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S1 General information & Instrumentation 
 

Air and/or moisture sensitive reactions were performed under a nitrogen atmosphere with glassware 

that was oven-dried or dried by heat gun, using standard anhydrous techniques. Air and/or moisture 

sensitive liquids and solutions were transferred via syringe through rubber septa. 

All reagents and solvents were purchased from commercial suppliers and used as received, unless 

otherwise stated. Triethylamine was stored over KOH pellets. Anhydrous dichloromethane (DCM) and 

tetrahydrofuran (THF) were dried using an Anhydrous Engineering Grubbs-type solvent system. 

Anhydrous acetonitrile (MeCN) was purchased from Acros Organics and had a water content of 4.1 

ppm, measured by Karl Fischer titration (average of 3 measurements). Anhydrous methanol (MeOH) 

had a water content of 42.6 ppm, measured by Karl Fischer titration (average of 3 measurements). 

P.E. refers to fractions of petroleum ether with boiling points in the range 40–60 °C. 

Flash column chromatography was performed on silica gel (VWR 40-63 µm, 230-300 mesh). Analytical 

thin-layer chromatography (TLC) was performed on aluminium-backed silica (Merck 60 Å F254), 

visualising using a UV lamp (254 nm), potassium permanganate or phosphomolybdic acid stain.  

Receptor complex 3·2ClO4 and phosphate ligand 5-H were prepared according to our previous work.1 

1H and 13C NMR spectra were acquired on Bruker (400 or 500 MHz) or Jeol ECS (400 MHz) 

spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) and coupling constants (J) 

are reported in Hertz (Hz) to the nearest 0.1 Hz. 1H-NMR spectra are referenced to the residual solvent 

peak (CDCl3 7.26, CD3OD 3.31) and 13C-NMR were referenced to the 13C resonance of the solvent (CDCl3 

77.16, CD3OD 49.00). Multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet (q), 

multiplet (m), broad (br) or combinations thereof.  

Infrared spectra were recorded on a Perkin Elmer Spectrum Two spectrometer. Only major absorption 

maxima (νmax) above 1000 cm-1 are reported and quoted in wavenumbers (cm-1). 

High-resolution ESI spectra were acquired on Bruker micrOTOF II or Thermo Scientific Orbitrap Elite 

spectrometers. High-resolution Nanospray spectra were acquired on a Waters Synapt G2S 

spectrometer with Advion Nanomate installed. 

UV-vis spectra were acquired on an Agilent Cary 300 UV-vis spectrometer at the stated concentration 

and ambient temperature in a 10 mm path length quartz cuvette.  

CD spectra were acquired on a JASCO J-815 CD spectrometer at 25 °C and at the stated concentration 

using a 10 mm path length quartz cuvette.  

Visible light irradiation was performed at ambient temperature using a Thorlabs DC4100 4-channel 

LED driver at the stated current with Thorlabs M405L4, M470L5, M530L4, MINTL5 (nominal 

wavelength 554 nm) and M625L4 mounted LEDs with attached collimators. For systems containing 

both 6a and 6e, a FBH530-10 bandpass spectral filter was attached to the 530 nm LED (M530L4) via 

an SM1QU filter holder.  
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Throughout this study, sample irradiation was performed in a cardboard box (width approx. 11 cm) 

with two apertures on opposite sides in which mounted LEDs could be inserted. This setup allowed a 

10 mm cuvette placed in the centre of the box to be freely irradiated with either or both LEDs at a 

distance of 5 cm. Figure S1 shows a sample being irradiated with 405 nm, 530 nm and both 405 and 

530 nm LEDs. 

 

Figure S1: Photographs of the irradiation setup used in this study, showing a 10 mm cuvette (containing water mixed with a 
few drops of milk) under irradiation with (a) 405 nm, (b) 530 nm or (c) both 405 nm and 530 nm LEDs. 
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S2 Synthetic details  
General procedure for photoacid synthesis by condensation of TCF acceptors with aldehydes 

 

A mixture of TCF acceptor (1 equiv.), aldehyde (1.2 equiv.) and NH4OAc (0.2 equiv.) was dissolved in 

EtOH (10 mL mmol-1) and heated under reflux for 18 hours. Except where specified, the photoacid 

product was isolated by cooling the reaction mixture to 0 °C and collecting the precipitated product 

by filtration. The filter cake was washed with ice-cold EtOH followed by ice-cold Et2O, then dried under 

reduced pressure to give the product. In some cases, azeotropic removal of residual EtOH with CHCl3 

was required. 

 
Synthesis of 6a 

 

Reagents and conditions: (a) CH2(CN)2, NaOEt, EtOH, 90 °C (μw), 15 min; (b) Salicylaldehyde,  NH4OAc, 

EtOH, 78 °C, 18 h. 

 

2-(3-Cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (7) 

 

Prepared according to a modified literature procedure.2 A solution of sodium ethoxide was prepared 

by dissolving sodium metal (22 mg, 0.95 mmol) in ethanol (1 mL) in a microwave vial. Freshly 

recrystallised malononitrile3 (1.26 g, 19.0 mmol), 3-hydroxy-3-methyl-2-butanone (1.0 mL,  

9.5 mmol) and a Teflon-coated stirrer bar were added, then the microwave vial was sealed. The 

mixture was heated at 90 °C (microwave irradiation) for 15 minutes, then cooled and poured into aq. 

HCl (1 M). The resulting precipitate was collected, washed with cold ethanol, then dried under vacuum 

to give the title compound (840 mg, 44%) as a bright yellow solid. 

1H NMR (400 MHz, CDCl3): δH 2.36 (s, 3H, CH3), 1.63 (s, 6H, C(CH3)2) 

13C NMR (101 MHz, DMSO-d6): δC 185.7, 177.3, 112.2, 111.5, 110.0, 103.6, 101.3, 54.8, 23.2 (C(CH3)2), 

14.2 (CH3) 
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Spectroscopic data are consistent with those previously reported.4 

 

(E)-2-(3-Cyano-4-(2-hydroxystyryl)-5,5-dimethylfuran-2(5H)-ylidene)malononitrile (6a) 

 

Prepared according to the general procedure using 7 (50 mg, 0.25 mmol), salicylaldehyde (32 µL, 0.31 

mmol), and NH4Cl (4 mg, 0.05 mmol). The title compound (52 mg, 68%) was obtained as a yellow solid. 

