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Photochromism of 2H-naphtho[1,2-b]pyran

Introduction

Naphthopyrans are efficient photoswitches that work at ambient temperature. Under UV or sunlight, the colorless form undergoes an electrocyclic pyran ring-opening producing a mixture of two conjugated and highly colored diastereoisomers (TC and TT) which are thermally unstable and revert spontaneously to the colorless state in the absence of light (Scheme 1) [1,2]. The success of these dyes lies in the possibility to tune a series of characteristics, like the photosensitivity, the color of the photoisomers, the fading kinetics, and the fatigue resistance, through the introduction of different substituents or the annulation of rings in specific positions [3]. Although the industrial use of these photoswitches as coatings in lenses that darken under sunlight dates from the 3 decades ago, their structure continues to be adjusted to continuously improve their performance [4,[START_REF] Mukhopadhyay | Phenomenon to functions: Photochromism of diarylpyrans, spectrokinetic properties and functional materials[END_REF]. Scheme 1. Photochromic equilibrium for 2,2-diphenylnaphtho [1,2-b]pyran I showing the formation of two colored isomers (TC and TT).

The simplest 2,2-diphenylnaphtho1,2-b]pyran I (Scheme 1) generates two red photoisomers with a very long lifetime (>30 min) and has no commercial interest [4]. The fading kinetics can be accelerated by introducing electron-donating groups in the para position of the phenyl groups and introducing the bulkier CO2Me at the C-5 position. The latter act mainly through steric effects, destabilizing the photoisomers and leading to a faster thermal ring closure. Effectively, compound II shows a lifetime of the colored species below 3 min (178 s) (Scheme 2) [4]. The bulkier CO2Me ester group at C-5 (compound III) has a stronger effect reducing the lifetime of the colored merocyanines to a few seconds [4]. Scheme 2. Structure, max under UV light, and half-life time of some substituted naphthopyrans.

One of the most successful and simple photochromic naphthopyrans, compound IV, has these two motifs along with a dimethylamino group in the naphthalene core and it generates an intense brown/grey shade under sunlight with appropriate fading speed (t1/2= 50 s), [4]. We wondered if a CO2R group at the C-4 position could have a similar effect on the kinetics of the fading process.

Recently, Yaragorla et al reported the synthesis of such naphthopyrans (ex: compound V) through the reaction of 1-naphthol with a series of substituted 4-hydroxybut-2-ynoates under Ca(OTf)2/Bu4NPF6 catalysis but did not report any photochromic activity under UV light [6]. This lack of activity suggests that the switching speed is too fast to provide a visible color change rather than some ring-opening inhibition. We checked the behavior of this compound under UV light, and verify that although no color change was observed at room temperature, the irradiation of a CHCl3 solution at -20 ºC causes the appearance of a pale orange shade that quickly fades in the absence of light.

Therefore, we thought that to observe some relevant photochromic activity at room temperature, the strong accelerating effect of the C-4 CO2Me group should be balanced with some stabilization of the colored form which has been shown to occur when halogen atoms, methyl, or methoxy groups are placed at the ortho positions of the aryl rings [START_REF] Gabbutt | Control of the fading properties of photochromic 3,3diaryl-3H-naphtho[2,1-b]pyrans[END_REF]. These substituents work through steric effects hindering the thermal ring closure reaction and thus increase up to hundreds of times the lifetime of the colored photoisomers [START_REF] Gabbutt | The synthesis and electronic absorption spectra of 3phenyl-3(4-pyrrolidino-2-substituted phenyl)-3H-naphtho[2,1-b]pyrans: Further exploration of the ortho substituent effect[END_REF]. In this work, we describe the synthesis of some new naphthopyrans with an ester group attached to the pyran ring that effectively shows photochromic properties at room temperature.

