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Abstract In this work, a facile and efficient one-step method for the synthesis of

highly active mesoporous zirconium and tin(IV) phosphate that exhibit excellent

catalytic activity for the synthesis of photochromic bis-naphthopyran via the Claisen

rearrangement has been established. The synthesized catalysts were characterized

by different textural and spectroscopic techniques such as XRD, FTIR spectra,

SEM, TEM and N2 adsorption–desorption at -196 �C. The surface acidity of the

prepared catalysts were determined by nonaqueous potentiometric titration with

n-butylamine and FTIR of chemisorbed pyridine. XRD and N2 adsorption–des-

orption measurements showed that, the samples have some mesoporous structure.

The surface acidity measurement showed that the samples contain mixture of Lewis

and Brønsted acid sites. The results showed that zirconium phosphate samples have

higher surface acidities than tin phosphate samples, and the samples with Zr:P ratio

1:3 and Sn:P ratio 1:2 showed the highest surface and Brønsted acidities. The

prepared catalysts showed excellent catalytic activity for the synthesis of pho-

tochromic bis-naphthopyran via the Claisen rearrangement. High yield (*99 %)

with 100 % selectivity of photochromic bis-naphthopyran was obtained in shorter

reaction time at room temperature. These acid catalysts may solve the problematic
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low yield and purification difficulties of the photochromic chromenes reported

previously.

Keywords Tin phosphate � Zirconium phosphate � Surface acidity � Photochromic

chromenes � Claisen rearrangement

Introduction

In recent years, environmental considerations have raised strong interest in the

development of economically feasible materials and processes to eliminate the use

of harmful substances and the generation of toxic waste materials. In this respect,

heterogeneous catalysis can play a key role in the development of environmentally

benign processes particularly in the petroleum and chemical industries. For

example, sulfuric and fluorohydric acids are commonly used in many industrial

chemical processes that involve alkylation, esterification, hydrolysis, and other

chemical reactions [1–3]. However, these acid catalysts are toxic, corrosive and

most importantly, difficult to remove from the reaction medium. Solid acid catalysts

are particularly important in acid catalyzed reactions as a safe alternative to the

hazardous and corrosive materials such as HF, sulfuric and nitric acid [4, 5]. Day by

day, a lot of efforts have been made to develop the recoverable solid acid catalysts

for minimizing pollution and reducing cost [4–7].

Metal phosphates are one of the most important classes of inorganic materials

used for a wide range of applications [8]. Metal phosphates have the general formula

MIV(HXO4)2�nH2O where MIV = Sn, Ti, Zr, Ce, and X = P, As, W, Mo. These

materials behave as cation exchangers due to the presence of exchangeable protons

contained in structural hydroxyl groups. Moreover, they possess both Brønsted and

Lewis acid sites combined with thermal stability. So, these compounds have been

reported as solid acid catalysts for different organic reactions [9, 10].

Studies have been carried out to determine the acidic properties of these catalysts

[11]. Studies have shown that the amorphous form of these catalysts demonstrate

higher activity due to increased overall acidity and surface area compared to their

crystalline analog [12, 13]. Moreover, metal(IV) phosphates are beneficial as catalyst

supports for metal oxides due to their textural and acid properties [14, 15]. Hattori

et al. have investigated the source of the active sites on this class of catalysts. In their

study of crystalline zirconium phosphate, he concluded that the catalyst possesses

weak and strong acid sites, both of which are derived from P(OH) groups [16]. The

Lewis acid centers could be attributed to Zr4?, as suggested by Spielbauer et al. [17].

3,3-Diphenyl-3H-naphtho [18, 19] pyrans or naphthopyrans are well-known as

photochromic chromenes which demonstrate a unique enviable photochromic

properties [18] and have attractive topic of passionate investigations intended for

mounting novel materials with useful applications in the industrial marketplace. For

expedient access to designed photochromic materials based on this structural

pattern, it is dominant that dependable, alternative and general synthetic pathways

be willingly accessible. However, the various synthetic routes for the synthesis of

3,3-diphenyl-3H-naphtho [18, 19] pyrans, diaryl benzopyrans and naphthopyrans
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are limited with respect to the yield and scope [19–21]. The building of the 3,3-

diphenyl-3H-naphtho [18, 19] pyrans can be achieved by a ‘‘one-pot reaction’’

starting from a suitable bis-naphthol and the commercially available 1,1-diphenyl-

2-yn-1-ol [22, 23].

