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CONS P EC TU S

M etal-catalyzed stereoselective reactions are a central theme in
organic chemistry research. In these reactions, the stereoselec-

tion is achieved predominantly by introducing chiral ligands at the
metal catalyst's center. For decades, researchers have sought better
chiral ligands for asymmetric catalysis and have made great progress.
Nevertheless, to achieve optimal stereoselectivity and to catalyze new
reactions, new chiral ligands are needed.

Because of their high metal affinity, hydroxamic acids play major
roles across a broad spectrum of fields from biochemistry to metal
extraction. Dr. K. Barry Sharpless first revealed their potential as chiral
ligands for asymmetric synthesis in 1977: He published the chiral
vanadium-hydroxamic-acid-catalyzed, enantioselective epoxidation of
allylic alcohols before his discovery of Sharpless asymmetric epoxidation, which uses the titanium�tartrate complex as the chiral
reagent. However, researchers have reported few highly enantioselective reactions usingmetal-hydroxamic acid as catalysts since then.

This Account summarizes our research on metal-catalyzed asymmetric epoxidation using hydroxamic acids as chiral ligands.
We designed and synthesized a series of new hydroxamic acids, most notably the C2-symmetric bis-hydroxamic acid (BHA) family.
V-BHA-catalyzed epoxidation of allylic and homoallylic alcohols achieved higher activity and stereoselectivity than Sharpless
asymmetric epoxidation in many cases. Changing the metal species led to a series of unprecedented asymmetric epoxidation
reactions, such as (i) single olefins and sulfides with Mo-BHA, (ii) homoallylic and bishomoallylic alcohols with Zr- and Hf-BHA, and
(iii) N-alkenyl sulfonamides and N-sulfonyl imines with Hf-BHA. These reactions produce uniquely functionalized chiral epoxides
with good yields and enantioselectivities.

1. Introduction
Modern asymmetric catalysis has been prosperous for

decades thanks to its three major cornerstones: metal

catalysis, biocatalysis, and organocatalysis. Among the

“trio”, asymmetricmetal catalysis is themajor player in both

lab and industry settings.1 In these reactions, the role of

asymmetry induction has usually been played by chiral

ligands.2 Those ligands interact with the metal center to

form catalytically active metal complexes, which catalyze

desired stereoselective reactions. By introducing the con-

cept of “privileged chiral catalysts”,3 the metal�ligand�
reaction relationship has evolved from single dots, where

a specific metal species with a specific category of ligands

catalyzes a specific reaction to a cross-linked network. Now

peoplemay choose any combinations ofmetal species and

ligands, and any combination may be able to efficiently

catalyze an unexpected reaction.

In light of the central role of chiral ligands in asymmetric

metal catalysis, to discover new chiral ligands has been

an essential activity of contemporary researchers of asym-

metric synthesis. In this account, we present the brief history

and development of chiral hydroxamic acid ligands for

metal-catalyzed oxidation reactions from our lab and

others. Anothermission of this Account is to promote future

attention to this unique class of molecules that may bring

interesting new chemistry to life since there have not been

many reports using them for asymmetric organic reactions.

2. Structure and Synthesis
Hydroxamic acids resemble amides in structure, with one of

the amide N�H substituted by an N�OH group (Figure 1).

When deprotonated, the hydroxamate form (O�) is highly

coordinative to a variety of metal ions via two oxygen

groups.4 In addition, carbon groups R1 and R2 on CdO and
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N provide chirality for asymmetric induction. Apparently,

hydroxamic acids have met the two necessary and sufficient

conditions for a chiral ligand: interaction with metal and

chirality.

For the synthesis of hydroxamic acids, there are two

major strategies: coupling and oxidation (Scheme 1). Amide

coupling techniques can be similarly applied to the synthesis

of hydroxamic acids. There have been numerous reports

about coupling of carboxylic acids and derivatives (halides,

anhydrides, and esters) with hydroxylamines and protected

hydroxylamines mediated by either peptide coupling re-

agents or bases.4 These methods are in general reliable

but sometimes suffer from low yield and low regioselectivity

of N-coupling, especially when an N-alkyl group is present

due to higher steric repulsion. In addition, synthesis of

N-alkyl hydroxylamine also adds a few more steps to the

whole synthetic scheme.

