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I. General Experimental Details 

Reagents from commercial sources were used without further purification unless otherwise stated. 

Methyl acrylate was passed through a short plug of basic alumina to remove inhibitor immediately prior 

to use. Dry THF was obtained from a Pure Process Technology solvent purification system. All reactions 

were performed under a N2 or argon atmosphere unless specified otherwise. Column chromatography 

was performed on a Biotage Isolera system using SiliCycle SiliaSep HP flash cartridges. 

NMR spectra were recorded using a 400 MHz Bruker Avance III HD with Prodigy Cryoprobe, a 400 MHz 

Bruker Avance Neo, or Varian Inova 500 or 600 MHz spectrometers. All 1H NMR spectra ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ʵ 

units, parts per million (ppm), and were measured relative to the signals for residual CHCl3 (7.26 ppm) or 

CH2Cl2 (5.32 ppm) in deuterated solvent. All 13C NMR spectra were measured in deuterated solvents and 

are reported in ppm relative to the signals for 13CDCl3 (77.16 ppm) or 13CD2Cl2 (54.00 ppm). Multiplicity 

and qualifier abbreviations are as follows: s = singlet, d = doublet, m = multiplet, br = broad, app = 

apparent. Peaks were assigned on the basis of 2D NMR experiments (COSY, HSQC, and HMBC). 1Hς19F 

coupling constants were determined from 1H{19F} NMR spectra acquired on a 400 MHz Bruker Avance Neo 

spectrometer. 

High resolution mass spectra (HRMS) were obtained from an Agilent 6200 series time-of-flight mass 

spectrometer equipped with an Agilent G1978A multimode source (ESI+).  

Analytical gel permeation chromatography (GPC) was performed using an Agilent 1260 series pump 

equipped with two Agilent PLgel MIXED-B columns (7.5 x 300 mm), an Agilent 1200 series diode array 

detector, a Wyatt 18-angle DAWN HELEOS light scattering detector, and a Optilab rEX differential 

refractive index detector. The mobile phase was THF at a flow rate of 1 mL/min. Molecular weights and 

molecular weight distributions were calculated by light scattering using a dn/dc value of 0.062 mL/g (25 °C) 

for poly(methyl acrylate). Preparative HPLC was performed on a Agilent 1100 Series apparatus using three 

Eclipse XDB-C18 9.4 x 250 mm columns in series. 

UV-Vis absorption spectra were recorded on a Thermo Scientific Evolution 220 spectrometer.  

Ultrasound experiments were performed using a Vibra Cell 505 liquid processor equipped with a 0.5-inch 

diameter solid probe (part #630-0217), sonochemical adapter (part #830-00014), and a Suslick reaction 

vessel made by the Caltech glass shop (analogous to vessel #830-00014 from Sonics and Materials). UV 

irradiation was performed using a Philips PL-S 9W/01/2P UVB bulb with a narrow emission of 305ς315 nm 

and a peak at 311 nm under ambient conditions unless indicated otherwise. A Thermo Scientific EK45 

Immersion Cooler (part #3281452) was used to maintain a constant temperature bath for sonication and 

photoirradiation experiments. Polymer solutions were continuously sampled for UV-vis analysis using a 

Cole Parmer Masterflex L/S pump system (item #EW-77912-10) composed of an L/S pump head (part 

#77390-00) and L/S precision variable speed drive (part #07528-20) using 4x6 mm PTFE tubing (part 

#77390-60) and a quartz flow-through cell (Starna, part #583.4-Q-10/Z8.5), which was connected using 

M6-threaded PTFE tubing (Starna, part #M6-SET). 
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 II. Supplementary Figures 

 

Figure S1. (aςg) Representative absorbance (top) and concentration (bottom) data for the mechanochemical activation of all 
polymers. (h) Absorbance and concentration data collected during photochemical activation of BNP-PMA330 with 311 nm UV 
light. Concentrations of merocyanine species BNPO-C and BNPO-O were determined from the absorption data using estimated 
extinction coefficients (see section VII for details). All reactions were conducted at ҍпр ϲ/ with 2 mg/mL polymer in THF. 
Concentrations of BNPO-C and BNPO-O are scaled to the total molar concentration of polymer in solution. 
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Figure S2. Absorbance monitored at 460 nm and 620 nm during continuous ultrasonication (ҍ45 °C, 2 mg/mL in THF) 
of a 73 kDa chain-centered polymer (BNP-PMA73) and a 71 kDa chain-end functional control polymer (BNP-
PMAControl) . In contrast to the polymer with a chain-centered BNP unit, no changes in the absorbance at 460 nm or 
620 nm are observed for the control polymer containing a BNP unit at the chain-end, confirming that mechanical 
force is responsible for the observed activation of the BNP mechanophore during ultrasonication. 

