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ABSTRACT 

Stimuli-responsive polymers that undergo chemical transformations when exposed 

to external stimuli are attractive materials for a wide range of applications, such as targeted 

drug delivery, sensing, and catalysis. Within the emerging field of polymer 

mechanochemistry, mechanical force is harnessed to promote productive chemical 

transformations in stress-responsive molecules known as mechanophores. My research over 

the past several years has focused on the development of a modular and general 

mechanophore platform capable of releasing covalently-bound payloads in response to 

mechanical force. I envision that the further advancement of this design will not only aid in 

a deeper understanding of the design principles of mechanophores, but also enable new 

technologies, including non-invasive spatiotemporal delivery of bioactivate small molecules 

and self-healing materials. 

Chapter 1 reviews the recent process of the development of small molecule-releasing 

mechanophores and provide an overview of the masked 2-furylcarbinol derivatives we 

developed that enables a mechanically gated release cascade. Chapter 2 describes our initial 

demonstration of mechanically gated small molecule release from our mechanophore and the 

subsequent structural-property investigation to optimize for faster release rates. In Chapter 

3, an alternative mechanophore design is introduced that has a shortened synthetic sequence 

while maintaining a fast release kinetics. In Chapter 4, we address the challenge of low 

release capacity from previous designs with a novel mechanophore that can be incorporated 

into multimechanophore polymers. Finally, Chapter 5 demonstrates the use of our modular 

and general release platform to trigger the depolymerization of a self-immolative polymer. 

  



 
vii 

PUBLISHED CONTENT AND CONTRIBUTIONS 

Portions of the work described herein were disclosed in the following publications: 

1. Versaw, B. A.; Zeng, T.; Hu, X.; Robb, M. J. “Harnessing the Power of Force: 

Development of Mechanophore for Molecular Release” J. Am. Chem. Soc. 2021, 

143, 21461–21473, DOI:10.1021/jacs.1c11868. 

 

T.Z. participated in partial writing of the manuscript. 

 

2. Hu, X.; Zeng, T.; Husic, C. C.; Robb, M. J. “Mechanically Triggered Small 

Molecule Release from a Masked Furfuryl Carbonate,” J. Am. Chem. Soc. 2019, 

141, 15018–15023, DOI:10.1021/jacs.9b08663. 

 

T.Z. participated in the design of the project, synthesized materials, ran 

experiments, and analyzed data. 

3. Hu, X.; Zeng, T.; Husic, C. C.; Robb, M. J. “Mechanically Triggered Release of 

Functionally Diverse Molecular Payloads from Masked 2-Furylcarbinol Derivatives,” 

ACS Cent. Sci. 2021, 7, 1216–1224, DOI: 10.1021/acscentsci.1c00460. 

T.Z. participated in the design of the project, synthesized materials, ran 

experiments, and analyzed data. 

4. Zeng, T.; Hu, X.; Robb, M. J. “5-Aryloxy Substitution Enables Efficient Mechanically 

Triggered Release from a Synthetically Accessible Masked 2-Furylcarbinol 

Mechanophore,” Chem. Commun. 2021, 57, 11173–11176, DOI: 10.1039/d1cc04886d 

T.Z. participated in the conception and design of the project, synthesized 

materials, ran experiments, analyzed data, and wrote the manuscript. 

5. Zeng, T.; Ordner L. A.; Liu, P.; Robb, M. J. “Multimechanophore Polymers for 

Mechanically Triggered Small Molecule Release with Ultrahigh Payload Capacity” 

J. Am. Chem. Soc. 2023, DOI: 10.1021/jacs.3c11927. 

 

T.Z. participated in the conception and design of the project, synthesized 

materials, ran experiments, analyzed data, and wrote the manuscript. 

 



 

 

viii 

TABLE OF CONTENTS 

Acknowledgements…………………………………………………………...iii 

Abstract ………………………………………………………………………vi 

Published Content and Contributions…………………………………….......vii 

Table of Contents……………………………………………………………viii  
 

Chapter I: INTRODUCTION: DEVELOPMENT OF MECHANOPHORES FOR 

MOLECULAR RELEASE ............................................................................................... 1 

1.1 Polymer Mechanochemistry: Enabling Productive Reactivity Using Mechanical 

Force. ........................................................................................................................... 2 

1.2 Mechanically Triggered Molecular Release from Specialized Mechanophores3 

1.3 Mechanically gated Cascade Reactions for Molecular Release ...................... 10 

1.4 Outlook ............................................................................................................... 18 

1.5 References .......................................................................................................... 20 

 
Chapter II: MECHANICALLY TRIGGERED SMALL MOLECULE RELEASE 

FROM MASKED 2-FURYLCARBINOL DERRIVATIVES ..................................... 28 

2.1 Investigation ....................................................................................................... 29 

2.2 Experimental Details .......................................................................................... 51 

2.3 Characterization of Molecular Release Using PL Spectroscopy ..................... 53 

2.4 Characterization of Molecular Release Using HPLC and LCMS ................... 57 

2.5 Synthetic Details................................................................................................. 67 

2.6 Sonication Experiments and Fluorescence Spectroscopy .............................. 103 

2.7 CoGEF calculations. ........................................................................................ 104 

2.8 Single Crystal X-Ray Diffraction .................................................................... 104 

2.9 References ........................................................................................................ 106 

2.10 1H and 13C NMR spectra ................................................................................ 109 

 

Chapter III: 5-ARYLOXY SUBSTITUTION ENABLES EFFICIENT 

MECHANICALLY TRIGGERED RELEASE FROM A SYNTHETICALLY 

ACCESSIBLE MASKED 2-FURYLCARBINOL MECHANOPHORE ................. 154 

3.1 Investigation ..................................................................................................... 155 

3.2 Experimental Details ........................................................................................ 166 

3.3 Characterization of Molecular Release Using PL Spectroscopy ................... 167 

3.4 Synthetic Details............................................................................................... 171 

3.5 General Procedure for Ultrasonication Experiments ...................................... 177 

3.6 Procedure for CoGEF calculations .................................................................. 178 

3.7 References ........................................................................................................ 178 

3.8 1H and 13C NMR spectra................................................................................ 181 

 

Chapter IV: MULTI-MECHANOPHORE POLYMERS FOR MECHANICALLY 

TRIGGERED SMALL MOLECULE RELEASE WITH ULTRAHIGH PAYLOAD 

CAPACITY ................................................................................................................... 189 

4.1 Investigation ..................................................................................................... 190 



 

 

ix 
4.2 General Experimental Details and Methods ................................................... 202 

4.3 Synthetic Details............................................................................................... 204 

4.4 General Procedure for Ultrasonication Experiments ...................................... 214 

4.5 Characterization of Cargo Release Using Photoluminescence Spectroscopy215 

4.6 Characterization of Multimechanophore Polymers ........................................ 218 

4.7 Procedure for CoGEF Calculations ................................................................. 220 

4.8 Single Crystal X-Ray Diffraction .................................................................... 220 

4.9 References ........................................................................................................ 222 

4.10 1H and 13C NMR spectra ............................................................................. 225 

 
Chapter V: MECHANICALLY TRIGGERED DEPOLYMERIZATION OF A SELF-

IMMOLATIVE POLYMER ........................................................................................ 235 

5.1 Investigation ..................................................................................................... 236 

5.2 General Experimental Details and Methods ................................................... 244 

5.3 Synthetic Details............................................................................................... 245 

5.4 Sonication Experiments and Fluorescence Spectroscopy .............................. 249 

5.5 Characterization of Cargo Release Using Photoluminescence Spectroscopy250 

5.6 References ........................................................................................................ 253 

5.7 1H and 13C NMR spectra .................................................................................. 255 

 

 

 
 

 

 

 

 

 



 
1 

C h a p t e r  1  

INTRODUCTION: DEVELOPMENT OF MECHANOPHORES FOR 

MOLECULAR RELEASE 

 

Abstract: Polymers that release small molecules in response to mechanical force are 

promising materials for a variety of applications ranging from sensing and catalysis to 

targeted drug delivery. Within the rapidly growing field of polymer mechano-chemistry, 

stress sensitive molecules known as mechanophores are particularly attractive for enabling 

the release of covalently-bound payloads with excellent selectivity and control. Here, we 

review recent progress in the development of mechanophore-based molecular release 

platforms and provide an optimistic, yet critical perspective on the fundamental and 

technological advancements that are still required for this promising research area to achieve 

significant impact. 

 

 

 

 

This chapter has been adapted with permission from  

Versaw, B. A., Zeng, T., Hu, X., Robb, M. J. J. Am. Chem. Soc. 2021, 143, 21461-21473.  
© American Chemical Society  
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1.1 Polymer Mechanochemistry: Enabling Productive Reactivity Using Mechanical 

Force. 

In the rapidly growing field of polymer mechanochemistry, mechanical force is used 

to activate the chemical transformations of stress-sensitive molecules termed 

mechanophores.1,2 Polymers maintain the important role of transducing mechanical force to 

the mechanophore via covalent connectivity. In contrast to nonspecific bond scission 

commonly associated with the mechanical degradation of polymers, mechanophores respond 

to force chemoselectively to elicit productive chemical changes.3 Theoretical studies have 

revealed that the unique mechanochemical activity of mechanophores arises from a distortion 

of the potential energy surface under large forces, fundamentally changing the reaction 

landscape.4–6 Mechanical force has been shown to promote remarkable transformations such 

as formally forbidden electrocyclic ring-opening reactions of benzocyclobutene and gem-

dihalocyclopropanes.7,8 The force-coupled activation of specific covalent bonds in 

mechanophores has also been harnessed to afford a wide range of productive chemical 

reactions and responsive materials.9,10 Examples include, but are certainly not limited to, 

conductivity switching11 and the generation of colored,12–17 fluorescent,18–20 or 

chemiluminescent species,21 enabling the visual detection of stress and strain. 

Mechanochemical reactions have also been used to activate latent catalysts22,23 and generate 

reactive functional groups,7,24–26 imbuing polymers with self-healing properties or the ability 

to strengthen under typically destructive shear forces.27  Research in the last two decades has 

produced an impressive library of more than one hundred mechanophores that spans an 

incredibly diverse range of structure and function.28 

In a pioneering report from 2005, Moore and coworkers described the site-specific 

chain scission of polymers containing a mechanically weak azo group near the chain 

midpoint under the application of force. Mechanochemical fragmentation of the azo-linked 

polymers was putatively accompanied by the liberation of dinitrogen, which also makes it 

the first example of mechanically triggered molecular release in polymer 

mechanochemistry.29 In the last few years, the topic of mechanically triggered release has 

gained significant attention. A quickly expanding collection of mechanophores and different 

mechanochemical reaction strategies are being devised to advance this important research 
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area, which promises applications ranging from remote controlled drug delivery to catalysis 

and sensing. Here, we review current progress in the development of mechanophore-based 

platforms for molecular release with the aim of summarizing notable contributions to the 

field and providing insight for future development. 

1.2 Mechanically Triggered Molecular Release from Specialized Mechanophores 

Several different mechanophores have been developed enabling the force-triggered 

release of small molecules. Unlike the more generalized platforms discussed later, each 

approach discussed in this section leverages a judiciously designed mechanophore to release 

a specific compound upon mechanochemical activation. As a result, these mechanophore 

design strategies are relatively limited in their modularity and the scope of molecules that 

can be released. Nonetheless, the mechanically triggered release of a small but relatively 

diverse collection of molecular payloads has been demonstrated through a range of distinct 

reaction manifolds.  

Following their pivotal report on a dinitrogen-evolving azo mechanophore, Moore 

and coworkers described the mechanically triggered release of another simple diatomic 

molecule, HCl. As one of the simplest possible reagents and catalysts, the mechanically 

coupled generation of HCl is promising for the design of stress responsive polymeric 

materials in which self-healing, degradation, pH-driven optical signals, and other property 

changes are triggered with acid. The design is based on the mechanically-promoted 

electrocyclic ring-opening reaction of an indene-derived gem-dichlorocyclopropane (gDCC) 

mechanophore and spontaneous aromatization to drive HCl elimination (Scheme 1.1a).30 

Scheme 1.1. The mechanically triggered release of HCl is achieved through ring opening and 
spontaneous elimination of specialized gDCC mechanophores. 
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Compression of a poly(methyl acrylate) (PMA) network covalently crosslinked with the 

gDCC derivative resulted in mechanochemical activation of the mechanophore and HCl 

generation as demonstrated colorimetrically using a methyl red indicator as well as several 

other analytical techniques. Control experiments in which the mechanophore was physically 

incorporated into a PMA network and subjected to the same compression did not result in 

the same immediate color change, supporting the mechanochemical origin of the reactivity. 

More recently, Craig and coworkers also reported the mechanically triggered release of HCl 

from a methoxy-substituted gDCC (MeO-gDCC) mechanophore (Scheme 1.1b).31 The 

gDCC mechanophore scaffold popularized by the Craig group has been extensively 

studied.32 In the absence of an additional driving force like aromatization in the example 

above, the electrocyclic ring-opening reaction occurs with chlorine migration to form a stable 

2,3-dichloroalkene product. Here, the addition of an electron-donating methoxy group was 

proposed to stabilize the cationic character that develops during chloride dissociation and 

ultimately promote the spontaneous elimination of HCl. Consistent with this hypothesis, the 

ring-opening reaction of the MeO-gDCC mechanophore was found to occur at a force of 

~900 pN compared to ~1300 pN for the unsubstituted analog based on SMFS experiments. 

In addition, ultrasound-induced mechanochemical activation of polymers containing 

multiple MeO-gDCC units in the backbone generated, on average, 67 equivalents of HCl per 

chain scission event. Mechanically triggered release of HCl was also demonstrated in bulk 

crosslinked polydimethylsiloxane (PDMS) materials under tension and compression. 

Compared to the earlier indene derivative that exhibits only modest thermal stability, the 

MeO-gDCC mechanophore is also quite stable with no reaction observed after heating at 110 

°C for 1 day. 

The mechanical activation of metal complexes through force-induced metal–ligand 

bond dissociation has also received substantial interest, particularly for applications in 

catalysis.33 Polymers containing Ag, Co, Cu, Eu, Fe, Pd, Pt, and Ru complexes have all been 

found to activate selectively at the metal–ligand bond under mechanical force.22,34–41,23,42–47 

However, only a few studies performed recently on metallocenes have demonstrated and 

characterized the complete dissociation of a metal ion from the parent polymer. In 2018, 

Giannantonio et al. sonicated solutions of polymers containing ferrocene units in the 
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backbone and characterized metal ion release by complexation with KSCN and 

K4[Fe(CN)6].
42 Formation of the red [Fe(SCN)n(H2O)6−n)]

(3−n)+ complex and Prussian blue 

from their respective potassium salts suggested that Fe2+ was released upon 

mechanochemical activation and rapidly oxidized by air to form Fe3+ (Scheme 1.2a). These 

conclusions were further supported by studies of chain scission kinetics indicating that 

polymer cleavage occurs selectively at the embedded ferrocene moieties. In close succession, 

Craig, Tang, and coworkers reported a similar investigation into ferrocene 

mechanochemistry, successfully trapping the released Fe2+ ion with phenanthroline to form 

the stable [Fe(phen)3]
2+ complex (Scheme 1.2a).43 In this work and in a subsequent study,44 

the authors characterized the relative mechanical strengths of the Fe–cyclopentadienyl bond 

in ferrocene as well as the Ru–cyclopentadienyl bond in ruthenocene according to established 

protocols using the competitive reactivity of a gDCC mechanophore as an internal 

reference.48 Interestingly, they found that despite the high thermodynamic stability of 

ferrocene and ruthenocene, their mechanochemical lability is similar to that of the relatively 

weak C–N bond of azobisdialkylnitrile (BDE < 30 kcal/mol) and the C–S bond of a thioether 

(BDE = 71–74 kcal/mol), respectively.43,44 Data also suggest that the mechanochemical 

dissociation of both metallocenes occurs predominately via a heterolytic mechanism.  

The mismatch in thermodynamic stability and mechanical susceptibility prompted 

further investigation into structure–mechanochemical activity relationships for metallocene 

mechanophores. In 2021, Craig and coworkers demonstrated that the mechanism of 

ferrocene dissociation under mechanical force could be biased by a distal conformational 

restraint between the two cyclopentadienyl ligands (Scheme 1.2b).45 Polymers containing 

these ansa-bridged ferrocene mechanophores were shown to dissociate by peeling, rather 

Scheme 1.2. Release of metal ions is achieved through the mechanochemical scission of the metal–
ligand bonds in ferrocene mechanophores. 
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than shearing, of the cyclopentadienyl ligands from the metal center. Significantly, this 

change in mechanism leads to a substantial increase in mechanochemical activity for the 

ansa-bridged ferrocene complex, dissociating at a transition force of ~800 pN compared to 

the > 1600 pN of force required for reaction of the unbridged ferrocene mechanophore in 

SMFS experiments. The investigation of metallocene mechanochemistry has also recently 

been extended to cobaltocenium mechanophores that were demonstrated to react selectively 

under mechanical force via a peeling-type mechanism that, in this case, is driven by 

interactions between the metal center and the counterion.46 

In contrast to the conventional mode of mechanophore activation in which 

mechanical force is coupled to the scission of a weak bond, small molecule release has also 

been achieved through a unique “flex activation” manifold where extrinsic force promotes 

bond-bending motions consistent with geometric changes in the overall transformation that 

direct reactivity along a particular coordinate. Larsen and Boydston introduced this strategy 

in 2013 by designing an oxanorbornadiene mechanophore that undergoes a retro-[4+2] 

cycloaddition reaction resulting in the liberation of a small molecule furan derivative 

(Scheme 1.3a).49 In this work and a subsequent report by the same authors,50 polymer 

Scheme 1.3. The release of small molecules is achieved through a putative flex activation manifold in 
which mechanical force promotes bond-bending motions consistent with the geometric changes in the 
overall transformation without chain scission. 
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networks incorporating the oxanorbornadiene mechanophore were subjected to compression, 

achieving small molecule release albeit with a maximum mechanophore activation of < 10%. 

More recently, Boydston and coworkers expanded this strategy to the mechanically triggered 

release of N-heterocyclic carbenes (NHCs) from carbodiimide adducts (Scheme 1.3b).51 

Using phenyl isothiocyanate as a trapping agent, the mechanochemical generation of two 

different NHC compounds was observed from bulk samples of crosslinked PMA subjected 

to uniaxial compression. Mechanophore activation increased monotonically with increasing 

number of compression cycles, ultimately plateauing at ~1% activation. In 2014, Craig and 

coworkers also investigated the formal retro-[4+2] cycloaddition reaction of an anthracene–

triazolinedione Diels–Alder adduct in crosslinked PDMS elastomers under tension where 

mechanical activation was proposed to proceed via an analogous force-induced planarization 

process (Scheme 1.3c).52 Heating the material to 125 °C, however, was required to achieve 

~1% mechanophore activation under a strain of 175%.  

The low mechanochemical reactivity of the anthracene–triazolinedione and NHC–

carbodiimide adducts is consistent with computational studies performed by Roessler and 

Zimmerman on the mechanochemical reactivity of the oxanorbornadiene mechanophore.6 

For that system, the flex activation mechanism was shown to be less sensitive to mechanical 

perturbation, likely due to the poor alignment between the direction of applied force and the 

nearly orthogonal scissile bonds in the mechanophore, which results in weak 

mechanochemical coupling. While mechanical force decreases the reaction barrier, 

significant thermal energy is still required under relatively large forces to move along the 

force modified potential energy surface. In addition to the mechanophore structure, the 

polymer matrix also contributes to activation efficiency. Recently, Kilian and coworkers 

investigated the mechanochemical activation of a similar oxanorbornadiene mechanophore 

in double network hydrogels of polyacrylamide and alginate, achieving ~20% activation 

upon compression under relatively moderate stress.53 The improved reactivity is attributed 

to the enhanced toughness of the material that enables greater deformation prior to failure 

and adds to other recent insights into mechanophore activation in multinetwork materials.54–

56 Finally, it is notable that the use of solution state ultrasonication methods to probe the 

reactivity of mechanophores designed for flex activation has not been reported in the 
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literature. Such studies may shed light on whether the low mechanophore activation 

efficiencies observed for this class of compounds are due primarily to their molecular design, 

or rather limitations of solid-state force transduction. 