1H NMR (400 MHz, DMSO-d6): δH 10.86 (s, 1H, OH), 8.17 (d, J = 16.5, 1H, HC=CH), 7.84 (dd, J = 7.9, 1.6, 

1H, ArH), 7.42 (d, J = 16.5, 1H, HC=CH), 7.37 (ddd, J = 8.5, 7.3, 1.7, 1H, ArH), 6.97–6.90 (m, 2H, ArH), 

1.77 (s, 6H, C(CH3)2) 

13C NMR (101 MHz, DMSO-d6): δC 177.4, 176.3, 158.5, 144.0 (HC=CH), 134.1 (ArH), 130.6 (ArH), 121.3, 

119.9 (ArH), 116.6 (ArH), 115.2 (HC=CH), 112.9, 112.1, 111.3, 99.2, 97.5, 53.8, 25.2 (C(CH3)2) 

Spectroscopic data are consistent with those previously reported.5 

 

Synthesis of 6b 

 

Reagents and conditions: (a) BBr3, DCM, rt, 18 h; (b) 7,  NH4OAc, EtOH, 78 °C, 18 h. 

 
2-Hydroxy-4-methoxybenzaldehyde (8) 

 

Boron tribromide (1.05 mL, 1 M in DCM, 1.05 mmol) was added dropwise to a solution of  

2,4-dimethoxybenzaldehyde (166 mg, 1.0 mmol) in dichloromethane (4 mL). The mixture was stirred 

at room temperature for 18 hours, then quenched by the addition of ice (5 g). The mixture was 

extracted with EtOAc with a small amount of MeOH to aid solubility, and the combined organic 

extracts were washed with brine, then dried (Na2SO4), filtered and evaporated under reduced 
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pressure to give the title compound (137 mg, 90%) as a yellow oil, which crystallised on standing. 

1H NMR (400 MHz, DMSO-d6): δH 11.06 (br s, 1H, OH), 9.98 (s, 1H, CHO), 7.61 (d, J = 8.7, 1H, ArH), 6.56 

(dd, J = 8.7, 2.4, 1H, ArH), 6.47 (d, J = 2.4, 1H, ArH), 3.80 (s, 3H, CH3) 

13C NMR (101 MHz, DMSO-d6): δC 191.4 (CHO), 166.1 (Ar), 163.2 (Ar), 132.5 (Ar), 116.3 (Ar), 107.6 (Ar), 

100.9 (Ar), 55.8 (CH3) 

Spectroscopic data are consistent with those previously reported.6 

 

(E)-2-(3-Cyano-4-(2-hydroxy-4-methoxystyryl)-5,5-dimethylfuran-2(5H)-ylidene) malononitrile  
(6b) 

 

Prepared according to the general procedure, using 7 (50 mg, 0.25 mmol), 8 (46 mg, 0.3 mmol) and 

NH4Cl (4 mg, 0.05 mmol). The title compound (58 mg, 70%) was obtained as an orange solid. 

1H NMR (400 MHz, DMSO-d6): δH 11.07 (s, 1H, OH), 8.15 (d, J = 16.3, 1H, HC=CH), 7.82 (d, J = 8.8, 1H, 

ArH), 7.27 (d, J = 16.3, 1H, HC=CH), 6.57 (dd, J = 8.8, 2.0, 1H, ArH), 6.48 (d, J = 2.0, 1H, ArH), 3.81 (s, 

3H, OCH3), 1.75 (s, 6H, C(CH3)2) 

13C NMR (101 MHz, DMSO-d6): δC 177.4, 176.7, 164.8, 160.9, 144.6 (HC=CH), 132.6 (Ar), 115.1, 113.1, 

112.2, 112.1 (HC=CH), 111.6, 107.7 (Ar), 100.9 (Ar), 98.7, 94.8, 55.6 (OCH3), 52.5, 25.4 (C(CH3)2) 

IR (neat): 3250 (br), 2998, 2944, 2230, 1567, 1532, 1283 

HRMS (ESI+): Calc. for C19H16N3O3 [M+H]+ 334.1186, found 334.1189 

Spectroscopic data are consistent with those previously reported.7 

 

Synthesis of 6c 

 

Reagents and conditions: (a) N-Iodosuccinimide, hexafluoroisopropanol, DCM, rt, 18 h; (b) 7,  NH4OAc, 

EtOH, 78 °C, 18 h. 
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4-(Diethylamino)-2-hydroxy-5-iodobenzaldehyde (9) 

 

Prepared according to a modified literature procedure.8 Hexafluoroisopropanol (1 mL) was added to 

a solution of 4-(diethylamino)-2-hydroxybenzaldehyde (193 mg, 1.0 mmol) and N-iodosuccinimide 

(225 mg, 1.0 mmol) in dichloromethane (4 mL) at room temperature. The mixture was stirred at room 

temperature for 18 hours, then the volatiles were evaporated under reduced pressure. The crude 

residue was purified by silica column chromatography (5:95 to 15:85 Et2O:P.E., Rf = 0.49 at 10:90) to 

give the title compound (178 mg, 56%) as a yellow oil.  

1H NMR (400 MHz, CDCl3): δH 11.11 (s, 1H, OH), 9.65 (d, J = 0.6, 1H, CHO), 7.93 (s, 1H, ArH), 6.54 (s, 

1H, ArH), 3.21 (q, J = 7.1, 4H, CH2CH3), 1.10 (t, J = 7.1, 6H, CH2CH3) 

13C NMR (101 MHz, CDCl3): δC 193.6 (CHO), 162.8 (Ar), 160.6 (Ar), 145.6 (Ar), 118.1 (Ar), 110.7 (Ar), 

82.9 (Ar), 46.5 (NCH2), 12.3 (CH3) 

IR (neat): 3112, 2972, 2931, 2833, 1639, 1610, 1207, 1195, 1128 

HRMS (ESI+): Calc. for C11H14O2NI [M+H]+ 320.0142, found 320.0132 

 

(E)-2-(3-cyano-4-(4-(diethylamino)-2-hydroxy-5-iodostyryl)-5,5-dimethylfuran-2(5H)-
ylidene)malononitrile (6c) 

 

Prepared according to the general procedure using 7 (50 mg, 0.25 mmol), 9 (95 mg, 0.30 mmol) and 

NH4OAc (4 mg, 0.05 mmol). The reaction mixture was evaporated to dryness, and the residue was 

redissolved in EtOAc and passed through a silica plug (eluting with EtOAc). The filtrate was 

concentrated, and the residue was recrystallised from EtOAc/hexane to give the title compound (56 

mg, 45%) as a black solid. 

