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Introduction

The importance of the 1,2-amino alcohol motif in synthetic
chemistry is illustrated by its occurrence in a vast range of
natural products, bioactive compounds, and chiral reagents
used for the stereoselective synthesis of organic molecules.
While there are a wide variety of synthetic routes to this
functional group,[1] the large number of well-established pro-
tocols for the stereoselective synthesis of olefins has led to
extensive research into reactions that can effect the direct
oxyamination of alkenes. Of these, the pioneering Sharpless
asymmetric aminohydroxylation (AA) reaction remains the
most powerful method for the stereospecific generation of
vicinal amino alcohols from alkenes.[2]

However, the low regio- and enantioselectivity exhibited
in the oxidation of several classes of olefins with the Sharp-
less methodology has inspired research into the improve-
ment of the AA reaction, and the development of alterna-
tive methods for the direct oxyamination of olefins. It is the
purpose of this review to highlight these advances.

Naturally occurring molecules : Naturally, the importance of
the 1,2-amino alcohol functionality in biologically active
compounds has fuelled research into the development of
new protocols for the synthesis of this important motif. A
handful of some of the more important and interesting com-
pounds are shown below because these structures provide
inspiration for synthetic chemists.

The most commonly occurring amino alcohols in Nature
are the hydroxy amino acids, for example, serine and threo-
nine. Bestatin is an aminopeptidase inhibitor that exhibits

immunomodulatory activity, and has found application as an
adjuvant in cancer chemotherapy (Figure 1);[3] it is amongst
the most synthesised of this group of compounds. One class
of natural products that frequently contain non-proteogenic
amino acids are cyclic depsipeptides. Hapalosin is one such
compound that has an anti-b-hydroxy-g-amino acid capable
of inhibiting multidrug resistance in cancer cells.[4] The
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cyclic amino alcohol anisomycin is a potent inhibitor of pro-
tein biosynthesis, and has shown potential as an anticancer
agent.[5]

Myriocin is a densely functionalized amino alcohol with
immunostimulatory activity, which has been the target of
several syntheses.[6] In the case of the

immunomodulator cytoxazone, the amino alcohol moiety
is embedded within an oxazolidinone ring (Figure 1).[7]

In the glycoprotein-processing inhibitor swainsonine, the
amino alcohol nitrogen atom is located at a ring junction.[8]

The natural product daunomycin has shown antibiotic and
anticancer activity.[9] Although aceropterine has no reported
biological activity, the intriguing macrocyclic structure of
this alkaloid has led to several syntheses in recent years
(Figure 1).[10]

Ligands and chiral auxiliaries : Enantiopure vicinal amino al-
cohols have found wide application as reagents in asymmet-
ric organic synthesis. In the vast majority of cases, these
compounds are used as chiral auxiliaries to direct the stereo-
chemical course of transformations such as asymmetric eno-
late alkylations and aldol reactions.[11]

Most of these amino alcohols are present in cyclic sys-
tems, an example of which are the oxazolidin-2-ones best
known as Evans� chiral auxiliaries.[12] These cyclic com-
pounds have been widely reported in the literature to
induce high diastereoselectivities in asymmetric alkylations
and aldol reactions. Research into the capacity of enantio-
pure cyclic amino alcohols to direct the stereochemical
course of a reaction continues; Ueberbacher et al. recently
reported that ferrocenyl-oxazolidinones 1 could be em-
ployed as chiral auxiliaries that react with comparable
yields, stereoselectivities and cleavage conditions to those
obtained with Evans� methodology (Figure 2).[13] Acyclic
amino alcohols have also found application as chiral auxilia-
ries; ephedrine derivative 2 has been employed extensively
in the asymmetric alkylation of amides.[14]

Structures bearing the amino alcohol motif have been em-
ployed as ligands for metal catalysts in various asymmetric
additions to aldehydes. Enantiopure amino alcohols have
been extensively used in synthesis as exemplified by Corey
and co-workers, who used proline derivatives to form oxaza-
borolidine compounds 3 (Figure 2),[15] which were subse-
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quently applied in the highly selective catalytic asymmetric
reduction of carbonyl compounds.

Osmium-Catalysed Reactions

Sharpless asymmetric aminohydroxylation (AA): First re-
ported in 1996,[16] the Sharpless AA reaction remains one of
the most powerful methods for the direct, catalytic, and
enantioselective synthesis of vicinal amino alcohols directly
from alkenes (Scheme 1). This protocol allows a range of al-
kenes to be transformed into the corresponding amino alco-
hols on exposure to catalytic loadings of potassium osmate
[K2OsO2(OH)4], in the presence of a stoichiometric nitrogen
source that also acts as a reoxidant. The regio- and stereose-

lectivity of the reaction is controlled by the addition of cin-
chona alkaloid ligands such as (DHQ)2PHAL.

