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This work examines the palladium(II) catalysed oxidation of terminal alkenes to their corresponding methyl

ketones using tert-butyl hydroperoxide (TBHP) as the oxidant. The study aimed to reduce catalyst loadings

and to understand some of the factors which are important in the design of more effective methods. A

series of ligands based around 2-(2-pyridyl)benzoxazole (PBO) were studied and a new dicationic catalyst

was developed which can operate more efficiently than previously reported catalysts. The choice of solvent

system was also found to have a significant impact on catalyst performance. In the case of oct-1-en-3-yl

acetate, a model substrate for a challenging class of substrates (protected allylic alcohols), it was found that

using 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), as part of a solvent mixture, greatly improved the reaction;

enabling shorter reaction times and lower catalyst loadings.

Introduction

The oxidation of a terminal alkene to a methyl ketone is a
very useful transformation in organic synthesis, one which
could be used for the preparation of a range of fine chemicals
and medicinal compounds. The most common methods for
this transformation use a simple Pd(II) salt, water as the
nucleophile, molecular oxygen as the terminal oxidant and an
electron transfer mediator to facilitate the oxidation of the
Pd(0) intermediate.1–6 The application of “Wacker-type”
reactions for organic synthesis have been studied since the
1960s but there is still significant room for improvement,
with methods often having problems such as high catalyst
loadings (i.e. low turnover number (TON)), slow reaction
kinetics and low product selectivity to the desired product.
These challenges have inspired researchers to continue to
study this important transformation. For example, in recent

years, it has been shown that first-row transition metal
catalysts can perform Wacker-type oxidation reactions,7 with
iron based systems showing particular promise.8–13

In the case of Pd based methods, an alternative approach to
aerobic systems is to use peroxides to mediate these reactions.
Peroxide-mediated Wacker reactions have been studied less than
their aerobic counterparts, but some of the work to-date
indicates they have the potential to address some of the
limitations of aerobic systems. In addition, implementing
peroxide based reactions is attractive to some users, as it does
not require pressurised gas systems. This can make it more
accessible to some research chemists or even those in
production. This is supported by the fact that there are more
examples of peroxide based oxidation reactions in the
production of pharmaceuticals compared to aerobic methods.14

In 1980, the oxidation of alkenes to ketones by Pd(II) salts
with H2O2 or tert-butyl hydroperoxide (TBHP) was reported by
research groups led by Tsuji15 and Mimoun.16,17 The
synthetic utility and mechanistic understanding of TBHP
systems were later expanded, when the Sigman group
examined such systems.18,19 They developed a method which
utilised quinoline-2-oxazoline (quinox) as a ligand and
generated a dicationic Pd complex in situ using Ag[SbF6]
(Fig. 1A). Their studies gave valuable mechanistic
insights,18,20 which support the catalytic cycle illustrated in
Fig. 1B. Their studies also demonstrated that the catalyst was
suitable for a wide-range of substrates, delivering excellent
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yields and high selectivity to the desired ketone, even for
substrates which are typically very challenging for aerobic
methods.19,21–23 This is further illustrated by others who have
used the quinox/TBHP method in target-orientated
synthesis.24–27

There are several important characteristics that are needed
to produce effective catalysts for these Wacker-type reactions.
Sigman's studies showed that generating dicationic
complexes (using weakly coordinating anions) enables
activity under mild conditions,20 likely because such
complexes improve the electrophilic activation of metal
bound alkenes.28 The electronic asymmetric nature of the
quinox ligand was also shown to play a key role in the
efficiency of these TBHP-mediated reactions.20 More recently,
Bera and co-workers reported the use of an isolated
dicationic Pd(II) complex which employed an annelated
pyridyl mesoionic carbene as an electronically asymmetric
ligand (Fig. 1A).29 We have an interest in Pd(II) catalysed
oxidation reactions and have reported new catalysts for
aerobic30 and hydrogen peroxide-mediated31 Wacker-type
reactions using dicationic Pd(II) complexes. In these previous
Wacker studies we explored ligands based on the 2-(2-pyridyl)
benzoxazole (PBO) type core. Using H2O2, the PBO-based
catalyst (Fig. 1A) was only effective for styrene type substrates.
We carried out mechanistic studies in collaboration with
Waymouth and co-workers, and found there were
mechanistic differences between the H2O2 and TBHP-
mediated reactions.32 It was found that with H2O2, two

