym-
metric epoxidation of unfunctionalized olefins #5812
The tert-butyl substituted catalyst 5% conaisting of
both commercially available enantiomerzs ig not the
most enantioselective but is much easier to pre-
pare.'™ Note that the Jacobsen catalyst is air-stable
and can be stored for a long period withoul ap-
preciable decomposition. '™ Indeed, with OSi6Priy in
C; and Gy, the ee value is higher for cis- or eyelic
olefins, of which chromenes are ideal substrates, and
for those substrates Katsuki catalyst 60 iz alao
effective. 140170

During the past decade, a large number of chiral
Ca-symmetric salen-type Schiff-base complexes have
been synthesized as the catalysts for various asym-
metric reactions including enantioselective epoxida-
tion of unfunetionalized alkenes 51718 These sym-
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metrical eatalysts are generally highly efficient and
sleaaghtlorward, while ithe unsymmetrical Schiff-base
lgands are much less accessible, which has, accord-
ingly, led to the searcity of veports of chiral unsym-
metrical salen ligandsz %% Up to now, all the
methods published for chiral wnsymmetrical salen
limands have invalved a stepwise synthesis of non-
Ca-symumetric galen ligands containing two different
donor waiks vin moeno-imines. Unfortunately, those
syntheses were basically uneelinble, and even after
puritication mono-imines prepared from salieylalde-
hpde and 12-ciamine were always contaminabed
with ‘.?EI.]'i;tJLIn' amounts of Ceaymmetric bis-imine, ™8
Very recently, Daly et al. succeeded in avoiding this
mherent hurdle by Lrapping mone-aldimine as a
tartrate splt:* however, its further reaction with
dilterent salicylaldehvdes =till produced an unsym-
meteical bis-imine in low yield. So far, the most
velible route [or the preparation of non-Ce-sym-

mutrie salen ligands has been involved in the use of

i atalistical method, " Other chiral unsymmetrical
silenslike catalysts for the asymmetrie epoxidation
o ilkencs reported recently inelude a biomimetic Mn-
diligdrosalen complex™ "™ and  Mn-picolinamide-
aaligylidone compleses, "™ A sevies of unsymmetrical
charal selen-Mn complexes 61 and 62 were also
reported by Kureshy ™™ and Kim. ™
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Although Lhe obtained se value over the unsym-
metrieal Schall-base complex 8 lower Lthan that on
the corresponding symmetrical one, this synthesis
method could open up the possibility of designing
athier chiral unsymmelric Schiff-base complexes with
different sterie and electranie 1}I‘I_‘.l]}{!l!'i.lll,,:5'-l on different
aubunits. Geneeally, structaral and clectronic proper-
Lies of salen ligands play important roles in control-
ling the activity of catalysts, "™ "™ In almoest all the
gilen eomplexes, twao identical salieylaldehyde de-
rivalive meielies are connected to both sides of one
diamine in the gands to grant 2 modificd structural
and electronic property FL1SRLISLINYG [n 2000, Kim
el al, synthesized fully symmelrical macroeyelic
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chiral salen Sechill-bazez 63 through condensing Lwo
diamine molecules with two 2-diformylphenols ™
Theze new macrocyelic chiral salen-Mn catalysts
displayved moderale activity and enanlioselectivily,

R
R~ R,
e Toi Ry={CHy)m Ry=11, Ry=11
R, OB~ )-ry b Ry=={CHa)e, Ry, Ryet-Bu
Cl ¢ Ry=Ph,  Ry=H, Ry=H
=M ;:»;_ il R =1"h, K;=H, Ry=1-Eu
Ry TR,
R, R 63

In 2001, Ahn et al. carried out the asymmelric
epaxidation ol aleling over the new sterically hindered
salen-Mn (III) complex 64" Experimentally, the
preparation of salen-Mn (111 complex G4 mighl be
easier than Katsuki catalyst 60, On the other hamd,
the presence of polar ester groupe at Ry in 64 would
enhance the rate of phase transler of oxidant mol-
voules in an aguesusfalkene biphasie reaction system;
consequently, the inerease of turnover frequency in
the epoxidation reactions should be anlicipated '
Furthermore, they also found that the chirality in
diamine molety was a requirement for a high enan-
tiosclectivity and that the absolute conliguration of
styrene oxide was conlrolled by the chirality in Lhe
diamine bridge rather than by the absolute eonfigu-
ration of Cy and Cy" in BINOL unit and Lhal the
enantioselectivity was as high as 96-99% ee [or cis-
methylatyrene and 2 2-dimethylchromene ™ 11 is
notewarthy that the epoxidation of ers-g-methylsly-
rene over the catalyst oF, 564 achieved 96% co,
relatively higher than those obtained in any olher
NaClO-promoted reactions at 0 °C, which further
proves the erucial [aclor governing the absolule
configuration and ee values of epoxides to he the
chirality of diamine groups at Ca and Gy in salen
ligand, Very recently, Murahashi el al. in 2004
reported the novel zalen-Mn complex 65 hearing a
chiral binaphthyl strapping unit as an ellective
catolyst for the epoxidation of alkenes wilth wdosy|-
bonzene (up te 93% et

Under these considerations, dimeric homochiral
salen-MndllD) compleses 66 were synthesized and
used as catalysls by Janssen,™ Kureshy, ™ *Ta0d
Liu et al®# in the enantiozelective epoxidalion of
unlunctionalized olefins with various oxidants, in
which excellent conversion was oblained with the
highest ce value up to 99%. Monemeric Jacobsen
complex with a catalyst loading of 2 mol % pave a
conversion ol 6% with 97% ee within 9 h lor Lhe
oxidation of eyvano chromene in the prescnee of
d-phenyl pyridine N-oxide; however, the dimerie
complex 66a required only 2.5 I for 100% conversion
with =899% e under identienl reaction eonditions,
even using simple pyridine A-oxide as the additive,
A low catalysl loading down te 0.6 moel % was siill
sufficient for achieving satisfactory conversion and
seleetivity within G h. Further decreasing the mtdl}m
loading te 0.2 mol % ecaused a reduction in the
reaction rate and ec value (in 24 hi, while the catalyst
loading of below 0.2 mol % deteriorsted Lhe reaclion
rate and selectivity rapidly. The enhanced activity
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ol dimeric eatalyst B6a shows that two units do not
allzet the isolation but have a synergic interaction.
Awial hazes have a pronounced effect on the reactivity
anil selectivily of enantioseleclive epoxidation and in
a hiphasic renelion system possess a dual role in
stabilizing the oxo intermediale and transporting
oxidant inte the organic phase™ 1u has been re.
ported that & monemeric catalvst with appropriate
M-oxide derivative additives could sctivate and sta-
Bilize the catalyst * ComparaLively, the epoxidation
ol slyrene over the dimerie catalyst 66a proceeded
faster i the preaence of either d-phenyl pyridine
Nepxdde (4-PPNO) or 4-(3-phenyl propyl) pyridine
Moxide (4-PPPNO) than adding pyridine N-oxide
(PO, without any visible improvement in the
chiral induction. In addition, the recovered catalyst
by precipitation vzing hexane without undergoing
further purification showed a visible decrease in the
reactivily, without any losa of enantioselectivity,

w Hy = =(CHghem, Bp=H

Ir; By=1h, It,=CH;
¢ Ry= o{CHyjpm Ry=CH;

Compleses GGL and B6c were also used in the
epoxidation of unfunctionalized alkenes ™ All the
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reactions were completed in less than 15 min: how-
ever, the reactions using Jacohsen's monomeric cala-
lyst were complete after 25 min. As expected, dimeric
complexes showed an enhaneed activity, The cnan-
tivseleclivity of reactions was always high, irrespec-
tive of the loading level of catalyst, even for catalyst
leading of only (0.5 mol %, A dimeric catalyst also
zhowed better repeatability and stability than did a
monomeric one. Complex 66a could be efficiently
uzed az many az [ive cycles in a biphasic reaction
avstem, and the activity of the recovered catalysl
showed a graduoal decreaze wilh recyeling numbers,
possibly due to either minor degradation or zoluble
loss of the catalyst duving the reaction,

It is well-known that the chiral cenler on salen-
Mn complexes induces the enantioselectivity in the
asvmmelric epoxidation of olefins. However, Hashi-
hayata et al. in 1997 firet developed & new asvin-
metric epoxidation system consisting of an achiral
salen-Mn complex and a chiral amine, in which
ecommerically available (—J-gparteine displayed the
highest asymmetric induction ® [ should be men-
tioned that the addition of water into the resclion
medinm improved the enantioselectivity (up to T3%
ee) for the epoxidation of chromene derivative. In
1999, the same group reported again high enanti-
pselectivity and good chemical ¥ield in the epoxida-
tiom of 2, 2-dimethylchromene derivatives using achiral
salen-Mnilll} complex 67 as the catalyst in the
presence of axially chiral hipyridine N A -dioxide, '
Their research has suggested a now concept of chiral
actualiger, which could have the potential 1o open a
new avenue for asvmmetrically catalytic reactions.

The chiral catalysts with salen lipands derived
from appropriately modified common carbohydrates
have been found to be as active as those based on
1,2-cyclohexanediamine, There was a report made by
Borriello et al, in 2004 regarding the synthesis of new
chiral salen-type ligands 68 and 88 derived [rom
p-glucose and D-mannosze. ™ These two compounds
were obtained by introducing appropriate functions
at the Cs and Cs positions of the sugar ring, The
elficiency of the corresponding Mn complexes in the
epoxidation of styrenes was shown, e.g., for function-
alized cis-f-methylsiyrene an ee value of 88% was
achieved. These promising resulls deserve further
investigation aiming at Lhe exploration of other
functional groups present naturally on the skelslon
of carbohydrates. For instance, —OH proups nol
invalved in metal coordination may be used for ather
purpaeses, such as anchoring onto a polymeric matrix
ar improving the solubility in alternative salvents,

Chrominm-salen complexes have heen extensively
applied in stereoselective alkene ppoxidations, "S!=4-2
kinetic reselution of epoxides, ™ 24 aleahal axida-
tions,?' asymmetrie addition of vrganometallic re-
agents to aldehydes *5 " and asymmetric helero-
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Digls—Alder reactions.®' Distinctly different from
salen-Mn-catalyzed alkene epoxidations (for recent
findings o mechanisms see refs 217-221), chrominm-
salens pive pood enantioselectivities for (£)-alkenes,
and the established oxyvpen-transfer Cr¥=0 spacies
iz pelatively stable and EPR active. For more detailed
understanding of the mechanism of either Mn- or Cr-
salenz mediated chiral epoxidation, please refer to a
recent review by Qilheany et al 18!

ltecently, Gilheany et al. investigated the substitu-
ent effect on the salen ring, which locused mainly on
combinations with respect to all-important 8 posi-
tions and on a comprehensive study of effect of one
substituent atl all the positions. ™ The results showed
that the cnantiozelectivity was increased at 3.3- and
G,6-posibions and decreased at 4,4- and 5,5-positions
by lalo-substitution on the salen ring. Addition of
triphenylphosphine oxide significantly increased the
selectivity of the complexes coming from 3.3- or 5,5-
gubstitubion rather than 4,4- or 6,8-substitution, and
the use of a nitrate counterion was beneficial in most
cises, Additionally, the enantioselectivity could be
alevated by the addition of many different types of
phozphoryl compounds, among which tri-arvlphos-
phine oxides were the most effective, e.g.. trisi3,5-
dimethylphenyl) phosphing oxide led to the highest
oo value of 93495 #* A ceiling effect of additive has
been obzerved, in which bulky additives were inel-
[eetive, accompanied by a saturation effect with
reapeet 1o the inerease of concentration; however,
there was no clectronic effeet of substituents inside

Lhe additive. Tt was found that the presence of

eompounds containing extended 7-electron systems
ebronply affected the oo (207 eo) *"* Tn cortain cases,
such additives appeared to stabilize active oxidant
anel Lo slow the reaction. Unsubstituted and methyl-
substituted imidazeles were found to be heneficial
additives, while imidazoles with aromatic substitu-
ents were very detrimental, These results have
provided actunl support for Katsuki's views on the
importance of m-interactions in the epoxidations
catalvzed by analogous salen-Mn complexes, Com-
pounds containing 5=0 and C=0 bonds also showed
an impack on the enantioselectivity to a lesser extent;

U.
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however, whether phosphine sulfides on borane could
survive contact with the oxidant would depend an the
salen substitution pattern. A phosphorus ylide was
found to stabilize a Cr(V) oxo species, approximately
to donble its lifetime.

232 Coball Salens

Much attention has been paid to the development
of direct and =selective epoxidation of olefins by the
use of molecular oxypen and a suitable reductant,
such as a primary alcohol, ™ aldehyde ® and cyclic
ketone? that can accept one oxygen alom from
molecular oxygen to enable the reaction. In 1997,
Kureshy et al. first reported the asymmetric epoxi-
dation of nonfunctionalized prochiral alefing by com-
hined use of an atmospherie pressure of moleeular
oxygen and a reductant of izebutylaldehyde catalyzed
by chiral salen-Ce (L) complexes 70 with or withoul
PyNO co-oxidant.® An up to 55% ce and a yield of
A04% were achieved for the catalytic epoxidation of
trons-d-nonene. Anyway, it should be pointed out
that the presence of a catalylie amount of pyridine
N-pxide notably improved the enanlioselectivily with-
oul any change in the confliguration.

HH 1111:“:_—(("" I}I'
0 b Ry=H, B;=M¢e
¢t Ry=HK,=FhL
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2.3.3, Palladium Salens

Ce-symmetrie 1, 1-binaphthyl unit and tetradentate
Schiff baszes (zalen) constitute two of the most im-
portant Lypes of chiral auxiliaries in metal-mediated
asymmetric catalysis. There are a varicty of Pd (11}
Schiff base complexes that have been reported in the
literature, of which only these bearing bidentate
Schilf base ligands are well documented.® Although
the salen-Pd (II) complex was first isolated in 1983,
teiradentate Schiff base complexes of this metal lon
have still been sparse, and their reactivity toward
the alkene epoxidation remains unexplored " In
2000, Zhou et al. provided the first example regarding
the asymmetric epoxidation of alkenes catalyzed by
a palladivm complex Pd'™71.%2* With a molar ratio
of catalyst/styrene/TBHFP = 1:5:20, the reaction over
the complex PA"-T1 gave rise to a 16% conversion of
styrene after 6 h, affording styrene epoxide in the
selectivity of 37% with 17% ee and benzaldehyda in
the selectivity of 50% (based on the consumed sty-
rene). Under identieal conditions, 27% of p-fluorosty-
rene was converted to p-fluorostyrene epoxide in the
selectivity of 51% with 71% ee and to p-flusrobenz-
aldehyde in the selectivity of 32%

2.3.4. Ruthernium Salens

In 1999, Takeda et al. published the synthesis and
catalytic application of (ON' )(salen) ruthenium (I1)
complex [[ONJRu-salen complex] 72 in the asym-
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(TERNT cpuxidl:tian of B-acetamido-2,2-dimethyl-7-
nitrochromene in the presence of various oxidants,
for which 2,6- dlch|uru|:-1.-t:|[1me N-oxide as terminal
oidant was preferred #° All the tested conjugated
alefing showed high enantioselectivities greater than
3.4_]% e, rrespective of their substitution patterns;
Bowever, the enantioselectivity decreased with elon-
sated reaction time. This suggested Lhe gradual

.depnmpuuitmn of the (0N Bu-salen complex 72 dur-
Ang the reaction to generate fragimental Ru-species
with o lower asvmmetric induetion. Furthermore, the

redetion was accelerated by exposure to sunlight. The
sease of asymmetric indoetion by the (ONIRu-salen
complex 72 was similar to that of the Mn-salen
complex bearing the same salen ligand.

b summary, metallosalens ave considerably effee-
Livie eatalvsts or the asymmetyric t.pu.w.ldtmn of
tonjugated eis-di-, tri-, and some tetra-substituted
nlelins " Metallosalens can be easily synthesized
from corresponding salicylaldehyde derivatives, di-
amines, and netal jons. The main advaniages include

(L the commercial avallability of a wide variety of

ehiral andfor aehival salicylaldehydes, ehiral di-
aitines, and melal 1ons, and (2] the casy preparation
and use of metallosalen complex catalysts, This
feanlts in Lhe convenient application of such catalysts
i theindustry, And, when these zalen-complexes are
employed o catalyze the epoxidation of functional-
ized suhzbituted olefing, the satisfied results can still
b achieved.

24, BINOL Systems
241, Lanthanum BINCLs

The catalylic asymmelric epoxidation of o8-
wisaturated carbonyl eompounds 1s an important
transfarmation in organic synthesis becavse it con-
sbrugts twe adjacent ehiral carbon centers simulta-
negusly, and the corresponding enantiomerically
enriched epoxy compounds can be pasily converted
b many fypes ol vseful chiral compounds 259
Although many research groups have developed
ellicignt catalytic ssymmetric epoxidations of o,j-
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unsaturated ketones #8EH2028-248 (here are anly
limited examples with respect to the epoxidation of
o ff-unsaturated esters as substrates cotalyeed by
either a salen-Mn complex® ar a chiral kotone, #4238
In both cases, the substrate was only fearvl-substi-
tuted o f-unsaturated ester. Bhi et al. reporied
excellent results for a few g-alkyl-substituted sub-
sirates but without trans-f-alkyl-substituted o 3-
unaaiurated esters due to the poor chemoselectivi-
by ** Recently, the uze of lanthaneid-BINOL eom-
plexes to catalyze the enanlioselective epoxidation of
cnones with hydroperoxides was studied in greal
detapl #0- #228=00 Thiz catalylie system was ap-
plicable for both alkyl and arvl substituted enanes,
riving the prodoct in high vields with good eoantio-
selectivity.

Shibasaki catalyvst, which resulted from an equimo-
lar mixture of (K445 1,1-bi-2-naphthol (BINOL}
and LalOPr iy, could catalyze the asymmetric epoxi-
dation of a wide range of (£)-enones in the presence
of 4 A molecular sieves.™ When chaleone was 2=
oxidized by cumene ]wdmpnrm:dL oxidant, 93% of
chemical yield and 83% ee value were oblained,
Yiterbinm catalysta showed a good chirval induction
for the epoxidation of alkyl o ff-enones, in which 96%
ec was obtained with external addition of triph-
enylphosphine oxide (15 mol %0,** and the positive
effect of addition of waler on the enantiozelectivity
was observed #% In 1998, Daijkai et al. found that the
coordination of an external ligand Lo chiral viterbinm
complex [Yh-(-(BNPY] not only inereased the solu-
bility of catalyst but also largely enhanced the
enantiozelectivity of hetero-Diels— Alder reaction, 925
indicative of the importance of saturated coordination
to lanthancid with an appropriate number of ligands
for the desligomerization of Ianthaneid complexes, In
addition, they further imvestigated the effect of ad-
ditives on lanthanoid complex-catalyeed asymmetric
upn:{iflution of enone that was developed by Shibasalki
et al FEEEIREE A ynong the additives tested, wriph-
enylphosphine oxide showed the best resalt (S96% ew)
and a notable ligand acceleration of the reaction rate,
One plavsible explanation could be responsible for
such 4 remavkable ligand effect, i.e., the interaction
of ligand with PhyP=0 would produce a nonpoly.
merically uni-stroctured catalyst, further leading 1o
the occurrence of epoxidation on the coordination
sphere of lanthanum, where the reaction sites might
be guite close to the chiral binaphthy] ring due to
the steric hindranee of bulley phosphine oxide ligand.
It was also found that when CMHP was used in place
of TBHF, the enantioselectivity was lurther raised
to over 99% ee, and the amount of catalysl could be
reduced to 0.5 mol % withoul any serious loss in the
enantioselectivity, More mmportantly, all of Lthe re-
agents required for this agymmetric epoxidation are
commercially available, and lew reaction tempera-
tures usually required to atlain a high enantioselec-
tivity are nol necessary, thus making it a haghly
practical protocal. To understand the mechanism of
highly enantiosclective epoxidation, the relation of
enantiomerie purity of chival ligand 1o that of the
product was investigated. The results have shown
that the ligand with only 40% ce could induce the
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product with more than 99% ee. This phenemenon
strongly suggests that the active catalyst may not be
monomerie, instead it hag s partieular strueture that
havdly changes during the reaction beeause of ils
thermodynamic stability.

