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type oxidation of a macrocyclic
diene to the corresponding monounsaturated
ketone used as fragrance†

Tom Brunzel, *a Johannes Heppekausen,b Johannes Pantenb and Angela Köckritza

A selective reaction method for the efficient conversion of an isomeric mixture of 1,9-cyclohexadecadiene

(1,9-CHDD) to the corresponding monounsaturated cyclohexadec-8-en-1-one (8-CHD) is described. 8-

CHD was synthesized via Wacker type oxidation at room temperature using a highly electrophilic in situ

formed dicationic palladium species. Isomerisation of the diene and over-oxidation of the substrate

could be nearly suppressed by suitable reaction control, which has a positive effect on selectivity. The

utilization of molecular oxygen as a green oxidant and environmentally benign iron(III) salts as co-

catalysts was successfully applied. This reaction strategy is promising to overcome the low overall

reactivity of internal olefins in Wacker type oxidations. In addition, larger scale experiments showed

further potential for industrial application.
Introduction

Since the 1950s when the Wacker process was described for the
rst time and industrially established a few years later, the
Wacker oxidation has become a powerful tool for organic
synthesis of ne and platform chemicals.1,2 The initial Wacker
process refers to the aerobic palladium(II) chloride catalysed
oxidation of ethylene to acetaldehyde in the presence of cop-
per(II) chloride in aqueous acidic medium.3–6 Instead, the usage
of an organic solvent as reaction medium, known as the
Wacker–Tsuji oxidation, has opened new possibilities for the
lab scale transformation of higher a-olens to the correspond-
ing methyl ketones.7 These oxyfunctionalised compounds are of
great interest for the cosmetic, avour and fragrance industries,
among others.8–10 However, the Wacker–Tsuji oxidation is
limited to the oxidation of terminal olens while the oxidation
of internal olens remains challenging not least because of
their lower selectivity and reactivity.11–13 This diminished
selectivity mainly arises from the formation of undesired
oxygenated side products by fast skeletal double bond isomer-
isation, also favoured by palladium. Multi-step synthesis and
drastic reaction conditions have been used to overcome the lack
of an efficient transformation of ketones from internal olens.14

Regarding the increasing demand for greener and efficient
processes, simplied methods are highly desirable. A lot of
internal olen transformation reactions have been investigated
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in the past and are summarized in Scheme 1. First successful
attempts to overcome the barriers for internal and cyclic olen
transformation were done by Wayner et al.15 They found
a copper- and chloride-free reaction system utilizing benzo-
quinone (BQ) as reoxidant in presence of inorganic acids
bearing weakly coordinating anions (WCAs) in an acetonitrile/
water solvent mixture. Interestingly, the reaction was strongly
inhibited when hydrochloric acid was used, suggesting that the
formation of a highly electrophilic dicationic palladium species
strongly depends on the nature of the inorganic acid.16 Recently,
Kaneda et al. disclosed a simple reaction technique for the
Wacker type oxidation of internal olens to tackle the problems
of skeletal double bond isomerisation forcing the selectivity of
the desired ketone to decrease.12 When using N,N-dimethyla-
cetamide (DMA) as solvent, which is supposed to stabilise the
reduced palladium species, the oxidation with oxygen as green
and sole oxidant proceeds without isomerisation of the double
bond.17 Further investigations showed broad substrate scope,
functional group tolerance and high regioselectivity for this
oxidation reaction, opening new strategies for the synthesis of
biomolecules and other ne chemicals.18

More recently, Sigman and co-workers developed a special
designed Pd-catalyst for the Wacker type oxidation of internal
olens.19 They used 2-(4,5-dihydro-2-oxazolyl)quinoline (qui-
nox) as ligand and tert-butyl hydroperoxide (TBHP) as an easy to
handle oxidant but they also required small amounts of silver
salts with WCA. Using this method, ketones were obtained in
comparably excellent yields and no double bond isomerisation
was observed due to the elegantly designed catalyst. Neverthe-
less, the high price of this special catalyst, the use of an addi-
tional noble metal and the application of dichloromethane as
solvent complicate the industrial implementation. At the same
RSC Adv., 2019, 9, 27865–27873 | 27865

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra04971a&domain=pdf&date_stamp=2019-09-03
http://orcid.org/0000-0002-9566-2722
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04971a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009048


Scheme 1 Reported Wacker type oxidation reactions of cyclic and
internal olefins.