Figure S3. Representative absorption spectra in the wavelength range 300ς750 nm of BNP-PMA98 subjected to 
ultrasound-induced mechanochemical activation for varying amounts of time (ҍпр ϲ/, 2 mg/mL polymer in THF).  
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III. Synthetic Details 

 
Scheme S1. Synthesis of bis-naphthopyran initiator 1. 

 
 

Figure S4. Photographs of polymer solutions (2 mg/mL in THF) subjected to ultrasound-induced mechanochemical 
activation. (left) BNP-PMA40 after 30 min of sonication, and (right) BNP-PMA330 after 9 min of sonication. 
Immediately after cessation of sonication, the reaction vessel was removed from the cooling bath, sprayed with 
isopropanol to prevent water condensation, the vessel was illuminated with a fluorescent lamp and immediately 
photographed.  Images were acquired in RAW format to preserve color information. 
 

40 kDa 330 kDa 
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2,2-Thiobis(1-(2-fluorophenyl)ethan-1-one) (2). A round bottom flask equipped 

with a stir bar was charged with 2-bromo-2 -fluoroacetophenone (13.6 g, 62.3 

mmol) dissolved in acetone (150 mL). The solution was cooled to 0 ̄C in an ice 

bath followed by the dropwise addition of sodium sulfide nonahydrate (7.53 g, 31.4 mmol) dissolved in DI 

water (17 mL). The reaction was allowed to warm to room temperature and stirred for 25 h. The solution 

was concentrated under reduced pressure and the aqueous solution was extracted into dichloromethane, 

dried over MgSO4, filtered, and concentrated. The crude material was purified by column chromatography 

on silica gel (30% EtOAc/hexanes) to provide the title compound as pale-yellow crystals (6.16 g, 64%). 

TLC (20% EtOAC/hexanes): Rf = 0.43 

1H NMR (500 MHz, CD2Cl2ύ ʵ: 3.92 (d, JHF = 2.4 Hz, 4H, C8), 7.16 (ddd, JHF = 11.4 Hz, JHH = 8.4 Hz, 1.1 Hz, 2H, 

C2), 7.26 (ddd, JHH = 7.8, 7.3, 1.1 Hz, 2H, C4), 7.57 (dddd, JHF = 5.1 Hz, JHH = 8.3, 7.1, 1.9 Hz, 2H, C3), 7.88 

(ddd, JHF = 7.6 Hz, JHH = 7.6, 1.9 Hz, 2H, C5). 

13C{1H} NMR (101 MHz, CDCl3ύ ʵ: 42.0 (d, JCF = 8.3 Hz, C8), 116.8 (d, JCF = 23.9 Hz, C2), 124.1 (d, JCF = 12.6 

Hz, C6), 124.8 (d, JCF = 3.3 Hz, C4), 131.4 (d, JCF = 2.5 Hz, C5), 135.3 (d, JCF = 9.2 Hz, C3), 161.9 (d, JCF = 254.6 

Hz, C1), 192.0 (d, JCF = 4.6 Hz, C7).  

HRMS (ESI, m/z): calcd for [C16H13F2O2S]+ (M+H)+, 307.0599; found, 307.0604. 

 

2,5-Di(o-fluorobenzoyl)thiophene (3). A flame-dried round bottom flask equipped 

with a condenser and stir bar was charged with 2,3-dihydroxy-1,4-dioxane (0.922 

g, 7.68 mmol) and evacuated/backfilled with nitrogen (3x). Anhydrous methanol 

(50 mL) was added via syringe and the mixture was heated to reflux for 1.5 h to generate glyoxal. In a 

separate flame-dried round bottom flask equipped with a condenser and stir bar, sodium metal (340 mg, 

14.8 mmol) was dissolved in anhydrous methanol (15 mL) under nitrogen at 0 ̄ C in an ice bath to form 

sodium methoxide. Compound 2 (3.795 g, 12.31 mmol) was dissolved in anhydrous dichloromethane (15 

mL) under nitrogen and transferred via syringe to the warm glyoxal solution, followed by the dropwise 

addition of the sodium methoxide solution via syringe (the solution turned orange, then yellow, then dark 

green). The reaction mixture was returned to reflux (turning dark red) and stirred for 16 h. The reaction 

was cooled to room temperature, concentrated under reduced pressure, and dissolved in EtOAc (100 mL). 

The organic layer was washed with 1 M aqueous HCl (100 mL), distilled water (100 mL), 10% aqueous 

NaHCO3 (100 mL), 2 M aqueous NaOH (100 mL), and brine (100 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated under reduced pressure. The crude material was purified by column 

chromatography on silica gel (10ς40% EtOAc/hexanes) and subsequently recrystallized from 

EtOAc/hexanes to provide the title compound as white needles (1.52 g, 38%).  

