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ABSTRACT  

Manipulating the equilibrium between a ketone and an enol by exposure to light opens up 

ample opportunities in material chemistry and photopharmacology since it allows one to reversibly 

control the content of the enol tautomer, which acts as a hydrogen atom donor, with high spatio-tem-

poral and energy resolution. Although tautomerization of β-ketoesters or their analogs was studied in 

numerous papers, their light-induced reversible tautomerization to give thermally stable enols (pho-

toenolization) is an unexplored area. To shed light on this “blind spot”, we report an unprecedented 

property of diarylethene 2A assembled from fragments of photoactive dithienylethene and a β-ketoes-

ter as part of the cyclohexenone bridge. In a pristine state, the tautomeric equilibrium of 2 is almost 

completely shifted towards the ketone. Photocyclization of the hexatriene system results in a new 

equilibrium system containing a significant fraction of the enol tautomer, both in polar and non-polar 

solvents. Due to the considerable spectral separation (35 nm), the keto-enol tautomerization process 

could be observed visually. The tendency of 2A to undergo light-induced enolization was proved by 

isolating a related byproduct of photochemical 1,2-dyotropic rearrangement stabilized in the enolic 
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form. Our results provide a novel tool for controlling the keto-enol tautomerism that might find use 

in the development of novel photocontrollable processes. 

 

Communication 

Tautomerism, i.e., the existence of compound as a mixture of two or more structurally distinct 

tautomers that are in rapid equilibrium, is an important phenomenon for biochemistry,1 materials,2 and 

synthetic chemistry.3 The interconversion between a ketone and an enol is the most known and thor-

oughly studied example of tautomerism.4 The remote manipulation of this equilibrium to achieve a 

control over the content of a proton-donor enol tautomer is an intriguing task. A number of approaches 

were used to this end, including encapsulation,5 modulation of chemical environment6 and solvent 

polarity.7 However, an application of non-invasive external stimuli to shift a tautomeric equilibrium 

is a challenging task, and light is an appealing tool that provides high spatial, temporal, and energy 

resolution.8,9  

Photoswitchable tautomeric systems featuring relatively stable at room temperature ketone 

and enol forms could be designed using photochromic molecules as basis for switchability. The dia-

rylethenes (DAEs) is a well-established class of bistable compounds featuring thermally stable pho-

toinduced form,10 which renders those photochromes highly prospective candidates for manipulating 

the keto-enol equilibrium. For the first time, this approach was used by Uchida et al., who reported 

light-induced switching of keto-enol equllibrium using diarylethenes 1 (Scheme 1A).11 Thus, whereas 

the keto-enol equilibrium is fully shifted towards the thermodynamically stable enol (phenol) form, 

the photocyclization of the hexatriene motif shifted the equilibrium to the corresponding ketone form. 

Very recently, using derivatives of 1, Hecht et al. developed a photoswitchable catalytic system for in 

situ remote-controlled polymerization12 and also achieved the bidirectional manipulation of a dynamic 

covalent system by light.13 
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Scheme 1. Photochromic diarylethene-based approaches to control keto-enol equilibrium. 

 

Importantly, the enol form was a thermodynamic ground state in this case and light-induced 

enol-to-ketone transformation was realized. However, to the best of our knowledge, no examples of 

reverse light-induced ketone-to-enol transformation using thermally stable diarylethenes have been 

demonstrated thus far. Previous examples of so-called photoenolization14 of various types of com-

pounds feature a number of drawbacks, including low thermal stability of photoenol (few minutes),15 

air-sensitivity,16 and activity only in the solid state.17 On-demand generation of thermally stable H-

donor enol form at ambient conditions in solution is highly attractive, for instance, for remote-con-

trolled polymerization18 and switching acidity in many biological applications.19 

