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The oxidative coupling of 2-naphtol to 2,29-dihydroxy-1,19- it cannot diffuse outside the zeolite cavities through the
smaller pore apertures (0.74 nm). This prediction has beenbinaphthyl (binaphthol) by air or oxygen has been carried

out in the presence of Cu2+- and Fe3+-doped MCM-41 confirmed by dissolving a Y zeolite after the reaction,
whereby unextractable binaphthol entrapped within thealuminosilicate as catalyst. Fe-exchanged MCM-41 was

found to be a very efficient catalyst; excellent mass balances cavities was recovered. Variable amounts of two secondary
by-products have also been detected, and their structure(. 95%) with almost total conversion and selectivity to

binaphthol were achieved. The same reaction has also been assigned to (2,89);(8,29)-dioxo-1,19-binaphthyl and
bisnaphthofuran based on analytical and spectroscopic data.carried out on Cu2+– and Fe3+–Y zeolites. Taking into account

the relative dimensions of binaphthol and the catalyst pores, Their percentage is particularly high when alumina-
supported CuSO4 is used as the catalyst.molecular modeling predicts that binaphthol can be

accommodated inside the zeolite Y supercages (1.3 nm), but

Introduction

2,29-Dihydroxy-1,19-binaphthyl (binaphthol) and a large
variety of its derivatives are among the most widely used
chiral inductors for highly stereoselective catalytic reac-
tions.[125] A large series of highly efficient enantioselective

Scheme 1. Oxidative coupling of 2-naphtholcatalytic complexes are based on binaphthol in order to
create the stereogenic space surrounding the active center.
The list of asymmetric reactions catalyzed by binaphthol to organic molecules provided that their molecular sizes are
derivatives includes Diels2Alder cycloadditions, [6] [7] ene re- smaller than the dimensions of the pores. The application
actions, [8] [9] Lewis acid catalyzed transformations, [10] [11] en- of zeolites in their H1 form as solid acids in organic syn-
antioselective reduction of ketones, [12] [13] synthesis of chiral thesis for the production of fine chemicals is an active area
macrocycles, [14] asymmetric protonation, [15] and enantiose- of research in heterogeneous catalysis.[28231] In contrast,
lective group transfer polymerization. [16]

much less attention has been paid to the use of ion-ex-
The most straightforward synthesis of binaphthols is the changed zeolites as catalysts for oxidation reactions.

oxidative coupling of the corresponding 2-naphthols Herein, we report a study of the catalytic coupling of 2-
(Scheme 1). [17] [18] This coupling is usually promoted by naphthol to binaphthol in the presence of a series of Cu21-
treating 2-naphthols with a molar excess of transition-metal and Fe31-exchanged mesoporous MCM-41 aluminosil-
ions such as FeIII, [19] MnIII, [20] and CuII. [21] It has, however, icates as well as microporous Y zeolite. The selectivities to
been reported that binaphthol can be obtained by using binaphthol have been compared with those attained using
either catalytic amounts of FeCl3 upon aerated ultrasound CuSO4 or Fe(NO3)3 supported on silica and alumina. As
irradiation of 2-naphthols [22] or substoichiometric amounts could be anticipated based on the relative molecular size of
of CuII2amine complexes. [23] [24] More recently, hetero- binaphthol and the internal voids, mesoporous MCM-41
geneous catalytic processes have been developed by sup- was found to be a much more convenient catalyst than
porting a CuSO42 [25] and CuCl2amine complex[26] on microporous Y zeolite, where a considerable portion of bi-
amorphous alumina. naphthol remains trapped inside the pores and is not ex-

Zeolites are crystalline aluminosilicates whose structure tractable by solid2liquid extraction.
is constructed by linking AlO4 and SiO4 tetrahedra creating
an open framework that defines channels and cages of vari-
ous shapes and sizes. [27] These internal voids are accessible Results and Discussion