TLC (20% EtOAc/hexanes): Rf = 0.35  
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1H NMR (500 MHz, CDCl3ύ ʵ: 7.21 (ddd, JHF = 9.6 Hz, JHH = 8.3, 1.0 Hz, 2H, C2), 7.29 (ddd, JHH = 7.5 Hz, 7.5, 

1.0 Hz, 2H, C4), 7.54ς7.59 (m, 4H, C3 and C9), 7.61 (ddd, JHF = 6.9 Hz, JHH = 7.7, 1.8 Hz, 2H, C5). 

13C{1H} NMR (101 MHz, CDCl3ύ ʵ: 116.8 (d, JCF = 21.5 Hz, C2), 124.6 (d, JCF = 3.7 Hz, C4), 126.4 (d, JCF = 14.5 

Hz, C6), 130.5 (d, JCF = 2.5 Hz, C5), 133.9 (d, JCF = 8.4 Hz, C3), 134.4 (d, JCF = 2.9 Hz, C9), 149.8 (C8), 159.9 (d, 

JCF = 253.5 Hz, C1), 185.4 (C7).  

HRMS (ESI, m/z): calcd for [C18H11F2O2S]+ (M+H)+, 329.0442; found, 329.0444. 

 

2,5-Di[hydroxyl-1-(o-fluorophenyl)-prop-2-ynyl]thiophene (4). A flame-dried 

round bottom flask equipped with a stir bar under nitrogen was charged with 

anhydrous THF (4 mL) and ethynyltrimethylsilane (0.160 mL, 1.15 mmol). The 

solution was cooled to 0 ̄C in an ice bath and n-butyllithium (2.5 M in hexanes, 

0.450 mL, 1.13 mmol) was added dropwise via syringe. After 1 h, compound 3 (131 mg, 0.399 mmol) 

dissolved in anhydrous THF (1 mL) was added to the reaction mixture and it was allowed to warm to room 

temperature. After 21 h, the solution was cooled to 0 ̄C in an ice bath. Methanol (3 mL) was added to the 

solution via syringe and the reaction mixture was allowed to warm to room temperature and stirred for 5 

h. The reaction mixture was neutralized with 1 M HCl and extracted into EtOAc (50 mL). The organic layer 

was washed with 10% aqueous NH4Cl (50 mL), 10% aqueous NaHCO3 (50 mL), and brine (50 mL). The 

organic layer was dried over MgSO4, filtered, and concentrated under vacuum. The crude material was 

purified by column chromatography on silica gel (5ς40% EtOAc/hexanes) to provide the title compound 

(mixture of diastereomers) as a light-brown viscous oil (132 mg, 87%). Rf = 0.15 (20% EtOAc/hexanes). 

HRMS (ESI, m/z): calcd for [C22H13F2O2S]+ (MҍOH)+, 363.0650; found, 363.0649. An analytical sample was 

further separated to characterize each diastereomer individually. 

Diastereomer 1: 

1H NMR (400 MHz, CDCl3ύ ʵΥ 2.85 (d, JHF = 0.6 Hz, 2H, C11), 3.29 (d, JHF = 3.3 Hz, 2H, OH), 7.00 (s, 2H, C9), 

7.05 (ddd, JHF = 11.6 Hz, JHH = 8.1, 1.4 Hz, 2H, C2), 7.16 (ddd, JHH = 7.6, 7.6, 1.2 Hz, 2H, C4), 7.33 (dddd, JHF = 

5.0 Hz, JHH = 8.1, 7.5, 1.9 Hz, 2H, C3), 7.67 (ddd, JHF = 8.0 Hz, JHH = 8.0, 1.7 Hz, 2H, C5). 

13C{1H} NMR (101 MHz, CDCl3ύ ʵ: 69.22 (C7), 74.8 (d, JCF = 2.4 Hz, C11), 83.99 (C10), 116.52 (d, JCF = 21.7 Hz, 

C2), 124.1 (d, JCF = 3.6 Hz, C4), 125.31 (d, JCF = 1.5 Hz, C9), 127.2 (d, JCF = 2.2 Hz, C5), 130.50 (d, JCF = 10.0 Hz, 

C6), 130.55 (d, JCF = 8.5 Hz, C3), 148.50 (C8), 160.09 (d, JCF = 249.4 Hz, C1). 