pathways to the product were possible. One pathway which
was the same as TBHP, with the product formed via a
1,2-hydride shift (as illustrated in Fig. 1B) and another (which
dominates) involving a palladium enolate intermediate.
During these studies, we observed that our [Pd(PBO)(MeCN)2]
[OTf]2 catalyst could employ TBHP as an oxidant, and for a
number of reasons, we were interested in exploring this class
of ligand further for TBHP based methods. The evidence
suggests that TBHP systems enable faster rates and a wide
substrate scope, and previous studies20 (discussed more
below) have also shown that ligand structure can have a
significant influence on reaction rate.

Despite the significant progress, there are still challenges
remaining in this area of Wacker-type oxidations. As is often
the case with oxidation reactions, it would be beneficial if the
catalyst loadings required could be reduced. Catalyst loadings
of 5–10 mol% are common4,5 and for some substrates, 20
mol% may be required.26,27 When compared to Pd cross-
coupling reactions, which can often use ppm or even ppb
levels of catalyst,33 it is clear that there is still significant
room for improvement in terms of catalyst stability. Not only
is Pd an expensive metal, but the ligand contributes
significantly to the cost and sustainability of an industrial
process.34 The elegant mechanistic studies by Sigman and co-
workers gave valuable design principles, when it showed that
the 4-CF3-quinox ligand delivered the best initial rates.20 A
drawback is that this 4-CF3-quinox ligand is obtained in low
yield via a 5-step synthesis. Additionally, this ligand did not
improve catalyst stability and the catalyst TON was similar to
the catalyst with the standard quinox ligand. In contrast to
substituted quinox-type ligands, it is possible to make a
range of functionalised PBO based ligands in a
straightforward manner. As Sigman and co-workers have
extensively explored substrate scope widely for these TBHP-
mediated reactions,19,21–23 we have focused on the
development of the catalyst and reaction conditions. We have
selected two challenging model substrates, namely 1-octene
and oct-1-en-3-yl acetate, for investigation. Aliphatic
substrates such as 1-octene are less reactive compared to
styrene type substrates and the oxidation reaction has to
compete with isomerisation of the double bond. In the case
of oct-1-en-3-yl acetate, this protected allylic alcohol often
reacts more slowly and can have product selectivity issues, as
a result of the alkene being close to a functional group which
can coordinate to the Pd.

Results and discussion

We began our studies with 1-octene and Fig. 2, shows the
ligands that were evaluated in our study. There was
significant variation in performance among the ligands, in
terms of both rate and TON, but it was found that the best
performance was obtained with 5-CF3-PBO (see Table S1, and
Fig. S3 and S5† and later for further details and discussion).
Fig. 3 illustrates the preparation of the dicationic catalysts
with this with 5-CF3-PBO ligand. This ligand can be

Fig. 1 A Examples of previous dicationic palladium catalyst systems
for peroxide-mediated Wacker-type oxidations. In the case of isolated
complexes, S = CH3CN. B Postulated mechanism for TBHP-mediated
oxidation by a dicationic Pd(II) complex with a bidentate ligand (L⌢L).
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synthesized in one-step from inexpensive commercially
available starting materials. The synthesis of 2-aryl(benzo)
oxazoles is well developed, as such compounds are of
importance in medicinal chemistry.35 In the case of 5-CF3-
PBO we utilised conditions based on previous reports for the
Pd catalyzed C–H bond arylation of benzoxazole.36,37 The

