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Oxidation Reactions

Selective TEMPO-Oxidation of Alcohols to Aldehydes in
Alternative Organic Solvents
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Harald Gröger*[a]

Abstract: The TEMPO-catalyzed oxidation of alcohols to alde-
hydes has emerged to one of the most widely applied method-
ologies for such transformations. Advantages are the utilization
of sodium hypochlorite, a component of household bleach, as
an oxidation agent and the use of water as a co-solvent. How-
ever, a major drawback of this method is the often occurring
strict limitation to use dichloromethane as an organic solvent
in a biphasic reaction medium with water. Previous studies
show that dichloromethane cannot easily be substituted be-
cause a decrease of selectivity or inhibition of the reaction is
observed by using alternative organic solvents. Thus, up to now,
only a few examples are known in which after a tedious optimi-

Introduction

Selective oxidation of alcohols to aldehydes is still a major chal-
lenge in organic chemistry.[1] Many methods are known, which
are applicable in such transformations. Among them, chro-
mium-based oxidations, oxidations using activated dimethyl
sulfoxides, oxidations with hypervalent iodine species, ruth-
enium-based oxidations or 2,2,6,6-tetramethylpiperidin-1-yl)-
oxyl (TEMPO)-catalyzed oxidations are prominent and widely
applied methods.[1] However, chromium-based oxidation meth-
ods are problematic to use, especially in industrial applications
due to the high toxicity of chromium salts.[2] Swern-oxidation
of primary alcohols to aldehydes is usually performed at very
low temperatures of approx. –80 °C, which makes this method
also less favored.[3] Oxidation methods with hypervalent iodine
species such as the Dess–Martin oxidation is usually performed
in halogenated solvents and the Dess–Martin periodinane used
as oxidation agent is an expensive and explosive compound,
which needs to be synthesized beforehand.[4] Anelli-type
TEMPO-catalysed oxidation is a mild method performed at
0–15 °C using TEMPO as a catalyst,[5,6] which is a stable nitroxyl
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zation of the reaction dichloromethane could be replaced. In
order to overcome the current limitations, we were interested
in finding a TEMPO-oxidation method in alternative organic sol-
vents, which is applicable for various alcohol oxidations. As a
result, we found a method for N-oxyl radical-catalyzed oxid-
ation using sodium hypochlorite as an oxidation agent in
nitriles as an organic solvent component instead of dichloro-
methane. Besides the oxidation of aromatic primary alcohols
also aliphatic primary alcohols, secondary alcohols as well as
dialcohols were successfully converted when using this method,
showing high selectivity towards the carbonyl compound and
low amounts of the acid side-product.

radical and readily accessible starting from acetone and ammo-
nia.[7] As an oxidation agent, hypochlorite is used in a biphasic
reaction medium consisting of water and dichloromethane. Be-
sides the Anelli-type TEMPO oxidation, many other types of this
oxidation method were developed. TEMPO as a catalyst for
oxidation of alcohols to carbonyl compound was investigated
using metal salt additives or different oxidation agents, different
TEMPO-derivatives or immobilized TEMPO as a catalyst or differ-
ent solvent systems.[8–12] Nevertheless, a major disadvantage of
the “classical” TEMPO-oxidation using sodium hypochlorite as
an oxidation agent and TEMPO as a catalyst is the strong limita-
tion of the solvent system for selective oxidation of primary
alcohols to aldehydes, which consists of a biphasic system of
water and dichloromethane (DCM).[5,6,13,14] Many studies were
performed to find alternative solvents, but despite some exam-
ples for replacement no general solvent or solvent type was
found to be suitable for the selective TEMPO-catalysed oxid-
ation of primary alcohols to aldehydes.[15,16,8,17,18,19] The Shel-
don group, for example, investigated different systems for the
selective oxidation of alcohols with aromatic residues to the
corresponding aldehydes using alternative solvents like ethyl
acetate (EtOAc) or methyl-tert-butyl ether (MTBE).[17] They could
show in principle that TEMPO-oxidation can be performed se-
lectively in alternative organic solvents compared to dichloro-
methane, but no general procedure was found, which was suit-
able for all substrates. As the authors mentioned, especially the
oxidation of aliphatic alcohols such as citronellol to citronellal
was challenging in the alternative organic solvents to DCM and
led to selectivity problems. However, TEMPO is not the only
nitroxyl radical which is active for oxidation reactions, but also
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for example PIPO as a polymer-immobilised TEMPO-derivative
(Scheme 1),[20,12] which was found to be suitable for catalysing
the oxidation of alcohols to aldehydes and/or ketones.[20]

PIPO is synthesised from the antioxidant and light-stabiliser Chi-
massorb 944, which is used as ingredient in different plastics.

Scheme 1. Structures of A) 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and
B) PIPO.

Since Chimassorb 944 is commercially available and manu-
factured at large amounts, the use of PIPO as catalyst is very
attractive. In their first report in 2000 about PIPO-catalysed
oxidation of alcohols, the Sheldon group studied the reactivity
and suitability of this catalyst for different alcohol oxidations.[20]

Within this study, they found that a solvent-free approach can
be used for aromatic primary alcohols with high selectivity to
the aldehydes. They also discovered an approach using n-hex-
ane as solvent for the selective oxidation of n-octan-1-ol and n-
hexan-1-ol to the corresponding aldehydes with high selecti-
vity. This study principally shows that PIPO seems to be a more
convenient catalyst for nitroxyl radical-catalyzed oxidation of
primary alcohols in which also other solvents can easier be
used. In our study, we were interested in finding a general pro-
tocol for the selective nitroxyl radical-catalyzed oxidation of pri-
mary and secondary alcohols and dialcohols to the correspond-
ing aldehydes, ketones or dialdehydes, based on the use of
alternative organic solvents than DCM. Such a method would
remove the limitation of the solvent system for TEMPO oxid-
ation. In the following, we report a general working procedure
for the synthesis of aldehydes or ketones in alternative organic
solvents without the need for optimization for each alcohol
substrate. We present the utilization of aliphatic water-immisci-
ble nitriles as preferred and generally applicable solvent com-
ponents for the TEMPO as well as PIPO-oxidation. To the best
of our knowledge, these solvents have not been tested before
for this oxidation method.

