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Abstract: The steric influence of substituents on the 2-
and 9-positions of phenanthroline in the (2,9-R2-1,10-
phenanthroline)palladium(II)-catalyzed aerobic oxi-
dation of 2-hexanol was investigated by means of
high throughput experimentation. (Neocuproine)Pd-
(OAc)2 (R�CH3) was found to be a highly active
catalyst for alcohol oxidation in 1 :1 water/DMSO
mixtures. The catalyst is unique in that it tolerates

water, polar co-solvents and a wide variety of func-
tional groups in the alcohol. Turn-over frequencies of
� 1500 h�1 were achieved and a series of alcohols was
oxidised with 0.1 to 0.5 mol % of catalyst.

Keywords: alcohol oxidation, dioxygen, functional
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Introduction

With ever-tightening environmental regulations and
increasing costs, chemistry today focuses on new, cheap-
er and greener ways to carry out organic transforma-
tions.[1] In alcohol oxidation reactions this is most clear,
as the heavily polluting protocols, with stoichiometric
amounts of bichromate and permanganate, of the
previous century are being replaced bymodernmethods
involving catalytic amounts of metal catalysts in combi-
nation with oxidants such as dioxygen or hydrogen
peroxide.[2] In the last four years some 30 fine articles
have appeared, describing cobalt-,[3] copper-,[4] rutheni-
um-[5] and palladium[6]-catalyzed reactions with dioxy-
gen as the terminal oxidant. However, many of the
catalytic systems mentioned above have a few draw-
backs: (1) a low tolerance towards water, while by
definition water is formed in the reaction; (2) the
combination of flammable solvent with pure dioxygen,
which may lead to hazardous situations; and (3) an
(often) tedious work-up procedure with accompanying
catalyst decomposition.
One of our group×s main research goals is the

investigation of catalytic reactions in non-conventional
media. In this program the use of water-soluble batho-
phenanthroline-palladium complexes ± (PhenS*)Pd-
(OAc)2 (1, Figure 1) ± for alcohol oxidation has proven
successful, because the aforementioneddrawbackswere
avoided; the side product water is actually used as

process solvent. Furthermore, the use of water as a
process solvent significantly decreases the chance of
explosions and enables separation and recycling of the
catalysts from organic product layers.[7] The system has
one disadvantage, however, which is the limited sol-
ubility of many substrates in neat water. A second and
more general disadvantage from which nearly all
catalyst systems seem to suffer,[5e,6b] is the low tolerance
for (coordinating) functional groups in the solvent or the
substrate. The (PhenS*)Pd(OAc)2 system, for example,
could only tolerate a single ether functionality (in butyl
proxitol), and all other functional groups proved
insurmountable, as these coordinated more tightly to
palladium.[7b]

The mechanism that was postulated, based on our
initial studies, is shown in Figure 1. The reaction is half-
order in palladium and first order in the alcohol
substrate. The resting catalyst is a dimeric complex
containing bridging hydroxy groups. Reaction with the
alcohol in the presence of a base, added as a cocatalyst
(NaOAc) or free ligand, affords a monomeric alkoxy
palladium(II) intermediate which undergoes �-hydride
elimination to give the carbonyl compound, water and a
palladium(0) complex. Oxidative addition of dioxygen
to the latter affords a palladium(II) �-peroxo complex
which can react with the alcohol substrate to regenerate
the catalytic intermediate, presumably with concomi-
tant formation of hydrogen peroxide as was observed in
analogous systems. Recently Stahl et al. conducted
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mechanistic studies on the Pd/DMSO and Pd/pyridine
systems and found that both pyridine and DMSO had
a positive influence on the reoxidation of palladi-
um(0).[8]

We envisaged that we could obtain a more active
catalyst and improve the substrate tolerance with the
introduction of steric groups on the 2- and 9-positions of
the bathophenanthroline ligand. It is known that many
diamine,[9] diimine[10] and diphosphine[11] complexes of
palladium (and platinum) exist in solution as dimeric
species [see Eq. (1)]. For instance, when dissolved in
neutral aqueous solution, phenanthroline complexes of
palladium acetate form dihydroxo-bridged dimers.[12]

These dimers can dissociate into two monomers that
are the active species in aerobic oxidation of, e.g., olefins
to methyl ketones[13] (Wacker reaction) or oxidation of
alcohols[7] to aldehydes, ketones and carboxylic acids.
Kinetic investigations of our aqueous biphasic catalytic
system based on Pd/PhenS*, revealed that only a small
fraction of the palladium dimers is dissociated during
the reaction.[7b] Possibly, steric hindrance on the 2- and 9-
positions of the bathophenanthroline ligand could
enhance the reactivity of the catalyst, through facilitat-
ing the dissociation of the palladium dimer into the two
(active) monomers [Eq. (1)]. The introduction of the
relatively small methyl substituent should already exert
a fairly large effect. In the analogous (2,9-dimethylphen-
anthroline)platinum dimer, the methyl groups induce a
significant repulsive interaction with the hydroxo-
bridges and a small repulsive interaction with the
opposite methyl groups.[14] Although a crystal structure
of an analogous palladium complex is not yet available,
it is likely that the effect is at least as significant.[15] The
consequence of these steric effects is that the dimeric
complexes bend from planarity and form a bowl-shaped
dimer. Whether the bent platinum[16] and palladium
complexes are more reactive than the respective planar
complexes, remains somewhat unpredictable.

�1�

In the oxidative carbonylation of phenol,[17] and inCO[18]

and alcohol[19] oxidations catalysed by palladium-phen-
anthroline complexes in water an increased reaction
rate with increasing steric bulk of the 2,9-disubstituted
phenanthroline ligand has been observed. This might, at
least in part, be ascribed to facilitated dissociation of the
palladium dimer. Once the catalyst has dissociated into
the monomeric species, however, the substituents on
phenanthroline play a second role by destabilizing
square-planar palladium complexes with respect to
trigonal complexes.[20] Hence, the catalyst can no longer
accommodate all types of substrates.
To explore an optimum steric effect at the 2- and 9-

position in the phenanthroline ligand in the palladium-
catalysed alcohol oxidation, we set out to synthesize a
series of palladium complexes and test these using a
combinatorial approach.[21] The catalytic experiments
were either conducted in a conventional autoclave or in
a reactor array of 24 five-mL mini-autoclaves. The
parallel catalytic experiments allowed quick catalyst/
ligand screening andoptimization of reaction conditions
(co-solvents, additives) and also for rapid determination
of substrate scope for a number of selected catalysts.

Results and Discussion

Oxidation of 2-Hexanol with Water-Soluble Palladium
Complexes

In an initial study a small selection of water-soluble
phenanthroline-derived ligands was investigated as
ligands for the palladium-catalyzed aerobic oxidation
of 2-hexanol in an aqueous biphasic medium (see
Figure 2).
At this stage reactions were carried out in a conven-

tional (175 mL) autoclave. In previous reports[7] we have
shown that the palladium complex with sulfonated
bathophenanthroline (1) was active in alcohol oxidation
with a turn-over frequency (TOF) of 49 h�1 observed for
2-hexanol. When the commercially available water-
soluble bathocuproine ligand (2) was used in combina-
tion with Pd(OAc)2, the activity was tripled to TOF�
150 h�1. This result is in agreement with our working-
hypothesis that dissociation of the palladium dimer was
facilitated and, thus, the activity was increased.[22]

However, with the two sulfonated phenyl rings placed
at the 2- and 9- positions instead of the 4- and 7-positions
of phenanthroline, as in ligand (3), the palladium
complex was completely inactive. This is possibly due

Figure 1.Mechanism of Pd-bathophenanthroline catalysed
oxidation of alcohols.
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to coordination of the sulfonate groups to the metal or
due to metallation of a phenyl ring by the palladium.
But, as no apparent changes of the catalyst solutionwere
observed by UV-VIS, the effect could just be a
consequence of an effective shielding of the catalyst by
the large phenyl rings.[23]

Steric Effects in Phenanthroline Ligands

An extensive library of 2-substituted and 2,9-disubsti-
tuted phenanthroline ligands was synthesized, to iden-
tify a potential optimum in steric hindrance of ligands
that, on the one hand, facilitate dissociation of the
palladium dimer, but on the other hand do not hinder
approach of the substrate alcohol too severely. As it
would be too complicated to synthesize water-soluble
analogues of all desired ligands (cf. Figure 1), we chose
to prepare non-sulfonated phenanthroline derivatives.
Aqueous conditions were mimicked by using water/
DMSO mixtures (e.g., 1 : 1, vol/vol) that conveniently
dissolved all of these palladiumcomplexes. The catalysts
were thus tested in the aerobic oxidation of 2-hexanol in
a parallel fashion and in a single liquid phase reaction
[Eq. (2) and Table 1].

