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3 Functionalization of Photochromic Dithienylmaleimides 

1.1 Introduction 

Photochromism has attracted great attention in materials science[1] and as a tool in 

molecular biology.[2] A variety of applications are found in molecular optoelectronics[3] 

and optical data storage.[4-6] In the field of life sciences, molecular switches have been 

used to control enzyme activity,[7-10] Watson-Crick base pairing,[11-13] the regulation of 

neuronal activity by photochromic ligands for ion channels and receptors,[14-20] antibiotic 

effects[21-22] and even the agility of a living organism[23] by light. This broad applicability is 

one of the reasons why photopharmacology has evolved into a vibrant field of research.[24] 

Various photochromic molecules, like azobenzenes,[25] spiropyrans[26], spirooxazines,[26] 

fulgides[27] and diarylethenes[28-29] have been developed. All these photoswitches can be 

reversible toggled between two isomers using light. The well investigated 

dithienylethenes (DTEs), including dithienylmaleimides, are characterized by a nearly 

quantitative photochemical conversion between the photoisomers, which are often 

thermally stable. Irradiation with light of a specific wavelength switches the DTEs between 

their open and closed photoisomer, which differ in conformational flexibility and 

electronic conjugation (Figure 1). Many DTEs show high fatigue resistance.[28]  

 
Figure 1. Reversible photochemical isomerization of a dithienylmaleimide between the open and closed 

photoisomer by irradiation with light of different wavelength. 

Despite their outstanding photophysical properties the synthesis of DTEs, in particular of 

non-symmetric derivatives, is laborious.[13, 30] Different synthetic routes for the 

preparation of dithienylmaleimides were established. Starting from 3,4-

dibromomaleimides and 3,4-diiodomaleimides, respectively, both thiophene moieties can 

be attached by palladium catalyzed Suzuki coupling.[31-33] However, only nitrogen 

protected maleimides can be used and the synthesis of non-symmetric compounds is 

challenging. Another route uses the reaction of a dithienylmaleic anhydride with amines 

to the corresponding maleimide.[34-36] The synthesis of diarylmaleimides by intramolecular 

Perkin condensation of two independently prepared precursors gives selective access to 
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non-symmetric diarylmaleimides.[10, 37-38] Compared to diarylperfluorocyclopentenes and 

diarylcyclopentenes, diarylmaleimides are more hydrophilic and better water soluble, 

which is valuable for applications in biology and pharmacy. The absorption maxima of 

diarylmaleimides are shifted to higher wavelengths and thus the photoisomerization can 

be induced by light with lower energy reducing potential cell damage.[28] Moreover, the 

biocompatibility of diarylmaleimides is known from bisindolylmaleimides, for instance 

arcyriarubins and arcyriaflavins with antibiotic activities, several other potent protein 

kinase and sirtuin inhibitors.[10, 39-43] However, a better synthetic access to functionalized 

photochromic dithienylmaleimides is desirable in order to extend their applications. 

Herein, we discuss the synthesis of functionalized dithienylmaleimides substituted on 

each thiophene moiety and the maleimide nitrogen atom. 

 

1.2 Results and Discussion 

1.2.1 Synthesis 

Functionalization of the maleimide nitrogen atom 

The transformation of diarylmaleic anhydrides into their corresponding diarylmaleimides 

provides an easy access to compounds with a functionalized maleimide nitrogen atom.[28] 

Complex functionalities or protecting groups can be introduced at the maleimide nitrogen 

by reaction with amines or hydrazines. We used the adapted synthetic approach of 

Scandola et al.[36] for the synthesis of anhydride 4 as precursor (Scheme 1). 

 
Scheme 1. Synthesis of dithienylmaleic anhydride 4. 
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Methyl ester 2 was converted to its potassium salt 3 and condensed in a Perkin reaction 

with carboxylic acid 1 yielding the photochromic maleic anhydride 4. The anhydride 

moiety allows the subsequent functionalization with hydrazines or amines (Scheme 2). 

 
Scheme 2. Synthesis of the functionalized photochromic dithienylmaleimides 6-9 starting from maleic 

anhydride 4. 

Therefore, maleic anhydride 4 was treated with a-Cbz protected L-glutamic acid g-

hydrazide[44] (5) and a-Cbz protected L-lysine to give amino acids 6 and 7 with a 

photochromic dithienylmaleimide on each sidechain. Photochromic tripeptides forming 

hydrogels with different aggregation modes mainly depending on the switch moiety were 

recently reported.[45] The reaction of hydrazine hydrate in acetic acid as solvent and 1,2-

dimethylhydrazine dihydrochloride, respectively, with maleic anhydride 4 afforded the 

maleimide nitrogen protected dithienylmaleimides 8 and 9 in good yields (Scheme 2). 

Remarkably, the formation of any maleic hydrazide or other tautomers was not observed. 

The protected maleimides 8 and 9 could be used for further functionalizations on the 

thiophene moieties by palladium-catalyzed cross coupling reactions or other reactions 

using the reactivity of the heteroaryl chlorides. 

 

Functionalization as photochromic amino acid 

Recently, DTE-based non-natural amino acids were synthesized and successfully 

introduced into small peptides.[46] However, their water-solubility is limited due to the 

diarylperfluorocyclopentene core and therefore, we developed a more polar 

dithienylmaleimide amino acid. Compounds 13a and 13b were prepared by a Perkin 
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condensation[10, 37-38] of the thiophene precursors 10 and 11 bearing a protected primary 

amino or carboxyl group, respectively (Scheme 3).  

 
Scheme 3. Perkin condensation of thiophenes 10 and 11 yielding dithienylmaleimide 12 and after 

deprotection 13a and 13b. 

The Alloc group was chosen as a suitable protection for the amine as it is stable during the 

synthesis of compound 12. Diester thiophene 11 provides in 4-position the carboxylic 

ester giving the maleimide core in the Perkin condensation. The ester in 2-position will 

serve as carboxylate of the amino acid. Both carboxylic acids were protected as methyl 

ester. Alloc group and methyl ester of 12 were cleaved simultaneously with boron 

tribromide giving amino acid 13a in 47% yield, accompanied by 20% of the Alloc amino 

acid 13b as byproduct. A selective non-hydrolytic deprotection of the methyl ester of 12 

is possible in low yield using lithium iodide in a polar aprotic solvent.[47-48] A large excess 

of lithium iodide and reflux were necessary to achieve conversion; several solvents were 

tested with best yields in acetone (see Supporting Information, Table S1). Standard basic 

hydrolytic conditions for the deprotection of the methyl ester afforded the deprotected 

maleic anhydride (see Supporting Information, Scheme S2). The synthesis of thiophene 10 

is depicted in Scheme 4. 
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Scheme 4. Synthesis of thiophene 10. 

Bromination[49] of 2-methyl thiophene (14) and subsequent Rosenmund-von Braun 

reaction[50] giving nitrile 16 were performed according to literature procedures. The 

reduction of nitrile 16 with lithium aluminum hydride followed by immediate protection 

with allyl chloroformate afforded carbamate 17 in good yield. Using Fmoc chloride instead 

led to the respective Fmoc derivative in lower yields and caused the formation of side 

products in the subsequent Friedel-Crafts acylation. The yield of glyoxylester 18 in the 

Friedel-Crafts acylation depends critically on the sequence of the reagent addition. Best 

results were obtained by mixing 17 and methyl chlorooxoacetate before adding aluminum 

chloride in small portions. Quenching the reaction with saturated sodium hydrogen 

carbonate solution avoids the addition of hydrochloric acid to the allyl double bond. 

Aminolysis with aqueous ammonia converted the glyoxylester 18 in high yield into 

compound 10. The overall yield for 10 after six steps is 22%. 

Thiophene 11 was prepared by esterification[51] of methyl thiophene acid 19 in the 

presence of thionyl chloride followed by Friedel-Crafts acylation and finally a thallium 

trinitrate (TTN) mediated oxidative rearrangement[52] (Scheme 5). All intermediates were 

isolated in good to excellent yields with an overall yield of 68% for three steps. Initial 

moderate yields for the Friedel-Crafts acylation of around 40% significantly increased to 

77% after rigorous removal of stabilizers from the solvent chloroform. 

 
Scheme 5. Synthesis of thiophene 11. 
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Functionalization by Suzuki coupling 

Dithienylmaleimides are conveniently synthesized by the Perkin-type condensation. The 

reaction of two precursors yields the maleimide core without the need for protection of 

the maleimide nitrogen. Scheme 6 shows the intermolecular Perkin condensation of the 

two chlorosubstituted precursors 22 and 23. 

 
Scheme 6. Perkin condensation of 22 and 23 yielding dithienylmaleimide 24. 

Both precursors can be differently functionalized by Suzuki coupling before used in the 

Perkin condensation yielding non-symmetric dithienylmaleimides. 

 
Scheme 7. Synthesis of functionalized precursors 25-27 and 32-34. 

Recently, we described the synthesis of symmetric diarylmaleimides, with thiophene 

moieties functionalized by palladium-catalysis prior to the condensation reaction.[10] 

Based on this strategy we prepared a small series of non-symmetric diarylmaleimides 

(Scheme 7). The Perkin condensation to the maleimide core was performed under basic 
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conditions combining the different thiophenes. Scheme 8 summarizes the synthesis of the 

non-symmetric photoswitches 35-37. 

 
Scheme 8. Synthesis of non-symmetric substituted dithienylethenes 35-37 by Perkin condensation. 

1.2.2 Photochromic Properties 

The dithienylmaleimide core structure can be toggled reversibly between a ring-open and 

ring-closed photoisomer (Figure 1). The photochemical properties of photochromic 

compounds 4, 6-9, 12, 13a, 13b, 24 and 35-37 were investigated by UV-Vis spectroscopy.  

 
Figure 2. Changes of the UV-Vis absorption spectra of dithienylmaleimide amino acid 12 (50 µM in MeOH) 

upon light irradiation with 312 nm; arrows indicate the changes of the absorption maxima over 42 s 

irradiation in periods of 6 s (Herolab, 6 W); the cuvettes show the color of the solution before and after 

irradiation. 
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Despite of reports that diarylmaleimides are not able to undergo photoisomerization in 

polar solvents due to a twisted intramolecular charge transfer (TICT),[53-55] we could 

observe reversible photoisomerization of the dithienylmaleimides 6-9, 12, 13a, 13b, 24 

and 35-37 in methanol or dimethyl sulfoxide, respectively. Figure 2 shows the changes of 

the UV-Vis spectra of compound 12 upon irradiation with light of 312 nm (Herolab, 6 W). 

Upon irradiating a methanol solution of the ring-open form of compound 12 with UV light 

(312 nm), the absorption band at 250 nm immediately decreases. Simultaneously, new 

absorption maxima at 232 nm, 378 nm and 550 nm arise (Figure 2) causing the color 

change of the sample from slightly yellow to purple. The isosbestic points indicate a clean 

conversion between two components. Compared to typical DTE-cyclopentenes the 

absorption maxima are red shifted. The photostationary state was reached after 42 s of 

irradiation (Herolab, 312 nm, 6 W) and the open form can be regained by irradiation with 

visible light (> 420 nm) for 5 min. The photoswitchable amino acid 12 is stable over at least 

seven closing/opening cycles (Figure 3). 

 
Figure 3. Cycle performance of the dithienylmaleimide amino acid 12 (50 µM in MeOH). Changes in 

absorption at 554 nm were measured during alternate irradiation with light of 312 nm (Herolab, 6 W) for 

60 s and 530 nm (CREE-XP green, 700 mA) for 5 min. 

The absorption maxima and their corresponding extinction coefficients for the open and 

closed form of all synthesized photochromic compounds are summarized in Table 1. 
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Table 1. UV-Vis spectroscopic data of the open and closed (PSS) form of the synthesized photochromic 

compounds.[a] 

Entry Comp. Solvent 
Conc. 
[µM]  

lmax open (e) lmax closed (e) 

1 4 MeOH 100 242 (26.0), 298 (9.5) 359 (16.0), 523 (3.7) 

2 6 DMSO 50 387 (4.6) 359 (17.4), 510 (3.2) 

3 7 DMSO 50 381 (5.0) 355 (20.8), 500(4.1) 

4 8 DMSO 50 386 (6.0) 359 (22.7), 508 (4.3) 

5 9 DMSO 50 380 (3.3) 351 (12.9), 498 (2.7) 

6 12 MeOH 50 250 (18.5) 
232 (16.2), 378 (13.6), 

550 (3.9) 

7 13a MeOH 50 252 (13.0) 
231 (11.3), 375 (10.0), 

537 (2.7) 

8 13b MeOH 50 250 (14.3) 
232 (12.6), 378 (10.3), 

549 (2.8) 

9 24 MeOH 50 240 (20.2), 370 (4.5) 
234 (20.6), 352 (13.8), 

497 (2.5) 

10 35 MeOH 100 264 (18.5), 292 (17.1) 369 (9.7), 543 (3.0) 

11 36 MeOH 100 
255 (28.8), 291[b] 

(14.3) 
369 (10.1), 540 (3.7) 

12 37 MeOH 100 262 (26.1), 297 (20.7) 391 (11.5), 586 (5.7) 
[a] UV-Vis spectroscopic data are reported for solutions at 25 °C and reported in nm (lmax) and 103 cm-1 M-1 

(e). The PSS were obtained by irradiation of solutions of the open isomer with light of 312 nm (Herolab, 

6 W). [b] Shoulder. 

Interestingly, the long wavelength absorption maximum of compound 13a is blue shifted 

to 537 nm compared to photoswitches 12 and 13b, which may indicate an interaction of 

the Alloc group with the dithienylmaleimide core. In contrast, the selective removal of the 

methyl ester has almost no influence on the photochromic properties. In comparison to 

bischloro dithienylmaleimide 24 the functionalized maleimides 35-37 show a 

bathochromic shift in their absorption maxima of the closed photoisomer. The enlarged 

p-system of the substituted thiophenes can explain this shift to higher wavelengths. 
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1.3 Conclusion 

In summary, we have prepared several photochromic dithienylmaleimides. Maleimide 

nitrogen atom functionalized derivatives were obtained by the reaction of dithienylmaleic 

anhydride with different hydrazines and amines. Using a Perkin-type condensation non-

symmetric dithienylmaleimides were synthesized including a photochromic amino acid 

and dithienylmaleimides with different aromatic substituents on each thiophene moiety. 

Reversible photoisomerization in dimethyl sulfoxide and methanol was observed for all 

synthesized photochromic compounds. 

 

1.4 Experimental 

1.4.1 General Information 

Commercial reagents and starting materials were purchased from Acros Organics, Alpha-

Aesar, Fluka, Sigma Aldrich or VWR and used without further purification. Solvents were 

used in p.a. quality and dried according to common procedures, if necessary. To purify the 

chloroform for Friedel-Crafts acylations, it was washed with sulfuric acid (1 M), dried over 

calcium chloride, filtered through silica, subsequently refluxed with phosphorous 

pentoxide (5-10 g Lҍ1) and distilled under nitrogen atmosphere. Compounds 1[10], 2[10], 

5[44], 15[49], 16[50], 20[51], 22[10], 25[10], 28[10], 29[10] and 32[10] were prepared according to 

previously reported procedures. Flash column chromatography was performed on a 

Biotage Isolera One automated flash purification system with UV/Vis detector using Sigma 

Aldrich MN silica gel 60 M (40-63 µm, 230-400 mesh) for normal phase or pre-packed 

Biotage SNAP cartridges (KP-C18-HS) for reversed phase chromatography. Reaction 

monitoring via TLC was performed on alumina plates coated with silica gel (Merck silica 

gel 60 F254, 0.2 mm). Melting points were determined using a Stanford Research Systems 

OptiMelt MPA 100. NMR spectra were recorded on Bruker Avance 300 (1H: 300 MHz, 

13C: 75 MHz), Bruker Avance 400 (1H: 400 MHz, 13C: 101 MHz) and Avance III 600 

(1H: 600 MHz, 13C: 151 MHz) instrument. The spectra are referenced against the NMR-

solvent, chemical shifts  are reported in ppm and coupling constants J are given in Hz. 

Resonance multiplicity is abbreviated as: s (singlet), d (doublet), t (triplet), m (multiplet) 

ŀƴŘ ō όōǊƻŀŘύΦ /ŀǊōƻƴ baw ǎƛƎƴŀƭǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ǿƛǘƘ όҌύ ŦƻǊ ǇǊƛƳŀǊȅκǘŜǊǘƛŀǊȅΣ όҍύ ŦƻǊ 
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secondary and (q) for quaternary carbons. The assignment resulted from DEPT, HSQC and 

HMBC experiments. Mass spectra were recorded on a Finnigan MAT95 (EI-MS), Agilent Q-

TOF 6540 UHD (ESI-MS, APCI-MS), Finnigan MAT SSQ 710 A (EI-MS, CI-MS) or 

ThermoQuest Finnigan TSQ 7000 (ES-MS, APCI-MS) spectrometer. UV/Vis absorption 

spectroscopy was performed using a Varian Cary BIO 50 UV/Vis/NIR spectrometer. IR-

spectra were recorded with a Specac Golden Gate Diamond Single Reflection ATR System 

in a Bio-Rad FT-IR-Spectrometer Excalibur FTS 3000 and peak positions are reported in 

wavenumbers (cm-1). Standard hand-held lamps were used for visualizing TLC plates and 

to carry out the ring-closure reactions at 312 nm (Herolab, 312 nm, 6 W). The ring-opening 

reactions were performed with the light of a 200 W tungsten light bulb which was passed 

through a 420 nm cut-off filter to eliminate higher energy light or the light of a green LED 

(CREE-XP green, 530 nm, 700 mA). The power of the light is given based on the 

specifications supplied by the company when the lamps were purchased. A light detector 

was not used to measure the intensity during the irradiation experiments. 

