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Abstract Highly effective and fast oxidation of naph-
thalene(s) to phthalic acid(s) under biphasic conditions
using nominal catalyst loading (0.5 mol%) of ruthenium
chloride, 2.5 mol% tetrabutyl ammonium bromide as phase
transfer catalyst and inexpensive aqueous sodium
hypochlorite (NaOCI) as reagent has developed. Recovery,
regeneration and reuse of the catalytic system add its merit
to green chemistry.
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Graphical Abstract A nominal loading (0.5 mol%) of
ruthenium chloride as catalyst and inexpensive aqueous
sodium hypochlorite (agq. NaOCl) as reagent are found to
be highly effective reaction system for the partial oxidation
of naphthalene(s) to phthalic acid(s) under phase transfer
catalyst (PTC) conditions. Recovery, regeneration and
reuse of the “ruthenium-PTC” catalytic system add its
merit to green chemistry.
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1 Introduction

The partial oxidation of naphthalenes to the corresponding
phthalic acids has been an effective and useful reaction for
the production of aromatic dicarboxylic acids. The prod-
ucts phthalic acids have numerous practical applications in
various industries such as polymers, adhesives and glues,
electronics, synthetic perfumes etc. [1, 2]. Phthalic acids
can be synthesized through the oxidation of their starting
precursors such as naphthalenes, xylenes, benzaldehydes
[3-5]. However the catalytic oxidation of naphthalene
directly to phthalic anhydride and subsequent hydrolysis of
anhydride into the phthalic acids has been remains the most
common route for phthalic acid synthesis [3, 6]. There are
several literature reports for the oxidation of naphthalenes
using CCOZ/A1203, M (Ru, Pt, Pd, Co etC.)/A1203, V205,
[Rulv(2,6-C12tpp)C12] complex, RuOy, etc. has reported [7—
14]. Apart from this; metal salts (MOAc)/photoirradiation
and superoxide (KO,) were utilized for the naphthalenes
oxidation [15-17].

An aqueous sodium hypochlorite (aq. NaOCl) is well
known and useful oxidant in organic synthesis for an
oxidation of various organic compounds [18]. An oxida-
tion of naphthalenes carried out using aq. NaOCl at
60-70 °C during the period of 4-6 h [19, 20], however
this method has limitations to oxidize strongly electron
withdrawing substituted naphthalene’s [19, 20]. The
method utilizing aq. NaOCI in conjunction with ruthe-
nium salt (RuO,) has reported for oxidation of naph-
thalenes [21]. This RuO,-NaOCI system has advantages
over utilizing only aq. NaOCl (without ruthenium salt)
such as; reaction proceed at room temperature (instead at
60-70 °C) and efficient to oxidize various activated as
well as non-activated naphthalenes [19-21]. However
Ru0,-NaOCl system has slow reaction rate towards
strongly electron withdrawing substituted naphthalenes
and took longer reaction time of some days in case of
nitronaphthalenes (47 days) [21].

Our research group was introduced phase transfer
catalysis in such related oxidation reactions [22, 23]. It has
been found that when RuO,4 combined with suitable phase
transfer catalyst, its activity (RuO,) substantially changed
[24, 25]. Therefore we hypothesize that reaction rate of
naphthalenes (particularly non-activated naphthalenes)
oxidation using RuO,-NaOCI [21] system could be sub-
stantially enhanced using phase transfer catalyst for both
electron donating as well as electron withdrawing
substituents.
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An oxidation of ruthenium chloride by aq. NaOCl in situ
generates ruthenium tetroxide (RuO,) which has good
solubility in DCE reaction solvent and act as true liquid
phase oxidant during the present reactions [21-23]. To our
delight; we found that using RuCl3;-NaOCl system the
reaction rate of various activated as well as non-activated
naphthalenes oxidation has greatly improved under phase
transfer catalytic conditions. To the best of our knowledge,
RuCl5-NaOCl reaction system for the liquid phase partial
oxidation of naphthalene to phthalic acid under phase
transfer conditions has been not reported.