In addition to the azo mechanophore discussed above, a relatively large collection of 

diverse mechanophores has been developed that react via homolytic fragmentation 

pathways.28 Although not recognized as a mechanophore at the time, the mechanical 

susceptibility of the peroxide functional group was identified by Encina in 1980 through 

investigations of the ultrasound-induced chain fragmentation of polyvinylpyrrolidone 

containing several peroxide linkages distributed throughout the polymer backbone.57 

However, the mechanochemistry of organic peroxides has since received little attention, with 

a possible exception being the dioxetane mechanophores developed by Sijbesma and 

coworkers that contain a peroxo linkage within the four-membered ring but exhibit 

significantly different reactivity.21 In a recent investigation of peroxide mechanochemistry, 

Otsuka and coworkers designed a mechanophore based on the bis(9-methylphenyl-9-

fluorenyl) peroxide (BMPF) scaffold that undergoes homolytic fragmentation of the O–O 

bond under mechanical force to ultimately release the fluorescent small molecule 9-

fluorenone via β-scission (Scheme 1.4).58 The BMPF mechanophore was converted into a 

crosslinker and incorporated into both a glassy poly(butyl methacrylate) and rubbery 

poly(hexyl methacrylate) network via free radical polymerization where mechanical 

activation was evaluated using ball-milling and compression, respectively. In both cases, a 

fluorogenic response was observed under UV light and the release of 9-fluorenone was 

further confirmed through chromatographic and spectroscopic analyses performed on 

soluble extracts. The BMPF mechanophore was also demonstrated to be thermally stable up 

to 110 °C. Another peroxo containing mechanophore based on an anthracene–endoperoxide 

was also recently reported to liberate singlet oxygen in polymers subjected to ball-milling.59 

However, we cautiously note that without control experiments to rule out a thermal activation 

Scheme 1.4. The force-induced homolysis of a mechanically labile peroxide bond triggers the release of 
the fluorescent molecule 9-fluorenone. 
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pathway, additional investigation is warranted to elucidate the reactivity. Further exploration 

of the mechanochemistry of organic peroxides is certain to contribute to new fundamental 

understanding of reactivity and enable additional tools for the construction and applications 

of force-responsive materials. 

The mechanically triggered release of small molecules has also been accomplished 

through depolymerization. In 2014, Moore and coworkers demonstrated the ultrasound-

induced mechanochemical unzipping reaction of poly(o-phthalaldehyde) to produce o-

phthalaldehyde monomers (Scheme 1.5).60 The results of trapping experiments and steered 

molecular dynamics simulations support a mechanism in which mechanochemical chain 

cleavage via heterolytic fragmentation of a C–O bond in the polymer backbone reveals 

reactive hemiacetalate and oxocarbenium end groups. At temperatures above the low ceiling 

temperature of poly(o-phthalaldehyde), which is around −40 °C,61 these polymer chain 

fragments undergo rapid head-to-tail depolymerization to regenerate monomer. Proof-of-

concept experiments were also successfully performed to demonstrate the repolymerization 

of recovered o-phthalaldehyde monomer by treating a sonicated solution of poly(o-

phthalaldehyde) with an anionic initiator. The molecular weight-dependent kinetics 

associated with the mechanochemical activation of poly(o-phthalaldehyde) were further 

investigated by Peterson and Boydston by taking advantage of the rapid depolymerization 

that occurs following mechanical activation.62 More broadly, the mechanically triggered 

degradation of polymers has recently attracted significant research interest because of the 

opportunities it presents for chemical recycling strategies that address the sustainable end-

of-life management of plastics.63 As discussed briefly in the next section, several reports have 

leveraged mechanophores to introduce chemically labile functional groups into previously 

inert polymer backbones;64–67 however, mechanically triggered end-to-end depolymerization 

has only been demonstrated for poly(o-phthalaldehyde). Expanding mechanically triggered 

depolymerization strategies to additional self-immolative polymers68 with greater thermal 

Scheme 1.5.  Mechanical force triggers the heterolytic chain scission poly(o-phthalaldehyde) resulting in 
complete depolymerization above its ceiling temperature to regenerate monomer. 
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and chemical stability while ideally also maintaining desirable physical properties for useful 

materials will be important for advancing these technologies. Beyond polymer degradation, 

the mechanically triggered depolymerization of self-immolative polymers also presents 

tremendously exciting opportunities to capitalize on the unique chemical amplification69 

process for stress sensing and other applications. 

1.3 Mechanically gated Cascade Reactions for Molecular Release 

In chemistry, gating generally refers to the use of a specific regulatory stimulus to 

control a secondary chemical transformation. For example, gated reactivity is an established 

concept in the context of photoswitching, where a photochemical transformation reveals a 

new structure with unique reactivity,70 or alternatively, a photochemically active molecule is 

produced after a chemical reaction.71–75 As a pertinent example of the former case of 

photogated reactivity, Otsuka and coworkers designed an elegant system that uses light to 

modulate the susceptibility of polymers toward thermal76 and mechanochemical chain 

scission.77 The related concept of mechanically gated reactivity has recently emerged as a 

powerful approach for the modular design of mechanophores and complex 

mechanochemically active systems.64–67,78,79 As discussed this section, the same design 

concept derived from mechanically gated reactivity have been successfully implemented in 

the development of more generalized and highly modular mechanophore platforms for 

molecular release.  

Adapting the design strategy employed in our earlier demonstration of mechanically 

gated photoswitching,80 we developed a mechanophore platform for molecular release that 

leverages the instability of 2-furylcarbinol derivatives,81–84 a structural motif that has also 

been investigated for the design of prodrugs85 and self-immolative polymers.86,87 The 

following chapters will describe our efforts of the initial mechanophore design (Chapter 2), 

structural optimizations for faster release rates and a more streamed-lined synthesis 

(Chapters 2,3), development of a novel mechanophore and the synthesis of 

multimechanophore polymers to achieve high capacity cargo releasing (Chpter 4), as well as 

using the modular mechanophore platform to achieve mechanically triggered self-

immolative polymer depolymerization (Chapter 5).  
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The initial mechanophore design was based on a mechanically triggered cascade 

reaction in which the mechanochemical retro-[4+2] cycloaddition reaction of a furan–

maleimide Diels–Alder adduct unmasks a latent furfuryl carbonate, which subsequently 

decomposes to release a covalently bound small molecule (Scheme 1.6a).88 

Hydroxycoumarin was used as a model payload due to its fluorogenic properties to facilitate 

the straightforward characterization of molecular release by photoluminescence 

spectroscopy in addition to other analytical methods. Judicious substitution of the 2-

furylcarbinol scaffold was key to the success of this approach, enabling the decomposition 

of the furfuryl carbonate to proceed relatively quickly following mechanochemical activation 

of the Diels–Alder adduct. Density functional theory (DFT) calculations indicated that a 

combination of alkyl substituents at the 5-position of the furan and at the α-position 

significantly suppressed the activation barrier for carbonate fragmentation, reducing ΔG‡ 

Scheme 1.6. Mechanically triggered molecular release from masked 2-furylcarbinol derivatives is 
accomplished via a retro-Diels–Alder/fragmentation cascade. 
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from 29.4 kcal/mol for the unsubstituted compound to 22.0 kcal/mol for the dialkyl 

derivative. In particular, small molecule model experiments confirmed the importance of the 

α-methyl substituent, which presumably stabilizes the developing positive charge in the 

transition state leading to the secondary furfuryl cation intermediate, as depicted by the arrow 

pushing mechanism in Scheme 1.6. In a polar protic mixture of acetonitrile and methanol, 

the furfuryl carbonate decomposes at room temperature with a half-life on the order of ~1 h 

to cleanly release hydroxycoumarin. Notably, release occurred ~10-fold faster in an aqueous 

acetonitrile mixture. The mechanically triggered release of hydroxycoumarin was 

successfully demonstrated by ultrasound-induced mechanochemical activation of a polymer 

containing a chain-centered furan–maleimide mechanophore, achieving approximately 64% 

release after 150 min of sonication. By fitting the sonication time-dependent 

photoluminescence response to an expression of first-order kinetics, the yield of 

hydroxycoumarin was projected to plateau at a maximum value of ~87%, indicating that 

mechanophore activation and subsequent payload release occurs efficiently.  

While the mechanophore described above offered a promising design platform, 

molecular release was found to be largely limited to phenols. Kinetic studies performed on 

small molecule 2-furylcarbinol derivatives with the same substitution pattern demonstrated 

that the release of a primary alcohol is approximately 100× slower than hydroxycoumarin, 

with the release of aminocoumarin from the analogous furfuryl carbamate occurring 

approximately 60× slower than that of the primary alcohol.89 We envisioned that an 

additional electron donating substituent on the furan would further suppress the activation 

barrier for fragmentation through resonance stabilization of the furfuryl cation intermediate, 

enabling the release of more challenging payloads on reasonable time scales (Scheme 1.6b). 

DFT calculations were performed to establish structure–activity relationships and further 

assess the impact of substitution on the reactivity of 2-furylcarbinol derivatives. In particular, 

the addition of an electron-donating phenoxy group at the 3-position of the furan, in 

combination with the α-methyl substituent, was found to significantly lower the activation 

energy and provide a highly active substrate for molecular release. Mechanochemical 

activation experiments corroborated the predictions from DFT and demonstrated that release 

kinetics could be modulated by several orders of magnitude by varying the substitution on 
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the masked 2-furylcarbinol derivatives. Importantly, this tunability allows release rates to be 

preprogrammed into the mechanophore through independent structural modifications based 

on the identity of the molecular payload and the desired response. The mechanically triggered 

release of cargo molecules bearing alcohol, phenol, alkylamine, arylamine, carboxylic acid, 

and sulfonic acid functional groups was successfully demonstrated using ultrasonication, 

illustrating the generality of the molecular design strategy (half-lives for cargo release in 3:1 

acetonitrile/methanol are illustrated in Scheme 1.6b). We note, however, that less efficient 

release of the alkylamine payload was observed compared to the other cargo molecules, 

which was attributed to a side reaction involving attack of the furfuryl cation intermediate by 

the liberated nucleophilic amine. These results suggest a potential challenge for achieving 

the efficient release of cargo molecules possessing strongly nucleophilic functional groups 

with this mechanophore design. 

Our group has also investigated an alternative mechanophore design that incorporates 

an aryloxy substituent at the 5-position of the masked 2-furylcarbinol scaffold, which serves 

as both the site of polymer attachment and an electron donating group to accelerate release 

(Scheme 1.6b).90 Installation of the aryloxy group at the 5-position of the furan preserves the 

proximal pulling geometry in the furan–maleimide mechanophore, which leads to greater 

mechanochemical activity compared to the regioisomer with distal connectivity.91 This 

mechanophore is prepared through a considerably more efficient four-step synthesis while 

still facilitating the mechanically triggered release of both phenol and arylamine payloads 

with rates that are comparable to those of the phenoxy-substituted mechanophore. Similar to 

the effects of phenoxy substitution in the prior design, the aryloxy substituent was also 

demonstrated to significantly improve the thermal stability of the Diels–Alder adduct without 

adversely affecting mechanochemical activity.  

Interestingly, small molecule model experiments suggested that decomposition of 

the 5-aryloxy mechanophore proceeds through a fragmentation mechanism distinct from 

previously studied 2-furylcarbinol derivatives, involving secondary fragmentation at the 

aryloxy connection. Our group thusly designed a mechanophore equipped with a self-

immolative spacer as the aryloxy substituent to achieve dual payload release.92 In this design, 

the mechanically triggered retro-Diels–Alder reaction unveils a 5-aryloxy-substituted 2- 
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furfuryl carbinol species, which releases the first cargo at the 2-position as well as the 5-

aryloxy spacer. The liberated self-immolative 5-aryloxy linker then undergoes further 

elimination to release the second cargo (Scheme 1.7). The putative stepwise fragmentation 

mechanism was further investigated and utilized to control the two cargos’ relative release 

profiles. When the first cargo is a relatively poor leaving group (carbamate) while the second 

is a good leaving group (carbonate), the two cargos are expelled simultaneously. However, 

when the cargos attachments are swapped, a sequential release was observed. The ability to 

release two small molecules with tunable release kinetics and profiles is an attractive attribute 

for potential applications in combination drug-deliveries to enhance therapeutic efficacy.93,94  

 

More recently, we dramatically increased the amount of payload capacity, achieving 

the release of hundreds of small molecule cargos per chain by designing multimechanophore 

polymers incorporating non-scissile mechanophores (Scheme 1.8).95 An intramolecular 

Diels–Alder reaction of a furfuryl fumarate ester renders the masked 2-furyl carbinol 

mechanophore non-scissile. A macrocyclic alkene is designed to allow polymerization via 

ring-opening metathesis polymerization (ROMP) to afford multimechanophore polymers. 

In this design, the 3-phenoxy substituent on the furan is selected not only to provide fast 

release kinetics and adduct thermal stability, but also to protect the Diels–Alder alkene 

against undesired olefin metathesis. Interestingly, density functional theory (DFT) 

Scheme 1.7. Mechanically triggered dual-releasing mechanophore enabled by the incorporation of a 
self-immolative spacer. 
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calculations using the constrained geometries simulate external force (CoGEF) method 

predicted that the formal retro-Diels–Alder reaction occurs with a rupture force of 3.4 nN, 

much lower than the furan maleimide Diels–Alder adduct which usually range from 4.0–4.4 

nN.89,90 This was also observed experimentally, with the non-scissile mechanophore reaching 

maximum mechanical activation after ~ 35 mins of ultrasonication as opposed to the 2–5 

hours required for previous mechanophore designs. We further demonstrated that the amount 

of mechanophore incorporation in a polymer could be varied by changing the feeding ratio 

of comonomers, subsequently controlling the number of cargos released. Using a 295 kDa 

multimechanophore polymer with 40% mechanophore incorporation, we successfully 

achieved a maximum of 60% release of cargos, corresponding to ~203 cargo molecules per 

chain after only ~ 10 min of ultrasonication.  

The mechanically triggered cascade reactions also present a unique opportunity for 

triggering the depolymerization of self-immolative polymers (SIPs) using mechanical force 

(Scheme 1.9, Chapter 5). Utilizing the modularity of the mechanophore for cargo release, we 

synthesized a poly (carboxy pyrrole) SIP capped with a 3-phenoxy substituted mechanophore 

and a fluorogenic reporter molecule, and subsequently a PMA-SIP conjugate. When exposed  

 

Scheme 1.8. Multimechanophore polymer design for achieving high capacity cargo release. 

Scheme 1.9. Mechanically triggered self-immolative polymer depolymerization. 
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to ultrasonication, the PMA-SIP conjugate resulted in fluorescence signal increase, 

signifying the end-to-end depolymerization of a mechanically released SIP. The SIP, with its 

molecular weight below the threshold for mechanical activation, did not lead to significant 

reporter molecule release, indicating the mechanical origin of the SIP degradation.  

Another system that leverages a mechanically triggered cascade reaction to achieve 

molecular release was reported by Göstl, Herrmann, and coworkers in 2020.96 The 

mechanophore is based on an elegantly designed disulfide motif with payloads attached via 

β-carbonate linkages. Mechanically activated reduction97,98 of the disulfide bond is followed 

by a 5-exo-trig cyclization to release a pair of alcohol-based cargo molecules (Scheme 1.10). 

The bifunctional character of this platform enables a theranostic approach with the 

concurrent release of a therapeutic compound and a fluorescent reporter molecule for 

following drug release and biodistribution in real time. Model experiments performed on 

small molecule disulfide initiators dually conjugated with a reporter/drug combination of 

umbelliferone (UMB)/gemcitabine (GEM) or N-butyl-4-hydroxy-1,8-naphthalimide 

(NAP)/camptothecin (CPT) exhibited efficient and concomitant release of both payloads 

upon chemical reduction. The mechanically triggered release of NAP/CPT payloads from a 

polymer chain-centered mechanophore was demonstrated using ultrasonication methods. 

The release of NAP (and by inference, CPT) was characterized by fluorescence 

spectroscopy, reaching ~56% after 180 min of sonication. A series of in vitro experiments 

Scheme 1.10. The mechanochemical reduction of a disulfide mechanophore triggers cargo release via 
a 5-exo-trig cyclization. 
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were performed by treating Hela cells with sonicated polymer solutions, which demonstrated 

the successful release and cellular uptake of NAP. To demonstrate the generality of the 

platform, the mechanically triggered release of the UMB/GEM fluorophore/drug pair was 

also investigated, achieving comparable amounts of release to the NAP/CPT system. In this 

case, however, the release of UMB proceeded at a faster rate than that of GEM. A paper from 

the same groups that appeared later demonstrated the ultrasound-induced mechanochemical 

activation of polymers containing symmetrical disulfide mechanophores loaded with two 

equivalents of UMB or CPT with qualitatively similar results as this earlier study.99 

A more recent investigation comparing the mechanically triggered release of NAP (X = OH) 

and the amine analog N-alkyl-4-amino-1,8-naphthalimide (X = NH2) revealed significantly 

diminished release efficiency for the amine payload conjugated to the disulfide 

mechanophore via carbamate linkers (Scheme 1.10).99 While ~50% release of the hydroxyl-

functional payload was released after 240 min of sonication, < 3% release of the amine cargo 

was observed after being subjected to the same ultrasonication conditions. As for the 2-

furylcarbinol platform discussed above, these results highlight the importance of the leaving 

group on molecular release.100 Moreover, for the disulfide mechanophore, release is coupled 

to the equilibrium established between the β-mercapto carbonate/carbamate and the cyclic 

thiocarbonate, with the more nucleophilic amines expected to shift the equilibrium toward 

the former state. The susceptibility of the disulfide mechanophore to nonspecific activation 

via chemical reduction or thiol exchange presents another potential challenge. Studies also 

confirmed that ultrasound-induced mechanophore activation must occur ex situ to avoid loss 

of viability for mammalian cells,99 identifying a substantial barrier to translational 

applications. As discussed in greater detail below, the sonication conditions used here are 

representative of those employed ubiquitously in polymer mechanochemistry research. 

Therefore, new remote activation strategies are needed to facilitate the application of 

mechanophore-based molecular release platforms in biological settings.102 Interestingly, the 

same 20 kHz ultrasonication was found to have no considerable effect on the viability of S. 

aureus bacteria.99 
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1.4 Outlook 

The rapidly growing field of polymer mechanochemistry has captivated the 

attention of organic chemists and polymer scientists and engineers alike by revealing 

fundamentally new concepts in chemical reactivity and unprecedented opportunities for 

the design of stimuli-responsive materials. Over the last decade—and the last several years, 

in particular—the development of force-sensitive molecules known as mechanophores that 

enable the mechanically triggered release of covalently bound payloads has attracted 

significant interest. This research has added new tools to an already active area of 

investigation into the development of stimuli-responsive polymers that release functional 

small molecules under stress for a wide variety of applications. Unlike most materials-

based approaches, however, mechanophores are constructed with atomic precision and 

leverage the principles of organic chemistry to modulate their activity for molecularly 

programmed responsive behavior. Diverse strategies for harnessing mechanical force to 

facilitate productive chemical transformations have furnished a quickly expanding library 

of mechanophores enabling small molecule release. Ongoing efforts to create specialized 

mechanophores capable of releasing specific cargo molecules are joined by research 

toward the development of more modular and generalized platforms that take advantage of 

mechanical gating and mechanically triggered cascade reactions. While the collective 

intuition of mechanochemical reactivity has advanced substantially in a relatively short 

period of time, the continued advancement of structure–activity relationships is paramount 

to establish a thorough understanding of the design rules underpinning mechanically 

selective bond activation, and to expand the cargo scope and capabilities of mechanophore-

based molecular release strategies. 

As mechanophore-based molecular release platforms continue to improve and 

evolve, the desire to seek practical applications in areas like catalysis, autonomous 

materials, and controlled drug delivery will prompt further innovation. Systems that enable 

the release of multiple payloads per mechanical activation event by leveraging multicargo 

designs or multimechanophore polymers are needed to overcome limitations in cargo 

loading capacity and enhance the utility of mechanophore-based release strategies. Novel 

approaches are also required to expand beyond small molecule release to develop systems 
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for mechanically triggered depolymerization, a relatively unexplored area of polymer 

mechanochemistry with substantial promise for the design of adaptable materials with self-

repairing or remodeling capabilities as well as emerging chemical recycling and stress 

sensing technologies. Molecular and materials design concepts for improving the 

efficiency of mechanically triggered release in bulk materials and in diverse solution 

environments will also expand the reach of mechanophore-based molecular release 

chemistry. Lastly, the integration of mechanophores with complementary approaches for 

achieving force-responsive functionality, such as microcapsule-based methods, will 

provide new multifaceted platforms for creating complex responsive polymeric materials 

that operate on multiple size and length scales. 