It has been postulated that the reaction proceeds by two
simultaneous catalytic cycles (Scheme 2). The primary cycle
begins with the oxidation of the OsVI species by the nitrogen
oxidising agent to deliver the imidotrioxoosmium ACHTUNGTRENNUNG(VIII) spe-
cies 4, which undergoes a cycloaddition reaction to the
alkene 5 to generate the azaglycolate complex 6, with enan-
tio- and regioselectivity enforced by the chiral ligand. Reox-
idation of this species gives 7, which can then be hydrolysed
to give the amino alcohol 8, and the initial osmium species
ready for another catalytic cycle.

However, the oxidised azaglycolate species 7 may enter
the ligand-free secondary cycle if it undergoes addition to a
second alkene 5 to give the bis(azaglycolate)osmium species
9 before hydrolysis occurs (Scheme 2). In this catalytic cycle,
low enantio- and regioselectivities are obtained as the ligand
does not coordinate to the metal centre during the reaction.

A recent computational study added weight to the hy-
pothesis that the addition reaction proceeds by a [3+2] cy-
cloaddition of the imidotrioxoosmium ACHTUNGTRENNUNG(VIII) 4 species to the
corresponding alkene 5 (Scheme 3).[17]

In the time since these landmark publications, a number
of nitrogen sources and ligands have been developed to

Figure 2.

Scheme 1. ACHTUNGTRENNUNG(DHQ)2PHAL = hydroquinine 1,4-phthalazinediyl diether.

Scheme 2.

Scheme 3.
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overcome the limitations and expand upon the scope of the
initial conditions. However, as the AA reaction has been
thoroughly examined in recent years,[18] only progress made
since 2004 will be discussed in this review.[2]

In 2005, MuÇiz and co-workers used a chiral auxiliary to
effect the first asymmetric aminohydroxylation of acryla-
mides 10,[19] reporting moderate to excellent yields and dia-
stereoselectivities of amino alcohols 11 (Scheme 4). It had

been found that the use of enantiopure ligands did not
induce enantioselective aminohydroxylation with this class
of olefin as the reaction proceeded exclusively via the
second catalytic cycle (vide supra). Unfortunately, no regio-
selectivity or diastereoselectivity was obtained on applying
this methodology to non-terminal alkenes.

In a subsequent publication,[20] MuÇiz applied the Sharp-
less AA conditions to fumaric amides synthesised by the
cross metathesis of acrylamides 10. Although the regioselec-
tivities reported were low, the methodology gave higher
yields and good diastereoselectivities.

Building upon Janda�s research,[21] in 2005 McLeod and
co-workers carried out the substrate-controlled synthesis of
g-amino-b-hydroxybutyric (GABOB) acid from a terminal
homoallylic alcohol (Scheme 5).[1,22] The methodology was
tested for a small range of substrates, and the best results
were obtained in case of p-nitrophenyl 12 as a protecting
group and trimethylsilylethyl carbamate 13 as a nitrogen
source.

Following this publication,[23] the same authors systemati-
cally investigated the effect of the homoallylic alcohol pro-
tecting group in the Sharpless AA reaction but did not im-
prove upon their original results.

Since 2004, the Sharpless AA protocol has been applied
in the synthesis of several natural products.[24] For example,
Matsuda and co-workers employed this reaction en-route to
(+)-caprazol (Scheme 6) to gain access to amino alcohol 15
from substrate 14 with high regioselectivity, 86:14 diastereo-
selectivity, and 52 % overall yield.[25]

Tethered aminohydroxylation (TA): Despite the advances
made in recent years regarding control of the regio- and ste-
reoselectivity in osmium-catalyzed aminohydroxylation, the
reaction is still highly dependent on the nature of the sub-
strate. To find a general method for dictating the regiochem-
ical outcome of the reaction, Donohoe and co-workers em-
ployed a novel strategy in which the nitrogen source was
tethered to the olefin substrate.

Starting from allylic alcohols, carbamate derivatives were
synthesised by a high-yielding two-step procedure
(Scheme 7). Application of the Sharpless AA conditions to
these terminal and disubstituted achiral allylic carbamates
delivered a range of hydroxy oxazolidinones in moderate
yields but with complete regioselectivity.[26] Additionally,
complete diastereoselectivity was observed resulting from
syn stereospecific addition of the tethered osmium species
across the alkene. Therefore, the final relative stereochemis-

Scheme 4.

Scheme 5. ACHTUNGTRENNUNG(DHQD)2AQN=hydroquinidine (anthraquinone-1,4-diyl) di-
ether.

Scheme 6.
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try of the amino alcohol was controlled by the configuration
of the alkene in the starting material.

However, no enantioselectivity was observed when these
substrates were submitted to the reaction conditions in the
presence of cinchona ligands.[26a] To rationalize this observa-
tion, the authors suggested that an analogous mechanism to
that proposed for the catalytic second cycle AA (see
Scheme 2) was in operation in their system.

After demonstrating that the TA reaction was regioselec-
tive and stereospecific for achiral allyl carbamates, the same
group evaluated the stereoselectivity of the reaction for sub-
strates bearing an allylic stereogenic centre, obtaining high
levels of syn diastereoselectivity (Scheme 8).[27] The reaction
also delivers the requisite amino alcohol motif in moderate
yields and excellent diastereoselectivities with highly substi-
tuted olefins.

