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syn-1,2-Amino alcohols are prevalent motifs in a diverse range
of important small molecules such as natural products, pharma-
ceuticals, and asymmetric catalysts. The majority of methods for
selectively constructing 1,2-amino alcohols rely on functional group
interconversions or C-C bond-forming reactions using preoxidized
materials.1 Selective methods for directly installing nitrogen
functionality into inert C-H bonds have the potential to streamline
the synthesis of these important compounds by avoiding the
functional group manipulations (FGMs) required for working with
oxidized materials.2,3 Herein we present a novel route for accessing
chiral syn-1,2-amino alcohols enabled by the discovery of a Pd-
(II)/sulfoxide-catalyzed, diastereoselective allylic C-H amination
reaction of chiral homoallylic N-tosyl carbamates (eq 1). To the
best of our knowledge, this represents the first example of a general
and stereoselective, catalytic allylic C-H amination reaction.4 We
demonstrate that this reaction enables the streamlined synthesis of
a diverse collection of syn-1,2-amino alcohols because of its broad
scope and the versatility of its vinyl anti-oxazolidinone products.

Palladium(II)-promoted addition of nitrogen nucleophiles to
olefins (aminopalladation) is a well-established process that has
led to many interesting catalytic reactions such as oxidative
amination,5 aminoacetoxylation,6 aminohalogenation,7 and diami-
nation.8 Alternatively, Pd(II)-promoted allylic C-H amination
processes are rare.4b To avoid aminopalladation, the C-H cleavage
step is generally done in the absence of a nitrogen nucleophile
resulting in a two-step sequence that is stoichiometric in palladium.9
We previously discovered that the addition of bis-sulfoxide

ligands to Pd(OAc)2 promotes allylic C-H cleavage of R-olefins
versus oxypalladation in the presence of weak oxygen nucleophiles
(i.e., carboxylic acids). This finding has resulted in several general
allylic C-H esterification reactions of this important olefin class.10
We hypothesized that eq 1 could effect a similar catalytic allylic
C-H amination reaction of R-olefins using weak nitrogen nucleo-
philes such as N-tosyl carbamates. We reasoned that the weak Lewis
basicity of this nucleophile would prevent it from interfering with
the electrophilic C-H cleavage step. Moreover, because the N-H
proton of N-tosyl carbamate is relatively acidic,11 we anticipated
that it may become activated toward functionalization by depro-
tonation with the acetate counterion of the Pd(II) catalyst. Impor-
tantly, acetate may be regenerated throughout the catalytic cycle
during benzoquinone (BQ) mediated reoxidation of palladium.12
Herein we report the successful development of this allylic C-H

amination reaction and the exploration of its scope and synthetic
utility. Furthermore, we provide evidence in support of a mechanism
that proceeds via a Pd(II)/sulfoxide-promoted allylic C-H cleavage
to furnish a π-allylPd intermediate followed by acetate counterion-
promoted functionalization with the tethered N-tosyl carbamate
nucleophile.
Our study began by examining the allylic C-H amination of

2-methylhex-5-en-3-yl N-tosylcarbamate 2a under standard allylic
C-H oxidation conditions (Table 1).13 We found that 10 mol %
phenyl bis-sulfoxide/Pd(OAc)2 1/BQ (2 equiv) formed the desired
oxazolidinone product 3a in a modest overall yield (37%) with a
good level of diastereoselectivity (7:1 anti/syn) (Table 1, entry 1).
Significantly, in the absence of bis-sulfoxide ligand, only 3% of
the allylic amination product was formed (entry 2). Increasing the
substrate concentration (0.33 M f 0.66 M) improved the yield to
50% (entry 3). A screen of commercially available quinones
revealed phenyl-benzoquinone (PhBQ) was superior to BQ (entry
4), and when added in slight excess (1.05 equiv) provides a 72%
overall yield with only a modest decrease in diastereoselectivity
(6:1 diastereomeric ratio (dr), entry 5). The addition of 5 mol %
extra ligand provided a slightly higher yield (entry 6).
A variety of homoallylic N-tosyl carbamate substrates containing