The other synthetic strategy for hydroxamic acid is the

direct oxidation of amide N�H to N�OH. The advantage of

this strategy is that usually the parent amide can be readily

obtained. There have been reports on the stoichiometric

molybdenum-mediated oxidationofN-trimethylsilyl amides

to their corresponding hydroxamic acids.5 Moderate yields

and selectivities have been achieved, but the efficiency of

thismethod also greatly depends on the steric andelectronic

nature of the substitution groups of the amide.

In addition, N-aryl hydroxamic acids can also be syn-

thesized from the N-heterocyclic carbene (NHC)-catalyzed

coupling of aldehydes and N-arylnitroso compounds.6

In summary, syntheses of hydroxamic acids highly de-

pend on the structure of the target molecules. There has not

been an efficient general synthesis of hydroxamic acids

developed yet.

3. Catalytic Asymmetric Reactions
3.1. Vanadium-Catalyzed Asymmetric Epoxidation of

Alkenyl Alcohols. Chiral hydroxamic acids were first intro-

duced into asymmetric catalysis in 1977 by Sharpless and

co-workers as a chiral ligand in V-catalyzed asymmetric

epoxidation of allylic alcohols (Scheme 2).7 Later, the pro-

line-derived hydroxamic acid 2was discovered to forma1:1

complex with VO(acac)2, an extremely active catalyst for

epoxidation of alkenyl alcohols. This new catalyst provided

epoxide 4 in 80% ee and 90% yield with tert-butylhydroper-

oxide (TBHP) as the terminal oxidant.8

Although the initial results looked promising, the vanadium-

catalyzed epoxidation soon became less attractive due

to the ligand deceleration effect of vanadium catalysts,9

a practical dilemma that adding an excess of chiral ligand is

necessary to suppress background reaction and obtain high

enantioselectivity, but such excess would favor the forma-

tion of catalytically inactive species and hence decrease the

reactivity. On the contrary, titanium-catalyzed asymmetric

epoxidation, the Sharpless asymmetric epoxidation (SAE), is

ligand-accelerated.9 Adding tartrate ligand to titanium(IV)

tetra-alkoxide facilitates the generation of the most active and

enantioselective catalytic species. The research of vanadium-

catalyzed asymmetric epoxidation had then been halted for

almost 2 decades, while the SAE became quite established

during this period.10 Nevertheless, the advantages of vanadium

catalysts over titanium catalysts were gradually re-evaluated:

less catalyst loading, better moisture tolerance, easier workup

procedures, andhigher selectivity for awide rangeof substrates,

often complementary to the SAE. These features guarantee the

indispensable role of the vanadium-hydroxamic acid-catalyzed

asymmetric epoxidation in asymmetric synthesis.

The major obstacles facing vanadium catalysts are still

the liganddeceleration effect and dynamic ligand exchange.

During the catalyst generation phase of the reaction, an

FIGURE 1. Structure of hydroxamic acid.

SCHEME 1. Synthesis of Hydroxamic Acid

SCHEME 2. Early Examples of Vanadium-Hydroxamic Acid Catalyzed
Epoxidation
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equilibrium among metal�ligand complexes is established

according to the ratio of metal species and ligand

(Scheme 3). The 1:1 complex of metal and ligand (B) was

believed to be the active catalyst. To eliminate the racemic

background reaction, an excess of ligandhas to beapplied in

order to minimize the content of the achiral vanadium

species A; while such excess could also shift the equilibrium

away from B to generate unreactive MLn (n > 1) species

(C and D), therefore hampers the reactivity.