Diastereomer 2: 

1H NMR (400 MHz, CDCl3ύ ʵΥ 2.84 (d, JHF = 0.6 Hz, 2H, C11), 3.28 (d, JHF = 3.0 Hz, 2H, OH), 6.94 (s, 2H, C9), 

7.05 (ddd, JHF = 11.5 Hz, JHH = 8.1, 1.4 Hz, 2H, C2), 7.16 (ddd, JHH = 7.6, 7.6, 1.2 Hz, 2H, C4), 7.34 (dddd, JHF = 

5.0 Hz, JHH = 8.1, 7.5, 1.8 Hz, 2H, C3), 7.69 (ddd, JHF = 8.0 Hz, JHH = 8.0, 1.8 Hz, 2H, C5). 

13C{1H} NMR (101 MHz, CDCl3ύ ʵΥ 69.18 (C7), 74.9 (d, JCF = 2.2 Hz, C11), 84.03 (C10), 116.51 (d, JCF = 21.6 Hz, 

C2), 124.1 (d, JCF = 3.6 Hz, C4), 125.27 (d, JCF = 1.4 Hz, C9), 127.3 (d, JCF = 2.3 Hz, C5), 130.4 (d, JCF = 9.9 Hz, 

C6), 130.57 (d, JCF = 8.4 Hz, C3), 148.47 (C8), 160.06 (d, JCF = 249.4 Hz, C1). 
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3-Hydroxynaphthalen-2-yl 2-bromo-2-methylpropanoate (5). An oven-dried round 

bottom flask equipped with a stir bar was charged with 2,3-dihydroxynaphthalene (3.0 g, 

19 mmol) and evacuated/backfilled with nitrogen (3x). Anhydrous THF (54 mL) was added 

via syringe under nitrogen. The solution was cooled to 0 °C in an ice bath, followed by the 

consecutive dropwise addition of triethylamine (2.6 mL, 19 mmol) and h -bromoisobutyryl 

bromide (2.3 mL, 19 mmol) via syringe, resulting in formation of a white precipitate. The reaction mixture 

was allowed to warm to room temperature and stirred for 19 h. The mixture was extracted into EtOAc 

(120 mL) and washed with distilled water (50 mL) and brine (50 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated under reduced pressure. The crude material was purified by column 

chromatography on silica gel (5ς38% EtOAc/hexanes) followed by recrystallization from EtOAc/hexanes 

to provide the title compound as colorless, transparent crystals (2.1 g, 36%). 

TLC (20% EtOAc/hexanes): Rf = 0.38  

1H NMR (400 MHz, CD2Cl2) ɻ : 2.14 (s, 6H), 5.75 (s, 1H), 7.34 (d, J = 0.7 Hz, 1H), 7.38 (ddd, J = 8.1, 6.9, 1.3 

Hz, 1H), 7.45 (ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.62 (d, J = 0.7 Hz, 1H), 7.70 (ddddd, J = 8.2, 1.3, 0.6, 0.6, 0.6 

Hz, 1H), 7.76 (ddddd, J = 8.2, 1.3, 0.7, 0.7, 0.7 Hz, 1H). 

 13C{1H} NMR (101 MHz, CDCl3ύ ʵ: 30.8, 56.0, 112.3, 120.1, 124.5, 126.55, 126.58, 127.6, 128.6, 132.9, 

138.7, 146.2, 170.0. 

HRMS (ESI, m/z): calcd for [C14H17
79BrO3N]+ (MҍOH)+, 326.0386; found, 326.0388. 

 

 

Thiophene-2,5-diylbis(3-(2-fluorophenyl)-3H-benzo[f]chromene-

3,5-diyl) bis(2-bromo-2-methylpropanoate) (1). Naphthopyrans 

were synthesized according to the procedure by Zhao and Carreira.1 

A flame-dried two-neck round bottom flask equipped with a stir bar 

and condenser was charged with compound 5 (584 mg, 1.89 mmol) 

and pyridinium p-toluenesulfonate (20 mg, 0.080 mmol) and 

evacuated/  backfilled with nitrogen (3x). Compound 4 (290 mg, 0.762 mmol) dissolved in anhydrous 1,2-

dichloroethane (5 mL) was added via syringe. Trimethyl orthoformate (0.38 mL, 3.5 mmol) was added via 

syringe and the solution was refluxed for 22 h. The solution was poured into water (50 mL) and extracted 

into EtOAc (50 mL). The organic layer was washed with 10% aqueous NaHCO3 (50 mL), 10% aqueous NH4Cl 

(50 mL), and brine (50 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

crude product was purified by column chromatography (5ς40% EtOAc/hexanes). It was further purified 

by precipitation from hexanes and isolated by filtration to provide the title compound (mixture of 

diastereomers) as a magenta powder (440 mg, 60%).  Rf = 0.51 (20% EtOAC/hexanes). An analytical sample 

was separated by preparative HPLC to characterize each diastereomer individually. 
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Diastereomer 1: 

1H NMR (400 MHz, CD2Cl2ύ ʵΥ 1.87 (s, 6H, C24), 1.96 (s, 6H, C24), 6.43 (dd, JHF = 4.0 Hz, JHH = 10.0 Hz, 2H, C10), 