Although the TA reaction of carbamates developed by
Donohoe and co-workers was found to be effective for a
wide range of alkenes, low yields were obtained with homo-
allylic alcohols and five-membered rings bearing an endocy-
clic alkene.[26b,27a] In 2005, Taylor et al. reported a tethered
aminohydroxylation reaction for terminal homoallylic alco-
hols in which the nitrogen source was linked to the alkene
through a sulfamate ester 16 or sulfonamide 17
(Scheme 9).[28] While the regioselectivity of the reaction re-
mained complete, the yields and diastereoselectivities were
highly substrate dependent and further substitution of the

alkene was incompatible with the process. In accordance
with observations made in the TA reaction of carbamates,
no enantiomeric induction was observed during the reaction
of 16 and 17 when cinchona alkaloid ligands were em-
ployed.

Overall, these reactions proceeded with relatively low
yields as a result of competitive chlorination of the alkene
unit and the limited lifetime of the N-chlorocarbamate inter-
mediate (which is often generated in situ).

In a bid to avoid the use of chlorinating agents, Donohoe
and co-workers investigated the replacement of N-chlorocar-
bamates with N-sulfonyloxy and N-carbonyloxycarbamates,
which could be prepared prior to being subjected to the re-
action conditions. N-sulfonyloxy and N-carbonyloxy deriva-
tives 18 and 19 of a range of cyclic and acyclic allylic alco-
hols were subjected to the chlorine-free TA reaction condi-
tions to deliver the corresponding amino alcohols 20 and 21
(Scheme 10).[29] Pleasingly, cleaner reaction mixtures and
higher yields of TA products were observed and, in some
cases, the catalyst loadings could be reduced down to
1 mol %.

These newly developed conditions were applied to tradi-
tionally difficult substrates such as homoallylic alcohols to
afford the desired products in high yields. As before, the re-
action is syn stereospecific and delivers excellent diastereo-
selectivities with achiral substrates. The scope of the new
conditions was also extended to allylic and homoallylic

Scheme 7.

Scheme 8.

Scheme 9.

Scheme 10.
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amides and the reaction was efficiently applied to a variety
of systems to obtain b-lactams, pyrrolidinones and piperidi-
nones in good yields.[30]

The potential and generality of the tethered aminohy-
droxylation reaction has been demonstrated by its applica-
tion in the synthesis of several natural products.[31] Recently,
Donohoe and co-workers reported the use of these new TA
conditions for the assembly of amino alcohol 23, en route to
(�)-hygromycin A (Scheme 11).[32] The desired product was
isolated as a single isomer in 92 % yield from N,O-mesitoyl
carbamate 22, compared to 67 % yield obtained when carba-
mate 24 was subjected to the original conditions, highlight-
ing the great improvement made by the use of N,O-acylated
derivatives as reoxidants. De la Pradilla�s group also ob-
tained excellent results with the improved TA conditions
during the formal synthesis of ent-dysiherbaine from 25.[31i, j]

Catalytic oxidative cyclisation : Donohoe et al. also reported
another novel intramolecular aminohydroxylation procedure
in 2006, in which catalytic amounts of OsVI facilitated the
addition of N-protected amino alcohols 26 onto tethered al-
kenes to afford the corresponding pyrrolidine rings 27 in
high yields (Scheme 12).[32]

This catalytic oxidative cyclisation was found to be syn
stereospecific and also stereoselective for the formation of
cis-2,5-heterocycles. It was proposed that the reaction pro-
ceeds by the formation of a chelate between the OsVI spe-
cies and the amino alcohol functionality, followed by acid-
promoted syn-addition to the alkene 28 (Scheme 12). The
resulting OsIV species is re-oxidized to OsVI using pyridine-
N-oxide (PNO) as a highly selective reoxidant.[33b] Different

nitrogen protecting groups, such as p-toluenesulfonyl (Ts),
nitrobenzenesulfonyl (Ns) and benzyl carbamate (Cbz),
were compatible with reaction conditions and a wide range
of functionalities were tolerated both on the backbone and
on the alkene. Preliminary studies have recently concluded
that a mild Lewis acid can also be employed to promote the
cyclisation step.[33c]

More recently, Donohoe
et al. developed a tandem TA
reaction of dienes 29 and 30
followed by oxidative cycliza-
tion to produce highly substitut-
ed THF compounds 31 and 32
in which four stereogenic cen-
tres are formed simultaneously
with excellent selectivity
(Scheme 13).[34] However, stud-
ies showed that the alkene ge-
ometry for the initial TA step
must be trans configured to
guarantee high yields.

Rhodium-Catalysed
Reactions

Rhodium(II) catalysis has also
been used extensively to medi-
ate the intramolecular oxyami-
nation of electron-rich olefins.
An increasing body of evidence
suggests that these reactions
proceed by the addition of aScheme 11.

Scheme 12.
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metallonitrene to the alkene to form an aziridine intermedi-
ate, which is subsequently attacked by an oxygen nucleo-
phile to allow access to a range of amino alcohol deriva-
tives.