 

1.4.2 Synthesis and Characterization of Compounds 

3,4-Bis(5-chloro-2-methylthiophen-3-yl)furan-2,5-dione (4) 

To obtain the potassium salt 3, the ester 2 was dissolved in EtOH (2.5 mL/mmol) and KOH 

(1.0 eq) was added. After stirring overnight, the solvent was removed and the crude 

product 3 was used without further purification. A mixture of the acid 1 (984 mg, 

5.16 mmol), the potassium salt 3 (1.25 g, 5.16 mmol) and acetic anhydride (15 mL) was 

heated to 120 °C for 5 h. The reaction was cooled to room temperature and quenched by 

adding water (20 mL). The aqueous phase was extracted with EtOAc (3 x 15 mL). The 

combined organic phases were dried over MgSO4, filtered and the solvent was removed 

under reduced pressure. The crude product was purified by automated flash column 

chromatography (PE/CH2Cl2: 30-60% CH2Cl2) to yield the maleic anhydride 4 (1.07 g, 58%) 

as gray solid; Rf: 0.45 (PE/CH2Cl2: 1/1); m.p.: 205 °C; 1H-NMR (300 MHz, DMSO-d6): d = 

1.94 (s, 6H, thiophene-CH3), 7.03 (s, 2H, thiophene-H); 13C-NMR (75 MHz, DMSO-d6): d = 

14.1 (+), 125.2 (q), 125.3 (q), 127.2 (+), 134.5 (q), 141.4 (q), 164.5 (q); IR (neat) nmax: 3108, 

2922, 1843, 1766, 1629, 1539, 1460, 1252, 1047, 1177, 990, 919; HR-MS (ESI): calcd. for 

C14H9Cl2O3S2 (M+H)+ 358.9365; found 358.9362. 
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N2-((Benzyloxy)carbonyl)-N5-(3,4-bis(5-chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl)-L-glutamine (6) 

Maleic anhydride 4 (40 mg, 0.11 mmol) was added to a solution of acid hydrazide 5 

(30 mg, 0.10 mmol) in THF (1 mL) in a crimp top vial. After heating to 85 °C for 16 h the 

reaction was quenched with 1 M aqueous HCl solution (1 mL) and water (1 mL). The 

aqueous phase was extracted with EtOAc (3 x 5 mL). The combined organic phases were 

dried over MgSO4 and the solvent was removed under reduced pressure. Purification by 

automated reversed phase flash column chromatography (MeCN/H2O with 0.05% TFA: 

10-95% MeCN) yielded compound 6 (40 mg, 63%) as orange solid; Rf: 0.01 (EtOAc); m.p.: 

103 °C; 1H-NMR (300 MHz, DMSO-d6): d = 1.74 ς 1.88 (m, 1H, CO-(CH2)2-CH), 1.92 (s, 6H, 

thiophene-CH3), 2.00-2.10 (m, 1H, CO-(CH2)2-CH), 2.38-2.48 (m, 2H, CO-(CH2)2-CH), 4.03 

(dt, J = 9.0, 4.8 Hz, 1H, CH2-CH-NH), 5.05 (s, 2H, O-CH2-Ph), 7.03 (s, 2H, thiophene-H), 7.31-

7.40 (m, 5H, Ph-H), 7.68 (d, J = 8.0 Hz, 1H, CH-NH-CO), 10.63 (s, 1H, N-NH-CO), 12.70 (bs, 

1H, COOH); 13C-NMR (75 MHz, DMSO-d6): d Ґ мпΦн όҌύΣ нсΦм όҍύΣ нфΦм όҍύΣ роΦм όҌύΣ срΦп όҍύΣ 

125.0 (q), 125.8 (q), 127.6 (+), 127.6 (+), 127.7 (+), 128.3 (+), 131.2 (q), 136.8 (q), 140.6 

(q), 156.1 (q), 166.9 (q), 170.8 (q), 173.4 (q); IR (neat) nmax: 3250, 2924, 1789, 1727, 1522, 

1462, 1434, 1215, 1175, 990; HR-MS (ESI): calcd. for C27H24Cl2N3O7S2 (M+H)+ 636.0427; 

found 636.0428. 

 

(S)-2-(((Benzyloxy)carbonyl)amino)-6-(3,4-bis(5-chloro-2-methylthiophen-3-yl)-2,5-

dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoic acid (7) 

Triethylamine (131 µL, 0.95 mmol) was added to a suspension of maleic anhydride 4 

(97 mg, 0.27 mmol) and Cbz-Lys-OH (83 mg, 0.30 mmol) in THF (5 mL) in a crimp top vial. 

After heating to 85 °C for 16 h the reaction was quenched with 1 M aqueous HCl solution 

(3 mL) and water (3 mL). The aqueous phase was extracted with EtOAc (3 x 15 mL). The 

combined organic phases were dried over MgSO4 and the solvent was removed under 

reduced pressure. Purification by automated reversed phase flash column 

chromatography (MeCN/H2O with 0.05% TFA: 50-100% MeCN) yielded compound 7 

(138 mg, 82%) as orange solid; Rf: 0.09 (PE/EtOAc: 1/1); m.p.: 88 °C; 1H-NMR (400 MHz, 

DMSO-d6): d = 1.29-1.43 (m, 2H, CH2-(CH2)3-CH), 1.51-1.65 (m, 3H, CH2-(CH2)3-CH), 1.67-

1.79 (m, 1H, CH2-(CH2)3-CH), 1.91 (s, 6H, thiophene-CH3), 3.49 (t, J = 7.1 Hz, 2H, N-CH2-
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(CH2)3), 3.93 (dt, J = 7.9, 4.6 Hz, 1H, NH-CH-CH2), 5.02 (s, 2H, O-CH2-Ph), 7.00 (s, 2H, 

thiophene-H), 7.28-7.37 (m, 5H, Ph-H), 7.57 (d, J = 8.0 Hz, 1H, CO-NH-CH), 12.55 (s, 1H, 

COOH); 13C-NMR (101 MHz, DMSO-d6): d = 14.1 όҌύΣ ннΦу όҍύΣ нтΦп όҍύΣ олΦн όҍύΣ отΦт όҍύΣ 

роΦр όҌύΣ срΦо όҍύΣ мнпΦс όǉύΣ мнсΦп όǉύΣ мнтΦс όҌύΣ мнтΦт όҌύΣ мнтΦт όҌύΣ мнуΦн όҌύΣ монΦо όǉύΣ 

136.9 (q), 139.8 (q), 169.6 (q), 173.8 (q); IR (neat) nmax: 3351, 3095, 2932, 2870, 1698, 

1526, 1438, 1404, 1211, 989; HR-MS (ESI): calcd. for C28H27Cl2N2O6S2 (M+H)+ 621.0682; 

found 621.0684. 

 

N-(3,4-Bis(5-chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)acetamide (8) 

Hydrazine hydrate (39 µL, 0.81 mmol) was added to a solution of maleic anhydride 4 

(97 mg, 0.27 mmol) in acetic acid (3.5 mL). The reaction mixture was heated to 100 °C for 

20 h and then water (10 mL) was added. The aqueous phase was extracted with EtOAc 

(3 x 10 mL). The combined organic phases were dried over MgSO4 and the solvent was 

evaporated in vacuo. Purification by automated phase flash column chromatography 

(PE/EtOAc: 15-50% EtOAc) yielded compound 8 (81 mg, 72%) as orange solid; Rf: 0.23 

(PE/EtOAc: 2/1); m.p.: 131 °C; 1H-NMR (400 MHz, DMSO-d6): d = 1.96 (s, 6H, 

thiophene-CH3), 2.04 (s, 3H, CO-CH3), 7.01 (s, 2H, thiophene-H), 10.58 (s, 1H, NH); 13C-

NMR (101 MHz, DMSO-d6): d = 14.2 (+), 20.0 (+), 125.0 (q), 125.8 (q), 127.6 (+), 131.3 (q), 

140.6 (q), 166.9 (q), 168.5(q); IR (neat) nmax: 3328, 3088, 2924, 2359, 1717, 1702, 1510, 

1429, 1255, 1193, 988; HR-MS (ESI): calcd. for C16H13Cl2N2O3S2 (M+H)+ 414.9739; found 

414.9741. 

 

3,4-Bis(5-chloro-2-methylthiophen-3-yl)-1-methyl-1H-pyrrole-2,5-dione (9) 

Maleic anhydride 4 (54 mg, 0.15 mmol) and 1,2-dimethylhydrazine dihydrochloride 

(60 mg, 0.45 mmol) were heated to 160 °C for 12 h in PEG400 (2 mL) in a crimp top vial. 

Then water (15 mL) was added and the aqueous phase was extracted with EtOAc 

(3 x 15 mL). The combined organic phases were washed with brine (50 mL), dried over 

MgSO4 and the solvent was removed under reduced pressure. Purification by automated 

phase flash column chromatography (PE/EtOAc: 3-10% EtOAc) yielded compound 9 

(48 mg, 86%) as orange foam; Rf: 0.32 (PE/EtOAc: 19/1); 1H-NMR (300 MHz, CDCl3): d = 
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1.93 (s, 6H, thiophene-CH3), 3.13 (s, 3H, N-CH3), 6.89 (s, 2H, thiophene-H); 13C-NMR 

(75 MHz, CDCl3): d = 14.9 (+), 24.4 (+), 126.0 (q), 127.2 (+), 127.2 (q), 132.7 (q), 140.2 (q), 

170.2 (q); IR (neat) nmax: 3098, 2924, 2851, 1765, 1697, 1435, 1386, 1250, 1174, 980; HR-

MS (ESI): calcd. for C15H12Cl2NO2S2 (M+H)+ 373.9649; found 373.9652. 

 

Allyl ((4-(2-amino-2-oxoacetyl)-5-methylthiophen-2-yl)methyl) carbamate (10) 

To a solution of oxoacetate 18 (282 mg, 0.95 mmol) in THF (5 mL) was added a NH4OH 

solution (32% in H2O) (1.18 mL, 9.50 mmol) at 0 °C. The reaction was stirred for 90 min at 

room temperature and then quenched with water (5 mL). The aqueous phase was 

extracted with EtOAc (3 x 10 mL). The combined organic phases were dried over MgSO4 

and the solvent was removed under reduced pressure. Compound 10 (253 mg, 94%) was 

obtained as yellow solid and used without further purification; Rf: 0.21 (PE/EtOAc: 1/1); 

m.p.: 108 °C; 1H-NMR (400 MHz, CDCl3): d = 2.70 (s, 3H, thiophene-CH3), 4.44 (d, J = 6.1 Hz, 

2H, thiophene-CH2NH), 4.59 (d, J = 5.1 Hz, 2H, CH2=CHCH2O), 5.21 (dd, J = 10.4, 0.5 Hz, 1H, 

CH2=CHCH2), 5.24-5.43 (m, 2H, CH2=CHCH2 and NH), 5.90 (ddt, J = 16.2, 10.7, 5.5 Hz, 1H, 

CH2=CHCH2), 6.05 (bs, 1H, NH2), 7.06 (bs, 1H, NH2), 7.86 (s, 1H, thiophene-H); 13C-NMR 

(101 MHz, CDCl3): d Ґ мсΦт όҌύΣ офΦу όҍύΣ срΦф όҍύΣ ммтΦф όҍύΣ мнфΦл όҌύΣ молΦу όǉύΣ монΦт όҌύΣ 

137.0 (q), 155.7 (q), 156.1 (q), 164.4 (q), 182.1 (q); IR (neat) nmax: 3402, 3301, 3167, 2962, 

1750, 1686, 1649, 1535, 1460, 1254, 1047, 796; HR-MS (ESI): calcd. for C12H18N3O4S 

(M+NH4)+ 300.1013; found 300.1012. 

 

Methyl 4-(2-methoxy-2-oxoethyl)-5-methylthiophene-2-carboxylate (11) 

Thallium trinitrate (850 mg, 1.91 mmol) and 70% HClO4 (0.30 mL) were added to a 

suspension of 21 (316 mg, 1.59 mmol) in MeOH (3 mL) at room temperature. After stirring 

for 24 h the mixture was concentrated under vacuum and diluted with water (5 mL). The 

aqueous phase was extracted with EtOAc (3 x 5 mL) and the combined organic layers were 

dried over MgSO4. The solvent was evaporated and purification of the crude product by 

automated flash column chromatography (PE/EtOAc: 3-15% EtOAc) yielded compound 11 

(331 mg, 91%) as colorless oil; Rf: 0.34 (PE/EtOAc: 5/1); 1H-NMR (300 MHz, CDCl3): d = 2.43 

(s, 3H, thiophene-CH3), 3.54 (s, 2H, thiophene-CH2C(O)OCH3), 3.70 (s, 3H, thiophene-

CH2C(O)OCH3), 3.85 (s, 3H, C(O)OCH3), 7.61 (s, 1H, thiophene-H); 13C-NMR (75 MHz, 
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CDCl3): d Ґ моΦу όҌύΣ ооΦу όҍύΣ рнΦл όҌύΣ рнΦм όҌύΣ мнфΦл όǉύΣ молΦт όǉύΣ морΦс όҌύΣ мппΦл όǉύΣ 

162.6 (q), 170.9 (q); IR (neat) nmax: 2997, 2953, 2845, 1736, 1704, 1535, 1457, 1392, 1331, 

1291, 1250, 1194, 1132, 1063, 1006, 927, 874, 785, 751; HR-MS (APCI): calcd. for 

C10H12O4S (M+H)+ 229.0529; found 229.0531. 

 

Methyl 4-(4-(5-((((allyloxy)carbonyl)amino)methyl)-2-methyl-thiophen-3-yl)-2,5-dioxo-

2,5-dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylate (12) 

KOtBu (1 M in THF, 0.88 mL, 0.88 mmol) was added to a solution of glyoxylamide 10 

(206 mg, 0.73 mmol) in dry THF (5 mL) at 0 °C under nitrogen atmosphere. After stirring 

for 90 min at 0 °C, diester 11 (200 mg, 0.88 mmol) in THF (2 mL) was added at 0 °C and 

stirred for 3 d at room temperature. Then the reaction was quenched with 1 M aqueous 

HCl solution (3 mL) and diluted with EtOAc (10 mL). The organic phase was washed with 

water (2 x 10 mL), brine (10 mL) and dried over MgSO4. The solvent was removed under 

reduced pressure and purification of the crude product by automated flash column 

chromatography (PE/EtOAc: 25-50% EtOAc) yielded 12 (148 mg, 44%) as yellow foam; Rf: 

0.20 (PE/EtOAc: 2/1); 1H-NMR (400 MHz, CDCl3): d = 1.90 (s, 3H, thiophene-CH3); 1.98 (s, 

3H, thiophene-CH3), 3.87 (s, 1H, OCH3), 4.45 (d, J = 6.0 Hz, 2H, thiophene-CH2NH), 4.60 (d, 

J = 4.9 Hz, 2H, CH2=CHCH2O), 5.13-5.27 (m, 2H, CH2=CHCH2 and CH2NHCO), 5.31 (dd, 

J = 17.2, 1.2 Hz, 1H, CH2=CHCH2), 5.92 (ddt, J = 16.2, 10.8, 5.5 Hz, 1H, CH2=CHCH2), 6.90 (s, 

1H, thiophene-H), 7.74 (s, 1H, thiophene-H), 8.30 (bs, 1H, CONHCO); 13C-NMR (101 MHz, 

CDCl3): d = 15.0 (+), 15.3 (+), 39.ф όҍύΣ рнΦо όҌύΣ срΦф όҍύΣ ммтΦф όҍύΣ мнрΦу όǉύΣ мнсΦт όҌύΣ 

127.5 (q), 130.9 (q), 132.7 (+), 134.8 (q), 134.9 (+), 139.4 (q), 142.1 (q), 148.6 (q), 156.0 

(q), 162.1 (q), 170.0 (q), 170.2 (q); IR (neat) nmax: 3289, 3070, 2952, 1703, 1540, 1458, 

1339, 1248, 994, 909, 727; HR-MS (ESI): calcd. for C21H21N2O6S2 (M+H)+ 461.0838; found 

461.0836. 
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4-(4-(5-(Aminomethyl)-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-

5-methylthiophene-2-carboxylic acid (13a) 

and 4-(4-(5-((((Allyloxy)carbonyl)amino)methyl)-2-methylthiophen-3-yl)-2,5-dioxo-2,5-

dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylic acid (13b) 

A solution of BBr3 (1 M in CH2Cl2) (2.0 mL, 2.00 mmol) was added to a solution of 

compound 12 (92 mg, 0.20 mmol) in dry CH2Cl2 (6 mL) in a crimp top vial. The mixture was 

heated to 40 °C for 5 h. Then water (4 mL) was added via syringe and the suspension was 

stirred at 40 °C for additional 30 min. After cooling to room temperature the solvent was 

removed at the rotary evaporator. Purification by automated reversed phase flash column 

chromatography (MeCN/H2O with 0.05% TFA: 3-100% MeCN) yielded compound 13a 

(34 mg, 47%) as yellow solid and compound 13b (18 mg, 20%) as another yellow solid. 

Analytical data of 13a: Rf: 0.02 (PE/EtOAc: 1/1); m.p.: 173 °C; 1H-NMR (600 MHz, MeOD): 

d = 2.00 (s, 3H, thiophene-CH3), 2.08 (s, 3H, thiophene-CH3), 4.27 (s, 2H, thiophene-

CH2NH), 7.18 (s, 1H, thiophene-H), 7.64 (s, 1H, thiophene-H); 13C-NMR (151 MHz, MeOD): 

d Ґ мпΦт όҌύΣ мрΦо όҌύΣ оуΦр όҍύΣ мнуΦр όǉύΣ мнфΦо όǉύΣ монΦн όҌύΣ монΦу όǉύΣ мооΦм όǉύΣ морΦл όǉύΣ 

135.7 (q), 136.3 (+), 144.6 (q), 149.7 (q), 164.6 (q), 172.4 (q), 172.6 (q); IR (neat) nmax: 3008, 

2924, 1766, 1712, 1681, 1545, 1463, 1344, 1188, 1137, 1001, 839, 799, 756, 723; HR-MS 

(ESI): calcd. for C16H15N2O4S2 (M+H)+ 363.0469; found 363.0468. 

Analytical data of 13b: Rf: 0.04 (PE/EtOAc: 1/1); m.p.: 94 °C; 1H-NMR (300 MHz, CD3CN): 

d = 1.93 (s, 3H, thiophene-CH3), 1.97 (s, 3H, thiophene-CH3), 4.33 (d, J = 6.3 Hz, 2H, 

thiophene-CH2NH), 4.52 (d, J = 5.3 Hz, 2H, CH2=CHCH2O), 5.18 (dd, J = 10.5, 1.4 Hz, 1H, 

CH2=CHCH2), 5.27 (dd, J = 17.3, 1.6 Hz, 1H, CH2=CHCH2), 5.74-6.05 (m, 1H, CH2=CHCH2), 

6.14 (bs, 1H, CH2NHCO), 6.79 (s, 1H, thiophene-H), 7.60 (s, 1H, thiophene-H), 8.80 (bs, 1H, 

COOH); 13C-NMR (75 MHz, CD3CN): d Ґ мпΦт όҌύΣ мрΦм όҌύΣ плΦл όҍύΣ срΦф όҍύΣ ммтΦп όҍύΣ 

127.2 (q), 127.4 (+), 129.0 (q), 131.3 (q), 134.0 (q), 134.3 (+), 136.0 (+), 136.1 (q), 141.1 

(q), 141.7 (q), 149.5 (q), 157.0 (q), 162.8 (q), 171.5 (q); IR (neat) nmax: 2926, 1981, 1769, 

1709, 1544, 1459, 1344, 1246, 1185, 1150, 1049, 991, 849, 762; HR-MS (ESI): calcd. for 

C20H18N2O6S2 (M+H)+ 447.0679; found 447.0676. 

Alternative procedure to obtain 13b: Compound 12 (40 mg, 0.09 mmol) was dissolved in 

acetone (10 mL) and LiI (350 mg, 2.60 mmol) was added. The mixture was heated to 
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100 °C overnight. After cooling to room temperature it was quenched with 1 M aqueous 

HCl solution (5 mL) and diluted with CH2Cl2 (5 mL). The phases were separated and the 

aqueous phase was extracted with CH2Cl2 (3 x 5 mL). The combined organic phases were 

dried over Na2SO4 and the solvent was removed at the rotary evaporator. Automated 

reversed phase flash column chromatography (MeCN/H2O with 0.05% TFA: 3-100% 

MeCN) yielded compound 13b (14 mg, 35%) as yellow solid. 