�2�

Table 1 shows that in this series neocuproine (4) is by far
the best ligand for alcohol oxidation with palladium.
With longer n-alkyl substituents on the ligand [2,9-di-n-
butylphenanthroline (6) and 2-n-pentylphenanthroline
(7)] the reaction rates decreased considerably to circa
110 h�1. With sec-butyl substituents on phenanthroline
[2-sec-butylphenanthroline (14) and 2,9-di-sec-butyl-
phenanthroline (15)] the reaction rate is very low at
25 h�1, possibly a sign of too much steric hindrance.
Whenphenyl ringswere placed at the 2- or both 2- and 9-
positions of phenanthroline, respectively, similar reac-
tivity was observed to that with 14 and 15. Comparing
these steric effects it is remarkable that the unsubsti-

tuted (phen)Pd(OAc)2 catalyst showed such a low
activity under these reaction conditions.
As we had previously discovered that electron-with-

drawing substituents on the ligand improved the reac-
tion rate,[22] we had high hopes of good reactivity of
several other ligands. However, these proved disap-
pointing for various reasons. The 2,9-dichlorophenan-
throline (16) ± although approximately similar in steric
size as neocuproine ± gave a poorly reactive complex,
which might be attributed to the relatively reactive
chloro substituents being replaced by other groups.[24]

The trichloromethyl and trifluoromethyl groups are
more stable electron-withdrawing substituents, and in-
deed with 2,9-bis(trifluoromethyl)phenanthroline (5,
TOF � 125 h�1) and monosubstituted 2-(trichlorome-
thyl)phenanthroline (8, TOF � 75 h�1) better results
were obtained. With the bulkier 2,9-bis(trichlorome-
thyl)phenanthroline (19), the complexwas inactive.This
shows that, contrary to the expectation ofDrago et al.[25]

complexation to palladium had taken place, but that the
steric bulk on the ligand created a nearly inactive
complex. Palladium-catalysed hydration of 2-cyanophe-
nanthroline (12),[10c] and coordination of the cyano
group to palladium could account for the poor reactivity
of the palladium complex with this ligand. Lastly, the
ligands with the electron-withdrawing carboxylate sub-
stituents (10 and 11) formed moderately active com-
plexes with Pd(OAc)2. Although these substituents
might assist somehow in deprotonation of the alcohol,
a clear beneficial effect was not observed.

Figure 2. Oxidation of 2-hexanol with water-soluble palladi-
um complexes.

Table 1. Steric effects at the 2,9-positions of phenanthro-
line.[a]

Ligand R1 R2 TOF0 (h�1)

4 CH3 CH3 170
5 CF3 CF3 125
6 n-Bu n-Bu 115

No ligand No ligand 110
7 n-pentyl H 110
8 CCl3 H 75
9 CH3 H 60

10 COOH COOH 55
11 COOH H 35
12 C6H5 C6H5 30
13 CN H 25
14 sec-Bu H 25
15 sec-Bu sec-Bu 25
16 Cl Cl 15
17 C6H5 H 10
18 H H 5
19 CCl3 CCl3 0

[a] Conditions: 0.002 mmol (0.1 mol %) (ligand)Pd(OAc)2,
2 mmol 2-hexanol, 0.1 mmol NaOAc, 1.5 mL water/
DMSO (1 : 1), 2 h, 80 �C, 30 bar air, 200 rpm, selectivity
was 100% in all cases.
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A striking result shown in Table 1 is that the reaction
proceeds very well without any ligand present. Normal-
ly, such a reaction does not proceed in neat water
because unreactive palladium black is formed after one
cycle. However, in water/DMSO (1 :1) the reaction is
catalytic in simple Pd(OAc)2. The salt has already been
shown to be active in the oxidation of both aliphatic[26]

and activated benzylic or allylic alcohols,[6i] when neat
DMSO was used as solvent. Stahl et al. observed some
deactivation of the catalyst in neatDSMOwhen 1 bar of
dioxygen was used as the terminal oxidant.[8a] Under the
high oxygen pressures (30 bar air) that we used the
water/DMSO solution remained bright yellow and no
Pd(0) was formed. Although the results are not shown
in the table, it is apparently important to start the
catalytic cycle with a palladium(II) species, because the
complexes Pd2(dba)3 or Pd(PPh3)4 showed almost no
activity, whereas simple Pd(OAc)2 in DMSOwas highly
active.
The fact that neocuproine is commercially available

and that the palladium complex can be made in high
purity makes this the most convenient ligand for
catalysis and further reactions were carried out with
this catalyst.

Solvent Effect

The choice to use DMSO as a co-solvent was rather
arbitrary. Therefore, we decided to test a range of other
water-miscible co-solvents in a 1 :1 (vol/vol) ratio with
water in the oxidation of 2-hexanol. Table 2 shows that
not only water/DMSO mixtures lead to high catalyst
activity (TOF� 170 h�1). Comparable reaction rates of
TOF� 170 h�1 were obtained when NMP was used as
co-solvent. Also in the other co-solvents containing an
amide functionality good reactivity (TOF � 120 for
DMAC and � 85 h�1 for DMF) was found. However,
when the reaction was carried out in DMF the reaction
rate was nearly zero on a few occasions, possibly due to
well-known decomposition of this solvent in CO and
HNMe2. In all these cases a bright yellow solution was
obtained after reaction. In ethylene carbonate, on the
other hand, the initially bright yellow solution turned
brown-black. Still, the catalyst maintained good activity
(TOF � 140 h�1). When sulfolane was used as a (1 : 1)
co-solvent with water the reaction rate was very low and
an in some reactors an orange precipitate was formed. It
is possible that impurities containing sulfide groups
(e.g., tetrahydrothiophene) caused this deactivation.
Indeed, when the solvent was pretreated with some
hydrogen peroxide in an attempt to convert any sulfide
groups into sulfoxide (sulfone) functionalities, less
precipitate was formed and a slightly higher reaction
rate was obtained (TOF � 15 h�1 vs. 5 h�1). It is note-
worthy that by investigating these co-solvents, we have
shown that ± contrary to PhenS*Pd(OAc)2 ± the (neo-

cuproine)Pd(OAc)2 catalyst tolerates several functional
groups, notably sulfoxides, amides and carbonates.
In previous experiments an arbitrary (1 :1) mixture of

water and co-solvent was used as solvent (see Tables 1
and 2). Therefore the influence of the fraction of co-
solvent (DMSO) on the reaction rate was determined
(see Figures 3a, 3b). Traditionally, this is an extremely
time-consuming task. However, with the combinatorial
approach 12 reactions were followed simultaneously in
duplo, and a detailed picture was obtained in only 24
hours (see Figure 3).
Using the (neocuproine)Pd(OAc)2 catalyst in neat

water a TOFof 50 h�1 was reached at 80 �C. Addition of
small amounts (5 ± 10 vol %) of DMSO had little effect.
Combined with the results from Table 2 this indicates
that DMSO does not necessarily play a special role in
(neocuproine)Pd(OAc)2-catalyzed alcohol oxidations,
as DMSO is believed to do in Pd(OAc)2-catalysed
reactions.[8a,26] An increase in the DMSO fraction also
leads to increased solubility of 2-hexanol in the −aque-
ous× phase where the catalyst resides. In this way the
reaction rate increased to an optimum rate of circa
170 h�1 at 50 ± 60% DMSO. At higher DMSO fractions
the reaction rate decreased significantly to a (relatively)
low 70 h�1 in neat DMSO. Several explanations can be
envisaged for this decrease. First, the polarity of water
(� � 78) is considerably higher than that of DMSO (� �
48). A high polarity of the solvent can be beneficial to
oxidation reactions. Second, it is likely that DMSO is
able to compete with the alcohol or hydroxide ligand[7b]

for coordination to the (neocuproine)Pd2� centre at high
DMSO concentrations.[27,28]

When only 0.05 mol % catalyst was used instead of
0.1 mol %catalyst, the turn-over frequency increased by
a factor of circa 1.5 for the reaction catalysed by
(neocuproine)Pd(OAc)2 in DMSO. This reflects the
order of 1³2 in catalyst concentration also found earlier
for the (PhenS*)Pd(OAc)2-catalysed alcohol oxida-
tion.[7b,29] This order of 1³2 is a consequence of the catalyst
being a palladium dimer, which is in equilibrium with 2
equivalents of an active palladium monomer. In neat

Table 2. Comparison of various co-solvents.[a]

Co-solvent TOF (h�1)

DMSO 170
NMP 170
Ethylene carbonate 140
DMAC 120
DMF 85
sulfolane 5

[a] Conditions: 0.002 mmol (0.1 mol %) (neocuproine)
Pd(OAc)2, 2 mmol 2-hexanol, 0.1 mmol NaOAc, 1.5 mL
water/co-solvent (1 : 1), 2 h, 80 �C, 30 bar air, 200 rpm,
selectivity was 100% in all cases. NMP�N-methylpyrro-
lidinone, DMAC� dimethylacetamide.
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DMSO the difference in reaction rates for different
catalyst concentrations is nearly zero, probably because
not enoughwater is present to formadihydroxo-bridged
palladium dimer.
Interestingly, for reactions catalysed by simple

Pd(OAc)2 (see Figure 3b) the highest reaction rates
were found at high concentrations of DMSO and not in
aqueous (� 1 :1) mixtures, showing that water plays a
significant role only in the (neocuproine)Pd(OAc)2-
catalyzed reactions. The fact that the turn-over frequen-
cy remained roughly constant at different concentra-
tions of Pd(OAc)2, indicates that here the catalyst is a
monomeric species.[30]

AlthoughDMSO is sometimes used as a reagent in the
oxidation of alcohols,[31] it is unlikely that a non-catalytic
mechanism is operative here.[8a] No dimethyl sulfide was
found after the reaction and other inert solvents
(DMAC, NMP, ethylene carbonate) lead to nearly
equally active catalyst systems. An alternative mecha-
nism where DMSO is used as co-oxidant with dioxygen
forming dimethyl sulfone andwater can be discarded for
similar reasons.[8a] In conclusion, the main benefit of
these co-solvents seems to come from an increased
solubility of the substrate.