Targeted drug delivery is one of the most compelling applications to emerge from 

research into mechanophore-based molecular release platforms. The ability to activate 

mechanophores remotely using ultrasound presents unique opportunities for translational 

applications of polymer mechanochemistry to benefit human health. From a technological 

perspective, however, the development of strategies using biomedically relevant ultrasound 

to activate mechanophores is still a potentially formidable challenge. With few exceptions, 

the sonication probes routinely employed to study mechanophore activation in the 

laboratory are the same devices commonly used for cell lysis,101 illustrating their mutual 

incompatibility. Some existing clinical applications use ultrasound in this 20 kHz 

frequency range, but are generally limited to procedures where tissue disruption is desirable 

due to the strong cavitation effects.102 On the other hand, many of the paradigms 

underpinning the current understanding of ultrasound-induced mechanochemical 

activation are based on models of polymer chain extension induced by cavitation,103 thus 

establishing a notable dichotomy between mechanophore activation in the laboratory and 

physiological constraints. New methodologies will be required, particularly for in vivo 

applications, that effectively couple the mechanical activation of mechanophores with the 

acoustic energy from ultrasound at higher frequencies where cavitation is suppressed.104 

Fortunately for the field, experiments demonstrating the mechanical activation of 

mechanophores in micellar systems105 and bulk elastomers106 provide a promising example 

that focused ultrasound operating within biocompatible frequencies and pressure 
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amplitudes will be an important technology for advancing biomedical applications of 

polymer mechanochemistry. Future innovations in the technologies that enable remote 

mechanical activation, together with advances in the design of mechanophores for 

molecular release, promise to help realize the translational potential of polymer 

mechanochemistry while further galvanizing important fundamental discoveries in this 

quickly evolving arena. 
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C h a p t e r  2  

MECHANICALLY TRIGGERED SMALL MOLECULE RELEASE 

FROM MASKED 2-FURYLCARBINOL DERRIVATIVES 

 

Abstract: Polymers that release functional small molecules in response to 

mechanical force are appealing targets for drug delivery, sensing, catalysis, and many other 

applications. Mechanically sensitive molecules called mechanophores are uniquely suited to 

enable molecular release with excellent selectivity and control. Here, we describe a general 

and highly modular mechanophore platform based on masked 2-furylcarbinol derivatives 

that spontaneously decompose under mild conditions upon liberation via a mechanically 

triggered reaction, resulting in the ultimate release of a covalently installed molecular 

payload. We identify key structure–property relationships for the reactivity of 2-

furylcarbinol derivatives that enable the mechanically triggered release of functionally 

diverse molecular cargo with release kinetics being tunable over several orders of magnitude. 

The generality and efficacy of this molecular design platform is demonstrated using 

ultrasound-induced mechanical force to trigger the efficient release of a broad scope of cargo 

molecules including those bearing alcohol, phenol, alkylamine, arylamine, carboxylic acid, 

and sulfonic acid functional groups. 

 

This chapter has been adapted with permission from  

Hu, X.; Zeng, T.; Husic, C. C.; Robb, M. J. J. Am. Chem. Soc. 2019, 141, 15018–15023, 

and Hu, X.; Zeng, T.; Husic, C. C.; Robb, M. J. ACS Cent. Sci. 2021, 7, 1216–1224. 
© American Chemical Society  
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2.1 Investigation  

Polymers that release functional molecules in response to a specific stimulus are 

desirable for a variety of applications including sensing, catalysis, self-healing, and targeted 

drug delivery.1–3 Mechanically triggered release is a particularly appealing target. To this 

end, several different approaches have been demonstrated including physically entrapped 

payloads within a polymeric matrix,4 dissociation of supramolecular assemblies,5,6 and the 

use of fluid-filled microcapsules7 or vascular networks8 embedded within a material that 

release their payload after being ruptured. Recently, the use of mechanical force as an 

external stimulus to drive covalent chemical transformations has emerged as an attractive 

strategy.9 Force is typically transduced via polymer chains to mechanically sensitive 

molecules known as mechanophores that respond in a chemoselective fashion, resulting in a 

productive chemical reaction.10,11 In the context of targeted drug delivery, for example, 

ultrasound is capable of penetrating deep within biological tissues to stimulate 

mechanochemical transformations noninvasively and with spatial and temporal precision.12 

In light of these advantages, the field of polymer mechanochemistry has attracted significant 

interest for the design of autonomous materials that respond innately to mechanically 

dynamic environments,3 as well as abundant opportunities to advance fundamental 

understanding of mechanochemical reactivity, which is underdeveloped compared to other 

areas of organic chemistry.13 

Several mechanophores have been designed to achieve the mechanically triggered 

release of functional organic molecules, although the scope of molecules that can be released 

is still relatively limited. Moore and Craig have designed mechanophores based on gem-

dichlorocyclopropane motifs that undergo mechanochemical rearrangement reactions with 

subsequent release of HCl.14,15 Boydston has developed mechanophores based on a flex-

activation manifold demonstrating release of a benzyl furfuryl ether molecule via a 

mechanically induced cycloelimination reaction16,17 and the release of N-heterocyclic 

carbenes.18 Notably, each approach uses a judiciously designed mechanophore to release a 

specific compound upon mechanical activation, which consequently limits the scope of 

molecules that can be released. Small molecule release has also been achieved through the 

mechanically triggered heterolytic scission and subsequent depolymerization of poly(ortho-
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phthalaldehyde) to regenerate its constituent monomers.19,20 Finally, Herrmann and Göstl 

have introduced an elegant mechanophore design that relies on the mechanically activated 

reduction21,22 of a chain-centered disulfide unit and ensuing 5-exo-trig cyclization to release 

an alcohol attached via a β-carbonate linker.5,23 While the release of several different alcohols 

has been successfully demonstrated using this disulfide mechanophore platform, it is 

susceptible to nonspecific activation via chemical reduction or thiol exchange and cargo 

scope appears to be somewhat limited, as indicated by the low release efficiency observed 

for amine payloads.24 

Here we report a mechanophore platform based on a furan–maleimide Diels–Alder 

adduct that leverages the instability of a judiciously designed furfuryl carbonate for small 

molecule release via a mechanically gated reaction cascade. As illustrated in Scheme 2.1, 

mechanochemical activation of the kinetically stable adduct results in a retro-Diels–Alder 

reaction, revealing a metastable furfuryl carbonate that quickly decomposes in polar protic 

media to release carbon dioxide and a covalently bound alcohol molecule. The secondary 

furfuryl carbonate structure is a key design feature that significantly increases the rate of 

decomposition and small molecule release, enabling the transformation to proceed 

spontaneously under mild conditions, but only after the prerequisite mechanochemical 

cycloelimination reaction. 

 

To initate the study, we synthesized fluorogenic furfuryl carbonate model compound 

1 and investigated its reactivity experimentally (Figure 2.1). The coumarin payload exhibits 

enhanced photoluminescence (PL) upon release, allowing reaction progress to be tracked 

using fluorescence spectroscopy in addition to NMR spectroscopy. Furfuryl carbonate 1 is 

relatively stable in chloroform and acetonitrile (Figure 2.2); however, the addition of 

Scheme 2.1. Mechanically Triggered Reaction Cascade Resulting in Small Molecule Release. 
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methanol to an acetonitrile solution of 1 leads to fast decomposition at room temperature and 

clean formation of hydroxycoumarin 2 and furfuryl ether 3 (Figure 2.1a). The generation of 

furfuryl ether 3 under these conditions is consistent with a mechanism involving initial 

fragmentation of the carbonate group to form a furfuryl cation, which is subsequently 

attacked by methanol followed by proton transfer. Figure 2.1b shows the decomposition of 

furfuryl carbonate 1 in a 3:1 (v/v) mixture of acetonitrile-d3 and methanol monitored by 1H 

NMR spectroscopy. Signals corresponding to 1 fully disappear in a few hours with the 

Figure 2.1. Characterization of the room temperature decomposition reaction of furfuryl carbonate 
1. (a) Decomposition of 1 in 3:1 MeCN:MeOH generates fluorescent hydroxycoumarin 2 and furfuryl 
methyl ether 3 via a putative furfuryl cation intermediate. (b) 1H NMR spectra (3:1 MeCN-d3:MeOH) 
demonstrating the clean conversion of 1 to products ([1]0 = 12 mM). (c) Photoluminescence spectra 
([1]0 = 6.1 μM in 3:1 MeCN:MeOH, λex = 330 nm) monitoring the generation of hydroxycoumarin 2 
over time. (d) Quantification of data from panels b and c illustrating the time-dependent conversion 
of furfuryl carbonate 1 and the generation of hydroxycoumarin 2 as measured by NMR and 
fluorescence spectroscopy, respectively. 
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concomitant formation of two new sets of resonances that match the spectra of the isolated 

hydroxycoumarin and furfuryl methyl ether products. The generation of hydroxycoumarin 2 

from a room temperature solution of furfuryl carbonate 1 in MeCN:MeOH (3:1) was also 

monitored over time using fluorescence spectroscopy (Figure 2.1c). Excitation at 330 nm 

revealed an emission peak around 380 nm that increased in intensity over time and matches 

after 50 h at rt 

 

 

 

 

 

1 in CDCl
3
  

(original spectrum) 

Figure 2.2. 1H NMR spectra (400 MHz) of model compound 1 in (a) CDCl3 at room temperature 
acquired 50 h apart where no reaction was observed, (b) acetontrile-d3 at room temperature acquired 
over 36 h, where some degradation occurs after extended times under these conditions. 

after 36 h at rt 

 

 

after 15 h at rt 

 

 

after 8 h at rt 

 

 

1 in acetonitrile-d
3
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Figure 2.3. Construction of a calibration curve for experimental determination of the concentration of 
hydroxycoumarin 2. (a) Fluorescence emission spectra (λex = 330 nm) and (b) intensity at 380 nm for 
solutions of 7-hydroxy-4-methylcoumarin (2) in acetonitrile/methanol (3:1 v/v) as a function of 
concentration. A linear regression of the data in (b) gives the calibration function, Y = 0.694*X. 
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the emission spectrum of hydroxycoumarin 2 (Figure 2.3). Approximately 98% of the 

theoretical yield of hydroxycoumarin 2 is released over about 6 h (Figure 2.1d). The 

conversion of furfuryl carbonate 1 and the generation of hydroxycoumarin 2 follow 

exponential decay under these conditions with the reaction half-life estimated from NMR 

measurements to be t1/2 = 79 min.  

 

Having identified a suitable furfuryl carbonate structure for small molecule release 

we next set out to synthesize a furan–maleimide Diels–Alder adduct and incorporate it into 

a polymer to study its mechanochemical behavior. Polymers containing a chain-centered 

mechanophore are mechanically activated in solution using ultrasonication, which produces 

elongational forces that are maximized near the chain midpoint.25 Furan–maleimide adduct 

(±)-4 equipped with two α-bromoester initiating sites and a modular alcohol functional group 

for cargo attachment was prepared on gram scale in four steps from commercially available 

reagents (Scheme 2.2). Starting from a racemic mixture of α-methylfurfuryl alcohol resulted 

in four diastereomeric Diels–Alder adducts. Although both endo and exo isomers exhibited 

mechanochemical reactivity in an initial screening as expected from previous studies of 

furan–maleimide mechanophores,26 here we focus on one particular endo racemate shown in 

Scheme 2.2. The absolute configuration of the Diels–Alder adduct was confirmed by single 

crystal X-ray diffraction. Precursor (±)-4 was converted to mechanophore bis-initiator (±)-6 

via installation of the fluorogenic coumarin payload by reaction with the corresponding 

chloroformate, and then subsequently employed in the controlled radical polymerization of 

methyl acrylate using Cu wire/Me6TREN in DMSO to afford the chain-centered polymer 

PMA-1 (Mn = 100 kg/mol; Ð = 1.06). Chain-end functional control polymer PMA-control 

Scheme 2.2. Synthesis of Poly(Methyl Acrylate) (PMA) Containing a Chain-Centered Mechanophore 
Equipped with a Fluorogenic Coumarin Probe and a Chain-End Functional Control Polymer. 
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(Mn = 86 kg/mol; Ð = 1.14) was synthesized similarly starting from (±)-5 containing a single 

α-bromoester initiating group. 

Mechanically triggered molecular release from PMA-1 was evaluated using pulsed 

ultrasonication (1s on/2s off, 0 °C, 20 kHz, 8.2 W/cm2) in the same polar protic solvent 

mixture employed in the small molecule model studies (3:1 MeCN/MeOH). Aliquots were 

periodically removed from the sonicated polymer solution and measured with gel permeation 

chromatography (GPC) to determine changes in molecular weight and fluorescence 

spectroscopy to monitor the generation of hydroxycoumarin 2 (Figure 2.4). The 

Mn decreased steadily over 150 min of ultrasonication, with the GPC chromatograms 

exhibiting characteristic features of midchain scission (Figures 2.4a, 2.5). 

Photoluminescence measurements also showed a predictable increase in intensity indicating 

the successful release of hydroxycoumarin 2, reaching approximately 64% of the theoretical 

yield after 150 min (Figure 2.4a). By fitting the time-dependent PL data to a first-order rate 

expression, the extent of release is projected to plateau at a maximum value of approximately 

87% (Figure 2.6). The reduced efficiency compared to the small molecule decomposition 

study likely stems from the inherent competition between mechanophore activation and 

Figure 2.4. Characterization of mechanically triggered small molecule release. (a) Time-dependent 
evolution of number-average molecular weight (Mn) monitored by GPC-MALLS and release of 
hydroxycoumarin 2 monitored using fluorescence spectroscopy for PMA-1 subjected to ultrasound-
induced mechanochemical activation (2 mg/mL polymer in 3:1 MeCN:MeOH). λex = 330 nm. (b) 
Fluorescence spectra of PMA-1 and PMA-control before and after ultrasonication for 150 min. The 
inset shows photographs of sonicated solutions excited with 365 nm UV light after 6x dilution and 
addition of 5% water. Error bars represent standard deviation from three replicate experiments. 
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nonspecific chain scission, resulting in part from a distribution in the position of 

mechanophores in the polymer backbones.27 The fluorescence data presented in Figure 2.4 

was acquired after incubating each aliquot at room temperature for approximately 20 h to 

ensure complete decomposition of the mechanically generated furfuryl carbonate. However, 

PL measurements taken immediately after sample removal from the sonicated solution 

exhibit appreciable fluorescence, indicating that a significant degree of release occurs 

 

Figure 2.5. Release of hydroxycoumarin 2 from PMA-1 as a function of sonication time (2 mg/mL 
polymer in 3:1 MeCN:MeOH) monitored using fluorescence spectroscopy (λex = 330 nm, λem = 380 nm). 
Aliquots were removed from the sonicated solution and kept at room temperature for 20 h to allow 
complete decomposition of the mechanically generated furfuryl carbonate prior to measurement. 
Error bars represent standard deviation from three replicate experiments. Fitting the data to a first-
order rate expression (eq S1) gives a projected maximum release of approximately 87%. 
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Figure 2.6. GPC traces as a function of ultrasonication time for PMA-1 monitored with a refractive 
index (RI) detector. Ultrasound-induced mechanochemical activation causes chain scission near the 
polymer midpoint, resulting in attenuation of the initial polymer peak (Mp = 101 kg/mol) and an 
increase in a new peak (Mp = 55 kg/mol) at approximately one-half the original molecular weight. 
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quickly even at lower temperatures (Figure 2.7). Importantly, chain-end functional control 

polymer PMA-control subjected to the same ultrasonication conditions exhibits negligible 

changes in fluorescence compared to PMA-1 (Figure 2.4b). These results indicate that 

ultrasound-induced release of hydroxycoumarin 2 from PMA-1 is indeed a mechanically 

triggered cascade reaction process. 

 

This paradigm offers a powerful approach for the design of highly modular systems, 

as the mechanochemical behavior of the mechanophore and the functional properties of the 

masked intermediate can be controlled independently. While the molecular design strategy 

is promising, our first-generation mechanophore is nevertheless limited to the release of 

phenols and a more general platform capable of releasing functionally diverse molecular 

cargo on reasonable time scales is desired. Therefore, we next investigateed the impact of 

substitution on the reactivity of 2-furylcarbinol derivatives, identifying structure–activity 

relationships (SAR) that enable the mechanically triggered release of functionally diverse 

molecular payloads from a second-generation mechanophore platform.  

Figure 2.7. (a) Representative fluorescence spectra of a 2.0 mg/mL solution of PMA-1 in 
acetonitrile/methanol (3:1 v/v) before ultrasonication (dotted line), immediately after 150 min 
ultrasonication at 0 °C (dashed line), and after 150 min ultrasonication followed by incubation at room 
temperature for 20 h (solid line). (b) Concentrations of 2 released from PMA-1 measured by 
fluorescence spectroscopy as a function of ultrasonication time. Aliquots were removed from the 
sonicated solution and immediately measured, and then subsequently remeasured after being kept at 
room temperature for 20 h to allow complete decomposition of the mechanically generated furfuryl 
carbonate.  Error bars represent standard deviation from three replicate experiments. 
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Furfuryl carbonates decompose in polar protic media by the mechanism depicted in 

Scheme 2.1a via a putative furfuryl cation intermediate.28 Primary furfuryl carbonates 

possessing only an alkyl group at the 5-position of the furan ring are relatively unreactive  

and decompose slowly at room temperature; however, installation of an additional α-methyl 

group significantly reduces the activation barrier for carbonate fragmentation. While this 

substitution pattern is sufficient to enable the release of a phenolic cargo molecule with a 

half-life of approximately 1 h, the rate of fragmentation is still prohibitively slow for alcohol 

and amine-derived furfuryl carbonates and carbamates, respectively. For example, 

Figure 2.8. Partial 1H NMR spectra (400 MHz) of a 42 mM solution of 8 in MeCN-d3/MeOH (3:1) at 
room temperature. The starting material was cleanly converted over a period of approximately 500 h, 
with a new set of peaks emerging matching with the spectrum of furfuryl methyl ether 3 (bottom 
trace). The reaction half-life is approximately 4.1 days. 

3 
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preliminary kinetic studies performed on a small molecule model compound reveal that the 

release of a primary alcohol from our earlier furfuryl carbonate substrate occurs with a half-

life of approximately 4 days, or nearly 100× slower than the release of hydroxycoumarin 

(Figure 2.8). We reasoned that the addition of an electron-donating substituent29 at the 3-

position of the furan would further suppress the activation barrier for fragmentation since 

this substituent is in resonance with the furfuryl carbocation, potentially enabling the efficient 

release of even more challenging payloads including amines30 under mild conditions. 

To validate this hypothesis, we synthesized fluorogenic furfuryl carbamate model 

compound 10 containing α-methyl and 3-phenoxy substituents and investigated its reactivity 

experimentally (Figure 2.9). The coumarin payload exhibits a fluorescence turn-on after 

release, allowing the reaction to be conveniently monitored using photoluminescence (PL), 

in addition to NMR spectroscopy. The addition of methanol to a room temperature solution 

 

Figure 2.9. Characterization of the decomposition reactions of model furfuryl carbamates 10 and 11. 
(a) Decomposition of 10 in MeCN/MeOH (3:1) at room temperature generates fluorescent 
aminocoumarin 12 and furfuryl methyl ether 13 via a putative furfuryl cation intermediate. (b) Partial 
1H NMR spectra (400 MHz, CDCl3) demonstrating the clean conversion of 10 to products ([10]0 = 19 
μM). (c) Time course experiments following the conversion of furfuryl carbamates 10 and 11 by NMR 
spectroscopy (in 3:1 MeCN-d3/MeOH; [10]0, [11]0 = 14 mM) and the generation of 12 by PL 
spectroscopy (3:1 MeCN/MeOH; λex = 365 nm; λem = 424 nm; [10]0, [11]0 = 7.6 μM). 
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of 10 in acetonitrile-d3 (19 μM, 3:1 MeCN/MeOH) triggers decomposition and results in 

clean conversion to aminocoumarin 12 and furfuryl methyl ether 13 as evidenced by NMR 

spectroscopy (Figure 2.9b). The formation of furfuryl methyl ether 13 is consistent with the 

transient formation of a furfuryl cation intermediate that is intercepted by methanol. 