1H NMR (400 MHz, Acetone-d6): δ 9.84 (br s, 1H, OH), 8.26 (s, 1H, ArH), 8.10 (d, J = 16.4, 1H, HC=CH), 

7.49 (d, J = 16.4, 1H, HC=CH), 6.78 (s, 1H, ArH), 3.18 (q, J = 7.1, 4H, CH2CH3), 1.88 (s, 6H, C(CH3)2), 1.07 

(t, J = 7.1, 6H, CH2CH3) 

13C NMR (101 MHz, Acetone-d6): δ 177.7, 176.9, 159.9, 158.4, 143.4 (HC=CH), 142.8 (Ar), 120.1, 115.1 

(HC=CH), 113.3, 112.5, 111.8, 111.4 (Ar), 99.3, 98.3, 86.4, 55.5, 47.3 (CH2CH3), 26.2 (C(CH3)2), 12.6 
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(CH2CH3) 

IR: 3307 (br), 2978, 2932, 2226, 1552, 1515, 1249, 1181 

HRMS (ESI+): Calc. for C22H21O2N4I [M+H]+ 501.0782, found 501.0768 

 

Synthesis of 6d 

 

Reagents and conditions: (a) HBr (aq.), DMSO, EtOAc, 60 °C, 3 h; (b) 7,  NH4OAc, EtOH, 78 °C, 18 h. 

 

5-Bromo-4-(diethylamino)-2-hydroxybenzaldehyde (10) 

 

Prepared according to a modified literature procedure.9 Aqueous hydrobromic acid (185 mg, 48 wt%, 

0.55 mmol) was added to a solution of 4-(diethylamino)salicylaldehyde (97 mg, 0.5 mmol) and 

dimethyl sulfoxide (39 μL, 1.1 mmol) in EtOAc (2 mL). The mixture was stirred under air at 60 °C for 3 

h. After cooling to room temperature, the mixture was diluted with EtOAc, washed successively with 

water and brine, then dried (Na2SO4), filtered and concentrated under reduced pressure. The crude 

product was purified by silica column chromatography (5:95 Et2O:P.E., Rf = 0.19) to give the title 

compound (58 mg, 43%) as a yellow oil.  

1H NMR (400 MHz, CDCl3): δH 11.13 (s, 1H, OH), 9.62 (d, J = 0.6, 1H, CHO), 7.63 (s, 1H, ArH), 6.49 (s, 

1H, ArH), 3.29 (q, J = 7.1, 4H, CH2), 1.13 (t, J = 7.1, 6H, CH3) 

13C NMR (101 MHz, CDCl3): δC 193.3 (C=O), 162.0 (Ar), 157.4 (Ar), 139.1 (Ar), 116.3 (Ar), 109.2 (Ar), 

107.0 (Ar), 45.9 (CH2), 12.5 (CH3) 

Spectroscopic data are consistent with those previously reported.10 
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(E)-2-(4-(5-Bromo-4-(diethylamino)-2-hydroxystyryl)-3-cyano-5,5-dimethylfuran-2(5H)-ylidene) 
malononitrile (6d) 

 

Prepared according to the general procedure, using 7 (50 mg, 0.25 mmol), 10 (68 mg, 0.3 mmol) and 

NH4Cl (4 mg, 0.05 mmol), to give the title compound (63 mg, 56%) as a golden solid. 

1H NMR (400 MHz, Acetone-d6): δH 8.14 (d, J = 16.3, 1H, HC=CH), 8.00 (s, 1H, ArH), 7.43 (d, J = 16.3, 

1H, HC=CH), 6.77 (s, 1H (ArH), 3.28 (q, J = 7.0, 4H, CH2CH3), 1.87 (s, 6H, C(CH3)2), 1.11 (t, J = 7.0, 6H, 

CH2CH3). 

13C NMR (101 MHz, Acetone-d6): δC 177.8, 176.9, 159.2, 155.3, 143.6 (HC=CH), 136.5 (Ar), 118.2, 114.5 

(HC=CH), 113.3, 112.6, 111.9, 110.2 (Ar), 109.6, 99.2, 97.7, 55.3, 46.6 (CH2CH3), 26.2 (C(CH3)2), 12.7 

(CH2CH3) 

IR (neat): 3250, 2965, 2925, 2851, 2226, 1544, 1512, 1248, 1229 

HRMS (ESI+): Calc. for C22H22(79Br)N4O2 [M+H]+ 453.0921, found 453.0929 

 

Synthesis of 6e 

 

Reagents and conditions: (a) MeI, NaH, DMF, 0 °C to rt, 6 h; (b) POCl3, DMF, 0 °C to 85 °C, 7.5 h; (c) 

BBr3, DCM, 0 °C to rt, 20 h; (d) 7,  NH4OAc, EtOH, 78 °C, 18 h. 

 

2-Methoxy-9-methyl-9H-carbazole (11) 
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Synthesised according to a modified patent procedure.11 2-Hydroxycarbazole (413 mg, 2.25 mmol) 

and iodomethane (0.56 mL, 9.0 mmol) were dissolved in DMF (10 mL) and the solution was cooled to  

0 °C. Sodium hydride (360 mg, 60 wt% dispersion in mineral oil, 15 mmol) was added in portions, then 

the mixture was stirred at room temperature for 6 h. The reaction was quenched by the addition of 

water (15 mL) and diluted with Et2O (50 mL). The mixture was successively washed with water, 

aqueous LiCl (5 wt%) and brine, then dried (MgSO4), filtered and concentrated under reduced 

pressure. The crude product was purified by silica column chromatography (1:9 Et2O:P.E., Rf = 0.20) to 

give the title compound (372 mg, 78%) as an off-white solid.  