Results and Discussion

Optimisation Study of TEMPO-Catalysed Oxidation of
n-Octan-1-ol and n-Decan-1-ol

To investigate other solvents being suitable as alternative reac-
tion medium for a selective TEMPO-catalyzed oxidation of alco-
hols to aldehydes, we decided to first optimize the TEMPO-
catalysed oxidation of n-octan-1-ol (1) and n-decan-1-ol (4) in
DCM to obtain a benchmark system which we can use for a
solvent screening. As a starting point, we chose the TEMPO-
catalysed oxidation system described by Kimura et al.[21] In this
process, sodium hypochlorite pentahydrate is used as oxidation
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agent instead of an aqueous bleach solution. A major advan-
tage of the use of this pentahydrate is the easy dosage of the
oxidation agent. In the case of the 13 % aqueous bleach as an
oxidation agent the amount of hypochlorite usually has to be
determined before usage for the oxidation reaction by titration.
Kimura et al. found that this method based on the use of hypo-
chlorite pentahydrate can be used for the selective oxidation of
a variety of primary and secondary alcohols.[21] Usually, for
TEMPO-catalysed oxidation bromide ions were used as a co-
catalyst, since the in situ-formed hypobromite is even more
reactive than hypochlorite and was reported to represent the
actual oxidation agent in this process.[5,6] The Kimura group
found, however, that bromide is not necessary when using the
pentahydrate as oxidation agent as long as a phase-transfer
catalyst or additives like NaHSO4 are used.[21,22] To get a deeper
insight into the reaction system of Kimura et al., we first investi-
gated the influence of different phase-transfer catalysts and ad-
ditives. The oxidation of n-octan-1-ol (1) to n-octanal (2) was
performed with 0.3 M n-octan-1-ol (1), 1 mol-% TEMPO,
1.1 equiv. NaOCl·5H2O and 5 mol-% phase-transfer catalyst or
NaHSO4 in DCM at 0 °C for 1 h. As phase-transfer catalyst tetra-
butylammonium hydrogensulfate (Bu4NHSO4), tetrabutylam-
monium chloride (Bu4NCl) and acetylcholine hydrochloride
were tested. As an additive, sodium hydrogensulfate (NaHSO4)
was tested and additionally, one experiment without phase-
transfer catalyst or NaHSO4 was conducted (see Supporting In-
formation). With acetylcholine hydrochloride, Bu4NCl and with-
out any phase-transfer catalyst the reaction did not proceed. In
contrast, when using Bu4NHSO4 and NaHSO4 nearly the same
conversion of 85 % and acid formation of 4 % was observed.
Overoxidation through initial oxidation of primary alcohols
to aldehydes and subsequent further oxidation to the acids
is an often-reported problem in TEMPO-catalysed oxid-
ations.[5,6,8,17,20,23] In particular aliphatic aldehydes tend to over-
oxidize to the acid, which was one major reason for us to first
focus on the investigation of the oxidation of the aliphatic alco-
hols n-octan-1-ol (1) and n-decan-1-ol (4) to find a generally
applicable system for also challenging substrates. Both
Bu4NHSO4 and NaHSO4 then were used again under the same
reaction conditions but with a prolonged reaction time of 2 h.
With both phase-transfer catalysts and additive, a high conver-
sion exceeding 95 % was achieved, but with NaHSO4 less acid
formation of 6 % was observed in contrast to an acid formation
of 20 % with Bu4NHSO4. In further experiments, the amount of
NaHSO4, the amount of TEMPO and the amount of NaOCl·5H2O
was varied to find optimal reaction conditions (see Supporting
Information). The results show that a change in the amount of
NaHSO4 in the range of 1 mol-% to 10 mol-% has no relevant
effect on the reaction. Thus, we chose 5 mol-% as the “stan-
dard” amount for further experiments. The optimal catalyst
loading was found to be 0.25 mol-% and the optimal amount
of NaOCl·5H2O turned out to be 1.1 equiv. (both related to the
amount of substrate). Using higher amounts of oxidation agent
leads to an increased acid formation. As a last parameter the
substrate loading was investigated. We increased the substrate
concentration from 0.3 M to 1 M and performed the oxidation of
n-octan-1-ol (1) to n-octanal (2) under the optimised reactions
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conditions consisting of 0.25 mol-% TEMPO, 1.1 equiv.
NaOCl·5H2O and 5 mol-% NaHSO4 in DCM at 0 °C. The increase
in the substrate concentration led to a significant increase in
the reaction speed (Supporting Information). Full conversion
was obtained after 15 min with 98 % selectivity, whereas at a
lower substrate concentration of 0.3 M full conversion was
reached after 45 min with a selectivity of 96 %. We defined
selectivity as the ratio of aldehyde concentration to aldehyde
and side-products concentrations in the reaction mixture. All
optimisation experiments were also carried out for the oxid-
ation of n-decan-1-ol (4) to n-decanal (5) (Supporting Informa-
tion). The optimised reaction conditions for both reactions are
summarized in Table 1.

Table 1. Optimized reaction parameters for the oxidation of n-octan-1-ol (1)
and n-decan-1-ol (4).

n-Octan-1-ol (1) n-Decan-1-ol (4)

Substrate concentration 1 M 1 M

TEMPO 0.25 mol-% 0.25 mol-%
NaHSO4·H2O 5 mol-% 5 mol-%
NaOCl·5H2O 1.1 eq 1.0 eq

Optimization of the solvent component. The usual solvent
system for TEMPO-catalysed oxidations consists of aqueous
hypochlorite solution and DCM. Although some examples are
known in which DCM could be replaced by other sol-
vents,[15,16,8,17,18,19] there is still a lack of universal generally ap-
plicable oxidation method in solvents other than DCM using
nitroxyl radicals as catalyst and hypochlorite as oxidation agent
without using metal salts as co-catalyst. To identify such a de-
sired alternative reaction medium, we screened several organic
solvents for the oxidation of n-octan-1-ol (1) using the opti-
mized reaction conditions (Figure 1). It was found, that when
using ethyl acetate (EtOAc), methyl tert-butyl ether (MTBE) and
2-methyl-tetrahydrofuran (2-Me-THF) as organic solvents nearly
no conversion of n-octan-1-ol (1) was observed. However, we
were pleased to find that the oxidation reaction proceeded
smoothly when using different types of aliphatic nitriles as an
organic solvent. In particular, n-octanenitrile and isobutyro-
nitrile turned out to be highly suitable as (nearly) no side-prod-
uct formation was found in the presence of these solvents. By
decreasing the reaction time to 30 min also in n-butyronitrile,
formation of less than 1 % acid 3 was detected (results not
shown). To the best of our knowledge, this is the first solvent
study for TEMPO-catalysed oxidation of alcohols in which
nitriles except for acetonitrile were tested as alternative solvents
to DCM, revealing that such solvents are highly suitable for
this type of transformations. Recently our group provided pro-
tocols for the biocatalytic access to nitriles using aldoxime de-
hydratases as biocatalyst,[24–26] enabling an alternative access
to these nitrile solvents without the need for toxic cyanide and
harsh reaction conditions.

It is noteworthy that aliphatic nitriles with short and long
chain length are suitable solvents for TEMPO-oxidation because
as shown in Figure 2 the solvent parameters and properties of
long- and short-chain aliphatic nitriles are very different and,
thus, complementary to each other.[27,28]
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Figure 1. Solvent study of TEMPO-catalyzed oxidation of n-octan-1-ol (1) to
n-octanal (2).

Figure 2. Partition coefficient (log P) (green dots),[28] summation of H-bond-
acidity (bars, values are given as numbers in the bars) and polarizability in
cm3 (red dots) of from left to right: DCM, acetonitrile (C2), propionitrile (C3),
butyronitrile (C4), pentanenitrile (C5), hexanenitrile (C6), heptanenitrile (C7),
octanenitrile (C8), nonanenitrile (C9) and decanenitrile (C10). Y-axis on the
left side presents values of log P and H-bond acidity and y-axis on the right
represents polarizability.[27]

As the solvent properties of dichloromethane and the differ-
ent nitrile solvents differ, at least in part, strongly from each
other it is difficult to explain on this basis the phenomenon
that DCM and nitriles are suitable solvents and other solvents
usually not. Thus, rationalizing the effect of the solvent needs
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further investigations. From a synthetic perspective, a replace-
ment of dichloromethane as a solvent for TEMPO-oxidation is
of major interest due to the chronical toxicity and the fact that
chlorinated solvents should be substituted in industrial proc-
esses.[29] However, the potential substitution of dichloro-
methane with aliphatic nitriles needs to be carefully considered.
Short-chain aliphatic nitriles, e.g. n-butyronitrile,[30] are acute
toxic by exposure, whereas longer-chained aliphatic nitriles,
such as n-octanenitrile,[31] are harmful to health. However,
short-chain and especially long-chain aliphatic nitriles are not
fully characterized in terms of toxicity and environmental im-
pact, making it difficult to evaluate the benefits of replacement
of dichloromethane with aliphatic nitriles at the current stage.