In 2003, a highly practical way was again reported
for vbtaining & f-epoxy ketones with a high optical
purity (Table 612 The chiral lanthanum complex

Table 6. Asymmoetric Epoxidation of Various Enones
witly Lﬂ—III_}Eg_I:._C:JmpiuxEs and TBHP~
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Wiley LUSA, ¥ CHITF was used oz the oxidant in entey 11-22.

self-assembled in-situ from lanthanum triisopro-
poxide, (R-BINOL, triarylphozphine oxide, and alleyl
hrvclroperoxide 11:1:1:11 efficiently catalyzed the ep-
oxidation ol o, f-unsaturated ketones with TBHP or
CMHAP ai room temperature into the eorresponding
epuxy ketones with an enantioselectivity of =995 ee,
Actually, this catalyst svstem has been successfully
aealed up o the level of 30—80 kg, in which the
produet yvield could reach 909% with a high ee value
of =485 %5 Alsn, this homochiral dimeric binuclear
a-tomples, Latf-BINOLPh:POYROOH (1:1:1:1), was
propozed a8 an active catalvat for the reaction in
Heheme 4, accompanied with a possible catalvtic cycle
as shown in Scheme 5.5 One of two lanthanum iens
would funciion as a Lewis acid to activate the
zubstrate, and the peroxide attached to the other
might be deliversd as the active oxidant, thus, 1o
canileal the stereschemistry of epoxidation. For the
epoxidation of chaleone with CMHP, the catalyat La-
[P AR BN OL/Ph POYCMIP ©1:1:1:1) afforded
unugnal vield (8% and ee value (=99%). The addi-
tion of triphenyiphosphine oxide seems Lo stabilize

039

Chemical Reviews, 2003, Yol 106, No. & 1614

Scheme 4. Proposed Structure of the Active
Cuatolysts

13
o Adapted from ref 251 with permission, Copyright 2008 Wiley
USA.

those intermediates, while excessive CMHP could
jeopardize their structures beeause of the formation
of an oligomerie structure.

In 2001, Nemote et al. reported the application of
the asymmetric catalyst, La—BINOL—PhsAs=0(1-5
mal %), for the epoxidation of a variety of cnones,
including dienone and cis-enone *¥ The reaction was
completed in a reasonable time Lo atlain the eoree-
spanding epoxy ketones in 99% vield and =99% ee.
And recently, Ohshima el al. in 2003 claimed the (st
example of a general asymmetric epoxidation of o f-
unsaturated carboxylic acid derivatives, catalyzed by
La—BINOL-PhsAs=0 complex with TBHP.** This
new catalytic system has been extended to the
epoxidations of o f-unsaturated carboxylic acid 4-phe-
nvlimidazolides, All the epoxidations af f-aryl-type
substrates could end in a reasonable reaction time
(3.5-6 h); however, only J-aryl-type substrates with
either an electron-withdrawing group or an £lectron-
danating group on the aromatic ring were smoothly
epoxidized to obtain a good ee (89-93% ee) This
catalyst system was also effective for highly reactive
fi-alky] substituted suhstrates. Both primary and
secondary alky] substituted substrates gave rise to
the products in high vield (72—-%3%) with slightly low
e {(789-88% eel In particular, this reaction was
applicable to substrates that are functionalized wilh
a C—C double bond or a ketone without over-
oxidation.

24.2. Yiterbivm BINOLs

La-catalysts and Yh-catalysts can be used in a
complementary manner {or the asymmetric epoxida-
tion of aromatic and aliphatic substituted enones
(94% ee) at room temperature. In 1998, Watanabe
et al. discovered that the addition of 4 A molecular
sieves to the catalyst was considerably effective for
acquiring the product in high yield and that even the
presence of a small amount of water obviously
improved the ee value.®? I'or example, 83% yield and
85% we were achieved for the asymmetric epoxidation
of 4-methyl-1-phenyl-penti-1-en-3-one with the addi-
tion of Ha(), while the absence of HaOr led to only 31%
vield and 70% ee, However, the absence or presonce
of HsO did not show any visible impact on La-
catalyst. The role of water ean be rationalized with
the coordination of water melecules to Yb atem,
thereby contralling the orientation of hydroperoxides
to form an appropriate asymmelric environment,
Recently, Chen et al, successfully developed a series
of 6,6"-disubstituted BINOL ligands (5)-73 and the
corresponding yiterbium complex calalysls ®* Bspe-
cially, the yiterbium complex resulting from Yb-
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Wl and (S16,6diphenyl-BINOL in THE was
found Lo e an alficient calalvat for the asymmetric
epoxidation of o #-unzaturated enones with CMHP,
i which the best results were 97% ce and 91% vield
forthe product L81-1,53-diphenylpraps 2,3-cpoxy-1-ane
able 71,

1
m 4 R=H, b R=lir
N e R=Ph, dr BepeMeCglly

L O e B=p-Me0 I,

i W=p-FC Hy

1 2 l=1-Maphihyl
73

243 Gadalinium and Samarivm BINCLs

The introduction ol substituents inta 6,6 -positions
off BINGHL. wught exert a profound impael on the

activity and enantioselectivity of the catalyst due Lo
the modified electronic and steric propeetios #9926 [y
2001, Chen el al, achieved cpoxy chalesne with 955
ee over 5 mol % ol GAiOPr y-(806,6"-diphenyl-BINOL
calalyst at room temperature® In this system,
CMMHE was obviously advantageous over TRIP, v.g.,
the ee value decreased from 95% with CMHE Lo 86%
with TBHI for the production of epoxy chaleone. The
chiral ligand eould be guantitatively recovered and
reused with a negligible loss of chemieal vield and
ee, [n 2008, Kincshita ot al. developed the asym-
metric epoxidation of o, funsatorated N-acyl pyre-
roles, which are highly reactive and versatile sub-
strates ag ester surrogates. M Allheugh the functionul
group tolerance of the Witlig reaction is good under
mild conditions, this olelination is generolly consid-
ered Lo be somewhat ineflicient as o vesult of Lhe
production of PhalPO as a byprodoct. They hypath-
esized that the reuse of waste Pl PO in the epoxi.
dation reaction as o modulator for Sm—Hg—~BINOL
complex would partially compenzate the disadvan-
tage of the Wil reaetion. Thus, a sequential reac-
tion [rom Wiltig oleflination to eatalytie asymmetric
epoxidation took place, in which PhyPO vielded in the
first (Willip} reaction wasz reused as an additive in
Lhe second repclion epoxidation, Thiz process pro-
vided an effivient acecss to prepare oplically active
prrralyl epoxides from a variety of aldehydes in high
vields with excellent enantiozelectivities. Under ap-
timal conditions (THFAoluene and PhyPOY, Lhe rane-
tion proceeded smoeothly with o low calalyst loading
of 1 mal % Lo alTord the epoxide 74 in 94% yield and
99% e in 18 min, The reaction reached the comple-
tion over 5 mol % of the catalyst in the presence of
CMEHP {Jess explosive and reaclive than TBHP)
willin 12 min with 91% yield and = 99.5% e,
i {Il
qu L}

Td I*h

244 Calcium GINOLz

As deseribed above, the asymmetric epexidation of
o f-unsaturated enones is also a powerful steategy
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Table 8 Asymmetric Epoxidation of ﬂJ)’-L nsaturated
Enones with TEHP aver the Catalyst "i':.- in the
Enlyent of CyelohexaneToluene {(9:1) in the Presence
ol A Melecular SievesT
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for the syathesiz of enanliomerically enviched organic
eompotnd=®" [n 2003, Kumaragwamy et al. first
developed o novel and efficient chirally medilied
eitleim complex 75 derived (rom eommerically avail-
able low-cost CaCly and potassium salt of (5)-6,6-
diphenyl BINGL, for the agymmetrie epoxidation of
i dunsaturated enones (Table 815 Inlroduction of
substituents to the 3-position and 8,6 -positions of
BINGOL exhibiled profound effects not only on the
activity bul also on the enantioselectivily ol epoxy
ehaloane * 4% In an effort Lo increase the enantiosc.
leetivity of chaleone, o wide range of subslituled-
BIMOL and Ce-symmetric Hgands were prepared,
The resultz showed that complex 75 offored a higher
g value than did the 2-substituted BINGL caleium
tomplex 76 and the Ce-symmetric complex 77, The
inerense in the enantivselectivily was not only doe
to the clectronic efleet of 6,6%-ary]l substitution as
predicted by Vries b al***% hut aleo due to the
mnerease in bond angle betwesn bwa naphthyl rings,
which may provide a favorable cosrdination environ-
ment at the metal—ligand site.

2.5. Chiral Carbonyl Compound Systems

The intermediary of dioxiranes formed in oxidation
reactions was first sugpested by Baever and Villiger
iy 1899 in the monoperoxysullzle exidation of men-
thotie into the corresponding lactone.*™ Experimental
confirmalion of this unusual structure was ool avail-

Ual
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able until 1977 when the parent dioxirane was
detected during gas-phase veomolysis of ethylene, and
ils existence was thus rigorously established #s-e
I the realm of solution-phase oxidation, however,
the seminal breakthrough came i 1974, when Mont-
gomery ohserved that leetones could effeclively cala-
lyze the decomposition of Oxone® and Lhe oxidation
of halides and dyes.®™ Montgomery's speculation did
not establish thal dioxiranes were the active inler-
mediates, which was experimentally evideneed by "0
labeling studies of Curei #™ These investigators dem.
onstrated conclusively that dioxiranes were indeed
procduced in situ from the inleraction belween Oxone
and ketones and thal these intermedintes were
respansible for the aceelerated decompesition of Ox-
one™ Bince the isolation of dioxiranes is olien
difficult, therefore, Lthe in-situ peneration of dioxi-
ranes i penerally required, for which excess Oxone,
a ketone and an appropriate buller are amployed,
Recently, much stlention has been focused on the
gpoxidabion ol alkenes with Oxene by either chiral
lptones®5 5T 380 (1 g disxirane 2803 gp ohiral-
iminium salls®™ 2 (vig an oxaziridinium species),
which 1@ 2 possible alternative to salve the problem.

281, Simple Chiral Kalones
Dioxiranes, either isclated or generaled in silu
fromn KHEG, (Oxonel and ketones (Schieme 683, have

Scheme 4, Catalytic Cyele Involving Diexiranes®
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shown te be efficient oxidants for the asymmetric
epoxidation of unfunclionalized olefinz. Owing o
the rapidness, mildnesa, and safety of the reaction,
Lhiz  system  has  been  extensively investi-
pated ORETRARL MELE RN e figgt chiral kelone-
catalyzed asymmetric epoxidation was reported in
1584 h\.r Curel,*™ who carried oui the epoxidation
(12.5% ce} of (£)-j-methylstyrene or 1-methyleyelu-
hexene over the catalyst O+ isopinocamphone 78 or
(5104 -3-phenyl-butan-Z.one T8 in a biphasic mixture
of CHaClpHeD bulfered tooa pH of 7—58, using Bus-
NHEO, as a phase transfer catalyst, Since electron-
deficient kaelanes were generally more reactive for the
epoxidation, a trifluoromethyl group was aceordingly
incorporated inbo the strocture of ketones e prepars
highly active ketones B0 and 81 with high yields 7

Yang et al, synthesized Ce-symumnetric oyelic chiral
ketones 82—84, dervived from 1, 1-binaphihyl-2 2
dicarboxylic acid 21927724 The desipn woas based on
the following considerations:*" (a) Cz-symmelry was
introduced Lo limit competing reaction modes of the
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allaek on dioxirane, which has iwo faces for the
oxygen transfer, () Che chival element was placed
awary from the eatalylic cenler (Lhe carbony] group)
while avoiding the ceeurrence ol any substitution at
iearbon sinee a-carbons are prone to the racemiza-
tion, aned the steric hindranee at o-carbon decreases
the catalyst aclivity. (e} Two clectron-withdrawing
psler proups were introduced to activate the carbony
group. The resulting ketone was stable and recover-
able in high yield witl up bo 95% co,

0 iz B=11 b R=C, e R=Br
Il d: B=l, e K=Me

I W=CH,0Me

w W=Ph, by B=TMS

? P
: H= i
. e
ke R0
0 0
0

NO, (N
53 84

Fetone (R 1-83 was easily prepared in one step from
WG G-diniteo-2 2odiphenie acid and 13-dihydroxy-
geeloe yaing the Mulkaivama reagent. (f£-82a and
W83 showed similar enantioselectivities [or the
epoxitdation, Ketone -84 (10 moel %) was applied
i the asymmelric epoxidation of trans-stilbene under
the same reaction conditiens with (2)-82a. [ was
found thal the epoxidation reaction proceedad with
105 of conversion (determined by 'H MMR! aller 6
I, aned the co value of Laes-atilbene epoxide was
ahaut 12%. The poor activity of the ketone could be
assoeinted with the fhet that an elther gproup is a
weaker electron-wiililrawing group than an ester
grong. The esler groups giving rise to a rigid and O
symmelrie steucture of cyelic ketones seemed 1o be
essential [or effective asymmelric epoxidation, As
compared Lo ketone 82, ketones 85 and 86 made by
Song et al. in 1997 showed a low enantioselectivivy
of =09% co, possibly because a replacement of the
gater proup witlh the ether one that is a weaker
eleelron-withd rawing group could bring the carbonyl
group clozer to the chival center® Buol Adsm's
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kelones 87 and 88 exhibiled a catalytic activity
gimilar to 85 and B6.* Also, Yang el al have
demanstrated the petential of Cesymmebric chival
ketanes for the catalytie asymmetric epoxidation of
trans-olefins and trisubstituted olefing % Fpoxido-
tion reactions could be performed wilh only 10 mol
% ol ketone catalysts, which could be recovered and
reused withoul any loss of activity and chiral indue-
Lion, Convineing evidence for a spiro transition state
of dioxirane epoxidation has been praposed through
the B0-labeling experiment, in which chiral diox-
iranes were found to be the intermediates in epoxi-
dation reactions catalyzed by chiral ketones,

0
A

0
S ) 5

0 5
28
i5 1
(8]

[ B8998, Denmark o al. reported o highly aclive
andd enantioseleckive seven-membered carbocyelic
ehiral ketone 89 with a chirnl center closer to Lhe
carbony] proup, in which the Huorine substitution ot
the a-carbon caused a dramatic impact on the epoxi-
dation ratle, leading to an ce up to 4% In 2002,
Stearman et al. synthesized a series of chiral binaph-
thy! ketone catalysts 80 with variable distribulions
of fluprine atems close Lo Lhe carbonyl group ™ The
asymmelric epoxidation of drars-G-methylstyrene
over catalysts 90 were all run under the same
conditions with 10 mel % catalyst at pH = 9.4 and
=15 *C. Parent ketone 90a catalyzed the epoxidation
of trens-f-methylatyrense twgain 35% conversion wilh
46% ee, while Song’s ketone 85 merely olfered 29%
ee, This was encouraging since the nonTuorinated
version of Denmarlds ecalalyst 8%a only achieved
about 5% eonversion under similar conditions, Monaol:
luorinated kelone 90b led to 57% conversion and
inereased tho eo to 80%, while the o, o'-difluorinsted
vatalyal 90¢ catalyzed the complele conversion of
substrate to epoxide with 86% ee. However, the
trifluorokelone catolyst 80d did not show any ime
provement in the ee wilh a complete conversion,
Denmark previously described a dramatic stercoclec-
Lronie elTect of Muorinated cvelohexanone derivatives
that are censtrained conlormationally, with ol
NMuorination resulling in little aclivation of the kelone
moiely £ This is consistent with the action of the
third Muorine atom in ihe catalyst 90d, which
presumably pecupies a pseudoaxial position, thus
offering no advantage as compared to the dilluoeri-
nated catalyst 80c¢. Telrafluorinated ketone H0e,
which exisis almost exclusively as the hydrate, gave
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rize to the results similar to the parent kelone 90a.
The strong preference lor the formation of hydrate
has made the catalyst Me less available for the
divzirane formation, henee decreasing Lhe conversion
aud e, Comparatively, the best catalyst is the oo’
dilluoroketone 90, which has catalyzed the epoxi-
dacion ol frans-G-methylstyrene with 100% of con-

varaien and .‘%-f:” ee aboa catalyat loading of 10 mol
'!.:'..

ar W= =H
3_ br Ry=H, Ry=F
x..—! b e RysRy=F

H1 It

" jJ\J' wlly ar Ry=Ry=Ry=R,=H
b: Ry =Ry=Ry=H, R,=F
e By=Ry=H, =R, =F
il By =1, =Ry =F, /-1
e [ =R ef= =1

U

In the particular caze ol electron-deficient olefins,
significant results have been obtained esver deriva-
Lives of C= quinic acid and tropinone as well. Bor-
tolind et al, in 2001 designed the ketone 91 (bile acid?
with a chiral and stersid skeleton that can confer
conforimational rigidity, preventing any distortion
and foreing theee keto funcliona! groups inte different
directions ™ In addition, the carboxylic functional
granpon a Jateral chain makes Lhe ketone 91 soluble
ina zlightly basic aqueous salution and anchorahle
anto a auitabde support, As shown in Table 9, the

Tuble 9. Azvmmetric Epoxidation of Prochiral
Cinnamie Acigd Decivatives with Ketone 81+
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asymmelric epoxidation of different cinnamic aeid
derivatives in watar—NaHCO; has been performed
i the syatem cansisling ol dehydrocholic acid (an
aptically aclive ketone) snd Oxone to atlain a produet
with s ee valoe of 75%, The temperature was [
Lo be an important Getor for the oxidations with
dioxiranes gencrated in gibo 3000

L 2000, Solladic-Cavalle ev al. published their
resiglts with respect o the epoxidution of methyl
prmelhoxyeinnamate, derd-butyl p-maethoxyeinnama-
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te, and frans-stilbens over o-halogenated ketones
82 2% When the epoxidation was catalyzed by using
tt-chlore kelones 92e and 92d having & methyl group
in the g-pesition instead of an isopropyl group, Lhe
chlorine in the axial or equatorial positivn sipnifi-
cantly enhanced the effieiency of ketone. For ex-
ample, when the chlorine aceupies Lhe axial position,
T3% of conversion could be realized, nolably higher
than 20% of conversion with n-chlorine in the equa-
tarial position. The same behavior was also observed
over g-fluore ketones 92e and 921, where o-Juorine
in the axial position of 92f largely promoted almost
the complete conversion of substrate, while that in
the equatorial position of 92e led to only 43% of
conversion, [, thus, appears thal the ketones with
an axial halogen (Cl ar Fi are more etficient. than
thase with an equaterial one, Also, it was shown that
the promolion effeet of axial fluorine was stronger
than axial chlorine,

('_“ —COOH

Il Ry & y=Cl R="Pr, Ry=M¢
O b1 =10, Ra=Cl, Ry=Me

o =01, By=Me, RJ-“E'

2, U Ry=Me, I=Cl, Ry="Pr

ez By=F,  H.=Me, R; '—"I"r

4z f: Ry=Me, Ry=F, W;="Tr

In 2002, chiral kelones 932 and 93b bearing a
L-aga-7-oxabicyelo[3,5,0)decane sheleton and their Cs-
symmelric analogue 94 were prepared as chiral
disxirane precursors [or the asymmetric epoxidation
of olefing with Oxone.™ Ketone 93b, bearing a
diphenyl steric wall, was not effective [or the chiral
induction with a quile ponr gelectivity. For example,
the epoxidation of trons-stilbense with Cxene cata-
lrzed by a stoichiometrie amaount of $3a 10 acctoni-
trile —dimethoxymethane (DMMi—water (2:1:2) al-
forded (8 Si-stilbene oxide with 60% ee, while the
reaction over 83b produced (7, R)-stilbene saide with
only 6% ee. However, for the same reaction ketone
84 showed a good enantioselectivity up to 83% ce.
These resulls have suggested thal the Coualomb
repuleion betweon carbonyl and ether axygen aloms
is pperative as an elecironic wall rather than as a
sterie wall., IL, thus, zeems that the maximal ef
ficieney of chiral ketone catalysts could be reached
by both choesing efficient substituents and adjusting
the raaction conditions, based on the subsleates and
the ketone catalvats, The activating ellocts of fluorine
substitulion adjacent 1o the ketone carbonyl maiely
are gpparent for methyl (trifluoromethyl) dioxirang™?
and dioxiranes derived Trom  2-flusro-eyclohexa-
notea, M -[luaro-1-telralones, and 2-luoreindan-1-
ones. £ These results were influential in the deaipn
anud subsequent use of oxidizing apents resulting rom
ketones 95 FRESC00 g9 M0HE 4nd more recontly
BUG.EHE'
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Armstrong et al. have made important conteibu-
tions bo the progress of this field, particularly, they
aehtly extolled the virtues of g-Muoro-N-sthoxyear-
benylizopinone 96 oz an efficient and readily recyeled
catalyst for the epoxidalion of alkenes with Oxone
[E05 e To improve the enantiozelectivity further
and Lo clarify the factors responsible for the asym-
metrie induction, many altempis to prepare bicyelo-
(2 Moctanone derivatives 83 nnd 97 with alterna-
five aesubstitution have been carried oug #9286-50
Mupregver, o-fluoroleelone 88 displayed a much better
ability to eatalyze the asymmetric epoxidation of
truna-stilhiene with Cheone, for which enantiomerically
enriched ketone 98 with S0% ee gave rise to stilbens
E'leiidﬂ "l‘r'jt..!'l 4% m;_:“'"‘-“'“‘

Lok
N 0 0
T LY i U R=S0,0e
A0 wmer 20 R=OMe
i W BR=0Ae T PY eR=OAc
] 0 © 0 g R=0H
0 a7 g [ R=F