Scheme 2 Pathways in oxidation of 1,9-CHDD.
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time, Grubbs and co-workers found a straightforward approach
for the selective oxidation of internal olens to the corre-
sponding ketone at room temperature under ambient condi-
tions.20 They used a reaction system related to the system
already described by Wayner et al. (BQ as stoichiometric reox-
idant and an acid with WCA) but they ingeniously added DMA
(Kaneda) to the binary acetonitrile/water solvent mixture. With
this improvement, the benets of Kanedas reaction system
(stabilizing reduced palladium) and Wayners method (dica-
tionic palladium catalyst) were combined, where DMA stabilizes
the reduced Pd(0) species, and acetonitrile participates in the
formation of the dicationic palladium catalyst. Ketones were
obtained in high yields and the reaction showed improved
substrate scope, motivating us to further investigate this reac-
tion procedure for a macrocyclic diene which is an industrially
important raw material.21

To the best of our knowledge, the selective oxidation of
a macrocyclic diene to the corresponding monounsaturated
ketone in one reaction step via Wacker type oxidation is not
described in the literature. With this work, a simple chloride-
and copper-free method for the palladium-catalysed oxidation
of the macrocyclic diene 1,9-CHDD (1, isomeric mixture) to the
musky-smelling 8-CHD (2, isomeric mixture) is reported, where
only one double bond is selectively oxidised while the second
double bond remains “untouched” (Scheme 2).22 The macro-
cyclic diene (1) was used as an isomeric mixture consisting of
the cis/cis, cis/trans and trans/trans isomer, which complicates
the reaction procedure owing to different kinetics and reactivity
27866 | RSC Adv., 2019, 9, 27865–27873
of the single alkene moieties. Chelation and subsequent deac-
tivation of the palladium centre by dienes is reported in litera-
ture and should therefore be suppressed.23–27 The ratio of the
used isomers (cis, cis/cis, trans/trans, trans) is about 1/2/1 and
the product (2) is an isomeric mixture of two isomers of high
value. Finally, the Wacker type oxidation of (1) can be coupled
with molecular oxygen using an inexpensive, environmentally
friendly and benign iron co-catalyst without affecting the cata-
lyst activity. Different reaction parameters were extensively
examined including reaction temperature, solvent system,
catalyst concentration and oxidant. Interestingly, the oxidation
proceeds better at room temperature while higher temperatures
negatively affect the catalyst performance.
Results and discussion

The industrial synthesis of (2) is accompanied by several
disadvantages such as low overall yield, two-step process,
subsequent oxidation of the monoepoxide (4) in the rst stage
to the unwanted diepoxide (5) and elaborate process manage-
ment.28 Loss of expensive starting material should be therefore
avoided in aspects of efficiency and economy. The different
alkene moieties of the three diastereomers of (1) should be
oxidised to the same extent, yielding the product (2) as an
isomeric mixture of cis- and trans-cyclohexadec-8-en-1-one. The
presence of two isomers in different ratios gives the product its
This journal is © The Royal Society of Chemistry 2019
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olfactory properties, which is the reason why the starting
materials were not used in their pure form. The favoured
formation of either the cis- or the trans-isomer would negatively
affect the product quality and olfactory properties, respectively,
and should be prevented by the design of the catalyst. Initial
experiments using either the Kaneda conditions or the Sigman
conditions for the Wacker type oxidation of (1) resulted in low
product selectivity caused by isomerisation of (1) and loss of
starting material due to polymerisation, respectively. Encour-
aged by the state of the art, we performed the oxidation of (1)
with Pd(OAc)2 and used a ternary solvent mixture consisting of
DMA/MeCN/H2O. BQ was used as a stoichiometric oxidant for
the reduced Pd-species at ambient air conditions and room
temperature. At higher conversions of the isomeric diene
mixture, it might be difficult to prevent over-oxidation of the
substrate. For this reason, full conversion of (1) was not
considered to be the main goal for this work. Hence, the focus
was directed to obtain a high selectivity of the isomeric mono-
ketone (2) at convenient conversion to minimise the formation
of the unwanted and olfactorily interfering diketone (3). The
conversion for this reaction is dened as the sum of the indi-
vidual conversions of the single 1,9-CHDD isomers (1) while the
selectivity is dened as the total amount of isomeric mono-
ketones (2) and diketones (3) respectively, formed from the
converted diene mixture (1). The main side product obtained in
all reactions was the diketone which also appeared as an
isomeric mixture of cyclohexadecane-1,8-dione and
cyclohexadecane-1,9-dione (3), respectively. Isomerisation of
the double bond and subsequent oxidation leading to oxidised
side products took place only to a minor extent and was there-
fore not discussed any further in this work.