Since we could find these promising results for all tested
aliphatic nitriles as solvents in these oxidation reactions, we ex-
panded our study to other nitroxyl radicals as catalysts in the
oxidation of alcohols to aldehydes and ketones using sodium
hypochlorite as oxidation agent and nitriles as solvents.

Transfer of the oxidation conditions for TEMPO to PIPO
as a catalyst. As mentioned above, PIPO is a polymeric nitroxyl
radical, which is based on Chimassorb 944 that is a stabilizer for
plastics and therefore a tons-product and commercially readily
available. Since the polymer is insoluble in many solvents, the
catalyst can potentially be recycled and easily separated from
the reaction mixture.[20] As described above, for the TEMPO-
catalysed oxidation of n-octan-1-ol (1) nitriles turned out to rep-
resent a suitable organic solvent as an alternative for DCM en-
abling the reaction at a high substrate concentration of up to
1 M. These conditions were then transferred to the use of PIPO
instead of TEMPO to improve the system further. Initially, a sol-

Figure 3. Solvent study for the PIPO-catalyzed oxidation of n-octan-1-ol (1)
to n-octanal (2).
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vent screening (Figure 3) was performed using PIPO and a sub-
strate concentration of 0.3 M of n-octan-1-ol (1) for a better
comparison with the solvent screening which we conducted
with TEMPO as a catalyst. These experiments showed that in
particular n-butyronitrile and n-octanenitrile are also suitable
solvents for the oxidation of n-octan-1-ol (1) to n-octanal (2)
when using PIPO as a catalyst. In these oxidation reactions, only
small amounts of acid (<5 %) were observed and conversions
of >90 % of n-octan-1-ol (1) were reached within a reaction
time of 1 h. The same reaction was performed then at 1 M

substrate concentration since this concentration was found to
be suitable for the oxidation using TEMPO as catalyst. As an
organic solvent n-butyronitrile was used because this nitrile sol-
vent can be easily removed in vacuo, which simplifies the isola-
tion of the formed aldehyde. In this reaction full conversion of
n-octan-1-ol (1) was reached and a selectivity of 93 % towards

Table 2. Substrate scope of PIPO-catalyzed oxidation of primary alcohols to
aldehydes.

[a] The reactions were quenched by the addition of 2 M HCl (15 mL). [b]
Conversion of alcohol to the corresponding aldehyde or side-products (e.g.
acid) was determined by GC-analysis in comparison to standard-curves.
[c] Selectivities are defined as: caldehyde/(caldehyde + cside-products). [d] Yields
were calculated by isolation of the aldehydes from the reaction mixture by
phase-separation after quenching with acid and extraction of the organic
phase. [e] Reaction was performed in n-octanenitrile as solvent. After 12 h
reaction time, further reaction at room temperature instead of 0 °C. [f ] Iso-
lated yield after distillation. [g] Reaction was performed in n-decanenitrile
as solvent. [h] Isolated yield after column chromatography. [i] Reaction was
performed at room temperature.
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the aldehyde 2 was detected (Table 2, entry 1). In addition, n-
octanal (2) was isolated in 90 % yield from the reaction mixture.

Substrate Scope of PIPO-Catalysed Oxidation in
n-Butyronitrile as a Solvent

Since this oxidation method using n-butyronitrile as solvent,
PIPO as catalyst and sodium hypochlorite pentahydrate as an
oxidation agent is very simple and as the reaction progress can
be easily tracked by GC-analysis, this method was applied for
further oxidation experiments using primary and secondary al-
cohols. In this study, the oxidation of different substrates with
different electronic properties was tested to demonstrate the
applicability of this method for the oxidation of a broad range
of substrates. We started with the substrate scope of “mono”
alcohols since the reaction conditions described above were
optimized for a mono-alcohol and we expected that our
method would be easily applicable also for the preparation of
other mono-aldehydes. Taking into account that the synthesis
of dialdehydes is much more complicated because many more
side-products can occur, further optimization of our method
was conducted later for the oxidation of dialcohols to dialde-
hydes. The substrate scope was also expanded to secondary
alcohols to synthesize ketones, but in this case, no side-prod-
ucts due to overoxidation were expected. The results of the
substrate scope in terms of mono-primary alcohols, secondary
alcohols and dialcohols are shown and discussed in the follow-
ing sub-chapters.

Substrate scope study, part 1: Oxidation of primary alco-
hols to aldehydes. Since we performed detailed studies about
the oxidation of n-octan-1-ol (1) to n-octanal (2), we became
interested in the performance of the PIPO-oxidation in
n-butyronitrile as an alternative solvent to DCM when utilizing
electronically different alcohols as substrates such as, e.g., alco-
hols with aromatic residues (Table 2, entry 5–10). It was found
that aromatic primary alcohols with electron-withdrawing
groups such as a nitro-group (Table 2, entry 7,8), are very rap-
idly converted into the corresponding aldehydes with high se-
lectivity at 0 °C reaction temperature. In contrast, when utilizing
alcohols substituted with an electron-donating group such as a
methoxy-group (Table 2, entry 9,10), the oxidation is much
slower even when being performed at room temperature in-
stead of 0 °C. Nevertheless, also in these cases, high conversions
of 95 % were reached and a selectivity of >99 % towards the
aldehyde was achieved in both cases. When synthesizing
cinnamaldehyde 17 (Table 2, entry 6), this product needed to
be purified by column-chromatography due to undefined side-
products found in the GC-chromatogram. However, also for this
oxidation, a selectivity of 91 % was found (calculated by com-
parison of the aldehyde peak with those of all product peaks
detected in the GC-chromatogram). All aliphatic aldehydes were
synthesized with high conversions of >90 % and selectivities of
>90 % (Table 2, entry 1–4). In case of the synthesis of cyclohex-
anecarbaldehyde 11 (Table 2, entry 4), n-decanenitrile was used
as a solvent instead of n-butyronitrile and in case of the prepa-
ration of n-hexanal (8), n-octanenitrile was chosen as a solvent
component because these products are very volatile and n-
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butyronitrile could not be removed from the product. When
using n-decanenitrile or n-octanenitrile as solvent, however, the
products cyclohexanecarbaldehyde 11 and n-hexanal (8) could
easily be distilled from the solvent after quenching of the reac-
tion with HCl, phase separation and extraction. These results
show that this oxidation method proceeds with a variety of
primary alcohols as substrates to synthesize the corresponding
aldehydes with high selectivities.

Substrate scope study, part 2: Oxidation of primary diols
to dialdehydes. We were further interested in the challenging
oxidation of diols bearing two primary alcohol groups to the
corresponding dialdehydes utilizing the same solvent system.
Therefore, dialcohols such as various α,ω-n-alkanediols (Table 3,
entry 1–3) and phenylenedimethanols (Table 3, entry 4, 5) were
oxidized using PIPO as a catalyst, sodium hypochlorite pentahy-
drate as oxidation agent and n-butyronitrile as organic solvent.
Initially, we tried to use the same reaction conditions as for the
mono-alcohols, but we could not achieve full conversion and
only moderate selectivities were obtained for the oxidation of
n-octan-1,8-diol (31). A major problem was the low solubility of
the substrate n-octan-1,8-diol (31) in n-butyronitrile. We could
overcome this problem by adding THF (27 % v/v) to the reac-
tion solution. This led to full conversion but the selectivity was
only in a moderate range (see Supporting Information). Thus,
we decided to conduct a reaction optimization addressing sub-
strate loading and the amount of NaHSO4 and sodium hypo-
chlorite, respectively. We were pleased to find such desired re-

Table 3. Substrate scope of PIPO-catalyzed oxidation of diols to dialdehydes.