 Herein we report an unprecedented reversible shifting of keto-enol equilibrium towards a 

thermally stable enol form upon photocyclization of diarylethene 2A (Scheme 1B), which has been 

achieved in polar and non-polar solvents. Implementation of this approach allowed us to control a 

well-known keto-enol equilibrium of β-ketoesters (e.g., ethyl acetoacetate, Scheme 1B)20 by light ir-

radiation only. 
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Diarylethene 2A was synthesized by Robinson-type annulation of ketoester 3 and chalkone 

4 (Scheme 2A).21 The molecular structure of 2A has been confirmed by X-ray crystallography. Single 

crystal analysis reveals the presence of two conformers 2A' and 2A'' (Scheme 2). Both conformers 

adopt a distorted half-chair (sofa) geometry of the cyclohexenone bridge with anti-position of the 

pseudo-equatorial CO2Et and phenyl groups (for simplicity, we considered only 1S,2R- enantiomer). 

The thienyl moieties reveal antiparallel orientation, with the respective α-methyl groups pointing in 

different directions. The difference between the major conformer 2A' and the minor conformer 2A'' 

is due to differing helicity imposed by thienyl rings (M and P helicity, respectively). 

 

Scheme 2. Synthesis, molecular structure, and solid-state photochromism of diarylethene 2A. 

 

X-ray crystallography reveals the presence of a carbonyl group in the bridge, which is sup-

ported by NMR spectroscopy. 1H NMR spectrum of 2A reveals the multiplets of four cyclohexenone 

aliphatic protons in 2.88-4.05 ppm range (for details, see SI). The 13C NMR spectrum shows a peak 

of a carbonyl group at 193.2 ppm. Thus, we conclude that 2A exists exclusively in a ketone form. 

However, previous studies on tautomerism of 4,6-diarylsubstituted analogs of 2A (see model system 

on Scheme 1B) demonstrated their tendency to enolization.22 For this reason, we carried out additional 
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experiments. Solutions of 2A in various solvents were kept in the dark for a long time and were mon-

itored by NMR spectroscopy. Only negligible enolization of 2A was detected in acetonitrile (4% of 

enol in the equilibrium mixture), while the spectrum of 2A remained unchanged in toluene (see Sec-

tion IV.1 in SI). 

Diarylethene 2A demonstrates typical for this family of photochomes10 photophysical prop-

erties in MeCN solution and in the crystalline state (Figure 1, Scheme 2). The open-ring form 2A 

reveals an absorption maximum at 326 nm. Irradiation with UV light (λ = 365 nm) resulted in the 

emergence of a new band in the visible at 550 nm due to the photocyclization to the closed-ring form 

2B (Scheme 1). The photostationary state (PSS) conversion at λ = 365 nm is estimated at 65% (for 2B 

ε(550) = 5103 L·mol1cm1). Irradiation with visible light (green LED, λ = 520 nm) resulted in the 

disappearance of the new band and the restoration of the spectrum of open-ring form 2A (Figure S18). 

Reversible photocyclization can be repeated several times (Figure 1b).  

Unexpectedly, we found that the photoinduced form 2B has been slowly converted to an 

unknown compound upon storage in the dark in solution at room temperature. After one day, the 550 

nm band of 2B shifted hypsochromically to 515 nm. The new compound remains photochromic and 

its long-wave band disappears upon irradiation with visible light (Figure S19). 
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Figure 1. a) UV/Vis spectra 2A in CH3CN (c = 4.310-5 M): pristine (black), after irradiation with 

UV (λ = 365 nm) for 40 s (blue), and after subsequent storing in the dark at rt for 1 day (red). b) 

reversible switching by alternating irradiation with UV and green LED. c) Solution of 2A in CH3CN 

(c = 3.010-3 M) after irradiation with UV (left, PSS was not reached) and after subsequent storing 

for 3 days (right). d) Calculated spectra of 2B' and 2C' (see text for details).  

