
chemical analysis and the Raman data show
that the hollandite crystals are interwoven
with glasses of similar composition. In par-
ticular, no zone of silica or jadeitic composi-
tions can be distinguished within the grains.
The glass can thus either be interpreted as a
back-transformation product of hollandite or
as a residual liquid quenched during the post-
shock pressure and temperature release. The
rare occurrence of jadeitic pyroxenes at the
rim of some hollandite 1 glass zones can
represent the subsequent transformation (or
back transformation) of hollandite into ja-
deite 1 SiO2. However, we have not yet
observed zones of SiO2 composition near the
jadeitic grains.

The present study confirms the conclusion
of Liu (4) that compositions close to the
NaAlSi3O8 end-member system can adopt
the hollandite structure. The natural occur-
rence of hollandite with 8 mol% of KAlSi3O8

contradicts the work of Yagi et al. (8), who
concluded that the maximum solubility of the
NaAlSi3O8 component in the NaAlSi3O8-
KAlSi3O8-hollandite solid solution is limited
to 40 mol%. Because the temperature condi-
tions during the shock event in the Six-
iangkou meteorite are higher than the temper-
ature range experimentally explored by these
authors, the present observations indicate that
this solubility is temperature dependent.

The occurrence of the liquidus pair ma-
jorite-pyropess 1 magnesiowüstite constrains
their crystallization at pressures between 21
and 25 GPa and at temperatures between
2273 and 2373 K (22). The density of the
phases with bulk NaAlSi3O8 composition in-
creases in the following order: albite ,
NaAlSi2O6 ( jadeite) 1 2SiO2 (quartz, coes-
ite, or stishovite) , hollandite , NaAlSiO4

(calcium ferrite) 1 SiO2 (stishovite) (4, 8).
The discovery of hollandite close to the
NaAlSi3O8 end-member puts additional con-
straints on the shock P-T conditions of the
Sixiangkou meteorite. The absence of the
assemblage NaAlSiO4 (calcium ferrite struc-
ture) 1 2SiO2-stishovite sets the upper pres-
sure bound at 23 GPa (4, 8). These data
suggest that the formation of the high-pres-
sure assemblages in the shock-induced melt
veins in the Sixiangkou meteorite took place
at lower pressures but at higher temperatures
than previously estimated for shock-induced
melt veins in chondritic meteorites (13, 14).
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Green, Catalytic Oxidation of
Alcohols in Water

Gerd-Jan ten Brink, Isabel W. C. E. Arends, Roger A. Sheldon*

Alcohol oxidations are typically performed with stoichiometric reagents that
generate heavy-metal waste and are usually run in chlorinated solvents. A
water-soluble palladium(II) bathophenanthroline complex is a stable recyclable
catalyst for the selective aerobic oxidation of a wide range of alcohols to
aldehydes, ketones, and carboxylic acids in a biphasic water-alcohol system. The
use of water as a solvent and air as the oxidant makes the reaction interesting
from both an economic and environmental point of view.

Traditionally, oxidations of alcohols are per-
formed with stoichiometric amounts of inor-
ganic oxidants, notably chromium(VI) re-
agents (1). These oxidants are not only rela-
tively expensive, but they also generate copi-
ous amounts of heavy-metal waste. Moreover,
the reactions are often performed in environ-
mentally undesirable solvents, typically chlo-
rinated hydrocarbons. In a constant search for

cleaner (“greener”) technologies, there is a
definite need for catalytic oxidations that use
dioxygen (O2) or hydrogen peroxide as the
stoichiometric oxidant (2). These oxidants
are atom efficient (3) and produce water as
the only by-product.

