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Selective ring hydrogenation of naphthols to tetrahydro-
naphthols and tetralones proceeded at 323K over a charcoal sup-
ported rhodium catalyst in supercritical carbon dioxide.

Tetrahydronaphthols and tetralones are important inter-
mediates for synthesizing drugs, and agricultural chemicals. Ion-
ic hydrogenation of naphthols with excess of aluminium halides
is reported in the literature;1 however, generation of large
amounts of inorganic salts in these processes is a serious prob-
lem for disposal. Supported solid catalysts have also been report-
ed for the naphthol hydrogenation in conventional hydrotreating
processes. Such catalysts include supported nickel–molybdenum
and cobalt–molybdenum catalysts; however, these are active on-
ly at a very high reaction temperature of 600K and above.2 Shao
and Song reported that a titania supported platinum–palladium
bimetal catalyst was active for the hydrogenation at 423K in
n-tridecane solvent;3 however, large amounts of dehydroxylated
compounds such as decalin and tetralin were formed even at
423K. Catalytic reactions of solid substrates in organic solvents
using supported metal catalysts have wide ranging applications
in fine chemical processes; however, reaction velocities are not
so high and the separation of pure products from solvents is crit-
ical. Moreover, eliminating the use of organic solvents is highly
desirable for environmentally benign processing. Organic trans-
formations involving gas-liquid systems with solid catalysts un-
der supercritical carbon dioxide have several other advantages; i)
high reaction rates due to increased gas solubility in supercritical
carbon dioxide, thereby eliminating mass transfer resistances, ii)
easy separation of catalysts and products, iii) maintaining clean
solid surfaces by washing with supercritical carbon dioxide sol-
vent.4 Especially, higher solubility of hydrogen in supercritical
carbon dioxide, is advantageous for controlling the product
selectivity and catalyst activity in catalytic hydrogenation reac-
tions involving consecutive and parallel reaction pathways. In
this paper, we report the partial ring hydrogenation of naphthols
with supported metal catalysts under supercritical carbon
dioxide.

Catalysts used in this work, viz. 5wt% carbon and �-alumi-
na supported rhodium (Rh/C (12%) and Rh/�-Al2O3 (34)),
palladium (Pd/C (3) and Pd/�-Al2O3 (18)), platinum (Pt/C
(8) and Pt/�-Al2O3 (18)), and ruthenium (Ru/C (25) and Ru/
�-Al2O3 (32)) were commercially available from Wako Chem-
icals, Japan. The values in parentheses are the dispersion values
of metal particles on the supports determined by a hydrogen ad-
sorption method.5 Hydrogenation reactions were carried out in

stainless-steel reactors (50mL capacity). The weighed amount
of catalyst and reactant were placed in a reactor and flushed
twice with carbon dioxide. After the desired temperature was
attained using an oil bath, hydrogen and carbon dioxide were
introduced into the reactor. At the end of the reaction, contents
were discharged to separate the catalyst by simple filtration
and analyzed with GC-FID and GC-MS that showed the material
balance >90%.

The activities of various catalysts for the ring hydrogenation
of 1-naphthol were examined at 323K under 3MPa of hydrogen
and 10MPa of carbon dioxide. We observed that the most of
the 1-naphthol was dissolved under this condition. The activities
expressed as turnover numbers (TON) (in parentheses)6 were
found to be in the following order: Rh/C (544) > Pd/C
(139) > Rh/�-Al2O3 (96) > Pt/C (66) > Pd/�-Al2O3 (33) >
Pt/�-Al2O3 (10) > Ru/C (9) > Ru/�-Al2O3 (1), indicating
that Rh/C was the most active catalyst. While, supported palla-
dium catalysts were found to be highly active for the ring
hydrogenation of both 1-naphthol and phenol at 423K in organic
solvents,3,7,8 our results showed that a different metal function
(rhodium) was active for 1-naphthol hydrogenation in supercrit-
ical carbon dioxide. It is expected that the reaction mechanism
under supercritical carbon dioxide is totally different from liq-
uid-phase conditions. Not only the enhancement of hydrogen
solubility in supercritical carbon dioxide contributes to the high-
er catalyst activity, but also there is an additional role played by
supercritical carbon dioxide; i) the adsorption characteristics of
1-naphthol on active sites of rhodium-metal particles and/or
ii) the electronic structure of metal particles are different under
supercritical carbon dioxide from that in non-supercritical me-
dia. This is also supported by the fact that inspite of higher dis-
persions of metals than those of the same metals on �-alumina,
they showed lower hydrogenation activities than on carbon sup-
port. Hence, usual criteria like higher metal dispersion, may not
be directly applicable for the catalyst activity in supercritical
carbon dioxide medium. Arai et al. reported that the electron
density of gold particles decreased in supercritical carbon diox-
ide.9 The catalytic activities of metals under supercritical carbon
dioxide conditions could be different owing to modification by
electron transfer to carbon dioxide which would affect the ad-
sorption characteristic of naphthol as compared with those under
gas- and liquid-phase conditions. The lower electron density of
rhodium under supercritical carbon dioxide would cause strong
adsorption of 1-naphthol leading to the highest catalyst activity.
Further in situ investigation of the structure and electronic state
of metal particles under supercritical carbon dioxide and deter-
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mination of the surface concentration of hydrogen and 1-naph-
thol adsorbed are needed.

