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Abstract—Heating secondary benzylic alcohols in molten tetra-n-butyl ammonium bromide with catalytic amounts of palladium
chloride under a gentle flow of argon produced corresponding ketones in good yields. Neither cooxidant nor additive were required,
with the added advantage of catalyst and ammonium salt recycling. The dehydrogenation of primary benzylic alcohols was less
selective. Such a reaction was ineffective from allylic and saturated alcohols. © 2002 Elsevier Science Ltd. All rights reserved.

Ionic liquids (IL) and molten salts (MS) are emerging
as effective solvents for ‘green’ chemical reactions.1

Having observed that anionic catalysts, [PdX4][n-
Bu4N]2 and [PdX6][n-Bu4N]2 can be obtained from
PdCl2 and n-Bu4NX (X: Cl, Br),2 we have carried out
Heck reactions using molten n-Bu4NBr as solvent and
PdCl2 as catalyst; interestingly, no extra ligand was
required and recycling of both catalyst and solvent was
possible.3

For some years, we are interested in palladium(II)-cata-
lyzed oxidations of alcohols.4 Such reactions in organic
solvents5,6 and even water7 have been reported using
oxygen as single co-oxidant, the process often being
carried out in the presence of a base. We envisaged
performance of them in molten ammonium salts. Little
attention was devoted to oxidations in IL or MS when
we started our project;8 no study mentioned their use as
solvent in catalytic oxidation of alcohols.9 Three recent
reports on this subject,10 in particular a Pd-catalyzed
oxidation of benzyl alcohol in IL,10b,11 prompted us to
disclose our results.

Initial experimentation was undertaken in tetra-n-butyl
ammonium bromide (1.5 g) using indan-1-ol (1) (1
mmol), sodium carbonate (1 mmol)12 and catalytic
amounts of palladium chloride (0.03 mmol) under an

oxygen atmosphere provided by a gas bag, the mixture
being heated at 120°C for 21 h (Table 1, run 1). After
extraction of organic compounds with diethyl ether,
GC analysis of the solution indicated the formation of
indan-1-one (2). Decreasing the amount of base to 0.06
equiv. increased both conversion and yield (run 2).
Switching from Na2CO3 to NaHCO3 or Cs2CO3 (runs 3
and 4), and using (bmim)(PF6)13 instead of n-Bu4NBr
(run 5) led to lower yields. In fact, the presence of base
was not necessary (run 6); this point is of interest if the
ammonium salt is to be recycled. Surprisingly, a reac-
tion carried out in the absence of oxygen in a closed
vessel provided 2 also but with a lower selectivity (run
7). Under these latter conditions, we detected the for-
mation of indane as by-product; this reductive cleavage
of the C�OH bond of 1 indicated in situ formation of
hydrogen14 and/or [Pd]H2 species.15 To avoid this
hydrogenolysis, transfer dehydrogenation was
attempted in adding indene and cyclohexene as hydro-
gen acceptors (runs 8–10): better selectivities were
obtained with the latter. The reaction was then carried
out under a gentle flow of argon in expecting the
removal of hydrogen gas.16 Fortunately, high conver-
sion and yield were attained (run 11) and furthermore,
the recycling of both catalyst and n-Bu4NBr was
efficient (runs 12–15). Under these conditions, the use
of n-Bu4NCl or n-Bu4NOAc instead of n-Bu4NBr led
to troubles in the course of the work up and to low
yields (runs 16 and 17).

The above observations—hydrogenolysis of the C�OH
bond, no reoxidant of palladium required—led us to
suspect a catalysis by Pd(0).14,15,17 Consequently, the
reaction was attempted using Pd black15 as catalyst; the
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Table 1. Influence of the experimental conditions on the oxidation of indan-1-ola

Additive (equiv.) AtmosphereRun Time (h)Catalyst Conv. (%) 2 Yield (%)b

Na2CO3 (1) O21 21PdCl2 51 41
Na2CO3 (0.06) O2 21 72 542 PdCl2
NaHCO3 (0.06) O2 22PdCl2 623 45