On contrary, the model compound 5 without a CO2Et group in the bridge did not show any 

thermal shift of the corresponding long-wavelength band of the photoinduced form. A plausible ex-

planation of the notable phenomenon observed for 2B is that keto-enol tautomerization of the β-ke-

toester motif occurs after successful photocyclization (reaction 2B' → 2C' in Scheme 3). To support 

this hypothesis, we calculated the electronic absorption spectra of 2B' and 2C'. We used the approach 
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recommended23 by Patel and Masunov for diarylethenes: M05-2X/6-31G(d)//TD-M05/6-31G(d) level 

of theory, including Polarizable Continuum Model. The calculated spectra (Figure 1d) are in good 

agreement with the experimental ones for the ketone tautomer (λexp = 550, λcalc = 547 nm) and the enol 

tautomer (λexp = 515 nm, λcalc = 507 nm). The considerable difference in the absorption maxima (35 

nm) of 2B' and 2C' allowed us to track the keto-enol tautomerization process visually (Figure 1c). In 

principle, such band separation is a key for selective addressing the electrocyclic ring-opening in ei-

ther one or the other compound in an equilibrium mixture.13,24 

 

Scheme 3. Light-induced keto-enol transformations of diarylethene 2. 
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Figure 2. 1H NMR spectra of 2A (300 MHz, CD3CN, 298 °C, c = 0.013 M): a) pristine sample, b) 

after UV irradiation (313 nm, 6W, 40 min), c)-d) after keeping in the dark, and e) after irradiation with 

green LED and keeping for 2 days in the dark. 

The results of UV-vis spectroscopy were supported by 1H NMR spectroscopy (Figure 2). 

Photocyclization of 2 upon UV irradiation (λ = 313 nm) in MeCN-d3 resulted in two diastereomeric 

products 2B' and 2B'' that slightly differed in the chemical shift of the characteristic proton H4 in the 

dihydrothiophene moieties (5.92 and 5.87 ppm, respectively, Scheme 3). The peaks of H3 atoms are 

shifted in downfield due to the magnetic anisotropy of the carbonyl group.25 In accordance with the 

Woodward–Hoffmann rule,26 photocyclization of 2A occurs in a conrotatory fashion and thus origi-

nates from the major  M- and minor P-helical antiparallel conformations (2A' and 2A'', respectively). 

It is a result of a free rotation of thienyl moieties with low barrier. The ratio between diastereomers 

2B' and 2B'' (67.7% and 32.3%, respectively) is generally consistent with the results of X-ray crys-

tallography of 2A (Scheme 2). In addition, photocyclization of model diarylethene 5 without an ester 

group resulted in two photoproducts with a similar ratio (section III in SI). 
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Keeping the NMR sample in the dark at rt resulted in the appearance of a new compounds 

with specific downfield peaks at 13.21 (major) and 13.08 ppm (minor). Evidently, these signals cor-

respond to enols 2C' and 2C'', respectively. For major enol 2C' the characteristic protons in the dihy-

drothiophene moieties H5 and H6 were assigned. We found that thermodynamic ketone-enol equilib-

rium in acetonitrile was reached after two days. Interestingly, the enol tautomer was formed primarily 

from the major photoproduct 2B' as confirmed by a gradual decrease of the corresponding signal at 

5.92 ppm. Thus we conclude that the major enol has structure 2C'.  

At the same time, a minor peak at 13.08 ppm is likely due to the minor 2C'' enol. The analysis 

of NMR spectra revealed that equilibrium conversion from ketone to enol is 68% (K = 2.12) and 20% 

(K = 0.25) for the major and minor diastereomer, respectively. The equilibrium in 2 is strongly affected 

by solvent polarity as observed for related systems.7,20c. In non-polar toluene solution, the equilibrium 

was reached after 3 weeks (Figure S9). The enolization of both diastereomers 2B' and 2B'' in toluene 

was more effective than in polar acetonitrile (78% (K = 3.45) and 52% (K = 1.08), respectively, see 

section IV.3 in SI). Different equilibrium parameters of the diastereomers 2B' and 2B'' could be ex-

plained by discriminate strain energies of the cyclohexenone ring. Related effects were described ear-

lier by Prelog et al27 and Kresge et al.28 Irradiation of equilibrium mixtures of 2B and 2C with visible 

light (green LED) resulted in the restoration of the 2A spectrum (Figure 2e, Figure S10). 