dicationic Pd oxidation complexes can be prepared in situ
using the Pd chloride complex and silver salts. This is most
effective when performed as a two-step procedure, involving
the initial preparation and isolation of the PdCl2 complex. A
number of dicationic PBO complexes can also be prepared
via the acidic route, as illustrated in Fig. 3 for the 5-CF3-PBO
ligand. We were unable to isolate a dicationic complex with
quinox. As discussed, later, the use of silver salts to generate
dicationic complexes often results in the same catalytic
performance, but isolated complexes (resulting in fully
homogeneous systems) offer advantages in system analysis
and investigating potential issues such as aggregation. In
addition, there are examples in catalysis, where silver salts
have played multiple and sometimes unexpected roles in
catalytic reactions.38,39

The electronic asymmetric nature of the 5-CF3-PBO ligand
was confirmed by obtaining an X-ray crystal structure of the
dicationic Pd(II) complex with bis(trifluoromethanesulfonyl)
imide ([(CF3SO2)2N]

−/[Tf2N]
−) anions, as shown in Fig. 4.

Although attempts to crystalise the trifluoromethanesulfonate
([CF3SO3]

−/[OTf]−) complex were unsuccessful, both
complexes displayed similar performance in reactions (see
Fig. 9 and S8†). The trifluoromethanesulfonate complex was
primarily used in most catalyst studies herein, owing to its
lower cost, compared to bis(trifluoromethanesulfonyl)imide.

Our investigation initially employed similar reaction
conditions as Sigman and co-workers, utilising
dichloromethane (DCM) as solvent for the oxidation of 1-octene
(Fig. S1 and S4†). Our results were in-line with their
observations, in terms of quinox performance and also the fact
that different ligands could deliver different initial rates, but
ultimately result in similar final TONs (Fig. S3†). As we began to
vary the conditions, we observed greater differences in catalyst
performance. As [SbF6]

− is known to readily hydrolyse,40 we
sought a more stable anion. This was important not only for
developing catalysts with higher TONs, but to also deliver
practical advantages in terms of general handling and storage.
Both [Tf2N]

− and [OTf]− are stable to water and it is possible to
make isolated complexes as well as generating them in situ. For

Fig. 2 Ligands examined in this study of TBHP-mediated Wacker-type
oxidation, highlighting Sigman's quinox ligand and our best performing
ligand, 5-CF3-PBO.

Fig. 3 Synthesis of the 5-CF3-PBO ligand and associated dicationic Pd
catalysts.

Fig. 4 Single crystal X-ray structure of [Pd(5-CF3-PBO)(MeCN)2][Tf2N]2
(CCDC deposition #2094910). The [Tf2N]− counter-ions are omitted
for clarity. Distances are indicated in Å. Displacement ellipsoids are
drawn at the 50% probability level.
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these initial 1-octene studies, the isolated catalysts gave higher
yields and selectivity than those generated with silver salts (Fig.
S6 and S7†). In terms of the selectivity, the other products were
mainly internal isomers and small quantities of internal
ketones, as a result of oxidation of these isomers. It is worth
noting that there are aerobic methods available which enable
the anti-Markovnikov aldehyde product to be produced as the
major product.41 However, when TBHP is used as an oxidant,
the selectivity to the methyl ketone tends to be very high, with
no anti-Markovnikov aldehyde formed in some cases.19,21,22,42

The biggest improvement in catalyst performance was
obtained when we examined different solvents (Table S2 and
Fig. S9†). As seen in Fig. 5, the best results were obtained in
α,α,α-trifluorotoluene (TFT), where 1 mol% loading of our
5-CF3-PBO catalyst was employed.