[a] The reactions were quenched by addition of 1 M HCl (15 mL). [b] Conver-
sions are defined as consumption of substrate. [c] Selectivities are defined
as: GC-Areadialdehyde/(GC-Areadialdehyde + GC-Areaside-products). [d] Yields were
calculated by isolation of the aldehydes from the crude reaction mixture by
phase-separation after quenching with acid, extraction of the organic phase
and purification via automated column chromatography. [e] Yields were cal-
culated by isolation of the aldehydes from the reaction mixture by phase-
separation after quenching with acid and extraction of the organic phase.
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action conditions, leading to the oxidation of n-octan-1,8-
diol (31) to n-octanedial (32) with >99 % conversion and 90 %
selectivity. After purification by automated column chromatog-
raphy the desired product n-octanedial (32) was obtained in
69 % isolated yield (Table 3, entry 2). We also applied these
optimized reaction conditions for the oxidation of n-hexan-1,6-
diol (37) and n-decan-1,10-diol (34) as two related aliphatic di-
ols, reaching over 90 % selectivity and moderate yields (Table 3,
entries 1,3). The relatively low yields are due to the instability
of the dialdehydes. During the workup oxidation to various
acids was observed. Furthermore, this method was successfully
applied towards the oxidation of two phenylenedimethanols
leading to high selectivity of 94 % and high yields (Table 3,
entries 4,5), which underlines the generality of n-butyronitrile
as a suitable solvent system for TEMPO-oxidation even for the
challenging dialcohols. However, the oxidation of diols to di-
aldehydes is rather sensitive in comparison to the oxidation of
monoalcohols. Slightly modified conditions in the oxidation of
diols using our method can lead to significant changes in con-
version and selectivity.

Substrate scope study, part 3: Oxidation of secondary
alcohols to ketones. Since we could show that primary mono-
as well as dialcohols can be oxidized by our TEMPO-oxidation
method, we were further interested in applying this technique
for the oxidation of secondary alcohols to the relating ketones
(Table 4). We used the standard oxidation conditions as de-
scribed for the oxidation for the mono-alcohols with slight

Table 4. Substrate scope of PIPO-catalyzed oxidation of secondary alcohols
to ketones.

[a] The reactions were quenched by addition of 2 M HCl (15 mL). [b] Conver-
sions are defined as consumption of substrate. [c] Yields were calculated by
isolation of the ketones from the crude reaction mixture by phase-separation
after quenching with acid and extraction of the organic phase.
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modifications. Since we did not expect any side-product forma-
tion due to the formation of ketones instead of aldehydes as
reaction products, we increased the reaction temperature to
room temperature. The results of the four oxidation experi-
ments using secondary alcohols as substrates are shown in
Table 4. We were pleased to find that also secondary alcohols
were converted into the corresponding ketones with quantita-
tive conversions. Also in the case of the secondary alcohols,
we found a significantly higher reaction velocity for the nitro-
substituted phenylethanol compared to the methoxy-substi-
tuted one (Table 4, entry 3, 4). This is in accordance with litera-
ture results. Kimura et al. also found that nitro-substituted
benzyl alcohol is faster converted than methoxy-substituted
benzyl alcohol.[21] However, an explanation for this effect is still
missing. n-Octan-2-ol (46) was converted slower than the pri-
mary alcohol n-octan-1-ol (1) with a reaction time of 40 min
compared to 15 min for the primary alcohol, although higher
reaction temperature was used for the oxidation of the second-
ary alcohol 46. This result indicates that the oxidation of pri-
mary alcohols is favored.

Oxidation of a Mixture of n-Octan-1-ol and n-Octan-2-ol

In many TEMPO-oxidation studies, the chemoselectivity of this
oxidation method is addressed.[20,21] In the case of the “classi-
cal” TEMPO-catalysed oxidation using bleach as oxidation agent
the oxidation of primary alcohols to the aldehyde was found to
proceed much faster than the oxidation of secondary alcohols
as shown for the oxidation of a mixture of n-nonan-1-ol and
n-nonan-2-ol.[5] Generally, TEMPO-catalyzed oxidations can
proceed in two different ways, following different mecha-
nisms.[32–34] Under acidic conditions, a hydride or proton trans-
fer between catalyst and alcohol substrate can occur, while un-
der basic conditions a pre-oxidation complex is formed via an
alkoxide attack on the electrophilic nitrogen of the oxammo-
nium cation. The formation of the pre-oxidation intermediate is
slower for secondary alcohols due to sterically hindrance, which
leads to a faster conversion of primary alcohols compared to
secondary alcohols. However, Kimura et al. found that the pri-
mary and secondary alcohol are oxidized with equal conver-
sions when using sodium hypochlorite pentahydrate as oxid-
ation agent instead of an aqueous solution of hypochlorite.[21]

In detail, the same conversion of n-octan-1-ol (1) and n-octan-
2-ol (46) in the oxidation reaction of this mixture was observed.
Thus, we were interested to gain an insight into the chemose-
lectivity of our approach for the oxidation of n-octan-1-ol (1)
and n-octan-2-ol (46). Therefore, we performed the oxidation
of n-octan-2-ol (46) at 0 °C, since this temperature was also
used for the oxidation of n-octan-1-ol (1). We found 40 % con-
version of n-octan-2-ol (46) to n-octan-2-one (47) after 1 min.
The reaction proceeds further with a very low reaction velocity
leading to 42 % conversion of the alcohol 46 after 1 h reaction
time. The reason for the high reaction rate at the beginning is
not clear yet, but since we could obtain only 42 % conversion
after 1 h reaction time in case of the secondary alcohol 46, the
overall process efficiency is lower in comparison to the one for
the primary alcohol 1 (for which a full conversion after 15 min
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reaction time was observed; Table 2 entry 1). Afterward, we
conducted another oxidation reaction starting from a 1:1-mix-
ture of n-octan-1-ol (1) and n-octan-2-ol (46) at 0 °C in n-butyr-
onitrile and utilizing sodium hypochlorite pentahydrate as an
oxidation agent (Scheme 2).

Scheme 2. Oxidation of a mixture of n-octan-1-ol (1) and n-octan-2-ol (46).

For this process, we found a complete conversion of n-octan-
1-ol (1) after 2 min reaction time and a conversion of 61 % of
n-octan-2-ol (46) within the same reaction time. When prolong-
ing the reaction time to 1 h, we observed still the same conver-
sion of n-octan-2-ol (46) with 62 %. Thus, this experiment
shows that the oxidation of secondary alcohols is slower than
the oxidation of primary alcohols, indicating that in our method
the oxidation follows a basic reaction mechanism. To proof this
hypothesis, in principle, a simple pH-measurement could be
conducted. However, using our method without having an
aqueous phase, the pH-value cannot be determined directly. To
overcome this problem, we performed one experiment in which
we added water to our system, thus making a pH-measurement
possible. The pH measurement was performed after 5 min reac-
tion time and after completion of the reaction. While the reac-
tion was proceeding, we could find a basic pH of 8. After com-
pletion of the reaction, however, the pH turned out to be neu-
tral. These results support the hypothesis that our system fol-
lows a basic reaction mechanism. Interestingly, the group of
Kimura et al. could show that primary and secondary alcohols
were converted equally in their reaction system, although they
applied very similar reaction conditions.[21] The major differen-
ces between our system and the system of Kimura et al. are the
choice of organic solvent (n-butyronitrile vs. DCM) and nitroxyl
radical-derivative as catalyst (PIPO vs. TEMPO).