Prolonged irradiation of the open-ring 2 leads to the loss of photochromic properties due to 

the well known side process - formal 1,2-dyotropic rearrangement (Scheme 4).29 Although it seems to 

be a highly undesirable side reaction, we used it to prove the tendency of 2B towards enolization. 

Indeed, it was previously shown that the photoinduced closed-ring form and a by-product possess 

similar optical properties due to their similar electronic structures.29b Bulk photolysis of 1 allowed us 

to isolate annulated product 6 as a mixture of two diastereomers, similarly to 2C' and 2C'' (Scheme 

4). The structure of 6 was confirmed by 2D NMR spectroscopic techniques and mass-spectrometry. 

In particular, two pairs of characteristic tertiary carbons C4 and C5 were detected at 53.5/53.6 and 

65.2/65.7 ppm (Scheme 4, for details see section IX.2 in SI). Similarly to the closed-ring forms 2B, 

this compound shows an absorption maximum in the visible region at 482 nm in acetonitrile (Figure 

S17). 
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Scheme 4. Dyotropic rearrangement of 2A and fragment of 1H NMR spectrum of 6’/6’’ in tolu-

ene-d8. 

 

Species 6 exist exclusively as an enol tautomers in toluene, as confirmed by 1H NMR spec-

troscopy showing a prominent signal at 13.10 ppm of OH-group (Figure S11). However, keto-enol 

tautomerization was observed in acetonitrile, which yielded a new equilibrium mixture containing 

64% of enols (Figure S12). Apparently, the stabilization of enol tautomers (6 and 2C) results from the 

conjugation of the electron-withdrawing CO2Et group with the electron-donating 2,3-dihydrothio-

phene motif. In principle, conjugation of the ketone group with a system of double bonds frequently 

contributes to the stabilization of an enol tautomer.30  

NMR monitoring of prolonged irradiation (Figures S13-S15) revealed, that the formal 1,2-

dyotropic rearrangement is a prime fatigue process for DAE 2A. Note, that according to Herder et 

al.,29b this undesirable process could be suppressed by incorporation of 3,5-bis(trifluoromethyl)phenyl 

or 3,5-bis(pentafluorosulfanyl)-phenyl groups at the α-position of thiophenes in 2A. 

 

In conclusion, we present a new tool for the photocontrollable manipulation (photoenoliza-

tion) of the keto-enol equilibrium. A simple combination of a β-ketoester and a diarylethene frame-

work allowed us to control the tautomeric equilibrium in reversible manner in polar and non-polar 

solvents with light at ambient conditions. Variation of heterocyclic moieties (e.g., application of az-

oles21 instead of thiophene or incorporation of electron-withdrawing groups at the α-position of thio-

phenes29b) and ethene bridges (e.g. cyclopentenone31 instead of cyclohexenone) should provide deeper 

insight into the nature of this phenomenon and improve the performance of reported here photoin-

duced tautomerism. Ultimately, these future efforts should afford new efficient photochromic mole-

cules for manipulating various processes in materials chemistry and biology that utilize reversible 

switching between ketone and enol tautomers.  

 



 

 

11 

ACKNOWLEDGMENT  

The study was supported by Russian Science Foundation (RSF Grant 18-73-00290). AGL is grateful 

to Prof. Stefan Hecht for helpful discussion resulted in this work. 