In zeolites, the large majority of the active sites (in our[a] Instituto de Tecnologı́a Quı́mica CSIC-UPV,
Universidad Politécnica de Valencia, case the transition-metal ions) are located in the interior of
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are smaller than the dimensions of the micropores and in- icates containing Cu21 or Fe31 ions under the different con-

ditions studied are collected in Table 1. Previous blank reac-tracrystalline diffusion is, then, allowed. For large-pore zeo-
lites having apertures defined by 12-membered-ring oxygen tions performed without any catalyst under our experimen-

tal conditions showed that spontaneous, uncatalyzedatoms, such as faujasites, the limiting diameter of the pores
is around 7.4 Å. [32] However, the crystal structure of tridi- formation of binaphthol from 2-naphthol only takes place

to a very minor extent (< 2%). For the sake of comparison,rectional Y zeolites encompasses much larger spherical cavi-
ties (13 Å in diameter). Therefore, it is possible to envisage Table 1 also contains the results achieved using CuSO4 or

Fe(NO3)3 deposited on the external surface of nonporousa situation in which a bulky reaction product formed inside
a large cage remains immobilized and trapped without any silica and alumina.

As can be seen in Table 1 (entries 326), binaphthol ispossibility of diffusing outside the cage. This is, in fact, the
case in this study, where a large binaphtol molecule can be present in the organic phase when the reaction is conducted

in the presence of Y zeolites as catalyst. This amount offormed from a smaller 2-naphthol precursor. Binaphtol is a
bulky, fairly rigid molecule in which free rotation around binaphthol is believed to correspond to that formed at those

centers located in the more accessible outermost surface ofthe 1219 C2C bond connecting the two naphthyl moieties
is restricted. Our semiempirical calculations at the AM1 le- the particles. Leaching out of some Cu21 or Fe31 ions from

the zeolite to the organic solution, which might lead tovel suggest that the dimensions of binaphthol are 11.53 3
9.14 3 10.05 Å along the principal three Cartesian axes of some degree of homogeneous catalysis, was ruled out by

filtering at 140°C a suspension of the zeolite and the reac-the molecule. Accordingly, molecular modeling predicts
that while binaphthol can be accommodated inside the tion mixture in chlorobenzene at 40% conversion and sub-

sequently observing that this mixture does not vary in com-supercages of Y zeolites, it would be too bulky to diffuse
through the smaller 7.4 Å windows of the Y supercage (Fig- position upon heating in the absence of the solid catalyst.

Furthermore, chemical analysis of the organic phase byure 1). Therefore, if binaphthol is formed inside the super-
cages, it should remain immobilized and unextractable in- atomic absorption spectroscopy revealed that the concen-

trations of Cu or Fe metals was under the detection limitside the zeolite Y catalyst.
for the technique (< 2 ppm).

Taking into account the results of the molecular model-
ing and given that binaphthol was present in the organic
phase using ion-exchanged Y zeolites as catalysts, we antici-
pated that another fraction of binaphthol could have been
formed inside the voids of the solid, but it would remain
trapped inside the big cavities. This is consistent with the
poor mass balances obtained when considering exclusively
the amount of reactants and products recovered from the
organic phases after the catalytic reaction. Indeed, thermo-
gravimetric analysis revealed that after the reaction the Y
zeolites contained between 10220 wt-% of adsorbed or-
ganic material. Adding the weights of the organic material
retained in the catalyst estimated by thermogravimetry to
those of the organic material present in the liquid phase
(see footnote a in Table 1), the final mass balances were
excellent (> 95%) in all cases. IR spectra of self-supported
wafers of these catalysts exhibit absorption bands in the
aromatic region compatible either with 2-naphthol, binaph-
thol, or a mixture of both compounds (Figure 2). However,
owing to the similarity between the IR spectra of naphthol
and binaphthol in the spectral window available where theFigure 1. Molecular modeling visualization of binaphthol encapsu-
zeolite framework does not interfere, the exact nature andlated inside the zeolite Y supercage
composition could not be definitively determined by in