In 2002, Padwa and Stengel reported that the exposure of
3-indolyl carbamate 33 to catalytic amounts of rhodium(II),
in the presence of an iodine ACHTUNGTRENNUNG(III) reoxidant furnished cis-ace-
toxycarbamate 34 in good yields and with high diastereose-
lectivity (Scheme 14).[35]

Although further experiments extended the scope of the
oxygen source to include alcohols, it was found that the high
diastereoselectivity of the reaction was limited to the 3-in-
dolyl carbamates; both 2-indolyl carbamates 35 and benzo-
furan derivatives 36 gave mixtures of cis and trans oxyami-
nation products (Scheme 15).[36] Attempts to effect this
transformation with other classes of alkene also failed, as

the aziridine species could not be opened by oxygen nucleo-
philes under the reaction conditions.

More recently, Dauban and co-workers have shown that
the oxyamination of indoles can proceed with complete re-
gioselectivity in an intermolecular system.[37] In this paper,
N-sulfonyl and N-carbamate indoles delivered oxyaminated
indolines with high diastereoselectivity. Although the same
rhodium/iodine catalytic system was used as in the intramo-
lecular system, the nitrogen source was changed to trichlor-
oethylsulfamate 37, and it was found that a wider range of
carboxylic acids and alcohols could be employed as nucleo-
philes (Scheme 16).

The observation that the use of methanol as an oxygen
nucleophile delivered trans products in good yields led
Dauban and co-workers to propose a mechanism for this
transformation (Scheme 17). Metallonitrene 38 first under-
goes addition to the double bond to generate the metalloa-
ziridine intermediate 39. This species can either undergo
ring opening to form stabilised carbocation 40 (pathway A),
or may be attacked directly by a nucleophile to generate
trans products 42 (pathway B). In pathway A, this highly re-
active intermediate then delivers the cis adduct 41 following
nucleophilic attack from a species coordinated to the rhodi-
um metal centre.

In 2002, Rojas et al. reported that exposure of allal 3-car-
bamates 43 to catalytic amounts of rhodium(II) in the pres-
ence of a range of alcohols as nucleophiles delivered 2-
amido glycols 45 with complete regioselectivity and high se-
lectivity for the b-anomer (Scheme 18).[38] This reaction also
requires a stoichiometric loading of iodine ACHTUNGTRENNUNG(III) as a reoxi-
dant, and a large excess of the alcohol was required to
secure optimum yields.

The same group later applied this catalytic system to the
oxidative cyclisation of glucal 3-carbamates 44, in the syn-

Scheme 13.

Scheme 14.

Scheme 15.

Scheme 16.
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thesis of a-N-acetylmannosamine (ManNAc) derivatives 46
(Scheme 18). In a departure from the results obtained in the
allal series, the reaction proceeded with low diastereoselec-
tivity. However, high selectivity for the a-anomer could be
achieved following extensive optimisation of the reaction
solvent system and protecting group strategy.[39]

Liu and co-workers have recently discovered that this rho-
dium(II) methodology can be made highly diastereoselective
for the formation of a- and b-anomers of trans 1,2-aminogly-
cosides 47 and 48 by strategically tethering the sulfonamide
at the C(6) or C(4) position of the glycal (Scheme 19).[40,41]

It was reported that a wide range of oxygen nucleophiles,
including carboxylic acids, can be added to the aziridine in-
termediates to react with high stereoselectivity. It is also
noteworthy that the sulfonyloxy tether was readily replaced
with a range of oxygen, sulfur and nitrogen nucleophiles fol-
lowing activation of the sulfonamate nitrogen with a carba-
mate group.

Palladium-Mediated Reactions

The first direct oxyaminations of terminal and internal
alkyl-substituted olefins were reported by B�ckvall in
1975.[42] In this publication, stoichiometric PdII was used to
activate the alkene towards nucleophilic attack by dimethyl-
amine to deliver b-amino alkyl palladium(II) intermediates
49 and 50 (Scheme 20). The palladium–carbon bond was
subsequently oxidised, with inversion, by lead tetraacetate
to generate the aminoacetates 51 and 52.

In the case of terminal alkenes, the reaction delivers the
aminoacetoxy functionality with moderate regioselectivity
for the more highly substituted amine 51. Meanwhile, sub-
strates with symmetrically substituted internal double bonds
give syn oxyamination products with high diastereoselectiv-

Scheme 17.

Scheme 18.

Scheme 19.

Scheme 20.
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ity. While further investigations broadened the substrate
scope to include allylic ethers and primary amines,[43,44] the
stoichiometric use of palladium(II) and the low functional
group tolerance of this reaction have restricted its applica-
tion in the field of synthetic organic chemistry.

