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ABSTRACT

A Pd-catalyzed asymmetric alkene 1,2-dioxygenation reaction is described. The diastereoselectivity of the reaction is controlled by tethering a
chiral oxime ether directing group to the alkene substrate. The best selectivities are obtained with 8-substituted menthone-derived oxime ether
auxiliaries.

Alkene difunctionalization reactions are synthetically
valuable methods that generate two new bonds and up to
two stereocenters in a single operation. These transforma-
tions are frequently catalyzed by transition metals, with
osmium-based catalysts being particularly effective at
controlling the relative and absolute stereochemistry of
the products.1 Recently, a number of exciting reports
have demonstrated the feasibility of high-oxidation state
Pd-catalyzed alkene difunctionalization.2,3 These Pd-
catalyzed reactions are of particular interest because they
are mechanistically distinct from the corresponding Os
systems. Whereas Os promotes concerted syn addition of
twoheteroatoms across the alkene, high valent Pd catalysis
involves the formation of eachnewC�Xbond in a discrete
step.2a As a result, this mechanistic manifold offers the
potential for greater reaction diversity, with the possibility

of adding two different functional groups across a C�C
double bond in a highly selective fashion.2,3

Over the past 10 years, numerous high-valent Pd-
catalyzed alkene difunctionalization reactions have been
developed.4�12 These include methods for alkene di-
oxygenation,4 aminooxygenation,5 diamination,7 amino-
halogenation,8,9 and aryl halogenation.10 These transfor-
mations often proceed with selectivity for either syn or anti
additionof the vicinal groups.However, the stereoselective
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formation of nonracemic products in these reactions has
remained largely elusive.13

One appealing approach for achieving asymmetric
Pd-catalyzed alkene difunctionalization would involve
the use of a chiral directing group. A related strategy has
been successfully employed by Yu to achieve asymmetric
high valent Pd-catalyzed ligand-directed C�H bond
oxidation.14 In a similar fashion, we envisioned that the
chiral directing group in substrate 1 (Scheme 1) could relay
stereochemical information to the stereocenter formed in the
product (3) via palladacycle intermediate 2. This approach
should also enable more facile difunctionalization, because

thedirectinggroupwouldbring thePdproximal to the target
olefin.
Our initial investigations have focused on chiral oxime

ethers as directing groups for asymmetric alkene dioxygena-
tion.Thesedirectinggroupswere selectedbasedon threekey
criteria: (1) oxime ethers are known to be effective directing
ligands for other Pd-catalyzed reactions (particularly C�H
functionalization),15 (2) the substrates can easily be pre-
pared from an allyl alcohol and a chiral ketone, and (3)
diverse chiral nonracemic ketones are readily available.

Scheme 1. Chiral Ligand-Directed Approach to Asymmetric
Alkene Difunctionalization

Table 1. Dibenzoylation of 4 and Control Reactionsa

aConditions: substrate (1 equiv), PdCl2(PhCN)2 (0.05 equiv),
PhI(OBz)2 (2 equiv), dry toluene (0.12 M in substrate), 50 �C, 8 h.
b Isolated yield. cProduct was not detected by NMR spectroscopic
analysis of the crude reaction mixture.

Table 2. Alkene Dioxygenation with Chiral Auxiliaries Derived
from Commercial Ketonesa

aConditions: substrate (1 equiv), PdCl2(PhCN)2 (0.05 equiv),
PhI(OBz)2 (2 equiv), dry toluene (0.12 M in substrate), 50 �C, 8 h.
b Isolated yield. cDetermined by relative integrations of at least two pairs
of peaks in the 13C and/or 1HNMRspectra; see Supporting Information
for details. dProductwas not detected byNMRspectroscopic analysis of
the crude reaction mixture.
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We first examined the Pd-catalyzed dioxygenation
of achiral oxime ether substrate 4 with PhI(O2CPh)2.

4

Using PdCl2(PhCN)2 as the catalyst, this transformation
proceeded in good yield under mild conditions (8 h at
50 �C in toluene) (Table 1, entry 1).16 Importantly, no
dioxygenation was observed in the absence of Pd under
these conditions, even upon the addition of 5�10mol%of
TfOH or BF3•OEt2.