The role of the noncoordinating acid is crucial for the
formation of the active catalyst species, which is formed in situ.
It is likely that the abstraction of the palladium ligand is
accelerated in presence of an inorganic non-coordinating acid,
forming the catalytically active dicationic palladium species
(Table 1, entry 1 vs. entry 2).29–31 The requirement for the acid is
that its anion interacts only weakly with the metal centre;
otherwise a less electrophilic neutral palladium species is
formed. Therefore, the ligand itself should not be strongly
coordinating, too. When a binary solvent system consisting of
either MeCN/H2O (Table 1, entry 2) or DMA/H2O (Table 1, entry
3) is used, the oxidation rate is quite low, especially in the
absence of MeCN. Aer the third solvent component was added,
the selectivity of (2) was higher than 70%, but the conversion of
(1) was quite low (Table 1, entry 4). The performance of this
oxidation reaction strongly depends on the DMA/MeCN ratio.
Unlike reported, we observed decreasing conversions with
increasing the concentration of MeCN.20 In turn, increased
conversions were observed with increasing concentration of
DMA (Table 1, entry 4 vs. entries 5, 6). The best ratio for the
organic solvents was found to be DMA/MeCN ¼ 4/3 (Table 1,
entry 5). With the optimised solvent ratio, different palladium
precursors were tested (Table 1, entries 5, 7–10). As soon as
chloride-containing palladium salts were used, barely notice-
able reaction took place (Table 1, entries 7, 8), indicating the
lack of active catalyst formation. Chlorides are known to
This journal is © The Royal Society of Chemistry 2019
possess strong donor properties, which make them unsuitable
and disruptive ligands for the active catalyst formation. There-
fore, chloride-free reaction conditions were urgently needed.
The best results regarding conversion and selectivity were ob-
tained when Pd(NO3)2 was used as catalyst precursor (Table 1,
entry 10). It was reported in the literature that nitrates can be
involved in two steps of the catalytic cycle, recovery of the
catalyst and oxygen transfer from the NOx

� groups to the
substrate.6,10,32 While small amounts of the catalyst led to lower
activity, no further oxidation was observed at higher catalyst
concentrations due to the accelerated irreversible formation of
inactive palladium black (Table 1, entry 11 vs. entry 12). At the
same time, the selectivity of (2) decreased at the expense of the
diketone (3) when higher amounts of Pd(NO3)2 were used. Next,
the inuence of the water concentration used in the ternary
solvent mixture was studied. By halving the amount of water,
a selectivity of (2) higher than 80% was achieved, while the
conversion was only slightly affected (Table 1, entry 10 vs. entry
15). Surprisingly, when the commercial dicationic palladium
complex [Pd(MeCN)4](BF4)2 was used without additional WCA-
containing acid, only low conversion of (1) was observed
(Table 1, entry 16). The initial oxidation rate was reached again
aer addition of the inorganic acid HBF4 (Table 1, entry 16).
This observation led to the assumption that the formation of
the active catalyst is equilibrium-controlled and is accelerated
in presence of sufficient amounts of the inorganic acid. The
inuence of the WCA by the use of different inorganic and
organic acids was also studied (Table 1, entries 15, 18–20). All of
the used acids were well applicable and conversions up to 54%
were obtained without remarkably affecting the selectivity for
(2). The use of para-toluenesulfonic acid (p-TsOH) resulted in
a good compromise with regard to a sufficient conversion of the
isomeric (1) and a high selectivity of (2) (Table 1, entry 20). The
selectivity of (2) can be further increased by reducing the
amount of p-TsOH hat was used (Table 1, entry 21). However,
the increase in selectivity of (2) is accompanied by a slight loss
in conversion of (1). Last, the scalability for the Wacker type
oxidation of (1) was investigated in a small batch experiment for
two different solvent ratios (Table 1, entries 13, 22, 23). When
both, the concentration of the reactants and the amount of the
solvent were increased proportionally, no noteworthy changes
in observations were made (Table 1, entry 10 vs. entry 13; entry
21 vs. entry 22). Higher temperatures such as 80 �C led to
a decrease in reactivity and a dark reaction solution formed,
indicated the lack of sufficient reoxidation of the reduced
palladium(0) at elevated temperatures (Table 1, entry 13 vs.
entry 14). Further increase of the reactant concentration at
constant solvent volume led to a decrease of reactivity due to the
reduced solubility of (1) in the reduced solvent volume (Table 1,
entry 22 vs. entry 23).