In the work described in this paper, we introduce a simple and rapid one-step

method for the synthesis of solid acidic catalysts of mesoporous zirconium and tin

phosphate. Different tools were used in the characterization of the catalysts such as

XRD, FT-IR, SEM, TEM, N2 adsorption. The catalytic activity of the prepared

catalysts was tested for the synthesis of photochromic bis-naphthopyran via the

Claisen rearrangement.

Experimental

Catalyst preparation

The zirconium phosphate catalysts (ZrP) were prepared following procedures

previously reported [13], which consisted of preparation of ZrOCl2�8H2O and

NH4H2PO4 solutions. Then, NH4H2PO4 was added dropwise to ZrOCl2�8H2O solution

under vigorous stirring at a molar ratio of Zr:P = 1:2 (ZrP2). The solution was stirred

at room temperature for 3 h. The mixture was aged under ambient conditions for 12 h.

The precipitate was washed with deionized water until free of chloride ions and the pH

was neutral. The precipitate was then filtered, and dried overnight at 100 �C. The

catalyst was powdered and calcined at 400 �C for 4 h in air prior to use. The other two

zirconium phosphate catalysts (ZrP1 and ZrP3) were prepared following the same

procedure but varying the molar ratio of Zr:P to 1:1 and 1:3 respectively.

The tin phosphate catalyst (SnP1) was obtained by preparing two aqueous

solutions of SnCl4�5H2O and NH4H2PO4. Then the aqueous solution of ammonium

dihydrogen phosphate was added drop wise to under vigorous stirring to tin

tetrachloride solution at a molar ratio of Sn:P = 1:1 (SnP1). The solution was

stirred at room temperature for 3 h. The mixture was aged under ambient conditions

for 12 h. The gel was washed with deionized water until free of chloride ions and

the pH was neutral. The gel was then filtered, and dried overnight at 100 �C. The

catalyst was powdered and calcined at 400 �C for 4 h in air prior to reaction. The

other two tin phosphate catalysts (SnP2 and SnP3) were prepared following the

same procedure but varying the molar ratio of Sn:P to 1:2 and 1:3, respectively.

Catalyst characterization

Elemental analysis was carried out by inductive coupled plasma ICP-AES (Labtam,

8440 Plasmalab) to determine the actual amounts of phosphorus, zirconium, and tin

present in the solid acid catalysts.

X-ray powder diffraction patterns of samples were determined using an X’Pert

Philips Materials Research Diffractometer. The patterns were run with copper

radiation (Cu Ka, k = 1.5405 Å) with the second monochromator at 45 kV and

40 mA with a scanning speed of 2� in 2h/min.
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FT-IR spectra of calcined samples were recorded by using a Nicolet-Nexus 670

FTIR spectrophotometer (4 cm-1 resolution and 32 scans) in dried KBr (Sigma)

pellets and a measuring range of 400–4000 cm-1.

Transmission electron microscope (TEM) images and the particle size were

obtained using a Jeol JEM-1230 operated at 120 kV. For TEM images, the sample

powder was dispersed in methanol by using ultrasonic radiation for 10 min, and a

drop of the suspension was placed onto the carbon-coated copper grids.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy

(EDS) were carried out using a Quantum DS-130S dual stage electron microscope.

The adsorption isotherms and the specific surface area (SBET) of the various

catalysts were determined from nitrogen adsorption studies conducted at -196 �C
using a Quantachrome Autosorb-1-C system.

