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1 Introduction

The Sharpless asymmetric aminohydroxylation (AA), first
reported in 1996,1 allows for the catalytic and enantioselective
synthesis of protected vicinal aminoalcohols, in a single step,
from a wide range of simple alkene starting materials. The
significance of this invention was immediately apparent to
many researchers,2 as the AA reaction provides straightforward
access to the aminoalcohol array present in a wide variety of
biologically active agents and natural products.3 As a result, the
reaction rapidly gained the prominence of its forerunners, the
asymmetric epoxidation (AE) 4 and asymmetric dihydroxyl-
ation (AD) 5 processes, and belongs to the significant body of
work developed by Sharpless for which he was awarded the
2001 Nobel Prize in Chemistry.

The reaction, typified by the conversion shown in Scheme 1,
employs a catalyst consisting of Cinchona alkaloid derived
ligands and an osmium species in combination with a stoichio-
metric nitrogen source that also functions as the oxidant. A
wide range of nitrogen sources are available that differ in the
N-substituent and therefore give rise to differently protected
aminoalcohol products, most of which correspond to com-
monly used and synthetically useful protecting groups, such
as tert-butoxycarbonyl (Boc), benzyloxycarbonyl (Cbz), and
2-(trimethylsilyl)ethoxycarbonyl (Teoc).

The chiral ligands give rise to the observed enantioselectivity
by favouring addition to one enantiotopic face of the prochiral
alkene substrate. In this way, the 1,4-bis(9-O-dihydroquininyl)-
phthalazine [(DHQ)2PHAL] ligand directs addition to the
α-face of an alkene 1 to form aminoalcohol products such as 2
or 3 (Scheme 1). Alternatively the 1,4-bis(9-O-dihydroquinidinyl)-
phthalazine [(DHQD)2PHAL] ligand directs addition to the
β-face of 1. The sense of asymmetric induction closely
parallels that observed in the AD reaction, suggesting that the
factors governing the enantioselectivity of both processes are
similar.

An additional complexity that is not manifest in the AD
process involves the regioselectivity of the AA reaction. The
oxidation of unsymmetrical alkenes such as 1 (R1 ≠ R2) can, in
principle, give rise to two regioisomeric aminoalcohol products

2 and 3. In many cases, the reaction conditions or the aromatic
linker of the chiral ligand, for example phthalazine (PHAL) or
anthraquinone (AQN), strongly influence the regioselectivity of
the reaction.6 As will be seen in the following discussion, the
control of regioselectivity is often the greatest challenge in the
application of the Sharpless AA reaction to synthesis. It is
noteworthy that despite the enormous potential of the trans-
formation, relatively few research groups have developed syn-
thetic strategies that rely on the AA reaction as a key step. For
the most part, this can be attributed to the problem of control-
ling the regioselectivity and enantioselectivity of the AA reac-
tion for complex substrates. Effective strategies for addressing
this challenge will open numerous new avenues for the efficient
synthesis of aminoalcohol-containing compounds.

This review surveys recent developments in this emerging
technology and highlights successful strategies for the appli-
cation of the AA reaction in synthesis. The Sharpless AA reac-
tion has been reviewed previously;2,3,7–9 however, recent findings
justify this update. This review covers the literature up to the
end of February, 2002.

2 Mechanism

Proposals for the mechanism of the AA process have been
closely based on mechanistic studies of its forerunner, the AD
reaction. The intermediate implicated in the key bond forming
step is the imidotrioxoosmium() species 4, which adds with
syn-stereospecificity to the alkene to give the azaglycolate
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complex 5 (Scheme 2). Two pathways have been suggested for
this process, both of which address the preference of 4 to effect
aminohydroxylation rather than dihydroxylation, and other key
aspects such as enantio- and regio-selectivity.

The proposal advanced by Sharpless 7 parallels that put
forward for the AD reaction 10 and involves a formal [2 � 2]
cycloaddition of the alkene to the imidotrioxoosmium species 4
to give the osmaazetidine 6, followed by ligand coordination to
form 7 and 1,2-migration of the carbon–osmium bond to give
the osmium azaglycolate addition product 5. This mechanism
uses electronic arguments to account for the frequently
observed preference for the nitrogen to add regioselectively
to the β-carbon of alkenes bearing an electron withdrawing
group.7 The beneficial effects of the ligand on the enantio- and
regio-selectivity of the AA reaction occur by influencing the
position of the equilibrium (thereby favouring one of the
diastereomeric complexes represented by 7) or by controlling
the relative rate of final bond migration to give 5.11

The second mechanistic proposal 12 is the [3 � 2] cyclo-
addition of ligand-bound complex 8 to the alkene, analogous to
the Criegee mechanism for osmium-mediated dihydroxyl-
ation.13 In this instance, catalyst–substrate interactions control
the selectivity of the addition.

Considerable debate 9 has surrounded the mechanistically
related osmium-mediated dihydroxylation reaction, however, a
number of recent findings, including those involving kinetic
isotope effects 14 and theoretical calculations,14,15 lend weight
to the [3 � 2] mechanism for this process. This precedent aside,
the mechanistic pathway for the crucial bond-forming step
associated with the AA reaction requires further investigation.
Irrespective of the exact mode of addition, the ligand is

Scheme 2

observed to increase the rate, influence regioselectivity and
induce excellent enantioselectivity in the AA reaction. To
account for these observations, a mechanistic scheme has been
proposed in which two catalytic cycles, each giving different
results for selectivity of the transformation, compete to form
products.7,16,17 The primary cycle is mediated by the alkaloid
derived ligand and in all but one of the of the AA methods
reported to date,1 the ligand is observed to improve catalytic
turnover relative to the non-ligand-mediated reaction. Ligand-
mediated addition of imidotrioxoosmium() species 4 to the
alkene gives azaglycolate species 5 (Scheme 3). Reoxidation of 5
by the nitrogen source gives 9, which can undergo hydrolysis to
regenerate the initial osmium species, 4 and liberate product
(hydrolysis of 5 followed by oxidation to 4 is another plausible
pathway). The oxidised azaglycolate species 9 may also enter
the secondary cycle and add to a second alkene to give the
bis(azaglycolate)osmium species 10. The addition step of this
cycle is independent of the Cinchona alkaloid derived ligand
and, as a result, gives addition products with low enantio-
and regio-selectivity. Hydrolysis of 10 leads back to 5, which
can then re-enter either the primary or secondary cycle. The
turnover-limiting step in both catalytic cycles is the hydrolysis
of azaglycolate complexes 9 or 10.17 Control of the oxidation
pathway is achieved by conducting the reaction in aqueous
solvent mixtures, thereby favouring hydrolysis of 9 and domin-
ance of the primary cycle.7,16 In the case of the AD reaction,
elimination of the secondary cycle was most effectively accom-
plished by conducting the reaction in biphasic aqueous–organic
reaction media.5 In comparison, all of the AA processes
reported to date have been carried out under homogeneous
conditions and suppression of the secondary cycle relies on
effective hydrolysis of 9.