PdCl24 Cs2CO3 (0.06) O2 22 62 41
PdCl25c Na2CO3 (0.06) O2 21 54 31

None O2 21PdCl2 646 50
None7d ArPdCl2 21 94 50
Indene (1) Ar 21PdCl2 158d 5

PdCl29d Cyclohexene (5) Ar 21 52 42
PdCl210d Cyclohexene (5) Ar 48 61 49

None Are 22PdCl2 10011 95 (90)
1st reusef12 None Are 22 96 94 (93)

None Are 212nd reusef 8513 83
None Are 2214 793rd reusef 77
None Are 224th reusef 6715 64
None Are16g 21PdCl2 52 12
None Are 22PdCl2 7617h 44
None Are 21 7118 61Pd black
None Are 18 60 419

a See text and Ref. 16 for run 11.
b GC yields, dec-9-en-1-ol as internal standard; isolated yields are in brackets.
c Reaction carried out in (bmim)(PF6) instead of n-Bu4NBr.
d Reaction carried out in a closed flask.
e Reaction carried out under a gentle flow of argon.
f Both catalyst and n-Bu4NBr recovered from the previous run were used.
g Using n-Bu4NCl instead of n-Bu4NBr.
h Using n-Bu4NOAc instead of n-Bu4NBr.

dehydrogenation took place but the efficiency and
selectivity were lower than those attained with PdCl2
(run 18 versus run 11). Control experiments have
shown that conversion of the substrate decreased dras-
tically in the absence of palladium (run 19).18

Having these results in hand, other alcohols have been
subjected to conditions of run 11 (Table 2).

Various secondary benzylic alcohols afforded the corre-
sponding ketones with good selectivities (runs 20–24)

Table 2. Palladium-catalyzed oxidation of various benzylic alcoholsa

Yield (%)Run Time (h)Substrate Conv. (%) Product

9-Hydroxyfluorene 4820 81 Fluoren-9-one 73b

Tetral-1-one89 83b24Tetral-1-ol21
10072 Acetophenone1-Phenylethan-1-ol22 81b

91b7223 1001-Phenylpropan-1-ol 1-Phenylpropan-1-one
77 Benzophenone 67b24 Benzhydrol 48

48 70Benzoin25 68bBenzil
6 100Benzyl alcohol Benzaldehyde26 4c

+n-butylbenzoated 51b

39b27 721-NaphthylCH2OH 76 1-NaphthylCHOe

24b48 5128 2-NaphthylCHOf2-NaphthylCH2OH

a Substrate (1 mmol), PdCl2 (0.03 mmol), n-Bu4NBr (1.5 g), gentle flow of argon, 120°C.
b Isolated yield calculated on the quantity of alcohol introduced.
c GC yield, dec-9-en-1-ol as internal standard.
d Also observed from GC–MS analysis: toluene.
e Also observed from GC–MS analysis: 1-methylnaphthalene.
f Also observed from GC–MS analysis: 2-methylnaphthalene.
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Scheme 1.

and no cleavage reaction has been observed from an
�-ketol such as benzoin (run 25). Switching to benzyl
alcohol as substrate provided low amounts of benzalde-
hyde, the main product being n-butylbenzoate (run 26).
GC–MS analysis of the crude mixture showed the
presence of n-butyl bromide and toluene. We firstly
suspected the presence of some oxygen which would
mediate the oxidation of benzaldehyde into benzoic
acid, and subsequent esterification of this latter.19 This
seemed to agree with the formation of n-butylbenzoate
using benzoic acid as substrate under similar experi-
mental conditions and also in the absence of any Pd-
catalyst. However, to repeat run 26 in thoroughly
removing traces of oxygen and even in a closed flask
also afforded the ester. This latter was not detected
using benzaldehyde as substrate under such conditions
and even in the presence of added water. Actually, we
suggest the mechanism depicted in Scheme 1 to explain
the formation of n-butylbenzoate: (i) the oxidation of
PhCH2OH by [PdII] leads to PhCHO and [Pd0], (ii) a
second molecule of PhCH2OH reacts with [Pd0] giving
PhCHO and [Pd]H2,14 (iii) hydrogenolysis of a third
molecule of PhCH2OH produces H[Pd]OH, (iv) inser-
tion of CO double bond of PhCHO into [Pd]-OH
followed by �-H elimination affords PhCO2H and
[Pd]H2,20 (v) the interaction of PhCO2H with n-Bu4NBr
provides PhCO2N(n-Bu)4 and (vi) this last intermediate
evolves to PhCO2n-Bu and n-Bu3N. It is important to
note that [Pd]H2 produced from PhCH(OH)-O[Pd]H
intermediate would have the possibility to evolve to the
[Pd0] active dehydrogenation or to mediate the
hydrogenolysis of the alcohol. This could explain, at
least in part, the low selectivity of the process.