The first generation solution to this problem was devel-

oped basedon thehypothesis that ligandwith ahigher steric

hindrance would not favor the formation of metal com-

plexes of two or more ligands. Thus, hydroxamic acids

bearing bulky groups on both carboxyl and hydroxylamine

components are synthesized and evaluated as catalysts for

asymmetric epoxidation of allylic alcohols.

The binaphthol scaffold is one of the most widely used

chiral catalyst skeletons in asymmetric catalysis. Axially

chiral hydroxamic acids derived from binaphthol scaffold

were evaluated in vanadium-catalyzed epoxidation of

allylic alcohols (Table 1).11 At low temperature (�20 �C)
and 5 mol % catalyst loading, up to 94% ee was obtained

when using trityl hydroperoxide (THP) as a stoichiometric

oxidant.

Notably, investigation of the relationship between the

ligand/metal ratio and reactivity/selectivity showed that

increasing the ratio resulted in a decrease of the reaction yield

and saturation of enantioselectivity for a ratio greater than

1.2 (Figure 2).11b This suggests the active catalyst is a 1:1 com-

plex and that adding excess ligandwould reduce its content.

The structure of the ligand is also shown to be very

influential on the reactivity and selectivity. The binaphthyl-

derived ligands are relatively successful, but the chiral bi-

naphthyl group is rather difficult to modify. In a search for

more efficient chiral ligands that can be easily prepared,

SCHEME 3. Ligand-Deceleration Effect of Vanadium-Hydroxamic Acid
Catalysis

TABLE 1. VO(OiPr)3-5-Catalyzed Asymmetric Epoxidation of Allylic
Alcohols

FIGURE 2. Reactivity and selectivity of VO(OiPr)3-5 catalyzed epoxida-
tion of 3.



Vol. 46, No. 2 ’ 2013 ’ 506–518 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 509

Hydroxamic Acids in Asymmetric Synthesis Li and Yamamoto

a combinatorial iterative positional optimization approach

was applied to chiral ligand synthesis and screening.12 In this

approach, the ligands were designed to consist of three

variable parts: L-R-amino acids as the chiral source in place

of binaphthyl, dicarboxylimide as the NR-protecting group,

and hydroxylamine (Scheme 4). Changing these three

components would provide an array of ligands with differ-

ent steric and electronic profiles, among which 6 has

been shown to be the best combination. Allylic alcohols

with various substituent patterns were epoxidized with V-6

catalyst in high efficiency and enantioselectivity (Table 2).

Furthermore, the catalyst was shown to be effective in

even lower catalyst loading (0.1 mol %), with a slight loss

of enantioselectivity.

This screening strategywas also applied to the asymmetric

epoxidation of vanadium-catalyzed homoallylic alcohols.

Results showed that 3-substituted homoallylic alcohols gave

high enantioselectivities with 7 as the chiral ligand and

cumene hydroperoxide (CHP) as the terminal oxidant, while

other substitution patterns gave onlymoderate enantioselec-

tivities (Table 3).13

To demonstrate the utility of asymmetric epoxidation

of homoallylic alcohols, asymmetric total syntheses of

(�)-R-bisabolol and (�)-8-epi-R-bisabolol were accomplished

both using this new reaction as the key step (Scheme 5).13

Although ligands derived from amino acids exhibited

high activity and selectivity, the ligand-deceleration effect

was still observed. To exclude this deceleration effect, a

second generation of ligand, C2-symmetric bishydroxamic

acid (BHA) was designed (Scheme 6).14 We hypothesized

that this ligand would coordinate with metal as a bidentate

bivalent ligand and hence achieve stronger coordination.

The steric profile of this ligand may also prevent formation

of MLn (n > 1) complexes, leaving a high content of cataly-

tically active 1:1 metal�ligand complex. Ligands with dif-

ferent steric profiles (8a�8c) were also prepared according

to this general route.