Although Scheme 3 does not explicitly address their form-
ation, diol by-products are frequently observed in the AA
reaction. Production of diol reduces chemical yield and can
complicate the purification of aminoalcohol products. Lohray
and co-workers 18 have reported an investigation into diol
formation. Their initial experiments implicated osmium()
species such as osmium tetroxide as a source of diol contamin-
ant. For example, reaction of 11 with stoichiometric osmium
tetroxide and chloramine salt afforded a near quantitative
yield of diol 12 and no aminoalcohol 13 (Scheme 4). In con-
trast, the reaction with 10 mol% osmium tetroxide catalyst,
afforded a 14:86 ratio of diol to aminoalcohol. In both reac-
tions, the diol 12 was produced with the same sense of stereo-
induction as the aminoalcohol product 13 and with high levels
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of enantioselectivity (80–95% ee), consistent with a ligand-
mediated AD reaction.5 This result suggests that osmium()
tetroxide undergoes an initial ligand-mediated asymmetric
dihydroxylation (AD) reaction to form an osmium() glycolate
complex analogous to 5, which can then enter the AA catalytic
cycle upon reoxidation by the chloramine salt followed by
hydrolysis to generate the imidotrioxoosmium() species 4.

A reduction in diol formation could be achieved by the use
of osmium() glycolate complex 14 (Scheme 4) as the initial
osmium source, which requires chloramine oxidation and
hydrolysis to form the catalytically active osmium() species
4. However, the use of 14 did not totally suppress diol form-
ation, suggesting that a second pathway is available to give the
diol products. The authors did not report the use of the stand-
ard osmium() source recommended for the AA reaction; viz
potassium osmate dihydrate.

In a separate series of experiments, the influence of electron
withdrawing groups was investigated for a range of N-bromo-
acetamides as the nitrogen source. In general, the introduction
of halogen substituents gave lower conversion, an increase in
the relative proportion of diol 12 to aminoalcohol product 13,
and lower enantioselectivity (Scheme 5). To account for the

observed increase in diol formation, the authors proposed that
hydrolysis of imidoosmium species such as 4 or 9 to form
osmium tetroxide was occurring. A related hydrolysis of
imidoosmium species has also been suggested by Sharpless to
account for greater levels of diol formation in the AA of
styrenes with tert-butyl carbamate.19 Minimisation of this side
reaction was achieved by the use of 2 : 1 propanol–water
solvent mixtures, with the reduction in water content from
the 1 : 1 ratio typical of other AA variants thereby slowing the
offending hydrolysis step.

A detailed study of the mechanism of the N-bromoacet-
amide-mediated AA reaction was undertaken as part of the

Scheme 4
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process chemistry optimisation for the large-scale production
of the Taxol® sidechain. The researchers involved noted a
strong correlation between increasing substrate concentration
and the quantity of diol produced (Scheme 5).20 Diol formation
at high concentrations was reduced by the addition of one
equivalent of acetamide;20,21 however the mechanistic under-
pinnings of this improvement were not fully elucidated. The
beneficial effect of this modification of the AA procedure has
not been demonstrated to date for other variants involving the
chloramine salts derived from sulfonamides or carbamates.

A number of general recommendations may be made with
respect to reducing diol formation during AA reactions. Use
of the recommended osmium() pre-catalyst, potassium
osmate() dihydrate, should minimise the amount of diol
by-product. Where the application of osmium() tetroxide is
advantageous,22 catalyst loadings of ca. 4 mol% should be used
to limit the diol produced from this source. Reducing the pro-
portion of water in the reaction medium has been demonstrated
to decrease diol formation in a number of studies.19,23 How-
ever, this must be balanced against the need for high water con-
centrations to speed the hydrolysis of osmium azaglycolate
intermediates such as 9.16 Substrate concentration is another
important variable in some AA reactions.20 Finally, in one
instance, the application of high ligand to osmium ratios and
slow addition of osmium has been reported to decrease diol
formation.24

Sharpless has reported the development of asymmetric
oxidation procedures that capitalise on the secondary cycle.
This innovation stems from the observation that the amino-
hydroxylation of unsaturated carboxylate salts,25 amides 26 and
some esters,27 affords racemic product even in the presence of
excess ligand, an observation consistent with reaction within
the secondary cycle. The extension of this work led to the
development of chiral aminoalcohol ligands such as 15, which
bear a carboxylic acid functional group and mediate the new
aminohydroxylation or dihydroxylation process (Scheme 6).25,28

Aminohydroxylation with the new catalyst proceeded with poor
regioselectivity and moderate to low enantioselectivity, clearly
illustrating the deleterious effects of the secondary cycle on AA
selectivity. Significantly, this secondary cycle aminohydroxyl-
ation was more efficient than the alkaloid ligand-mediated
reaction in that it proceeded with lower catalyst loadings and
without diol formation. Whilst the procedure does not yet
represent a useful alternative to the original AA, it is an enticing
avenue for future development.

3 Nitrogen sources

There are three main classes of nitrogen source that have been
used to date in the AA reaction: the N-halogenated species
derived from (i) sulfonamides, (ii) carbamates and (iii) amides.

Scheme 6
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All are converted into the respective alkali metal salt 16–18
prior to addition to the alkene (Fig. 1). Optimised reaction con-
ditions specific to each class have been developed and for a
detailed discussion of these results the reader is referred to the
review by Kolb and Sharpless.7 More recently, various altern-
ative nitrogen sources have been investigated, such as nitrogen
heterocycles.29,30

The sulfonamide method was the first to be developed,
stemming directly from the use of chloramine-T [TsN(Na)Cl] in
the catalytic but non-asymmetric forerunner to the AA.31

Chloramine-T remains the most frequently used reagent,
due to its low cost and commercial availability. Chloramine-M
[MsN(Na)Cl] is the most common alternative, but must be pre-
pared independently or in situ.16 Chloramine-M generally gives
higher yields, as well as enantio- and regio-selectivities than
chloramine-T, with this superiority thought to be due to
the smaller substituent on sulfur.16,32 This trend is illustrated
in Fig. 2 for the major AA products, 19, derived from methyl
cinnamate.