The total acidity of the solid samples was measured by means of potentiometric

titration [24–26]. The solid (0.05 g) was suspended in acetonitrile (Merck), and

agitated for 3 h. The suspension was then titrated with 0.1 M n-butylamine (Merck) in

acetonitrile at 0.05 ml/min. The electrode potential variation was measured with an

Orion 420 digital A model by using a double-junction electrode. Lewis and Brønsted

acid sites present on the surface of the catalyst were determined with FT-IR spectra of

adsorbed pyridine. Prior to the pyridine adsorption [24], small portions of the calcined

samples were degassed under vacuum at 200 �C for 3 h, followed by suspending in

dry pyridine. The excess pyridine was removed by evaporation. The FT-IR spectra of

the pyridine-adsorbed samples were obtained using a Nicolet-Nexus 670 FTIR

spectrophotometer by mixing 0.005 g of the sample with 0.100 g KBr in a resolution

of 4 cm-1, and in a frequency range of 1400–1700 cm-1. The ratio of Brønsted to

Lewis acidity was determined based on the method in the literature [27].

Catalytic activity

A 50-ml round bottomed flask was charged with pre activated phosphate catalyst

0.2 g catalyst, 1,1-diphenyl-2-propyn-1-ol (2.10 mmol) and 2,6-dihydroxynaph-

thalene (1 mmol) in 20 ml acetonitrile as a solvent. The reaction mixture was stirred

under N2 atmosphere for 2 days at room temperature. Samples from the reaction

mixture were withdrawn at different time intervals up to 2 days. The composition of

the reaction mixture was identified by GC–MS (HP GCD system equipped with FID

detector). After the completion of the reaction, the reaction mixture was transferred

into 10 ml of ethanol and stirred for 15 min. The catalyst was removed from the

reaction mixture by simple filtration.

Results and discussion

Surface area measurements

The textural properties of the catalysts were evaluated by N2 adsorption–desorption

measurements at -196 �C. Table 1 presents a summary of the textural properties of

the prepared catalysts such as SBET, mean pore radius and pore volume. The
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adsorption–desorption isotherms of zirconium phosphate are shown in Fig. 1. The

adsorption–desorption isotherms of tin phosphate and the pore size distribution

curves of tin and zirconium phosphate are given in the Supplementary material,

Figs. S1 and S2. According to adsorption–desorption isotherms shown in Fig. S1

(Supplementary material), tin phosphate catalysts exhibited type II adsorption

isotherm in the IUPAC classifications, with a H3 type hysteresis loop, which is

characteristic of the presence of a large proportion of mesopores [28]. The isotherms

of these catalysts have a closed hysteresis loops and desorption branches joints the

adsorption ones at relative pressure of about 0.30–0.45. The specific surface area of

SnP1 was found to be 268.51 m2 g-1 with an average pore radius of 1.7 nm as listed

in Table 1, when the phosphate loading increase up to SnP3 the specific surface area

further decreased and the average pore radius was shifted to higher value (4.7 nm).

On the other hand, the adsorption–desorption isotherms of N2 gas over zirconium

phosphate catalysts are shown in Fig. 1. For zirconium phosphate catalysts, the

isotherms can be classified as type IV (in the IUPAC classifications) characteristic

of mesoporous materials [29] with a H2 type hysteresis loop. Pronounced desorption

hysteresis suggests the existence of mesoporous in these materials. The specific area

was also found to decrease with phosphate ratio to become 91.72 m2 g-1 in ZrP3.

The average pore size distribution analysis using the BJH method from the

desorption part of the isotherm of zirconium phosphate reveals very narrow pore

size distribution (Supplementary material, Fig. S2b). Moreover, the average pore

size distribution of the samples (Table 1) is in the range of ca. 1.90–1.92 nm, a

borderline of micro- and mesoporous regions. Such behavior was previously

observed in yttria zirconia and silica zirconia materials [30, 31]. Molina et al. [31]

has been termed these as super microporous materials.