Gratifyingly, vanadium complexes of BHA exhibited ex-

tremely high activities and selectivities toward almost all

substitution patterns of allylic alcohol substrates (Table 4). In

addition, with cumene hydroperoxide as the terminal oxi-

dant, small allylic alcohols could be epoxidized in high yield

and enantioselectivity (Table 5). Besides excellent results for

a wide scope of substrates, these catalysts also feature

several significant advancements superior to other compa-

rable methods. First, the catalyst loading could be as low as

0.2 mol %. Second, the reaction was carried out in open air

SCHEME 4. Design and Optimization of R-Amino Acid-Based Hydro-
xamic Acid

TABLE 2. VO(OiPr)3-6-Catalyzed Asymmetric Epoxidation of Allylic
Alcohols
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conditions and aqueous TBHPwas used as the oxidant. Third,

ligand-decelerationwas not observed evenwhen the amount

of ligand was the equivalent of 3 times the metal.

Furthermore, these catalysts were capable of catalyzing

highly selective kinetic resolutionof secondary allylic alcohols

TABLE 3. VO(OiPr)3-7-Catalyzed Asymmetric Epoxidation of
Homoallylic Alcohols

SCHEME5. Concise and Stereoselective Total Synthesis of (�)-(4S,8S)-R-
and (�)-(4S,8R)-epi-R-Bisabolola

aReaction conditions: (a) Me2AlCl, (CH2O)n; (b) 2 mol % VO(OiPr)3, 6 mol % D-7,
CHP, toluene, 0 �C; (c) LiAlH4, THF; (d) TsCl, pyridine, CHCl3; (e) 5 equiv of
Me2CdCHMgBr, 0.5 equiv of CuBr 3Me2S, THF.

SCHEME 6. General Synthesis of BHA

TABLE 4. VO(OiPr)3-BHA Catalyzed Asymmetric Epoxidation of Allylic
Alcohols
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(Scheme 7). Both the product and starting material were

isolated in high yield and enantioselectivity after the

reaction.

We then applied the new vanadium-BHA catalyst system

to the epoxidation of homoallylic alcohols, which are more

challenging substrates than allylic alcohols.15 BHA ligands

with more bulky acyl groups (8d and 8e) had to be prepared

in order to improve enantioselectivity (Scheme 8). Reaction

conditions were also modified to achieve an optimum

synergy. 4-Z- and 4-E-Substituted homoallylic alcohols were

epoxidized in high enantioselectivity and high yieldwith the

extremely bulky ligand 8e (Table 6). In addition, kinetic

resolution of 2,4-disubstituted primary homoallylic alcohols

was also performed (Scheme 9). As in the cases of allylic

alcohols, both the product and starting material were recov-

ered in high yield and enantioselectivity (Table 7).

Its exceptional kinetic resolution activity is an indica-

tion that this catalyst system is excellent at differentiating

diastereotopic alkene faces. Since desymmetrization of

meso-secondary alkenyl alcohols follows the same rule of

stereoselection,16 we designed and synthesized several

meso-secondary allylic andhomoallylic alcohols to evaluate

the epoxidation desymmetrization of these substrates

(Table 7).17 High diastereoselectivity and enantioselectivity

were obtained for a variety of allylic alcohols18 as well as

homoallylic alcohols. Previous reports of enantioselective

syntheses of syn-1,2-epoxy-6-hepten-4-ol (Table 7, entry 6),

which is a heavily investigated drug intermediate of ator-

vastatin (Liptor),19 take at least six steps including either

poorly diastereoselective Grignard reaction20 or hydrolytic

kinetic resolution of its enantiomers.21With our catalyst, this

TABLE 5. VO(OiPr)3-BHA Catalyzed Asymmetric Epoxidation of Small
Allylic Alcohols

SCHEME 7. Kinetic Resolution of Allylic Alcohol

SCHEME 8. BHA Ligands for Vanadium-Catalyzed Asymmetric Epox-
idation of Homoallylic Alcohols

TABLE 6. VO(OiPr)3-BHA Catalyzed Asymmetric Epoxidation of
Homoallylic Alcohols

SCHEME 9. Kinetic Resolution of Homoallylic Alcohols
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compound can be obtained with 51% yield, 92:8 desired

diastereomer ratio, and 97% enantiomer excess in one

single step.

