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Abstract

The catalytic oxidation of 2-methyl-1-naphthol (MNL) to 2-methyl-1,4-naphthoquinone (MNQ; menadione; vitanirsikg aqueous $0»
as an oxidant and hydrothermally stable mesoporous mesophase titanium silicates Ti-MMM-2 as catalysts has been studied. The effects
mesopore diameter, temperature, solvent nature, reagent concentrations, and catalyst amount on the yield of MNQ were evaluated. Crucial fact
affecting the MNQ yield include MNL concentration,,B,/MNL molar ratio, reaction temperature, and the mode of MNL addition to the
reaction mixture. Selectivity dramatically decreases with increasing MNL concentration and decreasing temperature. Stepwise addition of th
substrate to the reaction mixture improves selectivity. Oxidation in the preser’r@@@fprovided 962 + 0.1% of unlabeled MNQ, indicating
H>0- as an oxygen source. The Ti-MMM-2 catalyst allows one to obtain MNQ with selectivity as high as 78% at complete substrate conversion.
The catalyst can be used repeatedly without loss of either activity or selectivity. The proposed method is convenient and environmentally benign
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction chemical industry proce$3-5]:
o)
. L . A CH
Quinone derivatives play an important role in blosystem : CrO3/ H2S04 “ CHs
and are useful intermediates and products of fine chemistry
[1,2]. Thus the development of environmentally benign meth- o)
ods for the production of substituted quinones is a challeng- MmN MNQ

ing goal. The elaboration of new methods for the production .
g9 b Over the last two decades, the development of clean catalytic

of synthetic vitamin K (2-methyl-1,4-naphthoquinone [MNQ], . . ) .
. C . ethods for the MNQ production has received increasing at-
menadione), which is widely used as a blood coagulating agerﬁgntion. The catalytic procedures described in the literature

and_|s a key mterm_edlate n the p_reparatlon of the_c_)ther V'_are typically based on the oxidation of MN with hydrogen
tamins of group K, is of particular importance. Traditionally,

MNQ is produced on industrial scale via stoichiometric oxida-peroxlde ortert-butyl hydroperoxide (TBHP)6-13} Among

tion of 2-methylnaphtalene (MN) by Cen sulfuric acid with the reported catalytic systems are methyltrioxorhenium(VII)
. . . (CH3Re®s)/H202 [6,7], Fe(lll) perchlorate or Fe(lll) ac-

a yield of 40-60%. This method produces about 18 kg of tox'cetate/ﬁo [8], iron phthalocyanines/TBHR9,10], Pd(Il)—

inorganic waste per 1 kg of the target prod[&t4]. No won- 2 1B P Y T

. . : . . polystyrene sulfonic acid resin/60%,8, [11], and Ti- and
der this process is often cited as an example of a “dirty f'”%eio%taining zeolites#O; [12,13] The (gra\]/vback of these

catalytic methods is a moderate yield of the target product
* Corresponding author. Fax: +7 3833 309573. (typically 40-60%). Moreover, some of the systems use ho-
E-mail address: khold@catalysis.nsk.g.A. Kholdeeva). mogeneous catalysts, or catalysis becomes homogeneous as a
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result of leaching of the active species from a solid catalyst durexidation to MNQ using aqueous 8, as an oxidant and
ing the oxidation process. This entails the well-known problemdi-MMM-2 as a heterogeneous catalyst. Special attention was
with catalyst separation and inevitably leads to contaminatiomjiven to the factors governing the reaction selectivity and opti-
of the product with traces of hazardous transition metals. mization of the reaction conditions. Catalyst stability and recy-

The use of 2-methyl-1-naphthol (MNL) instead of MN as a clability were demonstrated.
substrate allows one to increase the selectivity in MNQ forma-
tion by avoiding the formation of some byproducts, particularly2. Experimental
6-methyl-1,4-naphthoquinone:

OH 2.1. Materials and catalysts

O
CHy oxidant CH3
7 2-Methyl-1-naphthol (98%) was purchased from Aldrich

and used as received. The concentration of hydrogen peroxide

MINL M;’Q (28 wt% in water) was determined iodometrically before use.
180, (>98.5%) was purchased from Eurisotope. All the other
In turn, MNL can be produced by a vapor-phase methylation ofeactants were obtained commercially and used without further
1-naphthol in the presence of A3 [14,15] or F&O3 mod-  purification.
ified by chromium, silicon, and potassiufh6]. Methylation Ti-MMM-2 (samples 1, 2, and 3, containing 1.68, 1.78,
of 1-tetralone followed by the subsequent dehydrogenation odind 2.16 wt% of Ti, respectively) were prepared under mod-
2-methyl-1-tetralone in the presence of Pd/C catalyst also hasrately acidic conditions as described previoy8I§,38] using
been reportedl17]. An alternative method includes dehydro- Nay,SixOs and TIOSQ-H»SO; as silica and titanium sources,
genation of 1-tetralone over Pd or Ni supported oa@y to  respectively, and cetyltrimethyl ammonium bromide (CTAB) as
yield 1-naphthol[18,19] followed by the methylation proce- a template. Al,Ti-MMM-2 (sample 4, containing 2.28 wt% of
dure. One-step vapor-phase synthesis of MNL from 1-tetralon&i and 0.07 wt% of Al) was prepared by a similar procedure,
has been also reportdd0]. Recently, a new cheap, efficient using Ab(SQy)3 as an aluminum source. Sample 5 (1.82 wt%
method of MNL preparation has been propo$2tl]. In this  of Ti) was prepared using a mixture of 95% of neutral tri-
method, vapor-phase methylation of 1-naphthol is performedlock copolymer Pluronic E@QPO7oEOyo (P123) and 5% of
over mixed oxides of Mg(ll) and Fe(ll) or Fe(lll). Various CTAB as a template. The surfactant was removed from as-
cobalt complexes were reported to catalyze oxidation of MNLsynthesized forms by calcination in air flow at 550-860for
with molecular oxygen with the yield close to quantitati2e]. 3 h. The calcined forms of the catalysts were characterized by
Unfortunately, poorly described experimental details do not alX-ray diffraction (XRD) using synchrotron radiation, nitrogen
low reproduction of these results. Mo—V-phosphoric Kegginadsorption at low temperature, and elemental analysis. The ti-
heteropoly acids can be used as reversibly acting oxidants tanium state in the silicate matrix was characterized by diffuse
convert MNL to MNQ with a yield of up to 80-85%23-26]  reflectance UV spectroscopy (DR UV) at ambient conditions.
However, the excess V-containing compounds used precludes
this method’s consideration as an environmentally benign rout2.2. Catalytic experiments
to vitamin Kgz. The development of an MNL oxidation process
using an atom-efficient, clean oxidant and a true heterogeneous Catalytic experiments were performed under vigorous stir-
catalyst remains a challenge. ring in thermostatted glass vessels at 60280The reactions