1H NMR (400 MHz, CDCl3): δH 8.02–7.99 (m, 1H, ArH), 7.98–7.96 (m, 1H, ArH), 7.44–7.39 (m, 1H, ArH), 

7.37–7.35 (m, 1H, ArH), 7.24–7.20 (m, 1H, ArH), 6.88–6.85 (m, 2H, ArH), 3.95 (s, 3H, CH3), 3.81 (s, 3H, 

CH3) 

13C NMR (101 MHz, CDCl3): δC 159.3 (Ar), 142.5 (Ar), 141.2 (Ar), 124.5 (Ar), 123.1 (Ar), 121.2 (Ar), 119.6 

(Ar), 119.1 (Ar), 116.8 (Ar), 108.3 (Ar), 107.4 (Ar), 93.0 (Ar), 55.8 (OCH3), 29.2 (NCH3) 

Spectroscopic data are consistent with those previously reported.12 

 

2-Methoxy-9-methyl-9H-carbazole-3-carbaldehyde (12) 

 

Phosphoryl chloride (0.17 mL, 1.78 mmol) was added dropwise to DMF (7 mL) at 0 °C. After stirring for 

20 min at 0 °C, a solution of 11 (289 mg, 1.37 mmol) in DMF (3 mL) was added dropwise at 

0 °C. The mixture was heated at 85 °C for 7.5 h, then cooled to room temperature and quenched by 

the addition of water (15 mL). The precipitate was collected, washed with water, and dried under 

vacuum to yield the title compound (301 mg, 92%) as a pale yellow solid. 

1H NMR (400 MHz, CDCl3): δH 10.48 (s, 1H, CHO), 8.56 (s, 1H, ArH), 8.02 (ddd, J = 7.8, 1.2, 0.8, 1H, ArH), 

7.45 (ddd, J = 8.3, 7.1, 1.2, 1H, ArH), 7.36–7.33 (m, 1H, ArH), 7.27 (ddd, J = 7.8, 7.3, 1.1, 1H, ArH), 6.73 

(s, 1H, ArH), 4.03 (OCH3), 3.80 (NCH3) 

13C NMR (101 MHz, CDCl3): δC 189.5 (CHO), 161.8 (Ar), 146.3 (Ar), 141.8 (Ar), 125.7 (Ar), 123.5 (Ar), 

121.8 (Ar), 120.6 (Ar), 120.2 (Ar), 118.5 (Ar), 117.0 (Ar), 108.8 (Ar), 90.3 (Ar), 56.0 (OCH3), 29.4 (NCH3) 

Spectroscopic data are consistent with those previously reported.13 
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2-Methoxy-9-methyl-9H-carbazole-3-carbaldehyde (13) 

 

12 (371 mg, 1.55 mmol) was dissolved in dichloromethane (12 mL) and cooled to 0 °C. Boron 

tribromide (3.1 mL, 1 M in heptane, 3.1 mmol) was added dropwise and the mixture was stirred for 20 

h at room temperature. The reaction was quenched by the addition of ice (10 g) and methanol (5 mL) 

whilst stirring. After the ice had melted, the biphasic mixture was diluted with water (10 mL) and 

separated. The aqueous layer was washed with DCM, and the combined organic layers were washed 

with aq. HCl (1 M) and brine, then dried (Na2SO4), filtered and evaporated under reduced pressure to 

give the title compound (296 mg, 85%) as a yellow-green solid.  

1H NMR (400 MHz, CDCl3): δH 11.53 (s, 1H, CHO), 9.88 (d, J = 0.6, 1H, OH), 8.08 (s, 1H, ArH), 7.97 (ddd, 

J = 7.7, 1.2, 0.8, ArH), 7.46 (ddd, J = 8.2, 7.2, 1.2, ArH), 7.34 (dt, J = 8.2, 0.8, ArH), 7.29 (ddd, J = 7.7, 7.2, 

1.0, ArH), 6.76 (ArH), 3.74 (s, 3H, NCH3) 

13C NMR (101 MHz, CDCl3): δC 195.1 (CHO), 161.4 (Ar), 146.9 (Ar), 142.2 (Ar), 127.2 (Ar), 126.1 (Ar), 

123.2 (Ar), 120.8 (Ar), 119.8 (Ar), 117.3 (Ar), 115.0 (Ar), 109.0 (Ar), 95.0 (Ar), 29.5 (CH3) 

Spectroscopic data are consistent with those previously reported.14 

 

(E)-2-(3-Cyano-4-(2-(2-hydroxy-9-methyl-9H-carbazol-3-yl)vinyl)-5,5-dimethylfuran-2(5H)-
ylidene)malononitrile (6e) 

 

Prepared according to the general procedure using 7 (50 mg, 0.25 mmol), 13 (68 mg, 0.30 mmol) and 

NH4Cl (4 mg, 0.05 mmol). The title compound (77 mg, 75%) was obtained as a dark red solid.  

1H NMR (400 MHz, Acetone-d6): δH 8.70 (s, 1H, ArH), 8.52 (d, J = 16.3, 1H, HC=CH), 8.06 (ddd, J = 7.7, 

1.2, 0.7, 1H, ArH), 7.53–7.49 (m, 2H, HC=CH + ArH), 7.44 (ddd, J = 8.2, 7.1, 1.2, 1H, ArH), 7.24 (ddd, J = 

7.7, 7.1, 1.1, 1H, ArH), 3.84 (s, 3H, NCH3), 1.91 (s, 6H, C(CH3)2). 

13C NMR (126 MHz, Acetone-d6): δC 178.0, 177.2, 159.0, 147.0, 146.6, 143.0, 126.7, 123.9, 123.6, 

121.3, 120.7, 119.0, 116.4, 113.5, 112.8, 112.7, 112.1, 110.2, 98.9, 96.2, 95.8, 54.5, 26.5 

IR (neat): 3306 (br), 3057, 2990, 2225, 2175, 1497, 1235, 1204 
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HRMS (ESI+): Calc. for C25H18N4NaO2 [M+Na]+ 429.1322, found 429.1307 

 

(E)-2-(3-Cyano-4-(4-(diethylamino)-2-hydroxystyryl)-5,5-dimethylfuran-2(5H)-ylidene) 
malononitrile15 (6f) 

 

Prepared according to the general procedure, using 7 (50 mg, 0.25 mmol), 4-

(diethylamino)salicylaldehyde (58 mg, 0.3 mmol) and NH4Cl (4 mg, 0.05 mmol). The title compound 

(35 mg, 37%) was obtained as a dark blue solid. 