The most common reaction conditions involve 3 mol equiv.
of the chloramine salt in a 1:1 acetonitrile–water or alcohol–
water solvent system, although the nitrogen source has also
been used in large excess (6 mol equiv.) 33 in order to maximize
product yield. The optimal solvent system depends on both
the substrate and chloramine used. Chloramine-T in aqueous
propanol has been found to give lower yields and higher
enantioselectivity than in acetonitrile,34 and chloramine-M
was more successful in propanol despite a slower reaction
rate.16 In alcohol–water mixtures, both chloramine-T and -M
frequently afford crystalline AA products, thereby simplify-
ing isolation and allowing enrichment in product ee by
recrystallisation.16

The robust nature of the sulfonamide products gives rise to
the major drawback of this method: harsh deprotection condi-
tions are usually required to generate the free amine.35,36 The
development of milder deprotection methods 37 still has not
provided a procedure suitable for use with all AA products.
It was discovered that concomitant removal of the tosyl
group with 2,2-dimethyl-1,3-oxazolidine formation using 2,2-
dimethoxypropane (2,2-DMP) occurred on several AA prod-
ucts containing adjacent ester functionality, such as 20 giving
21 (Scheme 7). However, this deprotection was not universal
with all substrates of this type, for example 22 afforded 23, nor
was it observed with aminohydroxylated styrenes.38

A number of alternative sulfonamide nitrogen sources have
been investigated, including the chloramine salts of p-nitro-
phenylsulfonamide [NsN(Na)Cl],39 tert-butylsulfonamide
[BusN(Na)Cl] 39 and 2-(trimethylsilyl)ethylsulfonamide.16

Amines protected as the p-nitrophenylsulfonamide derivative

Fig. 1

Fig. 2

can be unmasked under very mild conditions,40 but the relevant
chloramine reagent is unreliable in the AA reaction.39 The
tert-butylsulfonamide-derived chloramine salt [BusN(Na)Cl],
the preparation of which has been described in detail,39 was
successfully employed in the racemic aminohydroxylation 26

of a range of αβ-unsaturated amides to afford high yields
of aminoalcohols.39 The 2-(trimethylsilyl)ethylsulfonamide-
derived chloramine salt was reported to be comparable to
chloramine-M in terms of reactivity.16 Both these nitrogen
sources afford protected amines that can be unmasked under
mild conditions.41

Another significant drawback of the sulfonamide method is
its limited substrate scope, encompassing α,β-unsaturated
esters, phosphonates and amides, as well as some terminal and
trisubstituted alkenes, but excluding alkenes such as styrenes
and vinyl arenes. One notable exception is the successful
aminohydroxylation reaction of styrene using stoichiometric
chloramine-T and catalytic quantities of 15 as the ligand
(Scheme 6).28

The discovery of carbamate-based nitrogen sources 32 greatly
expanded the scope of the AA reaction to include many
styrenes and terminal alkenes. This, coupled with the facile
deprotection of carbamates under mild conditions,42 gave the
AA much greater synthetic utility than was the case using the
original sulfonamide-based approach. The commonly used
carbamates include ethyl, benzyl, tert-butyl and 2-(trimethyl-
silyl)ethyl carbamate (Teoc). All except Teoc are commercially
available, and all can be used without purification. In one case,
however, the purity of benzyl carbamate was found to be of
critical importance, with its recrystallisation increasing the AA
yield from 33% to 78%.43 The carbamate is typically converted,
in situ, into the corresponding chloramine salt by reaction
with sodium hydroxide and 3 mol equiv. of tert-butyl hypo-
chlorite.32 However, owing to the unsuitability of tert-butyl
hypochlorite for use on a large scale, two viable alternatives
have recently been developed: 1,3-dichloro-5,5-dimethylhydan-
toin and dichloroisocyanuric acid sodium salt.44 Neither
oxidant was found to have an adverse effect on the yield or
selectivity of the AA, and both are commercially available, have
good shelf stability and act efficiently; only 1.5 mol equiv. are
required since both chlorines are available for oxidation.44

One frequently encountered difficulty with the carbamate
variant of the AA is the removal of unreacted carbamate from
the reaction mixture, with extensive column chromatography
often being required.8,23,45 This problem was decreased in the
AA of vinylfuran 24, where use of benzyl carbamate as the
limiting reagent was reported to give comparable selectivity and
yield of 25 and 26, to the standard 3 mol equiv. previously
employed with this substrate (Scheme 8).46

The best solvent system for the carbamate variant of the AA
depends on both the substrate and the carbamate used. In most
cases, 1:1 propanol–water gives the best results, although in the
case of tert-butyl carbamate, 2:1 propanol–water is desirable to
minimize the amount of diol by-product formed.19 In cases
where substrate solubility was poor, addition of a small amount
of DMF,47 ether 48 or other co-solvent 49 has allowed for success-
ful aminohydroxylation. Mixtures of 1:1 acetonitrile–water

Scheme 7
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have been observed to decrease or even to reverse the regioselec-
tivity of the carbamate-based AA.19

As with sulfonamides, carbamates with less sterically
demanding N-substituents were found to give better results. For
the AA products, 19, derived from methyl cinnamate, increased
yield and selectivity was achieved using ethyl rather than benzyl
carbamate (Fig. 2).32 However, the relative difficulty of depro-
tecting ethyl carbamate makes it less synthetically useful than
the other variants.

The relative merits of benzyl and tert-butyl carbamate
appear to vary depending on the AA substrate. With a range of
substituted styrene substrates, slight reductions in product yield
using tert-butyl carbamate were generally obtained, but this
was compensated for in higher enantio- and regio-selectivities.19

There have also been cases of tert-butyl carbamate effecting
conversion where benzyl carbamate has failed.23,45,49 The
2-(trimethylsilyl)ethyl reagent generally gives the best yields
and selectivities of all the carbamates, also providing the fastest
reaction rate which has allowed for the use of reduced osmium
catalyst loadings (2 mol% rather than the usual 4 mol%).50 Its
superiority over the benzyl analogue was exemplified by the
AA of p-nitrocinnamate 27 using (DHQD)2AQN, which
gave products 28 and 29 with improved regioselectivity and ee
for the desired isomer 28 (Scheme 9).51 The Teoc protect-
ing group is readily removed with mild acid or fluoride
sources.50,52

The most recent major variant of the AA reaction is based on
N-halogenated amides.53 This variant is comparable in scope to
the carbamate-based method and works well with cinnamates,
acrylates, styrenes and terminal alkenes. It is advantageous in
that only one equivalent of the N-haloamide is required,
greatly simplifying isolation of the AA products. As alkali
metal salts of N-chlorocarbamides are susceptible to Hofmann
rearrangement,54 the lithium salt of commercially available
N-bromoacetamide was found to be the most viable alternative.
By carrying out the reaction at 4 �C, complete suppression of
the Hofmann rearrangement was achieved.53

Comparison between the (DHQ)2PHAL-mediated AA of
isopropyl cinnamate with either 2-(trimethylsilyl)ethyl carba-
mate 50 in propanol–water or N-bromoacetamide 53 in tert-butyl
alcohol–water illustrates the similarity of these two nitrogen
sources (Fig. 3). Both produced excellent enantio- and regio-
selectivities of their respective major AA products 13, with
the amide procedure affording a higher yield. In formation of
AA products 30 (Fig. 3), N-bromoacetamide was found to
be superior to tert-butyl carbamate not only in terms of
yield and regioselectivity, but also in terms of the ease of chro-
matographic separation of the two regioisomers.55 However,
N-bromoacetamide has not been found to be a universally

