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Wacker-type oxidation of alkene substrates containing hetero-

atoms, such as allylic ethers, is challenging. Herein we describe the

use of a dicationic Pd(II) complex, with tert-butyl hydroperoxide

(TBHP) as the oxidant and how hexafluoro-2-propanol (HFIP) can

improve performance. A series of substituted O-allylphenols and

more complex derivatives were studied.

In organic synthesis, the conversion of a terminal alkene to a
methyl ketone is a highly valuable transformation. Such Wacker-
type oxidation reactions have been studied for decades, but their
utility means that there is continued interested in improving
methods. Palladium based catalysts have been the most
prevalent,1,2 although in recent years, methods using first-row
transition metals have been emerging.3 A variety of methods
have been reported for palladium, using different additives and
different terminal oxidants. In comparison to other areas of cata-
lysis, (e.g. Pd catalyzed cross coupling) Wacker-type oxidation
reactions lag significantly behind in terms of performance.
Overall, there is a need to improve on key issues such as general
reaction conditions, catalyst loading and product selectivity.
Allylic ethers are a good example of a challenging class of sub-
strates; the presence of the nearby oxygen can result in hindered
catalytic performance and mixtures of products. Wacker-type oxi-
dations are often used in target-oriented syntheses, where allylic
ether functionality is present in relatively complex substrates.4–8

Even for a relatively simple substrate such as allyl phenyl ether
(1a), methods often require undesirable conditions, high catalyst
loadings or result in low product yield.9–15 In Fig. 1, we illustrate
some recent examples of aerobic methods16,17 and a tert-butyl
hydroperoxide (TBHP) method.18 The TBHP method reported by
Zou and colleagues,18 is arguably one of the best in terms of

product yield and catalyst loading, although the use of elevated
temperatures with peroxides such as TBHP is not ideal. Their
method uses hexafluoro-2-propanol (HFIP) as the solvent. We
have also been interested in solvent effects on Wacker-type oxi-
dations and the work by Zou was reported while we were carrying
out our own investigations with HFIP.

Our studies on Wacker-type oxidation reactions have
explored the use of dicationic Pd(II) complexes. Sigman and co-
workers were first to show that such complexes were highly
active for TBHP mediated Wacker-type oxidations.19–23 The use
of complexes with weakly coordinating anions enables more
facile binding of substrates, and cationic complexes are known
to improve the electrophilic activation of metal bound
alkenes.24 Sigman’s quinoline-2-oxazoline (Quinox) catalyst
system (Fig. 2A) was able to operate effectively under mild con-
ditions. Their method generated the dicationic complex in situ
using silver hexafluoroantimonate to abstract the chloride ions
from the palladium complex.

Sigman and co-workers carried out mechanistic studies,22

and found that the electronic asymmetry of the Quinox ligand
was beneficial for these reactions. They examined a series of
functionalised ligands and carried out a Hammett analysis
which led to a “push–pull” hypothesis (Fig. 2B). It was found

Fig. 1 Examples of the Wacker-type oxidation of allyl phenyl ether (1a)
to phenoxy-2-propanone (1b).
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that a Quinox derivative with a CF3 functionalised quinoline
led to faster rates. There were still some challenges though, as
such ligands were more difficult to prepare than standard
Quinox, and although they exhibited higher initial rates, this
did not translate to lower catalyst loadings as the turnover
number (TON) was similar. Nonetheless, these seminal studies
laid the foundation for catalyst design and greatly increased
the understanding of these systems. Since then, we25–29 and
other groups have explored the use of dicationic and/or elec-
tronic asymmetric ligands for Wacker reactions.18,30–33 In
addition to the mechanistic work by Sigman and co-workers,22

we (Muldoon) have carried out experimental mechanistic work
with Zare and Waymouth26 and computational studies with
Waymouth and García-Melchor.28 In the interest of brevity, we
have highlighted some key elements in a simplified version of
the catalytic cycle (Fig. 3A). For more detailed discussion and
supporting evidence, please see the aforementioned studies.

In 2023, we reported a new dicationic complex which used
2-(5-(trifluoromethyl)pyridin-2-yl)benzo[d]oxazole (5-CF3-PBO)
as a ligand. This ligand was shown to enable very effective cata-
lysis for TBHP mediated Wacker-type oxidation reactions.27 An

advantage of the PBO ligand scaffold versus Quinox is that a
range of PBO derivatives can be readily prepared. In that study
we examined 22 PBO derivatives and Quinox as a benchmark.
In line with Sigman’s observations on electronic asymmetry,
the best results were obtained with the 5-CF3-PBO ligand. We
also examined isolated dicationic complexes as well as those
generated in situ with silver salts (with several different
anions). Overall, isolated complexes gave better results,
although for some substrates/conditions, there was little differ-
ence. The optimal catalyst is shown in Fig. 3B, which has tri-
flate ([OTf]−) counterions, which are more stable than [SbF6]