Although the advantages of using oxygen
in alcohol oxidation are evident, reports on
this particular subject are still scarce. Most
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reports involve the oxidation of activated
benzylic and allylic alcohols (4) or use the
Mukaiyama co-oxidation method (5). Only
recently have a few examples involving oxi-
dations of nonactivated alcohols with O2

been reported. Many examples of homoge-
neous systems make use of palladium (6),
copper (7), or ruthenium compounds (8), typ-
ically in toluene as solvent. However, if these
oxidations could be performed in water, they
would be considerably safer, cheaper, and
more environmentally friendly than many of
the processes in use today (9). Moreover,
when a water-soluble catalyst is used in a
biphasic system, most products can be sepa-
rated by simple decantation, and the catalyst
solution can be recycled. In contrast, the use
of an organic solvent, such as toluene, neces-
sitates a tedious distillation and cumbersome
recovery of the catalyst. Furthermore, the
method is not suitable for products that have
boiling points close to that of the organic
solvent used (10). Despite the advantage of
using water as a solvent, none of the catalyst
systems mentioned here have been shown to
operate in water. In fact, most reactions are
performed under anhydrous conditions, which
seems unpractical because, by definition, wa-
ter is formed during the reaction. Develop-
ment of a catalyst system that not only is
stable toward water but is also completely
soluble in this solvent seems highly desirable.

Supported noble metals, such as palladi-
um or platinum on carbon, are known to
catalyze the aerobic oxidation of alcohols in
an aqueous medium, but the method is gen-
erally limited to water-soluble substrates,
such as carbohydrates (11). Moreover, prima-
ry alcohols are oxidized to carboxylic acids,
and one equivalent (1 equiv) of base is re-
quired. Herein we report an extremely ef-
fective aerobic oxidation of alcohols, both
of activated and nonactivated hydroxyl
groups, performed in water with a soluble

catalyst. The latter is a water-soluble palladi-
um complex of bathophenanthroline disul-
fonate (PhenS*) (12) (Fig. 1).

Most alcohols (certainly those larger than
C4–OH) are only partly soluble in water, which
gives a constant alcohol concentration in the
aqueous phase and thus a constant reaction
rate. For the smaller, more soluble alcohols
such as 2-pentanol, cyclopentanol, or cyclo-
hexanol, the initial turnover frequency is
;100 mmol/mmol per hour (13). This rate is
about one order of magnitude faster than
other aerobic oxidations of nonactivated sec-
ondary alcohols reported. Because the reac-
tion rate is largely determined by the solubil-
ity of the alcohols, the reaction rate gradually
decreases for higher alcohols, but even alco-

hols such as 2-octanol or 2-nonanol are oxi-
dized at appreciable rates of 20 and 14 mmol/
mmol per hour, respectively. Higher rates
may be achieved for these alcohols through
the addition of cosolvents or compounds such
as alkanesulfonates or anthraquinone-2-sulfo-
nate, which increase the alcohol concentra-
tion in the water phase. Nonactivated second-
ary alcohols show remarkably high reactivity;
this is unexpected because others noted that
some of the substrates given in Table 1 are
notoriously difficult to oxidize (7).

The scope of the method is illustrated (Table
1) by the wide range of both primary and
secondary allylic, benzylic, and aliphatic alco-
hols that can be oxidized in high conversions
and selectivities. For example, with cyclopen-

Laboratory for Organic Chemistry and Catalysis, Delft
University of Technology, Julianalaan 136, 2628 BL
Delft, Netherlands.

*To whom correspondence should be addressed. E-
mail: R.A.Sheldon@tnw.tudelft.nl

Fig. 1. Aerobic oxidation of alcohols catalyzed
by water-soluble PhenS*Pd(OAc)2 (0.25 to 0.5
mole percent). R, alkyl, aryl.

Table 1. Conversion of primary and secondary alcohols. (All yields are for the pure, isolated products.)
Conditions were as follows: 1° alcohol and 1-phenylethanol (10 mmol), 2° alcohol (20 mmol),
PhenS*Pd(OAc)2 (0.05 mmol), substrate/catalyst ratio of 200 to 400, water (50 g), NaOAc (1 mmol), pH
;11.5, 100°C, and 30-bar air pressure. Selectivity is based on the yield determined by gas chromatog-
raphy with an external standard.

pEther (17%) was formed. †TEMPO (4 equiv to Pd) was added. ‡Acid was formed as the major by-
product. §Hexanal (7%) and hexyl hexanoate (2%) were formed.
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tanol, a turnover number of 400 was achieved
to give cyclopentanone in 90% isolated yield
(13). This reaction occurred without a substan-
tial loss of activity or selectivity and with the
option to reuse the catalyst (14). In the case of
primary alcohol oxidation, a substrate/catalyst
ratio of only 200 was used, because primary
alcohols react more slowly than secondary al-
cohols for different reasons (15, 16).