Scheme 8

Scheme 9

superior reagent; the AA of several furanyl acrylates with
benzyl carbamate gave significantly better results than with the
amide (31 and 32, Fig. 3).56

The amide variant has been carried out in either alcohol–
water or acetonitrile–water solvent mixtures. Amides show a
greater tendency than carbamates to give the benzylic alcohol
regioisomer in the AA of styrene substrates 33, with the
choice of solvent system profoundly affecting this tendency. In
alcohol–water solvent systems, poor regioselectivities are
observed in favour of the protected benzyl amine, whereas in
acetonitrile–water the regioselectivity is reversed.53 This
reversal can be further magnified by the selection of anthra-
quinone ligands (see Section 8). Yields were found to be
higher in propanol–water than in the acetonitrile system
and in the cases reported,53 the ee of the benzylic amines
34 (85–91% ee) was higher than that of the regioisomers
35 (62–88% ee) when phthalazine ligands were employed
(Scheme 10).

The scope of the amide-based AA was greatly increased with
development of a facile monobromination method for primary
amides,21 since only N-bromoacetamide is commercially avail-
able. The high yielding preparation of several N-bromoamides
36 from the parent compounds 37 using dibromoisocyanuric
acid (DBI) resulted in observation of the same trend as for
the sulfonamides and carbamates, viz. the AA reaction gave
better results with less sterically demanding substituents on the
nitrogen (Scheme 11).21 Aliphatic amides gave the highest
yields, enantio- and regio-selectivities of AA product 13.
Electron-deficient amides and aromatic amides gave poorer
outcomes.21,57

Fig. 3

Scheme 10
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A number of heterocyclic nitrogen sources have been investi-
gated in the aminohydroxylation reaction.29,58 The AA reaction
was attempted using adenine derivatives 38a–c as the nitrogen
source 58 and good yields of cis-aminohydroxylated products
39a–c were achieved. However, the products obtained were
racemic (39a) or consisted of a 1 : 1 mixture of tetrahydro-
naphthalene diastereomers (39b,c). Clearly, no asymmetric
induction from the chiral ligand or the ribose substituents, for
38b and 38c, was operative in these transformations (Scheme
12). The reaction has been applied to the efficient synthesis of
adenosine conjugates of polycyclic aromatic hydrocarbon meta-
bolites, which are of interest in the study of carcinogenesis.29

Although the adenine nitrogen sources did not give rise to
asymmetric induction, they provided the platform for sub-
sequent success using nitrogen-substituted heterocycles such as
40.30 Thus, using an optimised 2 : 1 ethanol–water solvent
system, stilbene 41 was converted into either enantiomer of the
aminoalcohols 42 (Scheme 13) with good to excellent yields and
enantioselectivities.

A tethered carbamate, 43, was utilized by Donohoe and
coworkers 59 in a bid to control the regioselectivity of the
AA for allylic alcohol substrates. This approach gave complete
regioselectivity for the formation of oxazolidinone 44, but
no enantioselectivity was observed in the presence of chiral
ligand (DHQ)2PHAL despite the observation of improved
turnover (Scheme 14). Hünig’s base was also found to

Scheme 11

Scheme 12

Scheme 13

accelerate the reaction, while quinuclidine was not an efficient
promoter.59

4 Enantioselectivity

The sense of enantioselectivity in the AA reaction is predict-
able, but its magnitude is highly dependent on the alkene substi-
tution pattern. As a general rule, asymmetric induction is of the
same sense and similar magnitude to that of the AD reaction
for related substrates. In this respect, the AD mnemonic pro-
posed by Sharpless 5 as well as other models 60 may be used in a
predictive manner. A few examples should serve to illustrate
this point. The AA reaction of monosubstituted alkenes such
as 2-vinylnaphthalene 45 favours formation of the benzylic
amine 46 with greater than 10:1 regioselectivity.32 Use of
the (DHQD)2PHAL ligand favours production of the
(R)-enantiomer 46 in 99% ee, whilst the AD reaction on the
same substrate has been reported to afford the (R)-diol in 98%
ee.5 Application of the pseudoenantiomeric (DHQ)2PHAL
ligand affords the (S )-enantiomer of 46 in 99% ee (Scheme 15).

The AA reactions of (E )-1,2-disubstituted alkenes also fre-
quently give excellent enantioselectivity. The (DHQ)2PHAL-
mediated AA reaction of stilbene 41 affords (S,S )-47 with 91%
ee 32 whilst the AD reaction on the same substrate has been
reported to afford the (S,S )-diol with >99.5% ee.5 The AA of 41
with (DHQD)2PHAL ligand gives (R,R)-47 in 88% ee.32

Alkenes with (Z )-1,2-disubstitution have also been reported
to undergo the AA reaction selectively. In the case of sym-
metrical (Z )-alkenes no related precedent exists for the AD

Scheme 14

Scheme 15
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reaction as the diol products formed are achiral. However,
the different heteroatoms derived from the AA reaction give
rise to non-symmetrical products, which are obtained with
moderate enantioselectivity. Cyclohexene 48 affords the AA
product (1S,2R)-49 with (DHQ)2PHAL and (1R,2S )-49 with
(DHQD)2PHAL in 63 and 56% ee respectively.32 Few other
examples of the AA reaction of (Z )-alkenes have been reported
to date, with the notable exception of the desymmetrisation of
dienylsilanes discussed below (Section 5).61

Despite the close correlations outlined above, an important
qualification must be made: the literature contains very few
examples of the AA of more highly substituted alkenes. Thus,
no enantioselective AA reactions have been reported for 1,1-
disubstituted, trisubstituted or tetrasubstituted alkenes. In the
case of 1,1-disubstitued alkenes, a number of non-asymmetric
aminohydroxylations have been reported and it has been sug-
gested that these capitalise on reactivity within the secondary
catalytic cycle (Scheme 3).25–27 Aminohydroxylation reactions
of trisubstituted compounds have largely been restricted to
examples where other factors such as diastereoselection are also
operative.33 For example, an attempt to extend established AA
methodology 36 to conformationally restricted analogues of
the Taxol® sidechain involved the reaction of indene 50 and
dihydronaphthalene 51 (Scheme 16). Both substrates reacted to

afford the desired regioisomers 52 and 53 but without appre-
ciable enantioselectivity (0 and <10% ee).62 Access to the
desired compounds was afforded by the successful AD reaction
(ca. 92% ee) and re-functionalisation of the resulting products.