REFERENCES 

1) (a) Naumov, P.; Kochunnoonny, M. Spectral−structural effects of the keto−enol−enolate and 

phenol−phenolate equilibria of oxyluciferin. J. Am. Chem. Soc. 2010, 132, 11566-11579. (b) 

Wang, W.; Hellinga, H. W.; Beese, L. S. Structural evidence for the rare tautomer hypothesis of 

spontaneous mutagenesis. Proc. Natl. Acad. Sci. 2011, 108, 17644-17648. (c) Benkovic, S. J.; 

Schray, K. J. Mechanisms of hydrolysis of phosphate ester derivatives of phosphoenolpyruvic 

acid, J. Am. Chem. Soc. 1971, 93, 2522-2529. (d) Bowman, E.; McQueney, M.; Barry, R. J.; 

Dunaway-Mariano, D. Catalysis and thermodynamics of the phosphoenolpyruvate / phospho-

nopyruvate rearrangement. Entry into the phosphonate class of naturally occurring organophos-

phorus compounds, J. Am. Chem. Soc. 1988, 110, 5575-5576. 

2) (a) Gurke, J.; Budzák, Š.; Schmidt, B. M.; Jacquemin, D.; Hecht, S. Efficient light-induced pKa-

modulation coupled to base-catalyzed photochromism, Angew. Chem. Int. Ed. 2018, 57, 4797-

4801. (b) Rauf, M. A.; Hisaindee, S.; Saleh, N. Spectroscopic studies of keto–enol tautomeric 

equilibrium of azo dyes. RSC Adv. 2015, 5, 18097-18110.  

3) (a) Rony, P. R. Polyfunctional Catalysis. III. Tautomeric Catalysis. J. Am. Chem. Soc. 1969, 91 

6090-6096. (b) Kanemitsu, H.; Uehara, K.; Fukuzumi, S.; Ogo, S. Isolation and crystal struc-

tures of both enol and keto tautomer intermediates in a hydration of an alkyne-carboxylic acid 

ester catalyzed by iridium complexes in water. J. Am. Chem. Soc. 2008, 130, 17141–17147. (c) 

De Vrieze, J. E.; Thybaut, J. W.; Saeys, M. Role of keto−enol tautomerization in the copper-

catalyzed hydrogenation of ketones, ACS Catal. 2019, 9, 3831−3839. (d) I. Felker, G. Pupo, P. 

Kraft, B. List, Design and enantioselective synthesis of cashmeran odorants by using “enol ca-

talysis”. Angew. Chem. Int. Ed. 2015, 54, 1960-1964. (e) Jiang, S.; Yan, T.-S.; Han, Y.-C.; Cui, 

L.-Q.; Xue, X.-S.; Zhang, C. Hypervalent-iodine-mediated formation of epoxides from car-

bon(sp2)−carbon(sp3) single bonds, J. Org. Chem. 2017, 82, 11691−11702. (f) Detalle, J.-F.; 

Riahi, A.; Steinmetz, V.; Hénin, F.; Muzart, J. Mechanistic insights into the palladium-induced 

domino reaction leading to ketones from benzyl β-ketoesters: first characterization of the enol 

as an intermediate. J. Org. Chem. 2004, 69, 6528-6532. (g) Attia, S.; Schmidt, M.-C.; Schrçder, 

C.; Pessier, P.; Schauermann, S. Surface-driven keto–enol tautomerization: atomistic insights 

into enol formation and stabilization mechanisms. Angew. Chem. Int. Ed. 2018, 57, 16659-

16664. 

4) Rappoport, Z., Ed. The chemistry of enols. 1990, John Wiley & Sons.  

5) Aliaga, M. E.; Garcia-Rio, L.; Numi, A.; Rodriguez, A.; Arancibia-Opazo, S.; Fierro, A.; Canete, 

A. Controlled keto–enol tautomerism of coumarin containing β-ketodithioester by its encapsu-

lation in cucurbit[7]uril. New J. Chem. 2017, 41, 15574-15580. 

6) Pocker, Y.; Spyridis, G. T. Modulation of Tautomeric Equilibria by Ionic Clusters. Acetylacetone 

in Solutions of Lithium Perchlorate-Diethyl Ether. J. Am. Chem. Soc. 2002, 124, 10373-10380. 