For the present study; we have chosen 1-chloronaph-
thalene as model substrate, ruthenium chloride (RuCls.
3H,0) as catalyst, aq. NaOCl (house bleach) as reagent and
experimental results obtained are presented in Table 1.
Based on our earlier studies [22, 23]; we have selected 1,2-
dichloroethane (DCE) is reaction solvent and ruthenium to
PTC ratio was maintained at 1:5 mol% for the present
study. Initially the reaction was performed using
1-chloronaphthalene, stoichiometric amount of aq. NaOCl
(molar ratio of NaOCl/substrate = 8), 1 mol% RuCls.
3H,O and 5 mol% TBAB at room temperature. After
completion of the reaction at 1 h, 1-chloronaphthalene
afforded 54 % isolated yield with 61 % selectivity for
desired 3-chloro-phthalic acid 2 (Table 1, entry 1). The
increase of molar ratio of NaOCl/substrate from 8 to 12
increases the reaction yield up to 75 % along with small
increase in the selectivity for product 2 (Table 1, entry 2).
A reduction of the ruthenium salt from 1 mol% to
0.5 mol% increases the reaction yield up to 84 % (Table 1,
entry 3). Under similar reaction conditions; increase of
NaOCl/substrate molar ratio from 12 to 16 decreases
reaction yield (Table 1, entry 4) up to 62 %. An effort to
decrease ruthenium salt from 0.5 to 0.2 mol%, causes
decrease in the reaction yield (Table 1, entry 5). Next to
optimize reaction temperature; reactions were carried out at
variable temperatures (from 0 to 55 °C, Table 1, entries
6-8). As obtained results indicated that the best yield of
product 2 could be obtained at room temperature (Table 1,
entry 3). In the case of reaction carried out using didecyl
dimethyl ammmonium bromide (DDAB) instead of TBAB
as PTC; relatively lower yield and selectivity of product 2
was observed (Table 1, entry 9). Reaction without PTC
(TBAB) given only 68 % yield (Table 1, entry 10).
Reaction did not proceed in absence of either ruthenium
catalyst or aq. NaOCl (Table 1, entries 11-13). After
details optimization study it was found that 0.5 mol% of
ruthenium catalyst, 2.5 mol% PTC (TBAB), NaOCl/sub-
strate in a molar ratio of 12, and reaction at room tem-
perature were optimized parameters to achieve best yield
and selectivity of product 2 under given conditions
(Table 1, entry 3).
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Table 1 Optimization of reaction conditions for oxidation of naphthalenes to pthalic acids

cl Cl O o
“ Reaction Conditions OH + OH
OO oH oH
(6] O
1 2 3
Entry NaOCl (equiv.) RuCl33H,0 (mol%) PTC (mol%) Temp (°C) Time (h) Yield 2% Product ratio (GC %)b
2 3
1 8 1 5 RT 1 54 61 39
2 12 1 5 RT 0.5 75 63 37
3 12 0.5 2.5 RT 0.5 84 65 35
4 16 0.5 2.5 RT 0.5 62 63 37
5 12 0.2 1 RT 1 60 63 37
6 12 0.5 2.5 0-5 1 NR - -
7 12 0.5 2.5 10-15 1 59 59 41
8 12 1 5 50-55 0.5 60 69 31
9 12 0.5 2.5¢ RT 0.5 58 67 33
10 12 0.5 - RT 1 68 64 36
11 12 - 2.5 RT 1 NR - -
12 12 - - RT 1 NR - -
13 - 0.5 2.5 RT 1 NR - -

Reaction conditions: 1-chloronaphthalene 1 (5 mmol), catalyst (RuCl;-3H20), PTC (TBAB), aq. NaOCl, DCE, open air atmosphere

# Isolated yield calculated considering 3-chloro phthalic acid 2 as product

" Selectivity based on GC area %
¢ DDAB used as PTC. NR no reaction

Under the optimized reaction condition (Table 1, entry
3); we have subjected various naphthalenes derivatives and
results are presented in Table 2. From Table 2 it is seen
that various naphthalenes derivatives having electron
donating as well as strongly electron withdrawing substi-
tutents were well tolerated and afforded good to better
yields and better to excellent selectivity within shorter
period of time (~0.5 h). From the Table 2 it is seen that
substituent’s exert a substantial directive effect on oxida-
tion of substituted naphthalenes. Naphthalene with electron
donating substituent (o-Naphthol) activates the substituted
ring and increases the yield as well as selectivity towards
phthalic acid (Table 2, entry 3). In contrast electron with-
drawing substituent’s protect the substituted ring and also
decrease the overall reactions yields (Table 2, entries 1,
4-6). It has been observed in the literature reports that
highly electron withdrawing derivatives (such as nitro
derivatives) are difficult to oxidize as well as took longer
reaction time and operate at higher temperature [7, 15-17,
19-21]. In addition oxidation of useful electron with-
drawing derivative like 2-nitronaphthalene, 1-chloronaph-
thalene has been either not reported or rarely reported
(Table 2, entries 1 and 4) [7, 15-17, 19-21]. For example

two literature methods developed for the oxidation of
I-nitro naphthalene involves liquid phase ruthenium cat-
alyzed oxidation took place during period of 7 days while
CeO,/Al,05 [7] system requires high temperature of
reaction (363-373 K). However under present PTC con-
ditions ruthenium catalyzed oxidation of I-nitro naph-
thalene took place within period of 0.5 h and at room
temperature (Table 2, entry 5). Further oxidation of
2-bromonaphthalene afforded corresponding 3-bromo
phthalic acid with excellent selectivity (93 %) (Table 2,
entry 6). Inspite of alkaline environment of the reaction
system; oxidation of 2-naphathoic acid with alkali sensitive
carboxylic acid group has well tolerated (Table 2, entry 7).