A significant development came in 2005, when Sorensen
and co-workers reported that a catalytic source of palladiu-
m(II) in the presence of an iodine ACHTUNGTRENNUNG(III) reoxidant could be
applied to the intramolecular oxyamination of olefins
(Scheme 21).[45]

Exposure of alkenes, tethered to sulfonamides, carba-
mates and alkyl amines, to these reaction conditions deliv-
ered intramolecular oxyamination products in good yields
and with varying levels of regioselectivity. It was also estab-
lished that these robust reaction conditions are highly dia-
stereoselective for the stereospecific anti-addition of heter-
oatoms across the double bond, thereby providing a comple-
mentary approach to the syn-tethered aminohydroxylation
reaction developed by Donohoe and co-workers.[26–29]

The following year, Stahl and Liu employed an analogous
catalytic system to the intermolecular introduction of phtha-
limide (HNPhth) 55 and acetate functionalities onto a range
of terminal allylic, homoallylic and enol ethers 54
(Scheme 22).[46] Aminoacetates 56 were delivered with com-
plete regioselectivity.

This procedure is noteworthy both for the high regio- and
diastereoselectivities attained in the oxyamination of allylic

ethers bearing a substituent at the allylic position. However,
only terminal olefins are effective substrates for this reac-
tion, and they must be used in a twofold excess.

Investigations into the mechanism of the oxyamination of
cis-cinnamyl methyl ether 57 have shown that this reaction,
like that reported by Sorensen and co-workers, proceeds
with overall anti oxyamination (Scheme 23). The authors
propose that such a result could arise from two distinct
mechanistic pathways: firstly, the amino palladation reaction
occurs with anti stereoselectivity to deliver intermediate 58
(as reported by B�ckvall in his stoichiometric studies) fol-
lowed by oxidation of the palladium(II) and reductive elimi-
nation with retention to afford 60. Or secondly that the
amino palladation occurs with cis stereoselectivity to deliver
59, followed by oxidation of the palladium(II) and reductive
elimination with inversion to afford 60.

To distinguish between these two proposals, the alkene
substrate 57 was subjected to conditions developed by Stahl
for the formation of enamides from olefins via an amino
palladation/b-hydride elimination sequence (Scheme 23). As
the Z-enamide 61 was formed with complete diastereoselec-
tivity under these conditions, the authors were able to con-
clude that Pathway 2 was in operation.

Sanford and Desei subsequently reported that homoallylic
alcohols 62 could be cyclised to deliver 3-aminotetrahydro-
furans 63 in moderate to high diastereoselectivity
(Scheme 24).[47] The reaction proceeds with catalytic load-
ings of palladium(II) and stoichiometric amounts of iodine-ACHTUNGTRENNUNG(III), with phthalimide present as a nitrogen source.

Extensive investigations then allowed a mechanism to be
proposed for this transformation (Scheme 25). The catalytic
cycle begins with the syn-amino palladation of the olefin 64
to form intermediate 65, which is followed by oxidation of
the palladium(II) by the iodineACHTUNGTRENNUNG(III) species to generate the
six-membered palladocycle 66. In a departure from the re-
sults reported by Stahl and Liu, this metallocycle 66 then
collapses to deliver the tetrahydrofuran product 67 by re-
ductive elimination with retention.

Platinum-Catalysed Reactions

MuÇiz and co-workers have shown that platinum can act as
a catalyst for the intramolecular oxyamination of alkenes.[48]

In a recent paper, a range of N-tosyl ureas with pendant ole-
fins delivered the corresponding bicyclic isoureas when
heated in dimethyl sulfoxide (DMSO) with 10 % platinum
dichloride (Scheme 26). A screen of reagents established
that the reaction is most efficient when performed with a
30 % loading of a copper dibromide co-catalyst under an at-
mosphere of oxygen.

While the application of this reaction has been restricted
to systems bearing terminal alkenes in the formation of 5–6
fused ring systems, it is notable both for its high chemoselec-
tivity, and the good diastereoselectivity observed when a
stereocentre is present on the carbon backbone.

Scheme 21.

Scheme 22.
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Copper-Mediated Reactions

Gottlich and Noack reported a copper-catalysed direct oxya-
mination of olefins in 2002.[49] In this paper, treatment of a
range of N-benzoyl hydroxylamines with pendant olefins,
with 10 % CuPF6 in the presence of a Lewis acid furnished
the oxyaminated products in moderate yields and varying
levels of regioselectivity for pyrrolidines over piperidines
(Scheme 27).

The authors proposed a radical mechanism for the reac-
tion; the N�O bond of 68 is reduced by the CuI species to
produce a nitrogen radical 69 (Scheme 28). This undergoes a
5-exo-trig cyclisation onto the tethered olefin to generate

Scheme 23.

Scheme 24.

Scheme 25.

Scheme 26.
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the pyrrolidine core. The resultant exocyclic carbon radical
70 subsequently reduces the CuII to regenerate the catalyst.
The newly formed cation then reacts with the benzoyl ester
released in the first step to deliver the oxyaminated product
71.

The next account of a copper-catalysed oxyamination re-
action came from the Yoon laboratories in 2007.[50] This
report showed that CuII salts are effective catalysts for the
intermolecular addition of the N�O bond of an N-sulfonyl
oxaziridine 72 across a range of olefins, including allyl si-
lanes, enol ethers, symmetrical dienes and styrenes
(Scheme 29).