The secondary alcohols were all oxidized
selectively, although the “activated” 1-phe-
nylethanol and 3-penten-2-ol react relatively
slowly. The allylic and benzylic primary alco-
hols all reacted to form their corresponding al-
dehydes, whereas the nonactivated 1-hexanol
reacted further to form hexanoic acid. Forma-
tion of this acid decreases the solution pH, and
the reaction rate decreased. Adding TEMPO
(the stable free radical 2,2,6,6-tetramethylpiper-
idinyl-1-oxyl) stops the reaction at the aldehyde.
However, the reaction is slow, presumably due
to coordination of TEMPO to the metal. Thus,
the conversion of primary aliphatic alcohols
may be directed to form either aldehydes or
carboxylic acids. The latter product is especially
interesting, because formation of a carboxylic
acid from a primary alcohol with the oxidants
known today is usually accompanied with the
formation of 1 equiv of salt as a coproduct. The
presence of an ether functionality (in butyl
proxitol) does not affect the catalyst. Other func-
tional groups, such as sulfides or amines, appar-

ently coordinate strongly to palladium, and no
reaction was observed with alcohols containing
these functionalities. Similarly, the double
bonds in 3-penten-2-ol and 3-methyl-2-buten-1-
ol presumably coordinate to palladium as in
Wacker-type reactions, but these only slow
the reaction down. However, Wacker-type
products were not detected in these cases.

Mechanistic studies of olefin oxidations
with this catalyst showed that, under neutral
conditions, the catalyst precursor is a dimeric
palladium species with two bridging hydroxy
ligands (17). Increasing the pH values up to pH
;10 will yield a similar dimeric species with
three bridging hydroxy ligands (18), apparently
without changing the rate equation. The addi-
tion of sodium acetate (NaOAc) further in-
creases the reaction rate. The reaction may
also be carried out at neutral pH at only
marginally lower rates. We propose that co-
ordination of the alcohol to the metal center
splits the dimeric precursor (Fig. 2). Next, a
base abstracts a proton from the coordinated
alcohol to form a palladium alcoholate spe-
cies that subsequently undergoes b-hydride
elimination to give the alkanone, water, and a
zerovalent palladium species. Oxidation of
the latter with O2 gives a palladium peroxide.
Reaction of this peroxide with 1 equiv of
zerovalent palladium yields the starting pal-
ladium dimer. Reoxidation of Pd(0) seems to
be facilitated by NaOAc, which avoids the

irreversible formation of a palladium mirror
(19). A minimum of 1 mmol of NaOAc is
recommended to avoid this palladium black
formation.

If the reactions are carried out under pres-
sure in an autoclave, the oxygen content of
the gas phase does not seem to have any
influence on the reaction, because the oxygen
concentration in the aqueous phase is main-
tained at a high level. Therefore, catalytic
oxidations could be carried out under an at-
mosphere of pure oxygen, of air, or of 8%
oxygen in nitrogen. The latter is generally
used in practice, because mixtures of 8%
oxygen in an inert gas with organic com-
pounds fall outside the explosion limits. In
our case, the use of water as solvent increases
the amount of inert material in the gas phase
and allows for the safe use of air as the
oxidant. Another benefit of the use of an
autoclave is that loss of volatile substrates
and/or products is avoided, which would oc-
cur on bubbling air through the solution at
atmospheric pressure at 100°C.
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Translation of the Edited mRNA
for Cytochrome b in