Interestingly, when the reaction is performed at significantly higher concentrations, another 

set of peaks was observed in the 1H NMR spectra corresponding to the formation of a side 

product that was identified to be the furfuryl amine derived from nucleophilic attack of the 

furfuryl cation intermediate by liberated aminocoumarin 12 (Figures 2.10 and 2.11). A 

similar reaction was not observed for the furfuryl carbonate studied previously, highlighting 

the increased nucleophilicity of the amine cargo. Importantly, however, this furfuryl amine 

side product is formed in < 2% yield in reactions with a substrate concentration of 19 μM, 

which is similar to the concentration of mechanophores in typical ultrasonication 

experiments (vide infra). These results confirm that at these relatively low substrate 

concentrations, the reaction depicted in Figure 2.9 is sufficiently descriptive. The kinetics of 

furfuryl carbamate decomposition were further studied by monitoring the conversion of 

starting material and the generation of aminocoumarin 12 as a function of time using NMR 

and PL spectroscopy, respectively (Figure 2.9c). Furfuryl carbamate 10 is fully converted to 

products in approximately 5 h, with concomitant increase in fluorescence corresponding to 

the generation of aminocoumarin 12 (Figure 2.12). The data from both time course 

experiments were fitted to first-order rate expressions, providing half-lives of t1/2 = 34 and 45 

min from NMR and PL measurements, respectively. In direct contrast, secondary furfuryl 

carbamate model compound 11, which does not contain a 3-phenoxy substituent but is 

otherwise identical to the furfuryl carbonate reported previously that is active toward phenol 

release, is completely unreactive under the same conditions (Figures 2.9c and 2.13). The 

striking difference in decomposition behavior between model compounds 10 and 11 

highlights the impact of an electron-donating phenoxy substituent on the furan ring and 

supports the molecular design for a second-generation mechanophore platform enabling the 

molecular release of previously inaccessible payloads. 
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Figure 2.10. Partial 1H NMR spectra (500 MHz) of a 14.0 mM solution of compound 10 in MeCN-
d3/MeOH (3:1) at room temperature, compared to spectra of compounds 12, 13, and 13N (400 
MHz) in the same solvent mixture. Decomposition of 10 at this relatively high concentration 
generates aminocoumarin 12 and furfuryl methyl ether 13, as well as side product furfuryl amine 
13N. 
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Figure 2.11. Quantification of products from the decomposition of model compound 10 under 
varying reaction concentrations by (a) HPLC and (b) 1H NMR spectroscopy. Three separate 
experiments were performed with solutions of 10 at different initial concentrations in 3:1 

MeCN/MeOH (19 M, 640 M, and 14 mM). Solutions were kept at room temperature for a 
minimum of 10 h to ensure complete conversion, then dried, dissolved in CDCl3, and analyzed by 
HPLC equipped with a UV-vis detector (λ = 233 nm) and 1H NMR spectroscopy. The reaction 
mixtures from each trial were compared to isolated aminocoumarin 12, furfuryl methyl ether 13, 
and furfuryl amine 13N. HPLC conditions: MeCN/water (70:30), C8 column, 25°C, 1 mL/min.  
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Figure 2.12. Photoluminescence characterization of the release of fluorogenic payload 12 from 
compound 10. (a) Fluorescence emission spectra of a solution of compound 10 in 3:1 MeCN:MeOH 

(7.6 M) at room temperature. (b) Fluorescence intensity at 424 nm as a function of time. The 

theoretical PL intensity of a 7.6 M solution of 12 is calculated to be 4.09 x 104 a.u. based on the 
calibration curve in Figure S9. λex = 365 nm. 

Figure 2.13. (a) Partial 1H NMR spectra (400 MHz) of a 19.6 mM solution of compound 11 in MeCN-
d3:MeOH (3:1) at room temperature. Approximately 40% conversion is observed after 134 days. (b) 

Fluorescence emission spectra of a solution of compound 11 in 3:1 MeCN:MeOH (7.6 M) at room 

temperature. The expected PL intensity from a 7.6 M solution of aminocoumarin 12 is approximately 
4.09 x 104 based on the calibration curve. λex = 365 nm.  
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We next synthesized a series of furan−maleimide Diels−Alder adducts serving as 

masked furfuryl carbonates/carbamates with varying substitution and incorporated them into 

polymers to study their mechanochemical behavior. Polymers containing a chain-centered 

mechanophore are mechanically activated in solution using ultrasonication, which produces 

elongational forces that are maximized near the chain midpoint.25 We synthesized polymers 

containing a masked phenoxy-substituted secondary furfuryl carbonate/carbamate (Scheme 

2.3), polymers containing a masked phenoxy-substituted primary furfuryl 

carbonate/carbamate (1º, 3-OPh) as well as a secondary furfuryl carbonate/carbamate 

without a phenoxy substituent (2º, 3-H) matching our first-generation molecular design. 

Starting from 3-bromofurfural, a phenoxy group was installed via a nucleophilic substitution 

reaction with phenol, followed by Grignard addition and protection to yield furfuryl silyl 

ether 16. Next, a formylation reaction and subsequent desilylation with TBAF yielded 2,3,5-

trisubstituted furfuryl alcohol 17. Reduction of the aldehyde with sodium borohydride and a 

[4+2] cycloaddition reaction with a pre-functionalized maleimide dienophile in a two-step 

sequence furnished an isomeric mixture of Diels−Alder adducts, from which endo 

diastereomer (±)-17 was isolated by silica gel chromatography. Esterification of the primary 

alcohol proceeded with reasonable selectivity using α-bromoisobutyryl bromide to give  the 

modular bis-initiator (±)-19 containing a secondary alcohol for cargo attachment. The 

Scheme 2.3. Synthesis of Poly(Methyl Acrylate) (PMA) Polymers Containing a Chain-Centered 
Mechanophore with α-Methyl/Phenoxy Substitution and a Fluorogenic Coumarin Payload. 
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precursor bis-initiator (±)-19 was then conveniently elaborated to carbonate (±)-20(O) and 

carbamate (±)-20(NH) containing fluorogenic coumarin payloads via reaction with the 

corresponding chloroformate or isocyanate, respectively. After cargo installation, the bis-

initiators were employed in the controlled radical polymerization of methyl acrylate with Cu 

wire/Me6TREN in DMSO31 to afford poly(methyl acrylate) (PMA) polymers PMA-2(O) 

and PMA-2(NH) containing a chain-centered mechanophore. An analogous synthetic 

approach enabled the preparation of chain-centered polymers PMA-3(X) (1º, 3-OPh) and 

PMA-4(X) (2º, 3-H) with differing mechanophore substitution. The structure of each 

polymer is illustrated in Scheme 2.4 along with the number average molecular weight (Mn), 

which was determined to be in the range 94.7–102 kDa with Đ ≤ 1.06 by gel permeation 

chromatography (GPC) equipped with refractive index and multiangle light scattering 

detectors. In addition, chain-end functional control polymers were synthesized similarly 

starting from the masked furfuryl carbonates/carbamates containing a single α-bromoester 

initiating group. 

 

Mechanically triggered release of hydroxycoumarin or aminocoumarin from PMA-

2(X)–PMA-4(X) in 3:1 MeCN/MeOH was evaluated using pulsed ultrasonication (1 s on/1 

s off, 8–10 °C, 20 kHz, 8.2 W/cm2) and the impact of substitution on the rate of coumarin 

release from the mechanically liberated 2-furylcarbinol derivatives was measured using 

photoluminescence spectroscopy (Scheme 2.4). Each polymer solution was subjected to 60 

min of ultrasonication, and then allowed to warm to room temperature and fluorescence was 

Scheme 2.4. Ultrasound-Induced Mechanical Activation of Substituted Mechanophores and Release of 
Fluorescent Hydroxycoumarin or Aminocoumarin Cargo.a 

aĐ = 1.03–1.06  

for all polymers. 
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monitored over time. Kinetic data for the release of hydroxycoumarin from PMA-2(O)–

PMA-4(O) is illustrated in Figure 2.14a, while the data for release of aminocoumarin from 

PMA-2(NH)–PMA-4(NH) is illustrated in Figure 2.14b. For clarity and to account for slight 

differences in average polymer molecular weight and dispersity that influence the extent of 

mechanophore conversion during ultrasonication,32–34 the initial fluorescence intensity (t = 

0) is subtracted from each measurement and the data are normalized to emphasize the relative 

rates of molecular release. The fluorescence emission from solutions of PMA-2(O) and 

PMA-3(O) reached a maximum prior to the first measurement and remained essentially 

constant over time, indicating that the release of hydroxycoumarin from both primary and 

secondary furfuryl carbonates containing a 3-phenoxy substituent completed nearly 

instantaneously upon formation (t1/2 < 5 min). These results are contrasted by the release of 

hydroxycoumarin from mechanically activated PMA-4(O) containing our first-generation 

mechanophore, which occurs steadily and predictably over several hours post-activation. 

Fitting the time-dependent photoluminescence data for release of hydroxycoumarin from 

Figure 2.14. Mechanically triggered release of (a) hydroxycoumarin and (b) aminocoumarin from 
polymers as a function of mechanophore substitution. Polymer solutions (2 mg/mL in 3:1 
MeCN/MeOH) were sonicated for 60 min, warmed to room temperature, and release of coumarin 
cargo from the mechanically liberated 2-furylcarbinol derivatives was monitored by 
photoluminescence spectroscopy. PL parameters: λex = 330 nm, λem = 378 nm (hydroxycoumarin); λex 
= 365 nm, λem = 424 nm (aminocoumarin). The initial PL intensity was subtracted from each 
measurement and the data were normalized to the plateau value. For PMA-4(NH), the data were 
normalized assuming 36% mechanophore activation and the black dashed line represents a first-
order reaction with a half-life of 240 days. 
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PMA-4(O) to a first-order rate expression gives an estimated half-life for decomposition of 

the 3H secondary furfuryl carbonate of 46 min (average of two trials).  

 The release of aminocoumarin from mechanically activated PMA-2(NH)–PMA-

4(NH) provides an even clearer demonstration of the impact of substitution on the kinetics 

of furfuryl carbamate decomposition with reaction half-lives spanning four orders of 

magnitude (Figure 2.14b). The time-dependent photoluminescence of the sonicated solution 

of PMA-2(NH) is described by a first-order rate expression and reaches a maximum intensity 

after approximately 4 h post-activation, corresponding to the release of aminocoumarin with 

an average half-life of 41 min from two replicate experiments. In comparison, the release of 

aminocoumarin from mechanically activated PMA-3(NH) containing a masked primary 

furfuryl carbamate with a 3-phenoxy substituent is over 200× slower with an average half-

life of 6.5 days, again highlighting the stabilizing effect of the α-methyl substituent identified 

previously. For PMA-4(NH) containing a chain-centered mechanophore analogous to our 

first-generation molecular design with an α-methyl substituent and no phenoxy group, only 

8% release of aminocoumarin was observed after 30 days post-activation. This calculation 

assumes a mechanophore conversion of 36% as determined previously for our original 

masked furfuryl carbonate under nearly identical conditions. The time-dependent 

photoluminescence data for release of aminocoumarin from PMA-4(NH) fall on the line for 

Polymer Mn (kg/mol) Mp (kg/mol) Đ Half-Life 
Ultimate payload 

release b 

PMA-2(O) 99.8 95.4 1.04 < 5 min 34% 

PMA-3(O) 102 103 1.05 < 5 min 36% 

PMA-4(O) 102 95.7 1.03 46 min 38% 

PMA-2(NH) 99.0 93.7 1.04 41 min 35% 

PMA-3(NH) 99.6 104 1.06 6.5 days 39% 

PMA-4(NH) 94.7 89.1 1.05 240 days 8%c 

aPolymer solutions (2 mg/mL in 3:1 MeCN/MeOH) were sonicated for 60 min (“on” time) then 
warmed to room temperature. bYield of payload release relative to mechanophore concentration 
estimated from photoluminescence measurements, reported as the average of two trials. 
cCalculated yield after 30 days post-sonication assuming a mechanophore activation of 36%. 

 

Table 2.1. Characterization of polymers PMA-2(O)–PMA-4(O) and PMA-2(NH)–PMA-4(NH), and release 
of hydroxycoumarin or aminocoumarin upon ultrasound-induced mechanochemical activation.a 
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a first-order reaction with a half-life of approximately 240 days. It is worth noting that the 

yield of hydroxycoumarin or aminocoumarin released from each polymer studied, with the 

exception of PMA-4(NH), was 34–39% relative to the mechanophore concentration in each 

experiment, which is consistent with the anticipated mechanophore conversion after a 

relatively short exposure to ultrasound (Table 2.1).  

The results above illustrate the ability to control the rate of mechanically triggered 

release by fine-tuning the molecular structure of the furan–maleimide mechanophore, and in 

particular, highlight the potential for releasing diverse chemical payloads from masked 

secondary 2-furylcarbinol derivatives containing a 3-phenoxy group. Therefore, we sought 

to further investigate the scope of molecular cargo that can be effectively released upon 

mechanical activation of the second-generation mechanophore (Scheme 2.5). Starting again 

 

Scheme 2.5. Scope of Mechanically Triggered Cargo Release from the Second-Generation 
Mechanophore with α-Methyl/Phenoxy Substitution.a 

aValues of percent release and half-lives are averages from two replicate experiments. Percent 
release is reported relative to the initial mechanophore concentration and does not account for incomplete 
mechanopohore conversion after 60 min of ultrasonication. Values of percent release were determined by 
HPLC. bHalf-life for cargo release was measured by photoluminescence spectroscopy. cHalf-life for cargo 
release was measured by HPLC.  
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from modular bis-initiator precursor (±)-19 containing a secondary alcohol, a variety of 

molecular cargo were installed via different functional group connectivity and the 

mechanophores were incorporated into polymers following the same protocol as before 

(Table 2.2). In addition to the hydroxycoumarin (phenol) and aminocoumarin (arylamine) 

payloads attached via carbonate and carbamate groups, respectively, four other cargo 

molecules were installed including those bearing alcohol, alkylamine, carboxylic acid, and 

sulfonic acid functional groups. Conjugation of the alcohol and alkylamine-functional cargo 

molecules was achieved using carbonate and carbamate spacers, respectively, where a 

decarboxylation step is required for molecular release similar to the coumarin-based phenol 

and arylamine payloads. On the other hand, cargo molecules bearing carboxylic acid and 

sulfonic acid functional groups were conjugated directly to the mechanophore substrate 

through carboxylate and sulfonate linkages. Each payload molecule was chosen to be 

strongly absorbing in the UV region to facilitate the characterization of their release using 

high-performance liquid chromatography (HPLC) equipped with a UV detector. For each 

derivative, a corresponding chain-end functional control polymer was also synthesized and 

evaluated under the same conditions to confirm the mechanical origin of molecular release 

(Table 2.3).9 

Similar to the kinetic studies performed above and following the same ultrasonication 

procedures, solutions of each polymer (2.0 mg/ml in 3:1 MeCN/MeOH) were subjected to 

pulsed ultrasonication (60 min “on” time), and then payload release from the mechanically 

liberated 2-furylcarbinol derivative was monitored at room temperature by HPLC and 

quantified using an internal standard. The identity of each cargo molecule, the average half-

life and yield of payload release measured from two replicate experiments, and the Mn and 

Đ of the parent chain-centered polymers are summarized in Scheme 2.5. Similar to 

hydroxycoumarin, the mechanically triggered release of 1-pyrenebutanol was sufficiently 

rapid such that it completed prior to the first HPLC measurement (t1/2 < 30 min). Release of 

1-pyrenemethylamine from the corresponding furfuryl carbamate occurred with a moderate 

half-life of 4.2 h, albeit approximately 6× slower than the release of aminocoumarin. The 

difference in release kinetics between the alkyl and arylamines is ascribed to the difference 
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in pKa of the conjugate acids,35 with the aniline derivative being a better leaving group. The 

second-generation mechanophore design not only enables successful release of alcohols and 

amines via carbonate and carbamate linkages, but is also capable of effecting the release of 

payloads incorporating carboxylic acid and sulfonic acid functional groups conjugated to the 

mechanophore via carboxylate and sulfonate linkages. The mechanically triggered release of 

1-pyrenebutanoic acid proceeded with a half-life of approximately 28 h, while the release of 

 
Cargo 

Mn 

(kg/mol) 

Mp 

(kg/mol) 
Đ Half-Life 

Ultimate payload 

release c 

 

99.8 95.4 1.04 < 5 minb 36% 

 

99.0 93.7 1.04 41 minb 34% 

 

99.2 96.1 1.11 < 30 min 33% 

 

106 96.1 1.14 4.2 h 8% 

 

114 110 1.10 28 h 41% 

 

108 108 1.02 < 30 min 41% 

Table 2.2. Characterization of polymers containing functionally diverse cargo molecules and molecular 
release upon ultrasound-induced mechanochemical activation.a 

aPolymer solutions (2 mg/mL in 3:1 MeCN/MeOH) were sonicated for 60 min (“on” time) then warmed to 
room temperature and immediately monitored by photoluminescence spectroscopy or HPLC. bHalf-lives 
for the release of hydroxycoumarin and aminocoumarin from photoluminescence measurements, with all 
others calculated using HPLC. bYield of payload release relative to mechanophore concentration calculated 
from HPLC measurements. Half-lives and payload release are reported as the average of two trials.  

Table 2.3. Characterization of chain-end functional control polymers containing functionally diverse 
cargo molecules. 

 
Cargo 

Mn 

(kg/mol) 
Đ 

 

82.7 1.19 

 

106 1.32 

 

87.4 1.08 

 
Cargo 

Mn 

(kg/mol) 
Đ 

 

95.6 1.16 

 

93.2 1.12 

 

110 1.14 
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2-naphthalenesulfonic acid completed before the first HPLC measurement (t1/2 < 30 min). 

Again, this trend is consistent with the significantly lower pKa value of the sulfonic acid 

compared to the carboxylic acid, reflecting the relative stabilities of sulfonate and carbonate 

leaving groups. The mechanically triggered release of organic acids enabled by this second-

generation platform significantly expands upon the limited repertoire of mechanophores that 

generate HCl14,15 and is also highly modular in nature owing to the generality of the 

mechanophore design. 

The percent release for each cargo molecule determined by HPLC is reported in 

Scheme 2.5 relative to the initial concentration of mechanophore. It is important to note, 

however, that only a fraction of mechanophores is converted after 60 min of ultrasonication, 

which again is expected to be ~36% based on the experimental conditions and the average 

molecular weight of the polymers (Mn ≈ 100 kDa). As demonstrated previously, increasing 

the sonication time to 150 min results in 64% release of hydroxycoumarin from PMA-4(O). 

Among other factors,36 the rate of mechanophore activation is particularly sensitive to the 

length of the attached polymer chains, with longer chains producing faster mechanochemical 

reactions.33,34 Here the duration of ultrasonication was selected on the basis of experimental 

expediency. With the exception of the alkylamine cargo, the yields for payload release after 

60 min of ultrasonication are within the range of 33–41%. These results suggest that payload 

release from the mechanochemically generated 2-furylcarbinol derivative in each case is 

highly efficient. Release of the alkylamine plateaus at approximately 8%, and we tentatively 

attribute the reduced yield to a reaction between the amine and polymer-bound furfuryl 

cation intermediate, similar to the side reaction observed in the decomposition of model 

compound 10 at relatively high concentrations. In this case, the enhanced nucleophilicity of 

the alkylamine is anticipated to promote this reaction pathway to a greater extent compared 

to aminocoumarin. On the other hand, the higher yield of 41% measured for the release of 

both organic acid payloads is consistent with the slightly higher average molecular weight of 

those polymers, which results in increased mechanophore conversion during the same period 

of ultrasonication. Finally, we note that payload release was not observed from any of the 

chain-end functional control polymers under identical experimental conditions, confirming 
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that molecular release from polymers bearing a chain-centered mechanophore was indeed 

triggered by mechanical force.9 

In summary, we have demonstrated a mechanophore platform for release of small 

molecules via a mechanically triggered cascade reaction. The strategy relies on the 

mechanochemically activated retro-Diels–Alder reaction of a furan–maleimide adduct, 

which reveals a latent furfuryl carbonate that subsequently decomposes in polar protic 

solvents to release a covalently bound cargo molecule. We have also demonstrated the 

mechanically triggered release of functionally diverse small molecules with tunable release 

kinetics from a second-generation mechanophore platform. Changing the substitution on the 

masked 2-furylcarbinol derivatives allows the rates of molecular release to be varied by 

several orders of magnitude, while the combination of α-methyl and 3-phenoxy substitution 

results in a highly active substrate for the triggered release of functionally diverse molecular 

payloads. Starting from a modular precursor mechanophore initiator, a variety of molecular 

cargo were conveniently installed and then incorporated into polymers by controlled radical 

polymerization. The mechanically triggered release of functionally diverse cargo molecules 

bearing alkyl/aryl alcohols and amines as well as carboxylic acid and sulfonic acid functional 

groups was demonstrated using ultrasonication, exhibiting fast rates of release and high 

reaction efficiencies. The generality and efficacy of the mechanophore design makes it a 

promising platform for the mechanically triggered release of a wide variety of functional 

molecules to address applications in catalysis, sensing, drug delivery, and many other areas. 

This research was supported by Caltech, the Arnold and Mabel Beckman Foundation 

through a Beckman Young Investigator Award, and the Dow Next Generation Educator 

Fund. We thank the Center for Catalysis and Chemical Synthesis of the Beckman Institute at 

Caltech and the CCE Multiuser Mass Spectrometry Laboratory for access to equipment and 

Larry Henling for assistance with X-ray crystallography. 