Effect of Sodium Acetate

As has been noted before,[7b] many catalyst systems that
involve the Pd0/PdII redox couple benefit from the
addition of alkali salts of carboxylic acids, because these
salts improve reoxidation of Pd0. In the (neocuproi-
ne)Pd(OAc)2-catalyzed oxidation of 2-hexanol a clear
effect of the concentration of NaOAc on the reaction
rate was observed (see Figure 4).
Figure 4 indicates that a certain amount of NaOAc is

vital for a good reaction rate. Below 0.02 MNaOAc the
reaction rate decreased rapidly with decreasing NaOAc

concentration. The catalyst solution after reaction was
increasingly darker at lower acetate concentrations, and
more palladium black was formed. Above 0.05 M
NaOAc the reaction rate remained constant at 160 ±
170 h�1. Furthermore, at high NaOAc concentrations
the catalyst solution remained bright yellow and no
palladium black was formed. Variation of the pH (via
addition of solid NaOH) between pH 6.5 and 10 did not
lead to an increase in reactivity. These observations are
in agreement with the notion that sodium acetate
improves reoxidation of Pd0, thereby preventing for-
mation of palladium clusters or palladium black. It is
also possible that anionic complexes, e.g., LPd(OAc)3�,
play an important role as has been postulated for
palladium-catalyzed Heck and cross-coupling reac-
tions.[32] Alternatively, NaOAc may facilitate dissocia-
tion of the dimer, thereby enhancing the rate of the
reaction.

Figure 3. Influence of water/DMSO ratio on reaction rate in palladium-catalyzed oxidation of 2-hexanol. Conditions: 1 ± 2 �
10�3 mmol (0.05 ± 0.1 mol %) catalyst, 2 mmol 2-hexanol, 0.1 mmol NaOAc, 1.5 mL (water�DMSO), 2 h, 80 �C, 30 bar air,
200 rpm; a: (neocuproine)Pd(OAc)2; b: Pd(OAc)2.

Figure 4. Influence of NaOAc concentration on the reaction
rate. Conditions: 0.002 mmol (0.1 mol %) (neocuproine)
Pd(OAc)2, 2 mmol 2-hexanol, 1.5 mL (water/DMSO, 1 :1),
2 h, 80 �C, 30 bar air, 200 rpm.
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Substrate Scope

The results obtained so far (increased solubility of the
substrate and functional group tolerance) could provide
a significant improvement in the substrate scope of
alcohol oxidation catalysed by homogeneous metal
complexes.[33] With an optimised system in hand a series
of alcohols (primary, secondary, aliphatic, cyclic, allylic
and benzylic) were tested in a water/DMSO (40 :60)
mixture (see Table 3). It should be emphasised that, in
order to compare reactivities of the various substrates,
reactions were performed for a standard time (4 h). This
results in lower conversions for the less reactive alcohols
but, in most cases, complete conversion can be attained
by running the reactions for 12 ± 24 h.
Table 3 shows a large selection of functionalized

alcohols that are selectively oxidised by (neocupro-
ine)Pd(OAc)2. First of all, in 60% DMSO large sub-

strates are much more soluble than in neat water and
react faster, therefore (see also Figure 3a). Apolar
substrates, such as cyclododecanol, diphenylmethanol,
1,2,3,4-tetrahydro-1-naphthol and menthol (entries
3.2 ± 3.5), reacted quickly. The introduction of methyl
substituents on phenanthroline did not seem to hinder
approach of these substrates in a significant way.
The allylic alcohol 1-octen-3-ol (entry 3.6) was

oxidised to the enone. The reaction rate decreased to a
certain extent due to competing coordination of olefin
and alcohol functionalities.[6f] Interestingly, however,
when the olefinic group was farther removed from the
alcohol functionality, (1-dodecen-11-ol, entry 3.7) the
catalyst selectively oxidised the alcohol functionality.
This is somewhat surprising, because the (PhenS*)P-
d(OAc)2 catalyst in water selectively converted the
olefinic group to form 11-hydroxy-2-dodecanone
(Wacker-type reaction), and afterwards converted the
ketoalcohol into 2,11-dodecanedione. Probably, the
substrate selectively coordinated via the olefinicmoiety,
but the presence of the two methyl substituents on the
ligand prevented the substrate from turning into the
plane of the catalyst for cis-hydroxypalladation.[34] With
more steric bulk on the olefin (2,6-dimethylnon-2-en-8-
ol, entry 3.8) the alcohol was converted slightly faster
and the olefin was left unaffected. The propargylic
alcohol (entry 3.9) behaved similarly to the allylic 1-
octen-3-ol, but increased electronegativity and possibly
stronger coordination of the C�C bond to palladium
caused a slow conversion to the corresponding ynone.
The catalyst could not cope with a further increase in
electronegativity of �-substituents. The 2,2,2-trifluoro-
1-phenylethanol is best converted with powerful metal-
oxo complexes in high oxidation states,[35] rather than
with low-valent late transitionmetal catalysts,[5e] such as
RuII or PdII. We note that a copper-based system[4c] was
also effective in the aerobic oxidation of alcohols
containing a trifluoromethyl moiety at the �-position.
Intramolecular competition experiments between

primary and secondary alcohol functionalities showed
a slightly increased preference for oxidation of the
primary alcohol group compared with that observed
with (PhenS*)Pd(OAc)2. For example, in 1-(4-hydroxy-
methylphenyl)ethanol (entry 3.13) the primary alcohol
functionality was oxidized with some preference [kprim/
ksec � 3, vs. 2 for the (PhenS*)Pd(OAc)2 catalyst]. In an
intermolecular competition experiment between benzyl
alcohol and 1-phenylethanol (not shown), the former
was also oxidised slightly faster [kprim/ksec � 2 vs. 1 ± 1.5
for the (PhenS*)Pd(OAc)2 catalyst]. In contrast, in
separate experiments 2-hexanolwas oxidised faster than
1-heptanol (see Tables 3 and 4) suggesting that in
competition experiments there is preferential coordi-
nation of the primary alcohol to the palladium(II).
Primary alcohols are oxidised selectively to the

corresponding aldehyde in the presence of TEMPO
(5 mol%), which was previously shown to inhibit further
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autoxidation of the aldehyde.5e,7a Thus 1-heptanol af-
fordedmainly heptanoic acid in the absence of TEMPO
(entry 4.1) but in its presence heptanal was formed in
90% selectivity (entry 4.2). In both cases reaction rates
were significantly lower than with secondary, allylic or
benzylic alcohols.
Concomitant with the oxidation of primary aliphatic

alcohols some palladium black formation was observed.
The allylic cinnamyl alcohol (entry 4.3) was oxidized to
cinnamaldehyde, which was far less susceptible to
autoxidation. Even under an oxygen atmosphere and
without addition of TEMPO the product remained
stable. The diol, cis-1,2-bis(hydroxymethyl)cyclohexane
(entry 4.4), was oxidised to the (mono-)aldehyde, which
formed a lactol by intramolecular ring closure. This
lactol was partly further oxidised to the lactone.

A wide range of functional groups was tested with
meta- and para-substituted benzaldehydes. Not only p-
methoxybenzyl alcohol, but also p-thiomethyl- and p-
dimethylaminobenzyl alcohol (entries 4.5 ± 4.7) were
quickly converted to the corresponding benzaldehydes.
Other substituted benzyl alcohols with a p-cyano or p-
methylsulfonyl substituent (entries 4.8 and 4.9) could be
oxidized as well, albeit slowly, due to the electron-
withdrawing properties of the substituents. The catalyst
also tolerated halides in the substrate, even the rela-
tively sensitive iodide group in m-iodobenzyl alcohol
(entry 4.10) was not attacked. Lastly, benzylic alcohols
containing protective groups were oxidized selectively
to the respective benzaldehydes. Only in the case of 4-
hydroxymethylbenzoic acid methyl ester (entry 4.11)
was some hydrolysis of the methyl ester observed.
For all these reactions it should be noted that the

general aim was to demonstrate the usefulness of the
catalyst and the substrate scope. The use of the 24
parallel mini-autoclaves quickly provided an indication
of the reactivity ofmany different substrates and proved
a very realistic model for large-scale reactions in a
conventional autoclave (see Table 5). One reason for
this lies in the reaction mechanism of these aerobic
alcohol oxidation reactions: under the reaction condi-
tions that we used reoxidation of the palladium with
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dioxygen comes after the rate limiting step.[7b] Conse-
quently, pressure and stirring rate are less important
than in e.g. hydrogenation reactions. From Tables 3 and
4 a fair estimate can be made regarding the reaction
conditions (t, T, mol % catalyst) that are required for
complete conversion. In Table 5 this is shown for a few
substrates on a synthetically useful scale.