Trypanosome Mitochondria
Anton Horváth,1 Edward A. Berry,2 Dmitri A. Maslov1*

The type of RNA editing found in the kinetoplast-mitochondria of trypano-
somes and related protozoa, involving uridylate insertions and deletions, cre-
ates translatable messenger RNAs (mRNAs) out of nonsense pre-edited RNAs by
correcting encoded defects that vary from simple frameshifts to large “cryptic”
regions. However, any evidence for translation of these mRNAs in the kineto-
plast has been missing for decades. We identified a kinetoplast-encoded protein,
apocytochrome b, whose mRNA is edited in the 59 region. The determined
amino-terminal sequence of the protein coincides with the predicted sequence
derived from the edited region, demonstrating that the cognate apocytochrome
b mRNA is translated into a functional protein. This finding represents the first
direct evidence for a functional translation system in the kinetoplasts.

In trypanosomes and related protozoa from
the order Kinetoplastida, mRNAs for several
kinetoplast-mitochondrial genes undergo the
posttranscriptional process of RNA editing,
where additions, and occasionally deletions,
of uridylate residues in the pre-edited mRNA
produce a corrected reading frame (1). De-
pending on the mRNA species, the extent of
this process varies from repairing an encoded
frameshift by inserting a few uridylate resi-
dues to creating an entire reading frame by
the insertion of hundreds of residues (2, 3).
Small transcripts, termed guide RNAs, serve

as the templates for the enzymatic editing
machinery by defining the sites of editing and
the number of insertions or deletions (4–6).

The functional significance of RNA editing
is not clear. Although it may represent a mech-
anism of mitochondrial gene regulation, no di-
rect biochemical proof for translation of edited
mRNAs has been found since RNA editing was
discovered in trypanosomes more than a decade
ago (2, 7). The kinetoplast DNA sequence stud-
ies showed that, similar to other mitochondria,
it encodes components of the mitochondrial
ribosomes and subunits of the respiratory com-
plexes, such as cytochrome c oxidase subunits
I, II, and III (respiratory complex IV), apocyto-
chrome b (complex III), and adenosine triphos-
phatase subunit 6 (complex V) (8). These com-
plexes were isolated and their subunit compo-
sition analyzed by protein microsequencing (9–
11). All detected subunits turned out to be

nuclear encoded, thus leaving the existence of
kinetoplast-encoded proteins an open question.
Because earlier attempts in several laboratories
to demonstrate kinetoplast translation in vivo or
to isolate kinetoplast ribosomes were unsuc-
cessful (7), these results, taken together, might
question the very existence of a functional ki-
netoplast system of translation. However, the
predicted encoded polypeptides were extremely
hydrophobic, often with an increased cysteine
content, and these properties could make the
detection difficult, most likely due to aggrega-
tion and abnormal electrophoretic migration.
Here, we present a first identification of a ki-
netoplast-encoded protein, apocytochrome b, a
subunit of cytochrome bc1 (complex III, ubiqui-
nol:cytochrome c oxidoreductase) that is trans-
lated from an edited mRNA.

In the trypanosomatid Leishmania tarento-
lae the mRNA for apocytochrome b is edited in
the 59 region by insertion of 39 uridylate resi-
dues at 15 sites (Fig. 1) (12). The process
creates 20 NH2-terminal in-frame codons, in-
cluding the initiation triplet AUG. The predict-
ed polypeptide of 44.5 kD contains 63% non-
polar residues, making it extremely hydropho-
bic. The cytochrome bc1 complex was purified
from L. tarentolae kinetoplasts by chromatog-
raphy on DEAE-sepharose (13, 14). The pu-
rified enzymatic complex had a specific ac-
tivity of 81.6 mU/mg. The cytochrome b and
c1 spectra and the heme content were similar
to a previously isolated complex from the
related trypanosomatid, Crithidia fasciculata
(9). Analysis of the enzyme from L. tarento-
lae by denaturing SDS-polyacrylamide gel
electrophoresis (Fig. 2) revealed nine subunits,
all of which are nuclear encoded (14), similar
to the enzyme from C. fasciculata. These
subunits include three bands in the “core
protein” region (bands 1 through 3), the
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