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Abstract

The selective oxidation of naphthalene and its derivatives to give naphthoquinones has been investigated in detail. The reaction can be carried
out effectively in the presence of a catalytic amount of Ru complexes (0.2 mol%) and phase transfer catalysts (PTC) using H,O, as the terminal
oxidant and water as the solvent. The effect of different ruthenium complexes, phase transfer catalysts, and the concentration of hydrogen peroxide
were studied. Compared to previous procedures for this type of reactions, acidic solvents and high concentration of hydrogen peroxide are not

necessary, which makes the reaction more environmentally friendly.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Menadione (Vitamin K3) and its derivatives received signif-
icant attention in their synthesis in the last decades [1,2]. The
traditional well-known method for the production of Vitamin
K3 usually used stoichiometric quantities of chromium trioxide
in sulfuric acid to oxidize 2-methylnapthalene in 38—-60% yield
[3-6]. Alternative procedures using stoichiometric amounts of
Mn(III) or Ce(IV) have also been described [7,8]. However, all
these methods caused serious environmental problems due to the
resulting heavy metal waste. In light of the improved ecological
issues, various catalytic methods were reported, in which vana-
dium, chromium, molybdenum/tungsten, rhenium, palladium
and cerium, phthalocyanine and porphyrin complexes, zeolites
or inorganic acid were used in different catalytic systems with
03, H205 or percarboxylic acid as the terminal oxidant [9-22].

However, all known procedures require the use of acidic sol-
vents, such as acetic acid, or the necessity to employ inorganic
acidic catalysts, which also causes environmental pollution,
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equipment corrosion problem and even the in sifu generation of
potential explosive materials in this system [22]. Thus, the devel-
opment of selective oxidations of 2-methylnaphthalene and its
derivatives under neutral conditions is highly desired. Here, we
describe a full account of our work towards this goal.

2. Experiment
2.1. Materials and methods

Ruthenium complexes, 1-4, were prepared according to pre-
viously reported methods (Fig. 1) [23,24]. HyO; (29-31%) was
purchased from Merck. Naphthalene derivatives and phase trans-
fer catalysts, 5-18, were of analytical purity and used without
further purification (Fig. 2).

2.2. General procedure for the ruthenium-catalyzed
oxidation of naphthalene derivatives

All reactions were carried out in an oil bath (40 °C) or directly
in air (23-26 °C). To a glass reactor (40 ml), 1 mmol (0.144 g)
2-methylnaphthalene (18), 0.002 mmol 4 (1.0 mg), 0.025 mmol
(7.9 mg) tributylbenzylammonium chloride, 0.5 ml H,O, and
7 mmol (~0.7ml) 30 wt% H,O, were added respectively. The
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Fig. 1. Ruthenium(terpyridine)(pyridine-2,6-dicarboxylate) 1-4.

reaction was vigorously stirred (7507 (min)) at the appropriate
temperature for 1 h.

2.3. Analysis

After the reaction, the mixture was cooled to room tem-
perature, and extracted by CH;Cly (3x 20ml). The solvent
was removed under reduced pressure and the naphthoquinones
were isolated by flash column chromatography (silica gel 60,
70-230 mesh, hexane:EtOAc =8:2 (v/v)). A mixture of 19 and
20 (0.11g, 64%) was obtained, which was characterized by
'H NMR, 3C NMR, GC-FID (HP6890N with FID detector,
column HP5 30 m x 0.250 mm x 0.25 pm), GC-MS (HP6890N
with MSD5973, column HPSMS 30 m x 0.250 mm x 0.25 wm),

and compared with the authentic sample of 19. The ratio between
19 and 20 was ~3:1. It was determined by 'H NMR and GC-
FID (the same ratios were obtained from both methods). Using
"H NMR spectroscopy the ratio between 19 and 20 was deter-
mined by the integral ratio of the corresponding methyl groups
(62.17-2.20, d and 6 2.49, s).

19: '"H NMR (400.1 MHz, CDCl3, ppm): § 2.17-2.20 (3 H, d,
J=1.5Hz), 6.80-6.85 (1H, q, J=1.5Hz), 7.66-7.72 (2H, m),
8.03-8.06 (1 H, m), 8.07-8.11 (1 H, m); GC-MS: tr = 12.20 min
(40°C, 2 min; 15 °C/min; 280 °C, 12 min), m/z (relative inten-
sity): 172 (M™*, 100), 116 (33), 115 (43), 104 (39), 76 (27).