Oxidation of Alcohols to Aldehydes Using Aqueous Bleach
Solution as Oxidation Agent

As in the “classical” TEMPO-oxidation method typically a 13 %
aqueous bleach solution is used as oxidation agent,[5] we also
modified our system by using this oxidation agent. Thus, we
used the same conditions as described above with 1 M sub-
strate concentration, an amount of sodium hydrogen sulfate of
5 mol-%, 0.25 mol-% PIPO, n-butyronitrile as an organic solvent
and 1.1 equiv. hypochlorite in aqueous solution. In this experi-
ment, however, we could not obtain full conversion of the alco-
hol and aditionally, we found significant amounts of acid as
side-product. By increasing the amount of hypochlorite solution
full consumption of the alcohol was detected, but also high
amounts of acid were formed. Therefore, we investigated a dos-
age approach of the hypochlorite solution when conducting
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the oxidation reaction. We started with 3 mL of 13 % sodium
hypochlorite solution using 15 mL n-butyronitrile phase and
added 3 mL after every 15 min reaction time with an overall
reaction time 75 min. We tested this method using two ali-
phatic primary alcohols, namely n-octan-1-ol (1) and cyclohex-
ylmethanol 16 (Scheme 3).

Scheme 3. Oxidation of n-octan-1-ol (1) and cyclohexylmethanol 10 to the
corresponding aldehydes using 13 % bleach solution and n-butyronitrile as
an organic solvent.

We were pleased to find that the resulting products n-octa-
nal (2) and cyclohexanecarbaldehyde 11 were formed with con-
versions of >95 % and selectivities of >90 %. These results show
that this system using n-butyronitrile as an organic solvent
component is also suitable for the use of bleach solution in-
stead of hypochlorite pentahydrate as an oxidation agent.

Conclusions
In conclusion, we reported a nitroxyl radical-catalysed oxidation
method running in nitriles as an organic solvent component,
being suitable for the selective synthesis of a broad range of
aldehydes, dialdehydes and ketones. Thus, a convenient and
easy-to-use method has been developed for the selective oxid-
ation of alcohols and diols to the corresponding aldehydes or
ketones, avoiding the need for chlorinated solvents used in the
“classical” Anelli-type oxidation.[5,6] We also could show that
solid sodium hypochlorite pentahydrate as well as bleach solu-
tion can be used as oxidation agent in this system. In this study
we investigated the oxidation of 19 different mono- and dialco-
hols, which were successfully converted into the corresponding
carbonyl compounds with high conversion and selectivities at
moderate reaction conditions.

Experimental Section
Chemicals were purchased by Sigma Aldrich, VWR Chemicals, Fluka
Chemicals, TCI Chemicals, Fluorochem, Alfa Aesar, and Carl Roth and
were used without further purification. The oxidant NaOCl·5H2O
were purchased by TCI Chemicals (Germany) and used without fur-
ther purification. NMR spectra were recorded on a Bruker Avance III
500 at a frequence of 500 MHz (1H). The chemical shift δ is given
in ppm and referenced to the corresponding solvent signal (CDCl3
or (CD3)2SO). Reaction progress was monitored by GC analytics. Fur-
ther information may be found in the Supporting Information. Opti-
mization studies of oxidation of alcohols were performed in analogy
to Kimura et al. using TEMPO or PIPO as catalyst.[21]

Optimization of the TEMPO-Catalyzed Oxidation of n-Octan-1-
ol and n-Decan-1-ol: Phase-transfer catalyst or NaHSO4 as additive
(0.1–1 mmol, 1–10 mol-%) was suspended in dichloromethane
(15 mL) and cooled to 0 °C. Sodium hypochlorite pentahydrate
(4.5–7.5 mmol, 0.74–1.23 g, 0.9–1.5 equiv.) and TEMPO (0.005–



Full Paper
doi.org/10.1002/ejoc.201901365

EurJOC
European Journal of Organic Chemistry

0.05 mmol, 0.78–7.81 mg, 0.1–1 mol-%) were added. The substrate
(5 mmol, 0.3 M) was added under vigorous stirring and the reaction
mixture was stirred at 0 °C until completion (GC-control). The reac-
tion was quenched by addition of aqueous HCl solution (15 mL of
a 1.2 M solution), the phases were separated. The organic phase
was analyzed by GC chromatography. Further work-up and isolation
of the product(s) were not performed. For the substrate n-octan-1-
ol (1) a reaction optimization was carried out in terms of phase-
transfer catalyst or additive amount, sodium hypochlorite amount,
catalyst amount and substrate loading. The results of the optimiza-
tion studies are shown in the Supporting Information (Tables S3–
S4).

Optimization in Terms of Solvent: NaHSO4·H2O (0.22 mmol,
31.1 mg, 5 mol-%) was suspended in organic solvent (15 mL) and
cooled to 0 °C. Sodium hypochlorite pentahydrate (0.81 g, 5 mmol,
1.1 equiv.) and TEMPO (0.0075 mmol, 1.2 mg, 0.25 mol-%) were
added. n-Octan-1-ol (1) (0.80 mL, 5 mmol, 0.3 M) was added under
vigorous stirring and the reaction mixture was stirred at 0 °C for
1 h. Reaction progress was monitored by GC. The results of the
optimization study are shown in the Supporting Information (Table
S5) and in the publication (Figure 1).

Synthesis of Polyamine-Immobilized Piperidinyloxyl Radical
(PIPO): PIPO radical was prepared in analogy to Dijksman et al.[20]

from Chimassorb 944 (Mn ca. 3,000 g/mol). Chimassorb 944 (10.12 g,
3.5 mmol) was suspended in 15 % aqueous H2O2 solution (120 mL)
and the reaction mixture was stirred at room temperature for
5 days. The solid was filtered, washed with H2O (500 mL) and dried
in high vacuum. PIPO (9.78 g, 3.3 mmol, 94 %) was obtained as
slightly orange solid.

Transfer of Optimized Conditions to PIPO as Catalyst: NaH-
SO4·H2O (0.22 mmol, 31.1 mg, 5 mol-%) was suspended in organic
solvent (15 mL) and cooled to 0 °C. Sodium hypochlorite penta-
hydrate (0.81 g, 5 mmol, 1.1 equiv.) and PIPO (0.005–0.01125 mmol,
33.7 mg, 0.25 mol-%) were added. The n-octan-1-ol (1) (0.80 mL,
5 mmol, 0.3 M) was added under vigorous stirring and the reaction
mixture was stirred at 0 °C for 1 h. Reaction progress was monitored
by GC. The results of the optimization study are shown in the Sup-
porting Information (Table S6) and in the publication (Figure 2).

