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Abstract: A new heterogeneous ruthenium-copper-hydrotalcite
catalyst for the efficient and selective conversion of a variety of a-
iphatic, alylic and aromatic a cohols to either aldehydes or ketones
is described. Suitable co-oxidants include iodosylbenzene, tetrabu-
tyl ammonium periodate and, depending on substrate, oxygen.
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Heteronuclear catalysts have often been found to be more
active than their individual mononuclear components.* A
classical example is the Pd/Cu/O,-based Wacker process
for the industrial preparation of acetaldehyde.? To our
knowledge there has been a single prior report of a bime-
tallic Ru/Cu system for the partia oxidation of alcohols.
The report describes a mixture of mononuclear ruthenium
and copper containing compoundswhich showsfairly low
rates of conversion and selectivity - possibly because the
Ru and Cu are not in close proximity.2 This prompted us
to investigate a new Ru/Cu-containing hydrotalcite sys-
tem as a catalyst for the oxidation of alcohols - a process
of key importancein synthetic organic chemistry. The hy-
drotalcite permitsthe bringing together of different metals
within the same compound, whilst it also contains inter-
layer spaces which are reactive environments. Some pre-
vious applications of hydrotalcite-type anionic clays
include uses as catalysts for the polymerisation of alkene
oxides, aldol condensation, reforming, acohol synthesis,
methanation, Baeyer—Villiger oxidations and the photox-
idation of isopropy! alcohal to acetone.*> An advantage of
the hydrotalcite catalysts is that they are heterogeneous
catalytic systems, thus permitting the easy removal of the
catalysts from the reaction medium. Whilst a number of
efficient homogeneous ruthenium catalysts for the mild
oxidation of alcohols are known,” difficulties with prod-
uct separation remain and often the expensive catalyst
cannot be re-used after workup.

The Ru-Cu-Al-hydrotalcite (Ru-Cu-HT) was prepared by
adding a solution of RuCl;.3H,0 (0.40 g, 1.53 mmol),
CuCl,6H,0 (2.61 g, 153 mmol) and AICl;6H,0
(2.23 g, 5.1 mmol) in water (10 mL) to a solution of
Na,CO;(1.10g) in46.4 mL 1 M NaOH. The mixture was
stirred at 65 °C for 18 h, after which the green product was
filtered off, washed with water and dried at 110 °C for
12 h. The product was ground into a powder before use.
EDS confirmed the presence of Ru, Cu and Al and flame
emission spectroscopy showed the ruthenium content to
be 6.4%.
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Scheme 1 Proposed redox behaviour of the cations in the Brucite
sheet

Typica oxidation procedures involved adding activated 4
A molecular sieves and toluene (6 mL) to a Schlenk tube,
after which the substrate (0.478 mmol) and i sobutyl-meth-
acrylate (80 uL) asinternal standard were added. For the
reactions using O, as co-oxidant, the reactions were car-
ried out at 60 °C in O, saturated toluene under an atmo-
sphere of oxygen. Alternatively, either iodosylbenzene
(Ph1O) or tetrabutylammonium periodate (TBAP) (0.717
mmol) was added as co-oxidant and the reactions carried
out in N, saturated toluene at 60 °C under nitrogen. The
hydrotal cite (250 mg) was added last in all cases. There-
actions were followed by gas chromatography. Product
isolation involved filtering off the hydrotal cite and molec-
ular sieves, which could then be reused, followed by chro-
matography and/or fractional distillation, as required.

The results of the oxidation reactions are shown in Table
1. As can be seen, the Ru-Cu-HT was found to be a very
efficient and selective oxidant for the variety of acohols
investigated when either PhlO or TBAP were used as co-
oxidants. The efficiency of oxygen as co-oxidant depends
on the acohol substrate, with conversions ranging from
20% to 100%. Low activity with oxygen has been ob-
served for some other hydrotal cite catalysts.2 No over-ox-
idation products, namely carboxylic acids, were detected
in any of the reactions. Similarly, no attack of sensitive
functional groups, e.g. double bonds, nitro groups or het-
eroatoms was detected, with the inertness of cinnamyl
chloride indicating that organohalides are not attacked.
Also no evidence of alylic rearrangement of double
bonds, as would e.g. be seen by the formation of citronel-
lal from geraniol,° was observed. The mildness of these
oxidants is also emphasised by the selective conversion

Synlett 2001 No. 6, 869—-871 1SSN 0936-5214 © Thieme Stuttgart - New York

Downloaded by: University of Arizona Library. Copyrighted material.