The more limited tolerance of alkene substitution pattern for
the AA as opposed to the AD reaction may be due to the
greater steric demand of the reactive imidotrioxoosmium com-
plex 4 relative to osmium tetroxide. The greater size of the
imido substituent (Os��NR vs. Os��O) would render approach of
the nitrogen to a disubstituted olefinic carbon more difficult
and, to date, no synthetically useful AA reaction for the pro-
duction of an amine bearing a fully substituted carbon has been
reported. This constraint could also rule out catalyst–substrate
binding modes for the AA of more highly substituted alkenes,
such as 50 and 51, that remain viable for the AD reaction and
lead to enantioselective dihydroxylation of these substrates. The
steric hindrance provided by higher alkene substitution patterns
would also influence other aspects of the AA reaction such as
regioselectivity (Section 6).

5 Diastereoselectivity

The application of catalytic asymmetric transformations in
synthesis invariably leads to situations where induction from
stereogenic centres in the substrate must be considered in
addition to any influence from the catalyst. A prime example of
this interplay between substrate stereochemistry and catalyst is
given by the Sharpless kinetic resolution procedure.4 A number
of recent studies have harnessed diastereocontrol of the AA
reaction to useful ends in synthesis, the most striking example
of this being the desymmetrisation of silyl cyclohexadienes
developed by Landais and coworkers.61,63 In this instance the
AA reaction of 54 proceeds with complete diastereoselectivity,
favouring addition anti to the bulky silyl substituent (Scheme
17). This preference for the less hindered approach was accom-
panied by a completely regioselective process to afford 55. In
addition, the influence of the PYR ligands favoured addition to

Scheme 16

one enantiotopic double bond to give the product with an ee of
68%. In this remarkable transformation, the high diastereo-
selectivity of the AA reaction is integral to the selective func-
tionalisation and desymmetrisation of 54. This product was
secured in enantiomerically pure form by a single recrystallis-
ation and has been used as a key building block in the synthesis
of aminocyclitols and aminocarbasugars.

High diastereoselectivity in the AA reaction is also a feature
of the synthesis of (�)-loline reported by White and co-
workers 24 (Scheme 18). The aminohydroxylation of 56 under a

range of conditions afforded 57 and 58, corresponding to
approach of the reagent to the less hindered face of the alkene.
The original non-asymmetric aminohydroxylation conditions
gave the diol as the major product and 57 and 58 as an 85:15
mixture of regioisomers (18%). The introduction of Cinchona
alkaloid ligands was observed to increase the yield of the
desired product and reduce diol formation. Optimised condi-
tions involved portion-wise addition of the osmium catalyst
and high concentrations of chiral ligand relative to osmium to
give the aminoalcohol products in 52% yield and as a 3:1 mix-
ture of regioisomers. Changing the ligands was observed to
have no effect on the diastereoselectivity and only a limited
influence on the regioselectivity of the reaction. It is worthwhile
noting that a number of unsuccessful attempts to elaborate 56
to (�)-loline via oxidation of the alkene had failed and thus the
aminohydroxylation chemistry, although modest in terms of
yield and selectivity, was instrumental in attaining the target.24

Diastereoselection in acyclic systems has been reported for
the aminohydroxylation of Baylis–Hillman alkenes such as 59
(Scheme 19).27 Aminohydroxylation of the racemic substrates
59 gave the regioisomerically pure but racemic tertiary alcohol
products 60 and 61, with the former representing the major
diastereomer in all cases examined. Increasing the size of either
the allylic substituent or ester group was found to increase
diastereoselectivity. It has been proposed that these reactions
belong to the special case of ligand-independent amino-
hydroxylations that proceed with catalytic turnover within the
secondary cycle (Scheme 3).28 Consistent with this proposal, the

Scheme 17

Scheme 18
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addition of a chiral ligand had no influence on the stereo-
selectivity of the reaction.

6 Regioselectivity

Control of regioselectivity in the AA is arguably the single
greatest challenge when applying the reaction in synthesis.
Greater understanding of the factors responsible for control-
ling regioselectivity would significantly expand the scope of the
AA reaction and assist in the development of synthetic
strategies that centre on this transformation. The problem of
regioselectivity is a complex one and many factors have been
invoked to explain observed trends, such as alkene substitution,
alkene polarisation and ligand–substrate interactions. Even
simple substrates like cinnamate esters, which preferentially
give the β-amino ester products, contain a number of features
that may influence regioselectivity. Given the data at hand, it is
extremely difficult to assess the significance of each proposed
influence in isolation. With this qualification in mind, the fol-
lowing discussion aims to assess each of these areas in turn and
highlight strategies for the control of AA regiochemistry.

6.1 Alkene substitution

The AA of the homoallylic alcohol derivatives shown in
Scheme 20 serve to illustrate the general trend that the nitrogen

prefers to add to the less substituted end of the alkene. Both
monosubstituted alkene substrates 62a and 62b afforded the
terminal amine products 63a and 63b, respectively, as the major
regioisomer. In contrast, the 1,2-disubstituted alkenes 62c and
62d give different major regioisomers 63c and 64d, respectively,
depending on the nature of the protecting group on the
homoallylic alcohol. The preference for amination of the less
substituted carbon is modest for monosubstituted alkenes and,
indeed, there are many examples, such as styrenes, where the
amination of the more substituted carbon is preferred.
However, the influence of alkene substitution can dominate
the reaction, to the point where the aminohydroxylation of
1,1-disubstituted and trisubstituted alkenes give only the less
substituted amine products and tetrasubstituted alkenes do not
react. These observations may be explained by the greater steric
demand of the substituted imidoosmium grouping (Os��NR)
relative to the unsubstituted oxo-counterpart (Os��O) in the
reactive complex 4 or 8 (Scheme 2), which favours approach of

Scheme 19

Scheme 20

the former to the less substituted olefinic carbon (see Section 4
for further discussion).

6.2 Alkene polarisation

Polarisation of the alkene has been suggested as a contributing
influence on the preference of α,β-unsaturated esters to afford
the β-amino product with phthalazine derived ligands.7,11,12

Though the precise rationale varies depending on whether the
formal [2 � 2] 7,11 or [3 � 2] cycloaddition 12 is invoked as the
preferred mechanistic pathway (Scheme 2), it has been sug-
gested that the β-amino isomer predominates due to the greater
nucleophilic character of the imidoosmium grouping (Os��NR)
relative to (Os��O) which favours addition to the more electro-
philic carbon of the alkene. However, changing the aromatic
linker of the chiral ligand to an anthraquinone unit results, for
a range of α,β-unsaturated esters,6 in a reversal in regioselectiv-
ity such that the α-aminated products are now favoured. This
fact speaks against a strong electronic bias.