2.2 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, diethyl ether, MeCN, and DMF were obtained 
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from a Pure Process Technology solvent purification system. All reactions were performed 

under a N2 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 MHz spectrometers. All 

1H NMR spectra are reported in δ units, parts per million (ppm), and were measured relative 

to the signals for residual chloroform (7.26 ppm), dichloromethane (5.32 ppm), methanol 

(3.31 ppm), acetone (2.05 ppm), or acetonitrile (1.94 ppm) in deuterated solvent. All 13C 

NMR spectra were measured in deuterated solvents and are reported in ppm relative to the 

signals for chloroform (77.16 ppm).  Multiplicity and qualifier abbreviations are as follows: 

s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dq = doublet of 

quartets, ABq = AB quartet, m = multiplet, br = broad. 

High resolution mass spectra (HRMS) were analyzed by an Agilent 6200 series time-

of-flight mass spectrometer equipped with an Agilent G1978A multimode source (ESI+). 

Some were obtained by direct infusion electrospray ionization (ESI) in the positive ion mode 

using a Waters LCT Premier XE time-of-flight (TOF) mass spectrometer operated in the V 

mode. The instrument was externally calibrated with NaI clusters. Some samples were 

analyzed by Fast Atom Bombardment (FAB) using a JEOL JMS-60H Double-focusing high 

resolution magnetic sector mass spectrometer operated in the positive ion mode. The 

instrument was calibrated with PEG clusters over the mass range of interest. One sample was 

analyzed by GC-MS using an Agilent 6890N gas chromatograph interfaced to a JEOL 

double-focusing magnetic sector instrument using electron ionization (EI) in the positive ion 

mode. The instrument was calibrated with perfluorokerosene. 

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 an 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).  
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Photoluminescence spectra were recorded on a Shimadzu RF-6000 

spectrofluorophotometer using a quartz microcuvette (Starna Cells 18F-Q-10-GL14-C, 10 x 

2 mm). Excitation and emission slit widths were 5 nm and 3 nm, respectively.  

High-Performance Liquid Chromatography (HPLC) measurements were performed 

with an Agilent Eclipse Plus C18 column (959961-902) or a C8 column (993967-906) using 

a single-wavelength UV-vis detector. 

Ultrasound experiments were performed using a 500 watt Vibra Cell 505 liquid 

processor (20 kHz) 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). 

LCMS measurements were performed with an Agilent 6140 Series Quadrupole 

LCMS Spectrometer System equipped with an Agilent Eclipse Plus C18 column using 

MeCN/water as the eluent. 

Safety Statement 

No unexpected or unusually high safety hazards were encountered. Chemical 

synthesis operations were performed with the operator wearing proper PPE (including safety 

glasses, labcoat, and appropriate gloves) at all times and with proper engineering controls. 

Triphosgene is toxic and should be handled exclusively inside of a fume hood.37 Care should 

be taken when using n-butyllithium. For example, using a luer lock syringe for transferring 

solutions of n-butyllithium; using a syringe with double the capacity of the volume to be 

transferred; and avoiding use of n-butyllithium while working alone. Ultrasound experiments 

using a 20 kHz probe sonicator were performed inside of a sound abating enclosure. Personal 

hearing protection is recommended if ultrasonication is performed without the use of a sound 

abating enclosure. 

2.3 Characterization of Molecular Release Using PL Spectroscopy 

Aliquots from the sonication experiments were added to a quartz microcuvette 

(Starna 18F-Q-10-GL14-S) and emission spectra were recorded at 340–500 nm using an 

excitation wavelength of λex = 330 nm for hydroxycoumarin and 365 nm for 

aminocoumarin.  
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The photograph of the sonicated samples, shown in the inset of Figure 2.4b in the 

main text, was acquired using a Canon 5D Mark IV DSLR camera at a focal length of 70 

mm using the following settings: 1/4 s exposure, f/4.0, ISO 4000. The photograph was 

taken in a dark room with the samples illuminated by a 365 nm UV lamp. In order to 

capture visible photoluminescence of the released coumarin 2, each ultrasonicated sample 

was diluted 6x with a mixture of acetonitrile/methanol/water 3:1:0.2 (by volume) prior to 

imaging. Addition of water to solutions of hydroxycoumarin 2 in alcoholic solvents shifts 

the fluorescence emission to visible wavelengths.38 

 

Figure 2.15. Construction of a calibration curve for experimental determination of the concentration 
of aminocoumarin 3. (a) Fluorescence emission spectra (λex = 365 nm) and (b) intensity at 424 nm for 
solutions of aminocoumarin 3 in MeCN/MeOH (3:1 v/v) as a function of concentration. A linear 
regression of the data in (b) gives the calibration function: Y = 5386X. 

Figure 2.16. Fluorescence emission spectra of a 2.0 mg/ml solution of (a) PMA-2(O) and (b) PMA-3(O) 
in 3:1 MeCN/MeOH at room temperature monitored immediately after ultrasonication for 60 min. 
λex = 330 nm. 
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Figure 2.17. Characterization of hydroxycoumarin release from a 2.0 mg/ml solution of PMA-4(O) 
in 3:1 MeCN/MeOH immediately after ultrasonication for 60 min. (a) Fluorescence emission 
spectra of the solution acquired over time at room temperature. (b) Fluorescence intensity at 378 
nm as a function of time. The background fluorescence at the start of the monitoring experiment 
(resulting from the release of hydroxycoumarin cargo during ultrasonication) was subtracted from 
each measurement. λex = 330 nm.  

Figure 2.18. Characterization of aminocoumarin release from a 2.0 mg/ml solution of PMA-2(NH) 
in 3:1 MeCN/MeOH immediately after ultrasonication for 60 min. (a) Fluorescence emission 
spectra of the solution acquired over time at room temperature. (b) Fluorescence intensity at 424 
nm as a function of time. The background fluorescence at the start of monitoring experiment 
(resulting from the release of aminocoumarin cargo during ultrasonication) was subtracted from 
each measurement. λex = 365 nm.  
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Figure 2.19. Characterization of aminocoumarin release from a 2.0 mg/ml solution of PMA-3(NH) in 
3:1 MeCN/MeOH immediately after ultrasonication for 60 min. (a) Fluorescence emission spectra of 
the solution acquired over time at room temperature. (b) Fluorescence intensity at 424 nm as a 
function of time. The background fluorescence at the start of monitoring experiment (resulting from 
the release of aminocoumarin cargo during ultrasonication) was subtracted from each measurement. 
λex = 365 nm. 

Figure 2.20. Characterization of aminocoumarin release from a 2.0 mg/ml solution of PMA-4(NH) in 
3:1 MeCN/MeOH immediately after ultrasonication for 60 min. (a) Fluorescence emission spectra of 
the solution acquired over time at room temperature. (b) Fluorescence intensity at 424 nm as a 
function of time. The background fluorescence at the start of monitoring experiment (resulting from 
the release of aminocoumarin cargo during ultrasonication) was subtracted from each measurement. 
Assuming 36% mechanophore activation, the total concentration of aminocoumarin released is 
calculated to be 7.6 M. The expected PL intensity from a 7.6 mM solution of aminocoumarin 3 is 
approximately 4.09 x 104 based on the calibration curve. λex = 365 nm. 



 
57 

2.4 Characterization of Molecular Release Using HPLC and LCMS 

Calculation of Relative Response Factors (RRF).  

A standard solution with known concentrations of the internal standard (IS) molecule 

and the small molecule analyte was prepared and analyzed by HPLC equipped with a UV 

detector. The RRF is calculated from the HPLC results of the standard solution using the 

following equation: 

 

𝑅𝑅𝐹 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝐼𝑆
=  (

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒
)/(

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝐼𝑆

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝐼𝑆
) 

 

 

Entry Payload Internal Standard (IS) 
Payload 

Peak Area 
(%) 

IS Peak 
Area 
(%) 

[Payload] 

(M) 

[IS] 

(M) 
RRF 

1 
7-Hydroxy-4-methyl-

coumarin 
3-Cyano-7-hydroxy-4-

methylcoumarin 
68.5 31.5 158 126 1.74 

2 1-Pyrenebutanol 1-Pyrenebutanoic acid 43.0 57.0 59.3 79.5 1.01 

3 
7-Amino-4-

methylcoumarin 
Quinoline 45.5 54.5 100 400 3.32 

4 
1-

Pyrenemethylamine 
hydrochloride 

4-Methyl-7-
hydroxycoumarin 

69.6 30.4 67.2 112 3.82 

5 
1-Pyrenebutanoic 

acid 
1-Pyrenebutanol 57.0 43.0 79.5 59.3 0.989 

6 
Naphthalene-2-

sulfonic acid 
7-hydroxy-4-

methylcoumarin 
59.4 40.6 600 336 0.819 

Determination of the concentration of released payload molecules from polymers 

after ultrasound-induced mechanical activation.  

After 60 min of ultrasonication, a known concentration of internal standard (IS) was 

added into the solution of sonicated polymer. The solution was then kept at room temperature 

and analyzed by HPLC at various time intervals. The concentration of the released payload 

molecule (the analyte) in the solution was calculated using the following relationship: 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 =  
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐼𝑆
∗

1

𝑅𝑅𝐹
∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐼𝑆  

  

Table 2.4. Determination of relative response factors (RRF) 
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aAverage of two replicate experiments determined by HPLC. bHalf-lives for the release of 

hydroxycoumarin and aminocoumarin are from photoluminescence measurements, with all others from HPLC 

measurements.  

 

 
 

  

Cargo 
Mn 

(kg/mol) 
[Polymer] 
(mg/mL) 

[Polymer] 
(μM) 

Half-Life 
[Released 
Payload]a 
(μM) 

Ultimate 
Payload 
Releasea 

 

99.8 2.0 20 < 5 minb 7.26 36% 

 

99.0 2.0 20 41 minb 6.91 34% 

 

99.2 2.0 20 < 30 min 6.67 33% 

 

106 2.0 19 4.2 h 1.46 8% 

 

114 2.0 17 28 h 7.14 41% 

 

108 2.0 19 < 30 min 7.62 41% 

Table 2.5. Characterization of mechanically triggered payload release from polymers with a chain-
centered second-generation mechanophore. 
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Trial 1 Trial 2 

Time 
Post-

Sonication 

Payload 
Peak Area 

(%) 

IS Peak 
Area (%) 

Released 
Payload, 

Calcd (M) 

Time 
Post-

Sonication 

Payload 
Peak Area 

(%) 

IS Peak 
Area (%) 

Released 
Payload, 

Calcd (M) 

22 h 31.9 68.1 7.27 22 h 31.9 68.2 7.25 

aIS: 3-Cyano-7-hydroxy-4-methylcoumarin (27.0 M). RRF = 1.74. 

Figure 2.21. (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of hydroxycoumarin from the polymer containing a chain-centered mechanophore, 
and a chain-end control polymer (30:70 MeCN/water (with 0.1% acetic acid) isocratic, 2 ml/min, λ = 
320 nm). (b) LCMS measurements further support the identity of the released molecule. The mass of 
the analyte (m/z = 177.1 amu) matches the calculated m/z for 7-hydroxy-4-methylcoumarin, 
[C10H9O3]+ (M+H)+ (177.1). LCMS conditions: positive ion mode, 4 min (0–30% MeCN in water). 

 

Table 2.6. Release of 7-hydroxy-4-methylcoumarin payload monitored by HPLCa 

PMA-2(O) 

PMA-2(O) 
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Trial 1 Trial 2 

Time 
Post-

Sonication 

Payload 
Peak 

Area (%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(M) 

Time 
Post-

Sonication 

Payload 
Peak 

Area (%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(M) 

40 min 25.4 74.6 6.88 1 h 24.0 76.0 6.39 

6 h 25.5 74.5 6.91 2 h 24.2 75.8 6.44 
aIS: 1-Pyrenebutyric acid (20.4 M). RRF = 1.01. 

Figure 2.22.  (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of 1-pyrenebutanol from the polymer containing a chain-centered mechanophore, 
and a chain-end control polymer (60:40 MeCN/water (with 0.1% acetic acid) isocratic, 2 ml/min, λ = 
340 nm). (b) LCMS measurements further support the identity of the released molecule. The mass of 
the analyte (m/z = 257.0 amu) matches the calculated m/z for 1-pyrenebutanol, [C20H17]+ 
(M−OH)+(257.1). LCMS conditions: positive ion mode, 4 min (25–75% MeCN in water). 

Table 2.7. Release of 1-pyrenebutanol payload monitored by HPLC a 

PMA-2(O)-Alkyl 

PMA-2(O)-Alkyl 

PMA-2(O)-Alkyl 
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Trial 1 Trial 2 

Time Post-
Sonication 

Payload 
Peak 

Area (%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(mM) 
Time Post-
Sonication 

Payload 
Peak 

Area (%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(mM) 

22 h 18.2 81.8 6.90 22 h 18.2 81.8 6.93 
aIS: Quinoline (103.2 M). RRF = 3.32.  

Figure 2.23. (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of aminocoumarin from the polymer containing a chain-centered mechanophore, 
and a chain-end control polymer (20:80 MeCN/water (with 0.1% acetic acid) isocratic, 2 ml/min, λ = 
315 nm). (b) LCMS measurements further support the identity of the released molecule. The mass of 
the analyte (m/z = 176.1 amu) matches the calculated m/z for 7-amino-4-methylcoumarin, [C10H10NO2]+ 
(M+H)+ (176.1). LCMS conditions: positive ion mode, 4 min (0–30% MeCN in water). 

Table 2.8.  
Table 2.8. Release of 7-amino-4-methylcoumarin payload monitored by HPLC a 

PMA-2(NH) 

PMA-2(NH) 
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Figure 2.24. (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of 1-pyrenemethylamine from the polymer containing a chain-centered 
mechanophore, and a chain-end control polymer (30:70 MeCN/water (with 0.1% acetic acid) 
isocratic, 1.5 ml/min, λ = 340 nm). (b) Payload release from sonicated PMA-2(NH)-Alkyl as a 
function of time post-sonication. (c) LCMS measurements further support the identity of the 
released molecule. The mass of the analyte (m/z = 215.1 amu) matches the calculated m/z for 1-
pyrenemethylamine, [C17H11]+ (M−NH2)+ (215.1). LCMS conditions: positive ion mode, 4 min (5–50% 
MeCN in water).  

 

PMA-2(NH)-Alkyl 

PMA-2(NH)-Alkyl 

PMA-2(NH)-Alkyl 
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Trial 1 Trial 2 

Time 
Post-

Sonication 

Payload 
Peak Area 

(%) 
IS Peak 

Area (%) 

Released 
Payload, 

Calcd (M) 

Time 
Post-

Sonication 

Payload 
Peak Area 

(%) 
IS Peak 

Area (%) 

Released 
Payload, 

Calcd (M) 

0.5 3.40 96.6 0.0697 1 7.28 92.7 0.155 

1 7.14 92.9 0.152 3 17.7 82.3 0.425 

3 19.9 80.1 0.492 6 31.7 68.3 0.920 

5 28.5 71.5 0.788 9.5 39.3 60.7 1.28 

8 32.3 67.7 0.943 21 45.1 54.9 1.63 

12 36.2 63.8 1.12 31.5 46.2 53.8 1.70 

24 37.7 62.3 1.20 45 45.1 54.9 1.63 

34.5 38.1 61.9 1.22 Plateau value: 1.71 M; t1/2 = 5.4 h 

48 37.1 62.9 1.17     

Plateau value: 1.21 M; t1/2 = 3.6 h     
aIS: 4-Methyl-7-hydroxycoumarin (7.56 M). RRF = 3.82. 

  

Table 2.9. Release of 1-pyrenemethylamine payload monitored by HPLC a 
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Figure 2.25.  (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of 1-pyrenebutanoic acid from the polymer containing a chain-centered 
mechanophore, and a chain-end control polymer (60:40 MeCN/water (with 0.1% acetic acid) 
isocratic, 2 ml/min, λ = 340 nm). (b) Payload release from sonicated PMA-2-COOH as a function of 
time post-sonication. (c) LCMS measurements further support the identity of the released 
molecule. The mass of the analyte (m/z = 287.1 amu) matches the calculated m/z for 1-
pyrenebutanoic acid [C20H15O2]− (M−H)− (287.1). LCMS conditions: negative ion mode, 4 min (0–
100% MeCN in water). 

 

PMA-2-COOH 

PMA-2-COOH 

PMA-2-COOH 
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Trial 1 Trial 2 

Time  
Post-

Sonication 

Payload 
Peak Area 

(%) 
IS Peak 

Area (%) 

Released 
Payload, 

Calcd (M) 

Time  
Post-

Sonication 

Payload 
Peak 

Area (%) 
IS Peak 

Area (%) 

Released 
Payload, 

Calcd (M) 

2.5 1.43 98.6 0.443 2 0.739 99.3 0.228 

5.5 2.75 97.3 0.866 5.5 2.58 97.4 0.811 

8 4.30 95.7 1.37 14 6.09 93.9 1.99 

16.5 7.27 92.7 2.40 21 8.35 91.7 2.79 

23.5 9.25 90.8 3.12 27.5 10.6 89.4 3.63 

32 11.3 88.7 3.89 43 13.2 86.9 4.63 

45.5 13.6 86.4 4.83 52 14.4 85.6 5.17 

54.5 14.8 85.2 5.32 65.5 15.9 84.1 5.77 

68 16.0 84.0 5.83 75.5 16.5 83.5 6.07 

78 16.7 83.3 6.13 98 17.6 82.4 6.54 

88.5 17.2 82.8 6.35 117.5 18.1 81.9 6.75 

101 17.6 82.4 6.53 136 18.4 81.6 6.91 

120 18.0 82.0 6.74 147 18.6 81.4 6.97 

138.5 18.3 81.7 6.85 Plateau value: 7.20 M; t1/2 = 28.6 h 

149.5 18.4 81.6 6.90     

164 18.5 81.5 6.92     

Plateau value: 7.07 M; t1/2 = 27.4 h     
aIS: 1-Pyrenebutanol (30.3 mM). RRF = 0.989. 

  

Table 2.10. Release of 1-pyrenebutanoic acid payload monitored by HPLCa 
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Trial 1 Trial 2 

Time 
Post-

Sonication 

Payload 
Peak Area 

(%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(M) 

Time 
Post-

Sonication 

Payload 
Peak 

Area (%) 

IS Peak 
Area 
(%) 

Released 
Payload, Calcd 

(M) 

20 min 22.7 77.3 7.49 1 h 23.0 77.0 7.61 

80 min 22.7 77.3 7.49 2 h 23.0 77.0 7.60 
aIS: 7-hydroxy-4-methylcoumarin (20.9 M). RRF = 0.818.  

Figure 2.26. (a) Representative HPLC chromatograms for the analysis of mechanically triggered 
molecular release of 2-naphthalenesulfonic acid from the polymer containing a chain-centered 
mechanophore, and a chain-end control polymer (40:60 MeOH/water (with 0.1% acetic acid) isocratic, 
1.5 ml/min, λ = 280 nm). (b) LCMS measurements further support the identity of the released molecule. 
The mass of the analyte (m/z = 207.0 amu) matches the calculated m/z for 2-naphthalenesulfonic acid, 
[C10H7O3S]− (M−H)− (207.0). LCMS conditions: negative ion mode, 10 min (0–30% MeCN in water). 

Figure 2.27.  
Table 2.11. Release of 2-naphthalenesulfonic acid payload monitored by HPLCa 

PMA-2-SO3H 

PMA-2-SO3H 

PMA-2-SO3H 
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2.5 Synthetic Details 

 

 

4-methylcoumarin 7-chloroformate (21). A flame-dried round bottom flask 

equipped with a stir bar under nitrogen was charged with triphosgene (0.50 g, 1.7 mmol) and 

anhydrous THF (20 mL). The solution was cooled to 0 °C in an ice bath, followed by the 

dropwise addition of a solution of 7-hydroxy-4-methylcoumarin (0.88 g, 5.0 mol) and 

anhydrous pyridine (0.40 mL, 5.0 mmol) dissolved in anhydrous THF (35 mL). A white 

precipitate formed quickly upon addition. The reaction was allowed to warm to rt and stirred 

for 18 h. The slurry was filtered through a silica plug under an inert atmosphere of nitrogen 

to remove the insoluble bis-coumarin carbonate byproduct. The crude mixture was dried, 

taken up into DCM (20 mL), and filtered twice under nitrogen to remove insoluble solids 

comprising mostly the hydroxycoumarin starting material. The filtrate was concentrated 

under reduced pressure to provide the title compound as a white powder (0.91 g, 76%), which 

was stored in a glovebox under nitrogen. 1H NMR (400 MHz, CDCl3) δ: 7.66 (d, J = 8.7 Hz, 

1H), 7.27–7.25 (m, 1H), 7.22 (d, J = 2.4 Hz, 1H), 6.33 (q, J = 1.2 Hz, 1H), 2.45 (d, J = 1.3 

Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 160.1, 154.3, 153.2, 151.7, 149.2, 126.1, 

119.2, 116.8, 115.5, 109.8, 18.9 ppm. HRMS (ESI, m/z): calcd for [C11H8ClO4]
+ (M+H)+, 

239.0106; found, 239.0097.  
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1-(5-(hydroxymethyl)furan-2-yl)ethan-1-ol (22). A 1 L round bottom flask 

equipped with a stir bar was charged with 5-(hydroxymethyl)furan-2-carbaldehyde (6.92 g, 

54.9 mmol) and diethyl ether (300 mL). The solution was cooled to −30 °C, followed by the 

slow addition of methylmagnesium bromide (3 M in diethyl ether, 42 mL, 130 mmol). The 

mixture was allowed to warm to rt and stirred for 12 h, after which the reaction was cooled 

to 0 °C and quenched with 10% NH4Cl (200 mL). The reaction mixture was extracted with 

EtOAc (3 x 100 mL) and the combined organic phase was dried over MgSO4, filtered, and 

concentrated under reduced pressure to provide the title compound as a viscous yellow oil 

(7.60 g, 97%). 1H NMR (400 MHz, CDCl3) δ: 6.23 (d, J = 3.1 Hz, 1H), 6.18 (d, J = 3.2 Hz, 

1H), 4.87 (q, J = 6.7 Hz, 1H), 4.59 (d, J = 2.9 Hz, 2H), 1.97 (br s, 1H), 1.78 (br s, 1H), 1.54 

(d, J = 6.5 Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 157.8, 153.5, 108.6, 106.1, 

63.8, 57.7, 21.3 ppm. HRMS (ESI, m/z): calcd for [C7H9O2]
+ (M−OH)+, 

125.0597; found, 125.0595. 

