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ABSTRACT: An enantioselective intermolecular coupling
of oxygen nucleophiles and allylic alcohols to give β-
aryloxycarbonyl compounds is disclosed using a chiral
pyridine oxazoline-ligated palladium catalyst under mild
conditions. As opposed to the formation of traditional
Wacker-type products, enantioselective migratory insertion
is followed by β-hydride elimination toward the adjacent
alcohol. Deuterium labeling experiments suggest a syn-
migratory insertion of the alkene into the Pd−O bond. A
broad scope of phenols, various allylic alcohols, and an
alkyl hydroperoxide are viable coupling partners in this
process.

The addition of heteroatom nucleophiles to alkenes is an
area of great interest to the synthetic community.1

Perhaps the most extensively investigated process of this type
is the Pd(II)-catalyzed coupling of water and alkenes, known as
the Wacker reaction.2 In general, addition of oxygen
nucleophiles to alkenes can proceed through either nucleophilic
addition (anti) or migratory insertion (syn) to deliver a Pd−
alkyl intermediate (A). Despite recent advances in Pd(II)-
catalyzed alkene functionalization reactions, the enantioselec-
tive coupling of oxygen nucleophiles and alkenes remains
underdeveloped, especially in an intermolecular setting.3,4 This
is because at the stage of A β-hydride elimination of Ha occurs
to ultimately deliver an achiral product (B, Scheme 1A).2 To
circumvent this innate selectivity, several strategies have been
reported in which the stereochemical information generated
after nucleophilic addition is retained in the product (Scheme
1B). The first, described by Hosokawa and Murahashi, is an
enantioselective Wacker-type cyclization of ortho-
(trisubstituted)allyl phenol derivatives.5 Chiral dihydrofurans
are generated in this reaction as the Pd−alkyl intermediate,
generated upon cyclization, cannot undergo β-hydride elimi-
nation toward the oxygen by virtue of no available C−H bonds.
The enantioselectivity of this reaction was significantly
improved by both Hayashi and Uozumi6 as well as Stoltz and
co-workers who also applied aerobic reaction conditions.7−9 A
second, distinctly different, approach has been reported by our
group in the enantioselective difunctionalization of styrenes
containing an ortho-phenol.10 This reaction is also initiated by
enantioselective nucleopalladation wherein the resulting Pd−
alkyl intermediate readily undergoes decomposition to an ortho-
quinone methide in lieu of β-hydride elimination. Diaster-
eoselective intermolecular addition of a second nucleophile
then occurs to deliver the product.

In all, the two approaches described above utilize designed
substrates to avoid the propensity of the Pd intermediate to
eliminate the C−H bond at the site of nucleopalladation in
intermediate A. To the best of our knowledge, there have been
no reports of processes, after initial oxypalladation, where β-
hydride elimination of Hb occurs in the presence of Ha. Thus,
we questioned whether it would be possible to develop an
enantioselective Pd-catalyzed intermolecular addition of an
appropriate oxygen nucleophile to a simple disubstituted
alkene, which avoids deleterious β-hydride elimination of Ha
and provides an enantioenriched product (C, Scheme 1A).11

At the outset of this study, we were cognizant of two
underlying mechanistic challenges: (1) how can a site selective,
mechanistically distinct oxypalladation step be facilitated, and as
articulated above, (2) can the resultant Pd-intermediate avoid
β-hydride elimination at the newly established C−O stereo-
center? In terms of the first question, the use of a disubstituted
allylic alcohol should proceed under the requisite reaction
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Scheme 1. Wacker-Type Alkene Functionalization

Communication

pubs.acs.org/JACS

© 2016 American Chemical Society 15881 DOI: 10.1021/jacs.6b11486
J. Am. Chem. Soc. 2016, 138, 15881−15884

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b11486


conditions in high site selectivity as established in both the
Wacker12 and Heck literature.13 Likely of more importance is
whether the oxy-palladation occurs via either a syn (Heck-type)
or anti (Wacker-type) addition. If both mechanisms are
operative, it is difficult to imagine that a chiral ligand can
impart enantioselectivity during the key C−O forming step.
Both Stoltz7a and Hayashi14 have shown that their respective
cyclization reactions occur via syn insertion of the alkene into
the Pd−O bond. However, it should be noted that these are
both intramolecular processes and most intermolecular
additions of oxygen nucleophiles are thought to proceed
through a Wacker-type anti addition.2 Therefore, in our initial
evaluation of oxygen nucleophiles, we focused on more acidic
variants to bias the system toward a possible syn-oxypalladation.
Concerning the second challenge, assuming the C−O bond