 

Allyl ((5-methylthiophen-2-yl)methyl)carbamate (17) 

LAH (2.78 g, 73.2 mmol) was added in portions to a solution of nitrile 16 (3.01 g, 

24.4 mmol) in dry Et2O (250 mL) at 0 °C under nitrogen atmosphere. After stirring for 4 h 

at room temperature the reaction was quenched with water (80 mL) and saturated 

aqueous NaHCO3 solution (50 mL) at 0 °C. The suspension was filtered and the aqueous 

phase was extracted with Et2O (3 x 80 mL). The combined organic phases were dried over 

MgSO4 and concentrated in vacuo. Then the residue was dissolved in dry THF (100 mL) 

and pyridine (2.47 mL, 30.50 mmol) was added at 0 °C. Within 1 h allyl chloroformate 

(4.02 mL, 37.82 mmol) in dry THF (5 mL) was dropped to the solution via a syringe pump 

at 0 °C. After stirring for 14 h at room temperature the reaction was quenched cautiously 

with water (50 mL) and extracted with EtOAc (3 x 30 mL). The combined organic phases 

were dried over MgSO4 and the solvent was removed under reduced pressure. 

Purification of the crude product by automated flash column chromatography (PE/EtOAc: 

8-15% EtOAc) yielded 17 (3.40 g, 66%) as yellow oil; Rf: 0.20 (PE/EtOAc: 9/1); 1H-NMR 

(400 MHz, CDCl3): d = 2.44 (s, 3H, thiophene-CH3), 4.44 (d, J = 5.7 Hz, 2H, 

thiophene-CH2NH), 4.59 (d, J = 5.3 Hz, 2H, CH2=CHCH2O), 5.05 (bs, 1H, NH), 5.21 (dd, 

J = 10.4, 0.3 Hz, 1H, CH2=CHCH2), 5.30 (dd, J = 17.1, 1.2 Hz, 1H, CH2=CHCH2), 5.92 (ddt, 

J = 16.4, 10.8, 5.7 Hz, 1H, CH2=CHCH2), 6.57 (dd, J = 3.1, 1.0 Hz, 1H, 4-thiophene-H), 6.74 

(d, J = 3.1 Hz, 1H, 3-thiophene-H); 13C-NMR (101 MHz, CDCl3): d Ґ мрΦп όҌύΣ плΦм όҍύΣ срΦс 

όҍύΣ ммтΦу όҍύΣ мнпΦу (+), 125.7 (+), 132.8 (+), 138.8 (q), 139.9 (q), 155.9 (q); IR (neat) nmax: 

3335, 3073, 2922, 1695, 1514, 1426, 1236, 982, 799; HR-MS (ESI): calcd. for C10H14NO2S 

(M+H)+ 212.0740; found 212.0740. 
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Methyl 2-(5-((((allyloxy)carbonyl)amino)methyl)-2-methylthiophen-3-yl)-2-oxoacetate 

(18) 

Carbamate 17 (169 mg, 0.80 mmol) and methyl chlorooxoacetate (81 µL, 0.88 mmol) 

were dissolved in dry CH2Cl2 (6 mL) under nitrogen atmosphere. Then AlCl3 (427 mg, 

3.20 mmol) was added in portions at 0 °C and the suspension was stirred for 20 h at room 

temperature. The reaction was quenched with saturated aqueous NaHCO3 solution (1 mL) 

at 0 °C and diluted with water (5 mL). The aqueous phase was extracted with CH2Cl2 

(3 x 5 mL), the combined organic layers were washed with brine (10 mL) and dried over 

MgSO4. After evaporation of the solvent the crude product was purified by automated 

flash column chromatography (PE/EtOAc: 15-40% EtOAc) to obtain 18 (117 mg, 49%) as 

brown oil; Rf: 0.22 (PE/EtOAc: 3/1); 1H-NMR (400 MHz, CDCl3): d = 2.70 (s, 3H, thiophene-

CH3) 3.91 (s, 3H, OCH3), 4.42 (d, J = 6.1 Hz, 2H, thiophene-CH2NH), 4.58 (d, J = 5.3 Hz, 2H, 

CH2=CHCH2O), 5.16-5.34 (m, 3H, CH2=CHCH2 and NH), 5.90 (ddt, J = 16.3, 10.8, 5.6 Hz, 1H, 

CH2=CHCH2), 7.32 (s, 1H, thiophene-H); 13C-NMR (101 MHz, CDCl3): d = мсΦо όҌύΣ офΦт όҍύΣ 

рнΦу όҌύΣ срΦф όҍύΣ ммуΦл όҍύΣ мнтΦр όҌύΣ момΦл όǉύΣ монΦс όҌύΣ моуΦл (q), 154.8 (q), 156.1 (q), 

164.0 (q), 180.0 (q); IR (neat) nmax: 3395, 2954, 1726, 1670, 1517, 1434, 1242, 1200, 1112, 

984, 757; HR-MS (ESI): calcd. for C13H16NO5S (M+H)+ 298.0744; found 298.0744. 

 

Methyl 4-acetyl-5-methylthiophene-2-carboxylate (21) 

Thiophene 20 (800 mg, 5.12 mmol) and acetyl chloride (550 µL, 7.68 mmol) were 

dissolved in purified anhydrous CHCl3 (10 mL) under nitrogen atmosphere. After cooling 

to 0 °C AlCl3 (2.05 g, 15.4 mmol) was added in small portions. The yellow suspension was 

heated to 45 °C overnight upon turning bright red, then the reaction was quenched with 

ice/water and the aqueous phase was extracted with EtOAc (3 x 10 mL). The combined 

organic phases were washed with a saturated aqueous solution of NaHCO3 (10 mL) and 

brine (10 mL). The organic phase was dried over MgSO4 and the solvent was evaporated. 

The crude product was purified by automated flash column chromatography (PE/EtOAc: 

5-25% EtOAc) and compound 21 (781 mg, 77%) was obtained as colorless solid; Rf: 0.41 

(PE/EtOAc: 3/1); m.p.: 84 °C; 1H-NMR (300 MHz, CDCl3): d = 2.52 (s, 3H, thiophene-CH3), 

2.76 (s, 3H, acetyl-CH3), 3.88 (s, 3H, OCH3), 8.03 (s, 1H, thiophene-H); 13C-NMR (75 MHz, 

CDCl3): d = 16.8 (+), 29.6 (+), 52.3 (+),128.5 (q), 135.0 (+), 136.3 (q), 155.8 (q), 162.0 (q), 
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193.7 (q); IR (neat) nmax: 3007, 2957, 1717, 1678, 1539, 1457, 1439, 1254, 1233, 1074, 

1021, 745; HR-MS (APCI): calcd. for C9H10O3S (M+H)+ 199.0423; found 199.0424. 

 

General procedure A: Suzuki coupling: 

To a suspension of Pd2(dba)3 (5 mol%), XPhos (10 mol%), the appropriate boronic acid 

(1.5 eq.) and K3PO4 (1.5 eq.) in 1,4-dioxane (0.5 M) the appropriate ester (1.0 eq.) was 

added. The resulting mixture was heated to 100 °C and stirred overnight. After cooling to 

room temperature the reaction mixture was diluted with EtOAc and the organic phase 

was washed two times with water. The organic phase was dried over MgSO4, filtered and 

the solvent was removed under reduced pressure. 

 

General procedure B: Aminolysis 

An NH4OH solution (25% in H2O) (10.0 eq.) was added to a solution of the appropriate 

oxoacetate (1.0 eq.) in THF (0.3 M) at 0 °C. The reaction was stirred for 1 h at room 

temperature and then quenched with water. The aqueous phase was extracted with 

EtOAc. The combined organic phases were dried over MgSO4, filtered and the solvent was 

removed under reduced pressure. 

 

General procedure C: Perkin condensation 

KOtBu (1 M in THF) (1.2 eq.) was added to a solution of the appropriate amide (1.0 eq.) in 

THF (0.2 M) at 0 °C. After 90 min stirring at 0 °C the appropriate ester (1.0 eq.) was added 

at 0 °C and stirred overnight at room temperature. The reaction was quenched with 1 M 

HCl and diluted with EtOAc. The organic phase was washed three times with water and 

brine. The organic phase was dried over MgSO4, filtered and the solvent was removed 

under reduced pressure. 

 

2-(5-Chloro-2-methylthiophen-3-yl)-2-oxoacetamide (23) 

Compound 23 was prepared from 28 (800 mg, 3.66 mmol) according to general procedure 

B. The amide 23 (640 mg, 85%) was obtained as light yellow solid and used without further 

purification. m.p.: 183 °C; 1H-NMR (300 MHz, DMSO-d6): d = 2.64 (s, 3H, thiophene-CH3), 

7.49 (s, 1H, thiophene-H), 7.94 (bs, 1H, NH), 8.25 (bs, 1H, NH); 13C-NMR (75 MHz, DMSO-

d6): d = 15.2 (+), 123.9 (q), 128.4 (+), 131.4 (q), 150.9 (q), 166.1 (q), 184.2 (q); IR (neat) 
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nmax: 3446, 3252, 1996, 1670, 1618, 1296, 1221, 1153; HR-MS (ESI): calcd. for 

C7H10ClN2O2S (M+NH4)+ 221.0146; found 221.0144. 

 

3,4-Bis(5-chloro-2-methylthiophen-3-yl)-1H-pyrrole-2,5-dione (24) 

Compound 24 was prepared from amide 23 (600 mg, 2.95 mmol) and ester 22 (720 mg, 

3.54 mmol) according to general procedure C. Purification by automated flash column 

chromatography (heptane/EtOAc: 5/1) yielded 24 (660 mg, 63%) as orange solid. Rf: 0.18 

(heptane/EtOAc: 5/1); m.p.: 237 °C. 1H-NMR (400 MHz, DMSO-d6): d = 1.87 (s, 6H, 

thiophene-CH3), 6.97 (s, 2H, thiophene-H), 11.25 (bs, 1H, NH); 13C-NMR (101 MHz, DMSO-

d6): d = 14.6 (+), 125.0 (q), 127.0 (q), 128.4 (+), 133.6 (q), 140.0 (q), 171.4 (q); IR (neat) 

nmax: 3381, 2939, 2818, 1653, 1437, 1002; HR-MS (ESI): calcd. for C14H10Cl2NO2S2 (M+H)+ 

357.9525; found 357.9523. 

 

Methyl 2-(5-(4-(tert-butyl)phenyl)-2-methylthiophen-3-yl)acetate (26) 

Compound 26 was prepared from 22 (200 mg, 0.98 mmol) according to general procedure 

A. Purification by automated flash column chromatography (PE/EtOAc: 0-25% EtOAc) 

yielded 26 (163 mg, 55%) as yellow liquid. Rf: 0.63 (PE/EtOAc: 5/1); 1H-NMR (300 MHz, 

CDCl3): d = 1.33 (s, 9H, tBu), 2.41 (s, 3H, thiophene-CH3), 3.55 (s, 2H, thiophene-

CH2C(O)OCH3), 3.71 (s, 3H, thiophene-CH2C(O)OCH3), 7.08 (s, 1H, thiophene-H), 7.32-7.40 

(m, 2H, Ph), 7.43-7.52 (m, 2H, Ph); 13C-NMR (75 MHz, CDCl3): d ҐмоΦо όҌύΣ омΦо όҌύ опΦм όҍύΣ 

34.6 (q), 52.1 (+), 124.7 (+), 125.2 (+), 125.7 (+), 130.1 (q), 131.6 (q), 134.8 (q), 140.1 (q), 

150.2 (q), 171.6 (q); IR (neat) nmax: 2961, 1736, 1609, 1520, 1435, 1364, 1239, 1018, 825; 

HR-MS (ESI): calcd. for C18H23O2S (M+H)+ 303.1413; found 303.1418. 

 

Methyl 2-(5-([1,1'-biphenyl]-3-yl)-2-methylthiophen-3-yl)acetate (27) 

Compound 27 was prepared from 22 (500 mg, 2.44 mmol) according to general procedure 

A. Purification by automated flash column chromatography (PE/EtOAc: 0-15% EtOAc) 

yielded 27 (569 mg, 72%) as yellow liquid. Rf: 0.50 (PE/EtOAc: 5/1); 1H-NMR (300 MHz, 

CDCl3): d = 2.44 (s, 3H, thiophene-CH3), 3.58 (s, 2H, thiophene-CH2C(O)OCH3), 3.72 (s, 3H, 

thiophene-CH2C(O)OCH3), 7.19 (s, 1H, thiophene-H), 7.37-7.45 (m, 3H, Ph), 7.46-7.54 (m, 

3H, Ph), 7.59-7.66 (m, 2H, Ph), 7.74-7.76 (m, 1H, Ph); 13C-NMR (75 MHz, CDCl3): d =2.44 (s, 
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3H, thiophene-CH3), 3.58 (s, 2H, thiophene-CH2C(O)OCH3), 3.72 (s, 3H, thiophene-

CH2C(O)OCH3), 7.19 (s, 1H, thiophene-H), 7.37-7.42 (m, 1H, Ph), 7.43-7.47 (m, 3H, Ph), 

7.48-7.54 (m, 2H, Ph), 7.60-7.65 (m, 2H, Ph), 7.74-7.76 (m, 1H, Ph); 13C-NMR (75 MHz, 

CDCl3): d = моΦо όҌύΣ опΦм όҍύΣ рнΦм όҌύΣ мнпΦо όҌύΣ мнпΦп (+), 125.3 (+), 126.0 (+), 127.2 (+), 

127.5 (+), 128.8 (+), 129.2 (+), 130.3 (q), 134.8 (q), 135.5 (q), 139.9 (q), 140.9 (q), 141.9 

(q), 171.5 (q); IR (neat) nmax: 1707, 1597, 1449, 1262, 1174, 755, 696; HR-MS (EI): calcd. 

for C20H18O2S (M+¶) 322.1028; found 322.1032. 

 

Methyl 2-(5-(4-(tert-butyl)phenyl)-2-methylthiophen-3-yl)-2-oxoacetate (30) 

Compound 30 was prepared from 28 (500 mg, 2.29 mmol) according to general procedure 

A. Purification by automated flash column chromatography (PE/EtOAc: 0-15% EtOAc) 

yielded 30 (350 mg, 48%) as dark yellow liquid. Rf: 0.67 (PE/EtOAc: 5/1); 1H-NMR 

(300 MHz, CDCl3): d = 1.34 (s, 9H, tBu), 2.78 (s, 3H, thiophene-CH3), 3.96 (s, 3H, thiophene-

CH2C(O)OCH3), 7.39-7.44 (m, 2H, Ph), 7.46-7.51 (m, 2H, Ph), 7.63 (s, 1H, thiophene-H); 13C-

NMR (75 MHz, CDCl3): d =16.3 (+), 31.3 (+) 34.7 (q), 52.8 (+), 124.2 (+), 125.6 (+), 126.0 (+), 

130.3 (q), 132.2 (q), 140.5 (q), 151.3 (q), 153.5 (q), 164.1 (q), 180.2 (q); IR (neat) nmax: 2961, 

2866, 1732, 1676, 1456, 1191, 1127, 993, 753; HR-MS (EI): calcd. for C18H20O3S (M+¶) 

316.1133; found 316.1139. 

 

Methyl 2-(5-([1,1'-biphenyl]-3-yl)-2-methylthiophen-3-yl)-2-oxoacetate (31) 

Compound 31 was prepared from 28 (500 mg, 2.29 mmol) according to general procedure 

A. Purification by automated flash column chromatography (PE/EtOAc: 0-15% EtOAc) 

yielded 31 (537 mg, 70%) as yellow oil. Rf: 0.40 (PE/EtOAc: 5/1); 1H-NMR (300 MHz, CDCl3): 

d = 2.81 (s, 3H, thiophene-CH3), 3.98 (s, 3H, thiophene-CH2C(O)OCH3), 7.36-7.43 (m, 1H, 

Ph), 7.45-7.49 (m, 2H, Ph), 7.50-7.57 (m, 3H, Ph), 7.60-7.65 (m, 2H, 4-H, Ph), 7.73-7.76 (m, 

2H, Ph, thiophene-H); 13C-NMR (75 MHz, CDCl3): d = 16.4 (+), 52.9 (+), 124.6 (+), 124.7 (+), 

124.8 (+), 126.9 (+), 127.2 (+), 127.7 (+), 128.9 (+), 129.5 (+), 132.3 (q), 133.5 (q), 140.2 (q), 

140.6 (q), 142.2 (q), 154.0 (q), 164.0 (q), 180.1 (q); IR (neat) nmax: 3028, 1724, 1668, 1598, 

1464, 1197, 1132, 1000, 748, 695; HR-MS (ESI): calcd. for C20H15O2S (M+H+ύ ҍ όI2O) 

319.0787; found 319.0787. 
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2-(5-(4-(tert-Butyl)phenyl)-2-methylthiophen-3-yl)-2-oxoacetamide (33) 

Compound 33 was prepared from 30 (312 mg, 0.99 mmol) according to general procedure 

B. The amide 33 (250 mg, 84%) was obtained as light yellow solid and used without further 

purification. m.p.: 202 °C; 1H-NMR (300 MHz, DMSO-d6): d = 1.29 (s, 9H, tBu), 2.71 (s, 3H, 

thiophene-CH3), 7.36-7.48 (m, 2H, Ph), 7.51-7.59 (m, 2H, Ph), 7.74 (s, 1H, thiophene-H), 

7.91 (s, 1H, NH), 8.26 (s, 1H, NH); 13C-NMR (75 MHz, DMSO-d6): d = 15.4 (+), 30.9 (+), 34.3 

(q), 124.4 (+), 125.0 (+), 126.0 (+), 129.7 (q), 133.0 (q), 138.9 (q), 150.5 (q), 150.6 (q), 167.0 

(q), 185.5 (q); IR (neat) nmax: 3395, 2955, 1712, 1651, 1454, 1191, 575; HR-MS (ESI): calcd. 

for C17H20NO2S (M+H+) 303.1240; found 303.1240. 

 

2-(5-([1,1'-Biphenyl]-3-yl)-2-methylthiophen-3-yl)-2-oxoacetamide (34) 

Compound 34 was prepared from 31 (250 mg, 0.74 mmol) according to general procedure 

B. The amide 34 (224 mg, 94%) was obtained as light yellow solid and used without further 

purification. m.p.: 151 °C; 1H-NMR (300 MHz, DMSO-d6): d = 2.73 (s, 3H, thiophene-CH3), 

7.39-7.44 (m, 1H, Ph), 7.47-7.56 (m, 3H, Ph), 7.58-7.66 (m, 2H, Ph), 7.71-7.75 (m, 2H, Ph), 

7.83-7.85 (m, 1H, NH), 7.93 (bs, 2H, Ph, thiophene-H), 8.28 (bs, 1H, NH); 13C-NMR (75 MHz, 

DMSO-d6): d = 15.4 (+), 123.4 (+), 124.4 (+), 125.5 (+), 126.4 (+), 126.8 (+), 127.7 (+), 128.9 

(+), 129.9 (+), 133.1 (q), 133.2 (q), 138.7 (q), 139.5 (q), 141.1 (q), 151.1 (q), 166.9 (q), 185.6 

(q); IR (neat) nmax: 3393, 3302, 3184, 1721, 1652, 1597, 1456, 1352, 1196, 747, 689, 608; 

HR-MS (ESI): calcd. for C19H16NO2S (M+H+) 322.0896; found 322.0893. 