1H NMR (400 MHz, Acetone-d6): δH 8.26 (d, J = 15.7, 1H, HC=CH), 7.68 (d, J = 9.2, 1H, ArH), 7.06 (d, J = 

15.7, 1H, HC=CH), 6.50 (dd, J = 9.2, 2.5, 1H, ArH), 6.31 (d, J = 2.5, 1H, ArH), 3.52 (q, J = 7.1, 4H, CH2CH3), 

1.80 (s, 6H, C(CH3)2), 1.22 (t, J = 7.1, 6H, CH2CH3) 

13C NMR (126 MHz, Acetone-d6): δC 178.2, 176.7, 162.4, 155.0, 145.9 (HC=CH), 133.4 (Ar), 114.2, 

113.5, 112.9, 112.6, 108.7 (HC=CH), 107.6 (Ar), 97.91, 96.85 (Ar), 91.5, 52.0, 45.6 (CH2CH3), 26.7 

(C(CH3)2), 13.0 (CH2CH3) 

IR (neat): 3269, 2980, 2935, 2221, 1486, 1240, 1176 

HRMS (ESI+): Calc. for C22H22N4NaO2 [M+Na]+ 397.1635, found 397.1640 

 

Synthesis of 6g 

 
Reagents and conditions: (a) tBuLi, 2-MeTHF, -78 to -20 °C, 30 min, then CF3COPh, 2-MeTHF, -78 °C, 2 

h; (b) HCl (aq.), MeOH, rt, 3.5 h; (c) CH2(CN)2, NaOEt, EtOH, 100 °C, 1 h; (d) 4-

(Diethylamino)salicylaldehyde, NH4OAc, EtOH, 78 °C, 18 h. 
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3-Ethoxy-1,1,1-trifluoro-2-phenylbut-3-en-2-ol (14) 

 

tert-Butyllithium (7.55 mL, 1.7 M in pentane, 12.8 mmol) was added dropwise over 10 minutes to a 

solution of ethyl vinyl ether (926 mg, 12.8 mmol) in anhydrous 2-MeTHF (12 mL) at -78 °C. The reaction 

vessel was transferred to a second cooling bath at -20 °C, and the mixture was stirred for 30 minutes 

while maintaining a temperature between -20 and -25 °C. The mixture was cooled to -78 °C and a 

solution of 2,2,2-trifluoroacetophenone (1.12 g, 6.4 mmol) in 2-MeTHF (3 mL) was added dropwise 

over 5 minutes. After stirring for 2 hours at -78 °C, the mixture was warmed to 0 °C and stirred for a 

further 30 minutes, then quenched by the addition of sat. aq. NH4Cl. The biphasic mixture was diluted 

with water and extracted with Et2O. The combined organic extracts were dried (MgSO4), filtered and 

concentrated under reduced pressure. The crude product was purified by silica column 

chromatography (5:95 to 30:70 Et2O:P.E., Rf = 0.36 at 20:80), affording the title compound (1.30 g, 

82%) as a colourless oil. 

 1H NMR (400 MHz, CDCl3): δH 7.70–7.65 (m, 2H, ArH), 7.42–7.35 (m, 3H, ArH), 4.45 (d, J = 3.6, 1H, 

C=CHH), 4.38 (d, J = 3.6, 1H, C=CHH), 3.84 (app. qq, J = 9.6, 7.0, 2H, CH2), 3.68 (br s, 1H, OH), 1.31 (t, J 

= 7.0, 3H, CH3) 

13C NMR (101 MHz, CDCl3): δC 157.7 (C=CH2), 136.7 (Ar), 128.9 (Ar), 128.2 (Ar), 127.1 (q, J = 1.6, Ar), 

124.5 (q, J = 286.1, CF3), 86.8 (q, J = 1.9, C=CH2), 78.6 (q, J = 29.0, CCF3), 64.2 (CH2), 14.2 (CH3) 

IR (neat): 3550 (br), 2985, 1262, 1160, 1063 

HRMS (APCI+): Calc. for C12H14O2F3 [M+H]+ 247.0940, found 247.0937 

 

4,4,4-Trifluoro-3-hydroxy-3-phenylbutan-2-one (15) 

 

Aqueous HCl (10.4 mL, 1 M, 10.4 mmol) was added to a solution of 14 (1.28 g, 5.2 mmol) in methanol 

(10 mL). The mixture was stirred at room temperature for 3.5 hours, then concentrated under reduced 

pressure and extracted with Et2O. The combined organic extracts were dried (MgSO4) filtered and 

concentrated under reduced pressure to give the title compound (1.02 g, 90%) as a colourless oil, 

which was used without further purification. 

1H NMR (400 MHz, CDCl3): δH 7.61–7.57 (m, 2H, ArH), 7.47–7.41 (m, 3H, ArH), 4.97 (s, 1H, OH), 2.32 

(q, J = 0.9, 3H, CH3) 
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13C NMR (101 MHz, CDCl3): δC 201.6 (C=O), 133.4 (Ar), 129.7 (Ar), 129.2 (Ar), 126.6 (q, J = 2.1, Ar), 

123.7 (q, J = 286.1, CF3), 82.6 (q, J = 28.8, CCF3), 25.3 (q, J = 2.4, CH3) 

Spectroscopic data are consistent with those previously reported.16 

 

2-(3-Cyano-4-methyl-5-phenyl-5-(trifluoromethyl)furan-2(5H)-ylidene)malononitrile (16) 

 

15 (252 mg, 1.16 mmol) and malononitrile (160 mg, 2.43 mmol) were added to an ethanolic solution 

of sodium ethoxide (0.50 mL, 0.12 mmol, prepared by dissolving sodium metal [10.6 mg, 0.46 mmol] 

in 2.0 mL ethanol) in a microwave vial with a Teflon-coated stirrer bar. The sealed vial was heated at  

100 °C under microwave irradiation for 1 hour. The mixture was diluted with aq. HCl (0.5 M), then 

extracted with chloroform. The combined organic layers were dried (MgSO4), filtered and 

concentrated under reduced pressure. The crude product was purified by silica column 

chromatography (1:1 acetone:P.E., Rf = 0.24) to give a salt of 16, which was added to aq. HCl (1 M) and 

extracted with chloroform. The combined organic extracts were dried (MgSO4), filtered and 

evaporated under reduced pressure to give the racemic title compound (159 mg, 44%) as a dark green 

solid. 