one stereogenic center were cyclized to test the generality of this

Table 1. Allylic C-H Amination Reaction Optimization and Scope

a Average of two runs at 0.3 mmol. b Determined by GC analysis of the
crude reaction mixture. c Reaction run at 0.33 M. d Reaction run using 10
mol % Pd(OAc)2 (no sulfoxide ligand). e Determined by NMR analysis of
the crude reaction mixture. f Reaction run using 5 mol % additional bis-
sulfoxide ligand.
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method (Table 1, entries 6-10).14 One branching element adjacent
to the N-tosyl carbamate provides the best balance of reactivity
and diastereoselectivity (entries 6 and 9). Unbranched substrates
provided good yields but poor levels of diastereoselectivity (R )
n-Pr and TBDPSOCH2, entries 8 and 10), while a bulky quaternary
alkyl substituent provided a poor yield but excellent diastereose-
lectivity (R ) t-Bu, entry 7). The mildness of this method and its
potential utility for generating densely functionalized compounds
is illustrated by the allylic C-H amination of a substrate containing
a proximal diethyl acetal moiety (entry 9). Significantly, diaste-
reomerically pure oxazolidinone products can be obtained using
standard column chromatography.

An important feature of this chemistry is that it enables the rapid
synthesis of stereochemically defined oxazolidinones. Not only does
this product comprise the skeleton of a very important class of
antibiotics,15 but oxazolidinones can be further elaborated to a wide
range of medicinally and biologically relevant 1,2-amino alcohols.
For example, (+)-(2R,3S)-3-hydroxyleucine, an unnatural "-hy-
droxy-R-amino acid present in the antitumor agent lactacystin,16 is
readily obtained from anti-oxazolidinone (-)-3a. Enantioenriched
homoallylic N-tosyl carbamate (-)-2a, easily accessed via asym-
metric allylboration, undergoes allylic C-H amination with good
diastereoselectivity (6:1) to give a 61% isolated yield of the
diastereomerically pure anti-(-)-3a with no erosion in enantiomeric
purity (Scheme 1). The vinyl moiety of (-)-3a was further
elaborated to carboxylic acid (+)-4 via ruthenium tetraoxide-
catalyzed oxidative cleavage. Mild, reductive detosylation and
oxazolidinone hydrolysis under acidic conditions afforded hydroxy-
leucine (+)-5 (Scheme 1).17

In substrates containing multiple stereogenic centers, the dia-
stereomeric outcome is controlled by the stereocenter that bears
the N-tosyl carbamate. Both syn- and anti-diols (-)-6 and (+)-7
gave anti-oxazolidinone products [(-)-8 and (-)-9, respectively]
with good to modest diastereoselectivities and in excellent yields
(Scheme 2). Debenzylation of stereochemically and functionally
dense oxazolidinone (-)-8 with BCl3 afforded a known diol
intermediate (-)-10 used in the synthesis of 1,4-dideoxy-1,4-imino-
L-xylitol, a pyrrolidine with promising activity as a glycosidase
inhibitor (see Supporting Information).18

We hypothesized that routes based on selective C-H to C-N
bond-forming reactions would streamline the syntheses of nitrogen
containing compounds. To evaluate this, we compared the route
enabled by allylic C-H amination relative to a previous state-of-
the-art route based on allylic C-O substitution for the synthesis of
oxazolidinone (-)-15 (Scheme 3). This heterocycle is a known
intermediate toward L-acosamine derivative (-)-16, an aminosugar
that is key to the medicinal properties of clinically used chemo-
therapeutic agent epirubicin.19 Starting from aldehyde (-)-11,
enantiopure allylic C-H amination substrate (+)-12 was synthe-
sized in only two steps with no FGMs. By way of contrast,
beginning from the same starting material enantiopure allylic C-O
substitution substrate 14 had required five steps with two FGMs.1a
Hydrocarbon (+)-12 readily cyclized via allylic C-H amination
with very good diastereoselectivity (9:1 dr) to give a 70% isolated
yield of desired anti-(-)-15. Significantly, the C-H to C-N route
to enantio- and diastereomerically pure (-)-15 proceeded in half
the total number of steps, no FGMs, and comparable overall yield
to the alternative C-O to C-N bond-forming route.1a