In DCM, the reaction proceeded rapidly, but the catalyst
became deactivated in a similarly rapid manner, with no
activity observed after 1 min, with a yellow solid precipitated
from the initially homogeneous solution. The higher yield
obtained at 0 °C indicates that this lower temperature slows
down the catalyst deactivation. For this class of substrate,
Sigman and co-workers started reactions at 0 °C and allowed
them to warm to room temperature. Fig. 5 illustrates that the
use of TFT results in the reactivity being maintained for
longer and leads to an excellent yield. Toluene performed
relatively well, and chlorobenzene was also a suitable solvent
(Fig. S19†). The rate of reaction for this substrate is
particularly fast in TFT and due to the exothermic nature of
the reaction, further studies with this substrate were
conducted at 0 °C (as detailed in the ESI,† with Fig. S17–S19
and S28–S30).

The formation of insoluble, inactive μ-hydroxy bridged
dimers has previously been proposed as a possible pathway
for catalyst deactivation.20 Our studies support this

hypothesis, as higher yield of ketones could be achieved
when reactions were conducted in anhydrous conditions,
using organic solvent extracted TBHP. In the case of TFT,
when using 0.5 mol% catalyst 0 °C, we could obtain 80%
yield of the ketone using the anhydrous conditions,
compared to 56% yield with aqueous TBHP (Fig. S17†). The
reaction profile in Fig. S19† indicates there is still catalyst
deactivation, but it is lessened; as discussed later, it is
possible that TBHP also cause aggregation. Anhydrous TBHP
is available commercially in decane, but we found its
performance to be inferior in comparison to TBHP we had
extracted into TFT (Fig. S18†). We found that the quinox
systems did not operate in anhydrous conditions (Fig. S51†),
which is in agreement with previous observations by Sigman
and co-workers.20

We carried out diffusion-ordered spectroscopy (DOSY) NMR
using the CF3 group on the ligand as a diagnostic handle (ESI†).
We studied a post-reaction mixture when the reaction was
carried out in toluene (Fig. S13†) and also examined 19F DOSY
of the isolated [Pd(5-CF3-PBO)(S)2][OTf]2 complex in wet and
anhydrous acetonitrile (Fig. S25 and S27†). These studies
indicated that the complex/catalyst does aggregate in the
presence of water. It is worth noting in the recent work by Bera
and co-workers, that utilising aqueous TBHP resulted in
precipitation of a black solid, which did not occur when they
used TBHP in decane, with acetonitrile as the bulk solvent.29 It
is also worth highlighting again, the earlier studies by
Mimoun.16 These non-catalytic studies used pre-formed
peroxidic complexes. Their studies predominantly employed
anhydrous conditions and the introduction of water was found
to lead to the precipitation of metallic palladium. Such
precipitation of metallic palladium could be due to water acting
as a nucleophile, and this pathway would proceed via a Pd(0)
intermediate which would readily aggregate and precipitate if
not quickly re-oxidised by O2 or an electron transfer mediator.
Mimoun also found that internal alkenes led to the formation
of π-allyl complexes which could precipitate from the reaction
mixture.16 However, our findings indicated that addition of an
internal alkene (4-octene) did not affect the catalytic
performance for the oxidation of 1-octene (Fig. S30†).

Furthermore, little evidence of product inhibition on the
oxidation of 1-octene was observed by adding 2-butanone
and t-butanol (Fig. S29 and S30†). Taken as a whole, these
data suggest that aggregation due to water is the major issue
causing catalyst deactivation.

In terms of performance for aliphatic alkenes, our system
compares favorably to the prior work. With aqueous TBHP,
we can obtain high yields (82–85%) in short reaction times at
0 or 27 °C using 1 mol% catalyst (Fig. 5). Under anhydrous
conditions, 80% yield can be achieved at 0 °C with 0.5 mol%
catalyst (Fig. S17†). In the Sigman system, simple aliphatic
alkenes could be oxidised to 86% yield in 20 min (0 °C to
room temperature) using 2 mol% catalyst.19 In the recent
Bera studies, it was found that aliphatic alkenes required 5
mol% catalyst and temperatures of 70 °C to obtain high
yields in 24 h.29 Given that TBHP can pose thermal

Fig. 5 Comparison of TFT, toluene and DCM at 0 °C and 27 °C using 1
mol% [(5-CF3-PBO)Pd(S) 2][OTf]2 catalyst and aqueous TBHP. Plots are
an average of two reactions.
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hazards,43 it seems preferable to have catalysts that can
effectively operate at lower temperatures.