Both the RuCl5-3H,0O and aq. NaOCl found to be nec-
essary components for the oxidation of naphthalene’s. In
absence of TBAB; reaction yield decreases. Therefore
TBAB which is carrier for faster and continuous transport
of catalyst and reagent from aqueous phase to organic
phase has additive effect to the present catalytic system to
get higher yield of oxidized products in relatively shorter
time (~ 0.5 h). Prior to adding the substrate; the pH of aq.
NaOCl solution brought to pH 9 by adding 20 % aq. sul-
furic acid. Similarly during the course of the reactions; pH
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dropped due to acidic nature of generated products (ph-
thalic acid etc.) has maintained at pH 9 £ 0.1 by manual
addition of 20 % aq. NaOH. The reactions are markedly
pH dependent and NaOCI solution must be maintained at
pH 8.0-10.5. Above facts confirmed through control
experiments; at initial high pH of aq. NaOCl (pH 12.7)
reaction did not proceed while at lower pH reaction (below
8) did not lead to the desired products. In fact reaction
solution has precisely maintained at pH 9 & 0.1 during all
the reactions in the present work. Another important aspect
to mention that reaction time requires for particular reac-
tion has found no considerable dependence on the nature of
substitutents and almost all the reactions completed within
reaction period of 30 min.

In complete reaction mechanism; TBAB as PTC play
important role to carry proton and hypochlorite anions
(OCl—) from aqueous phase to organic phase (Scheme 11)
[22, 23]. The PTC (TBAB) may maintain in the organic
solution the hypochlorite anion (CIO—) [23] and possibly
the reduction product(s) of RuO, during the catalysis
helping ruthenium re-oxidation to RuO, therefore contin-
uous and complete oxidation of naphthalene(s) substrates
could possible. In naphthalene oxidation; formation of
intermediate oxidized products such as a-Naphthol, 1,4
dihydroxy naphthalene, 1,4-naphthaquinone, phthalic
anhydride are very much likely [7-14]. Literature reports
confirm that; hydroxylation is the prerequisite for aromatic
ring cleavage [26-28]. The functional group conversions
such as a-Naphthol — 1,4 dihydroxy naphthalene — 1,4-
naphthaquinone — phthalic anhydride — phthalic acid
has been well known in the literature [7—14, 29]. Moreover
RuO, and aq. NaOCI were capable of breaking aromatic
ring [19, 20, 30, 31]. Therefore based on the literature we
also assumed mechanistic pathways for present RuOzPTC
system as depicted in Scheme 1. To check our assumptions
we have performed a controlled experiments with the
assumed intermediates such as o-Naphthol, B-naphthol,
1,4-naphthaquinone, phthalic anhydride under optimized
reaction condition of Table 1, entry 3. It is found that like
naphthalenes; all these intermediates (except phthalic
anhydride) almost showed similar reactivity and experi-
mental observations. All the oxidation reactions of naph-
thalenes, a-naphthol, B-naphthol and 1,4-naphthaquinone
were exothermic and showed almost similar increase of
reaction internal temperature (23-52 °C) within period of
5-10 min. o-Naphthol, B-naphthol, 1,4-naphthaquinone
afforded 83, 54, 66 % yields of phthalic acid respectively
under optimized reaction conditions (Table 1, entry 3).
Unlikely; reaction of phthalic anhydride was not substan-
tially exothermic (temperature change = 23-33 °C) under
present optimize conditions and did not proceed to phthalic
acid product. However; when the reaction of phthalic
anhydride carried out at 50-55 °C (instead at room
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temperature) while other parameters of optimized reaction
conditions (Table 1, entry 3) kept constant then it provided
the good yield of phthalic acid (53 % yield). Above
experimental observations are in well accordance with
assumptions made for mechanistic pathways (Scheme 1)
based on literature reports [7-14, 19-21, 26-31].

Upon attempts to recycle the present ruthenium-PTC
catalytic system; we found good reactivity and recycla-
bility of present catalytic system for four consecutive runs
(84, 82, 68, 60 % respectively) using 1-chloronaphthalene
as model substrate. The products were identified using GC,
NMR, IR, and TLC, comparing them with authentic
samples.

In summary; the present ruthenium-PTC catalytic sys-
tem offers mild method for the oxidation of naphthalenes to
phthalic acids at ambient conditions. Especially present
method has better activity to oxidize highly withdrawing
substrate under PTC conditions at room temperature and
within shorter reaction period. Good chemo selectivity,
regeneration-recovery and reuse of the ruthenium catalyst
using inexpensive aqueous hypochlorite oxidant add its
merit to green chemistry.