 

3-(5-(4-(tert-Butyl)phenyl)-2-methylthiophen-3-yl)-4-(5-chloro-2-methylthiophen-3-yl)-

1H-pyrrole-2,5-dione (35) 

Compound 35 was prepared from amide 23 (100 mg, 0.49 mmol) and ester 26 (178 mg, 

0.59 mmol) according to general procedure C. Purification by automated flash column 

chromatography (PE/EtOAc: 0-25% EtOAc) yielded 35 (62 mg, 28%) as dark green solid. Rf: 

0.47 (PE/EtOAc: 5/1); m.p.: 145 °C; 1H-NMR (300 MHz, DMSO-d6): d = 1.28 (s, 9H, tBu), 

1.88 (s, 3H, thiophene-CH3), 1.99 (s, 3H, thiophene-CH3), 7.02 (s, 1H, thiophene-H), 7.28 

(s, 1H, thiophene-H), 7.40-7.49 (m, 4H, Ph), 11.27 (s, 1H, NH); 13C-NMR (75 MHz, DMSO-

d6): d = 14.0 (+), 14.2 (+), 30.9 (+), 34.2 (q), 124.0 (+), 124.3 (q), 124.7 (+), 125.9 (+), 126.7 

(q), 127.8 (q), 127.9 (+), 130.2 (q), 132.7 (q), 134.1 (q), 139.3 (q), 139.5 (q), 139.8 (q), 150.3 
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(q), 171.0 (q), 171.1 (q); IR (neat) nmax: 3055, 2961, 1707, 1459, 1338, 1181, 1018, 987, 

825; HR-MS (ESI): calcd. for C24H26ClN2O2S2 (M+NH4)+ 473.1119; found 473.1116. 

 

3-(5-([1,1'-Biphenyl]-3-yl)-2-methylthiophen-3-yl)-4-(5-chloro-2-methylthiophen-3-yl)-

1H-pyrrole-2,5-dione (36) 

Compound 36 was prepared from amide 23 (100 mg, 0.49 mmol) and ester 27 (160 mg, 

0.49 mmol) according to general procedure C. Purification by automated flash column 

chromatography (PE/EtOAc: 0-25% EtOAc) yielded 36 (63 mg, 27%) as dark red solid. Rf: 

0.16 (PE/EtOAc: 5/1); m.p.: 137 °C; 1H-NMR (300 MHz, DMSO-d6): d = 1.91 (s, 3H, 

thiophene-CH3), 2.01 (s, 3H, thiophene-CH3), 7.03 (s, 1H, thiophene-H), 7.37-7.44 (m, 1H, 

Ph), 7.46-7.56 (m, 5H, thiophene-H, Ph), 7.58-7.63 (m, 1H, Ph), 7.69-7.75 (m, 2H, Ph), 7.77-

7.79 (m, 1H, Ph), 11.30 (s, 1H, NH); 13C-NMR (75 MHz, DMSO-d6): d = 14.1 (+), 14.2 (+), 

123.2 (+), 124.1 (+), 124.3 (q), 125.1 (+), 126.1 (+), 126.6 (q), 126.7 (+), 127.7 (+), 127.9 (+), 

128.0 (q), 128.9 (+), 129.8 (+), 132.8 (q), 133.6 (q), 134.0 (q), 139.4 (q), 139.5 (q), 139.6 

(q), 140.2 (q), 141.1 (q), 171.0 (q), 171.1 (q); IR (neat) nmax: 2736, 1705, 1338, 1022, 1006, 

756, 700; HR-MS (ESI): calcd. for C26H22ClN2O2S2 (M+NH4)+ 493.0806; found 493.0804. 

 

3-(5-([1,1'-Biphenyl]-3-yl)-2-methylthiophen-3-yl)-4-(5-(4-(tert-butyl)phenyl)-2-

methylthiophen-3-yl)-1H-pyrrole-2,5-dione (37) 

Compound 37 was prepared from amide 33 (260 mg, 0.86 mmol) and ester 27 (277 mg, 

0.86 mmol) according to general procedure C. Purification by automated flash column 

chromatography (PE/EtOAc: 0-15% EtOAc) yielded 37 (155 mg, 33%) as purple solid. Rf: 

0.13 (PE/EtOAc: 5/1); m.p.: 145 °C; 1H-NMR (300 MHz, DMSO-d6): d = 1.27 (s, 9H, tBu), 

2.02 (s, 6H, thiophene-CH3, thiophene-CH3), 7.31 (s, 1H, thiophene-H), 7.38-7.43 (m, 3H, 

Ph), 7.44-7.50 (m, 5H, thiophene-H, Ph), 7.50-7.52 (m, 1H, Ph), 7.54-7.56 (m, 1H, Ph), 7.58-

7.61 (m, 1H, Ph), 7.68-7.71 (m, 2H, Ph), 7.76-7.78 (m, 1H, Ph), 11.27 (s, 1H, NH); 13C-NMR 

(75 MHz, DMSO-d6): d = 14.3 (+), 31.0 (+), 34.3 (q), 123.2 (+), 124.1 (+), 124.2 (+), 124.8 

(+), 125.4 (+), 126.0 (+), 126.1 (+), 126.8 (+), 127.7 (+), 128.2 (q), 128.3 (q), 128.9 (+), 129.9 

(+), 130.3 (q), 133.7 (q), 133.9 (q), 134.0 (q), 139.4 (q), 139.5 (q), 139.6 (q), 139.8 (q), 140.1 

(q), 141.1 (q), 150.3 (q), 171.6 (q), 171.7 (q); IR (neat) nmax: 2921, 2851, 1707, 1334, 831, 

756; HR-MS (ESI): calcd. for C36H32NO2S2 (M+H)+ 576.1879; found 576.1875. 
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1.5 Supporting Information 

Non-hydrolytic methyl ester deprotection of 12 

Table S1. Non-hydrolytic methyl ester deprotection of 12. 

Entry LiI [eq.] Solvent T [°C] Isolated yield[a] 

1 3.0 EtOAc RT -- 

2 3.0 EtOAc reflux -- 

3 30 EtOAc reflux 26% 

4 3.0 acetone reflux -- 

5 30 acetone reflux 35% 

6 30 MeCN reflux -- 

7 30 DMSO 100 °C -- 
[a] If conversion was too low, the product 13b was not isolated. 

 

Synthesis of compounds 11S, 12S, 13S and 21S 

 
Scheme S1. Perkin condensation of 10 and 11S yielding dithienylmaleimide 12 and 12S. 

 
Scheme S2. Hydrolytic ester cleavage yielding maleic anhydride 13S. 

 
Scheme S3. Synthesis of ethyl ester 11S. 
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Ethyl 4-(2-methoxy-2-oxoethyl)-5-methylthiophene-2-carboxylate (11S) 

Thallium trinitrate (2.20 g, 4.94 mmol) and 70% HClO4 (2 mL) were added to a suspension 

of 21S (875 mg, 4.12 mmol) in MeOH (10 mL) at RT. After stirring for 24 h the mixture was 

concentrated under reduced pressure and diluted with water (10 mL). The aqueous phase 

was extracted with CHCl3 (3 x 15 mL) and the combined organic layers were dried over 

MgSO4. The solvent was evaporated and purification of the crude product by automated 

flash column chromatography (PE/EtOAc: 3-15% EtOAc) yielded compound 11S (816 mg, 

82%) as yellowish oil. Rf: 0.23 (PE/EtOAc: 9/1); 1H-NMR (400 MHz, CDCl3): d = 1.35 (t, 

J = 7.1 IȊΣ оIΣ hҍ/I2ҍCH3), 2.42 (s, 3H, thiophene-CH3ύΣ оΦрп όǎΣ нIΣ /ҍ/H2ҍCO), 3.70 (s, 

оIΣ /hҍhҍ/H3), 4.31 (q, J = 7.1 IȊΣ нIΣ hҍ/H2ҍCH3), 7.60 (s, 1H, thiophene-H); 13C-NMR 

(101 MHz, CDCl3): d Ґ моΦу όҌύΣ мпΦп όҌύΣ ооΦу όҍύΣ рнΦн όҌύΣ смΦл όҍύΣ мнфΦс όǉύΣ молΦс όǉύΣ 

135.4 (+), 143.8 (q), 162.2 (q), 171.0 (q); IR (neat) nmax: 3081, 2987, 2922, 1730, 1705, 

1460, 1254, 1201, 1172, 1061; HR-MS (ESI): calcd. for C11H14NaO4S (M+Na)+ 265.0505; 

found 265.0502. 

 

Methyl/Ethyl 4-(4-(5-((((allyloxy)carbonyl)amino)methyl)-2-methyl-thiophen-3-yl)-2,5-

dioxo-2,5-dihydro-1H-pyrrol-3-yl)-5-methylthiophene-2-carboxylate (12/12S) 

KOtBu (1 M in THF, 1.34 mL, 1.34 mmol) was added to a solution of 10 (316 mg, 

1.12 mmol) in anhydrous THF (6 mL) at 0 °C under nitrogen atmosphere. After stirring for 

90 min at 0 °C, diester 11S (326 mg, 1.34 mmol) was added and stirred for 15 h at RT. Then 

the reaction was heated to 60 °C for 1 h, quenched with 1 M HCl solution (4 mL) and 

diluted with EtOAc (10 mL). The organic phase was washed with water (3 x 5 mL), brine 

(5 mL) and dried over MgSO4. The solvent was removed under reduced pressure and 

purification of the crude product by automated reversed phase flash column 

chromatography (H2O/EtOH: 20-45% EtOH) yielded 12S (40 mg, 8%) as orange foam, 12 

(74 mg, 14%) as yellow foam and a mixed fraction of both (65 mg). Analytical data of 12S: 

Rf: 0.25 (PE/EtOAc: 2/1); 1H-NMR (400 MHz, CDCl3): d = 1.36 (t, J = 7.1 IȊΣ оIΣ hҍ/I2ҍCH3), 

1.91 (s, 3H, thiophene-CH3), 1.97 (s, 3H, thiophene-CH3), 4.33 (q, J = 7.1 Hz, 2H, 

hҍ/H2ҍCH3), 4.45 (d, J = 5.9 Hz, 2H, /ҍ/H2ҍNH), 4.60 (d, J = 4.8 IȊΣ нIΣ hҍ/H2ҍCH), 5.14-

5.26 (m, 2H, CH2Ґ/Iҍ/I2 and CH2ҍNHҍCO), 5.31 (dd, J = 17.2, 1.1 Hz, 1H, CH2Ґ/Iҍ/I2), 

5.92 (ddt, J = 16.3, 10.8, 5.6 Hz, 1H, CH2=CHҍCH2), 6.90 (s, 1H, thiophene-H), 7.75 (s, 1H, 
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thiophene-H), 7.97 (bs, 1H, /hҍbHҍCO); 13C-NMR (101 MHz, CDCl3): d = 14.3 (+), 15.0 (+), 

мрΦо όҌύΣ офΦф όҍύΣ смΦп όҍύΣ срΦф όҍύΣ ммтΦф όҍύΣ мнрΦу όǉύΣ мнсΦт όҌύΣ мнтΦп όǉύΣ момΦп όǉύΣ 

132.7 (+), 132.8 (q), 134.7 (+), 139.4 (q), 142.1 (q), 148.4 (q), 156.0 (q), 161.7 (q), 170.0 

(q), 170.1 (q); IR (neat) nmax: 3288, 3071, 2980, 1710, 1541, 1458, 1252, 995, 916, 760; HR-

MS (ESI): calcd. for C22H23N2O6S2 (M+H)+ 475.0993; found 475.0992; UV/Vis (50 µM in 

MeOH): open isomer: lmax = 250 nm; closed isomer: lmax = 232 nm, 378 nm, 554 nm. 

 

4-(4-(5-((((Allyloxy)carbonyl)amino)methyl)-2-methylthiophen-3-yl)-2,5-dioxo-2,5-

dihydrofuran-3-yl)-5-methylthiophene-2-carboxylic acid (13S) 

A mixture of 12 and 12S (62 mg) in 10 mL of H2O/MeOH/THF (2:5:3, v/v/v) was stirred for 

20 h with NaOH (78 mg, 1.95 mmol) at RT. After addition of water (10 mL) the reaction 

mixture was washed with EtOAc (2 x 10 mL) and then acidified with conc. HCl to pH 1. The 

aqueous phase was extracted with EtOAc (3 x 10 mL) and the combined organic phases 

were dried over MgSO4. Evaporation of the solvent and purification of the crude product 

by automated reversed phase flash column chromatography (H2O/MeCN: 20-55% MeCN) 

yielded 13S (29 mg)A as green solid. Rf: 0.02 (PE/EtOAc: 1/1); mp: 84 °C; 1H-NMR 

(400 MHz, DMSO-d6): d = 1.90 (s, 3H, thiophene-CH3), 1.96 (s, 3H, thiophene-CH3), 4.28 (d, 

J = 6.1 Hz, 2H, thiophene-CH2NH), 4.49 (d, J = 5.3 Hz, 2H, CH2=CHCH2O), 5.17 (dd, J = 10.5, 

1.4 Hz, 1H, CH2=CHCH2), 5.27 (dd, J = 17.2, 1.5 Hz, 1H, CH2=CHCH2), 5.90 (ddt, J = 17.2, 

10.6, 5.3 Hz, 1H, CH2=CHCH2), 6.86 (s, 1H, thiophene-H), 7.65 (s, 1H, thiophene-H), 7.92 (t, 

J = 6.0 Hz, 1H, CH2NHCO), 13.30 (bs, 1H, COOH); 13C-NMR (101 MHz, DMSO-d6): d = 14.1 

όҌύΣ мпΦр όҌύΣ оуΦу όҍύΣ спΦп όҍύΣ ммсΦф όҍύΣ мнпΦф όǉύΣ мнрΦр όҌύΣ мнсΦу όǉύΣ момΦс όǉύΣ мо3.5 

(+), 133.9 (q), 134.1 (+), 135.6 (q), 140.8 (q), 141.4 (q), 148.6 (q), 155.9 (q), 162.2 (q), 164.9 

(q), 164.9 (q); IR (neat) nmax: 3327, 3164, 3020, 2925, 1764, 1702, 1541, 1458, 1254, 931, 

750; HR-MS (ESI): calcd. for C20H18NO7S2 (M+H)+ 448.0519; found 448.0516; UV/Vis 

(50 µM in MeOH): open isomer: lmax = 246 nm; closed isomer: lmax = 384 nm, 568 nm. 

 

Ethyl 4-acetyl-5-methylthiophene-2-carboxylate (21S) 

A solution of acetyl chloride (128 µL, 1.80 mmol) in anhydrous CHCl3 (2 mL) was added to 

AlCl3 (480 mg, 3.60 mmol) at RT under nitrogen atmosphere. After stirring for 10 min a 

                                                      
A Yield could not be determined because the ratio of 12 to 12S in the mixture was not calculated. 
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solution of 20S (204 mg, 1.20 mmol) in anhydrous CHCl3 (2 mL) was dropped to the 

suspension. The mixture was heated to 60 °C for 9 h, then the reaction was quenched with 

ice/water and the aqueous phase was extracted with CHCl3 (2 x 30 mL). The combined 

organic phases were washed with saturated aqueous solution of NaHCO3 (50 mL) and 

brine (50 mL). The organic phase was dried over MgSO4 and the solvent was evaporated. 

The crude product was purified by automated flash column chromatography (PE/EtOAc: 

8-30% EtOAc) and 21S (180 mg, 71%) was obtained as colorless solid. Rf: 0.15 

(PE/EtOAc: 9/1); mp: 103 °C; 1H-NMR (400 MHz, CDCl3): d = 1.37 (t, J = 7.1 Hz, 3H, 

hҍ/I2ҍCH3), 2.52 (s, 3H, thiophene-CH3), 2.75 (s, 3H, acetyl-CH3), 4.34 (q, J = 7.1 Hz, 2H, 

hҍ/H2ҍCH3), 8.02 (s, 1H, thiophene-H); 13C-NMR (101 MHz, CDCl3): d = 14.3 (+), 16.8 (+), 

нфΦс όҌύΣ смΦп όҍύΣ мнфΦл όǉύΣ мопΦт όҌύΣ мосΦо όǉύΣ мррΦс όǉύΣ мсмΦс όǉύΣ мфоΦт όǉύΤ Lw όƴŜŀǘύ 

nmax: 3008, 2985, 2944, 1713, 1670, 1540, 1452, 1250, 1236, 1082, 1021, 747; HR-MS (ESI): 

calcd. for C10H13O3S (M+H)+ 213.0580; found 213.0581. 