The reaction profile of naphthol hydrogenation under super-
critical carbon dioxide over the Rh/C catalyst is shown in Figure
1. The conversion of naphthol obtained was 90% after 2 hours.
From the beginning of the reaction, 1-naphthol was partially hy-
drogenated to 5,6,7,8-tetrahydro-1-naphthol (2), 1,2,3,4-tetrahy-
dro-1-naphthol (4), and 1-tetralone (3). The product selectivities
were constant until most of 1-naphthol was hydrogenated indi-
cating 1-naphthol hydrogenation over supported metal catalysts
is a parallel reaction similar to phenol hydrogenation to cyclo-
hexanone and cyclohexanol in supercritical carbon dioxide.10

Fully ring hydrogenated products, 1-decalone (5) and deca-
hydro-1-naphthol (6), were also obtained; however, the total se-
lectivity of such products was about 6–7%. Small amounts
(<2%) of tetralin (7) and decalin (8, dehydroxylated com-
pounds) were also obtained while naphthalene formation was
not observed even at 95% of conversion. Dehydroxylation was
considerably suppressed under our reaction conditions owing
to the low reaction temperature unlike the hydrogenation in or-
ganic solvents. We also studied separately, the hydrogenation
of 2, 4, and 3 and it was found that 2 was hardly hydrogenated,
while 7 and 8 were easily formed in the hydrogenation of 4. 4
was also formed by the hydrogenation of 3. Based on the product
distribution observed, the proposed reaction pathway for naph-
thol hydrogenation in supercritical carbon dioxide medium is
shown in Graphical abstract.

In addition, we have also examined the influence of pressure
of both hydrogen and carbon dioxide on the catalyst activity and
selectivity. These results are presented in Table 1. It was found
that hydrogenation activity increased with increase in hydrogen
pressure from 1 to 6MPa at 10MPa carbon dioxide, caused by
increase in the concentration of surface hydrogen with increase
in hydrogen pressure. Higher selectivity to partially hydrogenat-
ed compounds (2, 3, and 4) were obtained while, selectivity to
dehydroxylated compounds (7 and 8) was too low (1–2%) and
was not affected by hydrogen pressure. The hydrogenation activ-
ity also increased with increase in carbon dioxide pressure from
8 to 18MPa at constant hydrogen pressure of 3MPa. We ob-
served that the most of the 1-naphthol was dissolved under
10MPa of carbon dioxide. Enhanced mass transfer can contrib-
ute to the increase the activity. On the other hand, the selectivity
to partial hydrogenation product 2, was almost constant regard-

less of increase in carbon dioxide pressure.
The hydrogenation of 2-naphthol was also investigated over

the 5% Rh/C catalyst. 2-naphthol conversion was substantially
lower (4 to 13 times) than that of 1-naphthol in supercritical car-
bon dioxide; however, the same (5wt% Rh/C) catalyst as in
case of 1-naphthol hydrogenation showed high selectivity
(�85% total) to the partial ring hydrogenation products. In con-
trast to this, 2-naphthol hydrogenation in methanol solvent
showed a very low conversion (<1%) and high selectivity
(66%) to the dehydroxylated products. From the beginning of
the reaction, the ring of 2-naphthol was partially hydrogenated
to 5,6,7,8-tetrahydro-2-naphthol, 1,2,3,4-tetrahydro-2-naphthol,
and 2-tetralone. The total selectivity to the partial hydrogenated
compounds was 98%. The selectivity of each partial hydrogen-
ated product was constant until most of 2-naphthol was hydro-
genated. In addition to the formation of tetralin and decalin,
naphthalene was also observed in the hydrogenation of 2-naph-
thol. However, the selectivity to the dehydroxylated products
was too low in supercritical carbon dioxide medium compared
with that observed in methanol.
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Figure 1. The hydrogenation of 1-naphthol under hydrogen
pressure 3.0MPa, carbon dioxide pressure 10MPa over a Rh/
C catalyst. Initial 1-naphthol 0.20 g, reaction temperature 323K.

Table 1. Effect of hydrogen and carbon dioxide pressures on
the hydrogenation of 1-naphthol over a 5wt% Rh/C catalysta

Pressure/MPa
Conversion/%

Selecitivity/%

H2 CO2 2 3 4 5þ 6 7þ 8

1 10 24 65 18 11 4 2

3 10 56 72 7 12 7 2

6 10 80 72 3 11 12 1

3 8 49 74 6 13 9 1

3 14 57 72 6 13 8 1

3 18 73 74 5 12 8 1

aReaction temperature 323K; reaction time 15min.; Rh/C 0.02 g;
initial 1-naphthol 0.20 g.
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