We next wanted to examine a particularly challenging
model substrate; oct-1-en-3-yl acetate. Oxidation of protected
allylic alcohols give acyloin products which are valuable
building blocks.44 Aerobic conditions often lead to a mixture
of products (e.g. ketone and aldehyde), but the Sigman
method enables the oxidation of such substrates with high
selectivity to the ketone product.19 In the case of oct-1-en-3-yl
acetate, Sigman and co-workers reported that their quinox/
TBHP system could deliver the product in 89% yield, with 5
mol% loading of the Pd catalyst and a reaction time of 20
h.19 We postulated that this substrate was slower (compared
to unfunctionalized alkenes) due to the acetoxy group
coordinating to the Pd, and that this could be addressed by
the addition of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP).
HFIP has some unique solvent properties and solvent
effects,45–49 and has previously been used to prevent product
inhibition of a catalyst.50 It has a strong hydrogen-donating
ability, and a weak hydrogen bond accepting ability/
nucleophilicity. This is an ideal combination for our system,
as it can interact strongly with Lewis basic species but not
with our dicationic Pd(II) catalysts. The interactions between
HFIP and the substrate and the product were examined by
1H NMR and Job plot analysis found that HFIP interacted
with both (Fig. 6 and ESI†).

In the case of the substrate, there was a 1 : 1 hydrogen bond
adduct with HFIP, and for the product it was a mixture of 1 : 1
and 1 : 2. The Job plot findings are in good agreement with
similar studies which have shown that HFIP interacts with
Lewis basic functionalities such as carbonyls and ethers.50–52 In
our studies, we postulate that HFIP interactions with the oct-1-
en-3-yl acetate substrate will reduce its ability to chelate to the
metal center. In addition, interacting with the product will
reduce its ability to inhibit the catalyst (Fig. S32†). We initially
examined this substrate without HFIP, using both aqueous
TBHP and anhydrous conditions. We found that reaction rate
was significantly slower than for 1-octene (as expected), and the
rates were similar in both the wet and anhydrous reactions. The
final yield was higher using the anhydrous conditions which
again supports the theory that water leads to an increase in
catalyst deactivation.

When HFIP was added to catalytic reactions with 1 mol%
[Pd(5-CF3-PBO)(S)2][OTf]2 it led to a significant improvement
in rate (Fig. 7 and S37† (for wet conditions)). With 10 equiv.
of HFIP added to the anhydrous TFT system, 84% yield of the
ketone product was obtained in just 2 hours. HFIP also
appears to improve catalyst stability (see later for more
discussion on this). In 4 hours, 81% yield of product could
be obtained with 0.5 mol% catalyst. With longer reactions
times, it was found that just 0.25 mol% catalyst could deliver
high yields (Fig. S41†). This is a lower catalyst loading than
we could achieve with 1-octene, but we found that HFIP was
not suitable for this substrate due double bond migration.
This is in agreement with previous studies, which have used
Pd(OAc)2 and HFIP for the isomerisation of allylbenzenes.53

When we discovered that we could use 0.25 mol% catalyst
with the anhydrous/HFIP conditions, we decided to study a
number of catalysts again at this loading. We thought these
conditions could give further insights into the influence of
ligand structure (see Fig. S43, S45 and S46†). These
experiments indicated that electronic factors affect the rate
and that steric factors can improve catalyst stability. The
5-CF3-PBO ligand was still found to deliver the best
performance. It is worth noting that for other reactions,
ligands containing a pyridine with a CF3 group at position 5,
have also had the best performance.54,55 In the case of TBHP-
mediated Wacker-type oxidations, the electronic benefits of
electron withdrawing groups on our ligands is in-line with
the previous ligand studies by Sigman and co-workers.20