7) (a) Russell, P. B. The Effect of Solvent on the Keto-Enol Tautomerism of Some α-

Acylphenylacetonitriles. J. Am. Chem. Soc. 1952, 74, 2654-2656. (b) L. W. Reeves, Nuclear 

magnetic resonance measurements in solutions of acetylacetone: the effect of solvent interac-

tions on the tautomeric equilibrium. Can. J Chem. 1957, 36, 1351-1365.  



 

 

12 

8) For reviews, see: (a) Kathan, M.; Hecht, S. Photoswitchable molecules as key ingredients to 

drive systems away from the global thermodynamic minimum. Chem. Soc. Rev. 2017, 46, 5536-

5550. (b) Göstl, R.; Senf, A.; Hecht, S. Remote-controlling chemical reactions by light: Towards 

chemistry with high spatio-temporal resolution. Chem. Soc. Rev. 2014, 43, 1982-1996. 

9) (a) Herder, M.; Lehn, J.-M. The photodynamic covalent bond: sensitized alkoxyamines as a tool 

to shift reaction networks out-of-equilibrium using light energy. J. Am. Chem. Soc. 2018, 140, 

7647−7657. (b) Ota, E.; Wang, H.; Frye, N. L.; Knowles, R. R. A redox atrategy for light-driven, 

out-of-equilibrium isomerizations and application to catalytic C−C bond cleavage reactions. J. 

Am. Chem. Soc. 2019, 141, 1457−1462. (c) Fan, F.; Ji, S.; Sun, C.; Liu, C.; Yu, Y. Y. Fu, H. Xu, 

Wavelength‐controlled dynamic metathesis: a light‐driven exchange reaction between disulfide 

and diselenide bonds. Angew. Chem. Int. Ed. 2018, 57, 16426-16430. 

10) For recent reviews, see: (a) Irie, M., Fukaminato, T., Matsuda, K., Kobatake, S. Photochromism 

of diarylethene molecules and crystals: memories, switches, and actuators. Chem. Rev. 2014, 

114, 12174-12277. (b) Zhang, J.; Tian, H. The endeavor of diarylethenes: new structures, high 

performance, and bright future. Adv. Opt. Mat. 2018, 6, 1701278. (c) Lvov, A. G.; Khusniyarov, 

M. M.; Shirinian, V. Z. Azole-based diarylethenes as the next step towards advanced photo-

chromic materials. J. Photochem. Photobiol. C 2018, 36, 1-23. 

11) Yamaguchi, T.; Kamihashi, Y.; Ozeki, T.; Uyama, A.; Kitai, J.; Kasuno, M.; Sumaru, K.; Kimura, 

Y.; Yokojima, S.; Nakamura, S.; Morimoto, M.; Uchida, K. Photochromic reaction of dia-

rylethenes having phenol moiety as an aryl ring. Bull. Chem. Soc. Jpn. 2014, 87, 528-538. 

12) F. Eisenreich, M. Kathan, A. Dallmann, S. P. Ihrig, T. Schwaar, B. M. Schmidt , S. Hecht, A 

photoswitchable catalyst system for remote-controlled (co)polymerization in situ. Nat. Catal. 

2018, 1, 516-522. 

13) M. Kathan, F. Eisenreich, C. Jurissek, A. Dallmann, J. Gurke, S. Hecht, Light-driven molecular 

trap enables bidirectional manipulation of dynamic covalent systems. Nat. Chem. 2018, 10, 

1031-1036. 

14) (a) Sammes, P. G. Photoenolisation. Tetrahedron 1976, 32, 405-422. (b) P. Klán, J. Wirz, A. D. 

Gudmundsdottir, Photoenolization and Its Applications, in CRC Handbook of Organic Photo-

chemistry and Photobiology (Eds. A. Griesbeck, M. Oelgemöller, F. Ghetti), Third Edition, 

2012, p. 627. 

15) (a) Lokshina, V.; Larina, N. A.; Fedorova, O. A.; Metelitsa, A.; Khodorkovsky, V. Photochrom-

ism of 2-benzyl-3-benzoyl-4(1H)-quinolone derivatives. J. Photochem. Photobiolog. A 2009, 

201, 8-14. (b) Berthet, J.; Micheau, J.-C.; Lokshin, V.; Vales, M.; Vermeersch, G.; Delbaere, S. 