XRD patterns

X-ray diffraction was used to study the crystal structure of all prepared phosphate

catalysts. In the wide angle XRD patterns of zirconium phosphate catalyst, two

broad peaks in 2h range of 10�–40� and 40�–70� (Supplementary material, Fig. S3b)

indicated the amorphous nature of the prepared zirconium phosphate catalysts

calcined at 400 �C. The low angle XRD of zirconium phosphate samples did not

Table 1 Surface, textural, and acidic properties of the prepared catalysts

Catalyst Ratio

of M/P

Surface

area (m2/g)

Pore

radius (Å
´

)

Pore volume

(ccg-1)

Ei (mV) Acid amount

(mmol

n-butylamine g-1)

Ratio

of B/L

ZrP1 0.96 193.82 19.28 0.189 ?67 0.64 0.834

ZrP2 1.90 144.87 19.14 0.124 ?567 1.41 1.061

ZrP3 2.78 91.72 19.08 0.090 ?680 1.93 1.210

SnP1 0.94 268.51 17.03 0.393 ?37 0.51 0.834

SnP2 1.85 127.21 28.45 0.251 ?476 1.67 0.982

SnP3 2.73 66. 72 47.86 0.148 ?351 1.55 0.906
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show any diffraction peaks indicate the formation of mesoporous zirconium

phosphate (Supplementary material, Fig. S3a). Moreover, previous studies have

shown that the presence of phosphate stabilizes the amorphous zirconia phase [32].

It has also been reported that amorphous zirconium phosphate is thermally

stable even after calcination at 800 �C [33].

On the other hand, a single broad peak in low angle XRD patterns for 400 �C
calcined tin phosphate catalysts was observed at around 2h = 2.2–2.3, correspond-

ing to a d-values of *4 to 3.8 nm (Supplementary material, Fig. S4a). The single

and broad peak at 2h = 2.2–2.3 implies the formation of mesoporous tin phosphate.

Sinhamahapatra et al. [34] reported that, the presence of only one broad peak

indicates the existence of short range order wormhole-like meso-structure. The wide

angle XRD patterns of calcined tin phosphate samples exhibit two broad peak in 2h
range of 10�–40� and 40�–70� (Supplementary material, Fig. S4b) indicating their

amorphous nature.

FTIR spectroscopic analysis

The synthesized catalysts were further characterized by FT-IR (Fig. S5, Supplemen-

tary material). The FTIR spectra of the materials indicate the presence of phosphate

groups by the appearance of bread peak between 800 and 1400 cm-1 centered at

around 1100 cm-1 that is due to –PO4 stretching vibrations [35]. The bands at 3460

and 1630 cm-1 are attributed to the asymmetric OH stretching and bending of water

molecule, respectively. The band at 2370 cm-1 is due to P–O–H stretching

responsible for the Brønsted acidity [33]. Moreover, another peak at 750 cm-1 is

observed, which is attributed to a P-O-P (poly phosphate) like group [34]. This peak

is not observed in SnP1 and ZrP1 as seen in Fig. S5, once the phosphate ratio increase
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Fig. 1 N2 adsorption–desorption isotherms at -196 �C of zirconium phosphate catalysts calcined at
400 �C
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more than 1:1. This peak can be clearly observed especially when the metal:

phosphate ratio becomes 1:3. This means that at higher concentrations of phosphate,

polyphosphate layers are formed on the catalyst surface, which may affect the acidity

of the catalyst.

SEM and TEM

Figs. 2 and 3 represent the SEM and TEM micrographs of SnP2 and ZrP2 samples

that calcined at 400 �C, respectively. The SEM photographs of SnP2 and ZrP2

samples are shown in Fig. 2. From the SEM images, it can be seen that the catalysts

is composed of some aggregated spherical particles. The images also show that the

participation of other particles that have broad size range and an irregular forms or

shapes. The lack of a clearly defined morphology may correlates with the low

crystallinity of the phosphate catalysts. More SEM images for SnP2 and ZrP2 in the

Supplementary material, Fig. S6.

The TEM images of SnP2 and ZrP2 samples are presented in Fig. 3. The TEM

images for SnP2 (Fig. 3a) show that there are spherical particles of small diameters

aggregated throughout the specimen that give rise to mesopores in the material. A

more magnified microgram (Fig. S7a, in the Supplementary material) confirms the

presence of worm like pore structures. Similarly, the TEM images of ZrP2 shows

spherical particles with diameter around 80.0 nm (Fig. S7, Supplementary material).