Over the past decade, considerable research was dedicatedre initiated by adding 0.125-0.5 mmol 0@, to a mix-
to the preparation of various mesoporous materials containintyire containing 0.025-0.1 mmol of MNL, 3.8—15 mg of catalyst
transition metal ions highly dispersed in inorganic, mostly sili-(0.0013-0.0057 mmol of Ti), an internal standard (biphenyl),
cate matrixes and their use as catalysts in selective oxidation @ihd 1 ml of MeCN. In the alternative procedure, a concentrated
bulky organic substrates with hydroperoxidég—38] Differ-  solution of MNL in MeCN was gradually added to the mixture,
ent microporous and mesoporous titanium and iron silicates, ircontaining 3.8—-7.5 mg of the catalyst (0.0013—0.0034 mmol
cluding TS-1, Ti-Beta, Fe-Beta, Ti-MCM-41, and some othersof Ti) and 0.088—0.125 mmol of #D,. The total final amount
were tested in MN oxidation with 30%4@,. The selectivityto  of MNL was 0.025 mmol in 1 ml of MeCN. The oxidation prod-
MNQ attained 35-63% at 10—-28% of MN conversjd2,13] ucts were identified by both gas chromatography—mass spec-
Previously, we found that mesoporous titanium silicates, botliroscopy (GC-MS) andH nuclear magnetic resonance (NMR).
well-ordered and amorphous ones, effectively catalyze the oXMINL conversions and MNQ yields were quantified by GC us-
idation of 2,3,6-trimethylphenol (TMP) to 2,3,5-trimethyl-1,4- ing biphenyl as an internal standard. In recycling experiments,
benzoquinone (TMBQ); vitamin E precurs$8p,36] However, catalysts were separated from the reaction mixture by filtration,
most of these catalytic materials suffered from hydrolytic in-washed with methanol, dried in air at 100, and then reused.
stability, restricting their practical use. Recently we reported_abeling experiments were carried out under atmosphere con-
the preparation and characterization of the novel highly activéaining a mixture of-80, with argon in a ratio of 36.2:63.8 ac-
and hydrothermally stable titanium-silicate, Ti-MMM-2, and cording to the following procedure. A 50-ml flask was charged
demonstrated its reusability in selective oxidations with aquewith 1 ml of MeCN containing 0.025 mmol of MNL and 3.5 mg
ous HO, [37,38] Here we report a new method for MNL of solid catalyst (0.0017 mmol of Ti). The reaction mixture
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was submitted to three freeze—pump—thaw cycles, and the réie sample ordering reduced as followss 2 > 3 and 4. The
action flask was filled with thé®0,—Ar gas mixture (36.2: nitrogen adsorption isotherms of all samples were of type IV
63.8). The reaction was started by adding 35%0kIsolution  with a rather narrow interval of relative pressutg P/ Py).
(0.125 mmol). The isotopic composition of products and the gag.ccording to the comparative analysis of nitrogen adsorption
phase were determined by GC-MS after correctior@®nat-  performed as described previougBg], samples 1-4 have no
ural abundance and isotopic purity ¥10, using arnm /z ratio micropores and have high internal and low external surface ar-
of 172/174 for MNQ. eas. These samples have uniform mesopores with a diameter of
3 nm and a silicate wall thickness of about 1.0 nm. Thus all
obtained structural and textural characteristics are in agreement
with those that we had described previously for the Ti-MMM-2
GC analyses were performed using a Tsvet-500 gas chrenaterial[37,38] The appropriate mesopore diameter and sil-
matograph equipped with a flame ionization detector and quartgate wall thickness ensure good accessibility of titanium for
capillary column (25 nx 0.3 mm) filled with Carbowax 20 M.  hindered reactants.
GC-MS analyses of organic products were conducted using a |n contrast with samples 1-4, sample 5, prepared using 95%
HP 5973/6890 system (electron impact ionization at 70 eV, H&f nonionic template P123 and 5% of ionic CTAB, has both
carrier gas, 30 nx 0.25 mm cross-linked 5% PHME siloxane mesopores and micropores. The pore size distribution plots for
(0.25-pm coating) capillary column; HP-5MS) or a VG-7070 samples 1 and 5 are shown fiiig. 2 Sample 5 is character-
instrument. DR UV measurements were performed on a Shized by a mesopore volume size distribution in the 6—7 nm
madsu UV-vis 2501PC spectrometer at ambient conditionsange. Thus its mesopores are significantly larger than those

Nitrogen adsorption isotherms at 77 K were measured usingf Ti-MMM-2 (3 nm). The silicate wall thickness, calculated
a Quantachrome Autosorb-6BKr instrument. XRD measure-

2.3. Physical measurements

ments were performed on a URD-6 diffractometer with parallel
beam { = 0.154178 nm) mounted on a channel of the VEPP-3
synchrotron radiation source at the Siberian Synchrotron Radi-
ation Center (SSRC).