6.90 (s, 2H, C9), 7.02 (ddd, JHF = 11.6 Hz, JHH = 8.2, 1.2 Hz, 2H, C2), 7.13 (ddd, JHF = 7.4 Hz, JHH = 7.9, 1.2 Hz, 

2H, C4), 7.25ς7.35 (m, 4H, C3 and C11), 7.41 (ddd, JHH = 8.0, 6.9, 1.2 Hz, 2H, C16), 7.47ς7.54 (m, 4H, C15 and 

C19), 7.67 (ddd, JHF = 8.0 Hz, JHH = 8.0, 1.8 Hz, 2H, C5), 7.72ς7.76 (m, 2H, C17), 7.97 (dd, JHH = 8.7, 1.0 Hz, 2H, 

C14). 

13C{1H} NMR (101 MHz, CD2Cl2ύ ʵ: 31.3 (C24), 31.4 (C24), 55.6 (C23), 79.2 (d, JCF = 2.9 Hz, C7), 115.9 (C12), 

117.00 (d, JCF = 21.8 Hz, C2), 120.3 (C11), 121.17 (C19), 121.97 (C14), 124.45 (d, JCF = 3.1 Hz, C4), 125.4 (C16), 

126.1 (d, JCF = 4.3 Hz, C10), 126.3 (d, JCF = 1.4 Hz, C9), 127.3 (C15), 127.6 (d, JCF = 2.6 Hz, C5), 128.4 (C18), 

128.71 (C17), 129.4 (C12), 130.69 (d, JCF = 8.5 Hz, C3), 131.0 (d, JCF = 10.6 Hz, C6), 139.39 (C20), 142.5 (C21), 

148.5 (C8), 159.6 (d, JCF = 248.3 Hz, C1), 170.3 (C22). 

HRMS (ESI, m/z): calcd for [C50H40
79Br2F2O6SN]+ (M+NH4)+, 978.0906; found, 978.0866. 

Diastereomer 2:  

1H NMR (400 MHz, CD2Cl2ύ ʵΥ 1.91 (s, 6H, C24), 2.02 (s, 6H, C24), 6.40 (dd, JHF = 4.1 Hz, JHH = 10.0 Hz, 2H, C10), 

6.78 (s, 2H, C9), 7.01 (ddd, JHF = 12.6 Hz, JHH = 8.2, 1.1 Hz, 2H, C2), 7.12 (ddd, JHF = 7.4 Hz, JHH = 7.9, 1.2 Hz, 

2H, C4), 7.27ς7.34 (m, 4H, C3 and C11), 7.40 (ddd, JHH = 8.1, 7.0, 1.1 Hz, 2H, C16), 7.48ς7.54 (m, 4H, C15 and 

C19), 7.66 (ddd, JHF = 8.0 Hz, JHH = 8.0, 1.8 Hz, 2H, C5), 7.68ς7.72 (m, 2H, C17), 7.96 (dd, JHH = 8.7, 1.0 Hz, 2H, 

C14). 

13C{1H} NMR (101 MHz, CD2Cl2ύ ʵ: 31.3 (C24), 31.4 (C24), 55.7 (C23), 79.6 (d, JCF = 2.6 Hz, C7), 116.1 (C12), 

117.02 (d, JCF = 22.0 Hz, C2), 120.1 (C11), 121.22 (C19), 121.99 (C14), 124.41 (d, JCF = 3.2 Hz, C4), 125.4 (C16), 

125.7 (d, JCF = 1.7 Hz, C9), 126.7 (d, JCF = 4.0 Hz, C10), 127.3 (C15), 128.0 (d, JCF = 2.8 Hz, C5), 128.4 (C18), 

128.69 (C17), 129.4 (C12), 130.66 (d, JCF = 10.7 Hz, C6), 130.8 (d, JCF = 8.4 Hz, C3), 139.44 (C20), 142.6 (C21), 

148.7 (C8), 159.9 (d, JCF = 248.7 Hz, C1), 170.4 (C22). 

HRMS (ESI, m/z): calcd for [C50H40
79Br2F2O6SN]+ (M+NH4)+, 978.0906; found, 978.0861. 

 

 

 

General Procedure for the Synthesis of Polymers Incorporating a Bis-Naphthopyran Mechanophore 

A representative procedure is provided for the synthesis of BNP-PMA73. A 10 mL flame-dried Schlenk flask 

equipped with a stir bar was charged with initiator 1 (18.3 mg, 0.0204 mmol), DMSO (1.00 mL), methyl 
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acrylate (2.00 mL, 22.2 mmol) and freshly cut copper wire (2.0 cm, 20 gauge). The flask was sealed, the 

solution was degassed via four freeze-pump-thaw cycles, and then backfilled with nitrogen and warmed 

to room temperature. Me6TREN (10.5 µL, 0.0393 mmol) was added via microsyringe. After stirring at room 

temperature for 2 h, the flask was opened to air and the solution was diluted with DCM. The polymer 

solution was precipitated into methanol cooled with dry ice (3x) and the isolated material was dried under 

vacuum to provide 1.05 g of polymer (55%). Mn = 73.2 kg/mol, Ð = 1.10. 