Compared to benzyl alcohol, 1- and 2-naphthyl-
methanol react much more slowly but they afford cor-
responding aldehydes without the production of any
ester (runs 27, 28); some hydrogenolysis of the C�OH
bond of these two substrates was detected from GC–
MS analysis. No or solely traces of the expected car-

bonyl compounds were obtained from allylic and
saturated alcohols.

In conclusion, molten tetra-n-butyl ammonium bro-
mide is a good medium for the Pd-catalyzed dehydro-
genation of secondary benzylic alcohols as substrates;
palladium chloride is an effective catalyst and the reac-
tion takes place without any oxygen donor or additive.
The system—catalyst+ammonium salt—is recyclable
but gradually loses its oxidative properties. As we pre-
viously suspected,3,4a the ammonium salt apparently
stabilizes palladium species which are active for cataly-
sis. These results extend the use of molten ammonium
salts as solvents for Pd-catalyzed organic reactions.

Acknowledgements

This work was supported by the European Community
(COST Action D12, 0028/99) and CNRS. We are grate-
ful to ‘Ministère de la Recherche et de la Technologie’
for a Ph.D. studentship to B.G. and to Engelhard
Company for generous gifts of palladium salts.

References

1. Reviews: (a) Chauvin, Y.; Olivier-Bourbigou, H.
Chemtech 1995, 25, 26–30; (b) Welton, T. Chem. Rev.
1999, 99, 2071–2083; (c) Olivier, H. J. Mol. Catal. A:
Chem. 1999, 146, 285–289; (d) Holbrey, J. D.; Seddon, K.
R. Clean Products and Processes 1999, 1, 223–236; (e)
Dupont, J.; Consorti, C. S.; Spencer, J. J. Braz. Chem.
Soc. 2000, 11, 337–344; (f) Wasserscheid, P.; Keim, W.
Angew. Chem., Int. Ed. 2000, 39, 3772–3789; (g) Free-
mantle, M. Chem. Eng. News 2001, 79, 21–25; (h) Shel-
don, R. Chem. Commun. 2001, 2399–2407; (i)
Olivier-Bourbigou, H.; Magna, L. J. Mol. Catal. A:
Chem. 2002, 182–183, 419–437.

2. Bouquillon, S.; du Moulinet d’Hardemare, A.; Averbuch-
Pouchot, M.-Th.; Hénin, F.; Muzart, J. Polyhedron 1999,
18, 3511–3516.



B. Ganchegui et al. / Tetrahedron Letters 43 (2002) 6641–66446644

3. Bouquillon, S.; Ganchegui, B.; Estrine, B.; Hénin, F.;
Muzart, J. J. Organomet. Chem. 2001, 634, 153–156.

4. (a) Aı̈t-Mohand, S.; Hénin, F.; Muzart, J. Tetrahedron
Lett. 1995, 36, 2473–2476; (b) Aı̈t-Mohand, S.; Muzart, J.
J. Mol. Catal. A: Chem. 1998, 129, 135–139; (c) Bouquil-
lon, S.; Hénin, F.; Muzart, J. Organometallics 2000, 19,
1434–1437; (d) Rothenberg, G.; Humbel, S.; Muzart, J. J.
Chem. Soc., Perkin Trans. 2 2001, 1998–2004.

5. (a) Llyod, W. G. J. Org. Chem. 1967, 32, 2816–2819; (b)
Kaneda, K.; Fujii, M.; Moriaka, K. J. Org. Chem. 1996,
61, 4502–4503; (c) Bortolo, R.; Bianchi, D.; D’Alosio, R.;
Querci, C.; Ricci, M. J. Mol. Catal. A: Chem. 2000, 153,
25–29; (d) Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J.
Am. Chem. Soc. 2001, 123, 7475–7476; (e) Ferreira, E.
M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 123, 7725–
7726; (f) Kakiuchi, N.; Maeda, Y.; Nishimura, T.;
Uemura, S. J. Org. Chem. 2001, 66, 6620–6625.