3. Resultsand discussion

3.1. Catalyst characterization

ensity, counts/sec

The sample codes and physicochemical characteristics of the
prepared titanium-silicate catalysts are givefable 1 Struc-
tural and textural characteristics of the calcined forms of the
catalysts were determined from synchrotron XRD patterns and
nitrogen adsorption isotherms and calculated as described pre-
viously [39,40] The representative XRD patterns are given in
Fig. L The XRD (L00) reflections are of the symmetric shape
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with the full-width-at-half-maximum (FWHM) values in the Fig. 1. XRD patterns for Ti-MMM-2: (a) sample 1; (b) sample 4, and (c) sam-
0.2-0.8 29 range. Comparing the FWHM values shows thatple 5.

Table 1

Physicochemical properties of Ti-MMM-2 catalysts studied

Sample Tl AMea Aextb VMec de dMee ]’le aog FWHMh )Lma)(i
(Wt%) (m?/g) (m?/g) (cm®/g) (cm®/g) (nm) (nm) (nm) 20 (°) (nm)

1 168 1329 64 ®8 0 32 10 4.2 0.2 211

2 178 1119 75 ®7 0 32 10 4.4 0.4 206

3 216 922 66 o6 0 32 10 4.2 0.8 204

4 2.28 1006 94 ®3 0 32 10 4.2 0.8 211

5 182 492 32 63 014 67 4.0 107 0.2 210

2 Specific mesopore surface area.

Specific external surface area.

Specific mesopore volume.

Micropore volume.

Mesopore diameter.

Wall thickness calculated from the equatiop =a — d.
Unit cell parameter.

Full-width-at-half-maximum of the100) reflection.
Maximum in DR-UV spectrum.

0.07 wt% of Al

—_— - T -~ o O 0 T
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Fig. 3. UV~vis diffuse reflectance spectra of Ti-MMM-2: (a) sample 1, (b) sam-

5 ple 3, (c) sample 4, (d) sample 5, and (e) sample 1 after treatment with
" Hy0, (treatment conditions: Ti-MMM-2, 150 mg;4D> (35%), 0.7 M; MeCN,

_ _ 10 ml; 80°C, 1 h).

asag — dye, is about 4 nm. It is noteworthy that mesoporous

titanium-silicate of this type has been prepared for the firsttimey,; . »

The enhanced mesopore diameter is expected to ensure betifL oxidation with 30% aqueous 30, over Ti-MMM-2 catalysté

accessibility of titanium for reactants, provided that the titaniu

Fig. 2. Pore size distribution for Ti-MMM-2: (a) sample 2 and (b) sample

centers are well-dispersed and not blocked inside thick silicate (?nag & ERAA)NL] E%O] ,\S,lilgcm(/‘%to g/il(')\lnl"((;;)nver_
Walls_, as occurr_ed earlier with the T|-$BA-15 catalf,45_1]. 1 19 (15) o 242 25 100
It is conventional that the absorption frequency in the DR , 14 (7.5) Q05 111 32 100
UV spectra of titanium-silicates depends on the coordinations 19(3.8) Q025 Q57 58 100
number of Ti(IV) and its dispersion in the silicate matrix 4 18 (3.8) Q025 242 68 100
[27,29,31,34] The band withmax at 205-208 nm, observed for 5 2;9(3-8) 0025 242 66 100
anhydrous TS-1, indicates isolated tetrahedrally coordinated T ;(3-8) Q025 242 58 100
sites[27,42,43] After adsorption of water, 4-fold coordinated 3e,§,3('38.)8) 8852 222 Zi 128
titanium transforms to a 5- and 6-fold coordinated titanium, re- g *(3.8) Q025 Q57 49 100
flected in a shift of the UV maximum to 215-225 rjg#—46] 10 F(3.9) Q025 147 52 100
A further shift to 250-270 nm indicates the formation of par-11 F(3.8) 0025 620 52 100
tially oligomerized or/and highly hydrated titanium spedzs, 12~ ¥"(38) 0025 242 27 100
29,471 Arather narrow band with maximum in the 204—-211 nm 13 $.(38) 0025 242 17 100
’ . ) . 14 FI(38) 0025 242 38 96
range, observed in the DR UV spectra of Ti-MMM-2ig. 3), £k@.8) 0025 242 57 100
shows that titanium is presumably in a site-isolated, most likely;g £ (3.8) Q025 242 67 100
tetrahedral, form in all of the samples prepared. Importantlyy7 5 (3.8) Q025 242 78 100
no long-wave shift of the maximum was observed after treati8 e 0.025 Q57 0 51