20: 'H NMR (400.1 MHz, CDCls, ppm): § 2.49 (3H, s), 6.93
(2H, ), 7.52-7.57 (1 H, m), 7.84-7.87 (1, m), 7.94-7.99 (1, d,
J=7.9Hz); GC-MS: tg =12.43 min (40°C, 2min; 15 °C/min;
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Scheme 1. Synthesis of 2-methyl-1,4-naphthoquinone (menadione).

280°C, 12 min), m/z (relative intensity): 172 (M*, 100), 118
(32), 115 (37), 89 (23).

All the other products are known compounds [12,25-34] and
are characterized by GC-FID, GC-MS and NMR.

3. Results and discussion

3.1. Selective oxidation of 2-methyl naphthalene with
different ruthenium complexes

Based on our experience in the synthesis of ruthenium(IIl)
complexes with tridentate nitrogen and oxygen ligands and
their applications in olefin epoxidations and alcohol oxi-
dations [24,35-41], we became interested in the utility of
these complexes in arene oxidations. Clearly, with respect
to chemoselectivity the latter reactions are more challenging
than olefin or alcohol oxidations. In exploratory experiments,
2-methylnaphthalene was oxidized with hydrogen peroxide
(2.3 equiv.) in the presence of different Ru catalysts (Scheme 1).

Among the four ruthenium complexes employed, 1 and 2
were more hydrophilic than 3 and 4. In fact, the catalytic activity
increased with the decreasing of the hydrophilicity (Table 1). In
aqueous media, more lipophilic 3 and 4 act not only as oxidation
catalysts, but also simultaneously as phase transfer catalysts for
the substrate 2-methylnaphthalene. However, with respect to the
selectivity and yield of the desired product 19, catalysts 1 and 4
gave the best results. The yields were 51% and 53%, respectively
(Table 1, entries 1 and 4). There is no significant influence of the
catalyst on the ratio of quinones 19 and 20, which is in between
2.5:1 and 2.9:1.

3.2. Preliminary optimization of the reaction conditions

Next, the proto-typical reaction was tested with 0.2 mol%
of the easily available catalyst 1 in the presence of various

amounts of hydrogen peroxide. Interestingly, the yields of 19
and 20 were almost the same, 49-51%, when the ratio of 2-
methylnaphthylene to hydrogen peroxide was changed from
1:3.6 to 1:10 (Table 2, entries 1-3). Apparently, the increased
amount of hydrogen peroxide is mainly decomposed. The ini-
tial results suggested that the lipophilicity of ruthenium catalysts
1-4 is important. Hence, the addition of a phase transfer catalyst
may be advantageous. Indeed, the addition of PTC S improved
the yield of 19 and 20 slightly (Table 2, entries 4—7). However, at
higher concentration of § only unproductive over-oxidation reac-
tions were enhanced, leading to higher conversion with similar
yield of 19 and 20.

To our delight the combination of an increased amount of
30% H»0; and the presence of PTC 5 led to a higher yield and
chemoselectivity. The best result was obtained when 0.2 mol%
Ru complex 1, 2.5 mol% PTC 5 was used and 7 equiv. of hydro-
gen peroxide were employed (Table 2, entry 9). Further variation
of the concentration of 1 gave no improvement.

3.3. Effects of phase transfer catalysts

Applying the optimized reaction conditions (0.2 mol% 1 and
2.5mol% PTC), different kinds of PTC were tested in this
reaction. Among the chloride containing cationic phase trans-
fer catalysts 5-8, phenyltributylammonium chloride was more
effective. Here, the conversion was 88% and 64% isolated yield
was obtained (Table 3, entries 1-4). Other anions such as HSO4 ™
and Br~ with various tetraalkylammonium ions 9-12 resulted
in similar yields (41-60%) (Table 3, entries 5-8).

Next, we tested various anionic phase transfer catalysts. To
our surprise, the PTC 13 led to an extraordinarily high catalyst
activity (Table 4, entry 1). Even with less hydrogen perox-
ide (3.6 equiv.) and at lower temperature (room temperature),
99% conversion was obtained with similar isolated yield (56%)
(Table 4, entries 1 and 2). Due to the special catalytic property

Table 1

Selective oxidation of 2-methylnaphthalene with different Ru-complexes

Entry Catalyst mol% 18: H,O, T (°C) t (h) Conversion® (%) Yield® (%) Selectivity® (%) 19:20¢
1 1 0.2 1:7.0 40 1 67 51 77 2.8:1