 

Scheme S2. Synthesis of chain-end functional control polymer BNP-PMAControl. 

 

 

3-(2-fluorophenyl)-3-(5-(1-(2-fluorophenyl)-1-hydroxyprop-2-yn-1-

yl)thiophen-2-yl)-3H-benzo[f]chromen-5-yl 2-bromo-2-methylpropanoate 

(6). A flame-dried two-neck round bottom flask equipped with a condenser 

and stir bar was charged with compound 5 (594 mg, 1.92 mmol) and 

pyridinium p-toluenesulfonate (27 mg, 0.11 mmol) and evacuated/  

backfilled with nitrogen (3x). Compound 4 (729 mg, 1.92 mmol) was dissolved in 1,2-dichloroethane (20 

mL) under nitrogen and added to the reaction mixture, followed by addition of trimethyl orthoformate 

(0.95 mL, 2.7 mmol) via syringe. The reaction was refluxed for 14 h, during which time it became a deep 

red color. The solution was cooled to room temperature, concentrated under reduced pressure, and 

dissolved in EtOAc (50 mL). The organic layer was washed with distilled water (50 mL), 1 M aqueous 

NaHCO3 (50 mL), and brine (50 mL). The organic layer was dried over MgSO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by column chromatography on silica gel (20ς

100% DCM/hexanes) to provide the title compound (mixture of diastereomers) as a red foamy solid (400 

mg, 31%). 
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TLC (100% DCM): Rf = 0.32 

 1H NMR (400 MHz, CD2Cl2) ɻ : 2.00 (s, 1.5H), 2.03 (s, 1.5H), 2.08 (s, 1.5H), 2.10 (s, 1.5H), 2.85 (d, JHF = 0.8 

Hz, 0.5H), 2.86 (d, JHF = 0.7 Hz, 0.5H), 3.33 (d, JHF = 1.2 Hz, 0.5H), 3.34 (d, JHF = 1.4 Hz, 0.5H), 6.47 (dd, JHF = 

3.9 Hz, JHH = 10.0, 1H), 6.47 (dd, JHF = 3.9 Hz, JHH = 10.0, 1H), 6.85 (d, JHH = 3.8 Hz, 0.5H), 6.90 (d, JHH = 3.8 

Hz, 0.5H), 6.92ς6.97 (m, 1H), 6.99ς7.09 (m, 2H), 7.11ς7.21 (m, 2H), 7.29ς7.38 (m, 3H), 7.38ς7.45 (m, 1H), 

7.48ς7.56 (m, 2H), 7.63 (dddd, , JHF = 8.0 Hz, JHH = 9.6, 7.8, 1.8 Hz, 1H), 7.70ς7.79 (m, 2H), 7.96ς8.03 (m, 

1H). 

13C{1H} NMR (151 MHz, CD2Cl2) :ɻ 31.41, 31.42, 31.45, 55.7 (d, JCF = 2.9 Hz), 69.2, 69.3, 74.8 (d, JCF = 2.5 

Hz), 74.9 (d, JCF = 2.4 Hz), 79.3 (d, J = 2.7 Hz), 79.4 (d, JCF = 2.9 Hz), 84.5, 116.20, 116.21, 116.79 (d, JCF = 

21.8 Hz), 116.79 (d, JCF = 21.8 Hz), 117.05 (d, JCF = 21.9 Hz), 117.07 (d, JCF = 21.8 Hz), 120.46, 120.53, 121.30, 

121.32, 122.0, 124.5 (d, JCF = 3.1 Hz), 124.6 (d, JCF = 4.7 Hz), 125.5, 125.66 (d, JCF = 1.0 Hz), 125.70 (d, JCF = 

0.8 Hz), 126.0 (d, JCF = 1.3 Hz), 126.1 (d, JCF = 1.2 Hz), 126.2 (d, JCF = 4.2 Hz), 126.4 (d, JCF = 4.5 Hz), 127.4, 

127.5 (d, JCF = 2.3 Hz), 127.6 (d, JCF = 2.3 Hz), 127.7 (d, JCF = 2.6 Hz), 127.9 (d, JCF = 2.8 Hz), 128.5, 128.7, 

129.4, 130.77 (d, JCF = 10.6 Hz), 130.79 (d, JCF = 8.4 Hz), 130.81 (d, JCF = 8.4 Hz), 130.9 (d, JCF = 10.6 Hz), 

130.97 (d, JCF = 8.4 Hz), 131.00 (d, JCF = 8.5 Hz), 131.10 (d, JCF = 10.2 Hz), 131.13 (d, JCF = 10.1 Hz), 139.5, 

142.58, 142.59, 148.1, 148.3, 149.47, 149.51, 159.79 (d, JCF = 248.1 Hz), 159.84 (d, JCF = 248.4 Hz), 160.40 

(d, JCF = 249.3 Hz), 160.44 (d, JCF = 249.4 Hz), 170.53.  