Results and discussion

Synthesis and NMR analysis

Naphthopyrans can be efficiently prepared through the reaction of naphthols with diarylpropynols under acid catalysis (Scheme 3) which may occur at ambient temperature or require some heating. The reaction is very versatile and compatible with many substituents either on the naphthol or the propynol [START_REF] Mukhopadhyay | Phenomenon to functions: Photochromism of diarylpyrans, spectrokinetic properties and functional materials[END_REF]. If a methyl or aryl group is present at the terminal position of the triple bond the reaction leads to 4-substituted naphthopyrans which show poor or no photochromic activity at room temperature due to the strong steric effect of such groups [9,[START_REF] Zhang | Synthesis of Naphthopyrans via Formal (3+3)-Annulation of Propargylic (Aza)-para-Quinone Methides with Naphthols[END_REF]. We have demonstrated that the introduction of a linking alkanediyl bridge connecting the pyran C-4 with the naphthalene core at C-5 does not inhibit the pyran ring-opening reaction and constitutes an advantage since it blocks the TC-TT photoisomerization leading to a series of naphthopyrans that give only the fast fading TC isomer and thus exhibit fully reversible photochromic activity [START_REF] Sousa | Fast Color Change with Photochromic Fused Naphthopyrans[END_REF][START_REF] Sousa | Control of the Switching Speed of Photochromic Naphthopyrans through Restriction of Double Bond Isomerization[END_REF]. Furthermore, placing a CH2OH in the terminal position of the propynol triple bond allows one to directly assemble lactonefused naphthopyrans that exhibit very interesting photochromic properties [START_REF] Graça | Exploring fast fading photochromic lactone-fused naphthopyrans[END_REF][START_REF] Sousa | Joining High Coloration and Fast Color Fading with Photochromic Fused-Naphthopyrans[END_REF][START_REF] Graça | Easy synthesis of polycyclic naphthopyran UV photoswitches using two one-pot reactions[END_REF]. Scheme 3. Acid-catalyzed one-pot synthesis of naphthopyrans from naphthols and diarylpropynols.

We started this study with the synthesis of alkynol 1 having a terminal ester group through the reaction of ethyl propiolate with n-BuLi, at -78 ºC, followed by the addition of 2methylbenzophenone [6,[START_REF] Tejedor | Acetylides from alkyl propiolates as building blocks for C 3 homologation[END_REF][START_REF] Zhu | Synthesis of 3,4-dihalogenated furan-2-(5H)ones by electrophilic cyclization of 4-hydroxy-2-alkynoates[END_REF]. After 20 h at room temperature, propynol 1 was isolated by column chromatography in 23% yield (Scheme 4). The reaction of the propynol 1 with 1-naphthol, at room temperature, in the presence of ptoluenesulfonic acid (p-TSA) gave a mixture of three new compounds, 2a, 2b, 2c, with different polarity and, to our surprise, the first two exhibited noticeable photochromic properties under UV light (Scheme 5). After isolation by column chromatography, it was observed that in the presence of propynol 1 and acid, compounds 2a and 2c were converted into dye 2b, while the latter remained unchanged. The structure of the 3 compounds was unambiguously determined by NMR. Thus, compound 2a corresponds to the expected ethyl naphthopyran-4-carboxylate while the allenic naphthol 2c is formed after electrophilic aromatic substitution with propynol 1 (Scheme 6). Both 2a and 2c can react a second time with propynol 1 to provide naphthopyran 2b. When the reaction was performed under Ca(OTf)2/Bu4NPF6 catalysis the same 3 compounds were formed but compound 2a became the major product of the reaction with 20% yield. Scheme 5. Reaction between 1-naphthol and propynol 1 under acid catalysis (Ar1=Ph; Ar2=o-MePh) Scheme 6. Proposed mechanism for the formation of the allenic naphthol 2c (Ar1=Ph; Ar2=o-MePh).

The 1 H NMR spectra of compound 2a show characteristic signals at 6.99 ppm (singlet, ethylenic proton, H-3), 4.39 ppm (q, CH2O), 2,39 ppm (s, CH3) (Fig. 1). In the 13 C NMR spectrum, the ester carbonyl signal is present at 165.5 ppm, the pyran sp 3 carbon atom (C-2) is found at 83.8 ppm, the OCH2 at 61.3 ppm, and the CH3 at 21.5 ppm (Fig. S5).

The 1 H spectrum of compound 2c is simpler with the distinctive signals at 6.67 (d, H-2); 5.74 (OH), and 4.34 ppm (q, OCH2). The 13 C NMR spectrum shows the three allenic carbon atoms at 102.8, 110.8, and 212.7 ppm, the carbonyl at 167.0 ppm, and the OCH2 at 61.6 ppm (Fig. S10).

