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A New Type of Spirocyclic Photochromes Reacting with Light of both UV and Visible Ranges †

Condensation of bindone with cynnamic aldehydes produces cyclic isomers instead of the expected colored merocyanine dyes. These compounds exhibit unprecedented photochromic behavior: the formation of the colored open forms is observed upon irradiation by light of any wavelength between 254 and 642 nm.

During the past decades, merocyanine (MC) dyes 1 are the focus of numerous researches owing to the importance of this type of organic dyes in different fields of materials science, such as nonlinear optics, 2 solar cells, 3 thin-film transistors 4 and biological applications. 5 A special group of merocyanines is related to photochromism. Thus, such important classes of known spiroheterocyclic photochromes [START_REF]Organic Photochromic and Thermochromic Compounds[END_REF] as spiropyrans, spirooxazines, chromenes and others form merocyanines as a result of the UV light induced cleavage of the C-O, or more rarely C-C, bonds. 7,[START_REF] Brede | [END_REF] These merocyanines are usually less stable than the initial cyclic forms and undergo more or less rapid cyclization and the respective color loss. Depending on the structural factors, temperature or media, the equilibrium between the cyclic and merocyanine forms can be shifted toward the latter partially or completely. 9 The stable MC can be isolated and characterized. 10 Some of them can exhibit negative (reverse) photochromism, 11 that is the reversible cyclization upon irradiation by visible light. Recently, the important for the biomedical applications ability of photochromes to react with visible light was demonstrated on the example of substituted azobenzenes. 12 More than a decade ago, we found that the product of the reaction between bindone (1) and p-dimethylaminocinnamic aldehyde (2a) is not the expected colored merocyanine 4a, but its cyclic isomer 3a. [START_REF] Zinger | SPIE Proceedings[END_REF] In solution or polymer matrix, irradiation of 3a at 480 nm generates the colored open form 4a that reverts back to the cyclic form 3a in the dark. [START_REF] Zinger | SPIE Proceedings[END_REF] The formation of the cyclic isomers is the unprecedented phenomenon for 1,3-indandione derived merocyanines, which behave as typical donor -acceptor conjugated systems. [START_REF] Meshulam | [END_REF] Moreover, we find that the photochemical properties of this compound and its analogs strikingly differ from the behavior of the hitherto known photochromic compounds. Here, we report on the synthesis, photochromic behavior, and X-ray structures of a series of derivatives of type 3.

Derivatives 3 were prepared by condensation of bindone 1 with the commercially available p-substituted cinnamic aldehydes 2 in acetic anhydride or ethanol in 42 -90% yields as reddish (3a, b) or yellow-orange (3c) crystals. Scheme 1. Synthesis and photochromic conversions of derivatives 3.

The X-ray crystal structures ‡ were determined for derivatives 3a -3c (Fig. 1) and confirmed their cyclic forms. There [START_REF] Desiraju | The Weak Hydrogen Bond in Structural Chemistry and Biology[END_REF] . Each of the three carbonyl groups within 3a -3c participate in the formation of HBs, but although the C-H counterparts are specific for each derivative, the phthaloyl C-H atoms of the 1,3-indandione moieties (C16, C19 of 3a, C16 of 3b, C17, C45 of 3c) are always involved (Fig. 1). The presence of numerous C-H…O intermolecular HBs in the solid nonconjugated indan-1,3-dione derivatives giving rise to supramolecular aggregates is typical for these derivatives. 16 We also showed that the presence of intra-and intermolecular HBs of this type can explain anomalies in the NMR spectra of bindone 1 and its analogs and of a series of isobenzofuranones also in solution. 17 In solution, equilibrated in the dark for several hours, we detected the following isomer distribution for 3a, 4a and 4'a, respectively: 83, 10 and 7% in toluened8, 89, 8 and 3% in CD2Cl2, 96, 3 and 1% in CDCl3 and 98, 2, 0% in acetoned6. The presence of both E,Zand Z,Z-isomers in smaller quantities cannot be excluded, but their detection is limited by relatively low solubility of 3. Derivative c exists exclusively as cyclic isomer 3.
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Electronic absorption spectra of derivatives a -c in the visible range exhibit broad low intensity (e < 800 M -1 cm -1 ) bands corresponding to absorption of 3 overlapped with absorption of some amounts of 4 in the case of a and b (Fig. 2). Solutions of 3a -c are photochromic and sensitive even to ambient light. Initially, we assumed that the photochromic behaviour of 3 is analogous to that of the known spiroheterocyclic photochromes [START_REF]Organic Photochromic and Thermochromic Compounds[END_REF] . However, the expected acceleration of discoloration upon irradiation by green or red light did not occur and, moreover, led to the increase of the absorption of the photo-generated isomers. Thus, a rapid color change (Fig. 2) is observed upon irradiation of their solutions at any wavelength between 254 and 610 nm (3a), 254 and 642 nm (3b) and 254 and 532 nm (3c). The rate of discoloration of photo-induced isomers 4' and 4 strongly depends on the temperature and solvent polarity. Thus, at room temperature, the discoloration rate constant of 4a changes by two orders of magnitude (2.55x10 4 s -1 in cyclohexane vs. 744x10 4 s -1 in methylene chloride) (Fig 3a). Replacement of the dimethylamino group by the diethylamino group (4a vs 4b) brings about not only a considerable bathochromic shift (20 nm in toluene), but also increases the Please do not adjust margins Please do not adjust margins discoloration rate by another order of magnitude (Fig. 3b). In protic solvents coloration can be observed only under irradiation and the colored forms disappear within few seconds after the light source is off. Complete restoration of the 4c spectrum takes about 6 h (in methylene chloride) and several days (in toluene). The colored forms rapidly disappear at elevated temperatures: in toluene, for instance, discoloration of 4a is almost instantaneous at 90 -100°C.