HRMS (ESI, m/z): calcd for [C36H29
79BrF2O4SN]+ (M+NH4)+, 688.0963; found, 688.0946. 

 

 

3-hydroxynaphthalen-2-yl pivalate (8). A flame-dried two neck round bottom flask 

equipped with a stir bar was charged with 2,3-dihydroxynaphthalene (3.00 g, 18.7 mmol) 

and evacuated/backfilled with nitrogen (3x). Anhydrous THF (30 mL) was added via syringe 

under nitrogen. The solution was cooled to 0 °C in an ice bath, followed by the consecutive 

dropwise addition of triethylamine (2.65 mL, 19.0 mmol) and pivaloyl chloride (2.30 mL, 

18.7 mmol) via syringe, resulting in formation of a white precipitate. The reaction mixture was allowed to 

warm to room temperature and stirred for 16 h. The precipitate was filtered off and rinsed with EtOAc 

(100 mL), and the filtrate was collected and washed with DI water (50 mL), 10% aqueous NH4Cl (50 mL), 

and brine (50 mL). The organic layer was dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by column chromatography on silica gel (DCM) to provide the 

title compound as white crystals (3.10 g, 68%).  

TLC (100% DCM): Rf = 0.84  

1H NMR (400 MHz, CD2Cl2) ɻ : 1.43 (s, 9H), 7.32 (s, 1H), 5.36ς5.39 (m, 1H), 7.36 (ddd, J = 8.1, 6.9, 1.3 Hz, 

1H), 7.42 (ddd, J = 8.2, 6.9, 1.4 Hz, 1H), 7.55 (d, J = 0.7, 1H), 7.69 (app br d, J = 8.1 Hz, 1H), 7.74 (ddddd, J 

= 8.1, 1.3, 0.6, 0.6, 0.6 Hz, 1H). 
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13C{1H} NMR (101 MHz, CDCl3) ɻ : 27.4, 39.6, 112.5, 120.0, 124.4, 126.2, 126.4, 127.4, 128.8, 132.6, 139.8, 

146.3, 177.4.  

HRMS (ESI, m/z): calcd for [C15H20O3N]+ (M+NH4)+, 262.1438; found, 262.1439. 

 

3-(5-(5-((2-bromo-2-methylpropanoyl)oxy)-3-(2-fluorophenyl)-3H-

benzo[f]chromen-3-yl)thiophen-2-yl)-3-(2-fluorophenyl)-3H-

benzo[f]chromen-5-yl pivalate (7). A flame-dried two-neck round 

bottom flask equipped with a condenser and stir bar was charged 

with compound 8 (51 mg, 0.21 mmol) and pyridinium p-

toluenesulfonate (2.7 mg, 0.011 mmol) and evacuated/backfilled 

with nitrogen (3x). Compound 6 (71 mg, 0.11 mmol) was dissolved in anhydrous 1,2-dichloroethane (2.5 

mL) under nitrogen and added to the reaction mixture, followed by addition of trimethyl orthoformate 

(50 µL, 0.46 mmol) via syringe. The reaction was refluxed for 12 h. The solution was cooled to room 

temperature, extracted into EtOAc (20 mL), and washed with 10% aqueous NH4Cl (20 mL), 1 M aqueous 

NaHCO3 (20 mL), and brine (20 mL). The organic layer was dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude product was purified by consecutive chromatographic separations on 

silica gel (10ς40% EtOAc/hexanes, then 40ς80% DCM/hexanes) to provide the title compound (mixture 

of diastereomers) as a red foamy solid (55 mg, 58%). 

TLC (20% EtOAc/hexanes): Rf = 0.47  

1H NMR (400 MHz, CD2Cl2) ɻ : 1.25 (s, 4.5H), 1.30 (s, 4.5H), 1.87 (s, 1.5H), 1.93 (s, 1.5H), 1.97 (s, 1.5H), 2.03 

(s, 1.5H), 6.38ς6.47 (m, 2H), 6.76ς6.81 (m, 1H), 6.90 (s, 1H), 6.98ς7.06 (m, 2H), 7.09ς7.17 (m, 2H), 7.25ς

7.35 (m, 4H), 7.36ς7.56 (m, 6H), 7.63ς7.76 (m, 4H), 7.91ς7.99 (m, 2H). 