1H NMR (CDCl3, 400 MHz): δH 7.61–7.52 (m, 3H, ArH), 7.45–7.41 (m, 2H, ArH), 2.48 (s, 3H, CH3) 

13C NMR (CDCl3, 101 MHz): δC 174.1, 172.0, 131.9, 130.2, 127.4, 125.7 (q, J = 1.9, Ar), 121.6 (q, J = 

287.4, CF3), 109.8 (q, J = 1.2), 109.4, 109.0, 108.0, 98.4 (q, J = 32.2, CCF3), 63.1, 15.4 (q, J = 1.6, CH3) 

Spectroscopic data are consistent with those previously reported.17 

 

(E)-2-(3-Cyano-4-(4-(diethylamino)-2-hydroxystyryl)-5-phenyl-5-(trifluoromethyl)furan-2(5H)-
ylidene)malononitrile (6g) 

 

Prepared according to the general procedure, using 16 (79 mg, 0.25 mmol),  

4-(diethylamino)salicylaldehyde (58 mg, 0.3 mmol) and NH4Cl (4 mg, 0.05 mmol). The title compound 

(85 mg, 69%) was obtained as a metallic-green solid. 

1H NMR (CDCl3, 400 MHz): δH 8.95 (br s, 1H, HC=CH), 8.54 (br s, 1H, OH), 7.56–7.45 (m, 5H, ArH), 7.40 
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(br d, J = 6.0, 1H, ArH), 6.48 (br s, 1H, HC=CH), 6.36 (dd, J = 9.2, 2.4, 1H, ArH), 6.17 (d, J = 2.4, 1H, ArH), 

3.52 (q, J = 7.2, 4H, CH2CH3), 1.25 (t, J = 7.2, 6H, CH2CH3)  

13C NMR (CDCl3, 126 MHz): δC 177.5, 163.9, 161.4, 156.8, 145.9, 131.3, 131.0 (Ar), 129.5 (Ar), 126.7 

(Ar), 122.5 (q, J = 286.1, CF3), 114.9, 113.9, 113.0, 112.8, 109.3 (Ar), 96.8 (Ar), 95.1 (q, J = 31.6), 51.6, 

46.0 (CH2CH3), 13.1 (CH2CH3) 

IR (neat): 3266 (br), 2979, 2928, 2221, 1482, 1173, 1141 

HRMS (ESI+): Calc. for C27H22N4O2F3 [M+H]+ 491.1689, found 419.1679 
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S3 Stock solution preparation 
Stock solutions of the CD receptor (Zn(3)·2ClO4), ligands (4-H and 5-H) and compounds 6a,c,d,f,g were 

prepared as 2.50 mM solutions by weighing out the appropriate mass of compound in a 5 mL 

volumetric flask, then dissolving in anhydrous MeCN. Compounds 6b and 6e were instead prepared 

as 1.25 mM solutions due to their poorer solubility in MeCN. For triethylamine, an arbitrary amount 

(20-40 mg) of compound was weighed out in a pre-weighed, stoppered 5 mL volumetric flask (to 

minimise compound evaporation and atmospheric water absorption) and dissolved in MeCN to give a 

solution of arbitrary, but known, concentration. An aliquot of this solution was then diluted to the 

desired concentration (2.50 mM) by the addition of an appropriate volume of solvent, as required. 

S4 Additional CD spectroscopy methodology  

S4.1 Light-induced ligand exchange with 6a-g (Fig. 3) 

For each dye, an initial sample was prepared by mixing solutions of Zn(3)·2ClO4 (20 μL, 2.50 mM, 50 

nmol), 4-H (20 μL, 2.50 mM, 50 nmol), 5-H (20 μL, 2.50 mM, 50 nmol), NEt3 (40 μL, 2.50 mM, 100 nmol), 

dye (20 μL, 2.50 mM, 50 nmol for 6a, 6c, 6d, 6f and 6g, or 40 μL, 1.25 mM, 50 nmol for 6b and 6e), 

MeOH (100 μL) and made up to 2000 μL with MeCN. Each sample was allowed to equilibrate in the 

dark inside the CD spectrometer while θ240 was recorded over 5 minutes. After the equilibration 

period, each sample was placed into the irradiation box and irradiated for 10 seconds (1000 mA 

current) at the appropriate wavelength: 405 nm (6a), 470 nm (6b and 6c), 530 nm (6d and 6e), 554 

nm (6f), 625 nm (6g). Each sample was then immediately placed back inside the CD spectrometer and 

θ240 was recorded over 5 minutes. Only samples with 6a or 6e displayed significant light-induced shifts 

in θ240 (Fig. 3, main article); time-course CD data for samples containing 6b, 6c, 6d, 6f or 6g are shown 

below (Fig. S2). 

 
Figure S2 Time course CD spectroscopy measurements at 240 nm of Zn(3)·2ClO4 (25 μM), 4-H (1 equiv.), 5-H (1 equiv.), NEt3 
(2 equiv.) with (a) 6b, (b) 6c, (c) 6d, (d) 6f or (e) 6g in MeCN containing 5 vol% MeOH. Black arrows indicate a 10 second pulse 
of LED light of the given wavelength. 
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S4.2 Optimisation of irradiation conditions 

The effect of varying the irradiation wavelength, LED power and irradiation duration on the 

isomerisation of photoacids 6a and 6e was examined, to find conditions where each photoacid could 

be selectively photoisomerised in the presence of the other. An initial sample for each photoacid was 

prepared by mixing solutions of Zn(3)·2ClO4 (20 μL, 2.50 mM, 50 nmol), 4-H (20 μL, 2.50 mM, 50 nmol), 

5-H (20 μL, 2.50 mM, 50 nmol), NEt3 (40 μL, 2.50 mM, 100 nmol), photoacid (20 μL, 2.50 mM, 50 nmol 

for 6a, or 40 μL, 1.25 mM, 50 nmol for 6e), MeOH (100 μL) and made up to 2000 μL with MeCN. The 

mixtures were allowed to equilibrate in the dark for 5 minutes. 