2 2 0.2 1:7.0 40 1 65 32 50 2.7:1

3 3 0.2 1:7.0 40 1 91 26 29 2.9:1

4 4 0.2 1:7.0 40 1 38 53 61 2.5:1

For the procedure, see experiment.
% The calculation of conversion was based on recovered 18 after reaction.
b Isolated yield of 19 and 20.
¢ Selectivity = yield/conversion.
d The ratio between 19 and 20 was determined by GC-FID and NMR.
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Table 2

The effect of Ru catalyst loading, PTC loading and amount of H,O;

Entry 1 (mol%) PTC 5 (mol%) 18: H,O, T(O) t (h) Conversion® (%) Yield® (%) Selectivity® (%) 19:20¢
1 0.2 0 1:3.6 40 1 58 50 86 2.9:1
2 0.2 0 1:7.0 40 1 67 51 77 3.1:1
3 0.2 0 1:10 40 1 65 49 75 2.9:1
4 0.2 2.5 1:3.6 40 1 70 54 77 3.2:1
5 0.2 5.0 1:3.6 40 1 80 53 67 3.1:1
6 0.2 7.5 1:3.6 40 1 87 54 62 3.3:1
7 0.2 10 1:3.6 40 1 94 55 59 3.4:1
8 0.1 2.5 1:7.0 40 1 90 53 59 3.0:1
9 0.2 2.5 1:7.0 40 1 88 64 73 3.0:1

10 0.4 2.5 1:7.0 40 1 84 50 60 3.0:1

For the procedure, see experiment.
2 The calculation of conversion was based on recovered 18 after reaction.
b Isolated yield of 19 and 20.
¢ Selectivity = yield/conversion.
9 The ratio between 19 and 20 was determined by GC-FID and NMR.

Table 3

Selective oxidation of 2-methylnaphthalene in the presence of different phase transfer catalysts.

Entry 1 (mol%) PTC mol% 18: H,0, T (°C) t (h) Conversion® (%) Yield® (%) Selectivity® (%) 19:20¢
1 0.2 5 25 1:7.0 40 1 88 64 73 3.0:1
2 0.2 6 2.5 1:7.0 40 1 76 41 53 2.8:1
3 0.2 7 2.5 1:7.0 40 1 80 50 57 2.8:1
4 0.2 8 2.5 1:7.0 40 1 87 56 64 2.9:1
5 0.2 9 2.5 1:7.0 40 1 90 60 64 2.8:1
6 0.2 10 2.5 1:7.0 40 1 97 52 54 3.0:1
7 0.2 11 2.5 1:7.0 40 1 73 56 77 2.9:1
8 0.2 12 2.5 1:7.0 40 1 58 41 71 2.9:1

For the procedure, see experiment.
2 The calculation of conversion was based on recovered 18 after reaction.
b Isolated yield of 19 and 20.
¢ Selectivity = yield/conversion.
4 The ratio between 19 and 20 was determined by GC-FID and NMR.

Table 4

Investigation of the reaction conditions with anionic PTCs

Entry 1 (mol%) PTC mol% 18:H,0, T (°C) t (h) Conversion® (%) Yield® (%) Selectivity® (%) 19:20¢
1 0.2 13 2.5 1:7.0 40 1 99 41 42 2.9:1
1 0.2 13 2.5 1:3.6 40 1 99 56 56 2.8:1
2 0.2 13 2 1:3.6 40 0.17 100 47 47 2.8:1
3 0.2 13 1.25 1:7.0 40 0.17 100 44 44 3.2:1
4 0.2 13 1 1:3.6 80 0.17 99 47 47 3.3:1
5 0.2 13 1 1:3.6 40 0.17 93 47 51 2.8:1
6 0.2 13 1 1:3.6 It 0.17 85 51 60 2.6:1
7 0.2 13 1 1:7.0 It 0.17 99 50 50 2.8:1
8 0.2 13 1 1:3.6 rt 0.33 99 56 56 2.8:1
9 0.2 13 1 1:3.6 rt® 0.50 99 44 44 2.4:1

10 0.2 13 1 1:3.6 0 0.5 42 20 48 2.2:1

11 0.2 13 1 1:3.6 It 0.33 99 56 56 2.8:1

12 0.2 14 1 1:3.6 rt 0.33 58 37 64 2.7:1

13 0.2 15 1 1:3.6 It 0.33 38 17 48 2.9:1

14 0.2 16 1 1:3.6 rt 0.33 40 18 45 2.5:1

15 0.2 17 1 1:3.6 It 0.33 32 20 62 2.3:1

For the procedure, see experiment.
% The calculation of conversion was based on recovered 18 after reaction.
b Isolated yield of 19 and 20.
¢ Selectivity = yield/conversion.
d The ratio between 19 and 20 was determined by GC-FID and NMR.
¢ The reaction was performed in a water bath at rt.
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Table 5