The MC forms are not photosensitive. Thus, 4a cannot be generated by irradiation of 3a at 642 nm in n-octane, since 3a practically does not absorb at this wavelength. On the contrary, absorption of 4a is still considerable here. Discoloration of 4a, generated at 405 nm, under permanent irradiation at 642 nm, yielded the same discoloration rate constant as the dark measurements. The discoloration rate of 4c in methylene chloride was not affected by light at 642 nm as well. The photochemical inertness of the photo-induced isomers 4 is not unexpected, taking into account their behaviour as typical donor -acceptor conjugated systems with intramolecular charge transfer. Thus, strong positive solvatochromism of 4 (Fig. 4) confirms the presence of the efficient conjugation observed also with their nonphotochromic analogs [START_REF] Meshulam | [END_REF] . The longest wavelength absorption band of derivative 4a undergoes a 62 nm red shift in methylethyl ketone compared to the octane solution, confirming its nature as a charge transfer band. The electronic transitions of this kind are photochemically inert. For instance, the efficient conjugation between the electron donating and accepting moieties leads, in particular, to the loss of photochromism in fulgides. Repeating irradiation at 532 nm and thermal discoloration of 3a -c for 10 -15 times did not reveal any noticeable fatigue features.

Quantum mechanical calculations † on the cyclic derivative 3a and all four isomers of the MC form using B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) model chemistry showed that the most stable isomers are 4a (Z,E), by 10.4 kcal/mol and 4'a (E,E), by 7.0 kcal/mol (ZPE corrected) more stable than cyclic 3a. Z,Zand E,Z-isomers are the least stable, but still more stable than 3a by 4.7 and 3.3 kcal/mol, respectively. Calculations in methylene chloride increased the energy difference by about 1 kcal/mol in favor of the MC isomers. Using the B3LYP/6-311G+(2d,p) basis set gave essentially the same results.

TD DFT calculations at the same model chemistry predicted that the first electronic transition within derivatives 3 (581 nm, f = 0.009) is predominantly the HOMO -LUMO transition of the p,p*-type (Fig. 5). Upon excitation, charge transfer occurs from the electron donating aryl groups toward the neighboring electron accepting fluorenonyl and 1,3-indandionyl moieties. The low intensity longest wavelength absorption bands observed for derivatives 3 are thus through-space charge transfer bands in contrast to the MC-type isomers of 4 exhibiting intense through-bond charge transfer bands (549 nm, f = 0.7). The degree of charge transfer can be roughly evaluated by the change in the NBO charges of the C=O groups. Thus, excitation leads to the increase in the sum of negative charges on the C=O groups by 0.19 e -(3a) and by 0.04 e -for (4a).

The mechanism of the photochemical reaction is currently under investigation in our lab. Our preliminary results strongly suggest that the photochromic behavior of derivatives 3 may This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins stem from at least partial retaining of the HBs, observed in solid, also in solution. Derivatives 3a -c, as new photochromes, exhibit thus a number of unique features, such as sensitivity to both UV and visible light, the formation of the insensitive to light colored forms and a wide span of their thermal discoloration rates. The ability of these compounds to react with green and red light and strong dependence of the discoloration rates on the polarity of surroundings suggest their possible use for biomedical studies.
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 2 J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins are several short C-H...O intermolecular contacts in the range of 3.137 -3.802 Å (C...O distances), seven for 3a, five for 3b and 15 for 3c, † that correspond to the definition of the C-H...O hydrogen bond

Fig. 1 .

 1 Fig. 1. ORTEP representations of the molecular structures of 3a (a), 3b (b) and 3c (c) with thermal ellipsoids (50% probability) showing short C-H…O intermolecular contacts. The shortest intermolecular distances (Å), 3a: 3.137(12), O3…C28A,3.216(11), O2…C3A; 3b: 3.183(4), O2…C16A; 3c:3.1953(18), O7…C45A, 3.2107(18), O3…C17, 3.2263(19), O4…C32.
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 2 Fig. 2. a) Irradiation of 3a at 532 nm in n-octane; b) thermal discoloration of 4c in CH2Cl2 after irradiation at 532 nm.

Fig. 3 .

 3 Fig. 3. Discoloration kinetics at 25°C of a) 4a in different solvents (k x 10 4 s -1 ): 1cyclohexane (2.55), 2 -n-octane (3.33), 3 -toluene (10.8), 4 -THF (47), 5 -methylethyl ketone (258), 6 -CH2Cl2 (744); b) 4a and 4b (k x 10 4 s -1 ): 1 -4a in THF (47), 2 -4b in THF (130), 3 -4a in CH2Cl2 (744), 4 -4b in CH2Cl2 (4810).
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Fig. 4 .

 4 Fig. 4. Normalized absorption spectra of 4a in n-octane (black), toluene (blue), THF (green) and methylethyl ketone (red).

Fig. 5 .

 5 Fig. 5. HOMO and LUMO plots of 3a.
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