The same model predicts that diffusion of binaphthol in- situ spectroscopy.
side the 35 Å channels of MCM-41 is not impeded. The In order to conclusively establish that the material
geometry of internal voids of mesoporous MCM-41 is trapped inside the zeolite Y corresponds, at least in part, to
formed by an array of parallel hexagonal channels, the di- binaphthol, we proceeded to dissolve a sample of FeY in
ameter of which can be varied at will during the synthesis HF after its use as a catalyst (sample corresponding to en-
from 25 to 80 Å depending on the chain length and concen- try 3 in Table 1). Previous controls indicate that neither
tration of the alkyltrimethylammonium surfactant used as naphthol or binaphthol are affected by this treatment. After
the template. [27] [33]

dissolving a thoroughly Soxhlet-extracted FeY solid, only
binaphthol was recovered. This shows that the oxidativeThe results obtained for the coupling of naphthol to bi-

naphthol in the presence of Y and MCM-41 aluminosil- coupling had also occurred inside the micropores, but the
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Table 1. Results of the formation of binaphthol from 2-naphthol in the presence of solid catalysts after 8 h reaction time

Entry Catalyst Conditions Mass Conversion Selectivity
Balance[a] (%) 2-Naphthol (%) Binaphthol[b] (%)

1 NaY oxygen 100 < 2 2
2 HY oxygen 80 15 2[c]

3 FeY oxygen 100 65 46 (49)[d]

4 FeY air 100 62 42 (34)[e]

5 CuY oxygen 98 48 42 (25)[e]

6 CuY air 98 26 12 (21)[e]

7 MCM-41[f] oxygen 100 68 52
8 FeMCM-41 oxygen 92 99 100
9 FeMCM-41 air 50[g] 86 94
10 FeMCM-41[h] oxygen 100 99 100
11 FeMCM-41 autoclave 100 79 47
12 CuMCM-41 oxygen 100 98 61
13 CuMCM-41[h] oxygen 100 37 43
14 CuMCM-41 autoclave 100 84 33
15 SiO2 oxygen 100 0 2
16 CuSO4/SiO2 oxygen 98 46 80
17 CuSO4/Al2O3 oxygen 99 97 88 (10)[i]

18 CuSO4/Al2O3 air 84 94 87 (15)[i]

19 Fe(NO3)3/SiO2 oxygen 86 39 39
20 Fe(NO3)3/Al2O3 oxygen 100 65 83

[a] Including the weight of organic material retained in the catalyst measured by thermogravimetry. 2 [b] Secondary by-products account
for 100%. 2 [c] 2,29-Dinaphthyl ether was formed in 75% selectivity. 2 [d] The number within brackets corresponds to amount of binaph-
thol recovered after HF disaggregation of the solid. 2 [e] The number in brackets corresponds to binaphthol retained in the solid measured
by thermogravimetry. 2 [f] Only traces of binaphthol (yield < 2%) were obtained in the absence of any catalyst. 2 [g] The poor mass
balance is due to the presence of unidentified polymeric material. 2 [h] The pore size of this MCM-41 was 50 Å. 2 [i] The number in
brackets corresponds to the selectivity of DOB.

the main product identified was 2,29-dinaphthyl ether. [37]

Thus, it is the hydroxy group rather than the aromatic ring
that is the reactive functionality under acid catalysis, sug-
gesting that the reaction mechanism of binaphthol forma-
tion is related to the oxidizing ability of the active sites.

Both CuII and FeIII salts have previously been found to
be convenient reagents for the formation of binaphthol in
homogeneous phase in stoichiometric amounts.[19,21,22]

Table 1 reveals that the activity of FeIII-exchanged alumino-
silicates is consistently significantly higher than those con-
taining CuII at similar levels of ion exchange.

As anticipated from their pore dimensions and molecular
sizes, the performance, based on the product found in the
organic phase, of ion exchanged MCM-41 catalysts is better
than that of zeolite Y. Eventually, under optimum con-
ditions, essentially 100% mass balances were achieved afterFigure 2. Aromatic region of the FT-IR spectra recorded at room

temperature of 2-naphthol (a), 2,29-binaphthol (b) in KBr disks solid2liquid extraction of the catalysts with excellent
and a self-supported wafer of CuMCM-41 aluminosilicate after (> 90%) conversion and selectivity (entries 8 and 10, Table
being used as catalyst for oxidative coupling of 2-naphthol and