The absolute configurations of epoxy alcohol products

were determined and models of asymmetric induction

of the catalyst were then proposed based on these stereo-

chemistry results (Figure 3).22 The steric repulsion be-

tween the bulky carboxylate group and cyclohexyl group

forces the hydroxamic acid motif to adopt a trans con-

figuration, in which the carbonyl oxygen is directed away

from the metal center. In the transition state, the sub-

strate and oxidant are aligned in a trans manner, with the

olefin and peroxide spirally overlapping each other, to

minimize steric hindrance. Structure of the ligand plays

a crucial role in the transition state. Ligands with different

carboxylate groups may be required to match different

substrates.

A number of other research groups havemade significant

contributions to the development of V-HA catalyst systems

and elucidation of the reaction mechanism.23

3.2. Molybdenum-Catalyzed Asymmetric Epoxidation

of SingleOlefins.During the investigation of vanadium-BHA

catalyzed epoxidation of allylic alcohols, we interestingly

observed that with molybdenum-8c as the catalyst and

TBHPas theoxidant, geraniolwas epoxidized at both double

bonds to provide a 1:1 mixture of 2,3-epoxy and 6,7-

epoxygeraniol (Scheme 10).24 This suggests that Mo-BHA

is capable of oxidizing isolated single olefins, possibly in an

enantioselective fashion.

We then examined the enantioselectivity of this reaction.

With THP as the oxidant and 8e as the ligand, the reaction

can achieve very high enantioselectivity and high yield

(Table 8). It is noteworthy that when multiple double bonds

were present in the molecule, the one most electron-rich

would react most quickly. Monoepoxidation of squalene,

which is essentially a desymmetrization process, also gave

good enantioselectivity and yield (Scheme 11).25 Our cata-

lyst system has been the most enantioselective among all

Mo-catalyzed epoxidations of olefins thus far.26

The mechanism of this Mo-BHA catalyzed epoxidation is

believed to followconcertedmetal peroxideoxygen transfer

mechanism.27 A possible transition state of the oxygen

transfer event is shown (Figure 4). Sterics played an impor-

tant role as in the V-BHA catalyzed epoxidation.

3.3. Molybdenum-Catalyzed Asymmetric Oxidation of

Sulfides and Disulfides. The same molybdenum-BHA cata-

lysts were also shown to catalytically oxidize sulfides and

disulfides to provide enantiomer-enriched sulfoxides.28

With 8g as the ligand and THP as the oxidant, alkylarylsul-

fides were converted to sulfoxide with good yield and

enantioselectivity (Table 9). By adding an excess of oxidant,

the enantioselectivity of a product can be improved by

its kinetic resolution to sulfone at the expense of yield

TABLE 7. Desymmetrization of meso-Secondary Allylic and Homo-
allylic Alcohols

SCHEME 10. Bias of V and Mo in the Epoxidation of Geraniol

FIGURE 3. Postulated models of the epoxidation of allylic and homo-
allylic alcohols by V-BHA complexes.
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(Table 10). In addition, disulfides can also be oxidized to the

corresponding chiral sulfoxide (Scheme 12).

3.4. Zirconium- and Hafnium-Catalyzed Asymmetric

Epoxidation of Alkenyl Alcohols. After the development

of vanadium-BHA catalyzed epoxidation of homoallylic

alcohols, we were interested in whether the substrate scope

could be expanded and catalyst loading decreased. Since

further modification of the ligand for vanadium would be

difficult, changing the metal center may lead to new reactiv-

ities. The choice ofmetal candidates is not difficult tomake29

since titanium has been proven a very efficient epoxidation

catalyst30 and zirconium has also been shown to perform

TABLE 8. Mo-BHA Catalyzed Asymmetric Epoxidation of Olefins

FIGURE 4. Postulated models of the epoxidation of olefins by Mo-BHA
complexes.