 

(5-(1-hydroxyethyl)furan-2-yl)methyl 2-bromo-2-methylpropanoate (23). A 500 

mL three neck flask was equipped with a stir bar was charged with 22 (2.74 g, 19.3 mmol), 

triethylamine (3.00 mL, 21.6 mmol), and DCM (150 mL). The mixture was cooled to 0 °C 

in an ice bath followed by the dropwise addition of a solution of α-bromoisobutyryl bromide 

(2.60 mL, 21.0 mmol) dissolved in DCM (50 mL) over 2 h. The reaction mixture was stirred 

under nitrogen and allowed to warm to rt slowly. After 20 h, the reaction mixture was filtered 

through a plug of silica gel, washed with 1:1 EtOAc:hexanes, concentrated, then purified by 

column chromatography (2–35% EtOAc/hexanes) to yield the title compound as a viscous 

colorless liquid (4.35 g, 77%). Rf = 0.33 (1:4 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) 

δ: 6.38 (d, J = 3.2 Hz, 1H), 6.21 (d, J = 3.4 Hz, 1H), 5.13 (s, 2H), 4.87 (q, J = 6.6 Hz, 1H), 

1.93 (s, 6H), 1.54 (d, J = 6.6 Hz, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 171.5, 158.7, 
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148.3, 111.7, 106.3, 63.8, 59.8, 55.8, 30.8, 21.4 ppm. HRMS (ESI, m/z): calcd for 

[C11H14BrO3]
+ (M-OH)+, 273.0121; found, 273.0119. 

 

 

 

(5-(1-((((4-methyl-2-oxo-2H-chromen-7-yl)oxy)carbonyl)oxy)ethyl)furan-2-

yl)methyl 2-bromo-2-methylpropanoate (1). A two-neck round bottom flask equipped 

with a stir bar was charged with 23 (58.5 mg, 0.201 mmol), pyridine (19.0 μL, 0.236 mmol), 

and DCM (4 mL). The solution was cooled to 0 °C  in an ice bath followed by the dropwise 

addition of a solution of coumarin chloroformate 21 (53.5 mg, 0.224 mmol) dissolved in 

DCM (6 mL). The reaction was allowed to warm slowly to rt and stirred for 3 h. The reaction 

mixture was washed quickly with brine, dried over Na2SO4, filtered, and concentrated under 

reduced pressure to yield a viscous oil. The crude oil was dispersed in DCM/hexanes (1:2, 3 

mL), then filtered to remove insoluble byproducts consisting mostly of 7-hydroxy-4-

methylcoumarin and the bis-coumarin carbonate. The filtrate was concentrated under 

reduced pressure to provide the title compound as a viscous colorless liquid (93 mg, 94%). 

Compound 1 is relatively stable in solvents such as DCM, chloroform, and hexanes, but 

decomposes quickly in acidic and protic solvents. 1H NMR (400 MHz, CDCl3) δ: 7.61 (d, J 

= 8.7 Hz, 1H), 7.23 (d, J = 2.3 Hz, 1H), 7.17 (dd, J = 8.7, 2.4 Hz, 1H), 6.43 (s, 2H), 6.28 (d, 

J = 1.3 Hz, 1H), 5.88 (q, J = 6.7 Hz, 1H), 5.17 (ABq, ΔνAB = 5.8 Hz, JAB = 13.6 Hz, 2H), 

2.43 (d, J = 1.3 Hz, 3H), 1.94 (s, 6H), 1.74 (d, J = 6.8 Hz, 3H) ppm.  13C{1H} NMR (100 

MHz, CDCl3) δ: 171.4, 160.6, 154.3, 153.3, 152.6, 152.3, 152.0, 149.6, 125.6, 118.1, 117.5, 

114.8, 111.7, 110.2, 110.1, 70.7, 59.6, 55.7, 30.8, 18.9, 18.1 ppm. HRMS (ESI, m/z): calcd 

for [C22H25BrNO8]
+ (M+NH4)

+, 501.0758; found, 501.0750.   

 

(5-(1-methoxyethyl)furan-2-yl)methyl 2-bromo-2-methylpropanoate (3). 

Compound 1 (80.2 mg, 0.163 mmol) was dissolved in methanol (1 mL) in a 2 ml vial and 

stirred at rt. After 16 h, the reaction mixture was concentrated under reduced pressure and 

the crude product was purified by flash chromatography (1–25% EtOAc/hexanes) to provide 
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the title compound as a colorless viscous oil (43 mg, 87%). Rf = 0.31 (1:19 EtOAc:hexanes). 

1H NMR (500 MHz, CDCl3) δ: 6.38 (d, J = 3.2 Hz, 1H), 6.23 (d, J = 3.2 Hz, 1H), 5.13 (ABq, 

ΔνAB = 7.5 Hz, JAB = 13.0 Hz, 2H), 4.34 (q, J = 6.6 Hz, 1H), 3.28 (d, J = 1.0 Hz, 3H), 1.92 

(d, J = 0.8 Hz, 6H), 1.49 (dd, J = 6.6, 0.9 Hz, 3H) ppm. 13C{1H} NMR (125 MHz, CDCl3) 

δ: 171.4, 156.5, 148.4, 111.5, 108.0, 72.1, 59.8, 56.3, 55.7, 30.8, 30.8, 19.5 ppm. HRMS 

(ESI, m/z): calcd for [C12H21BrNO4]
+ (M+NH4)

+, 322.0648; found, 322.0654. 

 

 

7-(1-hydroxyethyl)-2-(2-hydroxyethyl)-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-

4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-24). Compound 23 

(4.15 g, 14.3 mmol) was combined with N-(2-hydroxyethyl)maleimide39 (3.51 g, 24.9 mmol) 

and chloroform (4 mL) in a 20 mL vial and stirred at 55 °C for 14 h. The crude reaction 

mixture was separated by column chromatography (2–4% methanol/DCM) and a single 

diastereomer of the title compound was isolated as a white solid (2.19 g, 35%). The absolute 

configuration of compound 24 was confirmed by single crystal X-ray diffraction. Rf = 0.28 

(1:24 methanol:DCM). 1H NMR (400 MHz, CDCl3) δ: 6.43 (d, J = 5.8 Hz, 1H), 6.38 (d, J = 
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5.8 Hz, 1H), 4.81 (ABq, ΔνAB = 78 Hz, JAB = 12.8 Hz, 2H), 4.34 (q, J = 7.1 Hz, 1H), 3.73–

3.50 (m, 6H), 1.95 (s, 6H), 1.43 (d, J = 6.6 Hz, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) 

δ: 175.5, 175.0, 171.2, 135.7, 135.0, 95.0, 89.4, 66.7, 63.2, 60.6, 55.5, 49.5, 47.7, 41.5, 30.8, 

30.8, 18.7 ppm. HRMS (ESI, m/z): calcd for [C17H22BrNO7Na]+ (M+Na)+, 

454.0472; found, 454.0470. 

 

 

2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-hydroxyethyl)-1,3-dioxo-

1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-

methylpropanoate ((±)-4). A three-neck round bottom flask equipped with a stir bar was 

charged with 24 (1.08 g, 2.50 mmol), triethylamine (0.39 mL, 2.8 mmol), and DCM (50 mL). 

The solution was cooled to 0 °C in an ice bath followed by the dropwise addition of α‐

bromoisobutyryl bromide (0.33 mL, 2.7 mmol). The solution was allowed to warm to rt 

slowly and stirred for an additional 16 h. The reaction mixture was washed with NH4Cl (100 

mL) and brine (100 mL), dried over Na2SO4, filtered, and the organic fraction was 

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

chromatography (35–55% EtOAc/hexanes) to provide the title compound as a colorless, 

sticky oil (1.07 g, 74%). Rf = 0.29 (1:1 EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ: 6.46 

(d, J = 5.7 Hz, 1H), 6.41 (d, J = 5.8 Hz, 1H), 4.80 (ABq, ΔνAB = 84 Hz, JAB = 12.8 Hz, 2H), 

4.33 (q, J = 6.6 Hz, 1H), 4.22 (dd, J = 5.7, 4.7 Hz, 2H), 3.73–3.62 (m, 3H), 3.58 (d, J = 7.7 

Hz, 1H), 1.96 (s, 5H), 1.90 (s, 6H), 1.44 (d, J = 6.6 Hz, 3H) ppm. 13C{1H} NMR (100 MHz, 

CDCl3) δ: 174.5, 174.0, 171.5, 171.2, 135.7, 135.1, 95.0, 89.4, 66.8, 63.2, 62.6, 55.6, 55.5, 

49.6, 47.8, 37.6, 30.81, 30.80, 30.79, 30.77, 18.7 ppm. HRMS (ESI, m/z): calcd for 

[C21H31Br2N2O8]
+ (M+NH4)

+, 599.0421; found, 599.0420. 
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2-(-4-(((2-bromo-2-methylpropanoyl)oxy)methyl)-7-(-1-hydroxyethyl)-1,3-

dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl pivalate ((±)-5). A two-

neck round bottom flask equipped with a stir bar was charged with 24 (410 mg, 0.95 mmol), 

triethylamine (0.21 mL, 1.5 mmol), and DCM (15 mL). The solution was cooled to 0 °C in 

an ice bath followed by the dropwise addition of pivaloyl chloride (0.18 mL, 1.5 mmol). The 

solution was allowed to warm to rt slowly and stirred for an additional 23 h. The reaction 

mixture was filtered through a plug of silica gel and the filtrate was concentrated under 

reduced pressure.  The crude product was purified by column chromatography (30–55% 

EtOAc/hexanes) to provide the title compound as a colorless viscous oil (315 mg, 64%). Rf 

= 0.56 (1:1 EtOAc:hexanes). 1H NMR (500 MHz, CDCl3) δ: 6.42 (d, J = 5.7 Hz, 1H), 6.37 

(d, J = 5.8 Hz, 1H), 4.80 (ABq, ΔνAB = 106 Hz, JAB = 12.5 Hz, 2H), 4.33 (q, J = 6.6 Hz, 1H), 

4.11 (t, J = 5.3 Hz, 2H), 3.66 (d, J = 7.7 Hz, 1H), 3.63 – 3.59 (m, 2H) , 3.57 (d, J = 7.8 Hz, 

1H), 1.96 (s, 6H), 1.44 (d, J = 6.6 Hz, 3H), 1.17 (s, 8H) ppm.  13C{1H} NMR (125 MHz, 

CDCl3) δ: 178.3, 174.5, 174.0, 171.2, 135.7, 135.0, 94.9, 89.3, 66.8, 63.2, 61.0, 55.5, 49.5, 

47.7, 38.8, 38.0, 30.80, 30.75, 27.3, 18.6 ppm. HRMS (ESI, m/z): calcd for [C22H31BrN2O8]
+ 

(M+H)+, 516.1228; found, 516.1228. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(-1-((((4-methyl-2-oxo-2H-

chromen-7-yl)oxy)carbonyl)oxy)ethyl)-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-
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epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)6). A two-neck round 

bottom flask equipped with a stir bar was charged with 4 (68.8 mg, 0.118 mmol), pyridine 

(30.0 μL, 0.372 mmol), and DCM (25 mL). The solution was cooled to 0 °C  in an ice bath 

followed by the dropwise addition of a solution of coumarin chloroformate 21 (81.0 mg, 

0.339 mmol) dissolved in DCM (5 mL). The reaction was allowed to warm slowly to rt and 

stirred for 20 h. The reaction mixture was washed with brine, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude produce was purified by column 

chromatography (35–55% EtOAc/Hexanes) to provide the title compound as a white 

foaming solid (76 mg, 82%). Rf = 0.35 (1:1 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) 

δ: 7.62 (d, J = 8.7 Hz, 1H), 7.26 (s, 1H), 7.21 (dd, J = 8.7, 2.3 Hz, 1H), δ 6.53–6.46 (m, 2H), 

6.28 (q, J = 1.3 Hz, 1H), 5.46 (q, J = 6.6 Hz, 1H), 4.82 (ABq, ΔνAB = 95 Hz, JAB =12.8 Hz, 

2H), 4.24 (t, J = 5.1 Hz, 2H), 3.77–3.56 (m, 4H), 2.44 (d, J = 1.3 Hz, 3H), 1.95 (d, J = 1.9 

Hz, 6H), 1.91 (s, 6H), 1.64 (d, J = 6.7 Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 

173.7, 173.5, 171.5, 171.2, 160.5, 154.3, 153.3, 152.2, 151.9, 135.6, 135.2, 125.6, 118.2, 

117.5, 114.9, 110.1, 92.6, 89.5, 73.9, 63.1, 62.5, 55.7, 55.5, 49.4, 48.4, 37.8, 30.80, 30.78, 

18.9, 16.0 ppm. HRMS (ESI, m/z): calcd for [C32H37Br2N2O12]
+ (M+NH4)

+, 

801.0687; found, 801.0684.  

 

2-(-4-(((2-bromo-2-methylpropanoyl)oxy)methyl)-7-(-1-((((4-methyl-2-oxo-2H-

chromen-7-yl)oxy)carbonyl)oxy)ethyl)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

epoxyisoindol-2-yl)ethyl pivalate ((±)-7). A two-neck round bottom flask equipped with a 

stir bar was charged with 5 (74.6  mg, 0.144 mmol), pyridine (23.4 μL, 0.291 mmol), and 

DCM (25 mL). The solution was cooled to 0 °C  in an ice bath followed by the dropwise 

addition of a solution of coumarin chloroformate 21 (69.0 mg, 0.289 mmol) dissolved in 

DCM (10 mL). The reaction was allowed to warm slowly to rt and stirred for 16 h. The 
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reaction mixture was washed with 10% NH4Cl, dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude produce was purified by column chromatography (35–

60% EtOAc/Hexanes) to provide the title compound as a white foaming solid (103 mg, 

quant). Rf = 0.56 (1:1 EtOAc:hexanes).  1H NMR (500 MHz, CDCl3) δ: 7.62 (d, J = 8.7 Hz, 

1H), 7.27–7.25 (m, 1H), 7.21 (dd, J = 8.7, 2.4 Hz, 1H), 6.47–6.42 (m, 2H), 6.29 (q, J = 1.3 

Hz, 1H), 5.46 (q, J = 6.6 Hz, 1H), 4.82 (ABq, ΔνAB = 120 Hz, JAB = 12.5 Hz, 2H), 4.13 (t, J 

= 5.2 Hz, 2H), 3.76–3.55 (m, 4H), 2.45 (d, J = 1.3 Hz, 3H), 1.96 (d, J = 2.7 Hz, 6H), 1.65 (d, 

J = 6.6 Hz, 3H), 1.18 (s, 9H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 178.4, 173.7, 173.5, 

171.2, 160.5, 154.3, 153.3, 152.2, 151.9, 135.5, 135.1, 125.6, 118.2, 117.5, 114.9, 110.0, 

92.6, 89.5, 73.9, 63.2, 61.0, 55.5, 49.3, 48.3, 38.9, 38.2, 30.79, 30.76, 27.3, 18.9, 16.0 ppm. 

HRMS (ESI, m/z): calcd for [C33H37BrNO12]
+ (M+H)+, 718.1494; found, 718.1500. 

Poly(methyl acrylate) containing a chain‐centered mechanophore (PMA-1).  A 

10 mL Schlenk flask equipped with a stir bar was charged with bis-

initiator 6 (7.2 mg, 9.2 mol), DMSO (1.2 mL), methyl acrylate (1.2 mL, 13 mmol), and 

Me6TREN (4.6 mg, 20 mol). The flask was sealed, the solution was deoxygenated with 

three freeze-pump-thaw cycles, and then backfilled with nitrogen. The flask was opened 

briefly under a flow of N2, and freshly cut copper wire (1.0 cm length, 20 gauge) was added 

on top of the frozen mixture. The flask was resealed, evacuated for an additional 15 min, 

warmed to rt, and then backfilled with nitrogen. After stirring at rt for 90 min, the flask was 

opened to air and the solution was diluted with DCM. The polymer solution was precipitated 

into cold methanol (2x) and the isolated material was dried under vacuum to yield 0.60 g of 

PMA-1 (52%). Mn = 100 kg/mol, Ð = 1.06. 

Poly(methyl acrylate) control polymer containing the mechanophore at the end 

of the polymer chain (PMA-control).  A 10 mL Schlenk flask equipped with a stir bar was 

charged with initiator 7 (8.5 mg, 11.8 mol), DMSO (1.6 mL), methyl acrylate (1.6 mL, 18 

mmol), and Me6TREN (5.1 mg, 22 mol). The flask was sealed, the solution was 

deoxygenated with three freeze-pump-thaw cycles, and then backfilled with nitrogen. The 

flask was opened briefly under a flow of N2, and freshly cut copper wire (1.1 cm length, 20 

gauge) was added on top of the frozen mixture. The flask was resealed, evacuated for an 

additional 15 min, warmed to rt, and then backfilled with nitrogen. After stirring at rt for 2 
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h, the flask was opened to air and the solution was diluted with DCM. The polymer solution 

was precipitated into cold methanol (2x) and the isolated material was dried under vacuum 

to yield 0.82 g of PMA-control (54%). Mn = 86 kg/mol, Ð = 1.14. 

 

 

3-phenoxyfuran-2-carbaldehyde (15). A round bottom flask equipped with a stir 

bar was charged with phenol (16.1 g, 0.171 mol), cesium carbonate (55.7 g, 0.171 mol) and 

DMF (500 mL). The solution was heated to 80 °C until cesium carbonate had dissolved. The 

mixture was then cooled to 60 °C before adding 3-bromo-2-furfural40 (6.30 g, 0.0360 mol), 

and vigorously stirred for 1 day. The reaction mixture was then cooled to room temperature 

before pouring into a sat. Na2CO3 solution (1 L), extracted with Et2O (4 x 300 mL), and 

washed with copious sat. Na2CO3 and brine. The organic layer was dried over MgSO4, 

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

chromatography (5–20% EtOAc/Hexanes) to yield the title compound as a light-yellow solid 

(2.90 g, 43%). 1H NMR (500 MHz, CDCl3) δ: 9.67 (s, 1H), 7.52 (d, J = 2.1, 1H), 7.43 – 7.37 

(m, 2H), 7.25 – 7.20 (m, 1H), 7.19 – 7.13 (m, 2H), 6.22 (d, J = 2.1 Hz, 1H) ppm. 13C{1H} 

NMR (100 MHz, CDCl3) δ: 174.9, 156.1, 155.6, 147.9, 139.5, 130.3, 125.4, 119.0, 105.4 

ppm. HRMS (ESI, m/z): calcd for [C11H9O3]
+ (M+H)+, 189.0546; found, 189.0568. 
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Tert-butyldimethyl(1-(3-phenoxyfuran-2-yl)ethoxy)silane (16). A flame-dried 

round bottom flask was charged with 15 (1.50 g, 7.98 mmol) and anhydrous Et2O (50 mL). 

The solution was cooled to −30 °C in an acetonitrile/dry ice bath followed by the dropwise 

addition of MeMgBr (3 M in Et2O, 4.00 mL, 12.0 mmol). The solution was allowed to warm 

to room temperature and stirred for 1 h before being quenched with 10% NH4Cl (50 mL) and 

extracted with Et2O (2 x 50 mL). The combined organic phase was dried over Na2SO4, 

filtered, concentrated under reduced pressure to yield 1-(3-phenoxyfuran-2-yl)ethan-1-ol as 

a colorless oil, which was used in the next step without further purification. 