−,
a species that readily undergoes hydrolysis.34

For cationic catalysts, it is important to use weakly coordi-
nating solvents and methylene chloride had previously been
used in the Sigman system. Methylene chloride is a popular
choice for cationic catalysts, because it is polar but weakly
coordinating.35–37 In our studies, we found that trifluoroto-
luene improved catalyst TON in comparison to methylene
chloride. Additionally, we showed how the presence of HFIP
could lead to improved catalytic performance for the oxidation
of oct-1-en-3-yl acetate. This was a model substrate for a class
of substrates (protected allylic alcohols) which had previously
been shown to be challenging.19,22 HFIP is weakly coordinat-
ing but with strong hydrogen bond donor abilities. In our
studies, it was concluded that hydrogen bonding between
HFIP and the Lewis basic sites on this substrate (and product)
enables the Pd(II) catalyst to oxidise the substrate more
efficiently. HFIP was also found to improve catalyst stability.
Control experiments and diffusion-ordered spectroscopy
(DOSY) NMR studies indicated that HFIP slowed down catalyst
deactivation. Water and TBHP were thought to be responsible
for this aggregation, and the presence of HFIP was found to
slow down the rate of aggregation.

We wanted to explore this method for other challenging sub-
strates, such as allylic ethers, which as mentioned earlier, are
known to be difficult for Wacker-type oxidation reactions. In
addition, we (Hawkins) had explored the use of Wacker oxidation
in studies towards the synthesis of oxyisocyclointegrin.8 In these
studies, it was found that Sigman’s Quinox/TBHP method,19 was
superior to aerobic Tsuji–Wacker conditions. Nonetheless, a cata-
lyst loading of 20 mol% was required to oxidize 16a (product 16b
shown later in Fig. 5). Herein, we discuss the oxidation of model
allylic ether substrates along with more complex substrates.

We began by examining allyl phenyl ether (1a), using a variety
of conditions similar to those we had employed in our earlier
studies.27 We tested the isolated [Pd(5-CF3-PBO)(S)2][OTf]2
complex, and the one prepared in situ from Pd(5-CF3-PBO)Cl2
and Ag[OTf]. We began with the in situ method and using anhy-
drous conditions; with a solution of TBHP in trifluorotoluene. It
was clear that HFIP was beneficial to these reactions (Fig. S1),
but it was found that using water-free conditions was not ideal
for this substrate. Although high yields of product could be
obtained, at longer reaction times the yield diminished as the
catalyst began to decompose the product (Fig. S1–S3). We found
that using aqueous TBHP prevented this decomposition
(Fig. S4). In addition, the use of aqueous TBHP is advantageous

Fig. 2 A. General conditions for TBHP Wacker with Sigman’s Quinox
catalyst. B. Illustration of the ligand’s electronic asymmetry and a pro-
posed intermediate.

Fig. 3 A. Simplified catalytic cycle for TBHP mediated Wacker-type oxi-
dation of alkenes starting with a dicationic Pd(II) complex. B. Screening
studies led to the development of the [Pd(5-CF3-PBO)(S)2][OTf ]2 catalyst
(where S = MeCN and/or H2O).
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as it is a commercial product. We found that the catalyst gener-
ated in situ gave similar results to the isolated complex (Fig. S9)
and that 20 equivalents of HFIP delivered more consistent cata-
lytic performance than 10 equivalents (Fig. S11 and S12). We
then decided to use the isolated complex for the remainder of
the studies as there are no concerns about substrate/product
interactions with the silver salt and reactions are fully homo-
geneous. Fig. 4 shows that 1a is converted to 1b rapidly with
1 mol% of this complex at 27 °C.

A higher yield of product was obtained when we started the
reaction at 0 °C, an approach previously used by Sigman and
co-workers.19 It was found that when the reaction was held at
0 °C for 30 minutes, then transferred to a pre-warmed heating
block at 27 °C, the reaction affords a higher final 1b yield (see
also Fig. S13). We have observed that for substrates which
react fast at room temperature there is considerable heat
evolved. This is not ideal when peroxides are present; in
addition, the heat likely leads to faster catalyst deactivation.
Holding the reaction at 0 °C for the entire duration did not
give any further improvement (Fig. 4). At 1 mol% catalyst
loading, raising the HFIP content afforded little improvement
(Fig. S14). However, with 0.5 mol% catalyst loading, a notice-
ably higher yield of 1b was obtained with 40 eq. HFIP than
with 20 eq. (Fig. S15), though with even greater HFIP content,
the yield of 1b became diminished, which correlates with our
previous findings where the dicationic catalyst was unstable in
higher (neat) HFIP content.27 The conditions were further
studied with variations to the method (Fig. S16 and S17), but
no further improvement was observed.