17 Although allyl propyl ether (5) and
oxime ether 4 both contain an olefin allylic to an oxygen
atom, 5 was completely unreactive under the optimized
conditions. This result demonstrates that the oxime ether
moiety in 4 is necessary to facilitate the dioxygenation
reaction under these mild conditions.18

Literature precedent suggests that this transformation
proceeds via amechanism involving oxime ether coordina-
tion, oxypalladation, oxidation from PdII to PdIV, and
thenC�Obond forming reductive elimination (Scheme 2).
Within the context of this general manifold, there are
several unresolved details that are critical for the stereo-
chemical outcome of the reaction. In particular, the initial
step could proceed via either trans (paths a and b) or cis
oxypalladation (paths c and d);2,4 furthermore, the final
reductive elimination could proceed by direct (paths a
and c) or SN2-type (paths b and d) mechanisms.2,4,5 In
an achiral system, these four pathways would lead to two
different products (overall syn or anti addition).
To probe these possibilities, we examined the stereoche-

mical outcome of Pd-catalyzed dibenzoylation with cis-
and trans-7 as substrates.Under our optimal conditions, di-
oxygenation of both alkenes proceeded with high (g10:1)
selectivity for the syn addition product (Scheme 3).19

The syn selectivity suggests that the primary operative
mechanism is either (b) or (c) in Scheme 2.The observation
of high diastereoselectivity in this transformation is critical
for our goal of achieving asymmetric dioxygenation, as it
indicates that the stereocenter-forming steps proceed with
high stereochemical fidelity.
We next examined a series of chiral allyl oxime ethers

derived from commercially available chiral ketones (8�12,
Table 2). Notably, the E and Z oxime isomers of the same
parent ketone present significantly different steric environ-
ments to a coordinated Pd center. Therefore, the E and Z
diastereomers were separated and studied individually
when possible (substrates 8 and 10).
Oxime stereoisomers E-8 and Z-8 underwent Pd-cata-

lyzed dibenzoylation to afford two spectroscopically dif-
ferent sets of products. This result demonstrates that the
oxime ether is configurationally stable under the mild
reaction conditions. The stereocenter R to the oxime will
be in closer proximity to the coordinated Pd center in E-8
relative to Z-8. Thus, as expected, the former afforded the

Scheme 2. Possible Mechanistic Pathways for Oxime-Directed Dibenzoylation

Scheme 3. Syn Diastereoselectivity in the Dibenzoylation of
trans and cis Internal Alkenes 7
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dibenzoylated product in higher dr than the latter (63:37
versus 52:48, respectively).
In keeping with the trend observed with E-8 and Z-8,

the dr’s obtained with substrates derived from other
commercial chiral ketones tracked with the steric environ-
ment at the R-position of the oxime. For example, the
diastereoselectivity of the reaction of 9was lower than that
seen with E-8. This can be rationalized based on the fact
that the 3�-R stereocenter of 9 is tied back into a bicyclic

scaffold. Improved diastereoselectivity (75:25) was ob-
served in E-10, which contains a 4�-R stereocenter. How-
ever, the overall yield was low, likely due to the highly
congested steric environment proximal to the oxime. In
keeping with this hypothesis, the opposite oxime isomer
(Z-10) afforded a lower dr (66:33) but better reactivity.
Furthermore, the use of substrate 11, which contains an
even more hindered 4�-R stereocenter, resulted in drama-
tically decreased reactivity (no dioxygenated product was
observed in this case). Among the substrates inTable 2, the
best balance between reactivity and selectivity was ob-
tained withmenthone-derived substrate 12, which features
β-branching adjacent to a 3�-R stereocenter.
To improve further on the selectivity seen with 12, we

prepared a number of 8-substituted menthone auxiliaries.
Interestingly, the addition of a third methyl group to
the β-position of the ketone (13) provided a substantial
improvement in stereoselectivity (dr = 86:14 for 13a,
compared to 74:26 for 12a). The selectivity remained un-
changed upon additional monosubstitution at the γ-posi-
tion. However, a further improvement in dr (to 90:10)
was observedwith 17, which contains a 3�-carbon center at
the γ-position. Notably, as shown in Table 3, a decline in
reaction yield was seen as the steric bulk of the auxiliary
increased (compare 17a and 15a to 13a). Overall, auxili-
aries 13 and 17 provide particularly promising results and
have potential for further applications in this field.
In summary, the results presented herein demonstrate

that a chiral oxime ether directing group can be used
to control the stereochemical outcome of high valent Pd-
catalyzedalkenedioxygenation.Readilyaccessiblementhone
derivatives are particularly effective auxiliaries for these
transformations. Ongoing investigations are focused on
broadening the scope of this work to a more diverse set
of nucleophiles and alkene substrates. In addition, current
studies seek to expand this strategy to the use of related
chiral auxiliaries as catalysts via reversible in situ forma-
tion of oxime ether and/or imine derivatives.
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