The NMR spectrum of compound 2b is more complex due to the asymmetry of the allene group: in the 1 H spectrum, besides the aromatic protons, one can observe the duplication of the OCH2 (q), H-3 (s) and H-5 (s) signals (Fig. S7) (Scheme 5). The presence of both the pyran ring and the allenic system can be confirmed in the 13 

Photochromic behavior

The photochromic response of 2.0x10 -4 M CHCl3 solutions of 2a, 2b, and 3 to UV light was evaluated using a Transitions UV mini lamp (6 W, 60 s) and a UV-Vis spectrometer. Naphthopyran 2a is colorless and quickly acquires an orange coloration under UV light characterized by a broad absorption between 400-550 nm with a maximum at 470 nm (Fig. 2a). The coloration and fading processes were monitored by measuring the absorbance at max (Fig 2b) but for the coloration step we just measured the Abs before and after UV irradiation and thus a straight line appears in all of these periods. After removing the light source, the coloration of compound 2a faded bi-exponentially.

Initially, there is a fast decay with the loss of 72% of the maximal coloration in 3 min, followed by a very slow color decay which limits the ability of the molecule to return to the colorless state (Fig. 2b).

This performance is in line with the general naphthopyran behavior with the formation of two colored photoisomers with different thermal stabilities (TC and TT -Scheme 1). The fading curve could thus be fitted to a biexponential decay indicating the formation of 75% of the fast TC isomer (t1/2=27 s) and 25% of the slow decay TT isomer (t1/2=612 min) (Fig. 2, Table 1). Due to the dissymmetry at the sp 3 carbon atom, with phenyl and o-toluyl groups, there can be two configurations for the TC isomer (C)TC and (T)TC and also two configurations for the TT isomer (C)TT and (T)TT (Scheme 8).

For simplicity purposes, we will abbreviate them to TC and TT since the two possible configurations, for each other, are chemically very similar. Later, using NMR data (section 2.3) the configuration of the main photoproduct was unambiguously determined as CTT. Furthermore, an experiment conducted at 0 ºC showed that visible light can also promote the bleaching of the colored photoisomers, confirming that the back reaction can occur both thermally and photochemically, as displayed in Scheme 1. Naphthopyran 2b exhibits similar behavior with maximal absorption at 483 nm and the formation of a higher amount of the fast-fading TC photoisomer (85% (t1/2= 19 s)) and 15% of the slow-fading TT (t1/2= 400 min). A second exposure to UV light increases the residual coloration, indicating that the TT photoisomer has a very slow decay, leading to progressive color accumulation after each UV/dark cycle (Fig. 3, Table 1). Naphthopyran 3 exhibits very similar photochromic behavior to compound 2a: UV irradiation of a 2.0 x10 -4 M solution led to a strong absorption at 478 nm (Abs=0.86) and the formation of 82% of the fast-fading TC isomer (t1/2=19 s) along with 18% of the slow fading TT (t1/2=311 min) (Fig. 4, Table 1). For comparison purposes, we also prepared naphthopyran 4 with the ester group at the C-5 position. UV irradiation of a colorless 1.0 x 10 -4 M solution of 4 generated an intense reddish color characterized by a large absorption between 400 and 550 nm with two maxima at 416 and 490 nm.

The compound showed a thermal fading profile similar to compounds 2a and 3 with the formation of 78% of the fast TC isomer (t1/2=42 s) and 22% of the slow fading one (t1/2= 287 min). As a result, even after 20 minutes in the dark, the residual coloration of the TT isomer can be observed (Fig. 5, Table 1). The CTC photoisomer is an opened merocyanine and the cis-trans-trans configuration was identified from the chemical shifts of protons H-3 at 8.00 ppm and H-5 at 6.68 ppm and from the 1 H-13 C long-range correlations (Fig. S20) between aromatic protons H-10 at 8.14 ppm, H-5 at 6.69 ppm and quaternary deshielded carbon C-1 at 186.6 ppm, and between protons H-3 at 8.00 ppm, H-6´ at 7.20 ppm and quaternary carbon C-2 at 152.3 ppm. The opening of the pyran ring and the formation of the colored conjugated ring-opened form CTC isomer was confirmed from ROESY experiment (Fig. S21) with a dipolar correlation between protons H-3 and H-2"/6". Compound AL is an uncolored naphthol with an allenic function (Scheme 8). Its allenic structure was deduced from the signal at 213.2 ppm in the 13 C NMR spectrum (Fig. S22) recorded at -45°C to slow thermal evolution. In a 2D NOESY experiment (Fig. S21), the signal of the phenolic proton is observed at 8.03 ppm from an exchange-correlation with the water signal [START_REF] Delbaere | Multinuclear NMR Structural Characterization of an Unprecedented Photochromic Allene Intermediate[END_REF].