Large-Scale Reactions

The large scale (20 mmol) reactionswere carried out in a
conventional autoclave at 100 �C and with 0.1 mol %
(neocuproine)Pd(OAc)2. At these temperatures the
catalyst is perfectly stable and highly active (see
Table 5). Upon comparison of Tables 3, 4 and 5 it
follows that the results from the parallel mini-reactors
are in agreement with those obtained at a larger scale:
secondary aliphatic alcohols reacted very quickly to give
the corresponding ketones, and occasionally some
dehydrogenation of the ketones took place. It is note-
worthy that under these conditions 2-hexanol is con-
verted at rates two orders of magnitude faster than with
existing catalytic methods.[3±6] With 0.005 mmol
(0.025 mol %) (neocuproine)Pd(OAc)2 catalyst, the
turn over frequency increased even further to ca.
1800 h�1!

Conclusions

We have developed a new catalytic system for the
aerobic alcohol oxidation that tolerates many sensitive
or coordinating functional groups: C�C bonds, C�C
bonds, halides, �-carbonyls, ethers, thioethers, silyl
ethers, sulfoxides, sulfones, sulfonates, amines, cyanides,
amides, carbonates and esters. The optimum catalyst
structure, reaction conditions and also the substrate
scope of selected catalystswere quickly determinedwith
the use of high throughput experimentation. It should be
noted that the (neocuproine)Pd(OAc)2 catalyst con-
verts, e.g., 2-hexanol at rates two orders of magnitude
faster than with other catalytic methods. We expect that
the catalyst system will have broad synthetic utility.

Experimental Section

Apparatus
1H and 13C NMR-spectrawere recorded on aBrukerAC300 or
Varian VXR-400S spectrometer using TMS as an external
reference. GC measurements were carried out with a Varian
Star 3400 instrument equipped with a CP Sil 5-CB column
(50 m� 0.53 mm) or carbowax column (50 m� 0.53 mm).
Melting points were determined on a B¸chi B540 Melting
Point Apparatus with open capillary. Gas chromatography/

mass spectrometry (GC/MS) analyses were performed on a
VG 70-SE mass spectrometer equipped with a CP Sil 5-CB or
carbowax column.

Materials

Pd(OAc)2 (98%), bathophenanthrolinedisulfonic acid disodi-
um salt (98%), bathocuproinedisulfonic acid disodium salt
(97%), phenanthroline (99�%), neocuproine (99�%), n-
BuLi (1.6 M in hexane), sec-BuLi (1.3 M in cyclohexane/
hexane), phenyllithium (2 M in cyclohexane/ether), 1-hexyne
(98%), p-methylsulfonylbenzaldehyde (95%), p-cyanobenzal-
dehyde (98%), NCS (98�%), DMAP (99%), DMSO (98%),
DMF (99%), DMAC (99�%), sulfolane (99%) and ethylene
carbonate (99�%) were purchased from Acros; 4-hydroxy-
methylbenzoic acid methyl ester (98%), tert-butyldimethylsilyl
chloride (99%) from Aldrich; levo-citronellal (97%) from
Janssen; acetone (99.5�%) from Baker; NMP (99%), anhy-
drous toluene (99.5�%), anhydrous THF (99.5�%), anhy-
drous CH2Cl2 (99.5%), 2-hexanol (99%), from Fluka; CH3CN
(99.99%) from Fisher; p-tolualdehyde (99%), NaOAc.3H2O
(99.5%), MnO2 from Merck; commercial substrates and
solvents were used without further purification.

Syntheses of Ligands

2,9-Bis(trifluoromethyl)-1,10-phenanthroline (5),[25] 2,9-di-n-
butyl-1,10-phenanthroline (6),[36] 2-Methyl-1,10-phenanthro-
line (9),[37] 2,9-dichloro-1,10-phenanthroline (16),[38] 2-phenyl-
1,10-phenanthroline (17),[39] 2,9-bis(trichloromethyl)-1,10-
phenanthroline (19),[40] were prepared according to literature
procedures. Previously unreported data are given below.

2,9-Diphenyl-1,10-phenanthroline:[36] mp 186 ± 187 �C (lit.
185 ± 186 �C); 1H NMR (400 MHz, CDCl3): �� 8.46 (d, J�
7.1 Hz, 4H, PhHortho), 8.28 (d, J� 8.4 Hz, 2H, H4�H7), 8.13
(d, J� 8.4 Hz, 2H, H3�H8), 7.76 (s, 2H, H5�H6), 7.59 (t, J�
7.4 Hz, 4H,PhHmeta), 7.49 (t, J� 7.4 Hz, 2H,PhHpara); 13C NMR
(100 MHz, CDCl3): �� 156.8, 146.2, 139.5, 136.9, 129.4, 128.8,
127.9, 127.7, 126.0, 120.0.

Disodium 2,9-bis(3-sulfonatophenyl)-1,10-phenanthroline
(3): Sulfonation of 2,9-diphenyl-1,10-phenanthroline was car-
ried out with ortho-boric acid/sulfuric acid/oleum;[41]

mp�360 �C; 1H NMR (300 MHz, D2O): �� 8.05 (d, J�
1.4 Hz, 2H, PhH2�PhH2�), 7.97 (d, J� 8.0 Hz, 2H, PhH4�
PhH4�), 7.80 (dd, J� 7.9 Hz, 1.3 Hz, 2H, PhH6�PhH6�), 7.60
(d, J� 8.4 Hz, 2H, H4�H7), 7.35 (m, 4H, PhH5�PhH5��
H3�H8), 7.16 (s, 2H, H5�H6); 13C NMR (75 MHz, D2O):
�� 155.2, 145.0, 144.3, 139.8, 139.1, 131.8, 131.1, 129.1, 127.9,
127.7, 125.4, 121.4.

2-n-Pentyl-1,10-phenanthroline (7):[37] Starting from 8-ami-
noquinoline (13.9 mmol, 2.0 g) and oct-2-enal (23.3 mmol,
3.5 ml) a red syrup was obtained. The product was purified via
column chromatography (silica, Et2O/P. E., 1 : 1, Rf � 0.03,
then Et2O) to afford a pale yellow oil; yield: 0.83 g (3.3 mmol,
24%); 1H NMR (300 MHz, CDCl3): �� 9.22 (dd, J� 4.6 Hz,
1.8 Hz, 1H, H9), 8.21 (dd, J� 8.0 Hz, 1.8 Hz, 1H, H7), 8.13 (d,
J� 8.2 Hz, 1H, H4), 7.74 (d, J� 8.8 Hz, 1H, H5/6), 7.69 (d, J�
8.8 Hz, 1H,H5/6), 7.59 (dd, J� 8.1 Hz, 4.4 Hz, 1H,H8), 7.53 (d,
J� 8.2, 1H, H3), 3.20 (t, J� 8.3 Hz, 2H, ArCH2), 1.40 (m, 6H,
CH2CH2CH2), 0.91 (t, J� 7.0 Hz, 3H, CH3); 13C NMR
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(75 MHz, CDCl3): �� 163.8, 150.2, 146.0, 145.7, 136.2, 136.1,
128.8, 126.9, 126.5, 125.5, 122.8, 122.7, 39.6, 32.0, 30.2, 22.6, 14.0.

2-(Trichloromethyl)-1,10-phenanthroline (8):[40] Product
was purified via column chromatography (silica, CH2Cl2/
MeOH, 95/5, Rf � 0.66) to afford a pale yellow solid; yield:
1.4 g (4.7 mmol, 90%); mp 164 ± 166 �C (dec.); 1H NMR
(400 MHz, CDCl3): �� 9.28 (dd, J� 4.4 Hz, 1.7 Hz, 1H, H9),
8.41 (d, J� 8.5 Hz, 1H, H3), 8.33 (d, J� 8.5 Hz, 1H, H2), 8.27
(dd, J� 8.1 Hz, 1.8 Hz, 1H, H7), 7.89 (d, J� 8.8 Hz, 1H, H5),
7.83 (d, J� 8.8 Hz, 1H, H6), 7.67 (dd, J� 8.1 Hz 4.4 Hz, 1H,
H8); 13C NMR (100 MHz, CDCl3): �� 157.7, 151.3, 146.1,
143.9, 138.0, 136.2, 129.3, 128.8, 128.7, 125.6, 123.4, 119.7, 98.1.

1,10-Phenanthroline-2,9-dicarboxylic acid (10):[42] mp
238 �C (dec.) (lit. 238 �C); 1H NMR (300 MHz, DMSO-d6):
�� 8.74 (d, J� 8.2 Hz, 2H, H4�H7), 8.43 (d, J� 8.2 Hz, 2H,
H3�H8), 8.21 (s, 2H, H5�H6), 6.4 (s broad, 2 COOH);
13C NMR (75 MHz, DMSO-d6): �� 166.1, 148.1, 144.6, 138.1,
130.4, 128.3, 123.3.