1). At the end of each run the ion-exchanged MCM-41outgased at 200°C under 1022 Pa for 1 h
catalysts became heavily deactivated. However, an almost
complete recovery of the activity of FeMCM-41 for a se-bulky product was unrecoverable by solid2liquid extrac-
cond run was achieved upon calcination of the deactivatedtion. An estimation of the number of binaphthols per
catalyst at 500°C overnight under an oxygen stream.supercage indicates that at the maximum loading of the Y

catalysts (entry 3, Table 1) there is an average of one bi- To learn about the influence of the pore size, we com-
pared the results using two different batches of MCM-41naphthol for every three supercages. The successful immo-

bilization of binaphthol inside the zeolite Y supercages con- having diameters of 35 and 50 Å, respectively. No signifi-
cant improvement in the catalytic performance was ob-stitutes a new example of a ship-in-a-bottle synthesis of an

organic molecules by creation of new C2C bonds.[34236] served. This indicates that once the limiting diameter for
the diffusion of binaphthol is reached, an increase in theInterestingly, the H1 form of the Y zeolite behaves in a

totally different way and does not promote the formation dimensions of the pore does not exert an appreciable influ-
ence on the course of the reaction.of binaphthol (entry 2, Table 1). Using HY as the catalyst
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We also noticed a beneficial influence of the oxygen par-

tial pressure on the rate of formation of binaphthol and the
yield achieved (Figure 3). However, it is worth mentioning
that the coupling of naphthol could also be conducted to a
lesser extent using a sealed autoclave or under Ar in the
absence of oxygen (entries 11 and 14 in Table 1). It is
reasonable to assume that in the absence of oxygen, the re-
action is no longer catalytic, but stoichiometric and eventu-
ally the oxidizing capacity of the zeolites has to be exhaus-
ted. According to the Cu21 or Fe31 content of MCM-41
(0.532 and 0.770 mmol 3 g21, respectively) and the weights
of naphthol and catalyst used (see Experimental Section),
the maximum yield of binaphthol for a stoichiometric
transformation would be 27 and 38%, respectively. These Figure 4. Time conversion plot for the oxidative coupling of 2-

naphthol in the presence of CuSO4/Al2O3 as catalyst showing thepredicted maximum yields agree quite well with the exper-
secondary nature of DOB; 2-Naphthol (e), binaphthol (Ω), DOBimental values achieved in the autoclave experiments (yields (∆)

of binaphthol in entries 11 and 14 of Table 1 are 37 and 28,
respectively; product yield 5 mass balance 3 conversion 3

carbon of the other naphthyl ring is not without precedentselectivity). For those runs carried out in the presence of
in the literature. [38] [39]oxygen where the yield of binaphthol exceeded these values,

the reaction is truly catalytic and dioxygen is required to
regenerate the active oxidation states of the metal ions.

Conclusion

Oxidative coupling of naphthol to binaphthol can be
conveniently carried out with almost total conversion and

Figure 3. Time conversion plot of the formation of binaphthol
selectivity using Fe31-exchanged MCM-41 in the presencecatalyzed by FeMCM-41 in the presence of oxygen (•) or air (∆)
of oxygen. In the case of large-pore Y zeolites, the conver-

At least two secondary by-products can be formed at sions and selectivities measured in the liquid phase are
high 2-naphthol conversions. The percentage of these by- moderate and, additionally, a significant amount of the bi-
products is particularly high using the CuSO4-supported naphthol is trapped and immobilized inside the zeolite cavi-
catalyst (entries 17 and 18, Table 1). The secondary nature ties. Potential applications in catalysis of this ship-in-a-
of these by-products was established by following their evol- bottle synthesis of binaphthol within the zeolite Y super-
ution with the reaction time (Figure 4) and by carrying out cages could be developed in the future. This report consti-
a test reaction starting with pure binaphthol where the same tutes a further example of the opportunities of mesoporous
by-products were produced. MCM-41 materials not only as acids but as oxidizing cata-

Although the formation of by-products in the oxidative lysts in organic synthesis for the production of bulky fine
coupling of naphthol using CuSO4/Al2O3 had been pre- chemicals
viously reported, [25] their chemical structure had not not
disclosed. We carried out chromatographic isolation of
these two products and their structures were assigned to Experimental Section
(2,89);(8,29)-dioxo-1,19-binaphthyl (DOB) and dinaph-