ment with aqueous $0, under the conditions of MNL oxida- 2 Reaction conditions: [MNL[H20,] = 1/5; MeCN, 1 ml, 8C°C, 30 min.
tion (Fig. 3e). This is in a sharp contrast to what happened to® Al the samples were calcined at 550 for 3 h prior to use.
Ti-Beta, Ti-MCM-41, TUD-1, Ti-MMM, TiO,—SiO; mixed ox- - GC vield based on MNL consumed.

: : ; _aili H,>0, was added to the reaction mixture as one portion.
ides, and many other titanium-silicate mater{ass,36,44,47] € A solution of MNL in 500 pl of MeCN was added to the reaction mixture

by portion of 50 pl every 2 min.
f A solution of MNL in 500 pl of MeCN was added at one portion.
9 [MNL] /[H20,] = 1/3.5.

The results on MNL oxidation with D, over the Ti- h AcOH was used as solvent instead of MeCN.
MMM-2 samples are given iffable 2 Under similar condi- | MeOH was used as solvent instead of MeCN.
tions, samples 1 and 2 showed similar results (MNQ yield of , EtY!acetate was used as solvent instead of MeCN.

. s . Not freshly calcined sample.

68 and 66%, respectively), indicating that the sample orderingi .. experiment without catalyst.
is not crucial for catalytic activity. Sample 3, which is even less
ordered than samples 1 and 2, provided a 75% MNQ yigdd ( a larger mesopore diameter (6—7 nm) than the other samples
ble 2 run 7). This could be due to the higher degree of titanium(3 nm) produced MNQ with a yield of 78%. This is similar
isolation in the silicate surrounding compared with the otheito the MNQ vyield in sample 3 and superior to that in sam-
samples (sedable ). Note that the catalyst should be cal- ple 1, which has a DR UV maximum at the same wavelength
cined before the catalytic experiment; otherwise, MNQ vyieldas in sample 3. It is noteworthy that the improved result that
will decrease considerably (as in run 15). Sample 5, which hage obtained with sample 5 provides evidence in favor of good

3.2. Catalytic oxidation of MNL
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Fig. 4. The effect of temperature (A) and catalyst amount (B) on the selectivity to MNQ and MNL conversion. Reaction conditions: MNL, 0.625,0; 125 M,
MeCN 1 ml, 30 min; (A) sample 2, 3.8 mg and (B) 80. MNL solution in 250 pl of MeCN was added to the reaction mixture by portions BDmin.