For all experiments with sufficient product formation, the
trans-8-CHD was observed as the main product, although the
conversion of the trans/trans-1,9-CHDD was comparably low,
indicating that the trans-8-CHDmainly arises from the cis/trans-
isomer, where the cis-moiety is preferably oxidised. Therefore,
the conversion of the single isomers was determined by evalu-
ating the integrals of the chromatogram, before and aer
RSC Adv., 2019, 9, 27865–27873 | 27867
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Table 1 Optimisation of the Wacker-type oxidation of 1,9-CHDDa

Entry [Pd] [H]+ DMA/MeCN/H2O X(1)
b [%] S(2)

b [%]

1 Pd(OAc)2 — —/7/1 2 24
2 Pd(OAc)2 HBF4 —/7/1 29 54
3 Pd(OAc)2 HBF4 7/—/1 11 19
4 Pd(OAc)2 HBF4 1/6/1 26 73
5 Pd(OAc)2 HBF4 4/3/1 43 72
6 Pd(OAc)2 HBF4 6/1/1 44 63
7 PdCl2 HBF4 4/3/1 5 64
8 Pd(MeCN)2Cl2 HBF4 4/3/1 3 87
9 PdSO4 HBF4 4/3/1 41 76
10 Pd(NO3)2 HBF4 4/3/1 45 79
11c Pd(NO3)2 HBF4 4/3/1 21 81
12d Pd(NO3)2 HBF4 4/3/1 42 64
13e Pd(NO3)2 HBF4 4/3/1 39 79
14e,f Pd(NO3)2 HBF4 4/3/1 31 67
15 Pd(NO3)2 HBF4 8/6/1 42 81
16g [Pd(MeCN)4](BF4)2 — 8/6/1 10 49
17g [Pd(MeCN)4](BF4)2 HBF4 8/6/1 46 77
18 Pd(NO3)2 HClO4 8/6/1 49 67
19 Pd(NO3)2 MeSO3H 8/6/1 51 75
20 Pd(NO3)2 p-TsOH 8/6/1 54 76
21h Pd(NO3)2 p-TsOH 8/6/1 47 79
22e,h Pd(NO3)2 p-TsOH 8/6/1 48 81
23h,i Pd(NO3)2 p-TsOH 8/6/1 37 77

a Reaction conditions: 1,9-CHDD (1, 0.2 mmol), [Pd] (5.0 mol%), benzoquinone (BQ, 1.0 eq.), [H]+ (415 eq.), solvent mixture DMA/MeCN/H2O (3.0
mL), room temperature, 20 h. b Conversion and selectivity determined by GC using n-hexadecane as internal standard. c 2.5 mol% of [Pd].
d 10.0 mol% of [Pd]. e 1.0 mmol of (1) in 15.0 mL solvent mixture. f Reaction at 80 �C. g Argon atmosphere. h 1.25 eq. of p-TsOH. i 5.0 mmol of
(1) in 15.0 mL solvent mixture.
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reaction with different catalyst concentrations (see Fig. S1†).
Preliminary separation experiments for the three isomers of (1)
by using several separation techniques did not give an isomer in
its pure form, why further investigations were carried out with
the provided isomeric mixture. With the optimised reaction
Table 2 Conversion of the three isomers of 1,9-CHDD to the isomeric

Entry Pd(NO3)2 [mol%] X(total)
b [%]

1 0.1 2
2 2.5 26
3 5.0 49
4 10.0 67

a Reaction conditions: 1,9-CHDD (1, 0.2 mmol), Pd(NO3)2 (0.1–10.0 mol%
MeCN/H2O ¼ 8/6/1 (3.0 mL), room temperature, 20 h. b Conversion and
c Conversion determined by the reduction of the GC integrals.

27868 | RSC Adv., 2019, 9, 27865–27873
conditions obtained from Table 1, the palladium concentration
was varied between 0.1, 2.5, 5.0 and 10.0 mol%, respectively (see
Table 2). It should be noted, that for these experiments, the
formation of palladium black was not observed at higher
palladium concentrations contrary to previous observations
product 8-CHDa

X(trans/trans)
c [%] X(cis/trans)

c [%] X(cis/cis)
c [%]

0 2 0
3 17 6
8 31 10

11 42 14

), benzoquinone (BQ, 1.0 eq.), p-TsOH (1.25 eq.), solvent mixture DMA/
selectivity determined by GC using n-hexadecane as internal standard.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 13C-NMR spectrum in the range of the characteristic olefinic
signals before and after addition of Pd(NO3)2 to the isomericmixture of
1,9-CHDD: – before addition of Pd, – after addition of Pd, A cis/cis-
isomer, : cis-moiety of the cis/trans-isomer, C trans/trans-isomer,
; trans-moiety of the cis/trans-isomer.

Scheme 3 Redox cycles for the oxygen-coupled Wacker oxidation.