870 H. B. Friedrich et al.

LETTER

Tablel The oxidation of alcoholsto adehydes or ketones with various co-oxidants

Co-oxidant Substrate Product Yield Time (hrs)
(%)
TBAP 1-hexanol hexanal 100 24
PhIO 62 24
0, 26 24
TBAP 2-hexanol 2-hexanone 100 3
PhIO 100 48
O, 30 24
TBAP CH=CHCH,0H CH=CHCHO 100 3
PhIO 100 48
0, 100 24
TBAP 100 3
PHIO @\ @\ 51 24
0, o~ CH,0H o~ “CHO 45 48
CH,0H CHO
TBAP 88 24
PHIO 71 24
0, 58 24
NO, NO,
0
TBAP OH 100 24
PHIO 70 24
o 30 48
(o]
TBAP OH 7 9 24
PHIO 90 24
0, 78 24
TBAP HC HiC_ 100 24
PHIO , €= CHCH,CH, C(CHy)=CH,CH,0H ,C= CHCH,CH,((CH)=(,CHO 94 48
0, M€ HiC 78 24
TBAP 47 24
PHIO CH3CH=CHCH,0H CH;CH=—CHCHO 43 ”
0, 42 24

of furfuryl alcohol to furfuraldehyde, since furfuryl a-
cohol reacts explosively with more vigorous oxidants.°

In the absence of co-oxidants, the catalyst shows low ac-
tivity in air. The recyclability of the catalyst was investi-
gated in detail on the oxidation of cinnamyl acohol
(Table 2). Storing the catalyst under nitrogen between re-
cyclesresultsin asteady decreasein theactivity of the cat-
alyst. However, storing the catalyst in air greatly increases
the catalysts lifetime, with quantitative yields of cinnam-
aldehyde till being obtained after each recycle, abeit af-
ter dlightly longer reaction times. A similar effect has been
observed for a supported osmium cis-hydroxylation cata-
lyst.1t

The Ru-Cu-HT catalyst with the above co-oxidantsisless
efficient for large electron rich molecul es. Thus cholester-
ol is oxidised to 5-cholesten-3-one by the Ru-Cu-HT-0O,
system in low yield. Use of TBAP or PhlO as co-oxidant
results in a number of products. A similar effect was ob-
served for the RuCl,(PPhs),-PhlO catalysed oxidation of
cholesterol where the substrate was reported to have de-
composed during the attempted oxidation.'? No reaction
with cholesterol occurs with 4-methylmorpholine N-ox-
ide as co-oxidant.

XRD analysis of the Ru-Cu-HT catalyst shows features
that are typical of all hydrotalcites, namely sharp and in-
tense lines at low values of the 26 angle and less intense
and generally asymmetric lines at the higher angular
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Table 2 Oxidation of cinnamayl alcohol to cinnamaldehyde with
the recycled Ru-Cu hydrotal cite stored under different environments

Recycle Atmosphere Time (hrs) Yield (%)
(storage)

1" recycle N, 24 100
2™ recycle N, 24 90
3" recycle N, 24 32

48 65
1* recycle Air 24 100
2" recycle Air 24 88
3" recycle Air 24 98

48 100

values. The presence of both sharp and diffuse non-basa
reflections indicates a partially disordered structure. The
basal spacing was determined to be 7.56 A vs. 7.92 A re-
ported for a Ru-Mg hydrotalcite.®

XPS measurements on a newly prepared catalyst showed
binding energies of 282.1 eV and 932.8 eV dueto Ru(VI)
and Cu(ll), respectively. Measurements on arecycled cat-
alyst showed abinding energy of 282.1 €V dueto Ru(V1),
whilst X PS measurements on a spent catalyst (after a sto-
ichiometric reaction with cinnamyl acohol to give cinna-
maldehyde in 100% vyield) showed binding energies of
282.2 eV, 933.0 eV and 935.3 eV, corresponding to
Ru(V1), Cu(ll) and Cu(0).® This suggests that copper is
involved in the oxidation of Ru(lll) to Ru(VI) in the syn-
thesis of the hydrotal cite and in the regeneration of the ac-
tive catalytic species, Ru(VI), as shown in the scheme.
The scheme is further supported by the observation that
the catalyst acts as a two electron oxidant, since it con-
verts cyclobutanol to cyclobutanone.*

In conclusion, the Ru-Cu-HT catalyst was found to be
easy to synthesise, stable, recyclable and to oxidise effi-
ciently and selectively aliphatic, alylic and aromatic alco-
holsto their corresponding oxidation products under mild
conditions. The catalyst compares well to recently report-

ed supported oxidants'>® and Ru-Co-HT catalysts,2 with
the advantage over the latter that aliphatic primary alco-
holsare also oxidised in very high yield. Advantages over
clayfen'” include a more general applicability, easier syn-
thesis and indefinite stability.
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