Optimization of the PIPO-Catalyzed Oxidation Reaction
of n-Octan-1,8-diol: NaHSO4·H2O (0.5–1 mmol, 69.04–138 mg, 5–
10 mol-%) was suspended in n-butyronitrile (16–20 mL) and cooled
to 0 °C. Sodium hypochlorite pentahydrate (22 – 35 mmol, 3.62–
5.73 g, 2.2–3.5 equiv.) and PIPO (0.025–0.1 mmol, 75–300 mg, 0.25–
1 mol-%) were added. The n-octan-1,8-diol (32) (10–20 mmol, 1.46–
2.92 g, 0.5 – 1 M) was dissolved in THF (0–4 mL, 0–27 % v/v) by
gentle warming and added to the reaction mixture. The reaction
mixture was stirred at 0 °C until a color change from red to colorless
occurred. The reaction was quenched by addition of aqueous HCl
solution (50 mL of a 1 M solution), the phases were separated and
the organic phase was dried with MgSO4. The organic phase was
analyzed by GC chromatography. Further work-up and isolation of
the product(s) were not performed. For n-octan-1,8-diol (32) an op-
timization study was carried out. The results of the optimization
study are shown in the Supporting Information (Table S7).

General Protocol for PIPO-Oxidation of Primary Alcohols to Al-
dehydes: NaHSO4·H2O (0.75 mmol, 103.6 mg, 5 mol-%) was sus-
pended in n-butyronitrile (15 mL) and cooled to 0 °C. Sodium hypo-
chlorite pentahydrate (16.5–22.5 mmol, 2.71–3.70 g, 1.1–1.5 equiv.)
and PIPO (0.0375 mmol, 112.5 mg, 0.25 mol-%) were added. The
primary alcohol (15 mmol) was added under vigorous stirring and
the reaction mixture was stirred at 0 °C until completion (GC-con-

Eur. J. Org. Chem. 2020, 2399–2408 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2406

trol). The reaction was quenched by addition of aqueous HCl solu-
tion (15 mL of a 2 M solution), the phases were separated and the
aqueous phase extracted with n-butyronitrile (2 × 5 mL). Organic
phases were combined, dried with MgSO4 and the solvent removed
in vacuo. The product was analyzed using 1H-NMR spectroscopy in
[D6]DMSO.

n-Octanal (2): Yield: 90 % (1.728 g, 13.5 mmol). (2) was obtained
from n-octan-1-ol (1) (2.35 mL, 15 mmol) as colorless oil using so-
dium hypochlorite pentahydrate (2.70 g, 16.42 mmol, 1 equiv.) as
oxidation agent. 1H NMR (500 MHz; (CD3)2SO): 9.66 (t, J = 1.6 Hz,
1 H), 2.41 (td, J = 1.6, 7.3 Hz, 2 H), 1.51 (p, J = 7.2 Hz, 2 H), 1.25 (m,
6 H), 0.86 (t, J = 6.9 Hz, 3 H). The 1H-NMR spectrum is in accordance
with the literature.[35]

n-Decanal (5): Yield: 89 % (2.09 g, 13.4 mmol). (5) was obtained
from n-decan-1-ol (4) (2.86 mL, 15 mmol) as colorless oil using so-
dium hypochlorite pentahydrate (2.70 g, 16.42 mmol, 1.1 equiv.) as
oxidation agent. 1H NMR (500 MHz; (CD3)2SO): 9.66 (t, J = 1.5 Hz,
1 H), 2.41 (td, J = 1.5, 7.3 Hz, 2 H), 1.51 (p, J = 7.1 Hz, 2 H), 1.25 (m,
6 H), 0.86 (t, J = 6.9 Hz, 3 H). The 1H-NMR spectrum is in accordance
to the literature.[35]

n-Hexanal (8): Yield: 85 % (1.275 g, 12.75 mmol). Synthesis of n-
hexanal (8) from n-hexan-1-ol (7) (1.88 mL, 15 mmol) was per-
formed in n-octanenitrile as solvent instead of n-butyronitrile using
sodium hypochlorite pentahydrate as oxidation agent (2.70 g,
16.42 mmol, 1.1 equiv.). n-Hexanal (8) (85 %) was obtained as color-
less oil. 1H NMR (500 MHz; (CD3)2SO): 9.66 (t, J = 1.6 Hz, 1 H), 2.41
(td, J = 1.6, 2.4 Hz, 2 H), 1.52 (p, J = 7.3 Hz, 2 H), 1.26 (m, 4H), 0.86
(t, J = 7.1 Hz, 3 H). The 1H-NMR spectrum is in accordance to the
literature.[35]

Cyclohexancarbaldehyde (11): Yield: 58 % (0.98 g, 8.7 mmol). Syn-
thesis of cyclohexancarbaldehyde 11 from cyclohexanemethan-
ol 10 (1.84 mL, 15 mmol) was performed in n-decanenitrile as sol-
vent instead of n-butyronitrile using sodium hypochlorite pentahy-
drate as oxidation agent (2.70 g, 16.42 mmol, 1.1 equiv.). Cyclohex-
ancarbaldehyde 11 (0.98 g, 8.7 mmol, 58 %) was obtained as color-
less oil. 1H NMR (500 MHz; (CD3)2SO): 9.55 (s, 1 H), 2.27 (m, 1 H),
1.81 (m, 2 H), 1.65–1.55 (m, 3 H), 1.33–1.18 (m, 5 H). The 1H-NMR
spectrum is in accordance with the literature.[35]

Benzaldehyde 14. Yield: 95 % (1.51 g, 14.23 mmol). 14 was ob-
tained from benzyl alcohol 13 (1.62 g, 15 mmol) as colorless oil
using sodium hypochlorite pentahydrate (2.96 g, 18.0 mmol,
1.2 equiv.) as oxidation agent. 1H NMR (500 MHz; (CD3)2SO): 10.02
(s, 1H), 7.92 (dd, J = 1.4, 8.2 Hz, 2H), 7.71 (m, 1H), 7.61 (t, J = 7.6 Hz,
2H). The 1H-NMR spectrum is in accordance with the literature.[35]

Cinnamaldehyde (16). Yield: 75 % (1.49 g, 11.25 mmol). The oxid-
ation of cinnamyl alcohol 16 (2.01 g, 15 mmol) was performed using
sodium hypochlorite pentahydrate (2.96 g, 18.0 mmol, 1.2 equiv.)
as oxidation agent. Cinnamaldehyde 17 (1.49 g, 11.25 mmol, 75 %)
was obtained as yellowish oil after automated column chromatog-
raphy using cyclohexane and ethyl acetate as solvent (gradient from
10 to 40 % ethyl acetate in cyclohexane), a flow of 75 mL/min on a
Biotage® SNAP Ultra 50 g column. 1H NMR (500 MHz; (CD3)2SO):
9.69 (d, J = 7.6 Hz, 1 H), 7.75 (m, 4 H), 7.47 (m, 2 H), 6.87 (dd, J =
7.8, 16.0 Hz, 1 H). The 1H-NMR spectrum is in accordance with the
literature.[35]

4-Nitrobenzaldehyde 20. Yield: 94 % (2.12 g, 14.0 mmol). 20 was
obtained from 4-nitrobenzyl alcohol 19 (2.30 g, 15 mmol) as a
slightly yellowish solid using sodium hypochlorite pentahydrate as
oxidation agent (2.96 g, 18.0 mmol, 1.2 equiv.). 1H NMR (500 MHz;
(CD3)2SO): 10.17 (s, 1 H), 8.42 (d, J = 8.5 Hz, 2 H), 8.17 (d, J = 8.5 Hz,
2 H). The 1H-NMR spectrum is in accordance with the literature.[35]
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3-Nitrobenzaldehyde 23. Yield: 92 % (2.09 g, 13.8 mmol) 23 was
obtained from 3-nitrobenzyl alcohol 22 (2.30 g, 15 mmol) as yellow-
ish solid using sodium hypochlorite pentahydrate (2.96 g,
18.0 mmol, 1.2 equiv.) as oxidation agent. 1H NMR (500 MHz;
(CD3)2SO): 10.14 (s, 1 H), 8.67 (m, 1 H), 8.52 (ddd, J = 1.1, 2.4, 8.3 Hz
1 H), 8.33 (d, J = 7.7 Hz, 1 H), 7.89 (t, J = 7.9 Hz, 1 H). The 1H-NMR
spectrum is in accordance with the literature.[35]