Org. Lett. 2008, 10, 3773-3776. 

16) (a) Lokshin, V.; Valès, M.; Samat, A.; Pèpe, G.; Metelitsa, A.; Khodorkovsky, V. Chem. Com-

mun. 2003, 2080–2081. (b) Berthet, J.; Micheau, J.-C.; Lokshin, V.; Vales, M.; Samat, A.; Ver-

meersch, G.; Delbaere, S. Photoreversible cyclisation of a 3-(2-benzylbenzoyl)-quinolinone: A 

highly efficient photochromic compound. J. Photochem. Photobiol. A 2007, 187, 269–274. 

17) (a) Moorthy, J. N.; Mal, P.; Natarajan, R.; Venugopalan, P. Org. Lett. 2001, 3, 1579-1582. (b) 

Mal, P.; Lourderaj, U.; Parveen; Venugopalan, P.; Moorthy, J. N.; Sathyamurthy, N. Conforma-

tional control and photoenolization of pyridine-3-carboxaldehydes in the solid state: stabiliza-

tion of photoenols via hydrogen bonding and electronic control. J. Org. Chem. 2003, 68, 3446-

3453. 

18) (a) Ihrig, S. P.; Eisenreich, F.; Hecht, S. Photoswitchable polymerization catalysis: State of the 

art, challenges, and perspectives, Chem. Commun. 2019, 55, 4290-4298. (b) Liu, D.; Sponza, A. 

D.; Yang, D.; Chiu, M. Modulating polymer dispersity with light: cationic polymerization of 



 

 

13 

vinyl ethers using photochromic initiators. Angew. Chem. Int. Ed. 2019, DOI: 

10.1002/anie.201908775. 

19) Kagel, H.; Frohme, M.; Glökler, J. Photoacids in biochemical applications. J. Cell. Biotechnol. 

2018, 4, 23–30.  

20) (a) Conant, J. B.; Thompson Jr., A. F. The free energy of enolization in the gaseous phase of 

substituted acetoacetic esters. J. Am. Chem. Soc. 1932, 54, 4039-4047. (b) Burdett, J. L.; Roger, 

M. T. Keto-enol tautomerism in β-dicarbonyls studied by nuclear magnetic resonance spectros-

copy. I. Proton chemical shifts and equilibrium constants of pure compounds. J. Am. Chem. Soc. 

1964, 86, 2105-2109. (c) Roger, M. T.; Burdett, J. L. Keto–enol tautomerism in β-dicarbonyls 

studied by nuclear magnetic resonance spectroscopy: II. Solvent effects on proton chemical 

shifts and on equilibrium constants. Can. J. Chem. 1965, 43, 1516-1526. (d) M. M. Fokendt, B. 

E. Weiss-Lopez, J. P. Chauvel, Jr., N. S. True, Gas-Phase 1H NMR Studies of Keto-Enol Tau-

tomerism of Acetylacetone, Methyl Acetoacetate, and Ethyl Acetoacetate. J. Phys. Chem. 1985, 

89, 3347-3352.  

21) Lvov, A. G.; Kavun, A. M.; Kachala, V. V.; Nelyubina, Y. V.; Metelitsa, A. V.; Shirinian, V. Z. 

Structural and spectral properties of photochromic diarylethenes: size effect of the ethene 

bridge. J. Org. Chem. 2017, 82, 1477−1486. 

22) (a) Orlov, V. D.; Surov, Yu. N.; Tishchenko, V. N.; Khandrimailova, T. V.; Lavrushin, V. F. IR 

Spectrophotometric study of keto-enol tautomerism of 1,5-diaryl-4-carboethoxy-1-cyclohexen-

3-ones. Ukr. Khim. Zh. (in Russ.) 1980, 46, 953-957. (b) Orlov, V. D.; Troyan, V. N.; Tarakhno, 

Z. N. Tautomerism of 1,5-diaryl-4-carbethoxy-1-cyclohexen-3-ones. Visn. Khark. Univ. (in 

Russ.) 1988, 319, 71-75. 