282 Polyhydic Compaunds Derivad Ketones

I 19896, Shi et al. [rse veported the asvmmetric
ppogidation of trans- and trizsubstituted oleling with
Crsnee over a Mructose-derived ketone 99, which was
highly efficient and mild, acconmipanied by high eo
vilues M Kelone 99 ia an eflicient epoxidation cata-
Iyst with bigh ee values {or o variety of trans- and
trizubatituted olefing; however, it i3 not elleclive
Loweard o, f-unsaturated esters due to ity decomposi-
ion under reaction conditions, presumably via :
Bueyer—Villizer oxicdation. The ketone was designed
based an the nllowing ideas: [a) stereogenic centers
elise fo the active sites can result in an efficient
stercochemical communicslion between the substrate
and Lhe eatalyst; th) the presence of a fused ring and
a qualernary e-carbon attached to the carbonyl group
minimizes the epimerizalion of sterecgenic centers;
{elone Faee of Lhe cabalyst iz sterically blocked Lo limit
possible competing approaches. Carbohydrate-de-
rived eliral ketones as the epoxidation catalysts can
bir rationalized by the following reazoning: (a) car-
bobiydeates are ehiral and rveadily available; (b
cirbolivdrales are highly substituted by oxygen
apgups with an inductive effect to aetivate the ketone

cabalysts, which would possess a good reactivily; (c)

carliubydrale-derived ketones could have rigid eon-
limalions hecavse of an anomerie effect, which
would be desirable [ur a high enantioselectivity.
Subsequently, during the peried from 1998 to 2001,
Bhi el al. extensively revealed high enantioselectivi-
Lies [RE=599% cel of D-lructose-derived chiral ketone
98 for the asymmecric epoxidation of olefing with
hydrogen peroxide or Oxone as primary oxidant
weler mild conditions #7#4 The vesults showed Lhat
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hydrogen peroxide other than Oxone could be used
tn penerate dioxiranes and that the volume of solvent
required was significantly reduced as eompared to
the case of potassium monoperoxysulfate (Oxone) ag
primary xidant. When the reactions were carried out
in the solvents, such as DMF, THF, CHLCL:, EtOH,
or dioxane instead of CH3CM, GO detected only trace
amounts of epoades (<1%), suggesting thal the
coexislence of hydrogen peroxide and CH3CN pro-
moted the formation of catalytic dicxirane. Most
likely, in the presence of CHZON the actual exidant
responsible for the [rmation of diexirane was a
peraxyimidic acid intermediate as depicted in Scheme
7. A control experiment showed that in the absenee

Seheme 7. Formation of Peroxyimidic Acid
Intermediate (dioxiranae)s
MNH

e

CHCN  + 1y

IR (141}

= Adapted from rel 307 with permission. Copyright 19940
[HETROT

of any ketone, the addition of 1.0 M EaCOs gained
only 1% aof conversion the reaction was stivred for &
h at 0 °C, while under identical conditions the
introduction of simple acedone led to a conversion of
G1%, implying Lthat dioxiranes could also be gener-
ated [rom other ketones rather than merely limited

in ketone B8,
93
o 4]

~F6
P

However, for the epoxidation of els-olefins kelone
8989 showed o rather poor enantioselectivity; for ex-
ample, only 39% ce was oblained for efs-famethyl-
siyrene with a major ( 17,25 -enantiomer. Scheme 8

Scheme 8. Structure of Competing Spirvo
Transition Stales A and B~

L

Spiro A
Favorerd

Spiro I8
Iyislavired

o Agdapled Trom rel 315 with permission, Copyright 2001 The
Ameriean Choamical Bociety,

shows that there are likely two major compeling spiro
transition slates A and B formed in this catalylic
system. A low ee value for ¢is-olefing suggests Lhat
the ketone catalyst cannet provide an essentially
structural environment in these two transition states
Lo dilTerentiate sufficiently between phenyl and meth-
vl groups on the olefin. To solve this problem, they
turther prepared a new chiral ketone 100770 g
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nEen analogue of 99, which achisved generally
ee values for a class of acyclic and evelic ¢is-

It
N,FD a: R=Boe, b 1i=H
er B=Me, J: R=p-0Melh
e R=p-Nel'h, i R=p-MeS0,Ph

%--ﬂ-
?’J : R=p-N03Ph bz B=p-Ni,

 Owing to the extreme vsefulness of cpoxides de-
d from Lerminal olefins, asymmetric epoxidation
ifunctionalized {erminal olefins has received
intensive interest. 179 Metal-complex catalysts
 sueh as chiral porphyrin and salen complexes have
s exbensively studied lor the epoxidation of ter-
al olefing, and in a number of eazes the enantio-
selectivity reaches about 80%, even a high up te
~SH0% ee in certain cases. In 2001, Shi et al. discov-
e that chiral ketones 100a—¢ were effeclive
gatilyats [or the cpoxidation of terminal olefins 39
e substitution on the nitregen of ketone 100a
-~ obviously enhanced the enantioselectivity, with up
0 85% e albtained for substituled styrene substrates
Tahle 101, As illustrated in Scheme 8, spiro A and

Tuble L Asymmetrie Epoxidation of Terminal
Olefing with Ketone 100"
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® Adapted from relis 313 and 3200 with permizsion. Copyright
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apiro 13 are the most plausible transition stetes, and
aoemingly spiro A 15 advantageous over B for those
aubstrates confaining a wr-bond system, where groups
with 8 a-bond system prefer proximal to the zpiro
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oxazolidinene. To prabe the interaction Murther, ke-
tones 100d—h with substitoentz on the phenyl group
were prepared and tested as eatalysts for the epoxi-
dation of cis-f-methylstyrene, styrene, and 1-phenyl-
cyclohexenc.™ In the case of cis-f-methylstyrene, the
ee value inereased from 83% for the electron-donaling
MeQ group to 90% for the electron-wilhdrawing
sulfone and nitro groups. The interaetion between the
phenyl group of olefin and the oxazolidinone moiety
of catalyst in the transition state spire A eould be
inlluenced by the clectronic nature ol substituents
on M-phenyl groups and favored by electran-with-
drawing proups. A lower ee value chtained with 100h
1= prabably becanse the N-phenyl grovp in 100h is
no lenger coplanar with oxazolidinene due to the
presence of an ortho-nitre group in the phenyl group.
The substituent effect on the enantioselectivity was
even more explicitly dizsplayed in the epoxidation of
1-phenyleyelohexene, lor which the (R 8)-izomer was
oblained with p-MeO and p-3Me groups, and the (5,8)-
isomer with p-MeS80y and p-NO: groups. Clearly,
electron-withdrawing groups on the N-phenyl group
in the eatalyst further enhance Lhe attractive mtor-
action between phenyl groups of olefins and oxazo-
lidinones in the transition state of catalyat.

In 2002, Shi et al, further developed a chival kelane
101, a readily available acetate analogue of 99, which
was active and highly enantioselective for the epoxi-
dation of o, f-unsaturated esters in the presence of
Oxone *® They replaced the fused ketal of 99 with
more eleetron-withdrawing groups s as to reducse L
Baever—Villiger decomposition and to enhance the
stahility and reactivity of ketone. The results in Table
11 showed that an ee ranging 90-97% could be
obtained for those substrates containing an electron.
withdrawing group, particularly for trisubstituted
et fr-unsaturated esters and conjugated enynes. The
interaction of Oxone with kelones 102 and 103,
derived [rom 2-quinie acid, cauld also generate chiral
diuximu;:-_q, which then epoxidized enones (Tabile
12_,_.!-';’].;[';"

q 00
3 iy L
Aoy o 0
ﬂnt[{ a
({111 10z 103

In 2002, Shing et al. investigated the asymmetric
cpoxidation of various alkenes calalyzed by three
b-glucose-derived ulose catalvats 104a—e with n-Bus-
MHS0, as the oxidant ™ where ketone 104a dis-
played a better enantioselectivity than did 104b and
10de, eg., the best ee values oblained for frens-
stilbene oxide were T1% ee for the ketone 104a, 11%
ee for 104b, and 26% ee for 104e, respectively, [n
2003, they reported again the catalytic applications
of L-crythro-2-ulozes 105, L-threo-3-uloses 106, and
107 prepared from L-arabinese, for the asymmetric
epoxidation. ™ The anomeric aglyeone steric sensors
with saitable size (eg., uloses 105a and 105d}
exhibited good stereachemical communication toward
the madation of drens-stilbene (up 1o 90% ee), Chemi-
cal yields of epoxides wilh uloses 105 wers poor (only
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14% yield) because of the decomposition of ulose
catalyats during the reaction. However, L-threo-3-
ulgzes 106 and 107 could overcome the decomposi-
Lion, azeribable to the electron-withdrawing effect of
:EEI.;E'. ester groupls} at the c-position. In the same vear,
readily available arabinose-derived 4-uloses 108,
gnntaining a tunable butane-2, 3-diacetal as the steric
j}.‘}:ngur, was further synthezized, which zhowed an
Apereased enanticselectivity up to 3% ee along with
nereasing the size of the acetal alkyl group in the
catalytic asymmetric epoxidation of trans-disubsti-
tisted and trisubstituted alkenes ** Ulvse 108¢ was
the best eatalyst and chiral inducer for the epoxida-
tion of a zimple tranz-disubztituted alkene (93% eel

253 Chiral Aldehydes
Although ketone dioxiranes have been well-known
as eneellent oxidants for decndes $UTBHEEE poly i
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recent years were chiral ketone diexiranes detected
to be prominent oxidants [or asymmelric epoxida-
tiuns_i‘j!l_‘.iL-l.'.‘_,'2'FELz!EI_HJ:lC{,?I.‘;:I:I_Z-I'.d:{_ﬂ-'.:!l;—ii'_:'!i In Cﬂntl‘ﬂﬁt, ﬂ]dﬂh ?.d{-!
dioxiranes {RHCO,) still remain elusive, even though
they have been involved in biolegical processes and
substantiated in theoretical studies #%7 For ex-
ample, Cyy-Aavin hydroperexide has been used in the
bioluminescent process of bacterial lueilerusze to react
with an aldehyde panerating the corresponding di-
oxirane as a high-encrgy intermediate, which has,
however, been neither isolated nor characterized M
So far, the only known aldehyde dioxirane is dihy-
drodioxirane (HsCOw), but it is obtained from the
ozonolyvzis af ethane at low temperature ™ rather
than from formaldehyde directly. In 2003, Bez et al.
first reported the chiral epoxidation with Oxone over
optically active aldehydes 109 synihesized from
fructose, which is the lirst direct evidence for the
involvement of aldehyde diokiranes ®* Although ke-
tone dioxirane may be readily prepared [rom the
oxidation of ketone by Oxone, the preparation aof
aldehvde dioxirane by this way is taboced. This is
becavuse aldehyde is reportedly prone to become Lhe
corresponding acid undergoing an Oxene oxida-
tion A5 1 is clearly observed from Table 13 that
aldelyde 109b yields consiztently betler enantiose-
lectivity than aldehyde 109a for those substrates,
excepl {or terminal and evelie alkenes.

In summary, chiral carbonyl compounds can be
easily synlhesized [rom some cheap natural com-
pounds and have shown especially high enantiose-
lectivities for the asymmetric epexidation of trans-
olefins, which is relatively valuable Tor indosteial
applications. Additionally, these catalysts display
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applicability for almost all the substrates,
netionalized and vnlunclionalized substis

Chiral Iminium Salts

iridinium salts as an electrophilic oxygen
a5 st reported in 1976 by Milliet, "5y hich
el extreme reactivity for the vxypen transfler 1o
philic gubstrates, soch ss sullides and alk-
'Dxﬂziridinium sults, mt]wr used in ibu-

9 organic E.al'l.s were pmpnrﬁd either I:ry the
terdzation of the cor mspm’:dmg pxaziridines or
e peracid oxidation ol iminium salls, Chiral
njum silts have Leen employved to catalyze the
ymmetric epoxidation of olefins with Oxone as the
ry oxidlant, in which a good chemical yield but
erate enantioselectivity was obtained, possibly
o toa poor chival recognition by the flat aryl ring
ched o the central carbon of  iminium
L BB AA=53 A e gy Bistituted iminium salts
e more stable and easily iselated than alkyl-
: h.stit.uted pnes; however, the intrinsic requirement
o can aryl ving severely limils the design and
eabalytic vse of chival iminium salis. ;"L]tm'udl.wely,
L;iﬁ lium salts can be generated in sito (rom the
~gandensution of either a ketone or an aldehyde with
: mndm‘}' amine, which proceeds under slightly
% it conditions that benefit the dehydration of
minol. [n the reaction, iminium salls first react with
] 1 Lo [oem oxazividinium salts, which then trans-
wyvgen to epoxidize oleling, accompanied with a
pppneralion of imimium salls; subsegquently, the
pestored iniinium salts reael again with an additional
wiv ol Oxone to generabe pxazividinium salls and
ﬁt omplete o catalytic cycle.
 Oxaziridines, nitrogen analogues of dioxiranes,
have constituted an impuoriant class of crganic oxi-
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dants under nonaguesus conditiona, More recently,
Aggarwal el al, have described the calalytic asym-
metrie epoxidation of simple alkenes mediated by a
binaphthalene-derived iminium salt,* which cata-
lyzed Lhe synthesiz of both 1-phenyleyelohex-1-cne
oxide with 71% ee and {rans-stilbens oxide with 31%
ee. Also, Armsirong el al, showed thal even acyclic
iminium salls could be efficient catalysts {or the
asymmetric cpoxidations by Oxone 802305 Tha firs]
enantiopure exaziridinium salt 110 was synthesized
by the guaternization of an oxaziridine devived from
a chiral imine that was prepared [rom norephedrine
in four steps ¥4 This salt and the corresponding
iminium salt eould catalyze the asymmetric cpoxi-
dulion of alkenes using Oxone as the stoichiometric
pxidant to oblain an ee value of e, 40%, but no cs-
epoxide products were detected, suggesting a single-
step oxypen transfer process, And the enantioselee-
tivity was higher [or disubstituted clefing than Tor
mano- or Lrisubstiteted ones. The presence of bwe
armmatic rings on the opposite ends of disubstituted
double-bond seems Lo favar Lhe “transfor of chirality”
from oxaziridinivm zalt to the epoxide via the oxygen
translor,

Ph
i

\'@ gt B
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Minakata et al, in 2000 applied a chiral kelimin-
ium salt 111 in the asymmelric epoxidation of
d-phenyl-prop-2-en-1-0l, but the cnanticselectivily
was not high (39% ee) " Page et al, in 2000 inves-
tigated one group of dihydreissquinolinium aall
catalysls, active at o loading as low as 0.5 mol 9 bul
low enantioselective with only ca, 40% ee in the
epoxidation of alkenes® Chiral primary amines
(Scheme 8) could rapidly react with 2-(2-bromoethyl)

Scheme B, Structure of Chiral I’rlmur}' Amines”

Xl

™o
Ilﬁ-—:'.'...--. ]ilE ;:5‘ =Nl
S "sll,
i My
TRy 1.

Ml s,
C

“Adaptod Mrom el 343 with pormission, C-:rp:.'rlghl. 00 The
Boval Society of Chemisley.

bengalichyde to produce oil ecompounds of dihydro-
isoquinolinium bromide salts, which were purified
with dilTiculty by convenlional methods. Thiz problem
was eventually solved by Lhe eounteranion exchange,
which tool place simply by adding an appropriate
inorganic salt into the reaction mixture belore the
warkup. As inorganic additives, fluoroborate, hexa-
Nuorophosphatle, perchlorate, and pericdate salts or
their derivatives were not ideal, but tetraphenyl-
barate zalts 112 derived {rom sodium tetraphenyl-
borate were preferred.
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#E et al. in 2001 further examined the eatalytic
vation of dihvdroisoquinolinium salts con taining
vther, and acetal functional groups in the
trogen substitwent in the asymmetric epoxidation
aft olofing (ca. 60% ee)® In addition, (1S,2R)-
nurephedrine derivative 113 calalyzed the epoxida-
win of 1-phenylevelohexene with 30% ee, the corre-
dling catalyst derived from (18,2/7)- 2 amino-1,2-
_ nylellmnnl 114 led o i-phe:w]f.yrinlwxuw oxide

sulis Eluggiﬁl:ed that L]w aize ol an ether hUhhiltL.'ll."t'Li
L nh vatalysts is not particularly important for the
etre induetion during the oxygen transfer to
alkene. The selectivily may e partially aszigned to

Eern_;il stabilization of the positive charge by adja-
sygen atom, which increases the conforma-
and otational rigidity of the molecule. Imin-
It 116 mducctl chn 11 (- mL-Lhyl Htlfb{fnt u}.ltIL

BPH, I o

116

Ly
17

i 2002, Page el al. synthesized two new chiral
iminium salts 118 and 119, of which dibenzaze-
J]J'i]lll]l‘l‘] salt 119 induced an ee value of ca. B0%
The reaults showed that these two new seven-
membered ring catalysts were more reactive than the
siw-membered ring catalyst 116 in the epoxidation
;ﬁﬁchun In all cazes, the catalyst 118 gave a posrer
eewvalue than did the eatalyst 116, while the eatalyst
induced o zomewhat different ee value from the
talvst 116 For example, the catalyst 119 achieved
an amproved ee value of 60% for the substrate of
phenyleyelohesene but a similar ee value of 59% to
_l'u;t catalyst 116 for triphenylethylene and even a
wer ee value of 15% lor frans-slilbene, while the
lyst 116 showed an extremely low enantipselec-
by In 2001, Wong et al. developed a new approach
to catalyze the asymmelric epoxidation of olefins,
which atilized chiral fminium salts 120 and 121,

I:, cenerated e sitn from chiral amines and aldehydes,
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as the catalysts. ™ Epoxidalion reactions were con-
ducted with 20 mol % of amines and aldehydes to
obtain epoxides with 65% ee. In 2002, Lacour et al,
observed that the combined vse of TRISPHAT coun-
terions 122 with catalytic amounts of 18-Crown-6
allowed an improvement of enantivselectiviy in the
case of iminium precatalyst 123 under biphasic CHy-
Clyfwater conditions, in which the ratio of enanti-
omers increased from 2.4:1 to 7.2:1 for the epaxida-
tion of 1-phenvl-dihydronaphthalaene

Han

Y] e §

118 L
m‘l a‘%"" N !—Qf:*
e ([N
H H H

120 121

Cl
Cl Cl
| i Cl
I ‘,. :!.N{;k
Cl )""' s P
Cl 1
113
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Cl
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2.7. Other Homogeneous Systems

Alkene epoxidations eatalyzed by transition-metal
peroig specics have been studied for quile a long
time. There have been several example reactions,
such as the epoxidation of olefins over polyvoxo tung-
state (PWe0s") in the presence of quarternary
ammoenium salts 35 gver active molybdenum per-
oxo compleses (to vield the corresponding epoxides
in H0% yield and 40% ee), ™ and over methyliriox-
orhenium (MTO) with HoOe ™

2.7.1. Mo-peroxo Complexes

In 2000, Park et al. published their studies on the
enantioselective epoxidation of styrene derivatives
over transition metal (Mo)-peroxo complexes 1244
As shown in Table 14, Mo-peroxo complexes achieved
yields of 40—50% wilth 30—80% e, and a significant
solvent elfeel on the cpoxidations was observed; lor
instance, the addition of solvents CHCle and isooe-
tane inhibited alkenes [rom being cpoxidized by
TBHP. In 2003, Zhao et al. synthesized several
molybdenum (VI -cis-dioxe complexes bearing sugar-
derived chiral Sehill-base ligands in a general foe-
mula of MoO«(L)xSolv 125,52 where L = N-zali-
eylidene-n-glucosamine, N-zalicylidene- 1,3,4,6-letra-
acetyl-u-D-glucosamine, N-5-chlorosalieylaldehyde-
1.3 4, 8-tetrancetyl-a-D-glucosamine,  N-salicylalde-
hyde-1,3,4,6-tetraacetyl-F-0-glucosaming, N-3-chloro-
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hyde-1,3,4,6-tetraacetyl-g-p-glucos-
-salicylidene-4,6- O-ethylidene-f-p-gluco-
ylaming, and Solv = methanol or ethanol.
omplexes have been employed in the asym-
oxidation of olefins, to obtain a moderate
aric induction of about 30% ce for cis-fi.
alyrene, As expected, for the epoxidation of
rits-f-methylstyrene, the common observa-

m: B=1"h Pl N
b: R=CH,Ph n’f"h]

124 25
2 Lithum Gomplexss

003, Tanaka et al. developed the asymmelric
laticn of o, fd-unsaturated carbonyl compounds
_ poroxides in good ee, calalyzed by external
ti_a'J_'LI:aI'.e aminodiether-lithium peroxides 126—
ble 1608 This work has revealed two novel
lal o slow adeition of alkylperoxide benelits
_iyj._'ic asymmetric reaction; (b the lone-pair
differentiating the coordination of carbonyl
to lithium is a eritical factor for a high
inselectivity. A reasonahle explanation could be
sible for the latter, i.e., a bulky substituent on
vl group of ketone prevented the lone-pair
oi from coordination al one side of the C=0C
onel, henee directing a predominant coordi-
il lithium at the other side opposite to the
E_!;ﬂti.ment, O the bazis of these experimental

e pesearchers have come to the conclusions
chiral ligand not only activates the lithium
ul also cantrols the abzolute stereschem-
nuclenphilic epoxidation reaction, (h) a tri-
te aminodiether Hpand with a hemilabile meth-
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Table 15. Asymmetrie Epoxidation of wf-Unsaturated