1,10-Phenanthroline-2-carboxylic acid (11): 2-Cyano-1,10-
phenanthroline (4.9 mmol, 1.0 g) in concentrated HCl (35%,
20 mL) was stirred for 6 hours at 90 �C. After cooling the
solution was poured on ice (250 g) and concentrated NaHCO3

was added to pH� 4. A white precipitate was filtered off at
0 �C, and air-dried; yield: 1.0 g (4.5 mmol, 91%); mp 263 ±
265 �C (dec.); 1H NMR (400 MHz, D2O): �� 7.74 (d, J�
5.2 Hz, 1H, H9), 7.69 (d, J� 8.2 Hz, 1H, H7), 6.94 (dd, J�
8.2 Hz, 5.5 Hz, 1H, H8), 6.82 (d, J� 8.4 Hz, 1H, H3), 6.58, (d,
J� 8.3 Hz, 1H, H4), 6.55 (d, J� 9.0 Hz, 1H, H6), 6.42 (d, J�
9.0 Hz, 1H, H5); 13C NMR (100 MHz, D2O): �� 168.0, 149.1,
148.0, 144.7, 139.8, 138.0, 137.1, 131.7, 131.0, 130.4, 128.5, 126.9,
126.6.

2-Cyano-1,10-phenanthroline (13):[43] mp 263 ± 265 �C
(dec.); 1H NMR (300 MHz, CDCl3): �� 9.26 (dd, J� 4.4 Hz,
1.6 Hz, 1H, H9), 8.40 (d, J� 8.2 Hz, 1H, H4), 8.30 (dd, J�
8.0 Hz, 1.6 Hz, 1H, H7), 7.94 (d, J� 8.5, 2H, H5 and H3), 7.83
(d, J� 8.8 Hz, 1H, H6), 7.72 (dd, J� 8.1 Hz, 4.4 Hz, 1H, H8);
13C NMR(75 MHz, CDCl3; 12 signals!): �� 151.9, 146.7, 145.3,
137.3, 136.4, 133.4, 129.9, 129.3, 126.3, 125.8, 124.2, 117.5.

2-sec-Butyl-1,10-phenanthroline (14): A solution of sec-
BuLi (33.3 mmol, 1.3 M in cyclohexane) was added in 2 hours
at � 10 �C to a solution of 1,10-phenanthroline (30 mmol,
5.4 g) in anhydrous toluene/Et2O (250 mL/50 mL). The mix-
ture was stirred for 6 h at 0 �C, then overnight at room
temperature. Work-up was as usual.[36] The product was
purified via column chromatography (silica, P. E./Et2O, 40/60,
Rf � 0.04) to afford a yellow syrup; yield: 1.9 g (8.1 mmol,
27%); 1H NMR (400 MHz, CDCl3): �� 9.21 (dd, J� 4.4 Hz,
1.8 Hz, 1H, H9), 8.12 (dd, J� 8.0 Hz, 1.8 Hz, 1H, H7), 8.10 (d,
J� 8.3 Hz, 1H, H4), 7.66 (d, J� 8.7, 1H, H5/6), 7.61 (d, J� 8.7,
1H, H5/6), 7.52 (dd, J� 8.1 Hz, 4.4 Hz, 1H, H8), 7.49 (d, J�
8.2 Hz, 1H, H3), 3.49 (q, J� 7.2 Hz, 1H, ArCH), 1.82 (m, 2H,
CH2), 1.41 (d, J� 7.2 Hz, 3H, CHCH3), 0.95, (t, J� 7.4 Hz, 3H,
CH2CH3); 13C NMR (100 MHz, CDCl3): �� 167.9, 150.2,
146.2, 145.4, 136.4, 135.9, 128.7, 127.1, 126.4, 125.4, 122.5,
120.4, 44.6, 30.2, 20.7, 12.2.

2,9-Di-sec-butyl-1,10-phenanthroline (15)[36] (mixture of
isomers): A very pure fraction was obtained via column
chromatography (silica, CH2Cl2, Rf � 0), which solidified upon
standing; mp 65 ± 68 �C (uncrystallized); 1H NMR (300 MHz,
CDCl3): �� 8.14 (d, J� 8.4 Hz, 2H, H4�H7), 7.68 (s, 2H,
H5�H6), 7.50 (d, J� 8.2 Hz, 2H, H3�H8), 3.32 (m, 2H, 2
ArCH), 2.0 ± 1.7 (m, 4H, 2 CH2), 1.46 (d, J� 7.0 Hz, 6H, 2

CHCH3), 1.0 ± 0.8 (t, J� 7.3 Hz, 6H, 2 CH2CH3); 13C NMR
(75 MHz, CDCl3): �� 167.3, 145.5, 136.2, 127.3, 125.5, 120.5,
44.3, 30.3 and 30.1, 20.2 and 20.1, 12.2.

2,9-Bis(trichloromethyl)-1,10-phenanthroline (19):[40] mp
214 ± 215 �C (lit. 214 ± 216 �C); 1H NMR (400 MHz, CDCl3):
�� 8.44 (d, J� 8.5 Hz, 2H, H4�H7), 8.33 (d, J� 8.5 Hz, 2H,
H3�H8), 7.96 (s, 2H,H5�H6); 13C NMR (100 MHz, CDCl3):
�� 158.0, 143.3, 138.2, 129.2, 127.6, 120.5, 98.2.

Syntheses of Palladium Complexes

(Neocuproine)Pd(OAc)2: A solution of neocuproine
(5.5 mmol, 1.25 g) in anhydrous CH2Cl2 (20 mL) was added
to a solution of Pd(OAc)2 (5.0 mmol, 1.12 g) in anhydrous
toluene (100 mL) at room temperature under nitrogen. The
mixture was stirred overnight and P. E. (40 ± 60 �C) was added
to precipitate the complex. A yellow solid was filtered off,
washed with acetone and dried under vacuum; yield: 1.78 g
(4.0 mmol, 80%); 1H NMR (300 MHz, CDCl3): �� 8.39 (d, J�
8.4 Hz, 2H, H4�H7), 7.88 (s, 2H, H5�H6), 7.41 (d, J�
8.4 Hz, 2H, H3�H8), 2.89 (s, 6H, 2 ArCH3), 2.08 (s, 6H, 2
O2CCH3); 13C NMR (75 MHz, CDCl3): �� 178.5 (2 CO), 165.2
(C2�C9), 147.2 (C10a�C10b), 138.5 (C4�C7), 127.9
(C4a�C6a), 126.7 and 126.4 (C3�C5�C6�C8), 24.5 (2
ArCH3), 23.0 (2 O2CCH3).
Other complexes were prepared similarly. Complexation

times ran from 5 h for unhindered 8 and 9 to circa 60 h for 15
and 19.

Syntheses of Substrates

2,6-Dimethylnon-2-en-8-ol: A solution of citronellal
(40 mmol, 6.16 g, 7.24 ml) in anhydrous ether (80 mL) was
added under nitrogen to a solution of MeMgI (44 mmol) in
anhydrous ether (60 mL) at 0 �C. The reaction mixture was
stirred for 1 hour at 0 �C and then for 1 hour at reflux
temperature. The solution was cooled to 0 �C, hydrolysed and
neutralised with 1 M HCl to pH � 7. The organic phase was
separated; the aqueous phase was extracted with 2� 50 mL
ether. The combined organic phases were washed with water
(25 mL) and dried overMgSO4.After filtration the filtrate was
concentrated under reduced pressure and the residue was
purified via bulb-to-bulb distillation (bp 100 �C/0.5 mbar) to
afford a colourless liquid; yield: 5.1 g (30 mmol, 75%);
1H NMR (400 MHz, CDCl3): �� 5.11 (t, J� 7.1 Hz, 1H,
�CH), 3.90 (m, 1H, CHOH), 1.99 (m, 2H), 1.90 (s, 1H, OH),
1.68 (s, 3H,�CCH3), 1.60 (s, 3H,�CCH3), 1.55 ± 1.45 (m, 2H),
1.36 (t, J� 6.7 Hz, 2H), 1.18 (t, J� 6.3 Hz, 4H), 0.91 (dd, J�
6.6 Hz, 2.0 Hz, 3H, CH3); 13C NMR (100 MHz, CDCl3;mixture
of stereoisomers): �� 131.2, 131.2, 124.8, 66.3, 65.6, 46.9, 46.8,
37.7, 37.0, 29.5, 29.1, 25.7, 25.5, 25.4, 24.3, 23.6, 20.0, 19.3, 17.7;
MS: m/z� 170 (M�, 15), 137 (7), 109 (55), 96 (46), 95 (46), 87
(67), 82 (100), 81 (55), 69 (75), 67 (41), 55 (50), 45 (52).