23) Patel, P. D.; Masunov, A. E. Theoretical study of photochromic compounds. I. Bond length al-

ternation and absorption spectra for the open and closed forms of 29 diarylethene derivatives. J. 

Phys. Chem. A 2009, 113, 8409–8414 and references therein. 

24) Göstl, R.; Hecht, S. Controlling covalent connection and disconnection with light, Angew. 

Chem. Int. Ed. 2014, 53, 8784–8787. 

25) Shirinian, V. Z.; Lvov, A. G.; Krayushkin, M. M.; Lubuzh, E. D.; Nabatov, B. V. Synthesis and 

comparative photoswitching studies of unsymmetrical 2,3-diarylcyclopent-2-en-1-ones. J. Org. 

Chem. 2014, 79, 3440-3451. 

26) Hoffmann, R.; Woodward, R. B. Conservation of orbital symmetry. Acc. Chem. Res. 1968, 1, 

17-22. 

27) Schwarzenbach, G.; Zimmerman, M.; Prelog, V. Zur Kenntnis des Kohlenstoffringes. 59. 

Mitteilung Über die Abhängigkeit des Keto‐Enol‐Gleichgewichts bei Cyclanon‐(2)‐
carbonsäure‐(1)‐estern von der Ringgrösse. Helv. Chim. Acta 1951, 34, 1954-1957. 

28) Keeffe, J. R.; Kresge, A. J.; Schepp, N. P. Keto-enol equilibrium constants of simple monofunc-

tional aldehydes and ketones in aqueous solution. J. Am. Chem. Soc. 1990, 112, 4862-4868. 

29) (a) Irie, M.; Lifka, T.; Uchida, K.; Kobatake, S.; Shindo, Y. Fatigue resistant properties of pho-

tochromic dithienylethenes: by-product formation. Chem. Commun. 1999, 747-750. (b) Herder, 

M.; Schmidt, B. M.; Grubert, L.; Pätzel, M.; Schwarz, J.; Hecht, S. Improving the fatigue re-

sistance of diarylethene switches. J. Am. Chem. Soc. 2015, 137, 2738-2747. (c) Herder, M.; 

Eisenreich, F.; Bonasera, A.; Grafl, A.; Grubert, L.; Patzel, M.; Schwarz, J.; Hecht, S. Light-

controlled reversible modulation of frontier molecular orbital energy levels in trifluoromethyl-

ated diarylethenes. Chem. Eur. J. 2017, 23, 3743-3754. 

30) (a) Lawrence, A. J.; Hutchings, M. G.; Kennedy, A. R.; McDouall, J. J. W. Benzodifurantrione: 

a stable phenylogous enol. J. Org. Chem. 2010, 75, 690-701. (b) Shirinian, V. Z.; Lvov, A. G.; 

Yadykov, A. V.; Yaminova, L. V.; Kachala, V. V.; Markosyan, A. I. Triaryl-substituted divinyl 



 

 

14 

ketones cyclization: Nazarov reaction versus Friedel-Crafts electrophilic substitution. Org. Lett. 

2016, 18, 6260-6263. (c) LoJa, D.; Belakovs, S.; Gavars, M.; Turovskis, I.; Kemme, A.; Syn-

thesis of Alkylidene Cyclopentenones. Enolization of 4-substituted Cyclopent-4-ene-l,3-diones. 

Tetrahedron 1998, 54, 1589-1600. 

31) Shirinian, V. Z.; Lvov, A. G.; Yanina, A. M.; Kachala, V. V.; Krayushkin, M. M. Synthesis of 

new photochromic diarylethenes of cyclopentenone series by Nazarov reaction. Chem. Hetero-

cycl. Compd. 2015, 51, 234-241. 