accessibility of titanium sites, despite the thick silicate walls(runs 7, 9-11). A stepwise addition of MNL to the reaction mix-
(about 4 nm) in this sample. This finding is in sharp contrast tdure also favors enhanced reaction selectivity (compare runs 6
the Ti-SBA-15 catalyst, which had large mesopores (10 nm) buand 7). The same effect of temperature and substrate concentra-
poor catalytic activity because of low titanium accessibility andtion for the oxidation of TMP to TMBQ with KO, over Ti-Si
dispersion41]. Thus we may conclude that increasing meso-catalysts was found previous]$5,36] That allows us to sug-
pore size results in some increase in MNQ yield, provided thagiest that the MNL oxidation over Ti-MMM-2 might proceed
the other catalyst characteristics (primarily titanium dispersiorvia a mechanism similar to that proposed for TMP and involve

and its accessibility) remain similar. the formation of aryloxyl radicals, ArQ35,48] The lower the
The stoichiometry of MNL oxidation with b, to produce  ArOH concentration, the lower the possibility of Ar€oupling
MNQ is 1:2: to yield dimeric and polymeric byproducts, which are typical of

OH MNL oxidation[23]. We detected small amounts of 2-methyl-
I i CH, MMM 2 CH, 2,3-ep0xy-1,4-naphf[hoql_1|_none by GC-MS; however, the main

‘O +2HO0, — > “ byproducts were unidentified tars.
-3 HO To probe the mechanism of MNL oxidation, we performed
oxidation in the presence &%0,, controlling the isotopic com-
position of products and dioxygen in the gas phase during
However, even a 3.5 molar excess o§® over MNL does the entire reaction course. The initial isotopic composition of
not permit complete substrate conversidal{le 2 run 8). The  dioxygen determined by MS was 99.9% 5, and 0.1% of
selectivity to MNQ increases with increasing 6] /[MNL] 160,. After a 30-min reaction, dioxygen left in the gas phase
ratio. The optimal HO,/MNL ratio is 5; taking into account already contained 8.9% dfO,. By controlling the N con-
that 2 equivalents of peroxide are needed to convert phenol t@nt in the gas phase, we ensured that #@ was not due to
quinone, the real excess of peroxide is equal to 2.5. air entering the flask. This finding strongly indicates dioxygen

The selectivity to MNQ increased significantly with increas- formation from HO,. Our calculations show that about 50% of
ing temperature: 32% at 8C, 53% at 70C, and 75% at 80C  the%0, formed came from 0,. This result explains the need
(Fig. 4A). The nature of the solvent greatly affects the selectiv-to use a 2.5-fold excess of2B; with respect to the reaction
ity of MNL oxidation. At 80°C, the yield of MNQ was 75% for  stoichiometry to achieve the optimal MNQ yield. The isotopic
MeCN, 27% for AcOH, 17% for MeOH, and 38% for ethyl ac- composition of products and substrate were constant during the
etate Table 2 runs 7, 12, 13, and 14). Augmentation of the entire reaction, indicating no oxygen exchange between dioxy-
amount of catalyst up to the optimal value of 5 mol% (molgen and products. A very lo®O labeling (384-0.1%) was ob-
Ti/mol MNL = 0.05) leads to growing selectivity of MNQ at served in the MNQ. Most of the MNQ (984 0.1%) contained
100% MNL conversionFig. 4B). It is worth to note that even no180 label, consistent with the involvement of titanium-based
without any catalyst, 51% of MNL was converted, but no MNQ active species and the absence of long-lived aryloxyl radicals.
was producedTable 2 run 18). Otherwise, significant®O content in MNQ should have been

The selectivity to MNQ essentially improved with decreas-found. The absence of long-living aryloxyl radicals is also con-
ing MNL concentration at a constanp8,/MNL /Tiratio (Ta-  sistent with high quinone yield, whereas coupling products
ble 2 runs 1-3). Because a lower concentration gOblleads  should be obtained in the opposite case.
to a reduced amount of 4@ in the reaction mixture, we stud- Previously, we demonstrated that Ti and Si materials behave
ied the effect of HO concentration on the reaction trend andas true heterogeneous catalysts and do not suffer from titanium
found that MNQ selectivity initially increases with introducing leaching when oxidation is done by,8, in MeCN [35-38]
additional water but decreases after reaching a maximum valué/e performed the Ti-MMM-2 catalyst recycling experiments

(e}
MNL MNQ
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