Olefins Catalyzed by an External Chiral Tridentate

Aminodiether-Lithium Peroxide®
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* Adapted from refs 353 with permission. Copyripht 20003
Elsevier.

axcyphenyl side chain benefits a high enantioselectivicy,
{¢] the lone-pair electron dilferentiating the coordina-
tion of carbonyl oxygen to lithium is actually opera-
tive, and (cd) a slow addition procedure of allylper-
oxide is preferred. This has, to date, become o certain
baziz of developing more sophisticated conjupato
additien-type, ligand-controlled calalylic asymmelric
epoxidation of wff-unsaturated carbonyl compounds,

P Ph

127 128

c'\.
MI:] MeN ome
]

¥
124 130

2.7.3. Magnesium Complexes

Jackson et al. reported earlier that chaleone could
be converted into the corresponding epoxide with
pood Lo exeellent ee values by an inexpensive catalysl,
prepared from DET and dibutylmagnesium &5 How-
ever, this svstem was not especially elloctive for the
epoxidation of aliphatic enones, only resulting in poor
conversions. In 2001, they modified the original
procedure o that it was effective lor the asymmetric
epoxidation of simple aliphatic enones with a high
ce value™ They found that the addition of a 4 A
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cilar sieve allowed o reasonable conversion of
strale intw the correspanding epoxide and that
nssibile Lo prepare the presumed catalyst
v 138 simply by the addition of L-{+}-DET
Imagnesium soluble in heptane and followed
pmpving the solvent and deving. As desceribed
e, the complex 138 was rather effective for the
tie epoxicdation of aliphalic enones with
| (i the presence ol o 4 A moelecular sieve;
ver, tere was one drawback, Le, the conversion
ppoxide was initially Tast and subsequently
which could be improved by a portionwise
i ool the solid eatalyst 139 {Table 16},
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4, Zinc Complexes

14996, Fnders el al. digecovered that (K-, -
ansalurated ketones could be AsyInmeLy ically epoxi-

ized Lo yield trans-epoxides using a stoichiometric
ntity of diethylzine and a chiral aleohal, under
_p'q}ygr:n atmosphere.™ Recently, Yu et al. achieved

050

Mg et al

Table 15, Asymmetric Epoxidation of Varvious Olefins
with Dicthylzine and Oxygen in the Presence of
Chirval Aleohels 140—1422
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up Lo 99% ee for these o f-unsaturated ketones in
the presence of chival lpand (182 28)-N-methylpseu-
doephedrine 140 and chiral polybinaphthy! alechols
141 or 142, with almost o gquantlitative yield of
vecovery of the catalyst from the reaction mixture
[Taksle 17575

On the basis of the Weils-Beheffer mechanism,
Enders and Pu proposed a similar reaction pathway
far their agymmetrie epoxidations, namely, diethyls-
ine reacls with ehival ligand (A) to give a sine
alkoxide (1) with the relesse ol ethane, and then Lhe
reactivn o B with oxygen gives rise to a chiral metal
peraxide (C), as depicted in Scheme 102 Advantages
of this reute are thal the cheapest oxidant such as
axygen or even air can be used and that the chiral
ligand can he recycled by the extraction into acid
(HClag) subsequently followed by bolh the basifica.
tion with NaQHagq and the re-extraction into ether,
Bnders’ reagent has been extensively applicd in the
asvmmetric epoxidation of chaleone and dertvatives,
alkyl-substituted enones, f-alleylidene-o-tetralones,
and some (Ernilroalkenes ™ This has provided an
access Lo J-substituted frans-2-nitre oxiranes with



mplexes!
0,

ok ‘;Z’n+ R*OH ——» R*0ZnOOEt

—> R*OZnkt

A B 0 C

R ,/\/U\ R

g
Zn
0
/v<(l)/lL Eto_o’ \O
Ry R, )ﬂ\)\
R{ R,

¢ Adapted from ref 238 with permission. Copyright 2000 The
Royal Society of Chemistry.

excellent de values of 298% and good ee values of

36-82%.

2.0.5. Ruthenium Complexes

Cy-symmetric chiral oxalamides have shown to be
attractive ligands for the enantiocontrol of metal-
catalyzed reactions, in particular for the oxidations.
- Because of the m-acceptor property of a-dicarbonyl
unit and oxazoline rings, these ligands are supposed
to be quite resistant to the oxidation and hence
- suitable for the preparation of stable high-valent
metal complexes. The first example was given by
Yang et al., who employed a chiral N-donor bidentate
ligand and RuCl; catalyst to obtain only a 21% ee
value57 In 1998, End et al. developed the catalytic
- asymmetric epoxidation of olefins over Ru complexes
with chiral oxalamides 143 using NalO, oxidant,358:359
- Among the oxalamides tested, isopropyloxazoline
derivative 143b was found to be the most active
- ligand. The results showed that in the asymmetric
epoxidation of (E)-stilbene, byproduct benzaldehyde
was rapidly formed in the beginning of the reaction
and that the ee value of the epoxide was very low in
the beginning but increased significantly along with
prolonging the reaction time. However, if the catalyst
first underwent a pretreatment by the oxidant for a
moment before contacting the substrate, the catalytic

Uol
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performance, as expected, was significantly improved
with 74% yield and 69% ee.

OHO a: R=Me

NH }1\_11 b: R="Pr

NH HN ¢: R="Bu
\)“‘R k/ d: R=Bn
e: R=Ph

143

Ruthenium complexes with chiral N,O- and N,N-
donor ligands have been tested as the asymmetric
epoxidation catalysts.!9%110360 Tn 1998 Stoop et al.
prepared five-coordinated ruthenium complexes con-
taining tetradentate chiral ligands 144—146 with a
PyN; donor, effective for the asymmetric epoxidation
of alkenes with hydrogen peroxide.?61:362 An ee value
of 42% was obtained for the asymmetric epoxidation
of styrene catalyzed by Ru-145, which was the first
example of the asymmetric epoxidation over ruthe-
nium complexes using hydrogen peroxide as primary

o6
OO &

> @ “‘b
th Ph—\’© PPh, Ph;P

14
@‘NH HN-\)[>
Pl|2P

PPh,
146

Tse et al. investigated the asymmetric epoxidation
of trans-stilbene over Nishiyama’s Ru-(pyridine bisox-
azoline) (pyridinedicarboxylic acids) 147a and 147b,
where pyridinebisoxazoline (pybox) ligands were eas-
ily prepared from natural amino acids.?63:36¢ Unfor-
tunately, the previous work of this system revealed
several drawbacks, such as a low reactivity (96 h
needed for a complete conversion) and the limited
catalyst. However, successful epoxidations have been
made using trans-stilbene as the substrate, for which
increasing the concentration of oxidizing agent (Phl-
(OAc)y) resulted in an elevated yield but a reduced
enantioselectivity, and water played a crucial role in
the reaction, possibly due to the enabling of the
oxidation of 18-electron Ru(S,S-‘Prs-pybox)(pydic)
147a via a ligand dissociation. The addition of
stoichiometric amount of water increased the ee value
to 71% in the case of a low concentration of PhI(OAc),
as the stoichiometric oxidant, which, however, was
remained as a major disadvantage. Hence, in 2004,
Bhor et al. developed a brand new system using
TBHP as the oxidant instead of PhI(OAc)s, for which
Ru(pybox)(pydic) complexes 147—149 were used as
the catalysts for the epoxidation of olefins with TBHP
to achieve an excellent yield up to 97% with a feasible
ee value of 65% at room temperature.?65
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a: R="Pr
b: R=Ph
c: R=Me

idizing catalysts, extensively applied in
e transformations.”* Since the pioneering

v g HuCli—2 2 -bipyridine—MNalQ, sys-
many approaches have been proposed to
e elficiency of this svstem 8590 [n 2002,

. investigated the synthesis and catalytic
i of chiral ruthenium sulfoxide 150 for the
metic epoxidation of olelins 37 As presented in

& most of the reactions have achicved high

E Asvmmetric Bpoxidation of Olelins
by ah:l by Bu-Complex 150 with THBP at 25 "€+

tielin — Oxldsr Vol 1701 welt)
T ia
He 27
E‘\.I.-'\. TR "3 ish
a
PROAC (s H

o

tod with permission from ref 371, Copyright 2002 The
giety of Chemistry,

pially high ce value of 94% is obtained, which is
L vesult, so far, in the ruthenium-catalyzed
iion of alkenes, As the stoichiometric and

yridine ligands iers-[Itu- Ebpy]-_;[p)'JD]"'"J have
:ﬁemplﬂye:! in a variety of organic and inorganic
welivns, 7 Optically pure cis-A-[Ru-(bpy)d py1 O]
3 alzo boen uzed in the stoichiometric oxidation of
Fq,'[ pelalyl sulfide.”™ On the basis of these experi-
5, ibis assumed that in the reaction, the oxygen
m transfer ocenrs via the in-situ formation of the
sruthenium eomplex (Ru=0) intermediate, fur-
r canfirmed by the displacement of chlorine ligand
with two chival centers {sulfoxide and metal centerd
b form a catalyst.

27,6, Mathylirioxarhenium {MTO)

Recently, an impressive amount of work has been
Cearried out on the catalytic property of methyltrioxo-
themium (VD (MTO) and more specifically on the
bility a2 a selective epoxidation catalyst using

—
o
o

¥im =1 3l

150

Hz0: as the oxidant.¥ %! The transformation of
epoxide into 1 2-diols can be suppressed by replacing
hydrogen peroxide with vrea/hydrogen peroxide ad-
duct (LUHP) as the primary oxidant, which enables
the epoxidations in nonagqueous media, whereby the
epoxide ring-opening 15 largely avoided 5132 A qun
ond alternative is bazed on the tendency of organo-
rhenium(VII} oxides to inerease Lhe coordination
numbers Lo [orm Lewis acid—base adducts 388550 [y
this way, the complexes formed with certain nitrogen-
containing bases have shown to be excellent catalysis
for the epoxidations in the presence of excess
amine #3386 T an attempt to achieve chiralily,
zeveral chiral rheniumd VII} adducts were synthesized
by adding (S5-(+)-Z-aminomethylpyreolidine, (R -4+ )-
phenyl ethylamine or L-prelinamide into diflerent
solutions of MTO. Outstandingly, the addition of
these chiral auxiliaries induced the enantioseleetive
and diastereoselective oxidations of several prochiral
olefins with low-to-mederate level of stereainductiv-

ity.
2.7.7. Micke! Complexes

The lirst example of the epoxidations of olefing over
nickel( 1) complexes with iodosylbenzene was made
by Kochi®® Later, Burrows el al. reperfed the
synthesis, crystalling structure, and catalytic ap-
plication of nickel(1l complexes for the epoxidation
of a wide variety of vlefins in the presence of jodo-
sylbenzene or hypochlorite % Dinuclear nickel-
(11} complexes were also synthesized and vsed as the
cpoxidation catalysts by Gelling. ™ Kureshy et al.
successlully applied the symmetrical and nonsym-
metrieal Nii 11} square planar complexes 151 and 152
in the enantioselective epoxidation of unfunctional-
ized olefins. such as l-hexene, l-octene, trons-4-
octene, styrene, 4-chlorostyrene, 4-nitrostyrene, and
1, 2-dihydronaphthalene using NaClO or Oy as the
oxidant, in which 58% ee was achievahle 79232

o}_%fx «j:i

2 7.8 Sulfonium Ylidses

The recorded ways for preparing chiral epoxides
are chiefly as (bllows: (a) enantiofacially differential
oxidation of a prochiral C=C bond™##33% and (h)
enantioselective alkylidenation of a C=0 hond, via
a ylide route or a Darzens reaction. Although the
former has afferded much suecess, the structural
requirement of substrates is a limited prerequisite,

-‘J \m,
:_'J nm

152
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atler provides an alternative approach in solving
ilem, Enantivselective epoxidation via a vlide
approach, easily performed but relatively
loped to date ™" Chiral sulfides, via the
] _dif‘tg sullominm vlides, are increasingly
’zg impartant sources of chivality for asym-
ansformation, cnantioselective epoxidation,
gpropanation 4 Az an efficient method to
e chiral epoxides, the base-promoted asym-
e epexidation of aldehydes over chiral sulfides
igen developed 1045
1986, Li ek al. reported that p<+-camphor-
sulfides 153~ 156 woere rather efficient cata-
[or the preparation of frans-2, 3-diarvloxirane
98% yield and T7% ee)li® When benzylated
153a-156a were emploved in the ylide
im, a steichiometric enantioselective epoxida-
as realized. The opposite asymmetric induction,
1 led to the synthesis of both (+)- and (= )-trans-
Qb’cii'nn_es, waa achieved only when exo-allylthio-
uted sulfide 153 or 1540 and endo-alkylthio-
’Ej.]tm;] sulfide 155 or 156 were used, respectively.
epresents an elficient preparation of enantio-
ally enriched (+)- and (—-trans-diaryloxiranes
yhdes with both high yields and reasonable ee
flthough both (+1- and { — )-enantiomers have
e obtained in low viekls brom other routes 9749
pot of asymmetric induction of 153a {evo-
hio) wiz penerally better than that of 155a
Herdo-bengylthio). [ is noleworthy that the
peinn of o free OH group at the Cye-position to a
methoxy eroup dramatically decreased both the yield
| the ee value of producis, The investigation
vl that increasing the amount of sulfides did
'Einﬂuem:e the ee values but shortened the reaction
a, and improved the vields, As e:-e.pet,lml the
ite asvmmetric induction was again observed
tom 158 b, which conlains an eve-methylthio group,
nil fram Iﬁﬁh oy Lhiib, which contains an endo-
ylthio group. A nonbonded interaction between
he free OF in the ylides resulting from sulfides (153,
o, and 1661 and the carbonyl group of a]de-h}rd&a
optteals Lhe access of substrates io ylidic carbon
roferentially at one specilied face, thus leading te a
'gr&r'ﬁcient. asymmetric induction than in the caze
al wlide coming from methyl-protected hydroxylated
Iﬂdw 1540, which eannot caunse such an interaction.

SCH,R EEZ’HCH i
OH Ovle

o

i B=I"h i R=Ph

153 1 R=n 54 b ReH
SCH, %b‘ OH

i R=T"h = i R=Fh

155 | R=H 156 | R=H

1899, Hayakawa et al. succeeded in highly
enantioselective synthesis af epoxides from aldehydes
T,:ﬂ’;&lyzad by the sulfur vlide derived from chiral
fbyvdrony esters, ™ However, the sulfur ylide derived

U
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from chiral sulfide 157 resulted in (R.f)-slilbene
oxide in B4% yield with only 7% ce, possibly due Lo
the large distance from the chiral center to the
reaction site. Accordingly, tetrahydrothiophene de-
rivalive 168 was prepared as the catalyst instead of
the tetrahydrothiopyrane derivative, which notably
inereased the ee value of the product to T8%; in
particular, the highest enantioselectivity reached
92% ee in the reaction of telaldehyde.

Chiral pyridyi aleohols, prepared by reducing the
corresponding pyridyl ketones enantioselectively,
have found numerous applications, e.g., as ligands
in the metal-mediated asymmetric catalysig, WHD gz
resolving apents *'' and as starting materials for
preparing more advanced chiral ligands 249 Simi-
larly, chiral furyl hydroperosicdes have also been used
in the asymmetric epoxidation of allylic alcohols™ and
sulfides 345 Iy 2000, Solladié-Cavalloe et al. carried
oul Lhe asymmelric synthesis of epoxides from pure
R RS = )-sulfonium salt 159, commercially avail-
able aldehydesz and a phosphazene base [EiPa=Fl—-
Ne=PiNMes bl N=PI{NMeau1). % They found that Btls
provided an exceptionally high enantioselectivity
generally over 97% ce (Table 183 and that EtPH*

Tuble 1% Asymmetric Synthesis of Epoxides (rom
Sulfonium Salt Using ELP; Baset

'l
134, EIP,
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¢ Adapted from vel 403 with permizzion. Copyright 2000
Wilew-VCH.

THO™ could be recovered by simply varying the
solvent polarvity to regencrate the expensive base
EtPy as shown in structure 159,

In 2001, Aggarwal et al, reported & unigee process
for the direct coupling of two different aldehydes Lo
form epoxides with the control of the relative and
absolute sterecchemistry. "™ High enantioselectivilies
tup lo 84% ee) were achieved for the asymmetric
cpoxidation of a wide range of aromatie, heteroaro-
matic, unsaturated, and aliphatic aldehydes cata-
lvzed by chiral sulfide 160 with tosylhydeazone salts
(tosyl = toluene-d-sulfonyl) in the presenece of [Hhe-
(0Ac). It was found that the 5ull‘de loading could
be reduced from 20 to only 5 mol % without affecting

3
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d the ec value significantly, In 2002,
et al, found again that bisivaazelines) 161

byde in the presence of BlaZn to achieve 54%
aderale yield, which was the highesl e
e preparalion of terminal epoxides by a
ylide medialed process ' In 2003, they
ported subsequent wreatment of chiral
salls 162 by a carbonyl compound with
bosphazene base nt low temperature or
H at room temperatore Lo offer the corre-
poxidez with high vields and enantiese-
as ahown in Takle 2047

Asymmelric Epoxidation of Various
philes Catalvzed by Sulfoniaom Salts 1529
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T 20013, Tshizaki et al. reporied the synthesis and
applicalion of novel chiral sulfides 163166 with a
saymmelry in the ssymmetric epoxidation of alde-
L in which the asymmetrie induetion of the
thalyst with the electron-withdrawing group on the

matic ring was higher than that with the electron-
anating geoup (Table 2119 Additionally, tert-butyl
phengl salieylate ether (TBS) (165h) was also found

Bz et gl
Tahle 21, Asymmetrie Epoxidation of Various
Aldehydes by Catalysts 163- 1667
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Fh
R’ 5

ar =l
b R=p-MeOCH,
[ H=_|1-?-'03C.5I'Ii.|
i B=Py
e: B="lu
160
RF.'-L: u: k=N
R R=CHCH,
O} t: R=CiMe3CHa
t: R=C(Me)CHP
e R=CHCPh,
162

to be an eflicient catalyst for the asyimmetric epoxi-
dation of various aldehydes (up to T53% ee),
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3, Minire et al. performed an asymmetrie
dation from stilbene to stilbene oxide with 0.2
) lfide 187 in reasonable vield with an
il digsterenmeric ratio of tranafeis = 5644,
il the trans-isomer with G7% ee was the (S,5)-
mer Y This was the first asymmetric conver-
alilehyde into oxirane mediated by ferro-
ulfur wlides sith planar chirality, IL involved
tion of ferrocenyl sulfonium salts, observed
Alig first time and monitored by '‘H NMR. The
ermical course kinetically favors the lrans-
rmura than the usual one with ather sulfides,
aly related to an eorlier transition state. And
hindrance of sullide provides an enhanced
ptage of trans-lsomer, with some reveraibility
cissconformational precursor.

5By
C,ﬁ-_m.,
=
(]
167

" lerogeneous Systeins

ool the major problems in the application of
homogeneous transition-metal complexes for the
nmelric epoxidations has been assigned to the
nposition or the degradation of these comploxes,
etivation pathways invelve nutoxidation, dimer-
i3} thmugh p-oxn bridges™ and oxidative dep-
tl{m wig multinuelear i-oxo complexes.™ The
,adahlc dimerization of catalytic centers could be
il by the following routes, such as interealat-
o encapsulating the metal complex into the
el compeunds or within the cavities of a porous
d {eg., zeolites) 22 binding the metal complex to
plystyrene matrix,™ and employing the sterie
drance, #4940
Heterogeneous systems have tremendous advan-
gEs pver lmmu,t_r,enemﬁ ones, and thmugh heterog-
ging the catalyats or the reagents certain practical
tationg of homogeneous systems can be elimi-
miled. One of the most attractive advantapes of
rozeneous systems is the easy separation and
o recovery of the solid catalyst from the products
recycling withoul tedious experimental workup.
prnpamt.mn of polymer-supported catalysts con-
Wining tain-chain or pendant chivalily represents
m:r»nl' Llve most inte t'btmg applications of polymers
i the arganic chemistey, 28 Accardingly, much
elfort has been directed toward the development of
tmmnhz]ued chiral auxiliaries for asymmetrie pro-
Ceoszps M The design and development of solid
-~ tabalysts that can lead to a visible enantivselectivily
for the epoxidation of unfunetionalized terminal
alefing and other C=0C double honds constitutes a
major challenge in Lhe asymmetric catalysis, W45
In aummary, the immobilization of homepeneous
complexes o solids has, to date, heen rather suc-
Coeastul; however, as compared with their homoge-
ﬁn‘ﬂua counterparts the supported solid catalysts do
Cni achieve ideal stability and reeyelable numbers
veb, [nseme cases, only limited recyele numbers and
ow ec values are oblained, which is insufficient for

Chemical Reviews, 2003, Vol 105, Moo & 1635

large-scale industrial applications. Furthermore, some
synthetic approaches are very complicated, which will
limit the evolvement of heterogenization techniques.
Consequently, the easy synthesis and recyeling of
heterogenized eatalysts with ideal reevelable num-
bers and excellent ce values will be a long-term
endeavor target.