formation could be rendered enantioselective, it was reasoned
that the direction of β-hydride elimination could be again
influenced by the use of an allylic alcohol as the alkene coupling
partner. Specifically, after oxy-palladation, intermediate 4
should be formed (Scheme 1C). We hypothesized that the
terminal OH should render Hb in 4 more hydridic than Ha,
since the phenol oxygen’s lone pair is in conjugation with the
aromatic ring. β-Hydride elimination should, therefore, occur
preferentially with Hb akin to our efforts in relay Heck-type
reactions.15 Herein, we report the successful development of
the addition of phenols and an alkylperoxide to allylic alcohols
to form β-alkoxyaldehyde and ketone derivatives.
To initiate our studies, phenol (1a) and cis-2-penten-1-ol

(not shown) were selected as model substrates for reaction
discovery and optimization. Employing reaction conditions
similar to our previously reported oxidative relay-Heck reaction
(Pd(OTs)2(MeCN)2, pyridine oxazoline (PyrOx) ligand L-1,
Cu(OTf)2, O2 and DMF)15c gave trace product (<1%).
Additionally, the use of other polar solvents provided <5% of
the desired product. A significant increase to 20% yield
occurred when the solvent was changed to 1,2-dichloroethane
and benzoquinone (BQ) was employed as the terminal oxidant.
Further improvements were found upon switching from cis- to
trans-2-penten-1-ol (2a), leading to desired product 3a in 41%
yield and 60:40 er (entry 1, Table 1). Surprisingly, a significant

increase in enantioselectivity occurred (87:13 er) when the less
bulky 2-i-PrPyrOx L-2 was employed (entry 2) in contrast to
our previous reports.15d A variety of bases and oxidants were
then examined to presumably enhance the formation of the Pd-
phenoxide complex required for a Heck-type addition (entries
2−5). As a result, Ca(OH)2 and BQ were selected for further
ligand optimization. A range of differentially substituted PyrOx
ligands were examined, which ultimately revealed 2-PhPyrOx
(L-3) furnishing product 3a in 68% yield and 93:7 er (entry 6).
Decreasing the reaction temperature resulted in a significantly
reduced yield (34%) without a commensurate increase in
enantioselectivity (entry 7). Ultimately, changing the solvent to
trifluorotoluene led to an improved 76% isolated yield and 94:6
er (entry 8).
With the optimal reaction conditions in hand, the scope of

allylic alcohols using phenol as the standard nucleophile was
examined. Increasing the length of the alkyl group did not
significantly alter the yield and er of the corresponding
aldehyde (3b-c). However, when trans-crotyl alcohol (2d)
was subjected to the reaction conditions, a decrease in er was
observed (3d, 90.5:9.5 er). Methyl branching and incorporation
of a phenyl group on the alkyl chain resulted in a decrease in
enantioselectivity (3e and 3f, respectively). Functional groups
such as a tosyl-protected alcohol (3g), nitrile (3h), phthalimide
(3i) and primary chloride (3j) are tolerated in this reaction and
provide the desired aldehydes in modest yield and good er.
Two secondary allylic alcohols were also subjected to the
reaction and afforded the corresponding β-phenoxyketones 3k
and 3l in good yield and excellent er (96:4 and 95.5:4.5,
respectively). Unfortunately, the analogous homoallylic alco-
hols do not react effectively under these conditions and only
recovered phenol was observed.
The enantioselectivity of this reaction is, for the most part,

unaffected by differentially substituted phenols, containing both
electron-withdrawing and donating groups. Fluoride-, chloride-
and bromide-substituted phenols afford the corresponding
aldehydes (3n−p) in good yield (57−75%) and enantiose-
lectivity (94:6 er). Additionally, electron-deficient 4-(CF3)-
phenol (1q) delivered aldehyde 3p in 61% yield and 93:7 er,
whereas 4-(OCF3)-phenol (1r) produced aldehyde 3r in 94:6
er, albeit in 38% yield. Electron-donating 4-benzyl ether 1s also
works well under these reaction conditions, providing product
3s in 76% yield and 93:7 er. The reaction endures ortho-
substituted phenols (1t) with a moderate decrease in yield and
enantioselectivity (3t, 41% yield, 91:9 er). A variety of
differentially alkyl substituted phenols were also evaluated
and afforded the desired products in excellent yields and er
(3u−w). Finally, 3-acetylphenol (1x) furnished product 3x in
55% yield and 90:10 er. It should be noted that phenols that
were not soluble in trifluorotoluene (1s, 1v, 1x) performed well
in 1,2-dichloroethane. The hydroquinone byproduct generated
in these reactions was not observed to undergo competive
addition to the allylic alcohols for the reactions reported in
Tables 2 and 3.
Unlike Heck arylations and alkenylations, which undergo syn-

migratory insertion, the mechanism by which oxygen
nucleophiles add is highly dependent on the reaction
conditions employed.1 To establish the mode of insertion
(syn or anti), deuterated alkenol 2a-d2 was prepared and
subjected to the standard reaction conditions (Scheme 2).
Assuming the alkene does not dissociate during the reaction,
the initially generated Pd−C stereocenter is retained in the
migration sequence.15a,b As a result, the relative stereochemistry