1-(p-Tolyl)-hept-3-yn-1-ol: BuLi (21 mmol, 1.6 M in hex-
ane) was added under nitrogen to a solution of 1-hexyne
(20 mmol, 1.64 g, 2.3 mL) in anhydrous THF (40 mL) at �
78 �C. After 1 hour stirring at � 78 �C, the mixture was stirred
for 1 hour at 0 �C and cooled again to � 78 �C. A solution of p-
tolualdehyde (20 mmol, 2.4 g, 2.4 mL) in THF (20 mL) was
added drop-wise and the reaction mixture was allowed to
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warm-up to room temperature overnight. Furtherwork-upwas
as usual. The product was purified via bulb-to-bulb distillation
(bp 160 �C/0.2 mbar) to afford a colourless oil; yield: 3.2 g
(16 mmol, 80%); 1H NMR (300 MHz, CDCl3): �� 7.41 (d, J�
8.4 Hz, 2H, H2�H6), 7.16 (d, J� 8.4 Hz, 2H, H3�H5), 5.39
(s, 1H, ArCHOH), 2.34 (s, 3H, ArCH3), 2.26 (dt, J� 7.1 Hz,
2.0 Hz, 3H,OH��CCH2?), 1.57 ± 1.35 (m, 4H,CH2CH2), 0.91
(t, J� 7.1 Hz, 3H, CH3); 13C NMR (75 MHz, CDCl3): �� 138.5
(C1), 137.9 (C4), 129.2 (C3�C5), 126.6 (C2�C6), 87.4 (C�
C), 80.1 (C�C), 64.6 (CHOH), 30.7 (CH2CH2CH2), 22.0
(CH2CH3), 21.1 (ArCH3), 18.5 (�CCH2), 13.6 (CH2CH3);MS:
m/z� 202 (M�, 86), 187 (100), 159 (23), 145 (57), 141 (20), 131
(26), 129 (25), 128 (23), 119 (23), 117 (21), 115 (44), 105 (27), 93
(22), 91 (62), 77 (21), 65 (25), 63 (25), 51 (26), 50 (20).

p-Methylsulfonylbenzyl alcohol:[44] The p-methylsulfonyl-
benzaldehyde (20 mmol, 3.9 g) was reduced in 2 h with NaBH4

(0.3 g) in 96% EtOH (50 mL) at 10 �C. After reaction the
solvent was removed and the residue was continuously
extracted with warm Et2O. The product was crystallized from
Et2O to afford white fluffy crystals; yield: 2.54 g (13.7 mmol,
67%); mp 83.5 ± 84 �C; 1H NMR (300 MHz, CDCl3): �� 7.84
(d, J� 6.3 Hz, 2H,H3�H5), 7.52 (d, J� 8.3 Hz, 2H,H2�H6),
4.78 (s, 2H, ArCH2), 3.03 (s, 3H, SO2CH3), 2.56 (s, 1H, OH);
13C NMR (75 MHz, CDCl3): �� 147.6 (C1), 139.1 (C4), 127.4
(C2�C6), 127.2 (C3�C5), 64.0 (CH2O), 44.5 (SO2CH3); MS:
m/z� 186 (M�, 23), 171 (12), 157 (40), 107 (67), 105 (25), 89
(48), 79 (47), 77 (100), 63 (35), 51 (47), 50 (36), 45 (25).

p-Cyanobenzyl alcohol:[45] p-Cyanobenzaldehyde was re-
duced in a solid phase reaction with NaBH4 on silica. The
alcohol was purified via bulb-to-bulb distillation (bp 160 �C/0.5
mbar) to afford a colourless oil that solidified upon cooling;
yield: 1.80 g (13.5 mmol, 68%); mp 42 ± 44 �C; 1H NMR
(300 MHz, CDCl3): �� 7.62 (d, J� 8.4 Hz, 2H, H3�H5),
7.47 (d, J� 8.4, 2H, H2�H6), 4.76 (s, 2H, ArCH2), 2.43 (s, 1H,
OH); 13C NMR (75 MHz, CDCl3): �� 146.4 (C1), 132.2 (C3�
C5), 127.0 (C2�C6), 118.9 (CN), 111.0 (C4-CN), 64.1
(CH2OH); MS: m/z� 133 (M�, 33), 132 (34), 104 (100), 77
(41), 76 (20), 75 (16), 63 (13), 51 (38), 50 (30).

4-(tert-Butyldimethylsilyloxymethyl)benzoic acid methyl
ester:[46] To a solution of DMAP (1.0 mmol, 0.12 g) in
anhydrous CH3CN (50 mL) was added solid 4-hydroxyme-
thylbenzoic acid methyl ester (10 mmol, 1.66 g) and consec-
utively Et3N (11 mmol, 1.11 g, 1.54 mL). The mixture was
stirred for 5 minutes and tert-butyldimethylsilyl chloride
(10 mmol, 1.51 g) was added. After 45 minutes stirring was
stopped, the salts were filtered off, and the residue was washed
with ether. About 95% of the solvent was evaporated, the
residue was purified via column chromatography (10%
EtOAc/P. E. 40 ± 60, Rf � 0.39) to afford a colourless oil; yield:
2.0 g (7.1 mmol, 71%); 1H NMR (300 MHz, CDCl3): �� 8.00
(d, J� 8.1 Hz, 2H,H2�H6), 7.38 (d, J� 8.1 Hz, 2H,H3�H5),
4.79 (s, 2H, ArCH2), 3.90 (s, 3H, OCH3), 0.95 (s, 9H, tert-Bu),
0.15 [s, 6H, Si(CH3)2]; 13C NMR (75 MHz, CDCl3): �� 167.1
(CO), 146.8 (C4), 129.6 (C2�C6), 128.8 (C1), 125.7 (C3�C5),
64.5 (ArCH2), 52.0 (OCH3), 25.9 [C(CH3)3], 18.4 [C(CH3)3], �
5.3 [Si(CH3)2]; MS: m/z� 280 (M�, 0), 265 (1), 223 (35), 193
(13), 149 (23), 121 (27), 90 (30), 89 (37), 75 (17), 59 (30), 57
(100), 56 (22), 45 (25).

4-(tert-Butyldimethylsilyloxymethyl)benzyl alcohol: A sol-
ution of 4-(tert-butyldimethylsilyloxymethyl)benzoic acid
methyl ester (5 mmol, 1.4 g) in anhydrous Et2O (25 mL) was
added drop-wise under nitrogen to LiAlH4 (4 mmol, 0.15 g) in

Et2O (25 mL). The reaction mixture was refluxed for 2 hours,
cooled to 0 �C, andhydrolyzed. Furtherwork-upwas as usual to
afford a colourless oil; yield: 0.9 g (3.6 mmol, 71%); 1H NMR
(300 MHz, CDCl3): �� 7.29 (s, 4H, 4 ArH), 4.72 (s, 2H,
ArCH2), 4.60 (s, 2H,ArCH2), 2.19 (s, 1H,OH), 0.94 (s, 9H, tert-
Bu), 0.09 [(s, 6H, Si(CH3)2)]; 13C NMR (75 MHz, CDCl3): ��
140.8 (C1), 139.6 (C4), 126.7 (C3�C5), 126.3 (C2�C6), 65.0
(ArCH2OH), 64.8 (ArCH2OSi), 26.0 [C(CH3)3], 18.4
[C(CH3)3], � 5.2 [Si(CH3)2]; MS: m/z� 252 (1), 237 (2), 195
(100), 177 (20), 165 (46), 121 (43), 91 (27), 75 (62).

Syntheses of Products

p-Cyanobenzaldehyde:MS:m/z� 131 (M�, 52), 130 (100), 102
(65), 76 (42), 75 (34), 51 (36), 50 (42).

1-(p-Tolyl)-hept-3-yn-1-one: MS: m/z� 200 (M�, 44), 185
(25), 171 (26), 158 (100), 157 (25), 129 (54), 128 (28), 119 (94),
115 (20), 109 (21), 91 (63), 79 (34), 65 (40), 51 (20).

m-Iodobenzaldehyde: MS: m/z� 232 (M�, 100), 231 (63),
203 (26), 127 (26), 105 (12), 77 (65), 76 (62), 75 (20), 74 (29), 51
(62), 50 (79).

p-Thiomethylbenzaldehyde: MS: m/z� 152 (M�, 100), 151
(74), 123 (M�, 21), 109 (31), 108 (24), 82 (20), 77 (25), 74 (30), 69
(41), 51 (55), 50 (68), 45 (95).

p-(tert-Butyldimethylsilyloxymethyl)benzaldehyde:MS:m/
z� 250 (M�, � 0), 193 (51), 163 (15), 119 (25), 91 (99), 90 (23),
89 (25), 75 (32), 65 (25) 63 (27), 59 (34), 57 (100), 51 (28), 45
(37).

p-Methylsulfonylbenzaldehyde: MS: m/z� 184 (M�, 36),
169 (14), 122 (62), 121 (33), 105 (77), 78 (68), 77 (61), 63 (100),
51 (75), 50 (51), 47 (41), 45 (64).

2,6-Dimethylnon-2-en-8-one: MS: m/z� 168 (M�, 18), 135
(18), 110 (54), 95 (85), 85 (40), 69 (100), 67 (65), 56 (31), 55 (72),
53 (68), 51 (52), 50 (36).