Table 3 Oxygen coupling for the Wacker type oxidation of 1,9-
CHDDa

Entry Co-cat. X(1)
b [%] S(2)

b [%] S(3)
b [%]

1 — 28 64 12
2 BQ 29 73 12
3 Cu(NO3)2 29 70 16
4 Fe(NO3)3 35 77 9
5 MnO2 19 78 10
6 KMnO4 17 71 11

a Reaction conditions: 1,9-CHDD (1, 0.5 mmol), Pd(NO3)2 (5.0 mol%),
co-catalyst (10 mol%), p-TsOH (1 eq.), solvent mixture DMA/MeCN/
H2O ¼ 10/4/1 (3.0 mL), room temperature, 3 bar O2, 4 h. b Conversion
and selectivity determined by GC using n-hexadecane as internal
standard.
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(Table 1, entry 12 vs. Table 2, entry 4). These observations lead to
the assumption, that the amount of water that was used in the
ternary solvent mixture plays an essential role in stability for the
reduced catalyst. Higher volumes of water in the solvent mixture
do not only reduce the solubility of the substrate but also cause
the irreversible formation of palladium black (Table 1, entry 12),
while the formation of palladium black was not observed at
lower volumes of water (Table 2, entry 4). As already mentioned
above, the isomer with the mixed cis/trans-conguration was
preferably oxidised to the trans-product. Interestingly, the cis/cis
isomer was less reactive than the cis/trans isomer although it is
assumed that the cis-moiety is the most sterically accessible
structure for this oxidation reaction. The trans/trans isomer was
the most elusive structure for the conversion into the corre-
sponding ketone (2). Coordination and subsequent chelation of
the pure isomers cis/cis and trans/trans, respectively might be
responsible for this diminished reactivity. To gain further
insights into the reaction behaviour of the single isomers,
several NMR experiments including 2D NMR experiments were
done and the distinctive signals were assigned to the three
congurational isomers. The range of the olenic signals for the
13C-NMR spectrum is shown in Fig. 1. Surprisingly, the trans/
trans signal disappeared aer adding palladium nitrate to the
isomeric mixture of 1,9-CHDD. The signals for the cis/trans
isomer also decreased while the signals for the cis/cis isomer
were least affected. In turn, new signals appeared in the range of
the olenic signals at 130–132 ppm and at higher elds around
40 and 80 ppm (see Fig. S3†) which might arise from an h2,h2-
C16H32 palladium complex which is formed by coordination of
the olenic double bonds to the palladium centre. Here, the
trans/trans-isomer seems to irreversibly coordinate at the
palladium centre, which would explain its low oxidation rate
and themissing signals in the 13C-NMR spectrum aer addition
of palladium to the isomeric mixture. With these results in our
hands, the Wacker-type oxidation of 1,9-CHDD using molecular
oxygen as nal oxidant was investigated. The focus of this
approach was directed on reducing and/or replacing stoichio-
metric amounts of harmful benzoquinone with more
This journal is © The Royal Society of Chemistry 2019
environmentally benign co-oxidants in catalytic quantities and
molecular oxygen as nal oxidant for potential large-scale
synthesis. Oxygen-coupled reoxidation for the reduced palla-
dium catalyst was described in literature, but direct reoxidation
of the noble metal by molecular oxygen oen fails due to
insufficient electron transfer owing to a high activation
barrier.33–39 The usage of potential co-catalysts serving as elec-
tron transfer mediators (ETMs) for the oxygen coupled reox-
idation of the reduced palladium species according to Scheme 3
was therefore examined and is summarised in Table 3. The
reactions were performed in a stainless steel autoclave pres-
surised with 3 bar of oxygen at room temperature. In order to
obtain information on the activity of the catalytic system, the
reaction time was set at four hours. The formation of the
isomeric diketone (3) was observed in all experiments as well as
slight isomerisation of the double bond(s) of the substrate.

For all screening experiments, the product, although the
conversion of the trans/trans-1,9-CHDD was comparably low
indicating that the trans-8-CHD mainly arose from the cis/trans-
isomer, where the cis-moiety was preferably oxidised. Isomer-
isation of (1) and subsequent oxidation to undesired oxidised
side products was virtually suppressed. Surprisingly, in the
absence of a co-catalyst, conversion of (1) was observed to some
RSC Adv., 2019, 9, 27865–27873 | 27869
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Table 4 Influence of the solvent compositiona

Entry DMA/MeCN/H2O X(1)
b [%] S(2)

b [%] S(3)
b [%]

1 6/1/1 38 69 8
2 5/2/1 46 75 11
3 5/2/1.5 49 57 12
4 10/4/1 45 82 13
5 3.5/3.5/1 44 70 8
6 2/5/1 35 69 7

a Reaction conditions: 1,9-CHDD (1, 0.2 mmol), Pd(NO3)2 (5.0 mol%),
Fe(NO3)3 (10 mol%), p-TsOH (1 eq.), solvent mixture DMA/MeCN/H2O
(3.0 mL), room temperature, 18–20 h, 3–5 bar O2.