TABLE 9. Mo-BHA Catalyzed Asymmetric Oxidation of Sulfides

SCHEME 11. Regio- and Enantioselective Oxidation of Squalene
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the asymmetric epoxidation of homoallylic alcohols.31 In-

deed, in the initial screening of metal ion species, Zr(OtBu)4-

8a stood out in the M-BHA catalyzed epoxidation of homo-

allylic alcohol among all candidates providing the highest

enantioselectivity and reactivity given otherwise identical

reaction conditions. It should benoted that ligand8a ismuch

smaller than 8e, the best ligand for vanadium-catalyzed

epoxidation of homoallylic alcohols. Later on, we found that

Hf(OtBu)4 is a slightly better metal source than Zr(OtBu)4.
32

Screening of optimum reaction conditions demonstrated

the significant difference between V-BHA and Zr/Hf-BHA

epoxidation. The new Zr/Hf-BHA reaction performs best

at a 1:1 ratio of metal to ligand.33 The reaction could be

improved by polar aprotic additives, probably because co-

ordination of polar molecules to the metal center could

stabilize and regenerate the catalytically active monomeric

Zr/Hf-BHA complex from polymeric metal complexes.34 1,3-

Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)

was shown to be the most effective additive. Moreover,

the reaction should be conducted in an inert atmosphere

with the addition of molecular sieves, as has been done

in the Sharpless asymmetric epoxidation.35 With all these

special conditions, the reaction provides high yield and

enantioselectivity for a variety of homoallylic alcohol

substrates, especially those with 4-Z-substituents or 3-substitu-

ents (Table 11).32

Similarly, bishomoallylic alcohols with 4-aryl substituents

can be epoxidized to corresponding epoxides without in-

tramolecular cyclization in most cases (Table 12), although

10 mol % of catalyst has to be applied. Unfortunately, other

types of bishomoallylic alcohols usually gave poor results.32

Nonlinearity experiments indicate the catalyst should be

a mononuclear complex. For the high enantioselectivity

obtained in the epoxidation of longer alkenyl alcohols, we

hypothesize thatmore space around themetal center would

facilitate enantioselectivity because a longer carbon chain

would then fold more freely and be controlled by the ligand

more easily (Figure 5). There are a few reasons for this:

(1) the ionic radii for Zr4þ (0.72 Å) and Hf4þ (0.71 Å) are

significantly larger than Ti4þ (0.61 Å) and V5þ (0.54 Å);36 (2)

they do not come with a terminal oxo as in VdO; (3) Zr and

Hf are penta-coordinate37 in the transition state while V is

hexa-coordinate;15 (4) ligand 8a is much smaller than 8e. All

these factors contribute to a larger chiral space around the

metal center, which is the basis of our hypothesis. Absolute

configuration of products can be well explained with

TABLE 10. Kinetic Resolution Helps Improve Enantioselectivity

SCHEME 12. Mo-BHA Catalyzed Asymmetric Oxidation of Disulfide

TABLE 11. Zr/Hf(OtBu)4-BHA Catalyzed Epoxidation of Homoallylic
Alcohols
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these models.38 Unlike V-BHA which gave an opposite facial

selectivity for allylic and homoallylic alcohols (Figure 3),

Zr/Hf-BHA gave the same facial preference for both homo-

allylic alcohols and bishomoallylic alcohols with similar sub-

stitution patterns.

3.5. Hf-Catalyzed Asymmetric Epoxidation of N-Alkenyl

Sulfonamides and N-Tosyl Imines. Since the interaction

between the hydroxyl and the metal has been utilized

so well,39 we postulated that nitrogen may act as a directing

group in the metal-catalyzed epoxidation of allylic amine

derivatives, which has not been successfully developed yet.