The connectivity between spherical particles is visible from the micrograph

(Fig. S7). This may be due to the condensation reactions among hydroxyl groups on

adjacent spherical particles during aging or during calcination, to produce the

agglomerates of spherical particles.

Surface acidity

Non aqueous potentiometric titration

The acidities of all the phosphate catalysts were first characterized by nonaqueous

potentiometric titration with n-butylamine in acetonitrile. Using this technique, it is

Fig. 2 SEM images of: a SnP2, b ZrP2 catalysts calcined at 400 �C
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possible to estimate the relative strength and the total number of acid sites present in

the solids. As a criterion to interpret the results, it was suggested that the initial

electrode potential (Ei) indicates the maximum acid strength of the sites according

to the following scale: Ei[ 100 mV (very strong sites), 0\Ei\ 100 mV (strong

sites), -100\Ei\ 0 mV (weak sites) and Ei\-100 mV (very weak sites) [36].

The titration curves of the catalysts are shown in Figs. S8 and S9 (Supplementary

material) and the data are listed in Table 1. According to the above classification,

ZrP1 and SnP1 samples exhibit strong acid sites, Ei between 0 and ?100 mV, and

have also a small number of acid sites (Table 1). When the phosphate amount

increased, both the number and strength of acid sites increase. In the case of

zirconium phosphate samples, the surface acidity and acid strength increase to

maximum at Zr:P ratios 1:3, while in the case of tin phosphate, the sample becomes

maximum at Sn:P ratio 1:3 then slightly decrease in the Sn:P ratio 1:3 sample. The

results also indicate that the zirconium phosphate samples show higher surface

acidity and more acidic sites strength compared to tin phosphate samples. The

distribution of excess phosphate species on the surface as multilayers or

polyphosphates aggregates may also play an important role in the variation of

acidity with phosphate loading.

FTIR spectra of chemisorbed pyridine

To further identify the acid types and ratio of Brønsted (B) and Lewis (L) acidic

sites, FT-IR spectra in the spectral region 1700–1400 cm-1 of adsorbed pyridine on

the samples were collected and presented in Fig. 4. It is clear that all the phosphate

catalysts contain mixture of Lewis (L) acid sites and Brønsted (B) acid sites, as

indicated by strong IR bands at around 1450 cm-1 (L), 1545 cm-1 (B) and

1635 cm-1 (B) [37]. In addition, the band at 1490 cm-1 indicates the formation of

the adjacent L and B acid sites. The ratio of Lewis (L) and Brønsted (B) acid sites

present in the catalysts were calculated using area under the peak of 1450 cm-1

Fig. 3 TEM images of: a SnP2, b ZrP2, catalysts calcined at 400 �C
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(due to pyridine at Lewis acid sites) and 1545 (1550) cm-1 (due to pyridine at

Brønsted acid sites) [27, 38]. The ratios of Brønsted to Lewis (B/L) of all phosphate

catalysts are listed in Table 1. As can be seen in Table 1 and Fig. 4a, in the case of

zirconium phosphate catalysts, when the phosphate loading increases gradually, the

Brønsted acidity also increases up to ZrP3 sample. On the other hand, in the case of

tin phosphate samples (Fig. 4b), when the phosphate loading increase from Sn:P

ratio 1:1 to 1:2 the Brønsted acidity increases. Further increase of phosphate content

(SnP3, Sn:P ratio 1:3) results in small decrease in the Brønsted acidity.