Stoichiometric studies were performed to test the hypothesis that
allylic C-H amination proceeds via a C-H cleavage mechanism
involving a π-allylPd intermediate. When a stoichiometric mixture
of N-tosyl carbamate 2a and Pd(OAc)2/bis-sulfoxide 1 were heated
for 2 h, 1H NMR analysis indicated approximately 24% conversion
of starting material 2a to oxazolidinone product 3a.20 Significantly,
a π-allylPd species was not observed. We next evaluated Pd(TFA)2/
bis-sulfoxide in an analogous experiment (Scheme 4). Using this
alternative palladium(II) source having a counterion that is a much
weaker base, 1H NMR analysis at the same 2 h time point revealed
predominant formation of a π-allylPd complex (ca. 61%) and no
significant formation of product 3a (<5%).21 Importantly, the
addition of an external acetate source to this π-allylPd intermediate
led to the formation of 3a with a similar yield and identical
diastereoselectivity to that observed under standard catalytic condi-
tions (Scheme 4 and Table 1, entry 5).
An alternative mechanism involving olefin isomerization fol-

lowed by aminopalladation and "-hydride elimination was also
considered. In that vein, internal (E)- and (Z)- olefins 17 and 18

Scheme 1 a

a Conditions: (a) RuCl3 (5 mol %), NaIO4 (5 equiv), CH3CN/CCl4/H2O
(2:2:3), room temp (82%); (b) sodium naphthalene (8 equiv), DME, -78
°C; (c) 6 M HCl, 100 °C (63%, two steps).

Scheme 2 a

a Conditions: (a) 1 (10 mol %), 5 mol % additional bis-sulfoxide, PhBQ
(1.05 equiv), THF (0.66 M), 45 °C, 72 h; (b) BCl3 (5 equiv), CH2Cl2, room
temp, 72%.

Scheme 3

Scheme 4
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were independently synthesized and subjected to the reaction
conditions (Table 2). In contrast to R-olefin substrate 2a, both
internal olefins afford oxazolidinone product 3a with poorer yields
and higher diastereoselectivities that decrease over time (Table 2,
entry 3 vs entries 1 and 2). The latter is most likely due to formation
of Pd-H in the oxidative aminopalladation pathway that mediates
olefin isomerization to 2a. Significantly, with R-olefin substrate
2a, olefin isomers 17 or 18 were not detected under standard
reaction conditions,22 and no change in the diastereoselectivity of
oxazolidone product 3a is observed during the course of the reaction
(Table 2, entry 3).

Collectively, this data strongly supports a mechanism for allylic
C-H amination involving Pd(II)/bis-sulfoxide promoted allylic
C-H cleavage to form a π-allylPd intermediate followed by acetate-
mediated functionalization. The acetate most likely acts as a base
to deprotonate the N-tosyl carbamate nucleophile.23 A key to this
catalytic amination reactivity is the ability to use catalytic quantities
of acetate base that can be regenerated via quinone-mediated Pd-
(0) oxidation. The use of stoichiometric base significantly attenuates
this reactivity, most likely by interfering with the electrophilic C-H
cleavage step of the catalytic cycle.24
In summary, this method represents the first general and

stereoselective Pd(II)-catalyzed allylic C-H amination reaction. The
good levels of diastereoselectivity and functional group tolerance
demonstrated for this method enable the synthesis of densely
functionalized anti-oxazolidinone products that can be rapidly
transformed into useful syn-1,2-amino alcohols. Mechanistic studies
support a Pd(II)/bis-sulfoxide mediated C-H cleavage to form a
π-allylPd intermediate followed by a Pd(II) counterion-mediated
deprotonation of the nitrogen nucleophile to achieve functional-
ization. The latter aspect of this mechanism may provide a general
approach for achieving activation of weak nucleophiles without
attenuating the reactivity of an electrophilic metal catalyst.25 Current
studies are focused on further exploration of the scope and
mechanism of this reaction.
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Table 2. Testing for a Possible Aminopalladation Mechanism

entry
olefin
isomer

isolated
yield 3a

5 h drb
(anti/syn)

72 h drb
(anti/syn)

1 E isomer (17) 20% 9:1 8:1
2 Z isomer (18) 9% 13:1 11:1
3 R-olefin (2a) 72% 6:1 6:1

a Reaction run using 1 (10 mol %), PhBQ (1.05 equiv), THF (0.66 M),
45 °C, 72 h. b GC.
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