4-Methoxybenzaldehyde 26. Yield: 88 % (1.79 g, 13.15 mmol). 26
was obtained from 4-methoxybenzyl alcohol 25 (2.07 g, 15 mmol)
as slightly yellowish liquid using sodium hypochlorite pentahydrate
as oxidation agent (2.96 g, 18.0 mmol, 1.2 equiv.) at room tempera-
ture instead of 0 °C. 1H NMR (500 MHz; (CD3)2SO): 9.87 (s, 1 H), 7.86
(d, J = 8.8 Hz, 2 H), 7.11 (d, J = 8.7 Hz, 2 H), 3.33 (s, 3 H). The 1H-
NMR spectrum is in accordance with the literature.[35]

3-Methoxybenzaldehyde 29. Yield: 88 % (1.79 g, 13.2 mmol). 29
was obtained from 3-methoxybenzyl alcohol 28 (2.07 g, 15 mmol)
as slightly yellowish liquid using sodium hypochlorite pentahydrate
(2.96 g, 18.0 mmol, 1.2 equiv.) as oxidation agent at room tempera-
ture instead of 0 °C. 1H NMR (500 MHz; (CD3)2SO): 9.98 (s, 1 H), 7.52
(m, 2 H), 7.42 (m, 1 H), 7.28 (m, 1 H), 3.83 (s, 3 H). The 1H-NMR
spectrum is in accordance with the literature.[35]

General Protocol for PIPO-Oxidation of Dialcohols to Dialde-
hydes. NaHSO4·H2O (0.5 mmol, 51.8 mg, 5 mol-%) was suspended
in n-butyronitrile (11 mL) and cooled to 0 °C. Sodium hypochlorite
pentahydrate (17.3 mmol, 2.84 g, 2.3 equiv.) and PIPO (0.38 mmol,
225 mg, 1 mol-%) were added. The primary dialcohol (7.5 mmol,
1 M) was dissolved in THF (4 mL, 27 % v/v) by gentle warming and
added to the reaction mixture after cooling to r.t. The reaction mix-
ture was stirred at 0 °C until a color change from red to colorless
occurred. The reaction was quenched by addition of aqueous HCl
solution (50 mL of a 1 M solution), the phases were separated and
the aqueous phase extracted with ethyl acetate (3 × 30 mL). Or-
ganic phases were combined, dried with MgSO4 and the solvent
removed in vacuo. The crude product was analyzed using GC analy-
sis and further purified using automated column chromatography.
The product was then analyzed using 1H-NMR spectroscopy in
[D6]DMSO.

n-Hexanedial (38). Yield: 37 % (316 mg, 2.8 mmol). 38 was ob-
tained from n-hexan-1,6-diol (37) (886 mg, 7.5 mmol) as colorless
liquid using sodium hypochlorite pentahydrate as oxidation agent
(2.84 g, 17.3 mmol, 2.2 equiv.) after automated column chromatog-
raphy using cyclohexane and ethyl acetate as solvent (gradient from
5 to 50 % ethyl acetate in cyclohexane), a flow of 75 mL/min on a
Biotage® SNAP Ultra 25 g column. 1H NMR (500 MHz; (CD3)2SO):
9.66 (t, J = 1.4 Hz, 2 H), 2.47–2.40 (m, 4 H), 1.55–1.47 (m, 4 H). The
1H-NMR spectrum is in accordance with the literature.[36]

n-Octanedial (32). Yield: 69 % (740 mg, 5.2 mmol). 32 was ob-
tained from n-octan-1,8-diol (37) (1.1 g, 7.5 mmol) as colorless liq-
uid using sodium hypochlorite pentahydrate as oxidation agent
(2.84 g, 17.3 mmol, 2.2 equiv.) after automated column chromatog-
raphy using cyclohexane and ethyl acetate as solvent (gradient from
10 to 50 % ethyl acetate in cyclohexane), a flow of 75 mL/min on a
Biotage® SNAP Ultra 25 g column. 1H NMR (500 MHz; (CD3)2SO):
9.66 (s, 2 H), 2.41 (td, J = 7.3, 1.6 Hz, 4 H), 1.56–1.43 (m, 4 H),
1.31–1.19 (m, 4 H). The 1H-NMR spectrum is in accordance with the
literature.[37]

n-Decanedial (35). Yield: 56 % (710 mg, 4.17 mmol). 35 was ob-
tained from n-decan-1,10-diol (34) (1.3 g, 7.5 mmol) as colorless
liquid using sodium hypochlorite pentahydrate as oxidation agent
(2.84 g, 17.3 mmol, 2.2 equiv.) after automated column chromatog-
raphy using cyclohexane and ethyl acetate as solvent (gradient from
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5 to 50 % ethyl acetate in cyclohexane), a flow of 75 mL/min on a
Biotage® SNAP Ultra 25 g column. 1H NMR (500 MHz; (CD3)2SO):
9.66 (t, J = 1.7 Hz, 2 H), 2.42 (td, J = 7.2, 1.7 Hz, 4 H), 1.56–1.47 (m,
4 H), 1.26 (s, 8 H). The 1H-NMR spectrum is in accordance with the
literature.[38]

Benzene-1,4-dicarboxaldehyde 42. Yield: 87 % (876 mg,
6.5 mmol). 42 was obtained from 1,4-benzendimethanol 41 (1.0 g,
7.5 mmol) as colorless solid using sodium hypochlorite penta-
hydrate as oxidation agent (2.84 g, 17.3 mmol, 2.2 equiv.). The sub-
strate was added neat to a reaction already containing the THF co-
solvent. 1H NMR (500 MHz; (CD3)2SO): 10.14 (s, 2 H), 8.12 (s, 4 H).
The 1H-NMR spectrum is in accordance with the literature.[35]

Benzene-1,3-dicarboxaldehyde 45. Yield: 71 % (719 mg,
5.4 mmol) was obtained from 1,4-benzendimethanol 44 (1.0 g,
7.5 mmol) as colorless solid using sodium hypochlorite penta-
hydrate as oxidation agent (2.84 g, 17.3 mmol, 2.2 equiv.) after auto-
mated column chromatography using cyclohexane and ethyl acet-
ate as solvent (gradient from 12 to 86 % ethyl acetate in cyclohex-
ane), a flow of 75 mL/min on a Biotage® SNAP Ultra 25 g column
The substrate was added neat to a reaction already containing the
THF solvent. 1H NMR (500 MHz; (CD3)2SO): 10.13 (s, 2 H), 8.43 (d, J =
1.9 Hz, 1 H), 8.22 (d, J = 7.6 Hz, 2 H), 7.84 (t, J = 7.6 Hz, 1 H). The
1H-NMR spectrum is in accordance to the literature.[35]

General Protocol for PIPO-Oxidation of Secondary Alcohols to
Ketones. NaHSO4·H2O (0.75 mmol, 103.6 mg, 5 mol-%) was sus-
pended in n-butyronitrile (15 mL) at room temperature. Sodium
hypochlorite pentahydrate (22.5 mmol, 3.70 g, 1.5 equiv.) and
PIPO (0.0375 mmol, 112.5 mg, 0.25 mol-%) were added. The second-
ary alcohol (15 mmol) was added under vigorous stirring and the
reaction mixture was stirred at room temperature until completion
(GC-control). The reaction was quenched by addition of aqueous
HCl solution (15 mL of a 2 M solution), the phases were separated
and the aqueous phase extracted with n-butyronitrile (2 × 5 mL).
Organic phases were combined, dried with MgSO4 and the solvent
removed in vacuo. The product was analyzed by 1H-NMR spectro-
scopy in CDCl3.