13C{1H} NMR (101 MHz, CD2Cl2) :ɻ 27.6, 31.31, 31.32, 31.35, 39.41, 39.5, 55.7, 55.8, 79.0 (d, J = 3.0 Hz), 

79.2 (d, JCF = 2.9 Hz), 79.4 (d, JCF = 2.8 Hz), 79.6 (d, JCF = 2.6 Hz), 115.6, 115.8, 115.9, 116.1, 116.97 (d, JCF = 

21.8 Hz), 116.98 (d, JCF = 21.8 Hz), 117.02 (d, JCF = 21.9 Hz), 120.12, 120.14, 120.3, 120.4, 121.16, 121.21, 

121.5, 121.6, 121.91, 121.93, 121.98, 122.00, 124.39 (d, JCF = 3.0 Hz), 124.42 (d, JCF = 2.8 Hz), 125.2, 125.4, 

125.7 (d, J = 1.6 Hz), 125.8 (d, JCF = 1.7 Hz), 125.9 (d, JCF = 4.5 Hz), 126.1 (d, JCF = 4.4 Hz), 126.2 (d, JCF = 1.3 

Hz), 126.3 (d, JCF = 1.4 Hz), 126.5 (d, JCF = 4.2 Hz), 126.7 (d, JCF = 3.9 Hz), 127.0, 127.3, 127.58 (d, JCF = 2.5 

Hz), 127.59 (d, JCF = 2.9 Hz), 127.9 (d, JCF = 3.0 Hz), 128.0 (d, JCF = 2.7 Hz), 128.2, 128.4, 128.5, 128.6, 128.69, 

128.70, 129.4, 129.5, 130.6 (d, JCF = 8.5 Hz), 130.7 (d, JCF = 8.1 Hz), 130.8 (d, JCF = 8.6 Hz), 130.9 (d, JCF = 

10.8 Hz), 131.1 (d, JCF = 10.7 Hz), 131.2 (d, JCF = 10.9 Hz), 139.4, 139.5, 139.96, 140.01, 142.55, 142.61, 

142.9, 143.0, 148.5, 148.69, 148.71, 148.8, 159.6 (d, JCF = 248.2 Hz), 159.7 (d, JCF = 248.3 Hz), 159.8 (d, JCF 

= 248.5 Hz), 159.9 (d, JCF = 248.7 Hz), 170.35, 170.41, 176.90, 176.92.  

HRMS (ESI, m/z): calcd for [C51H43
79Br2F2O6SN]+ (M+NH4)+, 914.1957; found, 914.1921.  
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Chain-end control polymer (BNP-PMAControl). A PMA control polymer containing the bis-naphthopyran 

mechanophore at the chain-end was synthesized following the general procedure using initiator 7 (19.9 

mg, 0.0222 mmol), DMSO (1.20 mL), methyl acrylate (2.40 mL, 26.7 mmol) and freshly cut copper wire 

(2.0 cm, 20 gauge) to provide 1.18 g of polymer (51%). Mn = 71.2 kg/mol, Ð = 1.14. 
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IV. DFT Calculations (CoGEF) 

 CoGEF calculations were performed using Spartan Ź18 Parallel Suite according to previously 

reported methods.2-4 Ground state energies were calculated using DFT at the B3LYP/6-31G* level of 

theory. For both possible diastereomers, the equilibrium conformations of the unconstrained molecules 

were initially calculated followed by optimization of the equilibrium geometries. Starting from the 

equilibrium geometry of the unconstrained molecules (energy = 0 kJ/mol), the distance between the 

terminal methyl groups of the truncated structures was increased in increments of 0.05 Å and the energy 

was minimized at each step (Figure S6). The maximum force associated with the electrocylic ring-opening 

reactions was calculated from the slope of the curve immediately prior to CςO bond cleavage. For the S,S-

diastereomer, the first ring-opening event is predicted to occur at a maximum force of 4.1 nN and the 

Figure S5. GPC traces (refractive index response), Mn, and dispersity for each polymer studied. 
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second occurs at 4.6 nN. For the R,S-diastereomer, the respective forces are 4.1 nN and 4.5 nN for the 

first and second ring-opening reactions. The relatively small energetic relaxations observed between the 

two ring-opening transformations correspond to conformational rotations around a single bond in the 

merocyanine structures. 

Figure S6. DFT calculations using the constrained geometries simulate external force (CoGEF) method at the 
B3LYP/6-31G* level of theory for the (a) R,S-diastereomer and (b) S,S-diastereomer of the bis-naphthopyran 
mechanophore.  The corresponding computed structures of the truncated molecules at various points of elongation 
are shown along with the associated constraint distance between the terminal methyl groups. 




























