Subsequent reports have illustrated that the reaction can
be applied to the highly chemoselective oxyamination of
diene systems,[51] with the reaction taking place selectively at
the most electron rich double bond. Both the regio- and
chemoselectivity of this reaction can be rationalised by the
CuII/CuIII catalytic cycle proposed by the authors
(Scheme 30).[52] The first step of the reaction is the homolyt-
ic addition of the alkene 75 to the metallo-oxaziridine 74, to
generate the most stabilised carbon radical 76. Intramolecu-
lar radical-radical recombination then regenerates the cata-
lyst and furnishes the oxyaminated product 77.

Anionic halocuprate complexes [Cu ACHTUNGTRENNUNG(F6acac)2] were found
to be highly active catalysts for this transformation,[52] as
they are capable of oxyaminating electron-deficient styrenes
with significantly higher yields and shorter reaction times.

These complexes are also active enough to catalyse the reac-
tion with 3,3-dimethyl oxaziridines; this constitutes an im-
portant development as 3-phenyl oxaziridine 72 required for
the original oxyamination protocol reacts to give a mixture
of diastereomers, leading to difficulties in the purification
and analysis of the products.

The most significant recent advance in the application of
this catalytic system is the use of chiral bisoxazoline cop-
per(II) complexes to provide good levels of enantioselectivi-
ty (Scheme 31).[53]

These developments make this intermolecular, highly
regio- and enantioselective oxaziridine mediated oxyamina-

Scheme 27.

Scheme 28.

Scheme 29.

Scheme 30.
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tion of olefins a useful complementary transformation to the
Sharpless AA reaction. The main limitation of this method-
ology is the lack of stereospecificity; as illustrated by the
formation of the same major reaction product whether cis-
or trans-stilbene is subjected to the reaction conditions.[51]

The first intramolecular enantioselective oxyamination re-
action was reported by Chemler in 2008.[54] In this publica-
tion, a range of sulfonamides were cyclised in good yields
with excellent regioselectivity onto tethered, terminal al-
kenes in the presence of a catalytic loading of copper(II)
salts (Scheme 32). 2,2’,6,6’,-Tetramethylpiperidine (TEMPO)

is present as both the stoichiometric reoxidant and the
oxygen source. When the reaction is carried out in the pres-
ence of an asymmetric bisoxazoline ligand, chiral indolines
and monosubstituted pyrrolidines are delivered with good to
excellent enantiomeric excesses. The resultant TEMPO
adduct is then readily transformed into an aldehyde or an
alcohol in good yields.

Exposure of bis-homoallylic sulfonamides bearing stereo-
genic centres at the allylic and bishomoallylic positions to
these reaction conditions delivered cis pyrrolidines with
high diastereoselectivity when an atmosphere of oxygen was
used as a reoxidant, in addition to the three equivalents of
TEMPO used as an oxygen source. However, it was found
that the low conversions and operational difficulties associ-
ated with the use of oxygen could be avoided by adding an
excess of a cheap, non-toxic copper source, copper(II) ethyl-
hexanoate to the reaction (Scheme 33).

Although this methodology provides an efficient route for
the formation of the valuable oxyamino motif directly from
an olefin, it is limited in that it has, at the time of writing,
been applied almost exclusively to systems containing termi-
nal olefins.

Iron-Mediated Reactions

In 2010, research carried out in the Yoon laboratory estab-
lished that FeIII salts are also effective catalysts for the inter-
molecular addition of the N�O bond of N-sulfonyl oxaziri-
dine 79 across a range of styrenes, dienes and aliphatic ole-
fins 78 (Scheme 34).[56] In many cases, this reaction is high

yielding and highly selective for the regioisomer 80, which
bears the amino functionality on the terminal carbon. Note
that this regioselectivity is complimentary to that observed
with the CuII-catalysed methodology developed by the same
group, which exhibits selectivity for the regioisomer with the
amino functionality at the internal position (Scheme 29). As
a result, this methodology is very useful synthetically as the
choice of first row transition metal catalyst allows access to
either regioisomer (Scheme 35).

Scheme 31.

Scheme 32.

Scheme 33. TBDPS = tert-butyldiphenylsilyl.

Scheme 34.
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Metal-Free Oxidation Protocols

As we have seen, transition-metal catalysis offers a broad
range of methods for the direct oxyamination of olefins.
However, there are several shortcomings of these reagents
in as much as they are often expensive, toxic, and air sensi-
tive. Furthermore, it is often difficult to remove all traces of
the metal from a reaction, a problem which can be particu-
larly acute when working on an industrial scale. In response
to this, many researchers have developed methods for the
formation of vicinal amino alcohols using non-metal re-
agents. These are useful synthetic tools because most reac-
tions are easily handled, use reagents that are commercially
available, have low toxicity and are reactive under mild con-
ditions.