3.1. Supported Sharpless Systems

The discovery of a procedure by Katzuld and
Sharpless for the agymmetric epoxidation af allylic
aleshols with DET, titanium tetraisopropoxide, and
TBHP was an important milestone in the asymmetric
synlhesis. Because the methodology in the litera-
Lure™ ™ involved a rather elaborate workup proce-
dure’ the development of a solid-phaze analogue
would be a valuable improvement. To date, many
approaches have been developed to prepare hetoro-
paneous Sharpless-type catalysts for the asymmetric
epoxidation of allylic aleohols, 8774 Pracan iy,
the advantages ol polymer-supported reactive species
are widely recognized by orgonie chemists, and
inereasing the exploitation of these systems is oeeur-
ring in both academia and industey. ™ The elTective
immabilization of asymmetric catalysts, reagents,
and auxiliaries 15 a particolarly important method-
ological targel, especially Tor the metal—complex-
based catalyats,

There has been relatively little effort to produce
polymer-supported analogues of Sharpless system,
poasibly because the cost of tartarie ocid diesters is
relatively low such that their loss during the reaction
can be telerable. In addition, it has turned oul thal
in some inslanees wilth water-soluble substrates the
standard workup procedure for the saluble eatalyst
presents major problems to preelude convenient and
cost-effective use of the methodelogy, Under these
circumstanees, a polymer-supported system would be
invaluable and indeed might then be exploited more
widely as a more practical methodology,

3.1.1. Insoluble Polymer-Supparted Titanium Complexes

The application of polymer-supperted catalysts in
organic transformations has received extraordinary
gltention in recent years. ¥ The immobilization of
homogeneous catalysls onto polymerie carviers offers
several practical benefils for the heterogeneous ca-
Lalysis on the zondition that the advantages of
homogeneous process are relained ™94 Seme of
altractive features of pelymer-supported ealalysiz
include (a) the easy separation of catalysts Nom
reaction produets, (b) the simplilication of methods
to recyele expensive catalyste, (o) the nonvolalile and
nontexic characleristics imparted to Lhe metal com-
plexes upon anchoring to high moleeular-weight
pelymer backbones, (d) the minimization of cerlain
catalyst deactivation by Lhe sile isolation, and (¢) no
exposure W water andfor Lo air. ¥ These attractive
features could create the possibility of developing
high-throughput discoverable applications and con-
tinuous catalytie processes [br industrial-seale syn-
Lheses,

In 1983, Farrall et al. immaobilized a single tartrate
residue on a 1% eross-linked polvstyrene resin and

£
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Sharpless epoxidation of peraniol
itionz cmployed in the litemtur-:_'“'s

x'_?aiue.'; ranging H0—60%, w‘luch

ns a very good result, and surprlsmgl}‘,
ow up the earlier data 7 In 1995, Kar-
al, reported the s:.'niheals and a pplscatmn

a ]:m]}'mm baaed cata]:,rqts shnw:.d a
| of enantioselectivity (up to 98% ee) in
o of feans-allylic aleohols than did the
ear analogues used earlier ' In addition,
yatz were heterogeneous, the workup
n was considerably simplilied. A recent
work bas played down the significance
lts sinee authors would have been
the data [rom Lhe branched polytare-
owever, these gel-type polymeric ligands
'-ng the catalytic reaction, which is a
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Suresh el al, prepared a new class of cross-
atyrene resin tarteates to replace conven-
used in the methodology of Sharpless
1A Chlernmethyl groups attached to sty-
be funclionalized through a nucleophilic
udion Chal invelves reactive anions, Ester
etiins have been ereated through the reaction
triethylamine  and  chloromethylated
*in which the vse ol triethylamine [or the
ation iz well-known '™ These chiral resins
pen used az the Sharpless catalysts for the
eirie epoxidation of allylic aleohols, The re-
wid Lhat the longer chain and the greater
n the domain of molecules possibly made
the polymer-bound reaction siles more
The highest ce value of 91% was observed
pxidation of cinnamy] aleohol with tartrate-

| E}med polystyrene resin mnlﬂlmng I mol %
wthyleneglycal diacrylate (TTEGDA), which
ieh Jower than that achieved by the traditional
Esi method but higher than those reported
__l_l_ﬂ_r polymer-supporled catalytic syslems, '™
e insoluble polymer-supported reactive com-
(odgess many notable advantages, there are
italions assoviated with these species, Soluble
Shound ligands, reagents, or catalysts as the
ves ko insoluble peolymer-bound ones have
siderable progress in recent years, "% An
Lempl to develop a soluble polyimer-supported
ploved a single tartrate ester unit bound
yrene resing'™ however, in this ease the
uction was ca. 30-60% ee. The linear poly
eater) system developed by Canali et al. in

Xis et al.

1997 was succezsiul with an enantioselectivily up Lo
TO0% e for the epoxidation of fraas-hex-2-en-1-0]
catalyzed by THOPrYy and TBHP using polyesters
169 and 170 as the ligands. ™ However, as compared
with 98% ee oblained from a solution-phase reaction
with L-{4)-dimethy] tartrate, the present enantioge-
leetivity is still low and requires improving.
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In 2002, Guo et al, reported the synthesis ond
eatalytic use of one group of tartrate esters (171-
173), together with titanium tetraisopropoxide [Ti-
(OPr L] and TRHP, in the epoxidation of frans-hex-
Z-en-1-ol, which attained a high chemieal yield and
a pood ee value, showing that the enantioselectivity
could vary significantly with the molar ratio of ligand
to Ti(Table 22),* Experimentally, the ligand 172 was

Table 22 Asymmaetrie Epoxidation of
trans-Hex2:.cn-1-al with TBHP by 1-{+)-Tartrate Ester
and [TitOPr) "
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= Adapted with permizsion from ref 22 Copyright 2002
Hoval Society of Chemiatry.

recyceled four times, the ee values from irst to fourth
eyele were 49, 44, 32, and 309, respectively, Although
the recycled catalysts did not show satisfactory co,
the recovery of lipand by simple precipitalion and
filtration aided in the selation of products, Answay,
the complicaled workup reguired in the traditional
Sharpless procedure has been considerably simplified
without the oceurrence of emulsilicalion.
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3.1.2 Organic—inorganic Hybrid-Supported Titanium
Complexes

The synihesizs of hexagonal mesoporous zilicas
MOM-41,4 HMS,*™ and MSU*° through a hydro-
thermal assembly of silica and surfactants has en-
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eal deal of research interest recently.
porous materials haold noticeably strue-
Ures, such as high stability, big pore sizes
L large surlace aress (~ 1000 m%g) 151455
waus aurface OH groups, 749 which ofTors
5 pulential as the catalysts for the conver-
¢ muolecules and as the hosts for the
of @ wide variety of Lransition-metal com-
plites and mesoporous molecular sicves
Gsnlaled framework titanium atoms have
ciitial capabilitics as the epoxidation cata-
g agquesus HoOy and organic peroxides as
L 42 T 1990, Choudary et al. carried
imobilization of a heterogeneous chiral
catalvst on an inorganic support®® A
offdialky! tartrate and Ti-pillared mont.
resulted inoexcellent ee values ranging
fret, this heterogencous aystem could be
Cgperated in the absence of molecular
ile no recveling experiment was reported,
nadium-pillared montmorillonite cata-
e an pa value of only 205 for the epoxi-
[ hex-2-enol ™
> 10 the inereasing ecological and economic
ons for chemical processes, the preparation
hie-inorganic hybrid materials has been of
herest 22796885 1y contrast to organic
prganic—inorganic hybrid materials, which
awill nor diszolve in organic =olvents, have
advantoges over most organic polymers he-
thetr superior mechanical and thermal
And any leaching can be avoided due to
Jent attachment of m rEanic moieties to inor-
']mrts As poconsequence, the desipn and
chiral catalytic materials with a high
electivity bosed on the hybrid materials are
attractive. In 2002, Xiang et al. obtained
in the syntheais of organic - inorganic hvbrid
aterials by gralting o chiral tartarie acid
veonio the surface of silica (174 orfand onto
Bappures off MOM-41 (175) material, which
o the lirst example of this kind of mat.erlal
*iwtemgm eous asymmetrie epoxidation of
cohols. ' The resulting heterogeneous cata-
nduced appreciable ve values up to 80, as
the homogeneous Sharpless system {Table
For chival solid hybrids, the environment sur-

Asvmmuetric Epoxidation of Allvlic Aleohol
ic—Inorganic Iybeid Chiral Catalysts

d onte the Surface of Silica (174) and in the
apores of MCMA10175)

Catalvsk  tifsuhsteate (%) conversion (8 ee (%)
174 2 29 86
175 i 22 4
174 4 48 75
1745 4 44 a4

pred from ret 448, Copyright 2002 Wiley TSA,

np the immobilized species is analogous to that
pmpgencous chival complexes with a comparable
letic activity. This method could be a general
sonch o synthesize heteropeneous Chill-ll cala-
gand ane more advantage of this system is that
QB’I‘l.'-ﬂm‘h-: ean be easily separated from the catalyst

Chemizal Reviews, 2008, Val. 108, Ne. 3 1637

by simple filtration. The key solution to ohtain a high
stereoselectivily 1s te ensure an anhydrous reaction
system. For example, in the absence of water 99%
ee was obtained for the epoxidation of (f)-w-phenyl-
cinnamol, while the addition of one eguivalent ol
water reduced the ce value to 458% abroptly. In these
cases, substrates must contain specifically functional
groups Lo achieve the precoordination required foe the
high enantiosclectivity.

It
“Pro, ij,coﬁn[cuz}cmmig_
jui —
Byt TCONTCTHLICH 15{::‘:
s
OFt

S0, (174) or MCM-41{175}

In 2004, Fu el al. frst reported the prafting of
chiral Ti-tartrate complexes 196 and 177 derived
from either TilOPr )y or TiCls and p-lartaric acid (TA)
onte HMS mesoporous material by an exchange
reaction of Ti-compounds with surface OH groups *™
They found that the exchange of titaniom tetraiso-
proxide (T OPrE), especially titaniom tetrachloride
(TICL) with the surface hydroxyls of HMS casily
occurred. These azsembled HMS catalysts were very
stable in the catalvtic epoxidation of styrens and
cycloliexene with TBHP and recyelable many times
without significant loss of activity, The coordination
of p-i+-diethyl Lo Ti-sites anchored on the supporl
led to a decrease in the catalvtic aclivity and an
increase in the epoxidation seleetivity.
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3.1.3. Silica-Supported Tanfalum Complexes

Although inorganic oxide-supported titanium com-
pounds were prepared for the eatalytic epoxidation
of allylic aleohols, the enantioselectivily was not
reported A5 The leachability of metals from the
support as well as the diffieult preparation of the
zolids seem to have resulted in poor reproduction.
The grafting of titanium into a Sharpless-type cata-
lyst is, perhaps, not the right one, since the accepted
mechanism vsually requires a coordination sphere,
where four d-electronz of T are involved in the
formation of o bonds with a tartrate group chelating
the metal through two o-bonded oxygen atoms, an

097
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um eompound, which exhibits a low aetivity
hngeneuu&. catalysiz, has been chozen as a
'ﬁ} prepare hetercreneous calalysts, In
micr et al. synthesized silica-supparted
ealalystz for the asymmetric epoxidation
ei-1-0l, assoeiated with (+)-di-isopropyl Lar-
i+-D PT] and TBHP.® Good activity and
| tvity (B4—85% cel were abtained in the
o absenee of moleeular sieves, with & major
of (S)-glyridol. As anticipated, when (—)-
sed, the major product was (2)-glyveidal.
'ﬂtj.r' ol sﬂma supported tantalum ealalvals
ed to the contribution of surface sites
an to that of disselved species because (a}
DEL: meolecule was almost inactive species,
emicsl analysis before and after the reaction
[n_iiica'[:e any metal leaching, and (o) when the
lalyst was isolated by filtration before the
last reactant, TEHP or 2-propen-1-ol as
amended by Bheldon,*™ the solution was cata-
ly inactive. Silica-supported tantalam catalysts
ond activity and enaolioselectivily for the
dation of trans-125,35)-2-hydroxymethyl-3-pro-
ewith molecular sieves (935 ee) or withoul
tejeves (80% eel. [n this work, Ta-conlain-
olid eatalyst displayed a characteristic of casy
by filtration and recyeling, comparable to
ficiency of homogeneous Bharpless reaction
nolecular TiOPr (96% eel. Note that the
iration of orpanometallic tantalum compound
i the synthesis is quile diffieult, ™
igher activity of supported Ta-complex than
gencats one may resull from the contribution
l-dispersed monomeric aclive Ta species on the
ol silica, On the other hand, moelecular Ta
guidez that arve dimers in woeakly polar solvents
ﬂhnd todimers in the presence of tartrate and
ﬁ:nl:& These maolecular Ta dimers would be
Caetive as compared to silica-zupported maono-
it Ta species. In 2003, a new report was made
he preparvation of silica-supparted chiral tantalum
des theough grafting a metal ento silica through
55"{3 metal bond and rnuu:hf'}rmg its E‘DD[‘dln"l'LlDl‘l

E._J‘l_ci]"lg the catu]_',rtic activity woere caml'ully in-
Ligated, and 11 was found that the maximal ee
E*?‘H—ee::-t"l"ﬁ slycidol) was abtained alter a long-
i impregnation of solid with the chiral inducer
‘I“DIPT The above-mentioned cutalylic reaction

Uo8

Xia at al.

was carried oul in & chlorinated solvent, bul zood
resulls alsa could be gained in pentane and toluene.
The use of CMHP instead of TBHP as the epoxidizing
axidant did not improve the result of propencl ep-
axidation; however, with hydrogen peroxide a rather
lovw e (40%) was obtained at —20 *C. Temperature
and aleohol concentration took a serious impact on
the selectivity and enantioselectivity, Indeod, when
the epoxidation of propenol was conducted at 10 °C
instead of 0 °C, a kinetic resolution ccearred, leading
Lo a higher ee value and lewer selectivity,

2 1.4, Siica-Supported Cassin-Cobalf Complexes

Casein, a product from milk, 15 a cheap and
abundant material. Ttis a copolymer of various amino
acids and a gmall amount of phoaphoric acid. The
oplical retation is — 1007, 501t can be used as a chiral
polytmner igand. Ttia not difficult to imagine that such
a natural biopolymer complex catalyst can be used
in various asymenelric reactions, In 2002, Zhang el
al. found that silica-supported casein-Co complex (5i-
CA-Ca) 178 prepared from silica, casein, and coball
chlorite was an eflbclive chiral eatalyst for the
asymmetric epoxidation of cinnamyl aleohal to the
corresponding epoxide at 7O °C under one atmo-
spherie axygen pressure, with 24-dihyvdraxybenszal-
dehyde as the reductant,*™ The results showed that
Lhe yield and ee value were greatly allecled by the
eobalt content in the eomplex; lor example, an up Lo
02 ee was achioved with a proper content of cobalt
(0.2 mmolfe) in a Si-CA-Co Lumplu: under suitable
redction conditionzs. The catalyst could be reused
soveral tmes withoul any appreciable loss in the
catalytic activity and enantioselectivity,
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3.2, Supported Porphyrins Systems

Although some progress has been made in hetero-
genesus oreanic oxidations catalyzed by soluble and
inspluble polymer-supported ruthenivm  porphy-
ring AT g gimilar strategy is not suitable for the
development of polymer-supported chiral metallopor-
phyrins because of the dillieully involved in atlaching
a chiral porphyein ligand, particularly D-symmetric
Hy(Dg=Pror®), onto the polymer chain, An alternative
method is o abtach a ruthenium porphyrin to meso-
porous silica material by coordinative pralting; this
would eireumvent the problem encountered in the
structural modilication of the porphyrin ligand.

Tn 2002, Fhang el al, succesded in encapsulaling
chiral Ru-porphyrin into uniform mesopores of o
dered mesoporous melecular sieves (MCM-41 and
MORM-481. Whon these catalysts were used in the
asymmetric epoxidation of elefing, ee values ranging



e achieved. [t was found that chiral
muohilized on MCM-48 (179 dis-

pozsibly beeause MOM-48 with a
nal nelwark provides o larger surface
eg MOK-41 with a one-dimensional
e channel for the high accessibility of
uleeules 1o active sites, Notably, chiral Ru-
mobilized on MCM-48 showad a belter
-zlkenes than for trans-counterparts,
tto the ease of free chiral Ru- porphyrin
his seems that chival Hu-porpliyvein com-
iliged inzide the mesopores of BOHM-48
Chomogeneons entalyst, and Lhe co-
'h-lztwann the conedinalion environment of
il Ru-parphyrin complex and the channels
ﬁ&’he]b{s Lo meu.nLam ev-vmmetr o Lmlut.i.mn

- BICM-A8 (L74) or MOM-41(150)

ted Salen(Metal) Systems

avorel] soluble Jacobsen complex, which is
v costly and quite unsiable in contacl wilh
, must be used in a apecific experimental
nd cannot be recyeled. When this catalyst
equate enantioseleclive epuxidalion un-
neous biphasic conditions, the separation
l;ng of the eatalyst is really a problem, thus

j “application only for & batch process,
I]‘gﬁﬂj.r, there is a growing mterest in hetero-
expenzive catalyst to overcome the
the separation/recovery operations and Lo
the  stability, activity, and seclect-
SSEHES Ty repch the anticipated target,
approaches have been lested, ineluding an-
the catalyst on a solid support or an a
chain, encapsulating the active eenters in
ol zeolites, wrapping the aclive cenlers by
anls foree in the elastomerie netwoerk of a
ihylailoxane membrane, developing a bi-
waclion svstem, and running the reaclion in
ids. The helerogenization of homapgeneous
g endows attractive features to traditional
neous systems, such as easy product separa-
| catalysl recovery, AR Nymerous al-
ave been aimed at the immobilization of
pus chiral catalysls ™= Those approsches

monomier inle an organic pelymer, (b1 the
himent or the buildup of a salen structure to a
e polymer matrix, (¢ noncovalent immohi-
n eeoliins, clavs, or siloxane membranes, ™
i) covalent grafting onto inerganic supports
Bilica or MOCM-41, 155524 2620.40
pal uselul metal complexes for the alkene
Lion are those containing TV, VIV), Mo-
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iVT), and WV, although recently methyltrioxe-
rheninm (M10) has attracted significant attention,
Recantly, salen-MrdTTT complexes alao have assumed
cansiderable importance as asvmmetric epoxidalion
catalysts ™™ For polymer-supported systems, the most
widely Investipated ones are VIVITOOH, MolVTV
ROOH, WVIH.Oy, THIVYROOH, and MafIITV
RECO3H. Potential technological advantages in con-
verting a process by & homogenaous metal complex
inte one invalving a hetersgencous polymer-sup-
parted analegue have been well rehearsed 2490 5y
fige b Lo say that in a laboratory seale, supported
metal complex catalyets considerably facilitate the
workup and isolation of the products. while vn o large
seale such helerogencous catalysts must allow pro-
cesses to be run continuously in packed ar fluidized-
bed columns with considerable finaneial merits Both
in terms of capital expendituee in the plant and wicth
regard to recurrent cost. Generally spealing, the
problems arising wilh polymer-supported calalysts
have been clearly highlighted and require always a
continuous improvement, 7

The asymmelric epoxidation of unlunclionalizoed
olefing eatalyzed by salen-MadlID complex has been
proven to be the most useful reaction in the past
decade; ™ in particular, the Jacobsen’s catalval 59,
one af salen-Mollll) complexes, exhibits excellent
activity and enantioselectivity, However, sinee salen-
Mol compleses undergo decomposition under
reaction eonditions to result in difficult recovery and
reuse, much research therefore has been perlformed
Lo madily the characteristios of Gypieal salea-MnalI1T)
complex systems WM Abgvo mentioned dizadvan.
tagee of classic salen-Mnilll) catalysts have preatly
encouraged Lhe interest of some researchers in de-
veloping supported salen-Mailll) catalysta, such a=
polymer-bound catalyats™ P and inerganic solid-
supparted catalysts, BSE1EE ap ae fo minimize the
degradation of catalysts and to allpw the casy recov-
cry ond rewse of catalysts for a large number of
evitles,

331 Polymer-Supported Salen Complexes

Opically active fonetional polymers have atlracted
increasing attention in organic chemistry as chiral
reagents and eatalyaia for agymmelric organic tranz-
formations and as chiral stationary phases for the
resolution of racemates 5" More expeditious syn-
thesis of salen-Mn{lll} complexes than porploen
asystems has made the former more appealing az a
clazs of superior asymmetric calalvsls, To enhance
the usefulness of thiz class of chiral catalysts by
making Lhem recyelable (while relaining the catalytic
activity], it iz desirable to prepare pelymeric ana-
logues of this interesting catalyst system. Cross-
linked polymers bearing ehiral auxiliaries/catalysts
affer several advantages over soluble homogeneous
reagenls, S Other than the retention af activity
af homogeneous catalysts; a polymerie approach
enables Lhe workup of the reaction and recovery of
expensive chiral catalysts for easy reuse. This has
been, recenlly, demonstrated by anchoring chiral
catalysts onto polyv(ethylene glycol) (soluble phase
separating polymer) and by entrapping them inside
a polymer membrane =" Additionally, polymer
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atrises may offer unigue micro-environments for
reactions that might lead to an enhanead selec-
_itj_. In the catalviic asymmetric epoxidation, the
pture of Schiff-hasze mplety of chiral salen-Mn-
[} complex usually plays & key role in bringing
nt an fmpressive enantieselectivity, Since the
watinselectivity of epoxides of unlunetionalized
efing splely relies on nonbonded interactions, the
Eﬂtgn of the ealalysl struclure has been ulmELi al.
parating chiral centers of ligands in the vicinity
‘metal binding sitea. On the other hand, the
carporation of sterically demanding substituanta
pund the metal cosrdination center would restrict
i aceess ol olelins o the limited number of sites,
heeely enhaneing the stercochemical eomimuniea-
i during the epoxidation f850