Table 1. Reaction Optimizationa

aReaction optimization was performed on 0.2 mmol scale. Yields were
determined by 1H NMR using an internal standard. Er values were
determined by HPLC after reduction to the corresponding alcohol.
b50 °C. c10 °C. dIsolated yield in parentheses.
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between the site of phenol addition and the α-deuterium in the
aldehyde product would allow the insertion mechanism to be
rationalized as either syn (cis relationship) or anti (trans

relationship, Scheme 2A). In the event, aldehyde 3a-d2 was
isolated with complete diastereoselective migration of one
deuterium atom to the α-carbon (Scheme 2B). To determine
the relative stereochemistry between the phenol and the α-
deuterium, aldehyde 3a-d2 was converted to chromanone 5, a
common pharmacophore, through a Pinnick oxidation/
Friedel−Crafts sequence.16 Subsequent 1D nOe experiments
confirmed a cis relationship, as shown on the structure 5 in
Scheme 1B. This provides strong evidence for a syn migratory
insertion pathway occurring in this reaction. Direct evidence for
syn migratory insertion into Pd−O bonds has been reported by
several groups for intramolecular processes.7a,14,17 However,
such evidence is comparatively lacking for intermolecular
processes. The mechanistic features of this reaction closely
resemble those of an oxidative Heck reaction but with an
oxygen nucleophile. The absolute stereochemistry of 5 was
determined to be (S) through [α]D comparison with the
reported non-deuterated analogue (see Supporting Informa-
tion). This is consistent with the stereochemical models
proposed in our previously reported redox-relay Heck
reaction.15b

As alluded to in the introduction, the pKa of the oxygen
nucleophile would likely be critical for effective syn oxy-
palladation of internal alkenes. Indeed, simple aliphatic alcohols
do not undergo this reaction, but on the basis of our previously
reported use of alkyl peroxides in Wacker oxidations,18 we
reasoned that such nucleophiles would be applicable to this
reaction manifold. Indeed, cumene hydroperoxide 6 was found
to participate effectively, allowing access to β-peroxycarbonyl
products (Table 4).19,20 The scope was briefly examined, using
(R)-L-3 as ligand, and 7a−c were afforded in good yield and
enantioselectivity. Unfortunately, use of primary allylic alcohols
with cumene hydroperoxide resulted in low product yields,

Table 2. Evaluation of Allylic Alcoholsa

aEach entry represents the isolated yield on 0.25 mmol scale. The er
values were determined by SFC and HPLC after aldehyde reduction.
b2 mmol: 50% yield, 94:6 er.

Table 3. Evaluation of Phenolsa

aEach entry represents the isolated yield on 0.25 mmol scale. The er
values were determined by SFC and HPLC after aldehyde reduction.
b1,2-Dichloroethane as solvent.

Scheme 2. Mechanistic Analysis

Table 4. Evaluation of Cumene Hydroperoxidea

aEach entry represents the isolated yield on 0.20 mmol scale. Er values
were determined by SFC.
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potentially due to decomposition of the aldehyde product in
the presence of excess hydroperoxide. Lastly, it has previously
been demonstrated that the O−O bond in these molecules can
be reduced to afford formal cross-aldol products.20

In conclusion, we have developed the first enantioselective,
intermolecular “oxa-Heck” reaction between commercially
available oxygen nucleophiles (phenols and cumene hydro-
peroxide) and allylic alcohols. Mechanistic studies provide
evidence for a syn migratory insertion in the C−O bond
forming event; a mechanism that is underdeveloped in
intermolecular, asymmetric processes. The strategic use of
allylic alcohols promotes the direction of β-hydride elimination
“away” from the newly formed C−O stereocenter to deliver
ultimately β-aryloxy- and β-peroxycarbonyl products. The
carbonyls formed from this reaction are formal conjugate
addition adducts. However, there are few reports of
enantioselective oxa-Michael reaction of phenols with α,β-
unsaturated coupling partners.21 This new methodology thus
provides a complementary approach for the synthesis of these
products. Future studies in our laboratory will focus on
expanding the scope of this new reaction by exploring new
heteroatom nucleophiles compatible with this strategy.
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