Iodine(0) reagents : There are several publications that de-
scribe the formation of an amino alcohol motif by the ma-
nipulation of the vicinal amino-iodine moiety resulting from
an iodolactamisation reaction.[57] However, most are consid-
ered beyond the scope of this review as they require a fur-
ther functionalisation step to deliver the oxyaminated prod-
uct.

One of the few examples of a one-pot oxyamination using
iodine(0) was reported by Stoker et al., who have shown
that bishomoallylic amines 81 and 82 can be cyclised to
form hydroxypyrrolidines 83 and 84 with high regio- and
diastereoselectivity (Scheme 36). The mechanism is de-
scribed as the addition of iodine onto the alkene followed
by a 5-exo-tet cyclisation of the primary amine. This haloa-
mine intermediate then undergoes nucleophilic substitution
by carbon dioxide generated in situ from sodium bicarbon-
ate (NaHCO3). This strategy has been employed in the syn-

thesis of several naturally occurring imino sugars, which are
privileged structures in the pharmaceutical industry. It is an-
ticipated that this reaction will find broad application in the
field of sugar chemistry, as it proceeds under mild, aqueous
and protecting-group free conditions.[58] However, the use of
stoichiometric loadings of iodine increases the environmen-
tal impact of this reaction and compromises its potential for
use in industrial processes.

Iodine ACHTUNGTRENNUNG(III) reagents : SanMartin’s group, one of the pioneers
of the use of hypervalent iodine reagents in synthetic organ-
ic chemistry, have applied the iodineACHTUNGTRENNUNG(III) phenyliodinebis-
(trifluoroacetate) (PIFA) complex in the direct, intramolec-
ular oxyamination of terminal olefins (Scheme 37).[59] In
their 2004 publication, N-para-methoxyphenyl amides 85
and 86 bearing pendant olefins are transformed into isoindo-
linone and pyrrolidinone templates 87 and 88, although it is
noted that the latter are unstable and need to be reduced in
situ before being isolated.[60]

The authors propose that the first step in this transforma-
tion is the oxidation of the amide by the iodine ACHTUNGTRENNUNG(III) reagent
to generate the N-acylnitrenium species 89 (Scheme 38).[61]

This reactive intermediate undergoes intramolecular addi-
tion to the olefin to generate the aziridinium cation 90. Sub-

Scheme 35. HMPA=hexamethylphosphoramide; Ns=para-nitrobenzene-
sulfonyl.

Scheme 36.

Scheme 37.

Scheme 38. PMP=para-methoxyphenyl.
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sequent nucleophilic attack by the trifluoroacetic acid anion
released during the oxidation step then delivers the oxyami-
nation product 87 or 88 with complete regioselectivity. How-
ever, it was reported that this protocol is both limited to ter-
minal alkenes, and to amides bearing the PMP protecting
group, as this group is required to stabilise the aziridinium
ion intermediate 90.

In 2010, the Wardrop research group published the suc-
cessful application of a similar iodineACHTUNGTRENNUNG(III) oxidative system
for the diastereoselective formation of hydroxy-lactams 92
(Scheme 39).[62] In a departure from SanMartin�s system, the
amide 91 is activated directly with a methoxy group.

Wardrop�s methodology enables the formation of five-
eight membered rings in good to excellent yield and also
works well for addition onto endocyclic substituted alkenes.
As the reaction generates anti amino alcohol derivatives ste-
reospecifically, this methodology is also complementary to
the syn selective tethered aminohydroxylation of amides
which can also provide access to b-lactam products.[30] The
main limitations of Wardrop�s current approach are the
modest regioselectivity observed in the cyclisation of trisub-
stituted alkenes and cyclic substrates and the need for stoi-
chiometric loadings of a transition-metal reagent such as
molybdenum hexacarbonyl in aqueous acetonitrile to
remove the methoxy group after the reaction.

Work carried out by Michael et al. has extended the scope
of iodine ACHTUNGTRENNUNG(III) facilitated intramolecular oxyamination reac-
tions to bis-homoallylic sulfonyl ureas 93 (Scheme 40).[63]

Submission of these substrates to the reaction conditions of
iodosyl benzene (PhIO) in the presence of trimethylsilyl tri-
flate (TMSOTf) delivers bicyclic isoureas 94 in good yields
and high syn stereoselectivity. This reaction has been suc-
cessfully applied to ureas bearing unactivated mono-, di-
and trisubstituted alkenes.

The authors propose an ionic mechanism for this transfor-
mation, the first step of which is activation of the alkene by
the iodine ACHTUNGTRENNUNG(III) reagent 95 derived from the reaction of
PhIO with TMSOTf (Scheme 41). The resultant iodinium in-
termediate 96 is then attacked by the nitrogen of the urea in
a 5-exo-tet fashion to afford 97. Subsequent chemoselective
intramolecular attack of the urea oxygen on the carbon
iodine bond delivers the observed isourea 98 with high syn
selectivity.

Despite the strongly acidic conditions, this procedure rep-
resents an attractive approach to prepare the oxyamino
functionality as complex scaffolds can be rapidly assembled

Scheme 39.

Scheme 40.