A far as atate-ol-the-art methods, insoluble poly-
mi-bound calalysls bave solved the separation
prablem but naually suffer from a notable reduction
i Whe gabalyvtic aotivity andfor sterepselectivity, Twa
neral routes exist o synthesize polymer-anchored
talyspz, WEEEES Bopause of the relative simplicity,
the attachment ol catalylic species onto preformed
palymars through chemical modifications has boen
exlengively uzed. N The other approach to obtain
pelvmer-boundd chiral catalysls involves the ::.j..rnl,he,:.i'i
pppropriate functional menoaers bearing chiral
alvtic mpictiez and the copelymerization with
itable cross-linked monemers into insoluble poly-
mnr matrixes. The lacter offors soveral distinet
alvantages: (o) the purity of the catalytically active
pecies can be assured, (b) the conventration of Uhe
catalylic species 10 the polymer matrizes can be
ropulated by varving the ratio of mencmer in the
palymerization recipe, and (¢) the physicomechanical
properties ol the polymer matrixes can by systemati-
ailly cegineered by a proper adjustment of polym-
elization parametsrs,

In 1997, De et al. reperted their efforts to synthe-
size two palymerizable chival salen-Mnl 1 complexes
181 and 182 The structural variant of bwo mono-
mers lies in Lhe emergence of bulky substituents at
elaze proximily to the salen molety in one oenaner,
which eoull clusidate the role of rigidity of the
polymer matrix alone (o the case o nonsubstituted
galen) on ihe enantisselectivity. This has heen long
thugght. of and phaereed in certain cazes in the
pelymeric catalyais, where the inllexibility of highly
eriss-linked palymer matrives provide favorably strue-
el mgidity required Tor certain stereoselestiva
chemical transformations. ™ 'wo pelymers 181 and
182 were evaluated as the catalysts for the chema-
and enantioselective epoxidation of unfunetionalized
aleling, Lo obiain peor enantioselectivity =30% oe
iTable 24), Although the chemoselectivity of these
pulvmeric eatalyvsts is comparable to their soluble
saunterparls, their effoctivencs: on indueing the
enantinselectivity 1= inferior, which cannot be im-
praved by the addivion of an external nitrogen ligand.
Thiz i5 becansge in the asymmelric epoxidations
eatalyzed by Moilll complexes with porphyrin or
salen derivatives as the ligands the use of an external
pibragenons igand, such as imidazole or pyridine--
pode, would lead to hizher enantioseloctivigy, o
The resulls have shown that the rigidity of the

Ala el gl

Table 24. Asymmetric Epoxidation of
Unfunctionalized Olefing Catalyzed by 181 and LE2
with PhIQ as the Oxidants
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* Adapted from ret’ 14 with permizssion. Copyright 1997
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polvmer malrix alone could not sulficiently meel Lhe
alerie nesds required al a moleeale level
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Some of the possible shortcomings of these asym-
metric polymer catalystas may be ascribed to the high
cross-linking deasity of polymer matrizes that might
have resulted in nonspecifie catalylie siter, As we
know, the bifunctional nature of metal complexing
menomers ean bring about 100% croas-linking of
polymers. The introductivn of longer spacer srms
andfor the lewering of cross- link:ing, deansity by the
dilution with & vinyl monomer during polymerization
may help to elucidate the factors governing Lhe
enantioselectivity ol these polymer-bound asymmet-
ric calalysts. A& majur Lmitation of homogencous
metallesalen-hased cpexidation catalysts is Lheir
propensity to generats catalviically inactive spoctes
alter a few cycles, " The role of salen-Kn(I1T) com-
plex during cthe epoxidation is to pick up an exyeen
atem Trorn the monooxyeen source (PLIOY in convert-
ing Mnilll) te g high valent sxomanganese spocies
(O=MniV ) This oxomanganese species is proven o
be calalytically aclive in lranslerring vxygen into
olelinic double bond 182500 his proeess is reversible
shulUling between MintIID and O=0ni{V) stule; how-
ever, in addition to this redox pathway, Lhe dimer-
izalion of O=Mn{V) with Mnl{ILl} was also considerod
i Loke place to produce a catalytically inaetive
p-oxomanganeselIV) species, which led to the deple-
tion of active species aller a lew turnovers, However,
recent investigation suggested that oxidants (such as
g-omamanganeselIV] other than O=Mni¥} are al
work as well (ot least somelimes) ™71 On the other
hand, in the polymerie syatems, anchoring the salen.
Wl IIT) modeties onto a solid polymeric carvier resulls
in a low local concentration af the metal complex

Ol
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Iage finked onto 2 rvigid polymer framework, the
I }}}rﬂfmctul mm]:u]c:-:uz is severaly restricted isita
it mb. eonsequently minimizing the possibality of
tom ol undesired dimeric g-oxoman ganese(TV),
ness of these polymeric chiral catalysts is
tfmm the facl 1[1.';1& the eatalyst 182 l:uuh:l be

nl H] cauﬂyst systoms wrth high ﬂfﬁmenc_y, B0Mme
ps have profoundly investigated the synthesis of
pner-bound MallIT complexes, 17048 O 4 large
berof catalvats developed lor this purpese, chiral
nperplaering™ ' and chirval salen-Mn{I1l} com-
wes are the most effective. Several researchers
immolilized the analegues of Jacobaen's homo-
5 catalysts coto the solid supporte for use as
plable eatalyats in the asymmetric epoxidation
lkenes 470 However, since the immuobilization
s catalvata often causes a significant drop in
J};mntm@elﬂmmty ani '-.L‘ﬂnlm.r thercefore, there
atill & major need to atlain a stable and recyelable
talyat,
: Elﬂ[lﬂ, Yao et al. elaimed the synthesis and
wtie application of twe novel chiral poly-salen-
AT complexes 185 and 184, derived from (R.R)-
sdigminogyelolexane in the Enilnl-lﬂb("lf‘ﬂtl‘rﬂ ep-
dation of alefine" In Lhe ease of subslituted
atyrenes and substiluted 2 2-dimethylehromaenes as
panbstrates, 30024 ee values and 75-9T7% yields
sachieved in the oxidant system eonsisting of
ClOM-PPNG and wm-UPBANMO (Table 250 In-

hle 25, Enantioseleetive Epoxidations Cotalyzed by
il Poly-Saten-¥n Complexes 183 and 154 with
NaClOf- PPN and m-CPEANMOG as Oxidantstd

o Aiddnim Tl Ll Fivhlrsi e (M

25 il
rLd i
| B
i i
EE wh
N _-I_I Wl

s : T
E g 134 wl Ill AP ih [°
[EX] el PR i KA
W 154 mCTLA AL nk Hn
1] AL 151 Penl -y Hl ar
| il 154 R (R B B ) 92 a!
1 (Bl X 12
; W b
e ot i o
[T} LI e B LA i
sl 14 Sl ll:\. 1= 500 ik Lk}
1% |.'[‘~’- - T TN [t N (1S "y i

-‘Mn_yml ot redz 5139 wich permizsion, Copyright 2000
| l'..'y.?".LlZI "Eotcies 1 oand 20 st room lomperature, other
g at U0

Aerestingly, these Lwo poly-zalen-Mn complexes were
ompleiely soluble in dichloromethane but almost
ngoluble in hexane, evelobexane, and diethy] ether.
Paly-zalen-Mn (11} complexes could be, thus, recov-
Cered enaily and reeyeled elficiently several times by
asimple catalysisfseparation method without any
oz of activity, Aller Gve cyeles, an epoxide with 82%
e oand 8% vield was slill obtained using 2,2-
imethylehromene as the substrate (Table 26).

 In 1899, Canali el al, reported the immobilization
ol chital salen lgands on pel-type polyistyvrene-

Chemical Baviews, 2005, Vol 105, Ho. 5 1641

Table 6. Hecyeling for the Enantiosclective
Epuxidation of 8,2 -Dimethyl-Chromene Using MNaCIy
4-PPMNO az Oxidant by Complex 1837

enkey cyole tirne (I wield () 2 {50
1 frash i) 52 &1
2 L 4 Hi a7
3 E 4.5 g4 A
A4 3 4.5 T 54
i 4 4.5 Th Hi

& Addapled Trom refs 513 with permission, Coperzght 2000
The American Cliemical Society.
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n

153
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M
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134

divinylbenzene) resins.®™ Supperted salen-Mn(IID
complexes 185 have been used as the catalysts in the
azymmetric epexidation of dihydronaphthalene and
indene using m-chlorobensoic acid as the oxidant and
4-methylmorpholine M-oxide as the activator. The
gel-type resin catalyst proved o be guite inaclive,
probably as a vesull of the formation of cxo-bridged
dimer known to be problematical in this catalysis.
[n contrasl, a macroporous resin catalyst displayed
a high chemical activity, with only a low enantio-
selectivily (209 ee),

- @ Ry=1E, Wp=ie
,Q; P'i" —"-'r_}—ul b Ry= Ry="tiy
G ' |z1

145

In 2002, Smith ot al. claimed the immebilization
ol Katsuld-type salen-3n on the modified Merrifield's
resin through a single honding. ' In this synthesis,
the comples 186, an analogue of Fatsuki complex 60,
was chosen as the target complex for the attachment
onto a polymer, This choiee was mainly based on the
following reasons: (o} no supported Kalsuki-Gepe
complexes were prepared previously to reveal their
propertics, (b) Katsuki-type complexes showed a
higher enantiosclectivity for the epexidation of cer-
tain allkenes than Jacobsen-type ones ¥ (g) Katsuld-
type complexes are bulky molecules and less prons
to the oxidative dimerization, " (d) steric restriction
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render the lgand more stable against the
tion, le) owing to only a single site for the
of complex onto the suppert, all the
tie sites could behave in a similar manner, (6
degsyalkyl group would allew the occurrence
- atachment onto different supports, and (g)
'.m'mld ke aneed of developing new procedures
e the challenges involved in the suceessful
of 186, Unforlunately, altempts 1o form a
ther link between a moedel compound and
filaride, wilh an appropriate use of complex,
ed a mixture mnminlng dilmvgl eLher, which

. mm gater |Inll hf‘t‘-‘rtﬂt‘l‘l a maodel ::mnpuund and
silyatyrene carboxyl chlor |drl coming from the con-
ol Merr :relni s resin.” T[‘lL resuit.lng cumlyst

le 27, Asymmnetric Epoxidation of
Hhyvdronuphthulene Cutalyzed by Katsuki-type
wedln Immobilized on Modified Merrifield's

renzed Mn alkens vield

times  immol %) immol 95 (%} e L0k
[irst 1.5 18 37 ca. 44
aecon 1.7 17 30 co. 94
third 1.0 1 T ca. M
fnurth 0.8 G 35 G 93
[tk 0B [ ] o 80
sixth 135) Y ol o 80

il (o rel 515 with permsiasion. Copyright 20002 The
L Bovioty of Chemistry.,

R=CH.CH,CH-0C0C,] u—@
156

i gemmﬂf I't]Lf.]l}] gluup:i an the ]mlun-T carlmn
s al 8,5%positions, which was cuns1dnred very
rlant in inducing highly enantioselective epoxi-
ien, witl a high ee value up to 97% obtained for
pasymmebric epoxidation of unfunctionalized ole-
2 (lable 2837 Furthermore, poly-salen-Mn(Il1T)
talyst 187, very soluble in dichloromethane, slightly
uble in ether, and insoluble in hexane, was pre-
pared according to the same procedure as that
seprted p:euuuql}, “othus, granting a reasonable
pi‘matlun for its easy recovery and reuse several
s without any loss of enantioselectivity,

12 Silica-Sugpported Salen Complexes

- Siliga supports have high thermal and mechanical
shability compared Lo polymers. and covalent attach-

Xioeal

Table 28, Asymmetric Epoxidation of Olefins over
Poly-Salen-Mn(IIT)} 187

Eisisy Sukbstralz L Yezld (Ba] %)
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U | SERPRPPOTURON, . ... ... UL AL
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4 “,L,Jf,.r MUHILA-HMLE ] iy
s T R L IlJ{' """" EORERRG BT W

1 um"'v'[“ RICTA =N K 54

¢ Addapted from ref 518 with permisson. Copyright 2002 The
Rewval Society of Chemistry.

187

ment of chiral eatalyat on silica has proven to he one
ol the best methods for immoebilization. In 2001,
Choudary et al, successlully anchored chiral salen-
Bbn (II1) complexes on silica gel (188—194) through
a covalent attachment of salen ligand vsing a ehlaro-
propyl spacer and subsequent complexation with
manganese.’” Good vields albeil low ee values were
achieved for the asymmetric epoxidation of olefins in
the presence of terminal oxidant, such as ivdosylben-
zene and m-CPBA, and a cosxidant NMO (Table 29},

Table 249, Asymmetric Epoxidation of (Mefins
Catalyzed by 1681040

i |||l_- i "|"|-;-Ir.|:"-'o|

Erisy Suhermis Calplva ]
] I8 m<THA T3 1%
1 LC’\ [EL] b2 13
i &1 2] T
4 i L+ nad
i 1] RI nd
[ 1y ] nd
T 204 22 nik
L [ kit Rl L]
w (EL] a-LPHA i m
1] Tl'i [F1] 4 14
1l 1y H i

O

© Adapted from ref 30 with permission. Copyright 2001
Springer. ®nad: not determined

3.3.3 MCM-41-Supported Salen Complexes

Organocsilane-modified mesoporous materials have
bean prepared by a zolvent evaporation method using
CrTMABr surfactant as the template under mild and
acidic conditions. Mezoporous materials synthesizod
by using the solvent evaporation method show a fully
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arlered pore syetem, but those obiained under
pothermal conditions have h:ghl}r ordered pores,
MOM-41 pozsesses a lorge surface avea [~ 1000
ot and unilerm mesopores with a conbrollable
ameter of 2—10 nm, it iz expected az a desirable
terial for catalytic applieations. Fowever, in most
i siliceous mespporous materials do not have
ligien! intrinsic activity ss catalysts, and thus
many studies have eoncontrated on introducing cata-
Igtically active sites, such as metals, metal ions, and
metal complexes, inte mesoporous silica. 18318 The
]ﬂﬂst pnpulﬂr method (o the introduction of active
tes ig the direct hydrothermal (DHT) methed;
Eﬂﬁewer Lhiz method cannot ensure the incorpora-
al active species inko the mesopore of MOM-41,
usnally accompanied by some contractions of chan.
ﬁaLa durivg wet impregnation. ™ Accordingly, several
g“n‘nipﬂ have developed other efficient methads, such
g prafhing #4149 e template ion exchange (TIE)L
Tﬁ 19099, Kim et al. carried out the lﬁﬁmublhzatmn ol
Jihw letradentate chelates of bis-SchilT bases 195 onlo
mesaprous MOM-41 by o T1IE method

s Ph
i

7,
(+ 'l,l
i :,Hfb Bi a =l Re=OCH,

fooge 11 b: ,=CH;, By=CPl;

MOV
195

~ although the salen ligand with an appropriate size
=11 A tropped in LhL supereage (13 A) af zeolite
Yeannet eseape theaugh the pore opening (7 A), this
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crcapsulation method could be unsuitable for the
MCM-41 gysiem beeause of its one-dimensional large
pore (~30 A). Optically active salen-Mn (1111 com-
plexes in the cationic Form have been [ound Lo ba
efficient catalysts for the asymmetric epoxidation af
gimple alkenez;"* however, these bully chiral salen
ligands are too large to lorm in the supercave of
wealite ¥, Tnstead, the jion-exchange ability of ¥ICM-
41 mesoporous material makes it eapable of anchor-
ing the chiral zalen ligands in the cationic form as
the heterogeneous catalyst, without any steric hin-
drance effect. Thus-prepared catalysts have been
used for the asymmetric epoxidation of styrens and
a-methylstyrene to obtain a high level of enantiose-
lectivity as shown in Table 30, Although such an

Table 30, Asymmetric Epoxidadion of Siyreoe and
o-Muthylstyrene Cutulyﬂ.tl I.r:, Chiral SdlLII-:l'I.[I IEI..r“

T Emre | Rutanme | Cilaga rn"'q.v. ] "|'|L‘LI-,1€|| n. q'l
] Fa 1954 K] He i
2 b, 1950 [T e it
] %5 h ™ I i
1 (LT [Pt 5 i
3 1%5h —k i i
U

%350 4 a0 ]
:-Ji'- |ush v 47 LEl
Coedapred frome vel 493 with permission. Copyright 18995
Springor

immghilization ean sometimes enhance the activity
af hoemogeneous catalysts, a common problem en-
counterad in the asymmetric catalysis is the decrease
of enantioselectivity upen undergoing heterogeniza-
tion. Indeed, all the heterogenized catalysts devel-
eped very recently for the epoxidation of unfunction-
alized alkenes exhibited considerably lowep!+#4% pp
no higher'®" enantioseletivity than Lheir homoge-
neous counterparts, However, Zhou e all in 1999
claimed that the heterogenization of 8 homogenesous
catalyst could largely improve the enantioselectivily
ol epoxidation ol uniunclionalized alkenes (Talile 313,

Tahle 31, Asymmetrie Epoxidation of Alkenes with
PhIG over 196-MCM-41 ot 20 "C

Clunreni ol 96 ik

iy Hubsisne Ticki (%3 we %]

[ Ji [FE e Ly
] Lo [ETRA L) é
3 LA iz o
| 1 0z i
5 LHH™ 25 &
f LR{%™ 2 k|l
I [ il 0l
K ael ii T
E TN it aH
1 Fda T womplos, 1004 RE] [
H e |4 i) 35
Cr
12 o & 1 ]
P
15 f"-:"- 13 A2 iG
o
T e 13 i ¥
15 ‘“ula"l k5™ 43 =l
n (B N R ¥l &l

= Aglapted from rel 528 with permission, Copyright 1999 The
Enyval Society of Chemiaty.

in which the alkene epoxidation with PhIQ was
catalyzed by a chromivm binaphthyl Schift’ base
eomplex 196 immobilized on MCM-410m) that is a
modified MOM-41 with a pore size of 36 A™ Tmpor-
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13 valalyst could be reused several times
decrease of enantioselectivity: however, a
reported salen-MnfI11-MCM-41 catalyst
rom an abrupt lozs of 409 e merely for the
| 1se, As anlivipated, attempls to immobilize

] %ﬂm unmedificd MOM-41, which lacks —NH;
have failed. icidthmm]i}', to make clear
g the enviconment, inside or outside the
&, s responsible for the enbancement of chiral
inn, the complex 196 was anchored inside the
s ol another modified MOM-41, :11.‘5iymt,¢d
m-ink, whose cxternal surface was passi-
with PhySiCls, through the same surface-bound
["terminal —NHs proups as used in MOM-41
nder identical eonditions, with p-chlorosty-
a5 the substrate, both 196—MCM-41 (m-in) and

CM-41 (m) eatalysts afforded the correspond-
5
}:uude in almost the same yield and ee value,
wing that the environment inside the channels
i support led (o the enhancement of chiral
CLIOT.

lir Iir

MOCK-41
18

’ﬂs revealod above, most of the research deals with
2 immobilization of chiral salen ligands either by
j‘lden::mg ungaturated olelin groups in the salen
eture with styrene and divinylbenzene or by
pregnating. But a few reports involve the subse-
tanchoring by reaciing o [unctionalized ligand
th resctive sroups of organic and inorganic com-
unds (MCM-41}, step by step.'®5%7 It is possible to
Lthesize varions unsymmetrical chiral salens and
immalilize them onte inorganic supports, such as
MEM-41 and silica, by a new multistep grafting
thad using diformylphens] as a building block of
en atructure. In 1999, Kim et al, earried oot the
philization of salen-Mn (111 complexes 197 on
1-41 by a multistep grafting method ¥ The
renlting catalyats afforded o high level of enantio-
spleptivity for the epoxidation of unsubstituted ole-
ing, such as styrene and a-methylstyrene, as shown
il Tnh]-_r 3g
In 2002, Park et al. grafled chiral salen-Mn (II1)
catulysts 198 onto the surface of organozilane-func.
st.fmmlm,d MCM-41 Lo catalyze the epoxidation of
shyrene and cis-stilbene ™7 The resulls showed that
slemperature enhanced the enantioselectivity (43—
L% ee! of anchored chiral salen-Mn (I11) catalyst
ignificantly, slightly higher than 35—46% ee of the
WTIBERIEOUS counterpart. [n addition, it was ob.
*mm el that the eonversion of olefin and the ee value
ol epoxide increased with the decrease of substrate/

¥ia et al

Table 22, Asymmetric Epoxidation of Styrene and
e—Methylstyrene with r-CPBAMNDMO U-Slng
Hemogencous and Heterogenized Salen-Mn(IIT;
(_.um plexes 197 as © atalysts”
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a 147k -13 W 34
5 1P Th=-N M -41 1] M kX
s 19 Th-%1 028141 -T3 Ti L)
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L ¥l -2 [} [ av
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* Adapted from rel 18 with permission. Copyright 1999
Elsevier.
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catalyst melar ratios. In all cases, homogenoous and
heterogenized chiral salen-Mn (111) complexes achioved
almost the same selectivity. This grafting method has
opened up one roule o syolhesize various solid-
supported =alen catalvsts. In 2002, Xiang et al
reported a new immobilization of chiral salen-Mn
complex 199 through the complexation of Mn with
oxveen atoms of phenoxyl groups grafted on the
surface of MCM-41 .5 Salen-Mn complex was active
and enantioselective for the epoxidation of c-meih-
ylstyrene with NaClO as the oxidant in CHCl,. 52
Onee the sample was anchored onte MOCM-41, the
activity of the resulting helerogeneous catalyst shower
an obvious decrease [or the same substrate, bhut the
heterogeneous enanlioselectivity was markedly higher
than that obtained for the free complex (Tahble 33),
comparable to the results reported by Kim, "™ In the
same year, Bigi ot al. reported the synthesis of
helersgenized salen-Mn (111 complexes 200 and 201,
which have an unsymmetric salen ligand boended
covalently onte either amorphous silica or MCR-11
through a new triazine-based single linker, to maxi-
mize the conformational mebility of the complex
necessary for a high level of asyvmmetric induction, !
They hypothesized that thiz spacer, longer than those
usual ones and partially rigid to prevent pozsible
chain folding, would allow facile aceess of alefinic
substrate to the metal center located soffictently
away from the solid surface. A high enantioselectivity
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m ol G238 with permission, Copyright 2002 The
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#4% pe was obtained for the asymmetric
lion on these heterogenized catalysts on
pus silicn and MOCM-41, and the catalysts
I't‘ectwulgr reeyeled. ;Ls vevealed by the
y Table 34, the structure of the solid support

mmetrie Epoxidation of Olefins
D 200 ancd 20704

Submlc Calnhos e H e,
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pted fram rel 31 with peemission. Copyright 2002 The
peiely of Chemistey. " wd s not determined; KG-60:
el o comimereinl amor ;:huua silicn.