6. (a) Blackburn, T. F.; Schwartz, J. S. Chem. Commun.
1977, 157–158; (b) Peterson, K. P.; Larock, R. C. J. Org.
Chem. 1998, 63, 3185–3189; (c) Hallman, K.; Moberg, C.
Adv. Synth. Cat. 2001, 343, 260–263.

7. ten Brink, G.-J.; Arends, I. W. C. E.; Sheldon, R. A.
Science 2000, 287, 1636–1639.

8. (a) Howarth, J. Tetrahedron Lett. 2000, 41, 6627–6629;
(b) Song, C. E.; Roh, E. J. Chem. Commun. 2000, 837–
838; (c) Owens, G. S.; Abu-Omar, M. M. Chem. Com-
mun. 2000, 1165–1166; (d) Gaillon, L.; Bedioui, F. Chem.
Commun. 2001, 1458–1459; (e) Singer, R. D.; Scammells,
P. J. Tetrahedron Lett. 2001, 42, 6831–6833.

9. The addition of tetraalkylammonium salts in ruthenium-
catalyzed oxidations of alcohols has allowed the recovery
of the catalyst but methylene chloride was used as sol-
vent. See: Ley, S. V.; Ramarao, C.; Smith, M. D. Chem.
Commun. 2001, 2278–2279.

10. (a) Farmer, V.; Welton, T. Green Chem. 2002, 4, 97–102;
(b) Seddon, K. R.; Stark, A. Green Chem. 2002, 4,
119–123; (c) Ansari, I. A.; Gree, R. Org. Lett. 2002, 4,
1507–1509.

11. For a Wacker-type reaction, see: Namboodiri, V. V.;
Varma, R. S.; Sahle-Demessie, E.; Pillai, U. R. Green
Chem. 2002, 4, 170–173.

12. In other solvents, the addition of an inorganic base is
often required to obtain an efficient process.4a,6,7

13. (bmim)(PF6): 1-butyl-3-methylimidazolium hexafluoro-
phosphate.

14. Keresszegi, C.; Mallat, T.; Baiker, A. New J. Chem. 2001,
25, 1163–1167.

15. Murahashi, S.; Shimura, T.; Moritani, I. Chem. Commun.
1974, 931–932.

16. Typical experiment, run 11. A round-bottomed flask (10
ml) equipped with a magnetic stir bar and reflux con-
denser was charged with PdCl2 (5 mg, 0.03 mmol) and
n-Bu4NBr (1.5 g). The system was connected to a vac-
uum/argon line and the flask was heated under vacuum
at 120°C (oil bath) for 2 h. After switching to the argon
line, indan-1-ol (134 mg, 1 mmol) was introduced and the
temperature of the oil bath was maintained at 120°C for
22 h. After removing the oil bath, diethyl ether (5 ml) was
added by the top of the condenser. The mixture was
stirred for a few minutes and then poured on a sintered-
glass frit. The flask was washed with diethyl ether and the
solid carefully triturated with the same solvent (2 ml×5).
GC analysis (capillary column HP-Innowax, 170°C, dec-
9-en-1-ol as internal standard) of the solution showed the
complete conversion of the substrate and the formation
of indan-1-one (95%).

17. Rao, V. S.; Perlin, A. S. J. Org. Chem. 1982, 47, 367–369.
18. Low amounts of 2 were also obtained from a DMF

solution of 1 heated at 120°C for 21 h (Conv.: 9%, yield:
7%).

19. We have already obtained PhCO2n-Bu from (PhCO)2O
and n-Bu4NBr.3

20. The formation of esters from aldehyde insertion into
rhodium–alkoxide complexes and subsequent �-H elimin-
ation has been recently reported. See: Krug, C.; Hartwig,
J. F. J. Am. Chem. Soc. 2002, 124, 1674–1679.


	Palladium-catalyzed dehydrogenation of benzylic alcohols in molten ammonium salts, a recyclable system
	Acknowledgements
	References