2 Experimental Section
2.1 General

Chemicals were purchased from commercial firms (Sigma
Aldrich) and used without further purification. GC analyses
were performed using Focus GC from Thermo Electron
Corporation, equipped with low polarity ZB-5 column. 'H-
NMR spectra were recorded with Bruker DRX-400
instrument in DMSO. IR analysis was performed by FT-IR
spectrometer; model Alpha from Bruker Optics.

2.2 General Procedure for Oxidation
of Naphthalene

In a 250-mL three necked flask equipped with pH and
temperature sensor were placed 40 mL of aq. NaOCI
(10 % Assay) at room temperature. The pH at the aqueous
phase was brought to pH 9 & 0.1 by addition of 20 % (v/v)
H,SO4. To this aqueous NaOCI solution; mixture of
naphthalene (0.81 g, 5 mmol), RuCl5;-3H,0 (0.0065 g,
0.5 mol%), tetrabutyl ammonium bromide (0.040 g,
2.5 mol%) and 10 mL of 1,2-dichloroethane were added.
Stirring was commenced with a mechanical stirrer and
reaction continued at room temperature (23 + 2 °C) during
the period of 10-30 min. The pH was controlled during the
reaction by using manual addition of 20 % of NaOH to
keep the pH at 9 £ 0.1. After the hypochlorite solution was
used up (reaction shows colour change from yellow to
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Table 2 Optimization of reaction conditions for oxidation of naphthalenes to pthalic acids

OH OH
RuCl3.3H,0 (0.5 mol%)
R_/ TBAB (2.5 mol%) = = o}
- +
X Aq. NaOCI (12 equiv.) ™ )
DCE, RT
4 5 OH OH
Entry Substrate Time (min) Major product Yield® (%) Product ratio (%)b
5 3
1 Cl 30 Cl OH 84 65 35
O
(0]
OH
2 OO 30 OH 58 - -
O
O
OH
3 OH 30 OH 83 99> 00
(0]
(@)
OH
4 O,N 30 OH 51 65 35
90 oM Ao
(0]
OH
5 NO, 30 NO, OH 45 67 33
(6]
(0]
OH
6 Br 20 OH 52 95 05
B
Y
(0]
OH
7 HOOC 30 OH 70 70 30
90 o
O
OH

Reaction conditions: Naphthalene 4 (5 mmol), RuCl;-3H,0 (0.5 mol%), TBAB (2.5 mol%), aq. NaOCl (12 Equiv.), DCE (10 mL), RT, open air

atmosphere

# Isolated yield calculated considering yield of major product. (mmol of major product/mmol of substrate x 100, where mmol of major product
is wt of product/moleculer weight of major product)

® Selectivity based on GC area %
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Scheme 1 Probable mechanism for oxidation of naphthalene to phthalic acid

white cloudy) a few drops of hypochlorite solution were
added to reoxidize the ruthenium catalyst. The phases were
separated and an aqueous phase is acidified with dilute
20 % aq. H,SO,4 to brought pH at 2.5-3. The acidic solu-
tion containing organic products was extracted with diethyl
ether (30 x 3 = 90 mL); solvent evaporation resulted into
crude 3-chlorophthalic acid (0.842 g, 4.2 mmol).

Derivatization of phthalic acids using N, O-bis(trimethylsi-
lyl) trifluoroacetamide with 1 % trimethylchlorosilane
(BSTFA) was performed for gc analysis.

2.3 Procedure for Silylation of Phthalic Acid

The 16 mg of 3-chlorophthalic acid (product) transferred
into a clean and dry 2 mL glass vial. To this 160 puL
BSTFA was added and mixture was heated at 60 °C for
30-40 min. From the resultant solution; two pL of each
sample was injected into the gas chromatogram (GC).

2.4 Recovery and Reuse of Catalytic System
(RuCl;-3H,0/TBAB)

After completion of the reaction the two phases of reaction
mixture was allowed to separate. The desired product
phallic acid upon acidification was separated from aqueous
layer while organic layer containing RuO, and TBAB in
DCE recovered as such (please see: “General Procedure for
Oxidation of Naphthalene” sectiion).

2.5 Catalyst Reuse Experiment

The experimental procedure for reuse of catalytic system
was similar as described above for general procedure for
the oxidation of naphthalene. In a 250-mL three necked
flask equipped with pH and temperature sensor were placed
40 mL of aq NaOCI (10 % Assay) at room temperature.
The pH at the aqueous phase was brought to pH 9 % 0.1 by
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addition of 20 % (v/v) H,SOy4. To this aqueous NaOCl
solution; naphthalene (0.81 g, 5 mmol), recovered organic
phase (containing 7 mL mixture of RuCl;-3H,O, TBAB
and DCE) and 3 mL of DCE were added. Remaining
experimental processes and separation of organic product
was similar as described above for general procedure for
oxidation of naphthalene.
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