  



 
30  Supporting Information 

1H- and 13C-NMR spectra 

1H-NMR (300 MHz, DMSO-d6) for compound 4:  

 
 

13C-NMR (75 MHz, DMSO-d6) for compound 4: 
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1H-NMR (300 MHz, DMSO-d6) for compound 6:  

 

13C-NMR (75 MHz, DMSO-d6) for compound 6: 
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1H-NMR (400 MHz, DMSO-d6) for compound 7:  

 
13C-NMR (101 MHz, DMSO-d6) for compound 7: 
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1H-NMR (400 MHz, DMSO-d6) for compound 8:  

 

13C-NMR (101 MHz, DMSO-d6) for compound 8: 
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1H-NMR (300 MHz, CDCl3) for compound 9:  

 

13C-NMR (75 MHz, CDCl3) for compound 9: 
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1H-NMR (400 MHz, CDCl3) for compound 10:  

 

13C-NMR (101 MHz, CDCl3) for compound 10: 
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1H-NMR (400 MHz, CDCl3) for compound 11:  

 
13C-NMR (101 MHz, CDCl3) for compound 11: 
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1H-NMR (400 MHz, CDCl3) for compound 11S:  

 

13C-NMR (101 MHz, CDCl3) for compound 11S: 
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1H-NMR (400 MHz, CDCl3) for compound 12:  

 

13C-NMR (101 MHz, CDCl3) for compound 12: 
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1H-NMR (400 MHz, CDCl3) for compound 12S:  

 

13C-NMR (101 MHz, CDCl3) for compound 12S: 
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1H-NMR (600 MHz, MeOD) for compound 13a:  

 

13C-NMR (151 MHz, MeOD) for compound 13a: 
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1H-NMR (300 MHz, CD3CN) for compound 13b:  

 

13C-NMR (75 MHz, CD3CN) for compound 13b: 
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1H-NMR (300 MHz, DMSO-d6) for compound 13S:  

 

13C-NMR (75 MHz, DMSO-d6) for compound 13S: 
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1H-NMR (400 MHz, CDCl3) for compound 17:  

 

13C-NMR (101 MHz, CDCl3) for compound 17: 
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1H-NMR (400 MHz, CDCl3) for compound 18:  

 

13C-NMR (101 MHz, CDCl3) for compound 18: 

 



 
45 Functionalization of Photochromic Dithienylmaleimides 

1H-NMR (300 MHz, CDCl3) for compound 21: 

 

13C-NMR (75 MHz, CDCl3) for compound 21: 
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1H-NMR (400 MHz, CDCl3) for compound 21S:  

 

13C-NMR (101 MHz, CDCl3) for compound 21S: 
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1H-NMR (300 MHz, DMSO-d6) for compound 23:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 23: 
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1H-NMR (400 MHz, DMSO-d6) for compound 24:  

 
13C-NMR (101 MHz, DMSO-d6) for compound 24: 
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1H-NMR (300 MHz, CDCl3) for compound 26:  

 
13C-NMR (75 MHz, CDCl3) for compound 26: 
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1H-NMR (300 MHz, CDCl3) for compound 27:  

 
13C-NMR (75 MHz, CDCl3) for compound 27: 
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1H-NMR (300 MHz, CDCl3) for compound 30:  

 
13C-NMR (75 MHz, CDCl3) for compound 30: 
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1H-NMR (300 MHz, CDCl3) for compound 31:  

 
13C-NMR (75 MHz, CDCl3) for compound 31: 
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1H-NMR (300 MHz, DMSO-d6) for compound 33:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 33: 
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1H-NMR (300 MHz, DMSO-d6) for compound 34:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 34: 
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1H-NMR (300 MHz, DMSO-d6) for compound 35:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 35: 
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1H-NMR (300 MHz, DMSO-d6) for compound 36:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 36: 
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1H-NMR (300 MHz, DMSO-d6) for compound 37:  

 
13C-NMR (75 MHz, DMSO-d6) for compound 37: 
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2.1 Introduction 

Photopharmacology has recently become a vibrant field of research providing tools for 

the investigation of cellular processes and pathogeneses in life sciences.[1-3] In contrast to 

optogenetics,[4] it aims at the artificial control of biological processes with synthetic 

photoswitches by light.[5] Light as an orthogonal control element towards most cellular 

processes can be applied in very high precision in regard to dose, energy, time and 

space.[6] By now various biological targets and functions could be triggered in a reversible 

manner with light, for instance enzyme activity,[7-19] bacterial growth,[20-22] neuronal 

activity,[23-29] the agility of living organisms,[30-33] oligonucleotides,[34-36] the restoration of 

vision[37, 38] and lipids.[39-41] Numerous photochromic scaffolds like azobenzenes,[42] 

spiropyrans as well as spirooxazines,[43] fulgides/fulgimides[44] and diarylethenes[45] have 

been developed. All these photoswitches can reversibly be interconverted between their 

photoisomers by light. 

Cancer and other human diseases are linked to an abnormal expression and/or function 

of histone deacetylases.[46] Therefore, this family of enzymes became an interesting target 

in anticancer research as well as in the field of epigenetics due to their function as 

epigenetic regulators. These enzymes can be found in various organisms and catalyze 

among others the removal of acetyl groups from acetylated lysine residues of various 

protein substrates. The 18 HDACs identified in humans are subdivided in two families: the 

zinc dependent metalloproteins, composed of classes I (HDAC1-3 and 8), IIa (HDAC4, 5, 7 

and 9), IIb (HDAC6 and 10) and IV; and the nicotinamide adenine dinucleotide (NAD+) 

dependent class III (sirtuins).[47] Besides, HDAC inhibitors (HDACi) showed also 

antiproliferative and antiparasitic activities on major human parasitic diseases such as 

leishmaniasis, malaria, schistosomiasis, toxoplasmosis, and trypanosomiasis by 

addressing the HDACs of the parasites.[48] This new approach was further developed 

against schistosomiasis to overcome the reduced efficiency of praziquantel or even the 

resistance of first schistosome flatworm laboratory strains.[49] Praziquantel is still the only 

drug for mass treatment against schistosomiasis. In particular, the HDAC8 of Schistosoma 

mansoni (smHDAC8), which is one of the main species of medical relevance, was 

successfully identified as potential therapeutic target due to its high abundance and 

expression at all life-cycle stages of the parasite.[50, 51] A dose dependent mortality of 
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schistosome larvae and adult worms could be evoked by treating them with generic HDAC 

inhibitors.[52] The HDAC inhibitors for eukaryotic zinc dependent HDACs are classified by 

their moiety interacting with the zinc cation at the polar bottom of the catalytic pocket: 

Hydroxamic acids, short-chain fatty acids, cyclic tetrapeptides and benzamides.[53, 54] 

Different studies on azobenzene based photochromic HDAC inhibitors bearing aliphatic 

hydroxamic acids or benzamides, respectively, have been published recently.[9, 10, 55, 56] 

However, one major drawback of azobenzenes, which are widely used in biological 

applications, can be their thermal reversibility and possible incomplete photoconversion 

due to an substantial overlap of the absorption maxima of both photoisomers.[57] In 

contrast, DTEs as well as fulgides/fulgimides generally feature high photostationary states 

(PSS) with both photoisomers being thermally stable.[45, 58] Both photochromic scaffolds 

can be interconverted with light of specific wavelengths between their open and closed 

photoisomers, which differ in conformational flexibility and electronic conjugation 

(Scheme 1). 

 
Scheme 1. Photochemical ring-closure and the reverse, ring-opening of a DTE and fulgimide scaffold. The 

required 1,3,5-hexatriene system is highlighted in blue. 

We have chosen these two photoswitchable structures to functionalize them with 

aromatic hydroxamic acids which should allow light controllable inhibitory effects of zinc 

dependent HDACs. Aromatic hydroxamic acids have been selected to address the 

individual pockets observed in HDAC isoforms. Based on available X-ray structures of 

hHDAC6, hHDAC8 and smHDAC8 in complex with aromatic hydroxamic acids it is known 

that this class of compounds can be substituted to get isoselective HDAC inhibitors.[59] 

These photochromic inhibitors could be used as a tool to further investigate the biological 

activity and molecular mechanism of HDACs. The comparison of the inhibitory effect of 
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the more flexible open photoisomer with the rigid and planar closed photoisomer should 

also allow to draw conclusions about the flexibility of the binding pocket of the particular 

HDAC in solution. Furthermore, fulgides and fulgimides are well known for applications in 

optical switching and data storage[60-63] but only few examples of their use in a biological 

context are known so far.[64, 65] Their outstanding photochromic properties in polar 

aqueous systems recommend them as a perfect chromophore for such applications. 

 

2.2 Results and Discussion 

2.2.1 Synthesis of DTE Derivatives 

 
Scheme 2. Synthesis of photochromic mono- and bis-hydroxamic acid dithienylcyclopentenes 3 and 6. 

In a first and straightforward design the zinc chelating hydroxamic acid moiety was 

directly attached at the thiophene group of DTEs. Bis-chlorodithienylethene 1 was 
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synthesized according to the method described in literature.[66] Depending on the reaction 

conditions the chlorine/lithium exchange can be controlled to occur selectively on one or 

both thiophenes, respectively.[66, 67] The further reaction with gaseous carbon dioxide 

afforded the required carboxylic acid moieties in very good yields. The mono-acid 2 was 

further functionalized by activation with thionyl chloride and in situ reaction with aqueous 

hydroxylamine yielding target hydroxamic acid 3 in only 26%. A two-step synthesis 

improved this functionalization step for the symmetric bis-carboxylic acid 4. After 

converting the carboxylic acids into methyl esters, they were reacted with aqueous 

hydroxylamine yielding photoswitch 6 in overall 40%. An overview of the synthesis is 

depicted in Scheme 2. 

 
Scheme 3. Synthesis of dithienylmaleimides 10, 12 and 13. 
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In a second approach we attempted to utilize the higher water solubility of 

dithienylmaleimides compared to dithienylcyclopentenes. Therefore, DTE 9 was 

synthesized by a Perkin type condensation from known precursors 7 and 8 (Scheme 3).[68] 

A subsequent exchange of the ester moiety with the desired hydroxamic acid afforded 

dithienylmaleimide 10 in good yield. Unfortunately, all attempts to synthesize a 

symmetric dithienylmaleimide with a free NH group bearing a methyl ester on each 

thiophene were not successful. The maleimide of DTE 9 was subsequently methylated 

yielding a protected precursor 11 for further functionalization. However, all approaches 

to convert the chlorine of 11 into a carboxylic acid or methyl ester by various methods 

failed. In addition, the methyl ester of 11 could also not selectively be transformed into 

the corresponding hydroxamic acid without an undesired side reaction on the maleimide 

core. Depending on the reaction conditions we could isolate either 12 or 13 as main 

product indicating that the methylated maleimide shows a higher intrinsic reactivity with 

hydroxylamine than the methyl ester on the thiophene. 

 

2.2.2 Photochromic Properties of the DTEs 

The DTEs are a well-known class of photochromic scaffolds. In general, they are 

characterized by their excellent photochromic properties like almost quantitative 

photochemical conversion, high fatigue resistance and thermal stability of both 

photoisomers.[45] All these properties are beneficial for photochromic enzyme inhibitors. 

As dimethyl sulfoxide is a standard solvent for stock solutions in inhibitor screening it was 

used as solvent for the investigations of the photoisomerization of the prepared DTEs by 

UV-Vis absorption spectroscopy. Solutions (100 µM) of 3, 6, 10, 12 and 13 were irradiated 

with UV light of 300 nm or 312 nm, respectively. In contrast to reports in literature that 

dithienylmaleimides cannot undergo photoisomerization in polar solvents like DMSO due 

to a twisted intramolecular charge transfer (TICT),[69-71] we could detect reversible 

photochromism of 10. During irradiation (l = 300 nm), a rapid color change from colorless 

to deep violet was observed. This resulted in new absorption bands at lmax = 369 nm and 

535 nm. The isosbestic points (Table 1) indicate a clean, two-component switching (see 

Supporting Information, Figure S1). Due to a substantial overlap of the absorption maxima 

of the open and closed isomers a maximum PSS of only 57% at UV-irradiation (l = 300 nm) 
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could be reached. Repetitive cycle measurements of compound 10 showed good fatigue 

resistance (see Supporting Information, Figure S1b). However, compounds 12 and 13 did 

not show photochromic switching properties in DMSO at all. Compound 12 was also 

dissolved in a less polar toluene/THF mixture and irradiated (l = 312 nm). Hardly any 

reversible photoisomerization was detected (see Supporting Information, Figure S2). 

Therefore, we suppose that a hydroxyl substitution of the maleimide nitrogen negatively 

affects the photophysical properties in general. In accordance with a recent report in 

literature[72] we also could not photocyclize dithienylmaleimide 10 by UV-exposure to the 

closed isomer in aqueous solution. In contrast, the closed photoisomer could be opened 

in aqueous solution by irradiation with visible light (l = 530 nm). The solution was 

prepared by dissolving a DMSO stock solution of the closed photoisomer into aqueous 

PBS. 

The photochromic properties of the synthesized dithienylcyclopentenes 3 and 6 differed 

from them of dithienylmaleimide 10. Upon irradiation (l = 312 nm) of 3 a quick color 

change from colorless to orange was observed because of an arising new maximum at 

lmax = 488 nm. However, the lack of distinct isosbestic points in the spectral evolution as 

well as a fast degradation of 3 at repetitive switching cycle measurements indicate an 

irreversible side reaction (see Supporting Information, Figure S3). Further investigations 

by continuous UV-irradiation (l = 312 nm) supposed the undesired, irreversible formation 

of a byproduct (Scheme 4). 

 
Scheme 4. Irreversible formation of the byproduct of 3 upon continuous UV-irradiation. 

The phenomenon of this annulated isomer has been reported previously, but the 

mechanism of the byproduct formation which has to be related to the substitution pattern 

of the DTEs is not yet fully understood.[73-75] Following the photoisomerization by UV-Vis 

absorption spectroscopy upon continuous irradiation, a decrease of the evolving 

maximum at l max = 488 nm was observed. HPLC traces show that, upon reaching the PSS 
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after 45 s, at which the highest amount of the closed isomer (40%) is generated, 23% of 

the byproduct has already formed and the nearly quantitative formation of it is completed 

after 220 s of irradiation (see Supporting Information, Figure S4 and Figure S5). 

Nevertheless, the undesired byproduct was also used in the biological assays although its 

formation is irreversible and it cannot be reconverted to the open isomer. 

Dithienylcyclopentene 6 showed slightly different photochromic properties. Upon 

irradiation (l = 312 nm) a quick color change from colorless to purple was observed. 

Compound 6 had a much higher fatigue resistance than compound 3 and upon reaching 

the PSS (80% closed isomer) after 60 seconds of irradiation only traces of the 

corresponding byproduct had been formed. However, the byproduct could be formed by 

further continuous irradiation with UV-light requiring a much longer irradiation time of 

640 s compared to DTE 3 (see Supporting Information, Figure S6). The symmetric 

substitution of 3 and consequently a symmetric electron distribution in the DTE seems to 

prevent a quick formation of the byproduct. All photophysical properties of the DTEs 3, 6, 

and 10 are summarized in Table 1. 

Table 1. Photochromic properties of DTEs 3, 6, and 10 (100 µM in DMSO). 

Entry Compound 
lmax open 

[nm] 

lmax PSS 

[nm] 

Isosbestic 
points [nm] 

PSS [%]*  

1 3 - 488 - 40:37:23 

2 6 - 348, 523 368, 426 80:17:3 

3 10 367 369, 535 301, 394, 415 57:43:0 

* determined by HPLC measurements (closed isomer:open isomer:byproduct). 

2.2.3 Enzyme Inhibition 

Next, the inhibitory effect of compounds 3 (open and byproduct), 6 (open and PSS), 10 

(open and PSS), 12 and 13 against several HDACs was determined using two different 

assays. On the one hand, a homogenous histone deacetylase assay established by Jung et 

al. was used for hHDAC1 and hHDAC6. The enzymatic conversion was quantified by using 

(S)-[5-acetylamino-1-(4-methyl-2-oxo-2H-chromen-7-ylcarbamoyl)-pentyl]-carbamic acid 

benzyl ester also termed ZMAL[76] as fluorescent substrate for deacetylation followed by 

a tryptic digestion step.[77] On the other hand, the commercially available Fluor de Lys-

HDAC8 Fluorometric Drug Discovery Assay Kit of EnzoLifeScience was used in a modified 
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way for hHDAC8 and smHDAC8. Stock solutions (10 mM) of compounds 3, 6 and 10 in 

DMSO were irradiated with UV-light to generate the corresponding closed isomer or 

byproduct prior to the biological assays, respectively. Table 2 summarizes an initial 

screening of inhibitory effects at two fixed inhibitor concentrations. 

Table 2. Inhibitory effects of the respective isomers of compounds 3, 6, 10, 12 and 13 against hHDAC1, 

hHDAC6, hHDAC8 and smHDAC8. 

Entry Compound 
Conc. 
[µM]  

hHDAC1 
[%] 

hHDAC6 

[%] 

hHDAC8 

[%] 

smHDAC8 

[%] 

1 3 open 50 69 97 92 75 

2 3 byprod. 50 59 83 94 71 

3 3 open 10 25 90 87 65 

4 3 byprod. 10 14 63 89 61 

5 6 open 50 86 100 98 73 

6 6 PSS 50 84 99 98 82 

7 6 open 10 53 99 97 73 

8 6 PSS 10 60 97 99 89 

9 10 open 50 81 97 100 95 

10 10 PSS 50 90 97 100 96 

11 10 open 10 50 92 89 84 

12 10 PSS 10 59 87 99 89 

13 12 50 64 84 99 91 

14 12 10 19 59 95 75 

15 13 50 n.i. 35 23 n.i. 

16 13 10 n.i. 9 11 n.i. 

n.i.: no inhibition 

These preliminary results show strong inhibition for most compound species especially 

for hHDAC6 and hHDAC8. As expected, compound 13 exhibits only low or no inhibition 

effects on all tested zinc dependent HDACs due to the lack of the zinc chelating 

hydroxamic acid moiety. The hydroxylated maleimide does also not bind efficiently to the 

zinc cation because of the restricted size of the HDAC binding pocket. Subsequently, the 
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IC50 values of the most promising photochromic inhibitors 3 and 6 were determined 

(Table 3). 

In general, very potent inhibition of hHDAC6 and hHDAC8 is observed for both isomers of 

compound 6 as well as a preference for the human over the S. mansoni isotype is 

registered. The activity on hHDAC1 is in the lower micromolar range which can be 

explained by the narrow binding pocket which does not allow a favorable coordination of 

the hydroxamic acid group to the zinc ion. Generally, the difference in the observed IC50 

values of all compounds is too small to perform assays with direct irradiation. 

Table 3. IC50 values of the respective isomers of DTEs 3 and 6 against different HDACs. 

Entry Compound 
hHDAC1 

[µM]  

hHDAC6 

[µM]  

hHDAC8 

[µM]  

smHDAC8 

[µM]  

1 3 open 15 ± 1.2 1.8 ± 0.2 1.6 ± 0.6 5.8 ± 1.1 

2 3 byprod. 26 ± 2.5 3.9 ± 0.2 2.7 ± 0.9 22 ± 3.9 

 ratio < 2-fold 2-fold < 2-fold 4-fold 

3 6 open 4.2 ± 0.7 0.213 ± 0.018 0.248 ± 0.029 18 ± 2.1 

4 6 PSS 5.1 ± 0.8 0.297 ± 0.041 0.262 ± 0.036 4.5 ± 0.8 

 ratio no difference no difference no difference 4-fold 

 

 

2.2.4 Synthesis of the Fulgimide Derivatives 

Due to the moderate photochromic properties and small difference in their biological 

inhibitory effects between the isomers of the prepared DTEs we changed the 

photochromic scaffold to fulgimides. They can be prepared by the reaction of the 

anhydride moiety of a fulgide with amines. The synthesis of our fulgimide based 

photochromic HDAC inhibitors is depicted in Scheme 5. Fulgide 16 was prepared by an 

optimized procedure[78] via Stobbe[79-81] condensation from precursors furan 14 and 

diethylsuccinate 15 in 20% yield. Further reaction with two different amines under basic 

conditions and CDI as coupling reagent to form the bisimide, which is the crucial step, 

afforded fulgimides 17 and 19. Interestingly, the reaction with aniline worked best with 

potassium carbonate as base, the reaction of the primary amine with triethylamine. In a 

last step the hydroxamic acid moiety was introduced by treating esters 17 and 19 with 
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aqueous hydroxylamine solution, respectively. Due to the high nucleophilicity of 

hydroxylamine in basic media a lot of side reactions occurred in this step and the desired 

target compounds 18 and 20 could only be isolated in low yields. 