2-Octanone (47). Yield: 22 % (0.415 g, 3.24 mmol). 47 was obtained
from n-octan-2-ol (46) (2.38 mL, 15 mmol) as colorless liquid. 1H
NMR (500 MHz; CDCl3): 2.39 (t, J = 7.5 Hz, 2 H), 2.10 (s, 3 H), 1.54
(p, J = 7.4 Hz, 2 H), 1.26 (m, 6 H), 0.85 (t, J = 6.8 Hz, 3 H). The 1H-
NMR spectrum is in accordance with the literature.[35]

Acetophenone 49. Yield: 49 % (0.899 g, 7.48 mmol) was obtained
from 1-phenylethanol (48) (1.81 g, 15 mmol) as colorless liquid. 1H
NMR (500 MHz; CDCl3): 7.97 (d, J = 1.4, 8. Hz, 2 H), 7.55 (t, J = 7.4 Hz,
1 H), 7.45 (t, J = 7.7 Hz, 2 H), 2.59 (s, 3 H). The 1H-NMR spectrum is
in accordance with the literature.[35]

4-Nitroacetophenone 51. Yield: 90 % (2.23 g, 14 mmol). 51 was
obtained from 4-nitro-α-methylbenzyl alcohol (50) (2.51 g,
15 mmol) as colorless solid. 1H NMR (500 MHz; CDCl3): 8.32 (d, J =
8.5 Hz, 2 H), 8.12 (d, J = 8.5 Hz, 2 H), 2.68 (s, 3 H). The 1H-NMR
spectrum is in accordance to the literature.[35]

4-Methoxyacetophenone 53. Yield: 65 % (1.46 g, 9.73 mmol). 53
was obtained from 4-methoxy-α-methylbenzyl alcohol (52) (2.28 g,
15 mmol) as colorless solid. 1H NMR (500 MHz; CDCl3): 7.93 (d, J =
8.8 Hz, 2 H), 7.45 (d, J = 8.8 Hz, 2 H), 3.84 (s, 3 H). The 1H-NMR
spectrum is in accordance with the literature.[35]

Oxidation of n-Octan-2-ol at 0 °C and 1.1 eq. Sodium Hyp-
ochlorite Pentahydrate. NaHSO4·H2O (0.75 mmol, 103.6 mg, 5 mol-
%) was suspended in n-butyronitrile (15 mL) at 0 °C. Sodium hypo-
chlorite pentahydrate (16.5 mmol, 2.71 g, 1.1 equiv.) and
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PIPO (0.0375 mmol, 112.5 mg, 0.25 mol-%) were added. The second-
ary alcohol (15 mmol) was added under vigorous stirring and the
reaction mixture was stirred at 0 °C. The reaction progress was mon-
itored by GC. The results are shown in the Supporting information
(Table S8).

Oxidation of a Mixture of n-Octan-1-ol and n-Octan-2-ol.
NaHSO4 H2O (0.75 mmol, 103.6 mg, 5 mol-%) was suspended in n-
butyronitrile (15 mL) at 0 °C. Sodium hypochlorite pentahydrate
(16.5 mmol, 2.71 g, 1.1 equiv.) and PIPO (0.0375 mmol, 112.5 mg,
0.25 mol-%) were added. The alcohol mixture consisting of n-octan-
1-ol (1) (1.18 mL, 7.5 mmol) and n-octan-2-ol (46) (1.19 mL,
7.5 mmol) (in total 15 mmol) was added under vigorous stirring
and the reaction mixture was stirred at 0 °C. The reaction progress
was monitored by GC. The results are shown in the Supporting
Information (Table S9) and in Scheme 2.

Oxidation of Alcohols to Aldehydes Using Aqueous Bleach Solu-
tion as Oxidation Agent. NaHSO4·H2O (0.75 mmol, 103.6 mg,
5 mol-%) was suspended in n-butyronitrile (15 mL) at 0 °C. 13 %
aqueous sodium hypochlorite solution (3 mL, 5 mmol, 0.33 equiv.)
and PIPO (0.0375 mmol, 112.5 mg, 0.25 mol-%) were added. The
alcohol (15 mmol) was added under vigorous stirring and the reac-
tion mixture was stirred at 0 °C. Each 15 min reaction time 13 %
aqueous sodium hypochlorite solution (3 mL, 5 mmol, 0.2 equiv.)
was added. The reaction progress was monitored by GC. The results
are shown in the Supporting Information (Table S10) and the publi-
cation (Scheme 3).
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6, 3, 441-443.
[24] R. Metzner, S. Okazaki, Y. Asano, H. Gröger, ChemCatChem 2014, 6, 3105–

3109.
[25] T. Betke, P. Rommelmann, K. Oike, Y. Asano, H. Gröger, Angew. Chem. Int.

Ed. 2017, 56, 12361–12366; Angew. Chem. 2017, 129, 12533.
[26] A. Hinzmann, S. Glinski, M. Worm, H. Gröger, J. Org. Chem. 2019, 84,

4867–4872.
[27] C. Mintz, K. Burton, W. E. Acree, M. H. Abraham, Thermochim. Acta 2007,

459, 17–25.
[28] J. Sangster, J. Phys. Chem. Ref. Data 1989, 18, 1111–1229.
[29] D. Prat, O. Pardigon, H. W. Flemming, S. Letestu, V. Ducandas, P. Isnard,

E. Guntrum, T. Senac, S. Ruisseau, P. Cruciani, et al., Org. Process Res. Dev.
2013, 17, 1517–1525.

[30] Sigma-Aldrich, Saf. Data Sheet Butyronitrile 13976, 12.10.2019.
[31] Sigma-Aldrich, Saf. Data Sheet Heptyl Cyanide 2534BC, 12.10.2019.
[32] A. E. J. de Nooy, A. C. Besemer, H. van Bekkum, Tetrahedron 1995, 51,

8023–8032.
[33] W. F. Bailey, J. M. Bobbitt, K. B. Wiberg, J. Org. Chem. 2007, 72, 4504–

4509.
[34] T. A. Hamlin, C. B. Kelly, J. M. Ovian, R. J. Wiles, L. J. Tilley, N. E. Leadbeater,

J. Org. Chem. 2015, 80, 8150–8167.
[35] C. J. Pouchert, J. Behnke, The Aldrich Library of 13C and 1H FT NMR Spectra,

Aldrich Chemical Company, Inc. 1993.
[36] B. C. Hong, H. C. Tseng, S. H. Chen, Tetrahedron 2007, 63, 2840–2850.
[37] S. T. Liu, K. V. Reddy, R. Y. Lai, Tetrahedron 2007, 63, 1821–1825.
[38] A. Ohno, A. Kushiyama, Y. Kondo, T. Teranaka, N. Yoshino, J. Fluorine

Chem. 2008, 129, 577–582.

Received: September 15, 2019