Each sample was irradiated for 10 seconds with 405 nm light while the LED controller was set to the 

maximum input current of 1000 mA, then immediately placed into the CD spectrometer and θ240 was 

recorded over 5 minutes. This process was repeated at lower input currents (500 mA, 250 mA, 125mA 

and 50 mA) and with different irradiation wavelengths (470 nm and 530 nm). The sample containing 

photoacid 6a displayed comparable shifts in θ240 after irradiation with 405 nm (Fig. S3a) or 470 nm 

light (Fig. S3c) at every input current tested, while the shifts in θ240 for the sample containing photoacid 

6e decreased as the input current was decreased for both 405 nm (Fig. S3b) and 470 nm (Fig. S3d) 

light. Therefore, 6a could be selectively isomerised in the presence of 6e with 405 nm light by using a 

low input current (50 mA). 

However, diminishing shifts in θ240 were observed for both 6a- (Fig. S3e) and 6e-containing samples 

(Fig. S3f) as the input current of the 530 nm LED was decreased from 1000 mA to 50 mA, indicating 

that 6e could not be selectively isomerised by simply reducing the input current. Due to this poor 

selectivity of photoacid isomerisation, a 530 nm bandpass filter was attached to the LED to reduce the 

spectral overlap with the absorbance profile of 6a. Irradiation for 10 seconds with filtered 530 nm light 

(1000 mA current) gave negligible shifts in θ240 both 6a- (Fig. S3g) and 6e-containing samples (Fig. S3h). 

Increasing the irradiation time to 30 seconds and 60 seconds appeared to give greater shifts in θ240 for 

the 6e-containing sample than the 6a-containing sample, though the noise in the CD response made 

data interpretation problematic.  

These irradiation conditions were tested on a sample containing both 6a and 6e and instead analysed 

by UV-vis spectroscopy (Fig. 5, main article). A sample composed of Zn(3)·2ClO4 (20 μL, 2.50 mM, 50 

nmol), 4-H (20 μL, 2.50 mM, 50 nmol), 5-H (20 μL, 2.50 mM, 50 nmol), NEt3 (40 μL, 2.50 mM, 100 nmol), 

6a (20 μL, 2.50 mM, 50 nmol), 6e (40 μL, 1.25 mM, 50 nmol), MeOH (100 μL) and made up to 2000 μL 

with MeCN. After 5 minutes of equilibration in the dark, the UV-vis spectrum of the sample was 

acquired. As discussed in the main article, subsequent irradiation with 405 nm light (50 mA, 30 

seconds) gave primarily loss of the 6a absorbance band, while irradiation with filtered 530 nm light 

(1000 mA, 30 seconds) gave primarily loss of the 6e absorbance band, confirming the selective 

isomerisation of 6e under these conditions. Finally, simultaneous irradiation with 405 nm (50 mA, 30 

seconds) and filtered 530 nm (1000 mA, 30 seconds), or monochromatic irradiation with 470 nm (125 

mA, 30 seconds) led to isomerisation of both 6a and 6e. 
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Figure S3: Time course CD spectroscopy measurements at 240 nm of Zn(3)·2ClO4 (25 μM), 4-H (1 equiv.), 5-H (1 equiv.), NEt3 
(2 equiv.) in MeCN containing 5 vol% MeOH, following 10–60 seconds of irradiation (50–1000 mA input current) at (a) 405 
nm with 6a (1 equiv.), (b) 405 nm with 6e (1 equiv.), (c) 470 nm with 6a (1 equiv.), (d) 470 nm with 6e (1 equiv.), (e) 530 nm 
with 6a (1 equiv.), (f) 530 nm with 6e (1 equiv.), (g) bandpass-filtered 530 nm light with 6a or (h) bandpass-filtered 530 nm 
light with 6e. 
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S4.3 Association constant measurements  

Titration experiments were carried out with Zn(3)·2ClO4 using 1:1 mixtures of ligand (4-H or 5-H) and 

triethylamine to estimate the effective binding constants. A 2000 μL sample of Zn(3)·2ClO4 (c = 25.0 

μM, 5:95 MeOH:MeCN) in a 10 mm path length cuvette was titrated with a solution composed of ligand 

(4-H or 5-H, 1.50 mM), triethylamine (1.50 mM), Zn(3)·2ClO4 (25.0 μM) in 5:95 MeOH:MeCN at 25 °C. 

The CD response at 240 nm (θ240) was recorded after addition of ligand solution, for a total of 18 data 

points up to 120 μL of ligand solution (3.4 equiv.). For 4-H, this process was repeated for a total of 5 

independent runs and the titration data was fit to a 1:1 host:guest binding model using Bindfit.18 A 

representative binding isotherm is shown in fig. S4a. An average of five runs gave an effective binding 

constant of K = 7.2 ±1.9 ×105 M-1 where the uncertainty is the standard deviation (Table S1). 

The titration data with 5-H could not be adequately fit to 1:1, 1:2 or 2:1 host:guest binding models 

using Bindfit (Fig. S4b). Although the 2:1 fit appeared to match the experimental data visually, 

implausible binding constant values and extremely large errors given by the fitting software (59.2 M-1 

±346% for K11 and 2.86×108 M-1 ±365% for K21) indicated that this was not an appropriate binding 

model. Therefore, the precise binding interaction between 5– and [Zn(3)]2+ was not determined. 

 
Figure S4: (a) Experimental data (blue points) and 1:1 fit (grey dashed line) from a titration of Zn(3)·2ClO4 (c = 25.0 μM) with 
a 1:1 mixture of ligand 4-H and NEt3 in 5:95 MeOH:MeCN at 25 °C, monitoring the CD response at 240 nm. (b) Experimental 
data (blue points) and 1:1 (green dashed line), 1:2 (red dashed line) and 2:1 (blue dashed line) host:guest fits from a titration 
of Zn(3)·2ClO4 (c = 25.0 μM) with a 1:1 mixture of ligand 5-H and NEt3 in 5:95 MeOH:MeCN at 25 °C, monitoring the CD 
response at 240 nm. All fits performed using Bindfit. 