b Conversion and
selectivity determined by GC using n-hexadecane as internal standard.
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extent (Table 3, entry 1), indicating that direct reoxidation of the
reduced palladium species occurred. Compared to the blank
experiment, catalytic amounts of BQ or copper salts did not
further improve catalyst turnover (Table 3, entries 2, 3). To our
delight, the conversion of (1) could be accelerated and increased
by using 10 mol% of iron nitrate (Table 3, entry 4). The selec-
tivity of (2) that was previously achieved in Table 1 could almost
be obtained by using iron(III) nitrate. The utilization of oxidic
manganese salts for the reoxidation of the reduced palladium
catalyst was described in literature.40 For the oxidation of 1,9-
CHDD to 8-CHD, these oxides were rather unsuitable, leading to
lower palladium turnovers than the blank experiment (Table 3,
entry 1 vs. 5, 6). With these encouraging results in our hands,
the palladium–iron redox system for the oxidation of (1) to the
musky smelling (2) was further investigated. First, the inuence
of the reaction atmosphere was examined by using an inert
atmosphere, ambient air and oxygen at different pressures,
respectively. The results are given in Fig. 2. In absence of
oxygen, the catalytic system was depleted aer two palladium
turnovers suggesting the lack of sufficient reoxidation and the
fact that oxygen acts as nal oxidant. Furthermore, isomer-
isation was observed to a certain extent. When the reaction was
performed at ambient air, further palladium turnovers took
place and the isomerisation of (1) dropped from 18% to 6%. The
dependency on the atmosphere became evident when pure
oxygen was used. The conversion was more than doubled and
increased isomeric diketone formation occurred. The selectivity
to (2) remained high and was not affected by the reaction
atmosphere and pressure, respectively. Next, the inuence of
the ternary solvent composition was examined and is sum-
marised in Table 4. Again, the cis-moiety of the cis/trans-isomer
was preferably oxidised leading to an excess of the trans-
product. We renounced the usage of a binary solvent system due
to the reasons already described in Table 1. As shown in Table 4,
Fig. 2 Influence of the reaction atmosphere for the Wacker type
oxidation of (1).

27870 | RSC Adv., 2019, 9, 27865–27873
the performance for this reaction strongly depends on the DMA/
MeCN ratio. The best results in terms of conversion and selec-
tivity to (2) were obtained with a solvent ratio of DMA/MeCN/
H2O ¼ 10/4/1 (Table 4, entry 4). With a selectivity of 82% to (2)
and a conversion of (1) of 45%, these results were the best so far
described for the selective and direct Wacker oxidation of
a macrocyclic diene in just one reaction step. When the
concentrations of DMA or MeCN were too high or too low,
respectively, the conversion of (1) and selectivity of (2) dropped
(Table 4, entry 4 vs. entries 1, 6). Successive increase of the water
concentration led to a reduction in selectivity (Table 4, entry 4
Fig. 3 Wacker oxidation of an isomeric mixture of 1,9-CHDD to the
corresponding ketone 8-CHD with different iron co-catalysts.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Conversion, selectivity and recovery rate of the Wacker type
oxidation of 1,9-CHDD with sodium nitrate used as nitrate source and
dependency of the nitrate concentration.
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vs. entries 2, 3). Furthermore, different iron salts were tested as
potential co-catalysts for this oxidation reaction, but only
Fe(NO3)3 had a positive effect on the performance for this
reaction (Fig. 3).

Different sulphate salts of iron(II) and iron(III) tended to slow
down the reaction rate. In addition, no oxidation was observed
using iron(III) acetylacetonate (acac). This observation is in
accordance with the previous statement, that strongly coordi-
nating ligands restrict active catalyst formation. However, the
importance of the nitrate salt has already been emphasised and
is decisive for the oxidation rate. As already mentioned above,
the oxidation of (1) proceeds preferably with the nitrate salts of
Table 5 Variation of the metal concentration for the Wacker type oxida

Entry Pd(NO3)2 [mol%] Fe(NO3)3 [mol%]

1 5 10
2 5 20
3 10 10
4 10 20
5c 5 10

a Reaction conditions: 1,9-CHDD (1, 0.5 mmol), Pd(NO3)2, Fe(NO3)3, p-Ts
temperature, 3 bar O2.