Although most of these catalysts had TONs of over 200, not
all could deliver complete conversion, suggesting that there
is still some catalyst deactivation over time. This is also
supported by 19F NMR DOSY studies in anhydrous PhCl (Fig.
S23†). It is plausible that the TBHP could also lead to some
aggregation, by acting as a bridging ligand. Mimoun and co-

Fig. 6 Job plots demonstrating the hydrogen bonding between HFIP
and oct-1-en-3-yl acetate (top) and 2-oxooctan-3-yl acetate (bottom)
in CDCl3 (the HFIP hydroxy proton shift was monitored).

Catalysis Science & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 2
:5

3:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cy01046e


Catal. Sci. Technol., 2023, 13, 6224–6232 | 6229This journal is © The Royal Society of Chemistry 2023

workers reported tetrameric structures of the type [RCO2-
PdOO-t-Bu]4, formed from the treatment of the
corresponding Pd(O2CR)2 salts with TBHP (see Fig. S47†).16

In our studies, it was found that 5-ethyl-PBO had a slower
initial rate but resulted in good final yield, which may be due
the ethyl group reducing the rate of the competing catalyst
aggregation.

Despite the excellent performance under the anhydrous
conditions, we are aware that simply using commercial
aqueous TBHP is clearly more convenient than having to
prepare anhydrous TBHP solutions; an issue which only gets
more complicated for larger scale applications.56 Fortunately,
we found that with 20 equiv. of HFIP we could obtain high
yields in short reaction times with 1 mol% catalyst using
commercial aqueous TBHP (Fig. 8).

This method was found to be particularly robust, whereas
the 0.25 mol% loading using anhydrous conditions was more
susceptible to impurities in reagents (see page 79 of ESI† for
more discussion). At 1 mol% catalyst loading, we found that
there was no real benefit increasing to 30 equiv. of HFIP
(Fig. 8) and using pure HFIP as the solvent was not suitable
as lower yields were obtained (50% with 1 mol% catalyst) and
the catalyst became inactive within the first 30 min.
Chlorobenzene (PhCl) with 20 equiv. HFIP also delivered
good performance, significantly better than toluene (PhMe),
therefore PhCl offers an alternative to TFT (Fig. 8).

Although, our initial hypothesis on the role of HFIP was to
prevent substrate and product inhibition of our catalyst,
HFIP has the potential to influence the reaction in several
other ways. The hydrogen donating ability of HFIP may slow
down catalyst aggregation caused by water and/or TBHP,
perhaps due to HFIP interacting with water and TBHP. For
example, it has been shown that the addition HFIP can have

a significant impact on the nucleophilicity of water.57 We
carried out experiments that support that HFIP slows down
catalyst aggregation. Typically, the catalyst is stirred in
solution (with TBHP present) for 5 min before finally adding
the alkene substrate. It was found that if the catalyst was
stirred in solution for 3 hours prior to adding the substrate,
the performance of the catalyst was better if HFIP was
present during this 3 h incubation period (Fig. S40†).

There could also be an enhancement of the oxidant. It is
known that HFIP can activate H2O2,

45,46 and TBHP, as shown by
Kühn and co-workers.58 They studied a fluorinated
organomolybdenum complex for the epoxidation of alkenes
using TBHP. In their study it was found that using HFIP as the
solvent led to the best results. They carried out a control
reaction with cyclooctene as the substrate and found that in the
absence of the Mo catalyst, HFIP/TBHP could still produce
epoxide. We did our own control experiments to examine if
there was any oxidation activity without the palladium catalyst.
In the case of 1-octene we used TBHP(aq.) with HFIP as the sole
solvent and no epoxide was observed, however, terminal alkenes
such as 1-octene are known to be more difficult to epoxidise
than internal olefins such as cyclooctene. We also tested oct-1-
en-3-yl acetate under optimal conditions (12 equiv. TBHP and
20 equiv. HFIP in TFT) and found there was no conversion of
the substrate in the absence of a palladium complex. An
additional possibility is that HFIP is oxidised to
hexafluoroacetone (HFA). Hexafluoroacetone hydrate is a
commercial reagent that can act as a catalytic oxidant when
combined with H2O2,