The results of surface acidity measurement indicated that tuning of the phosphate

loading in the synthetic process is a promising way to tailor the acidic properties of

the resultant catalysts. The Brønsted acid on the surface of the support may be

related to the states of POx species on the surface, and the hydrated tetrahedral-

coordinated PO4
3- species [(H2PO4)-] on the surface were contributed to the

Brønsted acid sites [39–41]. While, on the other hand, Lewis acid sites were derived

from the tetrahedral MO4 and octahedral MO6 species in the framework [42]. In

zirconium phosphate catalysts (Fig. 4a and Table 1), the gradual increase of

phosphate content was accompanied with gradual increase of P-O–H groups on the

surface. The increase of P–O–H groups on the surface causes increase in Brønsted

acid sites. While in tin phosphate catalysts, the decrease in the Brønsted acidity in

SnP3 may be due to the formation of polyphosphate, as a single or poly-phosphate

layer. The formation of a polyphosphate layer occurred through sacrificing two

P-O–H groups (responsible for Brønsted acidity) to form P–O–P structures. The

superficial formation of poly-phosphate structures may be more effective in SnP3

catalyst due to its smaller surface area.
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Catalytic activity

The catalytic activity of the prepared catalysts was tested in the synthesis of

photochromic bis-naphthopyran via the Claisen rearrangement at room temperature.

Our preliminary studies in this area focused on the use of 0.1 g of the catalyst

calcined at 400 �C in the reaction of 1,1-diphenyl-2-propyn- 1-ol (2.10 mmol) and

2,6-dihydroxynaphthalene (1 mmol) in dry acetonitrile (20 ml) as a solvent under

nitrogen atmosphere in absence of light. Under these conditions, the reaction was

extremely slow, affording 15 % adduct after 3 days at room temperature.

Interestingly, we observed a dramatic improvement in the course of the reaction

when 0.2 g of the catalyst was used under the same reaction condition. Moreover,

when we increase the reaction temperature to higher values, a notable decrease in

the percentage yield of product, this decrease in the product yield may be due to the

thermal instability of the reaction mixture at higher temperatures. During this study,

the reactions were carried out at room temperature using 0.2 g of the catalyst.

Effect of phosphate loading ratio

Under optimal conditions, treatment of 1,1-diphenyl-2-propyn-1-ol (2.10 mmol)

and 2,6-dihydroxynaphthalene (1 mmol) in acetonitrile with 0.2 g of the catalyst at

room temperature, calcined at 400 �C for 48 h. The effect of phosphate loading

ratios on the percentage yield of the product is shown in Fig. 5. As can be seen, all

the catalysts with different phosphate loadings exhibit percentage yield of bis-
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Fig. 5 Effect of phosphate loading over zirconium and tin phosphate on percentage yield of bis-
naphthopyran photochrome using 0.2 g catalyst, 1,1-diphenyl-2-propyn-1-ol (2.10 mmol) and 2,6-
dihydroxynaphthalene (1 mmol) in 20 ml acetonitrile as a solvent at room temperature after 24 h
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naphthopyran photochrome ranging from 82 to 99 % with 100 % selectivity at room

temperature. Also, zirconium phosphate catalysts showed higher catalytic activity

than tin phosphate catalysts. The trend of catalytic activity using tin and zirconium

phosphate as catalysts was similar to catalysts acidity, suggesting that the Brønsted

acid sites generated from P–O–H enhanced the product formation.

Effect of reaction time

The effect of reaction time was studied ZrP3 and SnP2 at room temperature using

0.2 g of the catalyst. The results are shown in Fig. 6. As can be seen in Fig. 6, the

percentage yield of the product increases gradually with increasing the reaction time

till almost constant value after around 24 h. After 24 h the percentage yield of the

product becomes almost constant or increases by small amount with further increase

in the reaction time, which suggests that, only 24 h are enough for the reaction.

The catalyst filtration test (Fig. S10, Supplementary material) proved heteroge-

neous nature of catalysis over ZrP2 catalyst after the fast removal of the catalyst at

ca. 55.8 % yield and after 10 h, the reaction in the filtrate stopped completely,

indicating that no active phosphate species had leached into solution during the

reaction. Additionally, elemental analysis confirmed that no phosphate species were

present in the filtrate.