Electronic directing effects have also been proposed as a
controlling influence on regioselectivity in the (DHQ)2PYR-
mediated desymmetrisation of dienylsilane 54 (Scheme 17),63

with nitrogen preferentially adding to more electrophilic carbon
of the allylsilane functional group. However, further studies
into the AA of acyclic alkenes did not support electronic con-
trol. The AA of allylsilane 65a afforded 66a as the major
regioisomer, favouring addition of the nitrogen to the electron
rich olefinic carbon (Scheme 21). Reaction of allylic alcohol

65b gave no regioselectivity. Interestingly, the monosubstituted
alkenes 65c and 65d both gave the terminal amines as the sole
regioisomer, consistent with the dominance of alkene substitu-
tion in the control of regiochemistry as outlined above (Section
6.1).

As shown in Scheme 22, the AA of trisubstituted silyl enol

ethers such as 68 and 69 resulted in addition of nitrogen prefer-
entially at the mono-substituted end of the double bond, to
afford secondary protected aminoketones 70 and 71 respect-
ively.64 This is contrary to the expectation that nitrogen adds to
the more electron-deficient carbon and this example suggests
the dominant influence of alkene substitution in controlling
AA regioselectivity. In the light of the evidence assembled
above, it appears that alkene polarisation does not exert a major
influence on the regioselectivity of the AA reaction.

Scheme 21

Scheme 22
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6.3 Ligand–substrate interactions

The most comprehensive study of ligand–substrate interactions
has been reported by Janda and co-workers.12 They propose a
model for the AA reaction with phthalazine derived ligands
analogous to that proposed by Corey 60 for the AD reaction. In
the putative active complex, the osmium lies at the centre of a
distorted trigonal bipyramid composed of equatorial oxygens,
with the nitrogens from both the quinuclidine ring and the
nitrogen source occupying axial positions 12 (72, Fig. 4). Assum-

ing the proposed geometry of the OsO3N2 species, the regio-
selectivity of the AA then arises from the mode in which the
alkene binds to the catalyst.12 It is clear that an unsymmetrically
substituted alkene could orient in two different ways with
regard to the binding cleft of the catalyst (mode A and mode B,
Fig. 4), to produce two different regioisomeric products. It
follows that ligand–substrate interactions will be important in
determining the mode in which an alkene will approach the
catalyst.65

The effect of modifying the steric demand and ligand binding
properties of structurally similar disubstituted alkene sub-
strates is illustrated by the examples in Scheme 20.12 Protection
of the homoallylic alcohol as the bulky silyl ether in 62c
would be expected to favour the AA where the silyl substituent
is located outside the narrow binding cleft formed by the
methoxyquinoline rings of the ligand (mode B). This would
favour the formation of regioisomer 63c as observed. In con-
trast, the p-methoxyphenyl ether in 62d can interact favour-
ably with the binding cleft formed by the methoxyquinoline
rings (mode A), promoting the formation of the alternative
regioisomer 64d.

A number of other conclusions may be drawn from the AA
of 62b under the ethyl carbamate conditions, which afforded 74
as the major regioisomer in 96% ee (Scheme 23).66 The form-
ation of this product corresponds to the binding mode in which
the phenyl ether occupies the methoxyquinoline binding cleft
(mode A). In contrast, lower selectivity was observed for the
minor regioisomer 73 (63% ee) resulting from positioning of the
aromatic ether outside the binding cleft in the Janda model

Fig. 4 Proposed structure of the AcN��OsO3–(DHQD)2PHAL
catalyst, 72 and alternative alkene binding modes A and B 12

(mode B). It is clear that substrate–ligand interactions do not
only influence regioselectivity but have a profound impact on
enantioselectivity as well.

A substrate in which a number of influences on regio-
chemistry reinforce each other would be anticipated to give
high regioselectivity.12 Substrates 75a and 75b (Scheme 24) were

designed to favour binding mode B (Fig. 4), with the bulky
TBDPS group sterically excluded from the binding cleft, and
aryl–aryl interactions favouring binding of the naphthalene
within the cleft. This approach gave AA products 76a and 76b
(>95% ee and 92% ee, respectively) with excellent regiochemical
control.12 The regioselectivity was reversed by interchanging the
position of the aromatic moiety in 75c (relative to 75a,b) favour-
ing binding mode A (Fig. 4) and AA product 77c (>95% ee).12

A detailed study of the influence of substrate structure on
regioselectivity has been conducted for aromatic ester deriv-
atives of ethyl 4-hydroxybut-2-enoate,55 which gave variable
regioselectivity (4–25:1). The presence of π-donating substitu-
ents on the aromatic ring of the ester was observed to give the
best results, with the optimal substrate for the AA reaction
being p-methoxybenzoyl ester 75c (Scheme 24). Alternatively,
protection of the allylic alcohol as a range of substituted benzyl
ethers afforded lower levels of regioselectivity (1.2–11:1) with
p-nitrobenzyl ether 75d strongly favouring the formation of 77d
as the major regioisomer. These results point to subtle elec-
tronic influences on ligand–substrate interactions. A rational-
isation of these results was proposed based on dipole–dipole
interactions between the aromatic residues and the methoxy-
quinoline cleft in binding mode A (Fig. 4).

Ligand–substrate interactions could account, at least in
part, for the regioselectivity generally observed in the AA of
cinnamates and styrenes (and many other substrates). For both
of these alkene types, nitrogen addition at the benzylic position
is favoured,19 consistent with the aromatic group occupying the
ligand binding cavity during the alkene addition.

7 Synthetic applications

The excellent regioselectivity afforded by cinnamate substrates
led to the earliest synthetic application of the AA reaction, a
short synthesis of the Taxol® C-13 side-chain 78. The AA
product 19, (Scheme 25) isolated in high purity by direct crystal-
lisation from the reaction mixture, was elaborated to 78 in two
steps.36 The AA of cinnamate substrates has also provided

Scheme 23

Scheme 24
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access to 2,3-diamino-3-phenylpropanoic acid derivatives such
as 79 and 80,67 and has been used in the synthesis of the differ-
entially protected amino acid derivative -threo-β-hydroxy-
asparagine 81.68

Reliable regioselectivity from styrene AA has been exploited
in the synthesis of arylglycines, providing a short, enantio-
selective route to these important α-amino acids. Central to the
widespread adoption of this approach was the study of the AA
on a broad range of substituted styrenes 82, allowing examin-
ation of the effect of different aryl substituents on the reaction
regioselectivity (Scheme 26).19 High ee’s (ca. 90%) were gener-

ally obtained for the major regioisomer 83. Subsequent oxid-
ation could be carried out on the crude mixture of regioisomers
83 and 84 using TEMPO to afford the desired α-amino acid 85,
which was easily separated from amino ketone 86 by acid–base
extraction.19

The efficient, enantioselective preparation of aryl glycines
using AA methodology has made this approach attractive in
several syntheses. Examples include aminoalcohols 87, 88, 89
and 90 (yields and ee’s given, Fig. 5), which were oxidized to
their respective amino acids on route to syntheses of ristocetin
A,48 the vancomycin CD ring system,69 conformationally
restricted -arginine analogues,70 and mesityl-substituted
amino acids.71 Compound 91 was protected as the MEM ether
and debenzylated before coupling with 92 to form a biaryl ether
in the synthesis of teicoplanin.43 Similar AA products have been
precursors to a wide range of glycopeptide antibiotics.