Parallel Catalytic Experiments

Parallel catalytic screening trials were performed in an
orbitally shaken multi-autoclave unit, which has a maximum
operating pressure of 30 bar and a maximum reaction temper-
ature of 150 �C. The unit contains 24 reactors, each provided
with a TeflonTM insert. The unit performed best when the
reactors were filled with ca. 2 mL of reaction mixture. For
effective stirring, a metal stirring rod was added to each
reactor. The reactors were filled with catalyst, substrate,
solvent and internal standard (n-heptane, n-octane or n-
dodecane). Subsequently the reactor block was closed and
each reactor was pressurised through a manifold with air. The
reactors were heated uniformly in a steel heating block, while
agitating the reactor contents by vortex mixing. The total gas
uptake was monitored. After reaction the reactor block was
cooled to room temperature and depressurized. Water
(0.5 mL) was added to each reaction mixture, the products
were extracted with Et2O, the organic layers were washed with
water, dried over MgSO4 and analyzed with GC.

Catalytic Experiments (Large Scale)

Standard catalytic experiments were carried out in a closed
Hastelloy C autoclave (175 mL). The (neocuproine)Pd(OAc)2
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catalyst (0.02 mmol, 8.6 mg) and NaOAc ¥ 3 H2O (1.0 mmol)
were dissolved in 1 :1 DMSO/water (50 mL). The autoclave
was charged with the catalyst solution, alcohol (20 mmol) and
internal standard (n-heptane,n-octaneorn-dodecane) andwas
pressurisedwith 8%O2 inN2 and heated to 100 �C(30 ± 60 bar),
while stirring at 750 rpm. After reaction the autoclave was
cooled to room temperature and depressurised. The product
mixture was extracted with Et2O, and the organic layer was
washed with water and dried over MgSO4. For water/DMSO
mixtures above 50 ± 55 vol% water, virtually no DMSO is
extracted with ether. Below this value, the organic layer can be
washed with water to remove DMSO. A different external
standard (n-dodecane or n-hexadecane) was added to the
organic solutions and the latter were analysed by GC/MS.
Recoverieswere always 98	 4%with this procedure.Noblank
reaction was observed. Isolated yields were generally above
90%.

Acknowledgements

G.-J.t.B. acknowledges Avantium Technologies B. V. for finan-
cial support.

References and Notes
# For Part 22, see G.-J. ten Brink, I. W. C. E. Arends, M.
Hoogenraad, G. Verspui, R. A. Sheldon, Adv. Synth. Catal.
2003, 345, 497 ± 505.

[1] a) P. T. Anastas, T. C. Williamson, Green Chemistry:
Frontiers in Benign Chemical Synthesis and Processes,
Oxford University Press: Oxford, 1998; b) A. D. Curzons,
D. C. J. Constable, D. N. Mortimer, V. L. Cunningham,
Green Chem. 2001, 3, 1 ± 6.

[2] a) K. Sato, J. Takagi, K. Zimmerman, R. Noyori, Bull.
Chem. Soc. Jpn. 1999, 72, 2287 ± 2306; b) K. Sato, J.
Takagi, M. Aoki, R. Noyori, Tetrahedron Lett. 1998, 39,
7549 ± 7552; c) J. H. Wynne, C. T. Lloyd, D. R. Witsil,
G. W. Mushrush, W. M. Stalick, Org. Prep. Proc. Int.
2000, 32, 588 ± 592; d) J. H. Espenson, Z. Zhu, T. H.
Zauche, J. Org. Chem. 1999, 64, 1191 ± 1196.

[3] a) T. Iwahama, Y. Yoshino, T. Keitoku, S. Sakaguchi, Y.
Ishii, J. Org. Chem. 2000, 65, 6502 ± 6507; b) T. Iwahama,
S. Sakaguchi, Y. Nishiyama, Y. Ishii, Tetrahedron Lett.
1998, 36, 6923 ± 6926.

[4] a) I. E. Marko¬ , P. R.Giles, M. Tsukazaki, S. M. Brown,
C. J. Urch, Science 1996, 274, 2044 ± 2046; b) I. E. Marko¬ ,
A. Gautier, I. Chelle¬ -Regnaut, P. R. Giles, M. Tsukazaki,
S. M. Brown, J. Org. Chem. 1998, 63, 7576 ± 7577; c) I. E.
Marko¬ , A. Gautier, J.-L. Mutonkole, R. Dumeunier, A.
Ates, C. J. Urch, S. M. Brown, J. Organometal. Chem.
2001, 624, 344 ± 347; d) Y. Nagata, C. Miyamoto, Y.
Matsushima, S. Matsumoto, Chem. Pharm. Bull. 2000,
48, 71 ± 76; e) B. Betzemeier, M. Cavazzini, S. Quici, P.
Knochel, Tetrahedron Lett. 2000, 41, 4343 ± 4346; f) P.
Chaudhuri, M. Hess, T. Weyherm¸ller, K. Wieghardt,
Angew. Chem. Int. Ed. 1999, 38, 1095 ± 1098.

[5] a) I. E. Marko¬ , P. R. Giles, M. Tsukazaki, I. Chelle¬ -
Regnaut, C. J. Urch, S. M. Brown, J. Am. Chem. Soc.

1997, 119, 12661 ± 12662; b) A. Hanyu, E. Takezawa, S.
Sakaguchi, Y. Ishii, Tetrahedron Lett. 1998, 39, 5557 ±
5560; c) R. Lenz, S. V. Ley, J. Chem. Soc. Perkin Trans.
1 1997, 3291 ± 3292; d) B. Hinzen, R. Lenz, S. V. Ley,
Synthesis 1998, 977 ± 979; e) A. Dijksman, A. Marino-
Gonzalez, A. Mairata I Payeras, I. W. C. E. Arends,
R. A. Sheldon, J. Am. Chem. Soc. 2001, 123, 6826 ± 6833;
f) K. Masutani, T. Uchida, R. Irie, T. Katsuki, Tetrahe-
dron Lett. 2000, 41, 5119 ± 5123; g) A. Miyata, M.
Murakami, R. Irie, T. Katsuki, Tetrahedron Lett. 2001,
42, 7067 ± 7070; h) M. Pagliaro, R. Ciriminna, Tetrahe-
dron Lett. 2001, 42, 4511 ± 4514.

[6] a) T. Nishimura, T. Onoue, K. Ohe, S. Uemura, Tetrahe-
dron Lett. 1998, 39, 6011 ± 6014; b) T. Nishimura, K. Ohe,
T. Onoue, S. Uemura, J. Org. Chem. 1999, 64, 6750 ±
6755; c) N. Kakiuchi, T. Nishimura, M. Inoue, S. Uemura,
Bull. Chem. Soc. Jpn. 2001, 74, 165 ± 172; d) T. Nishi-
mura, K. Ohe, S. Uemura, J. Am. Chem. Soc. 1999, 121,
11010 ± 11011; e) T. Nishimura, Y. Maeda, N. Kakiuchi, S.
Uemura, J. Chem. Soc. Perkin Trans. 1 2000, 4301 ± 4305;
f) T. Nishimura, N. Kakiuchi, T. Onoue, K. Ohe, S.
Uemura, J. Chem. Soc. Perkin Trans. 1 2000, 1915 ± 1918;
g) K. Hallman, C. Moberg, Adv. Synth. Catal. 2001, 343,
260 ± 263; h) A. M. Steele, J. Zhu, S. C. Tsang, Catal. Lett.
2001, 73, 9 ± 13; i) K. P. Peterson, R. C. Larock, J. Org.
Chem. 1998, 63, 3185 ± 3189; j) D. R. Jensen, J. S. Pugsley,
M. S. Sigman, J. Am. Chem. Soc. 2001, 123, 7475 ± 7476;
k) E. M. Ferreira, B. M. Stoltz, J. Am. Chem. Soc. 2001,
123, 7725 ± 7726; l) M. J. Schultz, C. C. Park, M. S. Sig-
man, Chem. Commun. 2002, 3034 ± 3035.

[7] a) G.-J. ten Brink, I. W. C. E. Arends, R. A. Sheldon,
Science 2000, 287, 1636 ± 1639; b) G.-J. ten Brink,
I. W. C. E. Arends, R. A. Sheldon, Adv. Synth. Catal.
2002, 344, 355 ± 369.

[8] a) B. A. Steinhoff, S. R. Fix, S. S. Stahl, J. Am. Chem. Soc.
2002, 124, 766 ± 767; b) B. A. Steinhoff, S. S. Stahl, Org.
Lett. 2002, 4, 4179 ± 4181.

[9] a) M. I. Djuran, S. U. Milinkovic, Polyhedron 2000, 19,
959 ± 963; b) G. Sa¬nchez, J. L. Serrano, G. GarcÌa, J.
Lo¬pez, E. Molins, Inorg. Chim. Acta 1999, 287, 37 ± 46.

[10] a) S. Kannan, A. J. James, P. R. Sharp, Polyhedron 2000,
19, 155 ± 163; b) G. Sa¬nchez, A. SanmartÌn, J. GarcÌa, G.
Lo¬pez, Transition Met. Chem. 1997, 22, 545 ± 548; c) G.
Sa¬nchez, J. L. Serrano, M. C. RamÌrez de Arellano, J.
Pe¬rez, G. Lo¬pez, Polyhedron 2000, 19, 1395 ± 1406.