Catalysts 2 Preparation of CuSO4 or Fe(NO3)3 Adsorbed on Alum-tho[2,1-b:19,29-d]furan (DNF) based on their MS, 1H-NMR
ina or Silica: Neutral alumina (Merck) or silica (Degussa Aerosil

and 13C-NMR spectroscopic and analytical data (see Ex- 200, 100% SiO2) (10 g) were added to a solution of CuSO4 · 5 H2O
perimental Section). Compound DOB would be the overox- (1.56 g) or Fe(NO3)3 · 9 H2O (2.52 g) in distilled water (100 mL)
idized product of binaphthol, while DNF can be rational- and the suspension stirred at room temperature for 30 min. The
ized as the dehydration product of binaphthol. Analogous water was evacuated at 80°C under reduced pressure. The resulting

moist solid was finally dried under vacuum at 150°C for 8 h.attack of the OH group of one naphthol group to the 29
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Preparation of Fe31- and Cu21-Exchanged Y Zeolite and MCM-41 Purification of the reaction mixtures and product isolation was ac-

complished by column chromatography (silica gel Merck) using aAluminosilicate: The initial NaY (Si/Al 5 2.6, unit cell size 24.65
Å) was a commercial sample (PQ Industries, CBV-100). MCM-41 1:1 mixture hexane-dichloromethane as eluent. 2,29-Dinaphthyl

ether was identified by comparison with an authentic commercialwas synthesized by using amorphous silica (Degussa Aerosil 200)
and a 25% aqueous solution of tetramethylammonium hydroxide sample (TCI America).
and hexadecyltrimethylammonium bromide as templates following

Spectroscopic Data of the Reaction By-products: Dinaphtho[2,1-
the procedure reported in the literature. [27] [40] The Si/Al ratio deter-

b:19,29-d]furan (DNF): [38] [45] 1H NMR δ: 9.2029.15 (d, 2 H, J 5
mined by chemical analysis was 15, while the pore size distribution

8.4 Hz), 8.1128.06 (dd, 2 H, J1 5 1,2; J2 5 8,1 Hz), 8.0027.95 (d,
measured by Ar adsorption were 35 and 50 Å for two different

2 H, J 5 8.7 Hz); 7.8827.83 (d, 2 H, J 5 9 Hz), 7.8027.72 (td, 2
samples. The ion exchange was carried out starting fom NaY or

H, J1 5 6,9; J2 5 1,5 Hz); 7.6427.56 (td, 2 H, J1 5 7,2; J2 5
MCM-41 (0.7 g) using aqueous solutions (200 mL) of

1,5 Hz). 2 High-resolution mass spectrum, calcd. for C20H12O
Cu(CH3COO)2 · H2O (0.4 g) or Fe(NO3)3 · 9 H2O (0.8 g). The sus-

m/z 268.0834, found 268.0837. MS: 268(25) [M1], 239(100),
pensions were stirred at room temperature for 24 h. The resulting

119(89).
solids were filtered, washed, dried, and calcined at 500°C.

(2,89);(8,29)-Dioxo-1,19-binaphthyl (DOB): [46] [47] IR (cm21): 2940,
Acid zeolite HY was prepared from NaY by exhaustive Na1-to- 1100, 780, 700, 620. 2 1H NMR δ: 7.31 (d, 1 H, J 5 9 Hz), 7.10
NH4

1 ion exchange using NH4AcO solutions and subsequent cal- (d, 1 H, J 5 4.8 Hz), 7.08 (d, 1 H, J 5 3.6 Hz), 6.92 (d, 1 H, J 5
cination as previously described. [41] The final Na2O content meas- 9 Hz), 6.65 (dd, 1 H, J1 5 3.9 Hz; J2 5 3.9 Hz). 2 13C NMR
ured by atomic absorption spectroscopy was less than 0.05 wt-%. (CDCl3, 75 MHz) δ: 108.6; 117.3; 120.0; 126.3; 127.1. 2 High-reso-

lution mass spectrum, calcd. for C20H10O2 m/z 282.0680, foundXRD established that the crystallinity of the Cu21 and Fe31-ex-
282.0687. MS: 282(100) [M1], 253(4), 224(6), 141(18).changed Y zeolites was 85% of that of the original NaY. This loss

of crystallinity indicates a partial framework dealumination of
NaY during the calcination steps and is well-documented in the
literature. [29] [42] In the case of ion-exchanged MCM-41 the number Acknowledgments
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