The regioselectivity of styrene AA has also made this reac-
tion suitable for formation of oxazolidinone chiral auxiliar-
ies.44,72,73 The AA of vinylnaphthalene 45 allowed isolation of a
single regioisomer which was cyclised by treatment with base to
93 (Scheme 27).72 The AA has also been applied to the synthesis
of bis-oxazolines,74 aminoalcohols 75 and aziridinyl alcohols 76

for application as chiral auxiliaries or ligands. O’Brien has
reported a detailed study of the AA reaction of a range of
styrene substrates for the synthesis of chiral diamines.23,45

Scheme 25

Scheme 26

The normally high level of regioselectivity attainable with
styrene substrates does not extend to the AA of vinylfuran
24, affording a 2:1 mixture of AA products (Scheme 8). Select-
ive silylation of the primary alcohol allowed ready isolation
of the amine 94 (although in low yield), which was con-
verted, by a short sequence, into the deoxymannojirimycin
and deoxygulojirimycin derivatives, 95 and 96, respectively
(Scheme 27).46

The AA has been used in the synthesis of a wide variety of
amino acid derivatives, including the examples of cinnamates
(Scheme 25) and styrenes (Scheme 26) given, all of which con-
tain aromatic residues. Application of the AA reaction to a
range of aliphatic α,β-unsaturated esters has also been success-
ful in the synthesis of important aminated products. In a study
directed towards the synthesis of amino sugars, engineering of
AA substrate 97a allowed improvement of what was initially
poor regioselectivity favouring the undesired α-amino isomer
98a (Scheme 28).77 Replacement of the dimethyl acetal of 97a
with methyl substituents to give substrate 97b resulted in
reversal of regioselectivity to favour the desired regioisomer 99b
in moderate ee. The selectivity was greatly enhanced upon sub-
stitution of the alkyl chain with an aromatic ether to give
substrate 97c. The dramatic improvement in regioselectivity
(1:>20) and enantioselectivity (98% ee) observed for 97c has
been proposed to arise through favourable binding interactions
between the ligand and the aromatic ether.

Fig. 5

Scheme 27
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Diaminobutanoic acids 100 and 101 were prepared using the
AA,65,78 as were amino acids 102 and 103 in the syntheses of
loracarbef 79 and MetAP-1 inhibitors,80 respectively (Fig. 6). The

AA has also been applied to the synthesis of a protected form,
104, of the anticonvulsive agent vigabatrin,81 the aminoalcohol
components of aspartic protease inhibitors 105,82 and hydroxy-
lysine derivative 106.83 Such diversity in applications of the AA
is illustrative of the enormous value of the process.

The AA of unsaturated phosphonates by either the sulfon-
amide 34,84 or carbamate 34 method can be performed in a similar
way to unsaturated esters. The best enantioselectivities were
obtained with substrates bearing an aromatic substituent in
the β-position. For example, AA of 107 afforded β-amino
isomer 108 in moderate yield and 98% ee (Scheme 29). Poor
asymmetric induction (15% ee) was observed for a vinyl
phosphonate.84

8 Reverse regioselectivity

One of the most remarkable aspects of the AA is the observ-
ation that different ligands may be used to control the regio-
selectivity of the transformation. Substitution of the aromatic
spacer of the Cinchona alkaloid ligands from a phthalazine to
an anthraquinone unit (Scheme 1) has been observed to reverse
the normal pattern of regioselectivity for a range of substrates.6

For example, methyl cinnamate undergoes AA with benzyl
carbamate as the nitrogen source and (DHQ)2AQN ligand to
afford α-aminoester 109 as the major regioisomer in 58%
isolated yield and with an enantiomeric excess of 95% (Scheme
30). Strikingly, this reversal of regioselectivity occurs with no

Scheme 28

Fig. 6

Scheme 29

alteration to π-facial selectivity. Indeed, the enantioselectivity
of this process is comparable to the (DHQ)2PHAL-mediated
reaction,32 which favours the formation of 19 with an ee of 94%
(Fig. 2). The reasons for this dramatic reversal in regioselection
have not been elucidated, though it has been proposed that
changing the ligand structure favours an alternative substrate
orientation with respect to the osmium–ligand complex.6

A wide range of cinnamate esters exhibited similar reversal in
regioselectivity for AA with anthraquinone ligands, although
electron poor substrates such as 3- and 4-nitrocinnamates
(Scheme 9) gave poor results.6,51 Under carefully optimised
conditions, the AA of nitrocinnamate 110 with 2-(trimethyl-
silyl)ethyl carbamate in aqueous propanol gave, in good ee, a
7 : 3 ratio of regioisomers 111 and 112 (Scheme 31).

The formation of 111 was exploited in an approach to ustil-
oxin D (113, Scheme 32).51,85 Specifically, the 3-fluoro-4-nitro
aromatic system of 111 was designed as a suitable electrophilic
partner to construct the challenging tertiary alkyl aryl ether by
nucleophilic aromatic substitution.51 Faced with the failure of
this approach,85 attention turned to an alternative AA-based
synthesis of this key structural unit whereby tertiary alkyl aryl

Scheme 30

Scheme 31

Scheme 32
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ether formation preceded aminohydroxylation. In one of the
most complex examples of AA reported to date, the (DHQD)2-
AQN-mediated AA reaction of highly functionalised substrate
114 afforded 115 in 58% yield and with good diastereoselectiv-
ity as a key step in the first total synthesis of ustiloxin D
(Scheme 32).85

Another application of the AA in which reversal in regio-
selectivity was exploited was in the synthesis of fluorinated
(2S,3R)-(dihydroxyphenyl)serine derivatives 116a and 116b
(Scheme 33), which have been identified as potential precursors

to selective α- and β-adrenergic receptor antagonists.49 The
researchers investigated the anthraquinone-mediated AA reac-
tion to give direct access to the serine regioisomer, 118. The
2-fluoro isomer 117a was found to be a good substrate for the
AA reaction and afforded a 76% yield of aminoalcohol prod-
ucts 118a and 119a, favouring the serine regioisomer 118a
as the major product in 86% ee. The use of propanol as the
cosolvent was found to be critical for the success of this trans-
formation, with acetonitrile and tert-butyl alcohol giving
inferior yields and enantioselectivities. Elaboration of 118a to
target 116a was performed by a three-step sequence, which
included a recrystallisation to boost the ee to 93%.