1ot exert an impact on the aclivity of the catalyst
vith fow Mn-loading, and after three cyeles the

eovered MONM-41-supported catalyst just showed a
pneesive reduction of yield and ee value as often
pvied for ather supported catalysts 1620428529 Gy
“reaults were also obtained with the supported
alyst 2010 on gilica gel, in which the second eycle
o a modest reduction of yield with a small drop
ee value from 52 to T8% already. This synthesis
epy may provide a general route Lo anchor salen-
I complexes onto the surface of mesoporous
il matevials.

4, Helical Polymer-Supported Salen Complexes

Jives are eszential and fundamental motifs widely
el in natare; thus, artificial helical polymers
e altracted much attention in the area ol asym-
metrie catalyeis. S However, helical structures of
liese polyvmers are guite difficult established even
wxhaustive spectroscopy, which is primarily as-
ibed to the uncertainty of directionality of the
function belween Lhe monomer units. In 2002, Meade
al. synthesized polyibinaphlhyl salen- Mn) com.
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plexes 202 [rom a 3,3 -diformyl-binaphthel dervivative,
rev-diamine and Ma(OAc) % Although for the asym-
metric epoxidation of olefins these polymer complexes
showed the enantioselectivily as low as about 175
ee, the chiral space provided by helical 202 was
abizerved to be more effective than that af polymer
unit madels.

Ty =il 0, W= nd01

3.3.5. “Shig-in-a-bottle” Trapped Salen Complexes

“Ship-in-a-bottle” trapped catalysts, in which the
mital complex is attached Lo a solid surface by a
covalent or ionic bond, possess many advantures over
homogensous or conventional heterogeneous calalytic
systems. The main feature of this type of catalyst is
the hosi—guest interaction that is neither eovalent
nor ionie. In fact, all the enantioseleclive eneymatic
systems in nature contain in common the incorpora-
tion of the active sites into o confined space delined
by the tertiary protein structure. Aeclite cage siruc-
tures are atbractive hosts for the design of this kind
of hybrid system,™* The guest iz trapped in the
zeolite cage by restricted pore openings. which will,
in principle, retain all the properties of the homoge-
neous complexes, The superiority of these catalysts
to homogeneous ones iz allribuled o enhaoced
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il atabilily, easy separation from the reaction
s, reliability, and environmental compatibil-
mpared with conventional heterogencous
the main advantage of “ship-in-a-bottle”
catalvatz is the enhanced accessibility of
ically octive metal complexes, due to the
te move (recly within zeolite’s cavities. In
Jthe “ship-in-a-bottle” trapped catalysts are
¥ Lo leach because of the nature of their
lization, i.e., the physical entrapment, in zeo-
area. However, it 15 likely that the crystalline
bestins the Ld.L..il}&L with both size and shape
Uity and the stabilizing effect on the organo-
lie complexes; therefore, multimolecular deac-
1 pathways, such as the formation of y-oxo or
1= bndgﬂi species, will be rendered Jmpus-
S The practical application of “ship-in-a-
“entrapped complexes is most likely to be in
ne chemical processes, where catalyst perfor-
may outweigh the cost, However, this im-
ation technology is beset with two problems,
wne ehallenge is to [ind a zeolite with a large
pore size and the oiler is the method of
ulition, which invalves the assembly of com-
tes within the pores,

1997, Ogunwumi et al. reported the assembly
hirnpmenL of asymmetric salen-Mn catalysts,
both chlora[ ¥ N -bist 3-tert-butyl-5-methylsali-
idenel eyclohexanediamine] Mnilll) 208a, and
[ R h]a[sallt}’]ldﬂtml cyelehexane diamineg]
HIE203L, in the cages of crystalline EMT zeolite,
e has a hexagonal Tawasile structupre 35538530
Hypercages of EMT are accessible through three 12-
e ring windows with free dimensionz of 6.9
4 & and two 7.4 A circular apertures, while
peages contain only three windows, Dimensions
hiad salen-¥n complexes are ca. 15 A for 203a
nd 13 A fur 208b, preventing the escape of the
gasembled complexes from the cages within zeolite.

mfﬁl helerogeneous catalvst 203a-EMT has been
o the asyounetric Li]-l‘.l\:lﬂ‘-li]ﬂ]‘.l of aromatic

enes with NaClo to obiaon hagh ee values up to

B (Table 25).

Table 35, Asy mmetrie Epoxidation of Olefins
it alj-'r-,:l by 2030-EMT"

Eabarale Culalyal Cuay. 151 e [T
L"“-""- 2NJei=EMT % 2
e
" 0 0
L
&l 47 13
iy Hida s i
L

dapted fram vef 35 with permission, Copyeright 1997 The
it Seciety of Chemistry.
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N D) S
"ik z Hy=Nle, By u
Iy~ D 'l.l]_ Iy / cz By =Ry="lu
th = BT, MOM-22 or ¥ zealite
03

Xia et ab

The pore structure of Y zeolite consists of almast
spherical 13 A cavities interconnected tetrahedrally
through small apertures of main pore channels of' 7.4
A Moleeular modeling predicts that both salen ligand
trans-(f i71)-1.2-his (galicylideneaminai-eyelohexane
and the corresponding salen-Mn(lll) complex can
eazily aceommadate inside the supercages of ¥ zeo-
lite. Analogously, it is alzo predicted that Jacobsen's
catalyst having four feri-bulyl groups on pheny rings
does not fit into the supercages of ¥ zeclite. ITn 1997,
Sabater et al. vbtained suceess in Leapping a chiral
salen-Mnl 1) complex 208340 inside the supereages of
zeolite ¥ When the thus-prepared catalyst was
applied in the asymmetrie epoxidation of olefins,
moderale enantioselectivities were obtained (Table
361, Lower reaction rates obtained with heterope-

Tuble 36, Asymmetric Epoxidation of Alkenes with
NaCl) Catalyvred by 208a-Y

Enlre Sehalnale Catalyat Cogy (b v Ya)
I . Hida 7 ]

B SR r‘:'r""'r' N
3 rk-r-- Hida a2 i
ar 19a-Y At 31
3 T il 11 18

_____ B ST MOY S SR

7 a5 ity 5 a1
] C Hila-y 1 e
o i:'j e ) il
iy { Tils-y 2 Al

4 Adapied from ref 36 with permission, Copyright 1997 The
Roval SBociety of Chemistry,

neous =alen-MnfY catalyats compared to their hemo-
geneous counterparts could have been anticipated in
view of restrictions impesed on the diffusion of
substrates and produets by micrapores of Y zealite,
especially when the reaction was run at low temper-
aturez. Both I-methyleyelohexens and styreneachieved
a poor ee, in agreement with previous data shtained
on the Jacobsen’s catalyst 47 This poor enantiose-
lectivity can be interpreted as a result of the eo-
interaction of two unfaverable factors, including the
occurrence of a noncatalyzed unselective epoxidation
in the liquid phase and the existence of an residual
amount of uncomplexed Mn®' acting as the caialytic
siles.

In 2001, Ghery et al. developed a novel method Gor
trapping immugeneuus catalysts within the super-
cages (7.1 = 182 A) of zeolite MCM-22, which was
used as the heterogencous catalyst for the enanti-
pselective epoxidation of w-methylatyrene with MNa-
CI0.5 The aynihesis of zeolite MOM-22 proceeded
a layerad precursor, which facilitated the intereala-
tion of Jacohsen's catalyst hetween layers. TTpon
drying and heating of the sample to 280 *C, the layvers
condensed to form a erystalline MCM-22 struclure,
Thus, the metal complex was encapsulated during

the condensation of layers with no possibility of

acseppe through the openings of 4.0 = 54 A, The
reaction results showed that not only was the trapped
catalyst more active than the homogeneous one. hut
the selectivity for epoxide was also improved, The
most remarkable performance of this “ship-in-a-
bottle™ trapped catalyst is to improve the enanliose-
lectivity from 51% ee [or the homogeneous one Lo
91.3% ea. The suceessful immoebilization of Jacohzen's

L)



melric Ezoxidation

n MOM-22"(203¢-MCM-22) has dramati-
ed a good example of heterogeneous chiral
ith an enhanced activity 'md onantiose-
iz encapzulabion route has displayed a
vantage over olher helerogeneous im-
tions but iz not suitable for the case of using
{1 a2 the hest support becausc the one-
anatl Jarge pore syvslem of MOM-41 eannot
Iy confine tle guest ligands in the mesopores.
01, Sehuster et al., repurtcd the encapzulation
s transition-roetals (¥, Cre, Mn, Fe, Co, Rh,
mplexez of salen ligonds 204 and 205 into
iy modilied zealitic host materials.™! And the
fpbilized complexes had been fested in the
elective epoxidation of (= b-o-pinene in the
(phaze in an avteclave al room temperature
elevaled pressores using O as the axidant, Tn
ses, & conversion of 10095 could be realized,
e best results were 100% conversion and 965
gelectivity [or the epoxide with 91% diastere-
axeess achieved in the prezence of the en-
(RN A s 13 A-di-dert-buatyl-salieylidena)-
'j:hen:.rleth:.-']r_lml r]l.tmmr:ul eabalt(IT), Computer
lations have proposed that the reaction took
nside the pore system, i.e, (=)o-pinene was
o diffuse Lhrough microporous entrances of the
er malerial, A comparative investigation be-
v heterogeneons catalysta and homogencous
Lerparts proved that the entrapment of organo.
tallic ecompleses did not result in g considerable
gl activity and selectivily. The vse of molecular
matead of MaClO as the oxidant was pre-
ferrad, 22 the corvesponding catalyiic system is more

'.r‘ﬂ-nmﬂnmllv benign Lhan the dacobsen’s sys-

ad 1y=H, K,=H

By 1 =", Ry="1n
o 14y =" Bu, = Me
d: 1By="Tiu, ;=11

ar =B, R;="Hu
I By="Bu, =M
er B ="Bu, ;=1

B Dendamer-Supporled Salen Comoloxes

'Hi.ttm'ngrm ous catalysts prepared in the preceding
?: are oflen less active than their homogeneous
eounterparls due Lo the hindered diffusion of sub-
sinntes and procducts into ere oot of catalytic centars
o the supporl.'? Drendrvimers, highly branched mae-
mmnlecules, are of gpreat interest to be used as the
warriors of funetional grovps. 5 [ analogy with the
annnlilizatinn nfal_;.rrﬂ derivatives of TATDDOL and
;l}]N{JIL heands by o '-:'lﬁ[JL‘]’&'iI.Ul‘l cepolymerization
s sbyreene, Selloer et al. in 2001 used dendritically
aplified salen cross-linkers to prepare recyelable
m{ul}sLb 20G-211 for enantioselective epoxida-

Oi

Ohemial Sewiews, 2008, Vol 103, Mo, 5 1647

tions™ However, those catalvals displaved an ap-
preciable loss in the aclivity and stereoseleclivity
during the reactions, even after reloading fresh
polystyrene-bound manganese chloride, which could
be aiiributed bo the oxidation of salen moielies (Lhe
salen cares) into the hydroguinone strocture during
the reactions.

e

f‘f;_/‘-\.

ﬂ:ﬂf"‘

& g

3.4, Phase Transfer Catalysis Systems

Phase transfer eatalysiz (PTC), developed initially
in the mid-1960=, uses a typical organic zalt, such
as a quaternary ammonium sall, te transport inor-
panie ions inte an organic phagse, Highly efficient
transformation in PTC processes W54 j o the Lrans-
port from an aqueous phase to an organice phase ar
from an erganic phase to an aqueous phase, may be
because PTO syatemes such as those containing qua-
ternary ammonium salls, can be easily converted Lo
Lhe corresponding active species (ammonium hydro-
gen peraxides) in the presence of 8 mild and inex-
pensive oxidant such sas Hels As illustrated in
Seheme 12, the epoxidation of electron-deficient

[
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g lenones) could be smoothly accomplished in
vouta medin to produee the desirved products via o
aﬂdltmn and the subsegquent evelization in the
nee of eatalytic amount of chiral gquaternary
with swater as only o side product, B4.541-567

virpnmental protection and safety concerns are
rring the search for allernatives to the most
mmon arganie selvents. Accordingly, the use of
el reaction media, such as supereritical fuids 7
e liguids,"and liquid biphase systems (agqueous/
Lmur]'*‘ as well as purely organic phases™ in
B nthetic organic chemistry, is prezently investigated
theroughly.™! In addition to offering Lthe possibility
o preen Lechnology Tor chemical industries, these
chivnt media sometimes promote reactions, ae-
mganied by the increase of selectivity related to
e unigue sobvation environment, which is not
Hﬂajmﬂﬂt_ L COONO Drganic mlventa SLAE Parflug-
Cwirhons ave, in particular, promising in this regard
heesuse of their distinetive chemical and physical

Xia 8l al

properties, such as low dielectric constant, chemical
inertness, nontoxicity, and lew miscibility with com-
moen organic solvents and water. ™58 &g o follow up
to the ploncering work of Horvath et al, ™" a number
of reagents and catalvsls bearing appropriate per-
Muorealkyl substituents (fluorous compounds) have
been prepared and used in "flucrous biphase chem:
istry”. In particular, Nuorous biphasic catalyiic sys-
tems have exhibited several advantapes over classical
homogeneous ones, such os easy product separation
and catalyst reeyeling, The Nuorous biphasic ap-
proach ean now stand Lhe comparison with extensive

applications of immaobilized chiral catalysts, at least

in the case of asymmetric epoxidation of unfunction-
alized alkenes, Flectran-deficient olefing such as o
unsaturated Ketones, which are less reactive wilh
uzsnual oxidants, require the enabling o highly enan-
toselective epoxidations. Thus, another methodology,
i, PTC, is required to suit these types of subsirates,

3.4.1. Conventional Phase Transfer Catalysis (PTC)

PTC systems are one of the most vselul methodalo-
gies for practical syntheses becavse of mild renction
conditions, which enable the use of water as o
enaolvent, safety, and operational simplicity, 7% The
most common phase-transfer reagents used for the
asymmetric epoxidation of enones are alkylated
cinchona alkaloidza. A handful of papers have reported
the applieations of other chiral phase-transier salts
for the asymmetric epoxidations, which, however,
exhibited low co (=37%)15%0 Wiynberg et al, first
investigated the catalytic vse of a chiral phase-
transler salt in o biphasic Weitz-SchefTer epoxidation
in the mid-197025" Later a serics of analoguus
researeh studies were published, Kawapuchs el al,
carried out the phase-transfer epexidation of eyclo-
hexenone to obtain G3% ce over three Cesymmetric
catalysts, 212, 213, and N-9-fluorenyllguininium
bromide (2141 with alkaloids cinchonidine and cin-
chonine, respectively ™™ Phase-transfor catalvsts 215a
and 215b, derived from N-beneylation of quinine ad
guinidine respectively,” allorded moderole enantio.
selectivity (0-54% co) for the catalytic asymmetric
cpoxidation of o wide range of enones with agueous
HeOs, TEHP, or sodivm hypochlorite, In an i=zolated
example, an e¢ value of T5% was achieved by Hari-
gaya, who used the catalyst 215a in the epoxidation
of 2-aryl naphthoguinene. ™ Additionally, Taylor et
al, reported their work in thiz field, in which &
benzyl.cinchonidinium chloride (215¢) showed the
best effects for the epoxidalion ol enone (216) in 32%
yield and 5905 g S0

Recently, Arai et al. reported the catalytic asym-
metric epoxidation of chaleone and its derivatives
promoeted by o new class of quaternary ammonium
salts (215c—m) derived from cinchonine, whicly re-
acted as the phase-transler catalyst in the presence
of o zafe oxidant, HaOs, in 2 two-phase system under
mild reaction conditions. ™ Distinctly, N-(d-iodeben-
zyli cinchoninium bromide (215d allowed the highly
stereoselective oxidation of chaleone  devivatives,
although the ee values were lower than those of alkyl-
subatituted enones. Intriguingly, the oplical rolation
o epoxides cblained over the einchonine-derived

U
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st was npposite to that from Lyge's einchanine-
?ﬁ:l catalyst 214, [n E[]I}E, Arai ct al. !'cpm'ted

1 mnchonmcr ar q-.umrhm;» undr:r mild agueous
wedin " Az shown in Tables 37 and 38, the epoxi-
o enantiozelectivity for chalcone was strongly
endent o ﬂm sbructures of substituents and PTC

fin tlm Llcctmn wnhd! awing gmups such
0y on the Cy-position, afforded the corresponding
epaxide with good ee, while the electron-donaling
arnips such as the MeO— group or the nonsubsti-
sedane lod to a signilicantly low ee value, The most
ﬁnpﬂnum functional proups Lo induce & high ee value
nclude both the benzy] group and the chiral second-
ary aleohol wicty. Chiral guaternary salts, derived
fratn cinclonine and guinidine, have baan proven Lo
be conziderably efficient P'IC eatalysts for the asym-
netric epoxidation of enones. The potential advan-
tare of thiz methodology is thal agqueous hydrogen
peeoxide can be used as o mild, cheap, and environ-
‘mentally benizn oxidant,

-‘g&lﬂ]ysl,s 217 and 218 lrom cinchonidine and cincho-
Cmine, netably different Drom that of Wynberg-type

lalysts 217 and 218, a Santhracenylmethy] group
Aineorporated in place of the beneyl group on the
nitrogen of quinuelidine, while a bengyl group on the
apennlary alechol was still retained. In the presenee
wlsotlium bypochlorite as the stoichiometric oxidant,
these catalysts mediated the epoxidalion of a wide
nge of substicuted chaleones and alkyl-substituted
pones with 100% of diastereoselectivity and 82-88%
gt gee Tuble 391, More recently, Corey et al. have
sl thae the eatalyst 217 could, in high efficiency,
atalyee the cpoxidation of a range of enones with

Chemical Reviews, 2065, Vol 105, Mo, 5 1644

Table 37. Asymmetreic Epoxidation of ¥Yarious Enones
under PTC Using Ha0: 0s the Oxidant and ae-Baud as
the Solvent®
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* Adapred [rom rel 568 with permission. Copyright 2002
Elrewiar,

o 1998, Lygo et al. reported the preparation of

oilalysks 218a and 215D H0MT In the structure of

Table 38, Asymmelvic Epoxidation of Various Enones
under PTC Using H204 us the Oxidant and CHCL as
the Solvents
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[Elaevier.

pver B0% ee al —40 *C, uging potassinm hypochlorite

as the stoichiometric oxidant, 9
Trichloroisocvanuric acid (TOCA, 219 is a sale,

inexpensive, and efficient oxidant for the oxidation
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ol elhers, thioethers, aldehydes, acetals, and aleo-
57 Ve et al. reported first the asymmetric ep-
dilatien of olefins in the presence of chiral quater-
ey ammonium salt 220 as the phase-transfer
lest uzing TOOA as Lhe exidant in good yields
excellent enantioselectivity of up to 96% ec (see
bte 40355 The reaction proceeded to allord the
dezwed products only in nonpolar solvents such as
dloremethane and toluene and at a low temper-
e in favor of high enantioselectivily.
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Among several catalyst svstems described already,
chiral salen-Mun (111 complexes have heen identified

Xia et al.