 
Scheme 5. Preparation of fulgimides 18 and 20. 

 

2.2.5 Photochromic Properties of the Fulgimides 

The photochromism of fulgides and fulgimides has its origin in a concerted 

electrocyclization and occurs very fast. Therefore they are widely used in materials 
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science and optical data storage.[58] By introducing a bulky substituent on the 1,3,5 

hexatriene system, like an isopropyl group in our case, the undesired UV-light induced E/Z 

isomerization from the open E-fulgimide isomer to the closed Z-isomer is suppressed 

(Scheme 6).[78] 

 
Scheme 6. Reversible photochemical isomerization of a fulgimide between the E-open and closed 

photoisomer by irradiation with light of different wavelength. The photochemical isomerization from the 

open E-isomer to the open Z-isomer is suppressed by the sterically demanding isopropyl group. 

Only the open E-isomer can undergo a photocyclization to the closed isomer which is 

thermally stable. First, we investigated the photochromic properties of compounds 18 

and 20 in DMSO (100 µM). Upon irradiation (l = 365 nm) a quick color change from 

colorless to pink was observed, resulting in a new broad absorption band with a maximum 

around 520 nm for each compound. The photochromic properties of fulgimides 18 and 20 

are summarized in Table 4. The PSS of both fulgimides exceeds 95% which is beneficial 

and advantageous for photochromic enzyme inhibitors as the interaction with the enzyme 

can be assigned to mainly one photoisomer. 

Table 4. Photochromic properties of fulgimides 18 and 20 (100 µM in DMSO). 

Entry Compound 
lmax open 

[nm] 

lmax PSS 

[nm] 

Isosbestic 
points [nm] 

PSS [%]*  

1 18 335 (shoulder) 519 280, 380 98 

2 20 333 (shoulder) 518 293, 312, 388 96 

* Determined by HPLC measurements. 

By way of example, Figure 1a illustrates the spectral evolution (marked with arrows) of 

compound 20 upon irradiation (l = 365 nm). The isosbestic points (Table 4) indicate a 

clear two-component switching. After 30 s of irradiation the PSS was reached and 96% of 

the open isomer were converted to the closed photoisomer. The repetitive cycle 
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performance with light of l = 365 nm for closing and l = 530 nm for opening shows a high 

fatigue resistance over seven cycles (Figure 1b). 

In addition, the photochromic properties of fulgimides 18 and 20 were also investigated 

in aqueous PBS (pH = 7.4) with 1% of DMSO as solvent. Both compounds showed a similar 

reversible photochromic performance like in DMSO with slightly bathochromically shifted 

maxima. Only at the repetition of the photoisomerization a slightly reduced fatigue 

resistance was observed (see Supporting Information, Figure S8 and Figure S9). In 

summary, the outstanding photochromic properties of the prepared fulgimides in polar 

as well as aqueous systems make them perfect candidates for use in biological 

environment. 

 
Figure 1. a) Changes in absorption spectra of fulgimide 20 (100 µM in DMSO) upon continuous irradiation 

for 0, 5, 10, 15, 20, 25, and 30 s with light of l = 365 nm until the PSS is reached. The cuvettes show the 

color of the solution before and after irradiation. b) Cycle performance of the fulgimide 20 (100 µM in 

DMSO). Changes in absorption at 518 nm were measured during alternate irradiation with light of 365 nm 

for 30 s and 530 nm for 5 min. 
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2.2.6 Enzyme Inhibition 

Analogous to the DTE inhibitors, the IC50 values of fulgimides 18 and 20 for hHDAC1, 

hHDAC6, hHDAC8 as well as smHDAC8 were quantified (Table 5). 

For compound 18 low micromolar IC50 values are observed for hHDAC6, hHDAC8 and 

smHDAC8 and there is only little or no difference between the IC50 values of the two 

isomers. Compound 20 displays nanomolar affinity for hHDAC6 but again with a very small 

difference between the two different isomers. As above for the DTE derivatives, the 

difference of IC50 values did not provide a basis to perform assays under irradiation. 

Table 5. IC50 values of the respective isomers of fulgimides 18 and 20 against different HDACs. 

Entry Comp. 
hHDAC1 

[µM]  

hHDAC6 

[µM]  

hHDAC8 

[µM]  

smHDAC8 

[µM]  

1 18 open 28.5 ± 10.9 1.8 ± 0.5 1.1 ± 0.2 1.1 ± 0.2 

2 18 PSS 87.7 ± 53.0 6.1 ± 1.7 0.88 ± 0.07 1.1 ± 0.1 

 ratio 3-fold 3-fold no difference no difference 

3 20 open 6.4 ± 1.0 0.047 ± 0.032 5.6 ± 1.3 8.9 ± 3.1 

4 20 PSS 5.0 ± 1.0 0.075 ± 0.047 3.6 ± 1.0 5.7 ± 2.0 

 ratio no difference < 2-fold < 2-fold < 2-fold 

 

 

2.2.7 Molecular Docking 

In order to rationalize the experimental biological data all the prepared compounds were 

docked to the different enzymes. The available crystal structures of hHDAC1, hHDAC6, 

hHDAC8 and smHDAC8 show the typical fold of zinc-dependent histone 

deacetylases.[51, 82] The catalytic zinc ion is bound by two aspartate and one histidine 

residue. The middle part of the acetyl-lysine binding pocket is formed by two conserved 

phenylalanine residues whereas the rim of the pocked is composed by flexible loops that 

are different in the various HDAC isoforms. As consequence the shape of the binding 

pocket of individual HDAC isoforms is rather different which enabled the development of 

isoform selective inhibitors.[83] HDACs have been cocrystallized with several hydroxamic 

acids that showed a bidental chelating of the zinc ion. In case of hHDAC6 the recently 

reported structures[84, 85] showed a slightly different binding mode of hydroxamic acids. 
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Here, a water molecule is bridging the interaction of the terminal hydroxy group to the 

zinc ion. 

The hHDAC1 binding pocket is rather narrow and the docking of the bulky DTEs and 

fulgimides resulted generally in less favorable docking complexes. Due to the narrow 

pocket the distances between the hydroxamic acid carbonyl and hydroxy group are above 

3 Å. In addition, the docking scores for all compounds are rather weak (see Supporting 

Information, Table S1). For compound 3 byproduct no docking pose that showed a binding 

of the hydroxamic acid nearby the zinc ion was obtained. 

Docking of the DTE inhibitors to hHDAC6 and hHDAC8 binding pockets showed that the 

hydroxamic acids are showing the favorable coordination to the zinc ion as observed for 

the cocrystallized inhibitors. The methylthiophene ring attached to the hydroxamic acid is 

embedded between two conserved phenylalanine residues of the HDAC binding pocket 

(F152 and F208 in hHDAC8, F620 and F680 in hHDAC6). In case of hHDAC6 and hHDAC8 

the second hydroxamic acid groups of 6 open and 6 closed are making a hydrogen bond 

to S568 (hHDAC6) and D101 (hHDAC8) that are located on a flexible loop of the enzyme 

(Figure 2). S568 of hHDAC6 is interacting with the carbonyl group, whereas D101 of 

hHDAC8 is interacting with the NH group of the hydroxamic acid. These hydrogen bonds 

might explain the good inhibitory activity for both isoforms. The hydrogen bonds were 

observed for the open and the closed form. In case of 3 open the lipophilic 

chlorothiophene is adopting a different conformation and is sticking out of the pocket 

(see Supporting Information, Figure S10). The less favorable interaction is also supported 

by the weaker docking scores compared to 6 open and 6 closed (see Supporting 

Information, Table S2 and Table S3). The bulky compound 3 byproduct could not be 

docked into the hHDAC8 crystal structure used for the other inhibitors. However, docking 

into the hHDAC8 crystal structure complexed with an amino acid derivative (PDB ID 

3SFF)[86] was resulting in a docking pose that showed coordination between the 

hydroxamic acid and the zinc ion. Due to the observed switch of Y306 in this hHDAC8 

crystal structure the binding pocket becomes wider and accessible for the bulky 3 

byproduct. Enzyme smHDC8 shows a different form of the binding pocket due to the 

flipping of one of the conserved phenylalanine residues (F151). Therefore, the favorable 

binding of the methylthiophene between two conserved phenylalanine (like in hHDAC6 
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and hHDAC8) is not possible resulting in lower inhibitory activities. In addition, D100 

(which corresponds to D101 in hHDAC8) is not able to form a hydrogen bond to the NH of 

the second hydroxamic acid group of 6 open and 6 closed (see Supporting Information, 

Figure S11). The docking of the open form of 3 gave an unfavorable interaction of the 

hydroxamic acid with the zinc ion (distance CO-Zn 3.30 Å). Due to D100 the second 

thiophene-hydroxamic acid cannot adopt a similar conformation as observed for the 

docking pose at hHDAC8 (see Supporting Information, Figure S10b and Figure S11c). For 

compound 3 byproduct no docking pose that showed a binding of the hydroxamic acid 

nearby the zinc ion was obtained (see Supporting Information, Table S4). 

 
Figure 2. Docking poses of DTE 6 for hHDAC6 (a, b) and hHDAC8 (c, d) (6 open colored dark green, 6 closed 

(R,R) colored cyan and 6 closed, (S,S) colored brown). Only the interacting residues of the binding pockets 

are displayed. The zinc ion is shown as brown ball, the water molecule bridging the coordination to the zinc 

ion for hHDAC6 in a and b is shown as red ball. Distances of the metal coordination and hydrogen bonds are 

given in Å and are shown as lines colored in magenta. 
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Docking of the fulgimides to hHDAC1 showed that 18 open and 18 closed (results not 

shown) are not able to coordinate to the zinc ion whereas in case of 20 open and 20 closed 

(see Supporting Information, Figure S12) the additional methylene group and the 

movement of the bulky fulgimide group from meta to the para position of the 

benzohydroxamic acid is resulting in more favorable docking solutions (see Supporting 

Information, Table S1). The fulgimide part of 18 open and 18 closed is interacting with 

L271. Since the fulgimide part is located at the open part of the binding pocket it is obvious 

that both open and closed forms are tolerated by the enzyme. 

In case of hHDAC6 the two compounds 20 open and 20 closed showed the best docking 

scores and the best shape complimentary (Figure 3a-d). The interaction of the highly 

active compounds is comparable to the reported and crystallized hHDAC6 inhibitor 

Nexturastat A[85] which has a reported IC50 of 5 nM (Figure 3e). The fulgimide part is 

located in the so called side pocket and interacts with H500, F620 and L749 at the rim of 

the pocket. In addition, a hydrogen bond to S568 is observed for both forms of 20. Also 

here, both forms show favorable interactions with the enzyme (see Supporting 

Information, Table S2). For the more rigid compounds 18 open and 18 closed the L749 

side chain is hindering an optimal interaction of the compounds with the zinc ion 

(Figure 3f) resulting in less favorable docking scores and a significantly lower inhibitory 

activity. 

Docking of the fulgimides to hHDAC8 showed a comparable binding mode as observed for 

hHDAC6 (see Supporting Information, Figure S13). However, due to the substitution of 

L749 (hHDAC6) to M274 (hHDAC8) the side pocket is larger and the fulgimide side chain 

of 18 open and 18 closed can be nicely accommodated (see Supporting Information, 

Figure S13d-f). In case of 20 open and 20 closed the sidechain of D100 is restricting the 

size of the pocket for the para-substituted benzohydroxamic acid (see Supporting 

Information, Figure S13a-c). Similar observations and docking poses were obtained for 

smHDAC8 (results not shown). 

In general, the docking poses derived for the individual HDAC isoforms show a good 

agreement with the biological data. For example the strong inhibition of hHDAC6 by both 

isomers of fulgimide 20 could be supported by the observed shape complimentary and 

the calculated docking scores. 
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Figure 3. Docking poses of the fulgimides (20 open colored green, a and c; 20 closed (S) colored blue and 

20 closed (R) colored light grey, b and d; 18 open colored yellow, f) for hHDAC6 in comparison to the 

cocrystallized inhibitor Nexturastat A (colored cyan, e). The zinc ion is shown as brown ball and the water 

molecule bridging the coordination to the zinc ion is shown as red ball. Distances of the metal coordination 

and hydrogen bonds are given in Å and are shown as lines colored in magenta. The molecular surface of the 

hHDAC6 binding pocket in c and d are colored according to the hydrophobicity (hydrophobic region are 

colored green, polar region are colored magenta). 
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2.3 Conclusion 

In summary, we functionalized the two established photochromic scaffolds of DTEs and 

fulgimides with hydroxamic acid moieties to obtain photoswitchable inhibitors for zinc 

dependent HDACs. The two different classes of prepared DTEs, dithienylcyclopentenes 

and dithienylmaleimides, showed only moderate photochromic properties in DMSO and 

aqueous media. In contrast, the fulgimides provided excellent reversible photochromic 

performance in DMSO as well as aqueous PBS with very high photostationary states. 

These properties recommend them as perfect photochromic groups for biological 

applications. All target compounds showed an inhibitory effect of the tested hHDAC1, 

hHDAC6, hHDAC8 and smHDAC8 with IC50 values in the range of 50 nM to 90 µM. We 

achieved a maximum four-fold difference in inhibitory ability between two corresponding 

photoisomers. This provides a good basis for the development of more efficient 

photochromic inhibitors with higher difference in activity triggered by light, which is 

necessary to beneficially utilize photopharmacology for HDACs. The in vitro activities of 

our photochromic inhibitors were rationalized by molecular dockings showing that while 

potency could be explained well, the lack of selectivity between the open and closed 

forms was hard to predict. This might probably be due to the flexibility of HDACs that is 

documented by different crystal structures showing the plasticity of the binding pocket 

but is difficult to use in prospective analysis of photoswitchable HDAC inhibitors. Still, very 

potent HDAC inhibitors with new scaffolds especially for hHDAC6 could be realized. 

 

2.4 Experimental 

2.4.1 Chemistry 

Compounds 1,[66] 2,[67] 4,[66] 7,[68] 8,[68] 14[78] and 15[78] were prepared according to 

previously reported procedures. Commercial reagents and starting materials were 

purchased from Acros Organics, Alfa-Aesar, Fisher Scientific, Sigma Aldrich or VWR and 

used without any further purification. Solvents were used in p.a. quality and dried 

according to common procedures, if necessary. Dry nitrogen was used as inert gas 

atmosphere. Automated flash column chromatography was performed on a Biotage 

Isolera flash purification system with UV/Vis detector using Sigma Aldrich MN silica gel 60 
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M (40-63 µm, 230-400 mesh) for normal phase or pre-packed Biotage SNAP cartridges (KP 

C18 HS) for reversed phase chromatography. Reaction monitoring via TLC was performed 

on alumina plates coated with silica gel (Merck silica gel 60 F254, 0.2 mm). Melting points 

were determined using a Stanford Research Systems OptiMelt MPA 100 and are 

uncorrected. NMR spectra were measured on Bruker Avance 300 (1H 300.13 MHz, 13C 

75.48 MHz), Bruker Avance 400 (1H 400.13 MHz, 13C 100.61 MHz), Bruker Avance III 600 

(1H 600.25 MHz, 13C 150.95 MHz) and Bruker Avance 800 (1H 800.20. MHz, 13C 

201.21 MHz) instruments. The spectra are referenced against the NMR-solvent (CDCl3: 

dH = 7.26 ppm, dC = 77.16 ppm, DMSO-d6: dH = 2.50 ppm, dC = 39.52 ppm) and chemical 

shifts d are reported in ppm. Resonance multiplicity is abbreviated as: s (singlet), d 

(doublet), t (triplet), quint (quintet), sept (septet) and m (multiplet). Carbon NMR signals 

are reported using DEPT 135 and 1H-13/ I{v/ ǎǇŜŎǘǊŀ ǿƛǘƘ όҌύ ŦƻǊ ǇǊƛƳŀǊȅκǘŜǊǘƛŀǊȅΣ όҍύ ŦƻǊ 

secondary and (q) for quaternary carbons. Mass spectra were recorded on an Agilent Q-

TOF 6540 UHD (ESI-MS) instrument. UV/Vis absorption spectroscopy was performed using 

a Varian Cary BIO 50 UV/Vis spectrometer in 10 mm quartz cuvettes. IR-spectra were 

measured with an Agilent Cary 630 FT-IR spectrometer and the peak positions are 

reported in wavenumbers (cm-1). Analytical HPLC measurements were performed on an 

Agilent 1290 series UHPLC-MS system (column: Phenomenex Luna C18(2), 3 µM, 100 Å, 

150 x 2.00 mm; flow: 0.3 mL/min at 25 °C or 40 °C; solvent A: MilliQ water with 

0.059 wt. % TFA; solvent B: MeCN) and an Agilent 1220 Infinity LC (column: Phenomenex 

Luna 3 µM C18(2) 100 Å, 150 x 2.00 mm; flow: 0.3 mL/min at 30 °C; solvent A: MilliQ water 

with 0.05 % vol. TFA; solvent B: MeCN). The ratios in the PSSs were determined at the 

isosbestic points. An Agilent 1260 system (column: Phenomenex Luna 10 µM C18(2) 

100 Å, 250 x 21.2 mm; flow: 22.0 mL/min; solvent A: MilliQ water with 0.05 % vol. TFA; 

solvent B: MeCN) was used for preparative HPLC purification. Light sources for irradiation: 

l = 300 nm (NIKKISO UV LED, 150 mA, 25 mW), l = 312 nm (Herolab hand-held lamp UV-

6 M, 6 W), l = 365 nm (Herolab hand-held lamp UV-6 L, 6 W), l = 470 nm (OSRAM Oslon 

SSL 80 LED, 700 mA, 1.12 W), l = 530 nm (CREE-XP green LED, 700 mA, 3.7 W). The power 

of the light is given based on the specifications supplied by the company when the lamps 

ǿŜǊŜ ǇǳǊŎƘŀǎŜŘΦ !ƭƭ ǘŜǎǘŜŘ Ŧƛƴŀƭ ŎƻƳǇƻǳƴŘǎ ǇƻǎǎŜǎǎ ŀ ǇǳǊƛǘȅ җфр҈ ŘŜǘŜǊƳƛƴŜŘ ōȅ It[/ 

measurements with detection at 220 nm or 254 nm, respectively.  
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4-[2-(5-Chloro-2-methylthiophen-3-yl)-cyclopent-1-en-1-yl]-N-hydroxy-5-methylthio-

phene-2-carboxamide (3) 

To a stirred solution of 2 (100 mg, 0.28 mmol, 1.0 eq.) in CH2Cl2 (3 mL) SOCl2 (64.2 µL, 

0.85 mmol, 3.0 eq.) was added slowly at 0°C. After complete addition the solution was 

stirred at 40°C for 3 h. The mixture was cooled to room temperature and concentrated in 

vacuo. The residue was dissolved in THF/MeOH (1:1, 5 mL). Afterwards a solution of NaOH 

(90 mg, 2.24 mmol, 8.0 eq.) in an aqueous hydroxylamine solution (50 wt. %, 0.72 mL) was 

added dropwise to the mixture at 0°C. The resulting solution was stirred at room 

temperature overnight. The reaction was quenched with AcOH (1.50 mL) and 

concentrated in vacuo. Purification by automated flash column chromatography 

(CH2Cl2/MeOH, 5% - 10% MeOH) and subsequent preparative HPLC (60% - 98% MeCN in 

10 min, tR = 7.3 min) yielded 3 (28 mg, 26%) as colorless solid. Rf 0.29 (PE/EtOAc 1:1); m.p. 