Screening of the N-protection group revealed that the sulfon-

amide protection group allowed the epoxidation of N-allyl

sulfonamide in high enantioselectivity. Further optimiza-

tion of the reaction conditions showed that the electron-rich

protection group is more effective than the electron-deficient

protection group. Meanwhile, additives needed to be chan-

ged. Molecular sieves and DMPU were detrimental to the

reaction. On the other hand, a metal oxide such as MgO

powder showed superior catalytic activity enhancement

when added.40

This reaction condition is suitable for substrates with

a variety of substitution patterns on both the alkene and

the sulfonamide (Table 13).40 In general, 3-Z-substituted

N-allylic sulfonamides gave better selectivity. To further

demonstrate the synthetic utility of this reaction, an easily

cleaved protection group was also tested and an excellent

result was obtained (Table 13, entry 22).

To probe the activation mode of this reaction, we con-

ducted a series of control experiments (Scheme 13). The

NH group was replaced by O and CH2 groups to see if the

reaction still proceeded. Gratifyingly, catalytic reaction of

this substrate series showed that the functional group at this

position did not affect the enantioselectivity so much. Reac-

tions for all three substrates proceeded in a comparable

magnitude of enantioselectivity. We hypothesize that the

catalyst activates the substrate via one of the sulfonyl

oxygens.41 This new activation mode has not been exten-

sively investigated and it might open new avenues to Lewis

acid catalysis.

Since the sulfonyl group was demonstrated to be a

directing group in epoxidation, other functional groups

susceptible to oxidation can be incorporated in a molecule

with this group to generate a substrate for Hf-BHA catalyzed

oxidation. N-Tosyl imines are the latest addition of these

substrates.42 With similar conditions of epoxidation of

N-allyl sulfonamides, N-tosyl imines were epoxidized to

their corresponding oxaziridines in very high enantio-

selectivity and high yield (Table 14).40 With these results,

we are more convinced that the actual interaction

TABLE 12. Hf(OtBu)4-BHA Catalyzed Epoxidation of Bishomoallylic
Alcohols

FIGURE 5. Postulated models of the epoxidation of homoallylic and
bishomoallylic alcohols by Zr/Hf-BHA complexes (M = Zr or Hf).
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between Hf-BHA and imine substrate is via the sulfonyl

oxygen.

3.6. Miscellaneous Reactions Involving Chiral Hydro-

xamic Acids as Catalyst. Although hydroxamic acid is a

particularly suitable ligand for oxidation reactions thanks to

its resistance to oxidation in the reaction condition,7 there

have been reports for its usage in other types of reactions,

especially recently. Adolfsson and co-workers reported

chiral amino acid derivatives including hydroxamic acids

were good ligands for rhodium- and iridium-catalyzed asym-

metric transfer hydrogenation of ketones.43 Good enantio-

selectivities were obtained, even in aqueous media. More

recently, Bode and co-workers reported a kinetic resolution

of cyclic secondary amines using chiral hydroxamic acid

as one of the cocatalysts, acting as an acyl transferring

reagent.44

4. Summary
In the journey searching for chiral hydroxamic acid ligands,

several new metal-catalyzed reactions have been devel-

oped in our group: V-catalyzed epoxidation of allylic and

homoallylic alcohols revived by monohydroxamic acid and

followed by bishydroxamic acid; Mo-catalyzed epoxida-

tion of isolated olefins, sulfides, and disulfides; Zr- and

TABLE 13. Hf(OtBu)4-BHA Catalyzed Epoxidation of N-Alkenylsulfonamidesa

aTs = p-toluenesulfonyl; Mbs = 4-methoxybenzenesulfonyl; TMS = trimethylsilyl.

SCHEME13. Epoxidation of Allylic Sulfonate, Sulfonamide, and Sulfone
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Hf-catalyzed epoxidation of homoallylic alcohols and bisho-

moallylic alcohols; and Hf-catalyzed epoxidation of com-

pounds containing the sulfonyl directing group. Since the

application hydroxamic acid ligand should not be limited

only to asymmetric oxidation, we believe the potential of

this special type of ligand, hydroxamic acid, remains far too

unexplored.
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