[11] a) E. Hagiwara, A. Fujii, M. Sodeoka, J. Am. Chem. Soc.
1998, 120, 2474 ± 2475; b) A. Fujii, E. Hagiwara, M.
Sodeoka, J. Am. Chem. Soc. 1999, 121, 5450 ± 5458;
c) A. D. Getty, K. I. Goldberg, Organometallics 2001, 20,
2545 ± 2551; d) A. Fujii, M. Sodeoka, Tetrahedron Lett.
1999, 40, 8011 ± 8014.

[12] a) S. W. Wimmer, P. Castan, F. L. Wimmer, N. P. Johnson,
Inorg. Chim. Acta 1988, 142, 13 ± 15; b) S. W. Wimmer, P.
Castan, F. L. Wimmer, N. P. Johnson, J. Chem. Soc.
Dalton Trans. 1989, 403 ± 412.

[13] G.-J. ten Brink, G. Papadogianakis, I. W. C. E. Arends,
R. A. Sheldon, Appl. Catal. A: 2000, 194 ± 195, 435 ± 442.

[14] U. Fekl, R. van Eldik, C. Richardson, W. T. Robinson,
Inorg. Chem. 2001, 40, 3247 ± 3251.

Palladium-Neocuproine Catalyzed Aerobic Oxidation of Alcohols FULL PAPERS

Adv. Synth. Catal. 2003, 345, 1341 ± 1352 asc.wiley-vch.de ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 1351



[15] The steric effects are also noticeable in [(neocuproi-
ne)Pd(NO3)2]: R. A. Plowman, L. F. Power, Aust. J.
Chem. 1971, 24, 303 ± 308 and 309 ± 316.

[16] Robinson et al. found that dimeric [{Pt(neocuproine)(�-
OH)}2]2� complexes react slower than the analogous
[{Pt(phen)(�-OH)}2]2� complexes in several addition and
substitution reactions. For examples of increased activity,
see a) F. P. Fanizzi, G. Natile, M. Lanfranchi, A. Tiripic-
chio, G. Pacchioni, Inorg. Chim. Acta 1998, 275 ± 276,
500 ± 509; b) F. P. Fanizzi, F. P. Intini, L. Maresca, G.
Natile, M. Lanfranchi, A. Tiripicchio, J. Chem. Soc.
Dalton Trans. 1991, 1007 ± 1015; c) R. Romeo, L. M.
Scolaro, N. Nastasi, G. Arena, Inorg. Chem. 1996, 35,
5087 ± 5096.

[17] H. Ishii, M. Goyal, M. Ueda, K. Takeuchi, M. Asai, Appl.
Catal. A: 2000, 201, 101 ± 105.

[18] a) D. Bianchi, R. Bortolo, R. D×Aloisio, M. Ricci, Angew.
Chem. Int. Ed. 1999, 38, 706 ± 708; b) D. Bianchi, R.
Bortolo, R. D×Aloisio, M. Ricci, J. Mol. Catal. A:
Chemical 1999, 150, 87 ± 94.

[19] D. Bianchi, R. Bortolo, R. D×Aloisio, C. Querci, M.
Ricci, J. Mol. Catal. A: Chemical 2000, 153, 25 ± 29.

[20] a) B. Akermark, S. Hansson, A. Vitagliano, J. Am. Chem.
Soc. 1990, 112, 4587 ± 4588; b) M. Sjˆgren, S. Hansson, P.-
O. Norrby, B. Akermark, M. E. Cucciolito, A. Vitagliano,
Organometallics 1992, 11, 3954 ± 3964; c) V. G. Albano,
C. Castellari, M. E. Cucciolito, A. Panunzi, A. Vitaglia-
no, Organometallics 1990, 9, 1269 ± 1276.

[21] A combinatorial approach to alcohol oxidation: a) P.
Desrosiers, A. Guram, A. Hagemeyer, B. Jandeleit,
D. M. Poojary, H. Turner, H. Weinberg, Catal. Today
2001, 67, 397 ± 402; b) T. Siu, S. Yekta A. K. Yudin, J.
Am. Chem. Soc. 2000, 122, 11787 ± 11790; c) S. Bouquil-
lon, F. Henion, J. Muzart, Organometallics 2000, 19,
1434 ± 1437; d) K. C. Nicolaou, P. S. Baran, Y. L. Zhong,
J. Am. Chem. Soc. 2000, 122, 10246 ± 10248.

[22] The increased electron-density on the phenanthroline
ring due to the introduction of the methyl substituents
should decrease the activity of the complex: G.-J. ten
Brink, I. W. C. E. Arends, M. Hoogenraad, G. Verspui,
R. A. Sheldon, Adv. Synth. Catal. 2003, 345, 497 ± 505.

[23] P. Burger, J. M. Baumeister, J. Organometal. Chem. 1999,
575, 214 ± 222.

[24] a) M. Hunziker, U. Hauser, Heterocycles, 1982, 19,
2131 ± 2138; b) Z. Szulc, M. Fikus, J. Mlochowski, J.
Palus, Monatsh. Chem. 1988, 119, 263 ± 276.

[25] R. H. Beer, J. Jimenez, R. S. Drago, J. Org. Chem. 1993,
58, 1746 ± 1747.

[26] R. A. T. M. van Benthem, Thesis, University of Amster-
dam, 1995.

[27] J. A. Davies, F. R. Hartley, Acta Crystallogr. Sect. C 1989,
45, 1289 ± 1292.

[28] A similar plot was obtained for the reaction in NMP with
a maximum TOF of 180 h±1 at 50 vol % NMP to a low
70 h±1 in neat NMP (0.1 mol % catalyst).

[29] If reaction rate�mmol product/hour 
 kobs[Pd]1, then
the turn-over frequency�mmol product/[Pd]1/hour 

kobs, or constant and is independent of the palladium
concentration. However, if reaction rate 
 kobs[Pd]1/2,
then TOF 
 kobs[Pd]±1/2 and is not independent of the
palladium concentration. Therefore, if the palladium
concentration increases by factor 2, then the turn over
frequency decreases with

�
2.

[30] The reaction rate increased proportionally with the
Pd(OAc)2 concentration.

[31] a) Swern oxidation: A. J. Mancuso, D. Swern, Synthesis
1981, 165 ± 185; b) As co-oxidant with metal catalyst: J. B.
Arterburn, M. C. Perry, Org. Lett. 1999, 1, 769 ± 771.

[32] C. Amatore, A. Jutand, Acc. Chem. Res. 2000, 33, 314 ±
321.

[33] Copper-phenanthroline (refs.[4a±c]) and perruthenate (re-
fs.[5a, c,d]) tolerate some functional groups, but are be-
lieved to be heterogeneous.

[34] J. W. Francis, P. M. Henry, J. Mol. Catal. A: Chemical
1996, 112, 317 ± 326.

[35] For a recent article see, e. g.: V. Kesavan, D. Bonnet-
Delpon, J.-P. Be¬gue¬, A. Srikanth, S. Chandrasekaran,
Tetrahedron Lett. 2000, 41, 3327 ± 3330, and references
cited therein.

[36] A. J. Pallenberg, K. S. Koenig, D. M. Barnhart, Inorg.
Chem. 1995, 34, 2833 ± 2840.

[37] P. Belser, S. Bernhard, U. Guerig, Tetrahedron 1996, 52,
2937 ± 2944.

[38] M. Yamada, Y. Nakamura, S. Kuroda, I. Shimao, Bull.
Chem. Soc. Jpn. 1990, 63, 2710 ± 2712.

[39] M. S. Goodman, A. D. Hamilton, J. Weiss, J. Am. Chem.
Soc. 1995, 117, 8447 ± 8455.

[40] G. R. Newkome, G. E. Kiefer, W. E. Puckett, T. Vree-
land, J. Org. Chem. 1983, 48, 5112 ± 5114.

[41] W. A. Herrmann, G. P. Albanese, R. B. Manetsberger, P.
Lappe, H. Bahrmann, Angew. Chem. Int. Ed. Engl. 1995,
34, 811 ± 813.

[42] S. T. Mullins, P. G. Sammes, R. M. West, G. Yahioglu, J.
Chem. Soc. Perkin Trans. 1 1995, 75 ± 81.

[43] a) J. F. J. Engbersen, A. Koudijs, M. H. A. Joosten, H. C.
van der Plas, J. Heterocyclic Chem. 1986, 23, 898 ± 990;
b) E. J. Corey, A. L. Borror, T. Foglia, J. Org. Chem.
1965, 30, 288 ± 290.

[44] C. W. Harwig, T. Z. Hoffman, A. D. Wenworth, K. D.
Janda, Bioorg. Med. Chem. Lett. 2000, 10, 915 ± 918.

[45] W. Liu, Q. Xu, Y. Ma, Org. Prep. Proc. Int. 2000, 32,
596 ± 600.

[46] X. Liu, J. G. Verkade, Heteroatom Chem. 2001, 12, 21 ±
26.

FULL PAPERS Gerd-Jan ten Brink et al.

1352 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de Adv. Synth. Catal. 2003, 345, 1341 ± 1352