128 °C; 1H-NMR (400 MHz, DMSO-d6) d = 11.05 (s, 1H), 9.01 (s, 1H), 7.35 (s, 1H), 6.83 (s, 

1H), 2.73 (t, J = 7.5 Hz, 4H), 2.03 - 1.92 (m, 5H), 1.79 (s, 3H); 13C-NMR (151 MHz, DMSO-

d6) d = 159.4 (q), 138.6 (q), 135.9 (q), 134.9 (q), 134.4 (q), 133.9 (q), 133.0 (q, 2C) 128.4 

(+), 127.3 (+), 123Φс όǉύΣ оуΦл όҍύΣ отΦу όҍύΣ ннΦн όҍύΣ мпΦм όҌύΣ моΦт όҌύΤ Iwa{ ό9{Lύ ŎŀƭŎŘΦ ŦƻǊ 

C16H15ClNO2S2 (M-H)- m/z = 352.0238; found: 352.0251. 

 

Dimethyl-пΣпΩ-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-carboxylate) (5) 

SOCl2 (0.52 mL, 7.20 mmol, 10.0 eq.) was added dropwise to a solution of 4 (250 mg, 

0.72 mmol, 1.0 eq.) in anhydrous MeOH (15 mL) at 0°C under nitrogen atmosphere and 

stirred for 5 h at 65°C. The mixture was cooled to room temperature and concentrated in 

vacuo. The residue was suspended in EtOAc (15 mL) and washed with water (3 x 10 mL) 

and brine (10 mL). The organic layer was dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure. Purification by automated flash column 

chromatography (PE/EtOAc, 5% - 30% EtOAc) yielded 5 (180 mg, 66%) as colorless solid. 

Rf 0.72 (PE/EtOAc 1:1); m.p. 163 °C; 1H-NMR (400 MHz, CDCl3) d = 7.50 (s, 2H), 3.84 (s, 6H), 

2.78 (t, J = 7.5 Hz, 4H), 2.06 (quint, J = 7.5 Hz, 2H) 1.90 (s, 6H); 13C-NMR (101 MHz, CDCl3) 

d = 162.7 (q), 142.9 (q), 136.7 (q), мопΦф όǉύΣ мопΦс όҌύΣ мнфΦп όǉύΣ рнΦн όҌύΣ оуΦу όҍύΣ ноΦл όҍύΣ 

14.9 (+); HRMS (ESI) calcd. for C19H21O4S2 (M+H)+ m/z = 377.0880; found: 377.0876. 
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N-Hydroxy-4-(2-[5-(hydroxycarbamoyl)-2-methylthiophen-3-yl]cyclopent-1-en-1-yl)-5-

methylthiophene-2-carboxamide (6) 

NaOH (135 mg, 3.38 mmol, 8.0 eq.) was dissolved in an aqueous hydroxylamine solution 

(50 wt. %, 1.1 mL). The solution was added dropwise to a solution of 5 (160 mg, 

0.42 mmol, 1.0 eq.) in THF/MeOH (1:1, 7 mL) at 0°C. The resulting solution was stirred 

overnight at room temperature. The reaction was quenched with AcOH (1.5 mL) and 

concentrated in vacuo. Purification by automated reversed phase flash column 

chromatography (H2O/MeOH, 5% - 100% MeOH) and subsequent preparative HPLC 

(20% - 98% MeCN in 12 min, tR = 6.8 min) yielded 6 (100 mg, 61%) as colorless solid. Rf 

0.05 (PE/EtOAc 1:1); m.p. 182 °C; 1H-NMR (400 MHz, DMSO-d6) d = 11.04 (s, 2H), 9.01 (s, 

2H), 7.35 (s, 2H), 2.74 (t, J = 7.4 Hz, 4H), 2.00 (quint, J = 7.4 Hz, 2H), 1.87 (s, 6H); 13C-NMR 

(101 MHz, DMSO-d6) d = 159.4 (q), 138.5 (q), 135.9 (q), 134.2 (q), 132.9 (q), 128.4 (+), 38.0 

όҍύΣ ннΦо όҍύΣ мпΦм όҌύΤ Iwa{ ό9{Lύ ŎŀƭŎŘΦ ŦƻǊ /17H19N2O4S2 (M+H)+ m/z = 379.0635; found:. 

379.0640. 

 

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-5-

methylthiophene-2-carboxylate (9) 

KOtBu (1 M in THF, 1.45 mL, 1.45 mmol, 1.2 eq.) was added to a solution of amide 7 

(277 mg, 1.21 mmol, 1.0 eq.) in anhydrous THF (6 mL) at 0°C under nitrogen atmosphere. 

After stirring for 90 min ester 8 (296 mg, 1.45 mmol, 1.2 eq.) was added at 0°C and the 

mixture was stirred overnight at room temperature. The reaction was quenched with 

aqueous HCl solution (1 M, 15 mL) and diluted with EtOAc (15 mL). The organic phase was 

separated, washed with water (3 x 15 mL), brine (1 x 30 mL) and dried over MgSO4. The 

solvent was removed under reduced pressure. Purification of the crude product was 

performed by automated flash column chromatography (PE/EtOAc, 5% - 30% EtOAc) 

yielding 9 (210 mg, 45%) as yellow solid. Rf 0.68 (PE/EtOAc 1:1); m.p. 183 °C; 1H-NMR 

(400 MHz, DMSO-d6) d = 11.29 (s, 1H), 7.70 (s, 1H), 6.99 (s, 1H), 3.81 (s, 3H), 2.00 (s, 3H), 

1.85 (s, 3H); 13C-NMR (101 MHz, DMSO-d6) d = 171.0 (q), 171.0 (q), 161.3 (q), 148.0 (q), 

139.6 (q), 135.2 (+), 133.4 (q), 133.1 (q), 129.3 (q), 128.0 (q), 127.9 (+), 126.6 (q), 124.6 

(q), 52.3 (+), 14.6 (+), 14.1 (+); HRMS (ESI) calcd. for C16H13ClNO4S2 (M+H)+ m/z = 381.9969; 

found: 381.9978. 



  
84  Experimental 

4-[4-(5-Chloro-2-methylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-N-

hydroxy-5-methylthiophene-2-carboxamide (10) 

NaOH (75 mg, 1.88 mmol, 8.0 eq.) was dissolved in an aqueous hydroxylamine solution 

(50 wt. %, 0.60 mL). This solution was added dropwise to a solution of 9 (90 mg, 

0.24 mmol, 1.0 eq.) in THF/MeOH (1:1, 5 mL) at - 20°C. The resulting solution was stirred 

for 20 min at - 20°C and was then warmed to - 3°C in 20 min. The reaction was quenched 

with AcOH (1.5 mL) and concentrated in vacuo. Purification by automated flash column 

chromatography (CH2Cl2/MeOH, 5% - 10% MeOH) and subsequent preparative HPLC 

(30% - 70% MeCN in 15 min, tR = 9.4 min) yielded 10 (68 mg, 76%) as orange solid. Rf 0.25 

(PE/EtOAc 1:1); m.p. 175 °C; 1H-NMR (400 MHz, DMSO-d6) d = 11.27 (s, 2H), 9.09 (s, 1H), 

7.51 (s, 1H), 6.99 (s, 1H), 2.00 (s, 3H), 1.84 (s, 3H); 13C-NMR (101 MHz, DMSO-d6) d = 171.1 

(q), 158.9 (q), 144.6 (q), 139.5 (q), 134.1 (q), 133.5 (q), 133.3 (q), 128.9 (q), 128.9 (+), 128.0 

(+), 127.4 (q), 126.6 (q), 124.5 (q), 14.5 (+), 14.1 (+); HRMS (ESI) calcd. for C15H12ClN2O4S2 

(M+H)+ m/z = 382.9922; found: 382.9925. 

 

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-1-methyl-2,5-dioxo-2,5,-dihydro-1H-

pyrrol-3-yl]-5-methylthiophene-2-carboxylate (11) 

Methyl iodide (13 µL, 0.21 mmol, 2.0 eq.) was added dropwise to a solution of 

dithienylmaleimide 9 (40 mg, 0.11 mmol, 1.0 eq.) in anhydrous DMF (6 mL) at 0°C under 

nitrogen atmosphere. The solution was stirred overnight at room temperature and then 

diluted with water (5 mL) and EtOAc (5 mL). The aqueous phase was extracted with EtOAc 

(3 x 5 mL). The combined organic phases were dried over MgSO4, filtered and the solvent 

was removed under reduced pressure. Dithienylmaleimde 11 was obtained as yellow solid 

(30 mg, 76%) and was used without further purification. Rf 0.78 (PE/EtOAc 1:1); m.p. 

187 °C; 1H-NMR (400 MHz, CDCl3) d = 7.75 (s, 1H), 6.88 (s, 1H), 3.88 (s, 3H), 3.14 (s, 3H), 

2.04 (s, 3H), 1.88 (s, 3H); 13C-NMR (201 MHz, CDCl3) d = 170.3 (q), 170.2 (q), 162.2 (q), 

148.5 (q), 140.3 (q), 135.0 (+), 133.3 (q), 132.8 (q), 131.1 (q), 127.6 (q), 127.5 (q), 127.2 

(+), 126.1 (q), 52.4 (+), 24.6 (+), 15.5 (+), 15.0 (+); HRMS (ESI) calcd. for C17H15ClNO4S2 

(M+H)+, m/z = 396.0126; found: 396.0131. 
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4-[4-(5-Chloro-2-methylthiophen3-yl)-1-hydroxy-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-

N-hydroxy-5-methylthiophene-2-carboxamide (12) 

NaOH (32 mg, 0.81 mmol, 8.0 eq.) was dissolved in an aqueous hydroxylamine solution 

(50 wt. %, 0.26 mL). The solution was added dropwise to a solution of 11 (40 mg, 

0.10 mmol, 1.0 eq.) in THF/MeOH (1:1, 5 mL) at 0°C. The resulting solution was stirred 

overnight at room temperature. The reaction was quenched with AcOH (1.5 mL) and 

concentrated in vacuo. Purification by automated reversed phase flash column 

chromatography (H2O/MeOH, 5% - 100% MeOH) and subsequent preparative HPLC 

(25% - 80% MeCN in 15 min, tR = 9.1 min) yielded 32 (21 mg, 50%) as yellow solid. Rf 0.05 

(PE/EtOAc 1:1); m.p. 140 °C; 1H-NMR (400 MHz, DMSO-d6) d = 11.29 (s, 1H), 10.69 (s, 1H), 

9.11 (s, 1H), 7.52 (s, 1H), 7.01 (s, 1H), 2.00 (s, 3H), 1.85 (s, 3H); 13C-NMR (101 MHz, DMSO-

d6) d = 166.3 (q), 166.3 (q), 158.8 (q), 145.1 (q), 140.1 (q), 134.3 (q), 130.2 (q), 130.0 (q), 

128.7 (+), 127.8 (+), 127.1 (q), 126.2 (q), 124.7 (q), 14.5 (+), 14.1 (+); HRMS (ESI) calcd. for 

C15H10ClN2O5S2 (M-H)-, m/z = 396.9725; found: 396.9732. 

 

Methyl-4-[4-(5-chloro-2-methylthiophen-3-yl)-1-hydroxy-2,5-dioxo-2,5-dihydro-1H-

pyrrol-3-yl]-5-methylthiophene-2-carboxylate (13) 

NaOH (25.0 mg, 0.63 mmol, 8.0 eq.) was dissolved in an aqueous hydroxylamine solution 

(50 wt. %, 0.20 mL). The solution was added dropwise to a solution of 11 (30 mg, 

0.08 mmol, 1.0 eq.) in THF/MeOH (1:1, 3 mL) at - 20°C. The resulting solution was stirred 

for 10 min at - 20°C and was warmed to - 8°C in 10 min afterwards. The reaction was 

quenched with AcOH (1.5 mL) and concentrated in vacuo. Purification by automated flash 

column chromatography (CH2Cl2/MeOH, 5% - 10% MeOH) and subsequent preparative 

HPLC (60% - 98% MeCN in 10 min, tR = 6.5 min) yielded 13 (8 mg, 26%) as yellow solid. 

Rf 0.31 (PE/EtOAc 1:1); m.p. 193 °C; 1H-NMR (600 MHz, DMSO-d6) d = 10.73 (s, 1H), 7.71 

(s, 1H), 7.01 (s, 1H), 3.82 (s, 3H), 2.01 (s, 3 H), 1.86 (s, 3H); 13C-NMR (151 MHz, DMSO-d6) 

d = 166.3 (q), 166.3 (q), 161.3 (q), 148.4 (q), 140.2 (q), 135.1 (+), 130.1 (q), 129.9 (q), 129.5 

(q), 127.8 (+), 127.7 (q), 126.2 (q), 124.8 (q), 52.4 (+), 14.7 (+), 14.1 (+); HRMS (ESI) calcd. 

for C16H13ClNO5S2 (M+H)+ m/z = 397.9918; found: 397.9929. 
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(E)-3-(1-(2,5-dimethylfuran-3-yl)-2-methylpropylidene)-4-(propan-2-ylidene) dihydro-

furan-2,5-dione (16) 

A solution of succinate 15 (2.55 g, 11.91 mmol, 1.0 eq.) in anhydrous THF (15 mL) was 

cooled to -105°C under N2-atmosphere and a freshly prepared solution of LDA by adding 

a solution of nBuLi (1.6 M in hexane, 7.4 mL, 11.91 mmol, 1.0 eq.,) to a solution of 

diisopropylamine (1.7 mL, 11.91 mmol, 1.0 eq.) in anhydrous THF (6 mL) at -78°C under 

N2-atmosphere was added dropwise at -105°C. After stirring for 30 min a precooled 

solution of furan 14 (1.98 g, 11.91 mmol, 1.0 eq.) in anhydrous THF (5 mL) was added 

dropwise. The reaction mixture was warmed to room temperature und stirred overnight. 

The solution was acidified with aqueous HCl (2 M) and the aqueous layer was extracted 

with EtOAc (3 x 50 mL). The combined organic layers were washed with brine (100 mL), 

dried over MgSO4, and the solvent was evaporated under reduced pressure. The residue 

was dissolved in EtOH (60 mL) and a saturated aqueous solution of KOH (5 mL) was added. 

After stirring at 70°C for 24 h, the reaction mixture was poured onto ice and acidified with 

aqueous HCl (2 M). The aqueous layer was extracted with EtOAc (3 x 50 mL), and the 

combined organic layers were washed with brine (100 mL), dried over MgSO4, and the 

solvent was removed in vacuo. The dark-brown residue was dissolved in acetyl chloride 

(20 mL) and the mixture was heated to 40°C overnight. The solvent was evaporated under 

reduced pressure and the crude product was purified by automated flash column 

chromatography (PE/EtOAc, 5% EtOAc) to obtain fulgide 16 (688 mg, 20%) as a pink solid. 

The analytical data were in accordance with data from literature.[78] 

 

Methyl (E)-3-(3-(1-(2,5-dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan-

2-ylidene)pyrrolidin-1-yl)benzoate (17) 

A suspension of fulgide 16 (98 mg, 0.34 mmol, 1.0 eq.), methyl 3-aminobenzoate (154 mg, 

1.02 mmol, 3.0 eq.) and K2CO3 (235 mg, 1.70 mmol, 5.0 eq.) in anhydrous CH2Cl2 (5 mL) 

was refluxed for 3 d. After filtration CDI (83 mg, 0.51 mmol, 1.5 eq.) was added and the 

mixture was stirred at room temperature for 1 d. The reaction mixture was acidified with 

aqueous HCl (1 M) and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The 

combined organic layers were washed with brine (10 mL), dried over MgSO4 and the 

solvent was evaporated under reduced pressure. Purification by automated flash column 

chromatography (PE/EtOAc, 3% - 15% EtOAc) afforded fulgimide 17 (17 mg, 12%) as 
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orange oil. Rf 0.30 (PE/EtOAc 9:1); 1H-NMR (400 MHz, CDCl3) d = 8.08 (t, J = 1.9 Hz, 1H), 

8.05 (dt, J = 7.6, 1.5 Hz, 1H), 7.61 (dt, J = 8.0, 1.6 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 5.96 (s, 

1H), 4.48 (sept, J = 7.0 Hz, 1H), 3.92 (s, 3H), 2.29 (s, 3H), 2.27 (s, 3H), 1.95 (s, 3H), 1.41 (s, 

3H), 1.33 (d, J = 7.1 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H); 13C-NMR (101 MHz, CDCl3) d = 167.2 

(q), 167.1 (q), 166.4 (q), 154.1 (q), 150.2 (q), 149.6 (q), 146.9 (q), 132.5 (q), 131.6 (+), 131.1 

(q), 129.2 (+), 129.0 (+), 128.3 (+), 123.2 (q), 123.1 (q), 119.8 (q), 106.4 (+), 52.4 (+), 30.2 

(+), 27.4 (+), 23.2 (+), 22.2 (+), 20.8 (+), 13.5 (+), 13.1 (+); IR (neat) n = 3437, 2960, 1703, 

1588, 1491, 1446, 1368, 1275, 1167, 1133, 958, 910, 850, 809, 753, 682 cm-1; HRMS (ESI) 

calcd. for C25H38NO5 (M+H)+ m/z = 422.1962; found 422.1969. 

 

(E)-3-(3-(1-(2,5-Dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan-2-

ylidene)pyrrolidin-1-yl)-N-hydroxybenzamide (18) 

A solution of NaOH (42 mg, 1.04 mmol, 8.0 eq.) in aqueous hydroxyl amine (50 wt. %, 

335 µL) was added dropwise to a solution of fulgimide 17 (55 mg, 0.13 mmol, 1.0 eq.) in 

MeOH/THF (1:1, 2 mL) at ς 15 °C. Then the mixture was stirred for 20 min at - 15 °C. The 

reaction was quenched with AcOH (744 µL) and concentrated in vacuo. Purification by 

preparative HPLC (50% - 98% MeCN in 20 min, tR = 15.0 min) yielded 18 (10 mg, 18%) as 

slightly pink solid. Rf 0.51 (CH2Cl2/MeOH 9:1); m.p. 93 °C; 1H-NMR (400 MHz, DMSO-d6) 

d = 11.29 (s, 1H), 9.11 (s, 1H), 7.85 ς 7.70 (m, 2H), 7.64 ς 7.46 (m, 2H), 6.17 (s, 1H), 4.42 

(sept, J = 7.0 Hz, 1H), 2.25 (s, 3H), 2.22 (s, 3H), 1.93 (s, 3H), 1.36 (s, 3H), 1.29 (d, J = 7.1 Hz, 

3H), 0.82 (d, J = 6.9 Hz, 3H); 13C-NMR (151 MHz, DMSO-d6) d = 166.4 (q), 166.4 (q), 163.3 

(q), 152.1 (q), 149.8 (q), 148.1 (q), 146.5 (q), 133.3 (q), 132.3 (q), 130.4 (+), 128.8 (+), 126.3 

(+), 126.3 (+), 122.9 (q), 122.8 (q), 119.2 (q), 106.3 (+), 29.2 (+), 26.7 (+), 22.8 (+), 21.4 (+), 

20.5 (+), 13.0 (+), 12.5 (+); IR (neat) n = 3258, 2926, 2855, 1752, 1700, 1584, 1525, 1484, 

1439, 1368, 1282, 1170, 1129, 1088, 995, 801, 693 cm-1; HRMS (ESI) calcd. for C24H27N2O5 

(M+H)+ m/z = 423.1914; found 423.1920.  