Another substrate tested, allyl benzyl ether (2a), could be
converted to its methyl ketone in 85% yield (Fig. 5), but this
was not improved by the initial lower temperature (Fig. S20). It
was also found that extended reaction times led to reduced
yields, even when using aqueous TBHP (Fig. S20). This is likely
due to over-oxidation of the activated benzylic position in 2b
which is absent in the previous substrates.

Next, the functional group tolerance of the catalyst system
was inspected, by synthesizing and oxidizing derivatives of 1a
(Fig. 6). Initial screening used 1 mol% catalyst loading but
some substrates appeared to be less reactive (Fig. S21 and
S22). Hence, the catalyst loading was raised slightly to
1.5 mol%. Good yields could be obtained for a number of sub-

Fig. 4 Oxidation of 1a to 1b under different temperatures. Conditions:
1a (0.9 mmol, 0.1 M), [Pd(5-CF3-PBO)(S)2][OTf]2 (1 mol%), TBHP (aq., 12
eq.), trifluorotoluene, HFIP (20 eq.). Analysed by GC-FID with an internal
standard. Results are an average of two reactions.

Fig. 5 Oxidation of 2a. Conditions: 2a (0.9 mmol, 0.1 M), TBHP (aq., 12
eq.), trifluorotoluene, [Pd(5-CF3-PBO)(S)2][OTf]2 (1 mol%), HFIP (20 eq.).
Analysed by GC-FID with an internal standard. Yield is an average of two
reactions.

Fig. 6 Yields of methyl ketones obtained from 1a derivatives at
1.5 mol% catalyst loading. Conditions: substrate (0.9 mmol), [Pd(5-CF3-
PBO)(S)2][OTf]2 (1.5 mol%) TBHP (aq., 12 eq.), HFIP (20 eq.). Yields
reported, unless specified, are for isolated products. a Analysed by
GC-FID with an internal standard. b Reaction carried out with 1 mol%
catalyst. cCrude reaction mixture analysed by 1H NMR with an internal
standard.
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strates, and no significant electronic effect was observed. In
the case of 13a, the yield of 13b is low and it appears that
coordination of the nitrile group inhibits the catalyst, some-
thing which is supported by additional additive studies that
we carried out. To investigate the system’s ability to tolerate
functionalities, we used using an approach similar to that
developed by Glorius and co-workers.38 We carried out the oxi-
dation of 1a in the presence of other additives (Fig. S23).
Halogenated additives (iodobenzene and bromobenzene) had
no impact on the reaction, whilst phenol, benzonitrile and
benzoic acid markedly reduced product yield. When amines,
N,N-diethylaniline and pyridine, N-allylaniline (15a) were
screened as additives, no conversion occurred and only
unreacted 1a was seen. This is consistent with the lack of con-
version obtained for 14a and 15a. The results of the substrate
and additive screening indicate substrates including basic
nitrogen-containing functionalities are problematic, likely due
to strong interactions with the Pd(II) centre under these mild
conditions.

Wacker oxidation has important applications in complex
organic synthesis, including the oxidation of allylic ethers.4–8

Hence, the system was applied to the oxidation several
complex organic structures containing terminal alkenes
(Fig. 7). Substrate 16a was converted to 16b in 68% yield,
which is comparable to that obtained previously in work by
Hawkins and Smith with this substrate using the [Pd(Quinox)
Cl2]/Ag[SbF6] system (74%) but at a much lower catalyst
loading (5 mol% vs. 20 mol%).8 Substrates 17a and 18a
afforded the corresponding ketone products in 74% and 55%
yields respectively, showing the method to be compatible with
acid labile spirocyclic acetals, as well as tolerating the presence
of ester, flavone, bromo and methoxy functional groups.
Compatibility with substrates bearing an unprotected allylic

alcohol was shown by oxidation of 19a to 19b in 57% yield.
Conversion of the acetate-protected 20a to methyl ketone 20b
was low, with most of the material recovered found to be the
alkene substrate. It is possible that the presence of additional
coordinating oxygen atoms hamper activity through coordi-
nation with the Pd(II) centre. Indeed, small changes to the
structure of such compounds can have a significant effect and
we found that for a number of substrates (21a–25a), we were
unable to obtain the desired products (see Fig. S25).

We have demonstrated the application of the [Pd(5-CF3-
PBO)(S)2][OTf]2 catalyst system for Wacker oxidation of allylic
ethers. HFIP was found to play an essential role in enabling
high levels of activity. The system generally exhibits excellent
performance for a range of allylic ether substrates and has
applicability to some complex substrates. Overall, we have
demonstrated that our catalyst and conditions are superior to
previously reported methods.
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