Selective oxidation of naphthalene derivatives

Entry Substrate Method? Substrate: H,O; T(°C) t (h) Conversion® (%) Yield® (%) Selectivityd (%) Product®
1 21 A 1:7 40 1 95 39 40 37
2 21 B 1.7 t 1 96 59 61 37
3 22 A 1:7 40 1 35 22 61 38:39=2.7:1
4 22 B 1.7 t 1 73 25 34 38:39=2.7:1
5 23 A 1.7 40 15 55 55 100 40
6 23 B 1:10 40 21 83 64 77 40
7 24 A 1:7 40 15 55 50 90 41:42=2.3:1
8 24 B 1:3.6 t 14 94 48 51 41:42=2.4:1
9 25 A 1:7 40 1 22 6 28 43

10 25 B 1.7 t 1 99 26 26 43

11 26 A 1:7 40 1 100 26 26 19

12 26 B 1:3.6 t 1 100 10 10 19

13 27 A 1:7 40 4 68 6 9 48

14 27 B 1:7 t 4 38 12 9 48

For the procedure, see experiment.
2 A=0.2mol% 1+2.5mol% 5, B=0.2mol% 1+ 1 mol%.

Y The calculation of conversion was based on recovered starting material after reaction.

¢ Isolated yield of the products listed in the table.
d Selectivity = yield/conversion.
¢ The ratio between 38 and 39, 41 and 42 were determined by GC-FID.

exhibited by 13, the reaction conditions were further optimized.
The amounts of PTC 13, 1-2.5 mol%, the ratio of 18 to hydro-
gen peroxide, 1:3.6—1:7, and the reaction temperature, 0-80 °C,
were studied more closely (Table 4, entries 1-11). It is notewor-
thy that this system is so active that only 0.2 mol% 1 and 1 mol%
13 catalyzed the oxidation of 2-methylnaphthylene to the corre-
sponding naphtoquinones in 20 min at rt with >99% conversion
and 56% isolated yield. To the best of our knowledge the result-
ing turnover frequency (1200 h~! at rt) is the highest reported so
far for this type of arene oxidation. Different anionic PTCs with

various alkyl sulfate groups were further tested, but no better
results were obtained (Table 4, entries 12—15).

3.4. Selective oxidation of naphthalene derivatives

In order to study the scope and limitation of the oxidation
of aromatic rings in the presence of our convenient cata-
lyst system, two reactions protocols (0.2 mol% 1+ 2.5 mol%
5 =catalyst system A and 0.2mol% 1+ 1mol% 13=catalyst
system B) were further employed for naphthalene and its

25

OH
26 27 28 29

F Cl (”)
30 31 32

33

o
34 35 36

Fig. 3. Structures of arene substrates.
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Fig. 4. Structures of quinone products.

derivatives (Table 5). Notably, both naphthalenes with electron-
rich 21-27, and electron-poor substituents 28-33 were used
(Figs. 3 and 4).

Applying catalyst systems A and B for the selective oxi-
dation of naphthalene (21) gave the desired naphthoquinone
(37) in 39-59% isolated yield (Table 5, entries 1-2). It is
important to note that methyltrioxorhenium (MTO), a previ-
ous state-of-the-art catalyst for this type of oxidation, gave
only 11% yield for this substrate [12,13]. The industrially
important 2,6-dimethylnaphthalene (23) and 2-ethylnaphthalene
(24) led to similar results as 2-methylnaphthalene with
isolated yields of 64% and 50% of the corresponding naph-
thoquinones, respectively (Table 5, entries 5-8). However,
for 1,2-dimethylnaphthalene (25) and 2,3-dimethylnaphthalene
(22), only 6-26% isolated yield was obtained for the corre-
sponding quinone (Table 5, entries 3—4, 9—10). Full conversions
but only low yields (up to 26%) were observed with 2-methyl-
1-hydroxynaphthalene (26) or 2-methoxynaphthalene (27) as

substrates (Table 5, entries 11-14). In general, 2-methyl-1-
hydroxnaphthalene is considered to be the key intermediate to
yield menadione (2) [12,13,22]. These results clearly demon-
strate that A and B behave differently compared to previously
reported catalytic systems [12,13,22]. Apparently, the oxi-
dation mechanism is under the neutral conditions unlike to
those processes in acidic solvents or in the presence of acid
catalysts.