Extending the UV irradiation to 40 minutes led to the appearance of some new signals (Fig

S19)

that point to the formation of a small amount of the TT isomer, characterized from long-range correlations (Fig. S20) between aromatic protons H-10 at 8.00 ppm, H-5 at 7.38 ppm and quaternary unshielded carbon C-1 at 184.2 ppm. Due to its low concentration, we could not set the configuration around the C2-C3 double bond to label this species as CTT or TTT.

Finally, a series of singlets between 5.8 and 6.2 ppm pointed also to the formation of the diastereomeric bicyclic side-products BC1 and BC2. The cyclopropane is well identified by longrange correlations (Fig. S23) between C-2 at 40.8 ppm and H-3 at 6.26 ppm, H-6' at 7.25 and H-2"/6" at 7.61 ppm, and between C-4 at 46.6 ppm and H-3 at 6.26 ppm and H-5 at 6.12 ppm, as well as by direct correlation between carbon C-3 at 72.5 ppm and H-3 at 6.26 ppm. It was the same for the photochemical ring-opening of the pyran ring, while AL is formed via a 1,5-hydrogen shift [START_REF] Delbaere | Multinuclear NMR Structural Characterization of an Unprecedented Photochromic Allene Intermediate[END_REF].

Finally, the bicyclic compounds BC1 and BC2 have been associated with an irreversible concerted intramolecular photochemical (4 + 2) Diels-Alder type reaction [START_REF] Sousa | Control of the Switching Speed of Photochromic Naphthopyrans through Restriction of Double Bond Isomerization[END_REF][START_REF] Sousa | Enhancement of the color intensity of photochromic fused-naphthopyrans[END_REF][START_REF] Seeley | Stereochemistry of the Photochemical Diels-Alder Reaction[END_REF][START_REF] Uchida | Two-Photon Photochromism of a Naphthopyran Derivative[END_REF][START_REF] Padwa | Photochemical transformations of small ring compounds. XLI. Orbital symmetry and steric control in the photorearrangement of 1,3,5-hexatrienes to bicyclo[3.1.0]hex-2-enes[END_REF][START_REF] Qin | Photochromic sensors: a versatile approach for recognition and discrimination[END_REF][START_REF] George | Thermal and Photochemical Transformations of Hetero-1,3,5-hexatrienes into Five-Membered Rings-Possible Pericyclic Reactions[END_REF].

  Scheme 8. Proposed mechanism for the photochromic behavior of naphthopyran 2a (T= -35ºC)

The photochromic dynamics of the 2H-naphthopyran-4-carboxylate 2a shows the expected formation of the CTC and TT colored isomers along with the uncolored compound AL. However, since these three photoisomers revert to the colorless closed form thermally, the reversibility of the system is assured. Only after prolonged UV irradiation, some photodegradation products were detected. In both 2H-naphthopyran-4-carboxylate 2a/3 and 2H-naphthopyran-5-carboxylate 4 systems, a considerable amount of the slow fading TT isomer is formed, which limits the industrial application of these dyes though the behavior in polymeric matrices is usually different.

Conclusion

New 2H-naphthopyrans with an ester group linked to the pyran ring were successfully synthesized. The reaction of 1-naphthol with the easily accessible ethyl 4-hydroxy-4-phenyl-4-(otoluyl)but-2-ynoate gave a mixture of 3 compounds, whereas from 4-chloro-1-naphthol a single photochromic dye was obtained with excellent yield. NMR studies showed that this photochromic reaction produces mainly two colored photoisomers CTC and TT, the latter being largely minority and more stable. Although the presence of the carboxylate group alone at C-4 accelerates thermal fading, which effectively prevents noticeably coloration under UV irradiation, adding a methyl group in the ortho position of one of the phenyl groups (naphthopyran 3), efficiently counterbalances this effect resulting in strong coloration and adequate fading (less than 1 min) at room temperature, although some degradation products were detected after prolonged irradiation.

Experimental section

General methods

The reactions were monitored by thin-layer chromatography (TLC) on aluminum plates precoated with silica gel 60 F254 (0.25 mm). Column chromatography was performed on silica gel 60 (70-230 mesh). The new compounds were determined to be >95% pure by 1 H NMR spectroscopy.