A round bottom flask equipped with a stir bar was charged with 1-(3-phenoxyfuran-

2-yl)ethan-1-ol (1.60 g, 7.84 mmol), imidazole (1.60 g, 23.5 mmol), and DCM (15 mL), 

followed by addition of tert-butylchlorodimethylsilane (2.40 g, 16.0 mmol).  The reaction 

was allowed to stir at room temperature overnight before filtering the mixture through a 

cotton pad. The filtrate was concentrated under reduced pressure, and the crude product was 

purified by column chromatography (0–15% EtOAc/Hexanes) to yield the title compound as 

a light yellow oil (2.49 g, 98% over two steps). 1H NMR (400 MHz, CDCl3) δ: 7.33 – 7.27 

(m, 3H), 7.06 – 7.01 (m, 1H), 7.00 – 6.95 (m, 2H), 6.19 (d, J = 2.1 Hz, 1H), 4.93 (q, J = 6.6 

Hz, 1H), 1.47 (d, J = 6.6 Hz, 3H), 0.85 (s, 9H), 0.04 (s, 3H), −0.05 (s, 3H) ppm.  13C{1H} 

NMR (100 MHz, CDCl3) δ: 158.4, 145.2, 140.7, 137.7, 129.7, 122.5, 116.2, 106.3, 61.6, 

25.9, 25.8, 22.2, 18.3, -4.9, -5.0 ppm. HRMS (ESI, m/z): calcd for [C12H11O2]
+ (M-OTBS)+, 

187.0754; found, 187.0732.  

 

5-(1-hydroxyethyl)-4-phenoxyfuran-2-carbaldehyde (17). A flame-dried round 

bottom flask equipped with a stir bar was charged with diisopropylamine (0.80 mL, 5.7 

mmol) and THF (70 mL). The solution was cooled to −78 °C in an acetone/dry ice bath 

before adding n-butyllithium (2.5 M in hexanes, 2.30 mL, 5.75 mmol) dropwise. After 

stirring the mixture for 5 min, a solution of 16 (1.06 g, 5.02 mmol) in THF (10 ml) was added 
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to the mixture dropwise at −78 °C. The mixture was kept at −78 °C for 30 mins before adding 

DMF (0.52 mL, 6.7 mmol) dropwise. The mixture was then allowed to slowly warm up to 

room temperature for ~1 h before 10% NH4Cl (100 mL) was added slowly to the mixture to 

quench the reaction. The mixture was then extracted with Et2O (2 x 100 mL), and the organic 

layer was dried over MgSO4, filtered, and concentrated under reduced pressure. The crude 

mixture was purified by column chromatography (0–20% EtOAc/Hexanes) to yield the crude 

product of 5-(1-((tert-butyldimethylsilyl)oxy)ethyl)-4-phenoxyfuran-2-carbaldehyde as a 

colorless oil. Approximately 10% of the crude product was identified to be the regioisomer 

resulting from formylation at the 4-position of the furan. The crude product was used in the 

next step without further purification.  

The crude product from above was dissolved in THF (25 mL) and cooled to 0 °C 

before adding TBAF (1 M in THF, 3.8 mL, 3.8 mmol) dropwise. The mixture was allowed 

to slowly warm up to room temperature and stirred for 1 h. The reaction mixture was then 

diluted with Et2O (25 mL) washed with NH4Cl (25 mL) and brine (25 mL), and the organic 

fraction was dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

product was purified by column chromatography (25–50% EtOAc/Hexanes) to yield 

compound 17 as a yellow waxy solid (602 mg, 52% over two steps). 1H NMR (400 MHz, 

CDCl3) δ: 9.57 (s, 1H), 7.35 (dd, J = 8.7, 7.4 Hz, 2H), 7.19 – 7.08 (m, 1H), 7.05 – 6.96 (m, 

3H), 5.04 (q, J = 6.7 Hz, 1H), 1.62 (d, J = 6.7 Hz, 3H).  13C{1H} NMR (101 MHz, CDCl3) 

δ: 178.0, 157.4, 150.9, 149.4, 140.9, 130.1, 123.8, 116.8, 115.2, 61.9, 20.9 ppm. HRMS 

(ESI, m/z): calcd for [C13H13O4]
+ (M+H)+, 233.0808; found, 233.0808.  

 

2-(-4-(1-hydroxyethyl)-7-(hydroxymethyl)-1,3-dioxo-5-phenoxy-1,3,3a,4,7,7a-

hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl 2-bromo-2-methylpropanoate ((±)-18). A 

round bottom flask equipped with a stir bar was charged with 7 (350.0 mg, 1.509 mmol), 

THF (3 mL) and MeOH (10 mL). The solution was cooled to 0 °C in an ice bath before 
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slowly adding NaBH4 (82.0 mg, 2.17 mmol). The mixture was kept at 0 °C for 1 h before 

adding 10% NH4Cl (10 mL), extracted with EtOAc (2 x 10 mL), and washed with brine (10 

mL). The organic layer was dried over Na2SO4, and filtered. Maleimide41 (527 mg, 2.77 

mmol) was then added and the solution was concentrated under reduced pressure until about 

2 mL viscous solution remained. The solution was then stirred at room temperature for 4 h, 

and the crude mixture was purified by column chromatography (72–90% EtOAc/Hexanes). 

A single diastereomer of the title compound was isolated as a colorless oil (285 mg, 36% 

yield). 1H NMR (400 MHz, CDCl3) δ: 7.38 – 7.30 (m, 2H), 7.22-7.16 (m, 1H), 7.00 – 6.94 

(m, 2H), 4.96 (s, 1H), 4.59 (s, 1H), 4.32-3.97 (m, 5H), 3.78 – 3.53 (m, 3H), 2.04 (m, 2H), 

1.87 (d, J = 0.8 Hz, 6H), 1.54 (d, J = 6.6 Hz, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 

175.1, 174.1, 171.5, 163.5, 154.8, 130.2, 126.1, 119.9, 100.9, 92.3, 90.4, 65.0, 62.5, 62.4, 

55.7, 50.9, 48.0, 37.5, 30.7, 30.7, 19.0 ppm. HRMS (ESI, m/z): calcd for [C23H27BrNO8]
+ 

(M+H)+, 524.0915; found, 524.0928. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-hydroxyethyl)-1,3-dioxo-6-

phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-

methylpropanoate ((±)-19). A flame-dried round bottom flask equipped with a stir bar was 

charged with (±)-18 (263 mg, 0.502 mmol), Et3N (84 μL, 0.60 mmol) and DCM (15 mL). 

The solution was cooled to 0 °C before adding α-bromoisobutyryl bromide (68 μL, 0.55 

mmol) dropwise. The reaction was then allowed to warm to room temperature and stirred 

overnight until the reaction had completed, as determined by TLC. The reaction mixture was 

then washed with NH4Cl (30 mL) and brine (30 mL), and the organic fraction was dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified 

by column chromatography (35–50% EtOAc/Hexanes) to yield the title compound as a 

colorless oil (270 mg, 80% yield). 1H NMR (400 MHz, CDCl3) δ: 7.39 – 7.30 (m, 2H), 7.23 

– 7.15 (m, 1H), 7.01 – 6.91 (m, 2H), 4.95 (s, 1H), 4.68 (ABq, ΔνAB = 126.4 Hz, JAB = 58.0 
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Hz, 2H), 4.63 – 4.57 (m, 1H), 4.33-4.11 (m, 2H), 4.00 (d, J = 7.8 Hz, 1H), 3.79-3.52 (m, 3H), 

1.96 (m, 7H), 1.86 (s, 6H), 1.52 (d, J = 6.6 Hz, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) 

δ: 174.1, 173.7, 171.4, 171.0, 163.5, 154.6, 130.1, 126.0, 119.7, 100.8, 92.1, 88.2, 64.8, 63.5, 

62.3, 55.5, 55.5, 51.1, 47.5, 37.3, 30.7, 30.6, 18.7 ppm. HRMS (ESI, m/z): calcd for 

[C27H32Br2NO9]
+ (M+H)+, 672.0438; found, 672.0462. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-hydroxyethyl)-1,3-dioxo-6-

phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl pivalate ((±)-19-

control). A flame-dried round bottom flask equipped with a stir bar was charged with (±)-

18 (137 mg, 0.261 mmol), Et3N (52.3 μL, 0.376 mmol), DMAP (41.7 mg, 0.342 mmol) and 

DCM (5 mL). The solution was cooled to 0 °C before adding pivaloyl chloride (46.3 μL, 

0.376 mmol) dropwise. The reaction was then allowed to warm to room temperature and 

stirred overnight until the reaction completed, as determined by TLC. The reaction mixture 

was then diluted with DCM (20 mL), washed with NH4Cl (30 mL) and brine (30 mL), and 

the organic fraction was dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by column chromatography (10–50% 

EtOAc/Hexanes) to yield the title compound as a white waxy solid (90 mg, 57% yield). 1H 

NMR (400 MHz, CDCl3) δ: 7.40 – 7.29 (m, 2H), 7.24 – 7.15 (m, 1H), 6.99 – 6.90 (m, 2H), 

4.90 (s, 1H), 4.57 (ABq, ΔνAB = 113.0 Hz, JAB = 12.7 Hz, 2H), 4.55 (dt, J = 7.6, 6.4 Hz, 1H), 

4.33-4.12 (m, 2H), 3.99 (d, J = 7.8 Hz, 1H), 3.79 – 3.51 (m, 3H), 1.96 (d, J = 7.9 Hz, 1H), 

1.87 (d, J = 1.3 Hz, 6H), 1.52 (d, J = 6.6 Hz, 3H), 1.22 (s, 9H) ppm.  13C{1H} NMR (100 

MHz, CDCl3) δ: 177.9, 174.3, 173.9, 171.5, 163.5, 154.8, 130.2, 126.1, 119.8, 101.1, 92.1, 

88.6, 64.9, 62.5, 62.3, 55.7, 51.2, 47.7, 39.1, 37.5, 30.7, 27.3, 18.8 ppm. HRMS (ESI, m/z): 

calcd for [C28H35BrNO9]
+ (M+H)+, 608.1490; found, 608.1479. 
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7-isocyanato-4-methyl-2H-chromen-2-one (coumNCO). A flame-dried round 

bottom flask equipped with a stir bar under nitrogen was charged with triphosgene (0.59 g, 

2.0 mmol) and anhydrous DCM (30 mL). CAUTION: TRIPHOSGENE IS TOXIC. ALL 

OPERATIONS ARE CARRIED OUT EXCLUSIVELY INSIDE A FUME HOOD. The 

solution was cooled to 0 °C in an ice bath, followed by the addition of 12 (0.97 g, 5.5 mmol). 

Triethylamine (1.5 mL, 11 mmol) was added dropwise into the reaction. The reaction was 

allowed to warm to room temperature and stirred for 18 h. Hexane (30 mL) and DCM (60 

mL) were added into the reaction mixture and the suspension was filtered to remove the pale 

yellow precipitate. The filtrate was washed with HCl (50 mL, 1 M), dried over MgSO4, and 

filtered. The solid was discarded and the filtrate was concentrated under reduced pressure. 

The solid was dispersed in hexane (10 mL) and DCM (20 mL), filtered, and the filtrate was 

concentrated. The solid was dissolved in DCM (5 mL), and the solution was precipitated into 

hexane (30 mL). The fluffy white solid was collected by filtration and dried under reduced 

pressure to provide the title compound (0.85 g, 77%). 1H NMR (400 MHz, CDCl3) δ: 7.54 

(dd, J = 8.0, 0.8 Hz, 1H), 7.09 – 6.99 (m, 2H), 6.26 (q, J = 1.3 Hz, 1H), 2.42 (d, J = 1.3 Hz, 

3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 160.4, 154.4, 151.8, 136.9, 125.8, 125.7, 

121.3, 118.0, 114.8, 113.1, 18.8 ppm. HRMS (ESI, m/z): calcd for [C11H8NO3]
+ (M+H)+, 

202.0499; found, 202.0495. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-((((4-methyl-2-oxo-2H-

chromen-7-yl)oxy)carbonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-

4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-20(O)). A two-
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neck round bottom flask equipped with a stir bar was charged with (±)-19 (20.4 mg, 0.0303 

mmol), dry pyridine (3.2 μL, 0.040 mmol), and DCM (0.5 mL). The solution was cooled to 

0 °C in an ice bath followed by the dropwise addition of a solution of coumarin chloroformate 

(9.4 mg, 0.039 mmol) in 0.5 mL DCM. The reaction was allowed to warm slowly to room 

temperature and stirred for 20 h. The reaction mixture was washed with brine, dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified 

by column chromatography (35–55% EtOAc/Hexanes) to afford the title compound as a 

white foamy solid (21.7 mg, 82%). 1H NMR (400 MHz, CDCl3) δ: 7.63 (d, J = 8.7 Hz, 1H), 

7.39 – 7.32 (m, 2H), 7.28 (d, J = 2.3 Hz, 1H), 7.26 – 7.17 (m, 2H), 6.29 (q, J = 1.3 Hz, 1H), 

5.66 (q, J = 6.5 Hz, 1H), 5.04 (s, 1H), 4.71 (ABq, ΔνAB = 107.6 Hz, JAB = 12.6 Hz, 2H), 4.34 

– 4.12 (m, 2H), 3.89 (d, J = 7.9 Hz, 1H), 3.77 – 3.53 (m, 3H), 2.45 (d, J = 1.3 Hz, 3H), 1.96 

(d, J = 2.2 Hz, 6H), 1.86 (d, J = 1.4 Hz, 6H), 1.72 (d, J = 6.6 Hz, 3H) ppm.  13C{1H} NMR 

(100 MHz, CDCl3) δ: 173.7, 173.0, 171.5, 171.1, 162.5, 160.5, 154.6, 154.3, 153.3, 152.1, 

151.9, 130.3, 126.3, 125.7, 119.7, 118.2, 117.5, 114.9, 110.0, 101.2, 90.3, 88.5, 72.5, 63.6, 

62.4, 60.5, 55.7, 55.6, 51.4, 48.1, 37.6, 30.8, 30.7, 30.7, 21.2, 18.9, 15.8, 14.3 ppm. HRMS 

(ESI, m/z): calcd for [C38H37Br2NO13]
+ (M)+, 873.0626; found, 873.0610. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-((((4-methyl-2-oxo-2H-

chromen-7-yl)oxy)carbonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-

4H-4,7-epoxyisoindol-4-yl)methyl pivalate ((±)-20(O)-control). The title compound was 

prepared following a similar procedure as that for compound (±)-20(O), with compound (±)-

19-control (35.0 mg, 0.0576 mmol), coumarin chloroformate (54.8 mg, 0.230 mmol), dry 

pyridine (18.6 μL, 0.230 mmol), and DCM (0.5 mL). The crude product was purified by 

column chromatography (35–55% EtOAc/Hexanes) to afford the title compound as a white 

foamy solid (43.4 mg, 86%). 1H NMR (400 MHz, CDCl3)
 δ: 7.63 (d, J = 8.7 Hz, 1H), 7.41 – 
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7.31 (m, 2H), 7.29 – 7.27 (m, 1H), 7.25 – 7.18 (m, 2H), 7.01 – 6.92 (m, 2H), 6.29 (d, J = 1.3 

Hz, 1H), 5.65 (q, J = 6.5 Hz, 1H), 4.99 (s, 1H), 4.60 (ABq, ΔνAB = 119.4 Hz, JAB = 12.0 Hz, 

2H), 4.34 – 4.24 (m, 1H), 4.23 – 4.11 (m, 1H), 3.89 (d, J = 7.8 Hz, 1H), 3.71 (ddd, J = 14.2, 

6.7, 4.0 Hz, 1H), 3.66 – 3.57 (m, 2H), 2.45 (d, J = 1.3 Hz, 3H), 1.87 (s, 6H), 1.71 (d, J = 6.6 

Hz, 3H), 1.23 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ: 177.9, 173.8, 173.1, 171.6, 162.5, 

160.5, 154.7, 154.3, 153.3, 152.2, 151.9, 130.3, 126.3, 125.7, 119.7, 118.2, 117.5, 114.9, 

110.0, 101.4, 90.2, 88.8, 72.5, 62.4, 62.3, 55.7, 51.4, 48.1, 39.1, 37.6, 30.7, 30.7, 27.3, 18.9, 

15.7 ppm. HRMS (FAB, m/z): calcd for [C39H41BrNO13]
+ (M+H)+, 

810.1756; found, 810.1764. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-(((4-methyl-2-oxo-2H-

chromen-7-yl)carbamoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-

4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-20(NH)). A two-neck 

round bottom flask equipped with a stir bar was charged with (±)-19 (31.5 mg, 0.0468 mmol), 

coumNCO (36.0 mg, 0.179 mmol) and DCM (3 mL). The mixture was cooled to 0 °C in ice 

bath before adding DMAP (21.9 mg, 0.179 mmol). The reaction was allowed to warm to 

room temperature and its progress was monitored by 1H NMR spectroscopy until completion 

(~2 h). The mixture was then washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude produce was purified by column 

chromatography (35–55% EtOAc/Hexanes) to provide the title compound as a white foamy 

solid (38.5 mg, 94%). 1H NMR (400 MHz, CDCl3) δ: 7.57-7.50 (m, 1H), 7.48-7.41 (m, 2H), 

7.39 – 7.30 (m, 2H), 7.25 – 7.17 (m, 2H), 7.01 – 6.92 (m, 2H), 6.20 (q, J = 1.2 Hz, 1H), 5.77 

(q, J = 6.5 Hz, 1H), 5.02 (s, 1H), 4.70 (ABq, ΔνAB = 99.8 Hz, JAB = 12.6 Hz, 2H), 4.33-4.10 

(m, 2H), 3.82 (d, J = 7.9 Hz, 1H), 3.76 – 3.53 (m, 3H), 2.41 (d, J = 1.3 Hz, 3H), 1.96 (s, 6H), 

1.85 (s, 6H), 1.60 (d, J = 6.6 Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.8, 
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173.0, 171.6, 171.1, 162.9, 161.1, 154.7, 154.6, 152.3, 151.9, 141.3, 130.3, 126.2, 125.6, 

119.6, 115.8, 114.5, 113.5, 106.1, 100.8, 90.5, 88.5, 63.6, 62.4, 55.7, 55.6, 51.3, 48.1, 37.6, 

30.8, 30.7, 30.7, 18.7, 16.1 ppm. HRMS (ESI, m/z): calcd for [C38H38Br2N2O12]
+ (M)+, 

872.0786; found, 872.0792. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-(((4-methyl-2-oxo-2H-

chromen-7-yl)carbamoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-

4,7-epoxyisoindol-4-yl)methyl pivalate ((±)-20(NH)-control). The title compound was 

prepared following a similar procedure as that for compound (±)-20(NH), with compound 

(±)-19-control (24.4 mg, 0.0401 mmol), coumNCO (16.0 mg, 0.0796 mmol), DMAP (9.8 

mg, 0.080 mmol), and DCM (0.5 mL). The crude product was purified by column 

chromatography (35–55% EtOAc/Hexanes) to afford the title compound as a white foamy 

solid (25.1 mg, 78%). 1H NMR (400 MHz, CDCl3)
 δ: 7.50 – 7.37 (m, 4H), 7.31 – 7.22 (m, 

2H), 7.17 – 7.08 (m, 1H), 6.93 – 6.84 (m, 2H), 6.12 (s, 1H), 5.70 (q, J = 6.5 Hz, 1H), 4.91 (s, 

1H), 4.52 (ABq, ΔνAB = 102.8 Hz, JAB = 16.0 Hz, 2H), 4.25 – 4.15 (m, 1H), 4.14 – 4.02 (m, 

1H), 3.77 (d, J = 7.8 Hz, 1H), 3.68 – 3.44 (m, 3H), 2.34 (d, J = 1.3 Hz, 3H), 1.78 (d, J = 1.3 

Hz, 7H), 1.53 (d, J = 6.5 Hz, 3H), 1.15 (d, J = 1.5 Hz, 9H). 13C{1H} NMR (100 MHz, CDCl3) 

δ: 177.9, 173.8, 173.1, 171.5, 162.8, 161.2, 154.7, 154.5, 152.4, 152.0, 141.5, 130.2, 130.1, 

126.1, 125.5, 119.6, 115.7, 114.6, 113.3, 106.4, 101.0, 90.4, 88.8, 68.1, 62.4, 62.4, 55.8, 51.3, 

48.1, 39.0, 37.6, 30.7, 30.7, 27.3, 18.7, 16.1.ppm. HRMS (ESI, m/z): calcd for 

[C39H42BrN2O12]
+ (M+H)+, 809.1916; found, 809.1948. 
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Tert-butyldimethyl((3-phenoxyfuran-2-yl)methoxy)silane (25). A round bottom 

flask equipped with a stir bar was charged with MeOH (10 mL) and cooled to 0 °C in an ice 

bath before adding NaBH4 (111 mg, 2.92 mmol), followed by the slow addition of 5 (303 

mg, 1.61 mmol). The mixture was kept at 0 °C for 1 h before adding 10% NH4Cl (50 mL), 

and extracted with EtOAc (2 x 50 mL). The organic layer was dried over Na2SO4, filtered, 

and concentrated under reduced pressure to yield (3-phenoxyfuran-2-yl)methanol as a light 

yellow oil (300 mg, 98%) which was used in the next step without further purification. 