Reusability of the catalyst

To study and confirm the reusability of the catalysts, ZrP3 and SnP2 were selected

for the reaction over five cycles. The catalysts were recovered by simple filtration
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Fig. 6 Effect of reaction time over ZrP3 and SnP2 on percentage yield of bis-naphthopyran photochrome
using 0.2 g catalyst, 1,1-diphenyl-2-propyn-1-ol (2.10 mmol) and 2,6-dihydroxynaphthalene (1 mmol) in
20 ml acetonitrile as a solvent at room temperature
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and washed with ethanol and dried in air at 100 �C before reuse. The performance

of ZrP3 and SnP2 reusability was conducted for the reaction at room temperature for

24 h using 0.2 g of catalyst. As shown in Fig. 7, the catalytic activity of ZrP3 and

SnP2 did not decrease significantly after five runs, which demonstrated that ZrP3

and SnP2 were stable in this system. The percentage yield maintained at around 99

and 90 % for ZrP3 and SnP2 respectively until the fifth run. The limited decrease in

the catalytic activity may be due to gradual loss of the catalyst during filtration

process.

As shown in Scheme 1 (Supplementary material), the Brønsted acidity is the

main factor that may control the reaction. The yield obtained under the conditions

describes herein offer considerable improvement over those previously reported [22,

23]. The unique advantages of the method can be appreciated in the preparation of

bis-naphthopyran derivatives, which have otherwise been previously obtained in

only low yields [22, 23]. Many authors [18, 22, 23, 43] prepared bis-naphthopyran

derivatives by using para toluene sulfonic acid as homogeneous catalyst, the

percentage yield of the product were less than 45 % after 48–72 h of the reaction at

room temperature in addition to it was very hard to obtain the product in pure form.

Under the conditions reported herein, an excellent yield of bis-naphthopyran

derivatives was obtained, and analytically pure bis-naphthopyran could be obtained

by simple filtration of the cold reaction mixture in 24 h using 0.2 g of the catalyst.

The acid-catalyzed mechanism for the formation of the bis-naphthopyrans involves

the following two steps. First, 1,1-diphenyl-2-propyn-1-ol and 2,7-dihydoxy

naphthalene are condensed to give propargyl ether in the presence of metal

phosphate as source of H? Brønsted acid catalysts. In the second step, the Claisen

rearrangement of propargyl ether occurred to give some intermediate shown in
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Fig. 7 Reusability of ZrP3 and SnP2 for the production of bis-naphthopyran photochrome using 0.2 g
catalyst, 1,1-diphenyl-2-propyn-1-ol (2.10 mmol) and 2,6-dihydroxynaphthalene (1 mmol) in 20 ml
acetonitrile as a solvent at room temperature after 24 h
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Scheme 1 (see supplementary materials), and finally bis-naphthopyrans was

obtained via cyclization of quinodimethane intermediate in excellent yields.

Conclusion

In conclusion, we report a superficial and efficient one step method for the synthesis

of highly active mesoporous zirconium and tin(IV) phosphate. The catalysts were

characterized using imaging, textural and spectroscopic techniques. The results

showed that in the case of zirconium phosphate samples, the surface acidity and

Brønsted ratio increase to maximum at Zr:P ratio 1:3, while in the case of tin
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Scheme 1 Possible reaction mechanism
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phosphate, the sample becomes maximum at Sn:P ratio 1:2 then slightly decrease in

Sn:P ratio 1:3 sample. The results also indicate that the zirconium phosphate

samples show higher surface acidity and more Brønsted acid sites compared to tin

phosphate samples. Also, the samples with higher ratio of Brønsted acid sits namely,

SnP2 and ZrP3 exhibit higher catalytic activities of 90 and 98 %, respectively.

Moreover, the values of pore radius and pore volume listed in Table 1 are wide

enough to make the acid sites inside the porous accessible to the reactants

molecules. We have developed a facile one-pot synthesis of photochromic bis-

napthopyran via the Claisen rearrangement using our solid acid catalysts. The

product was obtained with 100 % selectivity at room temperature in N2 atmosphere

after 24 h. The method can permit expedient admittance to a wide range of

photochromic pyrans systems that have been previously accessed in poor yields

with purification difficulties.
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