Interestingly, the AA of the 6-fluoro isomer 117b under iden-
tical conditions gave a poor yield of aminoalcohol products
(24%), together with diol by-product and recovered starting
material, demonstrating that minor changes in the substrate
can have a profound influence on the AA reaction. Optimis-
ation of the transformation focused on variation of the reaction
solvent mixture in an effort to improve substrate solubility. The
most synthetically convenient procedure relied on the doubling
of reagent quantities and the use of a mixed organic cosolvent
to afford 118b, which was obtained in modest yield and with
limited selectivity. Elaboration of 118b by the same three-step
sequence including the recrystallisation of a synthetic inter-
mediate eventually gave 116b in 95% ee. Despite the moderate
levels of selectivity and yield, the AA reaction nevertheless
provided a short, synthetically viable route for the large scale
production of 116a and 116b, supplanting a previous and
more lengthy synthetic scheme relying on auxiliary-controlled
asymmetric aldol reactions.86

Reversal in regioselection through the use of anthraquinone
ligands is also observed for styrene substrates, although the
results appear less general and solvent is an important variable.
Styrene undergoes AA with N-bromoacetamide as the nitrogen
source and (DHQ)2PHAL ligands in aqueous propanol to
afford the benzylic amine 34 as the major regioisomer in 91% ee
(Scheme 34).53 Aqueous acetonitrile reverses this modest prefer-
ence to afford 35 as the major product. The application of

Scheme 33

anthraquinone ligands enhances the preference for formation
of the benzylic alcohol, giving a 13:1 ratio of 35 to 34, albeit
in lower yield. A similar study has also been reported for the
benzyl carbamate variant of the AA. Although reversal of
regioselectivity was observed for the anthraquinone ligand-
mediated reaction, the ee values of the major benzylic alcohol
products, analogous to 35, were low (0–80%).19

Reverse regioselectivity in the AA of vinylfuran 24 was
investigated as an approach to the synthesis of 6-aminosugars.87

Conducting the reaction with (DHQ)2AQN ligands in aqueous
alcohol solvents afforded a 2:1 mixture of 25 and 26 but the
major regioisomer was isolated in low (14%) ee (Scheme 35). An

alternative and highly enantioselective synthesis of 25 was
devised, based on the ruthenium-catalysed transfer hydrogen-
ation of a prochiral ketone 120, which afforded 25 with excel-
lent enantioselectivity and in 92% yield.

Application of the anthraquinone ligands to the AA of sub-
strates that do not bear an appropriately positioned aromatic
moiety are limited and give mixed results. Thus, the (DHQD)2-
AQN-mediated AA of methyl (E )-oct-2-enoate (121) afforded a
3:1 ratio of isomers 122 and 123 with excellent enantioselectiv-
ity (Scheme 36).6 By contrast, (DHQ)2AQN-mediated AA reac-
tion of 124 did not result in reversed regioselectivity and gave
the β-amino ester 125 as the sole regioisomer in 83% ee.22 The
dramatic difference in regioselectivity for these two reactions is
difficult to rationalise.

Methods leading to the α-aminoester regioisomer for non-
cinnamate substrates were investigated by Panek,22 based on the
hypothesis that an appropriately positioned aromatic moiety
could influence regioselectivity. The anthraquinone ligand-
mediated AA of a range of aryl ester substrates was observed to
give the α-aminoester as the major product. Electron donating
p-substituents gave better regio- and enantio-selectivities with
halogen substituents, in particular, giving the highest ee’s.
Hydrolysis of the aryl esters was a general problem with these
substrates but this could be limited by the application of aque-
ous osmium tetroxide solution as the osmium source and a

Scheme 34

Scheme 35
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reduction in the amount of aqueous base being used. Applying
these optimised conditions to p-bromophenyl ester 126 gave 7:1
regioselectivity and a 60% yield of 127 which was obtained in
87% ee (Scheme 37).22 Hydroxyleucine derivatives such as 127

have been used as key synthetic intermediates in a number
of syntheses of (�)-lactacystin (128) with the result that a
number of synthetic strategies have been developed to provide
access to this building block.22,88 The AA based strategy
remains among the shortest and most efficient approaches to
this structural unit.88,89 A related approach has been reported
for the enantioselective synthesis of the hexahydroazepine core
of (�)-balanol (129).22,90

The regiochemical outcome of the AA of aryl ester sub-
strates such as 126 (Scheme 37) is in marked contrast to that
observed for ethyl ester 124 (Scheme 36) and, once again, sug-
gests that ligand–substrate interactions have a profound influ-
ence on the regiochemistry of the AA reaction. This study
clearly indicates that appropriate substrate design can enhance
selectivity of anthraquinone-mediated AA reactions, a concept
which closely parallels the studies conducted by Janda for the
phthalazine-derived ligands.12

9 Solid supported catalysts

Solid-supported catalysts have been investigated in the hope
that this modification would provide a simple means of
recycling the expensive Cinchona alkaloid ligands and osmium
used in the AA. Several different solid supports have been
investigated,91,92 with the Cinchona alkaloid ligand bound to the
support via the dihydroquinidine or dihydroquinine moiety. A

Scheme 36

Scheme 37

silica gel supported catalyst is the most successful reported to
date, giving comparable results to those observed in the homo-
geneous AA reaction as applied to cinnamate derivatives and
using amide nitrogen sources.92 Attempts to recycle the catalyst
afforded a reduced yield of product (despite the retention of
high enantioselectivity), although catalytic activity was restored
upon addition of 2 mol% K2OsO2(OH)4 to the reaction mix-
ture. This suggests that loss of osmium rather than destruction
of the ligand is the main obstacle to recycling the reagent.
Attempts to recycle the other catalyst systems also resulted in
reduction or loss of activity.91

10 Future prospects

Enormous improvements have been made to the AA reaction
since the initial disclosure in 1996. The AA of a wide range of
alkenes can now be conducted in high yields as well as with
excellent enantio- and regio-selectivity. Evaluating the large
body of research surrounding the AA gives a clear indication
of the optimal conditions for a given substrate and defines the
scope of the transformation with respect to factors such as
alkene substitution. Clearly the lessons learned from past
endeavours will inform those working with the AA in the future
but they also present a challenge: can catalytic systems be found
to extend the AA to more highly substituted systems?

The development of predictive models that correlate sub-
strate structure with AA regioselectivity must rank among the
most important contributions to the field in recent years. The
insight provided by these models will give greater confidence in
the planning and execution of synthetic sequences that rely on
the AA as a key step.

Finally, new paradigms of chemical reactivity are being
forged from the AA reaction, such as new catalytic systems
based on the secondary cycle and tactics for controlling the
regioselectivity using tethered carbamates. Such developments
promise much for the future.
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