Table 40. Asymmetric Epoxidation of Enones
Employing 220b as PTC and TCUA Used as the
Oxidant®

- I-.u:w_ Suberue  Yidd (%) e He
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Xl wi
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L W el

e =

13 i T L1

A Adapted from rel 568 {Coperight 2003 The Roval Society
of Chemistey) and ref 570 (Copyrighl 2008 Wiley VOH) with
pPermission.

a1 B=Vinyl, R;=Ih
b Byg=Lt, R;=I"h
e By=Et, Ry=Ally]

to be highly enantioselective in the epoxidation of
nonfunctionalized cis- or cyclic alkenes, with NaCIlO
as the cxidant and pyridine M-oxide derivatives as
the additives, under biphasic reaction conditions 36—
Furthermore, it has heen reported that the use of
N-oxides, especially 4-phenyl pyridine N-oxide (4-
PPNOSL5™ and 4-phenylpropyl pyridine N-axide
1PPPMNO as the proximal additive, not only stabilizes
the catalvtically active intermediate species MolV-
oxo but also acts as the phase-transfer reagent in
transporting NaClO from the agueous phase Lo Lhe
oreganic phasze. Comparatively, 4-PPNO and PPPRNO
have imparted the best results, but their high cost
and easy degradation under reaction conditions
severely limit their extensive use. In 2002, Kureshy
et al. developed new analogues of the Jacohsen's
calulysis, 221 and 222 which have inbuilt the phase
transfer capability due to methylene aminvalky|
groups at §,5-positions of the substituted salicylal-
dehvde moiety, so that simple N-oxides could be used
effectively 5% These catalysts showed a high re-
activity with a NaClO oxidant, even when 4-phenyl-
pyridine N-oxide (PyNO) and 1 4-dioxane (1.4-1}
were added as the axial bases, thus aveiding the
requirement of expensively substituted pyridine A-
oxide under biphasic conditions. Chromene and de-
rivatives were chozen a3 the model substrates, as

their epoxides are rather useful in the synthesis of
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e pobassium channe] activator drogs '™ As
Table 41, high conversion (=99%) was
for all chromenes (Entries 1-8) in a short
o fime, over Lhe complex catalvsts 221h and
tich induced 98-99% ee [or G-cyano-2,2-
chromene. More imporiantly, although the
were recveled several times with some loss
iy, the ev values remained unaltered.

R R
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e L, Ly

chi__}

4, Bakd et al. described the asymmetric
tion of chaleone in the presence of glucose-
monnoze-based lariat cther catalysis 223 and
Jespertively B Crown ether 2231 proved Lo be
ffeetive catulyst under phase transfer conditions,
wwhl in Table 42 i which the yield and the
figaclectivity were signilicantly allecled by N-
stituents. For example, the lowest co values (ea.
; 9& el were achioved in the case ol catalvsts

ih, 223e, and 2231 containing an n-butyl group, a
iyl grovp, and a diphenylphosphinobutyl N-

e

Clamical Revisws, 2003, Vol 105, Mo & 1631

Table 42, Epoxidation of Substituted Chalcones by
+-BuQOH in the Presence of Catalyst 223F at Hoom
Temperature”
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# Adapted from ref 575 with permission. Copyright 2004
Georg Thieme Verlag.

substituent, respectively. The catalysts 2231 (-
hyelrosypropyl substituent) and 223d (f-hydroxyethyl
substituent) showed the best resulis with 92% ee and
B1% ee, respectively, but only 41% co was defected
using d-hydroxyvbutyl derivative (223h). This pro-
posed that the length of the chain connecting hydroxy
group to nitrogen atom played an important role in
the asymmetric indoetion and that the eplimal chain
length was three carbon atoms as in the case o 223F
Crown ethers (224) containing a mannapyrano side
unit could also be used in the sbove reaction with
muoderate enantioselectivity.

a: R=H
: H=liu
i Re=Ph
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ois Biphasze Syafems (FBS)

cal inertoess of pecfluoreesrbons uids (com-
0 only Cand T, oor C, F, and O, or C, I, and
huﬁLw.fud METY |.U1.1r 5uh’enL interactions with
1l the nrganic compounds, However, perfluo.
rhans posseas gome peculiar physicochemical
s anch as thermo- and pressure-controlling
ility with common organic solvents, Perlluo-
Erbens are almost immiscible in the solvents such
celnitrile or toluene at room temperature under
p]'lerl!, pressure, Lhus furn|i11g, a lwoe-phaze
m, in which the catalyst soluble in the Nuorous
s segregated [rom reagents and products
| |,I g the whole process. Since the phaae miscibility
iﬁa sharp!].-' increased with the inerease of tom-
palure and pressure, the svstem will worls under
eous condilions during the reaclion slage
il b restored to two-phase at the end of the
cticn. This impases some potential advantages on
rocrbons calalysts over elassieal homoge-
s unes, such as n:-,'"ﬂh,I effective separation and
ing of the calalys1.™ Enantioselective trans-
tions were recognized as an extremely interosl-
pnin [or the .lp])]itﬂ‘lihtl of CBS at o very carly
g ﬂfn'-'ﬁlvmuenu L was sugeested that, besides
sing Lhe recovery and reuse of precious chiral
igenis or ealalysls, the uniguoe solvation environ-
it and possibly positive offeets on the selectivity
wictions provided by perfluoeocarbons might have
i unforesesn, ™
Substantialion of these hypotheses calls for experi-
mutlal data, which, consequently, requires the syn-
is ol chiral metal complexes suited to FRS,
Mugroalkylated tebradentale Hgands are suitable
pihe preparation of catalysts “used in the FBS
atlysis, on the condition that Nuorine loading is
il than 605 (wl %), 57577350 Ty present resulls
dist contirm that the elassilication of perlluorocar-
oz into 2pecial solvents or normal organic solvents
il be finely tuned by a slight difference in the
fuanne content of perfluorocarbons, The enpirieal
e ol I = B0% 15 a erucial eriterion to deline the
H5 evslem in Lhe cose of tetradentate ligands and

ol 7! Cy-nitrogen-based ligands were chosen
I.hL‘ misl primising cancidates to develap efficient
i zelootive uorons chiral satalyals by Pozed "2 wha
Canthesized four substituted salen eatalysts (225)
optaining perllusrinated alleyl chains, effeetive for
¢ enantiescleclive epoxidationg carried out under
Biphasic (Nuorousforganict conditions, The catalyst
sl be readily recovered from the flusrous laver by
e sepnention technigues, Az shown in Table 43,
4 high enantioselectivity up Lo Q0% ee was oblained
M indlene subsirate with acceptable recyeling num-
iz ol the catalyval: however, for other substrates
nly low e values were achieved, even il those
Istrales were structurally elose to indene as in the
rses of'dilyed ronaph thalene and benzosuberene. Liow
Aevels of enantioseloctivity were Lenlatively aseribed
dnadeguale electronic insulation of the melal site
e the steong electron-wilhdrawing effeet of per-
[fsroallyl zubstitucnis and Lo Jow sleric hindrance
dmposed by perfluoroalliyl substituents locaiing in

i also be conveniently applicd lor other classes of

X atal

Table 43, Asymmuetric Epoxidation of Yarious Alkenes
Catalyzed by Chiral Salen-Mo Complexes under
Fluorans TwoPhase Condilions®

Entzy Tl Camalyst Yield (S cet®y il
numbsr

1 Y e i1 w2 il
2 i.«-'} e i A |
1 225 ke ) il
4 . 225 H 2 l
L] g 15 HH n nal
& [‘-*"“"'I 15 EH w I
T 2251 i 11 wal
i 2251 Bl i 1
E 2zl il L1H il
L} 2rar 81 A% |
1 2EET o A3 2
il i ML A o B (LS EL Lo
11 P Il W ¥ n.l
14 u‘_f_'c_. sl n 12 al
1% - 1A wl E2) mal
1 2187 ul Gl 1
17 2LEM B il 2

o A—— L4 e
£ LA w1 ] =il
m 2I57 kT 1 1
1 isr T L] 2
n ma s s i
.| 215 s T sl
4 ,_,.w? z18T ¥ T 1
i3 : 150 R T o
7 .'q: 1157 L] &7 =
iy e LA v 45 |
] e 2150 ] 43 g
0 2151 Kit 1 i

U Adapted from el 552 with permmzsion. Copyright 194949
Wilew-VOH. * naed: not delermined.

3,8 and 5,5 -positions of ligands, The second genera-

tivn of fluorous salen-MoillD complexes including

225e and 226F was Lhus synthesized, in which the
3 -positions of the ligands arve cceupicd by fert-buiyl
substituents and perfluoreallyl-substituted aryl moi-
etigs attached to the 55-positions. Note that (he
hiaryl frame offers an additional Mexibility in =alen
ligands. The overall number of By ponylails can be
inereased Lo the criterion by secking the preferential
solubility in perfluarocarbons, and Lthe proper spacers
ean be inserted between perfluoroalloy]l substituents
and the core stiveture of the ligand, 1o tune the
electron-withdrawing ellect finely. The biary] frame
is #lso expeeted to exert some impact on the three-
dimensional structure of the catalyst and to genera-
temore sterie hindranee, further enhancing the @nan-
tiosclootivily. Nowadays, it is widely accepted that
the Muorine content of at least B0 wi % is a basie
requirement for a catalyst or reagent to achieve the
preferential solubility in perluerecarbuns, However,
the behaviors of 8256 (56.9%F) and 2251 (57,9957
showed an interesting exceptivn o this rule, as
reported reeenlly

In summary, the FBS approach offers several
distinel advanlages over other hetorogencous cataly-
gig systeme, such as remarkably inereased stabulily
of the catalyst against leaching, relatively high
activity, casy separation, and effective recyeling, but
wide industrial use of this system is hampered by
possible envirenmental deawbacks resulling from the
wae ol perlluorsesrbons and by the high cost of the
ligands used in FBS.

072



Ymmeine Spokidation

Ity Ky
I
=~ N
k]
i @ﬂ'lhh%ll:
= X
K, Iy
25
[t3=0 4K 5= C b N=C1
By oliys. Bo=l',  X=Cl
Ry=CHy)p, X=Cl
B Bk, Hyslh,  Xel

e, B- —Q-D-:ci]:l-.clr-.: By T 00 e N=0oF 0O
U L T RSN O

Il i
ST
] I'||I:|IT

b, Other Heterogeneous Systems

Supportad BINOL Systems

th the growing importance of pelymer-supported
sts, considerable attention has been focused on
s af hoth zoluble and insoluble macromolecules,
g chiral 11-bi-2-naphthol (BINOL) for the
bilization of a range of asyvmmetric cata-
SUE Vory recently, Jayaprakash et al. sue-
i anchoring the enantioselective epoxidation
lysts onte the polyvmeric Bgands containing

L5 The resulting polymer-supported La—
UL and Yh—BINOL catalysts were employed to
lvze the epoxidation of chalcone and benzalace-
giaee Table 443 In all cases, chiral La and Yh
pip!exes. renerated from the ligands 226 and 227

found to produce epoxides with a high enantio-
privity and could be veused many times wilh
most a4 constant high level of enantioselectivity.
litives such oz PhoP=0 and PhyAs=0 bound
gly Lo the central lanthanum ion and facilitated
poligomerization of olizomeric species to a

T 1150, K= Uy

In 2002}, polymer-supported chiral BINOL ligands
28231 were applicd o coordinate with Yh—{O-Prjy

Chemicai Reviews, 2005, Vol. 105. No. 3 1653

Table 44, Asymmetric Epoxidation of Enones over

Polvmer-Supported La-BINGL and Yh-BINOL and
PhyP=0 (15 mol ) as the Additive® ¢

Clstuil

__li;_-'} Sofearile Lralvsl T |I.|.| . '|:|-=.I.J ;‘.;.I Sk

* s URENF La-2i 7] W e
3 Ll UMHE 1323 piel B uy

1 new a1 o w
2 CRAIT la-Xle o el ]

5 crar la-rlg AT LE] i3

S . 5 . . L. i L SO LIS . SR L

T Tk La Ik 1 L 2
= n""‘-j' THHE  Wh-3B0 b &2 i

£l THHP  Wh-220 M s 57
i THHF  ¥i-220 i du a2
i THHE Y1220 ] i 51
1 (RIS 115 b e gl
(H THE Yl d2h 22 51 L]
1+ VB ¥hed2? s 4% 34

15 Qe Vhel2? s L o

18" TR ¥h-227 ¥4 4 55
1T THIE' Yh-227 [ W ]
184 PRUTT SR . it b B
(L T ¥he12? ih L LE]

* Without PluP=0. * Reused one time. © Reoged one time
with 4 A MS. * With 4 eq water, * With PhaP=0 (7.5 mol %
S Reused in the thivd time, # Table adapied from ref S84 with
permission. Copyright 2000 The American Chemical Soceiy,

ar La—10-"Pr; producing the epoxidation calalvsis 5
In the presence of additives such as water and PPh,=
(3, the catalyats afforded epoxides in good yield with
a moderate enantioselectivity of up o 735% e The
presence of a large polymer architecture areund
catalytic sites renders the eatalyst an enhanced
stability. Ligand 2289 was also found o be rather
effective in affording the products in high yields with
good selectivity, Ligand 230 exhibited enhaneced
selectivity in the asymmetrie epexidation of enones
catalyzed by zine complex, due to a synergic effect
between adjacent catalylic zites ™ La—-BINOL com-
plex with a ratio of metal to lgand ol 2:3 vielded the
chaleone epoxide in 95% vield and 35% ec value. The
use of a 1:1 complex penerated at 40 "C with an
additive of 15 mol % PPhy=0 resalted in enhanced
selectivity up to 62% ce, consistent with the ebserva-
tions made by Shibasaki et al* Further increasing
the additive concentration deereased the selectivity,

O i OH (L

OH ©H

238

3.5.2. Polyamino Acids Cafalysis Sysfems

The work published by Julid et al. in the early
18980z expanded the uscfulness of polyamine acids as
the heterogeneous catalysts, particularly for the
asymmetric epoxidations, ™" Sybsequently, the
catalytic propertics of various oligopeptides were
carefully investigated. From those studies, i1 was
established that increaszing the o-helin structure
enhanced the stereoselectivity in the oxidation, while
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15 e by

Fpepleated sheet strocture deteriorated the
i purity of the prodoct, Lasberra-Sanches fur-
apaneed e ranee of substrales epoxidizable
i manner and initiated a study e elueidate hoth
o mode ad the reaclion mechanism 2500
development ol Lthe polyleucine cotalyal has
i o notable advanee, enabling the practical
o ieition fisr the asymmelric epoxidations. The first
gyement was indebled Lo the use of 1,3-diamine-
ane ad aninitiator of the polymerization. How-
Lihe ke advance Les in Lhe immobilization of
lyleucine on cross-linked aminomethylpolystyrence
AMPSL which was [est carvied out by lsunoe ot
i 1990 59 Thiz CLAMPS polymer, prepared from
re Neearboxyvanhydrides, was robust and in-
Augerd w improved enanlioselectivily, distinetly re-
iling the great impact of the amine end of the
fmer on the ecnantioselectivily, Although the parts
e polymer far from the amine end could have
ey little eflect on the enantiesclectivity, they were
it unimportant and probably were responaible for
ting up the correct chiral architecty e,
g Geller et al. reparted Lhe asymmetric
ugmdut:un al cf-unzaturated ketones catalyzed by
o reboat, readily recyeled, highly active catalyse,
mely, |J-u|y|teu|. ine adsarbed onbe silica, which
peed g signtlicantly higher activity than the non-
"ﬂﬂsnl bed polylencine ™™ Heeveled eatalyat still ox-
il equally high l..iL;ll.‘n."lIl'_ activity comparable Lo
a{rﬂahly prepared one, with a considerably high level
alen ol =945, I u|:1hw mare, the workup procedure

iz et al,

for recyeling the calalyst was very simple, such that
the loss of catalyst was minimized, [n general, the
yiclds were higher with silica-supported polyaming
acid catalysl Lhan those oblained wilh womoedilicd
polyleucines,

3.5.5 Polymer-Supported Aming Acid Cufll) Complexis

Although considerabile success has been achieved
in the asymmetrie epoxidation of gpecial substrates,
such as styrene or clafrans-alkenes using homege-
neons chiral perphecinsg and salen compleses as
demeonatrated amply by Cellman, Jacebsen, and
oblers MUY Gy polable sueeess has been e
parted i the epexidation of simple straight-chain
aliphatic terminal olefins W08 [n 20003, Yalodkar el
al, made a report regarding the agymmetric epoxi-
dation of aliphatic terminal olefing catalyzed by
palymer-supported amine acid Cuill) complexes 232
23 using ni-chloreperbenzoie acid as the oxidant, fer
which the maximal ce value was obtnined at the
temperatures 25—40 °C.5% Neither the eross-linking
density (G=58%) ol the polymer backbene nor the
nature ol amine acid (-valine or L-pheny] alanine)
hiad any major influence on Lhe enantioselectivity,
High econversion and moderate enantioselectivily
were ohaerved for the epoxidation ol L-uetene, 1-hex-
ene, Z-methyl-1-pentene, and d-melbhyl-1-pentene,
For the eatulytic epoxidation of 1-oetene a2 the model
substrate over 232, even after three cyeles the
catalyvst still exhibited high conversions (O5—98%)
with a shight decrease of enantiosclectivity from 32
to 29% ee along with the increase of cyeles, The
reaction was sensitive e the lemperabare, and the
phserved enantivinduction eould be interpreted in
terms of the trajectory of olefin sceessible o the
aclive catolyst,

.H;
it

”“ a1 R=CHMe,
/]; b: R=CH;I"h
)
232 H“.—i:.-l{L-I’A]zCM

233 8% @-[(L-Val);Cu|
234 0%g@-[(L-Val}Cu]

3.5.4, Nanocrystaling MgO

The heterogenization of homogeneous catalysls
repregents o complicated conceptual Lransler fam
malecular chemistry to surface metallorganic chem-
istry, eventually to achieve a single-site ealalyst with
Lhe retention of activity and enantiosclectvity. Tn
2004, Choudary el al, suceessfully evalved a single-
sile catalyasl from a complex svatem based on nanoe-
rystalline Mg(), since the nanomaterial holds a well-
defined shape and size.™ Nanosized heterogencous
catalysts allorded chiral epoxy ketomes with moderats
Lo good ¥ields and impressive enantioseleetivitios for
the asymmelre epoxidatien of chaleones coming from
the Claizen-Schimidt condensation ol benzaldehydes
and acetophenones, And nanocrystalline MgO (INAP -
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unlunctionalized funesionalized
suabistituted olefis substitwted olofin
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aine aci U [
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R alurming it

3% = e = 95%; B ope = 05

{WM found Lo be more active than bath MgQ

SN prepared conventionally and commercial
HCM-Mp in the condenzation and epoxidation
n#, In thiz ease, the ee value of the product
i determined to be 90% for NAP- =MgO, 60% for

Mg, and 0% for CM-MgO, respectively, The
1 enantinselectivity of NAP-MgO could be as-
ul to the presence of electron-withdrawing groups
herof the twa aromatic rings in chalcone, which
itated Lhe formation of resonance-stable oxyan-

455 TBHP HKFAluming

Whough some metal-containing  heterogeneous
Hulysts can be used for the epexidation of electron-
pient alkenes ™ the reactions are commonly
aul with hiviroperoxides in the presence of a
weei™ Basic solids have been hardly used in the
tidation reactions,"" and, so far, two systems have
an developed Lo activate the oxidant w ith a solid
lyee. Hydrotaleites are able to activate hydrogen
peroxide by the abstraction of a proton and w

penerate hydroperoside anion acting as the nucleo-
philic reagent for the epoxidation of electron-deficient
allenes "5 Importantly, this svetem uses hydrogen
peroxide as the oxidant, which is preferred in indus.
try. The other system uses KF/alumina as a solid
base to activate anhydrous allkey] hydroperoxides 215677
In 2001, Fraile et al. reported the application of two
heterogencous systems, Le, HaoOs+Hhvdrotaleite and
TBHP+KF/alumina in the epoxidation of two chiral
alkenes bearing different clectron-withdrawing groups,
derived from D-glveeraldehyde5'® The results showed
that, for the epoxidation of these chiral alkenes, Lthe
system of HoOw+hydrotaleite presented some draw-
backs, such as the generation of byproducts and the
low diastercoselectivily; however,
TEBHP+KF/alumina was highly efficient and selective
with the advantage of easy workup, leading to a de
ol up to 50%.

4. Conclusions

This review has systematically summarized the
existing homogeneous and heterogeneous catalyvlic
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