 

Methyl (E)-4-((3-(1-(2,5-dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan 

-2-ylidene)pyrrolidin-1-yl)methyl)benzoate (19) 

A solution of fulgide 16 (98 mg, 0.34 mmol, 1.0 eq.), methyl 4-(aminomethyl)benzoate 

hydrochloride (274 mg, 1.36 mmol, 4.0 eq.) and triethylamine (189 µL, 1.36 mmol, 
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4.0 eq.) in anhydrous CH2Cl2 (2 mL) was refluxed for 3 d. Then CDI (276 mg, 1.70 mmol, 

5.0 eq.) was added and the mixture was refluxed for 1 d. The reaction mixture was 

acidified with aqueous HCl (1 M) and the aqueous layer was extracted with EtOAc 

(3 x 10 mL). The combined organic layers were washed with brine (20 mL), dried over 

MgSO4 and the solvent was evaporated under reduced pressure. Purification by 

automated flash column chromatography (PE/EtOAc, 3% - 15% EtOAc) afforded fulgimide 

19 (70 mg, 47%) as orange oil. Rf 0.31 (PE/EtOAc 9:1); 1H-NMR (400 MHz, CDCl3) d = 7.98 

(d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 5.92 (s, 1H), 4.79 (d, J = 8.5 Hz, 2H), 4.48 (sept, 

J = 7.0 Hz, 1H), 3.89 (s, 3H), 2.24 (s, 6H), 1.84 (s, 3H), 1.33 (s, 3H), 1.28 (d, J = 7.1 Hz, 3H), 

0.83 (d, J = 6.8 Hz, 3H); 13C-NMR (101 MHz, CDCl3) d = 168.1 (q), 168.0 (q), 167.0 (q), 153.1 

(q), 150.1 (q), 148.7 (q), 146.9 (q), 142.0 (q), 130.1 (+), 129.6 (q), 128.5 (+), 123.5 (q), 123.4 

(q), 119.7 (q), 106.5 (+), 52.2 (+), 41.1 (-), 30.0 (+), 27.2 (+), 23.1 (+), 22.1 (+), 20.8 (+), 13.5 

(+), 12.9 (+); IR (neat) n = 3422, 2960, 2874, 1692, 1633, 1435, 1387, 1342, 1275, 1219, 

1178, 1100, 1021, 958, 924, 872, 835, 805, 757, 708 cm-1; HRMS (ESI) calcd. for C26H30NO5 

(M+H)+ m/z = 436.2118; found 436.2120. 

 

(E)-4-((3-(1-(2,5-Dimethylfuran-3-yl)-2-methylpropylidene)-2,5-dioxo-4-(propan-2-

ylidene)pyrrolidin-1-yl)methyl)-N-hydroxybenzamide (20) 

A solution of NaOH (37 mg, 0.91 mmol, 8.0 eq.) in aqueous hydroxyl amine (50 wt. %, 

309 µL) was added dropwise to a solution of fulgimide 19 (50 mg, 0.11 mmol, 1.0 eq.) in 

MeOH/THF (1:1, 2 mL) at 0 °C. Then the mixture was stirred for 25 min at 0 °C. The 

reaction was quenched with AcOH (652 µL) and concentrated in vacuo. Purification by 

preparative HPLC (50% - 97% MeCN in 25 min, tR = 15.6 min) afforded 20 (13 mg, 27%) as 

slightly pink solid. Rf 0.59 (CH2Cl2/MeOH 9:1); m.p. 92 °C; 1H-NMR (600 MHz, DMSO-d6) 

d = 11.16 (s, 1H), 9.01 (s, 1H), 7.70 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 6.14 (s, 1H), 

4.71 (d, J = 2.5 Hz, 2H), 4.44 (sept, J = 7.1 Hz, 1H), 2.23 (s, 3H), 2.19 (s, 3H), 1.82 (s, 3H), 

1.30 (s, 3H), 1.25 (d, J = 7.3 Hz, 3H), 0.77 (d, J = 6.9 Hz, 3H); 13C-NMR (151 MHz, DMSO-d6) 

d = 167.2 (q), 167.2 (q), 163.9 (q, HMBC), 151.5 (q), 149.8 (q), 147.7 (q), 146.3 (q), 139.9 

(q), 131.9 (q), 127.2 (+), 123.0 (q), 122.7 όǉύΣ ммфΦм όǉύΣ млсΦп όҌύΣ плΦо όҍύΣ нфΦл όҌύΣ нсΦс 

(+), 22.6 (+), 21.3 (+), 20.5 (+), 13.0 (+), 12.4 (+); IR (neat) n = 3258, 2960, 2930, 2874, 1744, 
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1688, 1632, 1498, 1424, 1387, 1342, 1167, 1133, 1100, 962, 924, 902, 801 cm-1; HRMS 

(ESI) calcd. for C25H29N2O5 (M+H)+ m/z = 437.2071; found 437.2072. 

 

2.4.2 Biological Investigations 

Compounds 3 (l = 312 nm, 36.5 min), 6 (l = 312 nm, 11 min), 10 (l = 365 nm, 7.5 min, 

resulting PSS: 30%), 18 (l = 365 nm, 11 min) and 20 (l = 365 nm, 11 min) were irradiated 

in a 10 mM stock solution in DMSO to form the closed or byproduct isomers prior to the 

biological assays, respectively. In vitro assays were performed as previously described.[51] 

 

2.4.3 Molecular Docking 

Crystal structures of hHDAC1 (PDB ID 5ICN),[87] hHDAC6 (PDB ID 5G0I),[84] hHDAC8 (PDB ID 

2V5X)[88] and smHDAC8 (PDB 5FUE)[50] were downloaded from the Protein Data Bank 

PDB.[89] Protein preparation was done using Schrödinger's Protein Preparation Wizard[90] 

by adding hydrogen atoms, assigning protonation states and minimizing the protein. 

Ligands were prepared in MOE[91] from smiles in neutral form. Multiple low energy 

starting conformations were generated with MOE within an energy window of 5 kcal/mol. 

Molecular docking was performed using the program Glide. The same protocol was 

applied successfully in previous studies.[92] Water molecules were removed from the 

protein structures beside one water molecule in HDAC6 that is bridging the interaction of 

the hydroxamate and the zinc ion in PDB 5G0I. Compounds 3 byproduct, 6 closed, 18 

closed and 20 closed were generated in the possible stereoisomeric forms and were 

docked in the neutral form. 

In our previous study we found that rescoring the docking poses by using a MM-GB/SA 

protocol resulted in a significant correlation between calculated interaction energies and 

in vitro inhibition data. Therefore, the same protocol was applied to the compounds under 

study. To calculate the binding free energy, we used the AMBER12EHT force field 

implemented in the MOE program together with the continuum solvation model GB/SA. 

The experimentally observed geometries of the zinc-hydroxamate complexes were best 

reproduced using this setup. Partial charges were fixed using the MOE Protonate3D tool 

according to the used force-field followed by a short minimization. To estimate the 
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binding free energy a minimizing of the protein-ligand complexes derived from the 

docking was carried out. During complex minimization the heavy atoms of the protein 

were tethered with a deviation of 0.5 Å (force constant (3/2) kT / (0.5)²). The complex 

showing the lowest binding free energy was chosen for each inhibitor and HDAC isoform. 

Using this docking and rescoring protocol the experimentally derived structures of the 

cocrystallized inhibitors of hHDAC6 (PDB ID 5G0I), hHDAC8 (PDB 2V5X) and smHDAC8 

(PDB ID 5FUE) could be reproduced with an RMSD value below 1.00 Å. 

 

2.5 Supporting Information 

Photochemical data 

 
Figure S1. a) Changes in absorption spectra of DTE 10 (100 µM in DMSO) upon continuous irradiation for 0, 

30, 60, 100 and 140 s with light of l = 300 nm until the PSS is reached. b) Cycle performance of DTE 10 

(100 µM in DMSO). Changes in absorption at 535 nm were measured during alternate irradiation with light 

of 300 nm for 140 s and 530 nm for 1 min. 

 

Figure S2. Absorption spectra of DTE 12 (100 µM in toluene/THF) open, after irradiation with l = 312 nm 

for 60 s and subsequent irradiation with l = 530 nm for 60 s. 
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Figure S3. a) Changes in absorption spectra of DTE 3 (100 µM in DMSO) upon continuous irradiation for 0, 

6, 12, 18, 24, 36 and 48 s with light of l = 312 nm until the PSS is reached. b) Cycle performance of DTE 3 

(100 µM in DMSO). Changes in absorption at 488 nm were measured during alternate irradiation with light 

of 312 nm for 48 s and 470 nm for 1 min. 

 
Figure S4. a) Changes in absorption spectra of DTE 3 (100 µM in DMSO) upon continuous irradiation for 48, 

60, 92, 112, 132, 162, 192, 202 and 222 s with light of l = 312 nm until the byproduct is completely formed. 

b) Comparison of the absorption spectra of the three occurring states/isomers of 3: open (black), PSS 

(orange) and byproduct (red). 
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Figure S5. HPLC-MS traces recorded at 275 nm of the three different states/isomers of 3 (tR open isomer: 

15.05 min, m/z=354.1; tR closed isomer: 13.42 min, m/z=353.9; tR byproduct: 13.02 min, m/z=354.0; black: 

open isomer without irradiation; orange: PSS after 45 s of irradiation; red: byproduct after 220 s of 

irradiation). Upon reaching the PSS (orange) approximately 23% of the byproduct has already formed and 

its formation is completed after 220 s (red). 

 
Figure S6. a) Changes in absorption spectra of DTE 6 (100 µM in DMSO) upon continuous irradiation for 0, 

30, 60 (PSS), 80, 120, 300, 480 and 640 s (byproduct) with light of l = 312 nm. b) Cycle performance of DTE 

6 (100 µM in DMSO). Changes in absorption at 523 nm were measured during alternate irradiation with 

light of 312 nm for 60 s and 530 nm for 3 min. 
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Figure S7. a) Changes in absorption spectra of fulgimide 18 (100 µM in DMSO) upon continuous irradiation 

for 0, 5, 10, 15, 20, 25, 30 and 35 s with light of l = 365 nm until the PSS is reached. b) Cycle performance 

of fulgimide 18 (100 µM in DMSO). Changes in absorption at 519 nm were measured during alternate 

irradiation with light of 365 nm for 35 s and 530 nm for 5 min. 

 
Figure S8. a) Changes in absorption spectra of fulgimide 20 (100 µM in PBS with 1% of DMSO, pH=7.4) upon 

continuous irradiation for 0, 5, 10, 15, 20 and 25 s with light of l = 365 nm until the PSS is reached. b) Cycle 

performance of fulgimide 20 (100 µM in in PBS with 1% of DMSO, pH=7.4). Changes in absorption at 532 nm 

were measured during alternate irradiation with light of 365 nm for 25 s and 530 nm for 10 min. 
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Figure S9. a) Changes in absorption spectra of fulgimide 18 (100 µM in PBS with 1% of DMSO, pH=7.4) upon 

continuous irradiation for 0, 5, 10, 15, 20 and 25 s with light of l = 365 nm until the PSS is reached. b) Cycle 

performance of fulgimide 18 (100 µM in in PBS with 1% of DMSO, pH=7.4). Changes in absorption at 536 nm 

were measured during alternate irradiation with light of 365 nm for 25 s and 530 nm for 10 min. 

 

Docking results and additional docking poses 

Table S1. Docking scores calculated for hHDAC1 (PDB ID 5ICN). 

Entry Compound IC50 hHDAC1 [µM]  pIC50 hHDAC1 
E GBSA 

[kcal/mol] 

1 3 open 15 ± 1 .2 4.82 -38.54 

2 3 byproduct (R,R) 26 ± 2.5 4.59 - 

3 3 byproduct (S,S) 26 ± 2.5 4.59 - 

4 6 open 4.2 ± 0.7 5.38 -35.05 

5 6 closed (R,R) 5.1 ± 0.8 5.29 -37.25 

6 6 closed (S,S) 5.1 ± 0.8 5.29 -37.05 

7 18 open 28.5 ± 10.9 4.55 -37.48 

8 18 closed (R) 87.5 ± 53.0 4.06 -29.52 

9 18 closed (S) 87.5 ± 53.0 4.06 -31.83 

10 20 open 6.4 ± 1.0 5.19 -41.57 

11 20 closed (R) 5.0 ± 1.0 5.30 -42.80 

12 20 closed (S) 5.0 ± 1.0 5.30 -44.16 
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Table S2. Docking scores calculated for hHDAC6 (PDB ID 5G0I). 

Entry Compound IC50 hHDAC6 [µM] pIC50 hHDAC6 
E GBSA 

[kcal/mol] 

1 3 open 1.8 ± 0.2 5.74 -41.90 

2 3 byproduct (R,R) 3.9 ± 0.2 5.41 -30.82 

3 3 byproduct (S,S) 3.9 ± 0.2 5.41 -30.12 

4 6 open 0.213 ± 0.018 6.67 -45.20 

5 6 closed (R,R) 0.297 ± 0.041 6.53 -47.75 

6 6 closed (S,S) 0.297 ± 0.041 6.53 -47.86 

7 18 open 1.8 ± 0.5 5.74 -40.08 

8 18 closed (R) 6.1 ± 1.7 5.21 -40.48 

9 18 closed (S) 6.1 ± 1.7 5.21 -41.77 

10 20 open 0.047 ± 0.032 7.33 -73.55 

11 20 closed (R) 0.075 ± 0.047 7.12 -72.90 

12 20 closed (S) 0.075 ± 0.047 7.12 -71.91 

 

Table S3. Docking scores calculated for hHDAC8 (PDB ID 2V5X). 

Entry Compound IC50 hHDAC8 [µM] pIC50 hHDAC8 
E GBSA 

[kcal/mol] 

1 3 open 1.6 ± 0.6 5.80 -60.59 

2 3 byproduct (R,R) 2.7 ± 0.9 5.57 - 

3 3 byproduct (S,S) 2.7 ± 0.9 5.57 - 

4 6 open 0.248 ± 0.29 6.61 -67.62 

5 6 closed (R,R) 0.262 ±  0.36 6.58 -65.18 

6 6 closed (S,S) 0.262 ± 0.36 6.58 -65.47 

7 18 open 1.1 ± 0.2 5.96 -63.56 

8 18 closed (R) 0.88 ± 0.07 6.06 -63.49 

9 18 closed (S) 0.88 ± 0.07 6.06 -63.13 

10 20 open 5.6 ± 1.3 5.25 -58.40 

11 20 closed (R) 3.6 ± 1.0 5.44 -60.62 

12 20 closed (S) 3.6 ± 1.0 5.44 -60.26 
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Table S4. Docking scores calculated for smHDAC8 (PDB ID 5FUE). 

Entry Compound IC50 smHDAC8 [µM] pIC50 smHDAC8 
E GBSA 

[kcal/mol] 

1 3 open 1.6 ± 0.6 5.80 -60.59 

2 3 byproduct (R,R) 2.7 ± 0.9 5.57 - 

3 3 byproduct (S,S) 2.7 ± 0.9 5.57 - 

4 6 open 0.248 ± 0.29 6.61 -67.62 

5 6 closed (R,R) 0.262 ±  0.36 6.58 -65.18 

6 6 closed (S,S) 0.262 ± 0.36 6.58 -65.47 

7 18 open 1.1 ± 0.2 5.96 -63.56 

8 18 closed (R) 0.88 ± 0.07 6.06 -63.49 

9 18 closed (S) 0.88 ± 0.07 6.06 -63.13 

10 20 open 5.6 ± 1.3 5.25 -58.40 

11 20 closed (R) 3.6 ± 1.0 5.44 -60.62 

12 20 closed (S) 3.6 ± 1.0 5.44 -60.26 

 

 

 
Figure S10. Docking poses of DTE 3 open for hHDAC6 (a) and hHDAC8 (b). Only the interacting residues of 

the binding pocket are displayed. The zinc ion is shown as brown ball. The water molecule bridging the 

coordination to the zinc ion in a) is shown as red ball. Distances of the metal coordination and hydrogen 

bonds are given in Å and are shown as lines colored in magenta. 

  



 
97 Photochromic Histone Deacetylase Inhibitors based on Dithienylethenes and Fulgimides 

 
Figure S11. Docking poses of DTEs for smHDAC8. a) 6 open colored dark green, b) 6 closed (R,R) colored 

cyan and 6 closed (S,S) colored brown, c) 3 open colored magenta. Only the interacting residues of the 

binding pocket are displayed. The zinc ion is shown as brown ball. Distances of the metal coordination and 

hydrogen bonds are given in Å and are shown as lines colored in magenta. 
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Figure S12. Docking poses of the fulgimide 20 for hHDAC1. a) 20 open colored green, b) 20 closed (R) colored 

blue and 20 closed (S) colored light grey. The zinc ion is shown as brown ball. Distances of the metal 

coordination and hydrogen bonds are given in Å and are shown as lines colored in magenta. 
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Figure S13. Docking poses of the fulgimides (20 open colored green, 20 closed (R) colored blue, 20 closed 

(S) colored light grey, 18 open colored yellow, 18 closed (R) colored cyan and 18 closed (S) colored salmon) 

for hHDAC8. The zinc ion is shown as brown ball and the water molecule bridging the coordination to the 

zinc ion is shown as red ball. Distances of the metal coordination and hydrogen bonds are given in Å and are 

shown as lines colored in magenta. The molecular surface of the hHDAC8 binding pocket in c) and f) is 

colored according to the hydrophobicity (hydrophobic regions are colored green, polar regions are colored 

magenta).  
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1H- and 13C-NMR spectra  

Compound 3A 

 

  

                                                      
A 13C-NMR-spectrum contains traces of acetone and CH2Cl2; signals are marked with * 



 
101 Photochromic Histone Deacetylase Inhibitors based on Dithienylethenes and Fulgimides 

Compound 5 
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Compound 6 
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Compound 9 
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Compound 10 
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Compound 11 
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Compound 12B  

 

 

  

                                                      
B NMR-spectra contain traces of CHCl3 and CH2Cl2; signals are marked with * 
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Compound 13 

 

 

 
  
















































































































































































































