In addition to alkyl-substituted naphthalenes, the selective
oxidation of 2-chloronaphthalene (28) and 2-bromonaphthalene
(29) were carried out effectively (54% and 60% yield, respec-
tively, Table 6, entries 1-4). Unexpectedly, 1-fluoronaphthalene
(30) and 1-chloronaphthalene (31) gave interesting results.
While the oxidation 1-fluoronaphthalene (30) proceeds for
this type of reaction with good selectivity (40-50% yield)
(Table 6, entries 5-6), 1-chloronaphthalene led to a relative com-
plex mixture of products (28-31% yield of the corresponding
chloro-naphthochinones) (Table 6, entries 7 and 8). Two of the
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Table 6
Selective oxidation of polyaromatics and heterocycles

Entry Substrate Method? Substrate: H,O» T (°C) t (h) Conversion® (%) Yield® (%) Selectivity? (%) Product®
1 28 A 1:3.6 40 15 83 58 33 44:45=3:5
2 28 B 1:7 rt 14 53 53 100 44:45=3:5
3 29 A 1:7 40 18 61 38 63 46:47=3:2
4 29 B 1:7 rt 0.5 96 51 53 46:47=3:2
5 30 A 1:7 40 1 99 50 50 37
6 30 B 1:7 rt 0.5 99 40 40 37
7 31 A 1:7 40 1 73 28 100 37:49=1:6
8 31 B 1:7 It 0.5 99 31 32 37:49=1:4
9 32 A 1:7 40 1 929 16 16 37

10 32 B 1:7 It 0.5 100 8 8 37

11 33 A 1:7 40 18 0 0 0 -

12 33 B 1:7 40 18 0 0 0 -

13 34 A 1:7 70 1 24 12 50 50

14 34 B 1:7 70 1 25 8 32 50

15 35 A 1:7 40 15 83 35 40 51:52=3.0:1

16 35 B 1:7 40 15 90 54 60 51:52=2.7:1

17 36 A 1:7 rt 14 100 100 100 53

18 36 B 1:3.6 40 15 96 93 95 53

For the procedure, see experiment.
2 A=0.2mol% 1+2.5mol% 5, B=0.2mol% 1+ 1 mol%.

b The calculation of conversion was based on recovered starting material after reaction.

¢ Isolated yield of the products listed in the table.
4 Selectivity = yield/conversion.

¢ The amounts of isolated products listed in table compared with the starting material converted; e. the ratio between 44 and 45, 46 and 47, 37 and 49, 52 and 53

were determined by GC-FID.

side-products were identified by GC-MS as 37 and 49. Pre-
sumably, nucleophilic aromatic substitution and direct aromatic
oxidation occurred simultaneously for 1-chloronaphthalene in
the initial steps and the former dominated in the case of
1-fluoronaphthalene in the first step followed by subsequent oxi-
dations. For 1-naphthyl propionate (32), only naphthoquinone
(37) was obtained in low yield (Table 6, entries 9 and 10). This
result further supports that nucleophilic aromatic substitution
at the 1-position of naphthalene is one of the possible reaction
pathways. No reaction occurred for naphthalene-2-carboxylic
acid (33) (Table 6, entries 11 and 12).

Finally, we extended the oxidation protocol to the reaction of
polyaromatics and heterocycles 34-36. For substrate 34, 51 was
obtained in only 8-12% yield (Table 6, entries 13—-14). 9,10-
Anthraquinone (51) and 1,4-anthraquinone (52) were obtained
in a ratio of about 3:1, if 35 was oxidized in the catalytic sys-
tem (Table 6, entries 15 and 16). Not surprisingly, employing
MTO as catalyst for this reaction, no quinone was observed at all
and only the over-oxidized product of 2,2’-biphenyldicarboxylic
acid could be isolated [12,13]. Lastly, benzothiophene (36) was
oxidized efficiently with our system to 54 in nearly 100% yield,
in which the sulfur atom was oxidized to the corresponding
sulfone (Table 6, entries 17 and 18).

4. Conclusions

In summary, an easy to use Ru-PTC catalyst system for the
selective oxidation of naphthalene and its derivatives was suc-
cessfully developed with hydrogen peroxide (30 wt%) as the
terminal oxidant and water as the solvent. Moderate to good
results are obtained for different kinds of naphthalene deriva-

tives. Compared to previous protocols for this type of reaction,
small amount of catalyst (0.2 mol%) and neutral solvent were
employed.
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