FTIR spectrometer, with diamond crystal cell ATR was used to acquire the absorption spectra of the neat compounds (wavenumbers in cm -1 ). HRMS spectra were recorded on an ESI-TOF mass spectrometer. The solvents (p.a. grade) were used without distillation. NMR spectra were recorded at 298 K using 300 MHz, 400 MHz, and 500 MHz spectrometers. Chemical shifts (δ) are reported in parts per million. NMR spectra to follow the photochromic behavior were recorded using a Bruker NEO 500 MHz spectrometer ( 1 H 500 MHz and 13 C 125 MHz), equipped with a TXI probe, using standard sequences. Data sets were processed using Bruker Topspin 4,2 software. Samples in acetonitrile-d3 were irradiated directly in the thermo-regulated NMR tube (5 mm), using a 1000W Xe-Hg HP filtered short-arc lamp (Oriel) equipped with a filter for UV irradiation (Schott KG1, 295 << 800 nm + 365 nm interferential filter). After irradiation had been stopped, the samples were transferred into the thermoregulated NMR probe.

Synthesis of ethyl 4-hydroxy-4-phenyl-4-(o-tolyl)but-2-ynoate 1

n-Butyllithium (6.87 mL, 2.5 M in hexane, 16. 

Scheme 4 .

 4 Scheme 4. Synthesis of ethyl 4-hydroxy-4,4-diarylbut-2-ynoate 1.

  C spectrum, with the signals at 212.8 ppm (allenic central carbon atom), 166.4/165.2 ppm (two carbonyls), 84.0 ppm (C-2), 61.6/61.4 ppm (two signals, OCH2), and 21.3/20.1 ppm (two signals, CH3).
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 137 Figure 1. 1 H NMR spectrum of naphthopyran 2a in CDCl3

Figure 2

 2 Figure 2. a) Successive UV-Vis spectra of naphthopyran 2a (2.0 × 10 -4M in CHCl3), before (black)

Figure 3 .

 3 Figure 3. UV (60 s) / Dark cycles for naphthopyran 2b (2.0 × 10 -4 M in CHCl3), measured at λmax (483 nm) (Ar1=Ph; Ar2=o-MePh).

Figure 4 .

 4 Figure 4. a) Successive UV-Vis spectra of naphthopyran 3 (2.0 × 10 -4M in CHCl3), before (black)

Figure 5 2 . 3 .

 523 Figure 5. a) Successive UV-Vis spectra of naphthopyran 4 (1.0 × 10 -4M in CHCl3), before (black)

Figure 6 .

 6 Figure 6. NMR spectrum of naphthopyran 2a, in CD3CN, before and after UV irradiation (365 nm),

BC2

  photoisomers AL and TT which return thermally to 2a through CTC. The CTC dye is formed through

  8 mmol) was added dropwise to a solution of ethyl propiolate (1.50 g, 15.3 mmol) in dry THF (25 mL) at -78°C and the cold mixture was maintained under constant stirring for 30 min. A mixture of 2-methylbenzophenone (3.06 g, 15.3 mmol) in dry THF (2 mL) was added dropwise to a solution, and the resulting mixture was stirred at room temperature for 20 hours. Water (25 mL) was added, and the aqueous phase was extracted with ethyl acetate (3×25 mL). The combined organic phases were dried using Na2SO4 and the solvent was removed under reduced pressure. The resulting oil was purified by column chromatography (4% AcOEt /petroleum ether) giving 1.22 g of 1 (yellow oil), 23% yield. FTIR: 3465 (OH), 3062, 2980, 2232 (CC), 1694 (C=O), 1448, 1367, 1239, 1161, 1001, 895, 752, 724, 696, 636.1 H NMR (400The UV/Vis absorption spectra of the naphthopyrans 2a-b, 3, 4, were measured using a temperature-controlled (20 º C) quartz cell (3.5 mL, 2.0 × 10 -4 or 1.0 × 10 -4 M in CHCl3) in a UV/Vis spectrometer (CARY 50 Varian). Then the quartz cell was exposed to a Transitions UV mini lamp (6 W, 60 s) and placed again in the spectrometer to record the UV/Vis absorption spectra of the open forms. In a second experiment, the absorbance at the photostationary equilibrium was measured at λmax and then the decrease in the absorbance in the dark vs. time was monitored.

Table 1 .

 1 Maximal wavelengths of the colored forms (max) and half-life time (t1/2) for naphthopyrans

	2a, 2b, 3 and 4 at 20 °C in CHCl3 solutions (2.0 × 10 -4	M)
	Naphthopyran	max (nm)	t1/2 (% TC)	t1/2 (% TT)
	2a	470	27 s (75%)	612 min (25%)
	2b	483	19 s (85%)	400 min (15%)
	3	478	19 s (82%)	311 min (18%)
	4	416, 490	42 s (82%)	203 min (18%)
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Appendix A. Supplementary data

Supplementary data to this article including 1 H and 13 C NMR spectra of all new compounds can be found online at