Table S1: Results from fitting data from titration of Zn(3)·2ClO4 (c = 25.0 μM) with 1:1 mixture of ligand 4-H and triethylamine 
in 5:95 MeOH:MeCN at 25 °C to a 1:1 binding model using BindFit.18 

Run Kassoc (105 M-1) 

1 7.51 

2 5.90 

3 9.09 

4 9.12 

5 4.32 

Mean 7.19  

Standard deviation 1.86 
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S5 Calculation of pKa values 
 

The pKa values of compounds 6a and 6e were determined using COSMO-RS method with empirical 

corrections.19–21 Starting geometries of all possible conformers of protonated and deprotonated E- 

and Z-isomers, as well as cyclised anions, were created. The geometries were optimised at DFT RI-

BP86/def-TZVP level of theory with COSMO model (e = ∞). Frequency analysis was carried out to 

ensure that the optimised structures correspond to local energy minima (evidenced by absence of 

negative frequencies in the spectrum). Then, single-point calculation was carried out at RI-BP86/def2-

TZVPD/COSMO level with Fine cavity parameter. The results – geometries, energies and partial charge 

distributions on molecular surface – serve as the input for the following COSMOtherm calculation. All 

DFT calculations were carried out using Turbomole V7.7 software.22 

The pKa values in acetonitrile were calculated using COSMOtherm software (release 2023)23 with 

parametrisation BP_TZVPD_FINE_23, taking all conformers into account. The software assigns weights 

to the conformers/isomers according to their calculated relative energies in the solution in question. 

Both cyclised (SP−) and non-cyclised (Z−) forms of anions were taken into account in the pKa 

calculations. As expected, in acetonitrile the weights of Z-forms are insignificant compared to SP-

forms. 

To evaluate and correct the systematic error of computational values, the correlation was created 

between experimental24 and corresponding computational pKa values of 12 various phenolic 

compounds with pKa values ranging from 14.2 to 29.2. The computed pKa values of 6a and 6e were 

corrected using the obtained regression equation. The standard uncertainty of the results for E-

isomers was estimated from the standard error of regression (0.5 pKa units). Uncertainties of pKa 

values of Z-isomers were conservatively estimated as higher (0.8 pKa units), because none of the 

reference compounds form cycles upon (de)protonation. 

Accurate prediction of the effect of 5 vol% of methanol on pKa values would require extensive 

additional computations, because preferential solvation of anions by methanol molecules likely takes 

place. However, we can get approximate estimates of the effect from free energies of species in 

solutions computed by COSMO-RS. 

The change of an acid’s pKa upon addition of methanol to acetonitrile can be rationalised via two 

phenomena: (1) change in solvation of the proton, and (2) change in solvation of the anion and, to a 

lesser degree, the neutral acid molecule. Both are improved by addition of a polar protic solvent like 

methanol. The first effect is constant for all acids and can be estimated from the free energies of 

proton transfer between solvents; in the present case this effect is in the range of –3 to –5 pKa units. 

The second effect depends on the acid and is the stronger the more localised is the charge on its 

anion.25 The calculations show that solvation of cyclic anions (SP−) is almost unaffected by the added 

methanol. Anions of E-isomers (and non-cyclised anions of Z-isomers), however, have charge hotspots 

accessible to solvent molecules, so their solvation free energy becomes more negative upon addition 

of methanol. The pKa values of E-isomers will be lowered by 0.5-0.7 units in addition to the systematic 
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effect (1). The pKa value of carboxylic acid 4-H is expected to be lowered even more strongly by adding 

methanol. 
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S6 1H and 13C NMR spectra of photoacids and intermediates 
1H NMR spectrum (400 MHz, DMSO-d6) of compound 6a 

 
13C NMR spectrum (101 MHz, DMSO-d6) of compound 6a 

 

1H NMR spectrum (400 MHz, DMSO-d6) of compound 6b 
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13C NMR spectrum (101 MHz, DMSO-d6) of compound 6b 

 

 

1H NMR spectrum (400 MHz, Acetone-d6) of compound 6c 
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13C NMR spectrum (101 MHz, Acetone-d6) of compound 6c 

 
 

 

1H NMR spectrum (400 MHz, Acetone-d6) of compound 6d 



25 
 

 
 

13C NMR spectrum (101 MHz, Acetone-d6) of compound 6d 

 
 
 
1H NMR spectrum (400 MHz, Acetone-d6) of compound 6e 
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13C NMR spectrum (126 MHz, Acetone-d6) of compound 6e 

 
 
 

1H NMR spectrum (400 MHz, Acetone-d6) of compound 6f 
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13C NMR spectrum (126 MHz, Acetone-d6) of compound 6f 

 
 
 
1H NMR spectrum (400 MHz, CDCl3) of compound 6g 
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13C NMR spectrum (126 MHz, CDCl3) of compound 6g 

 
 
 

1H NMR spectrum (400 MHz, CDCl3) of compound 7 
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13C NMR spectrum (101 MHz, DMSO-d6) of compound 7 

 
 
1H NMR spectrum (400 MHz, DMSO-d6) of compound 8 
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13C NMR spectrum (101 MHz, DMSO-d6) of compound 8 

 
 

1H NMR spectrum (400 MHz, CDCl3) of compound 9 
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13C NMR spectrum (101 MHz, CDCl3) of compound 9 

 
 



32 
 

1H NMR spectrum (400 MHz, CDCl3) of compound 10 

 
 

13C NMR spectrum (101 MHz, CDCl3) of compound 10 
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1H NMR spectrum (400 MHz, CDCl3) of compound 11 

 

 

13C NMR spectrum (101 MHz, CDCl3) of compound 11 
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1H NMR spectrum (400 MHz, CDCl3) of compound 12 

 
 
13C NMR spectrum (101 MHz, CDCl3) of compound 12 
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1H NMR spectrum (400 MHz, CDCl3) of compound 13 

 
 
13C NMR spectrum (101 MHz, CDCl3) of compound 13 
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1H NMR spectrum (400 MHz, CDCl3) of compound 14 

 

13C NMR spectrum (101 MHz, CDCl3) of compound 14 
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1H NMR spectrum (400 MHz, CDCl3) of compound 15 

 
 
13C NMR spectrum (101 MHz, CDCl3) of compound 15 
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1H NMR spectrum (400 MHz, CDCl3) of compound 16 

 
 
13C NMR spectrum (101 MHz, CDCl3) of compound 16 
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