b Conversion and selectivity determined by GC using

This journal is © The Royal Society of Chemistry 2019
palladium and iron, respectively. Therefore, the inuence of the
nitrate concentration was investigated and is represented in
Fig. 4. Initial experiments using different amounts of concen-
trated nitric acid as nitrate source resulted in low selectivity of
the desired monoketone (2) and diminished the recovery rate.
Therefore, sodium nitrate was used as nitrate source and the
reaction was carried out in an autoclave for 20 h and 3 bar of
oxygen. For these experiments, the batch size was 0.5 mmol of
(1) and the initial concentration of nitrate is marked with the
red box and was 0.033 M without further addition of sodium
nitrate due to the nitrate salts that were used for the reaction.
When the reaction was run with small amounts of sodium
nitrate, the conversion started to decrease. The selectivity of (2)
and recovery rate was hardly affected but a downward trend can
be anticipated. Regarding selectivity and recovery rate, the trend
was conrmed when the nitrate concentration was increased.
Surprisingly, the conversion started to increase again with
higher amounts of the nitrate source. The drop in conversion
aer the rst addition of sodium nitrate might be attributed to
the sodium cation, which is supposed to impair theWacker type
oxidation of 1,9-CHDD. If the concentration of the nitrate anion
passed 0.05 M, the selectivity and recovery rate dropped
noticeably indicating the formation of higher molecular side
products that could not be detected with standard GC/MS
techniques. The increase in activity with elevated nitrate
concentrations can be explained by the ability of the nitrate to
act as an oxidising agent. Different 2D 1H–15N-NMR experi-
ments conrmed the formation of reduced ammonium species
that were formed over time and might be attributed to nitrate
reduction (see Fig. S11 and S12 in the ESI†). Wacker type
oxidation reactions where palladium nitro complexes are
involved in the direct oxidation process are described in liter-
ature and have to be considered for this reaction as well.41–43

Finally, the scalability and metal concentration was evalu-
ated in Table 5. Higher concentrations of the iron nitrate
negatively affected the selectivity for the unsaturated mono-
ketone (2) similar to the observations that was made in Fig. 4
(Table 5, entry 1 vs. entries 2, 4). As expected, the conversion
tion of an isomeric mixture of 1,9-CHDDa

X(1)
b [%] S(2)

b [%] S(3)
b [%] Y(2)

b [%]

45 82 13 37
37 65 8 24
62 71 17 44
63 63 14 39
36 75 9 27

OH (1.0 eq.), solvent mixture DMA/MeCN/H2O ¼ 10/4/1 (3.0 mL), room
n-hexadecane as standard. c 5.0 mmol of (1) in 29.0 mL solvent mixture.

RSC Adv., 2019, 9, 27865–27873 | 27871
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increased with higher palladium concentration. Besides, over-
oxidation leading to the diketone (3) was frequently observed
when the palladium concentration was 10.0 mol% (Table 5,
entries 3, 4). Again, the trans-8-CHD was observed as the main
product while the trans/trans-1,9-CHDD was the least oxidised
isomer. Furthermore, the applicability was investigated on
a larger scale synthesis where the desired monounsaturated
ketone was obtained in acceptable good yield at good selectivity
(Table 5, entry 5).

Conclusions

In summary, a novel, simple and selective reaction strategy for
the direct oxidation of an isomeric mixture of the macrocyclic
1,9-cyclohexadecadiene to the corresponding mono unsatu-
rated cyclohexadec-8-en-1-one was developed, fullling several
aspects of green chemistry. It is the rst time reported, that
a macrocyclic diene has been directly and selectively oxidised by
Wacker type oxidation to the monounsaturated carbonyl
compound in a single reaction step. The reaction proceeds at
room temperature and the usage of molecular oxygen as nal
oxidant and iron nitrate as a benign and less ecologically
hazardous co-catalyst was possible, without negatively affecting
the conversion and selectivity. Interestingly, the presence and
concentration of the nitrate anion plays a crucial role for the
reoxidation of the reduced palladium species. Additionally,
heteronuclear 2D-NMR experiments showed the formation of
ammonium signals that might be attributed to the reduction of
the nitrate. Side reactions such as isomerisation and subse-
quent oxidation were nearly suppressed, thus selectivities up to
83% were achieved at sufficient conversion of 41%. Moreover,
the three isomers of the 1,9-CHDD showed different reactivity
regarding the formation of the desired monounsaturated
isomeric ketone mixture of 8-CHD. The trans-8-CHD was
observed as the main product, although the conversion of the
trans/trans-1,9-CHDD was comparably low indicating that the
trans-8-CHD mainly arose from the cis/trans-isomer, where the
cis-moiety was preferably oxidised. However, NMR experiments
showed that especially the trans/trans isomer interacts prefer-
entially with the palladium catalyst. Larger-scale experiments
were successfully done for both reaction systems, reaction with
equimolar amounts of BQ at ambient air conditions and reac-
tion with iron nitrate as co-catalyst under oxygen atmosphere,
respectively.