Scheme 41.
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from stable, easily accessible starting materials. It is also
noteworthy that while the analogous platinum-catalysed re-
action developed by MuÇiz and co-workers (vide supra) pro-
ceeds under neutral conditions, it requires the use of an ex-
pensive metal catalyst, an atmosphere of oxygen and has a
lower substrate scope.

In a more recent publication, Michael�s group reported
that the exposure of bis-homoallylic tosyl amines 99 to PhI-ACHTUNGTRENNUNG(OAc)2 in the presence of TFA delivered the cyclised amino
alcohols 100 in good yields (Scheme 42).[64] While the degree
of diastereo- and regioselectivity are substrate dependent,
this reaction is notable as it reports the first example of the
direct oxyamination of homoallylic amines to exhibit both 6-
endo and anti selectivity regarding addition across the
alkene geometry, see 99 a to 100 a.

These results are complementary to the work of Chemler
(see Scheme 33), who reported that similar substrates will
cyclise with exo selectivity in the presence of a copper cata-
lyst. This unusual endo selectivity was exploited in the con-
cise, stereoselective synthesis of (�)-pseudoconhydrine.[64]

Iodine(V) reagents : Iodine(V) has also been used to effect
the direct oxyamination of olefins by Nicolaou et al.[65] In
this procedure, the exposure of N-arylamides 101 to Dess–
Martin periodinane (DMP) delivered iso-imidoquinone in-
termediates 102, which underwent [4+ 2] Diels–Alder reac-
tions with a range of electron-rich alkenes to afford the de-
sired 2-amilides 103 (Scheme 43).[66]

This methodology was applied in the core synthesis of var-
ious complex natural products such as elisabethin A and
pseudopterosin A (Figure 3).

A final transition-metal-free example of oxyamination re-
actions comes from the Johnston laboratory at Indiana Uni-
versity.[67] In this work, the addition of alkyl azides to a,b-
unsaturated amides 104 under acidic conditions delivered
amino alcohols with complete selectivity for the b-amino
product 105 (see Scheme 44). As this transformation is
highly diastereoselective for the anti isomer, it represents a
useful alternative to the osmium catalysed syn selective AA
reaction. The authors commented on a mechanistic pathway

Scheme 42.

Scheme 43.

Figure 3.

Scheme 44.
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involving a possible triazoline intermediate or a direct con-
jugate addition but further investigations are required.

In 1984, Weinreb and co-workers reported an unusual but
distinctive approach to the oxyamination of dienes.[68] In this
publication, which is included because of its unique charac-
teristics, a hetero Diels–Alder reaction between N-sulfinyl
carbamate 106 and a range of dienes was used to gain access
to allylic sulfoxides (Scheme 45). On exposure to phenyl
magnesium bromide, these adducts underwent a stereospe-
cific [2,3] sigmatropic rearrangement to deliver the oxyami-
nated product.

Weinreb and co-workers successfully applied this unique
concept in the total synthesis of the sphingolipid bases.[69]

However, this intriguing methodology for the preparation of
the 1,2-amino alcohol motif requires further developments
since the narrow substrate scope of the reaction has restrict-
ed its use in modern synthetic chemistry so far.

Very recently, Moeller et al. published an electrochemical
protocol for the formation of protected hydroxy-pyrrolidines
108 by the oxidative electrolysis of N-sulfonyl amines bear-
ing electron-rich alkenes 107 (Scheme 46).[70]

The authors propose that the reaction proceeds by a radi-
cal process; abstraction of an electron from the alkene with
simultaneous deprotonation of nitrogen sets the stage for a
5-exo cyclisation to deliver pyrrolidine radical 109
(Scheme 47). Electrolytic oxidation of this species generates
carbocation 110, which is rapidly trapped by methanol to
yield the desired oxyaminated product 108.

The basic conditions employed in this protocol mean that
this reaction provides a useful alternative to the acidic con-
ditions employed by Michael et al. in the iodine ACHTUNGTRENNUNG(III) facili-
tated oxidative cyclisation of sulfonamidoalkenes. However,
this reaction has a narrow substrate scope and the diastereo-
selectivity is highly substrate dependent.

Several of the methods for the direct, metal-free, oxyami-
nation of olefins effect this challenging transformation with
comparable selectivity and substrate scope to transition
metal catalysed processes. However, it is notable that none
of these protocols effect the transformation with enantiose-
lectivity, and there are relatively few reports of their appli-
cation in the assembly of complex synthetic targets. It is an-
ticipated that future contributions from the thriving field of
organocatalysis may well provide examples of procedures

capable of affecting the first metal-free catalytic, enantiose-
lective oxyamination reaction of alkenes.

Summary and Outlook

During the past decade, a cluster of new methodologies of-
fering significant developments in the direct oxyamination
of olefins have emerged. While none of these methods are
able to offer complete regio- and stereocontrol for all sub-
strates, many are complimentary to one another in their se-
lectivities. It is our firm belief that advances in this area of
research will continue to provide the organic chemist with a
versatile toolbox for the formation of these important struc-
tural units.

Scheme 45.

Scheme 46.

Scheme 47.
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