59 so in theory it is possible that HFA could
be generated in situ and play a role as an active oxidant in our
system. We therefore carried out a number of tests to explore

Fig. 7 Addition of different equivalents of HFIP for the Wacker
oxidation of oct-1-en-3-yl acetate under anhydrous conditions. Each
plot an average of 2 reactions.

Fig. 8 The influence of solvent and fluorinated alcohols on the
oxidation of oct-1-en-3-yl acetate. Yields are an average of two
reactions.
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this possibility. Although HFA is a gas at room temperature, the
HFA hydrate has a boiling point over 100 °C, therefore we
examined reactions which used aqueous TBHP. The 19F NMR
analysis of post-reaction mixtures did not show any HFA signals
(Fig. S54†). To check that small amounts of HFA were not
playing a role, control experiments with one equivalent of HFA
(hydrate) were carried out, and the catalyst performance was
found to be similar to using pure TFT as the solvent (Fig. S55†).
Furthermore, as shown in Fig. 8, we found that using perfluoro-
tert-butyl alcohol (PFTB) instead of HFIP, could lead to
improved performance, which suggests that the primary
benefits are derived by the hydrogen bond donating ability of
HFIP.

We also compared a variety of catalysts at 1 mol% catalyst
loading with aqueous TBHP, as shown in Fig. 9.

With HFIP present we observed little difference in
performance between the isolated catalyst and that generated
in situ (something we had observed when examining
1-octene). It is possible that when HFIP is present it can
interact with chloride ions,60 and reduce their ability to
inhibit the Pd catalyst. It can also be seen that there is no
real difference between [Tf2N]

− and [OTf]−. PBO ligands could
deliver better performance than quinox, although we found
that HFIP also had a considerable positive influence on the
quinox catalysts for this substrate (Fig. 9 and also Fig. S52
and S53†). These experiments have been carried out on a 0.9
mmol scale using GC with an internal standard for accurate
analysis of reactions. In order to showcase the scalability of
this system, a reaction was performed on a 7 mmol scale
using 1 mol% [Pd(5-CF3-PBO)(S)2][OTf]2 and an isolated
product yield of 93% (1.21 g, 6.5 mmol) was obtained.

Conclusions

We have shown that 2-(2-pyridyl)benzoxazole type ligands can
be used to deliver excellent catalyst performance for TBHP-
mediated Wacker-type oxidation reactions. These ligands are
be easily prepared and can be used to synthesize stable
dicationic Pd(II) complexes which can be isolated. The choice
of solvent and the presence of water was found to have a
considerable effect on catalyst stability. A significant pathway
for catalyst deactivation is aggregation, something which is
promoted by water. The use of anhydrous conditions enabled
higher TONs to be achieved, although our catalyst system still
demonstrated comparatively excellent performance with
commercial aqueous TBHP. For the challenging model
substrate, oct-1-en-3-yl acetate, we have found that the
addition of HFIP led to significant improvements in catalyst
performance. Hydrogen bonding between HFIP and this
substrate (and product) enables the Pd(II) catalyst to oxidise
the substrate at faster rates. The HFIP also improves catalyst
stability and allows lower catalyst loadings to be used, with
0.25 mol% being used under anhydrous conditions. With
aqueous TBHP it can be carried out with 1 mol% in short
reaction times. These results compare well with other
reported methods for this substrate, which have used 5
mol% of their respective Pd catalyst.19,61,62 In the future, we
will explore how such solvent effects can be applied to other
catalysts,63 and functionalised molecules of relevance to
target orientated organic synthesis.
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