Experimental
General information

Unless otherwise noted, all solvents, reagents and catalysts were
purchased from commercial suppliers and used without further
purication. 1,9-Cyclohexadecadiene and cyclohexadec-8-en-1-
one were obtained from Symrise AG. NMR spectra were recor-
ded on a Bruker AV 400 (400 MHz) and calibrated to the cor-
responding solvent signal. High-resolution mass spectra
analysis was conducted on an Agilent 1200/6210 time-of-ight
LC-MS. Infrared spectra were recorded on a Bruker Alpha FT-
IR-spectrometer. Elemental analysis was measured on a Leco
27872 | RSC Adv., 2019, 9, 27865–27873
TruSpec Micro instrument. Conversion, selectivity, yield and
recovery rate were determined by GC-MS using a SHIMADZU
GCMS-QP2010 SE instrument equipped with a HP-5MS capillary
column (30 m � 0.25 mm � 0.25 mm) from Agilent. For GC-MS
calibration, the diketone (3) was prepared by oxidation of (2)
and isolated as an isomeric mixture consisting of
cyclohexadecane-1,8-dione and cyclohexadecane-1,9-dione by
ash column chromatography (heptane/ethyl acetate ¼ 8/1).
Response factors were collected for 1,9-cyclohexadecadiene,
cyclohexadec-8-en-1-one and the isomeric mixture of the dike-
tone consisting of cyclohexadecane-1,8-dione and
cyclohexadecane-1,9-dione using n-hexadecane as internal
standard.

General procedure for ambient air Wacker oxidation with BQ

The corresponding palladium salt (0.01 mmol, 5 mol%), the
acid (0.83 mmol, 4.15 eq.) and benzoquinone (0.2 mmol, 1.0
eq.) were placed in a 4 mL glass vial with screw cap under air.
Then, 1,9-cyclohexadecadiene (44.1 mg, 0.2 mmol) was added
and the components were dissolved in 3 mL of a ternary DMA/
MeCN/H2O solvent mixture. Under ambient conditions, the
homogeneous mixture was vigorously stirred overnight for 20 h.
The crude reaction mixture was transferred into a 5 mL volu-
metric ask and subsequently diluted with THF. Conversion,
selectivity, yield and recovery rate were determined by GC-MS
with internal standard technique using n-hexadecane as
standard.

General procedure for aerobic Wacker oxidation

Palladium nitrate dihydrate (6.66 mg, 0.025 mmol, 5 mol%), p-
toluensulfonic acid monohydrate (96.56 mg, 0.5 mmol, 1.0 eq.)
and the corresponding co-catalyst (0.05 mmol, 10 mol%) were
weighed in a 4 mL glass vial. Then, 1,9-cyclohexadecadiene
(110.21 mg, 0.5 mmol) was added and the components were
dissolved in 3 mL of a ternary DMA/MeCN/H2O (10/4/1) solvent
mixture. Next, the vial was sealed with a septum and a screw cap
with a hole. The septum was punctured with a needle and
placed in a stainless steel autoclave. The autoclave was then
purged three times with oxygen and nally pressurised to 3 bar
with oxygen. The homogeneous reaction mixture was stirred
vigorously at room temperature for the indicated reaction time.
Aer reaction, the crude reaction mixture was transferred into
a 5 mL volumetric ask and subsequently diluted with THF.
Conversion, selectivity, yield and recovery rate were determined
by GC-MS with internal standard technique using n-hexadecane
as standard.

Synthesis of the isomeric mixture of cyclohexadecane-1,8-
dione and cyclohexadecane-1,9-dione (3) for GC calibration

Palladium nitrate dihydrate (666.15 mg, 2.5 mmol, 10 mol%), p-
toluensulfonic acid monohydrate (4.828 g, 25 mmol, 1.0 eq.)
and iron nitrate nonahydrate (1.010 g, 2.5 mmol, 10 mol%) were
weighed in a glass inlet for a 300 mL autoclave. Then,
cyclohexadec-8-en-1-one (5.910 g, 25 mmol) was added and the
components were dissolved in 150 mL of a ternary DMA/MeCN/
H2O (10/4/1) solvent mixture. The glass inlet was placed in
This journal is © The Royal Society of Chemistry 2019
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a 300 mL stainless steel autoclave. The autoclave was then
purged three times with oxygen and nally pressurised to 5 bar
with oxygen. The homogeneous reaction mixture was stirred
vigorously at room temperature for 20 h. Aer reaction, the
crude reaction mixture was transferred into a separation funnel
and extracted with heptane (8 � 150 mL). Aer washing with
distilled water and brine (each 100 mL), the combined organic
layers were dried over anhydrous sodium sulphate. The sodium
sulphate was ltered off and the solvent was evaporated in
vacuo. Finally, the isomeric mixture consisting of
cyclohexadecane-1,8-dione and cyclohexadecane-1,9-dione was
isolated by ash column chromatography (heptane/ethyl
acetate ¼ 8/1). The product was isolated as a white crystalline
product.
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