A round bottom flask equipped with a stir bar was charged with (3-phenoxyfuran-2-

yl)methanol (300 mg, 1.58 mmol), imidazole (191 mg, 2.81 mmol), and DCM (10 mL), 

followed by addition of tert-butylchlorodimethylsilane (265 mg, 1.76 mmol).  The reaction 

was allowed to stir at room temperature overnight before filtering the mixture through a 

cotton pad. The filtrate was concentrated under reduced pressure, and the crude product was 

purified by column chromatography (0–20% EtOAc/Hexanes) to yield the title compound as 

a light-yellow oil (447 mg, 92% over two steps). 1H NMR (400 MHz, CDCl3) δ: 7.34 – 7.26 

(m, 3H), 7.08 – 6.97 (m, 3H), 6.22 (d, J = 2.1 Hz, 1H), 4.61 (s, 2H), 0.87 (s, 9H), 0.04 (s, 

6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 158.3, 142.4, 141.4, 139.8, 129.7, 122.6, 

116.4, 106.3, 54.7, 26.0, 18.6, −5.2 ppm. HRMS (EI, m/z): calcd for [C17H23O3Si]+ (M−H)+, 

303.1411; found, 303.1407. 
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5-(((tert-butyldimethylsilyl)oxy)methyl)-4-phenoxyfuran-2-carbaldehyde (26). 

A flame-dried round bottom flask equipped with a stir bar was charged with 

diisopropylamine (0.30 mL, 2.1 mmol) and THF (10 mL). The solution was cooled to −78 

°C in an acetone/dry ice bath before adding n-butyllithium (0.70 mL, 1.8 mmol, 2.5 M in 

hexanes) dropwise. After stirring the mixture for 5 mins, a solution of 25 (354 mg, 1.16 

mmol) in THF (10 ml) was added dropwise at −78 °C. The mixture was kept at −78 °C for 

30 mins before adding DMF (1.0 mL, 13 mmol) dropwise. The mixture was then allowed to 

slowly warm up to room temperature over an hour before 10% NH4Cl (50 mL) was added 

slowly to quench the reaction. The mixture was extracted with Et2O (2 x 50 mL), and the 

organic layer was dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude product was purified by column chromatography (0–10% EtOAc/Hexanes) to yield 

the title compound as a light-yellow oil (351 mg, 91%). 1H NMR (400 MHz, CDCl3) δ: 9.59 

(s, 1H), 7.39 – 7.29 (m, 2H), 7.15 – 7.06 (m, 1H), 7.05 – 6.97 (m, 3H), 4.70 (s, 2H), 0.88 (s, 

9H), 0.07 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 178.2, 157.3, 149.8, 148.3, 

142.0, 129.8, 123.5, 116.7, 114.2, 54.9, 25.8, 18.4, -5.4 ppm. HRMS (ESI, m/z): calcd for 

[C18H25O4Si]+ (M+H)+, 333.1517; found, 333.1543.   

 

2-(4-(((tert-butyldimethylsilyl)oxy)methyl)-7-(hydroxymethyl)-1,3-dioxo-5-

phenoxy-1,3,3a,4,7,7a-hexahydro-2H-4,7-epoxyisoindol-2-yl)ethyl 2-bromo-2-

methylpropanoate (27). A round bottom flask equipped with a stir bar was charged with 26 

(350 mg, 1.05 mmol), THF (4 mL), and MeOH (1 mL). The solution was cooled to 0 °C in 

an ice bath before slowly adding NaBH4 (52.0 mg, 1.38 mmol). The mixture was kept at 0 

°C for 1 h before adding 10% NH4Cl (10 mL) and extracting with DCM (2 x 10 mL). The 
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organic layer was dried over Na2SO4 and filtered. Maleimide2 was added to the solution, and 

then the mixture was concentrated under reduced pressure until about 2 mL viscous solution 

remaining. The mixture was then stirred at room temperature for 2 h to allow the Diels–Alder 

reaction to run to completion, and the crude mixture was purified by column chromatography 

(10–30% EtOAc/Hexanes). A single endo isomer of the title compound was isolated as a 

colorless oil (478 mg, 73%). 1H NMR (400 MHz, CDCl3) δ: 7.37 – 7.28 (m, 2H), 7.23 – 7.14 

(m, 1H), 7.00 – 6.93 (m, 2H), 4.95 (s, 1H), 4.35 (ABq, ΔνAB = 5.3 Hz, JAB = 12.5 Hz, 2H), 

4.30 – 3.98 (m, 4H), 3.86 (d, J = 7.8 Hz, 1H), 3.74 (m, 1H), 3.65 – 3.49 (m, 2H), 2.02 (t, J = 

6.5 Hz, 1H), 1.87 (d, J = 2.4 Hz, 6H), 0.94 (s, 9H), 0.16 (d, J = 7.2 Hz, 6H) ppm.  13C{1H} 

NMR (100 MHz, CDCl3) δ: 175.2, 174.0, 171.5, 163.3, 154.9, 130.1, 125.9, 119.9, 100.6, 

90.6, 90.5, 62.6, 62.5, 59.7, 55.7, 50.8, 47.4, 37.4, 30.7, 30.7, 26.1, 18.7, -5.1, -5.2 ppm. 

HRMS (ESI, m/z): calcd for [C28H39NO8Si]+ (M+H)+, 624.1623; found, 624.1642.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(((tert-

butyldimethylsilyl)oxy)methyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate (28). A flame-dried round 

bottom flask equipped with a stir bar was charged with 27 (237 mg, 0.380 mmol), Et3N (132 

μL, 0.950 mmol) and DCM (10 mL). The solution was cooled to 0 °C before adding α-

bromoisobutyryl bromide (0.11 mL mg, 0.89 mmol) dropwise. The reaction was then 

allowed to slowly warm to room temperature and stirred overnight until the reaction had 

completed, as determined by TLC. The reaction mixture was then diluted with DCM (10 

mL), washed with NH4Cl (25 mL) and brine (20 mL), and the organic fraction was dried 

over Na2SO4, filtered, and concentrated under reduced pressure. The crude product was 

purified by column chromatography (10–30% EtOAc/hexanes) to yield the title compound 

as a viscus colorless oil (155 mg, 53% yield).  1H NMR (400 MHz, CDCl3) δ: 7.36 – 7.29 

(m, 2H), 7.21 – 7.15 (m, 1H), 6.99 – 6.92 (m, 2H), 4.92 (s, 1H), 4.67 (ABq, ΔνAB = 124.7Hz, 
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JAB = 12.5 Hz, 2H), 4.34 (ABq, ΔνAB = 11.9 Hz, JAB = 12.4 Hz, 2H), 4.30-4.10 (m, , 2H), 

3.85 (d, J = 7.8 Hz, 1H), 3.78-3.68 (m, 1H), 3.63 (d, J = 7.8 Hz, 1H), 3.60-3.52 (m, 1H), 1.95 

(d, J = 4.0 Hz, 6H), 1.87 (d, J = 1.9 Hz, 6H), 0.93 (s, 9H), 0.14 (d, J = 9.4 Hz, 6H) ppm.  

13C{1H} NMR (100 MHz, CDCl3) δ: 174.4, 173.8, 171.5, 171.2, 163.5, 154.9, 130.1, 126.0, 

119.8, 100.4, 90.5, 88.3, 63.8, 62.6, 59.6, 55.7, 55.6, 50.9, 47.1, 37.4, 30.9, 30.8, 30.7, 30.7, 

26.0, 18.6, -5.1, -5.2 ppm. HRMS (ESI, m/z): calcd for [C32H44Br2NO9Si]+ (M+H)+, 

772.1147; found, 772.1168.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(hydroxymethyl)-1,3-dioxo-6-

phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-

methylpropanoate (29). A flame-dried round bottom flask equipped with a stir bar was 

charged with 28 (155 mg, 0.200 mmol) and THF (3 mL). The solution was cooled to 0 °C 

before adding TBAF (1 M in THF, 0.26 mL, 0.26 mmol) dropwise. The mixture was allowed 

to slowly warm up room temperature and stirred for 1 h. The reaction mixture was washed 

with NH4Cl (10 mL), extracted with EtOAc (10 mL), washed with brine (10 mL), and the 

organic fraction was dried over Na2SO4, filtered, and concentrated under reduced pressure. 

The crude product was purified by column chromatography (40–65% EtOAc/hexanes) to 

yield the title compound as a white foamy solid (105 mg, 80% yield). 1H NMR (400 MHz, 

CDCl3) δ: 7.38 – 7.30 (m, 2H), 7.23 – 7.14 (m, 1H), 7.01 – 6.94 (m, 2H), 4.97 (s, 1H), 4.69 

(ABq, ΔνAB = 113.7 Hz, JAB = 12.6 Hz, 2H), 4.44 (d, J = 13.1 Hz, 1H), 4.35 – 4.22 (m, 2H), 

4.2-4.12 (m, 1H), 3.81 – 3.63 (m, 3H), 3.57 (m, 1H), 1.96 (d, J = 4.2 Hz, 6H), 1.86 (s, 6H) 

ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 174.0, 173.4, 171.4, 171.1, 163.1, 154.7, 130.0, 

126.0, 119.7, 100.6, 90.0, 88.6, 63.4, 62.3, 59.6, 55.5, 55.5, 50.7, 47.8, 37.4, 30.7, 30.6 ppm. 

HRMS (ESI, m/z): calcd for [C26H30Br2NO9]
+ (M+H)+, 658.0281; found, 658.0287.   
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(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(((((4-methyl-2-oxo-2H-

chromen-7-yl)oxy)carbonyl)oxy)methyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-

hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate (30(O)). 

The title compound was prepared following the same procedure as that for compound (±)-

20(O), with compound 29 (20 mg, 0.030 mmol), dry pyridine (3.2 μL, 0.040 mmol), 

coumarin chloroformate (9.4 mg, 0.039 mmol) and DCM (5 mL). The crude product was 

purified by column chromatography (20–50% EtOAc/hexanes) to provide the title 

compound as a white foamy solid (21 mg, 81%). 1H NMR (400 MHz, CDCl3) δ: 7.62 (d, J 

= 8.7 Hz, 1H), 7.36 (dd, J = 8.4, 7.4 Hz, 2H), 7.25 – 7.16 (m, 3H), 7.04 – 6.95 (m, 2H), 6.3-

6.26 (m, 1H), 5.04 (s, 1H), 5.01 (ABq, ΔνAB = 75.3 Hz, JAB = 12.6 Hz, 2H), 4.71 (ABq, ΔνAB 

= 110.7 Hz, JAB = 12.7 Hz, 2H), 4.35-4.25 (m, 1H), 4.23-4.11 (m, 1H), 3.86 – 3.68 (m, 3H), 

3.66-3.55 (m, 1H), 2.43 (d, J = 1.2 Hz, 3H), 1.96 (d, J = 3.8 Hz, 6H), 1.87 (d, J = 1.2 Hz, 

6H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.7, 172.9, 171.5, 171.2, 162.2, 160.5, 

154.7, 154.3, 153.2, 152.5, 151.9, 130.3, 126.3, 125.7, 119.7, 118.3, 117.5, 114.9, 110.1, 

100.8, 89.1, 87.2, 64.5, 63.4, 62.4, 55.7, 55.5, 50.7, 48.5, 37.6, 30.8, 30.7, 18.9 ppm. HRMS 

(ESI, m/z): calcd for [C37H36Br2NO13]
+ (M+H)+, 860.0548; found, 860.0553.   

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-((((4-methyl-2-oxo-2H-

chromen-7-yl)carbamoyl)oxy)methyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-

4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate (30(NH)). The title 
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compound was prepared following the same procedure as that for compound (±)-20(NH), 

with compound 29 (40 mg, 0.061 mmol), DMAP (1.0 mg, 0.0082 mmol), coumNCO (18 

mg, 0.089 mmol) and CDCl3 (3 mL). The crude produce was purified by column 

chromatography (20–40% Et2O in 1:1 Hexanes/DCM) to provide the title compound as a 

white foamy solid (50 mg, 95%). 1H NMR (400 MHz, CDCl3) δ: 7.53 (d, J = 8.6 Hz, 1H), 

7.50 – 7.38 (m, 2H), 7.38 – 7.30 (m, 2H), 7.23 – 7.17 (m, 1H), 7.14 (s, 1H), 7.03-6.95 (m, 

2H), 6.22-6.16 (m,  1H), 5.03 (s, 1H), 4.95 (ABq, ΔνAB = 59.3 Hz, JAB = 12.7 Hz, 2H), 4.70 

(ABq, ΔνAB = 108.0 Hz, JAB = 12.7 Hz, 2H), 4.34-4.11 (m, 2H), 3.80 – 3.67 (m, 3H), 3.64-

3.54 (m, 1H), 2.41 (d, J = 1.3 Hz, 3H), 1.95 (d, J = 3.6 Hz, 6H), 1.86 (d, J = 0.8 Hz, 6H) 

ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.8, 172.9, 171.6, 171.2, 162.5, 161.1, 154.7, 

154.6, 152.3, 152.2, 141.1, 130.2, 126.2, 125.6, 119.6, 115.9, 114.6, 113.5, 106.3, 100.7, 

88.9, 87.7, 63.5, 62.4, 61.5, 55.7, 55.6, 50.7, 48.9, 37.6, 30.8, 30.7, 18.7 ppm. HRMS 

(ESI, m/z): calcd for [C37H37Br2N2O12]
+ (M+H)+, 859.0708; found, 859.0704.   

 

1-(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(((2-bromo-2-

methylpropanoyl)oxy)methyl)-1,3-dioxo-5-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)ethyl 4-(pyren-4-yl)butanoate ((±)-20(COOH)). A 2 dram vial 

equipped with a stir bar was charged with (±)-19 (34.0 mg, 0.0505 mmol), DMAP (1.5 mg, 

0.012 mmol), 1-pyrenebutanoic acid (16 mg, 0.056 mmol) and THF (0.5 mL). N,N′-

Dicyclohexylcarbodiimide (11.5 mg, 0.0558 mmol) was then added to the reaction mixture 

slowly. The reaction was stirred at room temperature overnight until the reaction completed, 

as determined by 1H NMR spectroscopy. The reaction mixture was filtered and then diluted 

with Et2O (15 mL), washed with NH4Cl (15 mL) and brine (15 mL), and the organic fraction 

was dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude product 

was purified by column chromatography (20–40% EtOAc/hexanes) to yield the title 
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compound as a white foamy solid (43.6 mg, 91% yield). 1H NMR (400 MHz, CDCl3) δ: 8.35 

– 8.28 (m, 1H), 8.21 – 8.14 (m, 2H), 8.14 – 8.08 (m, 2H), 8.05 – 8.02 (m, 2H), 8.02 – 7.97 

(m, 1H), 7.91 – 7.85 (m, 1H), 7.35 – 7.28 (m, 2H), 7.20 – 7.14 (m, 1H), 6.97 – 6.91 (m, 2H), 

5.77 (q, J = 6.5 Hz, 1H), 4.98 (s, 1H), 4.66 (ABq, ΔνAB = 119.3 Hz, JAB = 12.6 Hz, 2H), 4.28-

4.07 (m, 2H), 3.73 – 3.62 (m, 2H), 3.62 – 3.50 (m, 2H), 3.44 (t, J = 7.7 Hz, 2H), 2.56 (t, J = 

7.3 Hz, 2H), 2.32 – 2.20 (m, 2H), 1.90 (d, J = 4.2 Hz, 6H), 1.79 (d, J = 4.0 Hz, 6H), 1.55 (d, 

J = 6.6 Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.8, 172.9, 172.4, 171.5, 171.1, 

162.9, 154.7, 135.7, 131.5, 131.0, 130.2, 130.2, 128.9, 127.6, 127.6, 126.9, 126.1, 126.0, 

125.2, 125.1, 125.1, 125.0, 124.9, 123.5, 119.7, 100.9, 90.8, 88.3, 66.8, 63.7, 62.4, 55.7, 55.6, 

51.4, 47.9, 37.5, 34.1, 32.9, 30.8, 30.7, 30.6, 27.0, 16.0 ppm. HRMS (ESI, m/z): calcd for 

[C47H46Br2NO10]
+ (M+H)+, 942.1483; found, 942.1509. 

 

1-(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-1,3-dioxo-5-phenoxy-7-

((pivaloyloxy)methyl)-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)ethyl 4-

(pyren-1-yl)butanoate ((±)-20(COOH)-control). The title compound was prepared 

following a similar procedure as that for compound (±)-20(COOH), with compound (±)-19-

control (23.0 mg, 0.0378 mmol), 1-pyrenebutanoic acid (21.8 mg, 0.0757 mmol), N,N′-

dicyclohexylcarbodiimide (15.6 mg, 0.0757 mmol), DMAP (2.3 mg, 0.019 mmol), and THF 

(0.5 mL). Column chromatography (10–25% EtOAc/Hexanes) followed by preparative thin 

layer chromatography (4:1 toluene/acetone) afforded the title compound as a white foamy 

solid (28 mg, 84%). 1H NMR (500 MHz, CDCl3) δ: 8.34 – 8.29 (m, 1H), 8.19 – 8.14 (m, 

2H), 8.14 – 8.08 (m, 2H), 8.06 – 8.02 (m, 2H), 8.02 – 7.96 (m, 1H), 7.89 – 7.86 (m, 1H), 

7.35 – 7.28 (m, 2H), 7.21 – 7.14 (m, 1H), 6.95 – 6.90 (m, 2H), 5.78 (q, J = 6.5 Hz, 1H), 4.93 

(s, 1H), 4.57 (ABq, ΔνAB = 166.4 Hz, JAB = 12.7 Hz, 2H), 4.28-4.10 (m, 2H), 3.74 – 3.61 (m, 

2H), 3.61 – 3.47 (m, 2H), 3.44 (t, J = 7.7 Hz, 2H), 2.57 (t, J = 7.3 Hz, 2H), 2.32 – 2.20 (m, 
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2H), 1.80 (d, J = 6.0 Hz, 6H), 1.56 (d, J = 6.6 Hz, 3H), 1.18 (s, 9H) ppm.  13C{1H} NMR 

(100 MHz, CDCl3) δ: 177.8, 173.9, 172.9, 172.4, 171.5, 162.8, 154.7, 135.7, 131.5, 131.0, 

130.2, 130.1, 128.9, 127.6, 127.6, 126.9, 126.1, 126.0, 126.0, 125.2, 125.1, 125.1, 125.0, 

124.9, 123.5, 119.7, 119.6, 101.1, 90.7, 88.6, 66.8, 62.5, 62.4, 55.7, 51.4, 48.0, 39.0, 37.4, 

34.1, 32.9, 30.6, 30.6, 27.3, 27.2, 27.0, 16.0 ppm. HRMS (ESI, m/z): calcd for 

[C48H49BrNO10]
+ (M+H)+, 878.2534; found, 878.2541.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-((naphthalen-2-

ylsulfonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-20(SO3H)). A 2 dram vial 

equipped with a stir bar was charged with (±)-19 (22 mg, 0.033 mmol), DMAP (4.2 mg, 

0.035 mmol) and CDCl3 (0.3 mL). Naphthalene-2-sulfonyl chloride (7.8 mg, 0.034 mmol) 

dissolved in CDCl3 (0.2 mL) was then added to the reaction mixture slowly. The solution 

was then stirred at room temperature until the reaction completed, as determined by 1H NMR 

spectroscopy (~2 h). The reaction mixture was then diluted with DCM (10 mL), washed with 

NH4Cl (15 mL) and brine (15 mL), and the organic fraction was dried over Na2SO4, filtered, 

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

chromatography (20–40% EtOAc/hexanes) to yield the title compound as a white foamy 

solid (17.6 mg, 62% yield). 1H NMR (400 MHz, CDCl3) δ: 8.62 (d, J = 1.8 Hz, 1H), 8.07 – 

7.99 (m, 2H), 7.99 – 7.92 (m, 2H), 7.60-7.73 (m, 2H), 7.38 – 7.29 (m, 2H), 7.22 – 7.15 (m, 

1H), 6.96 – 6.89 (m, 2H), 5.55 (q, J = 6.6 Hz, 1H), 4.94 (s, 1H), 4.60 (ABq, ΔνAB = 107.3 

Hz, JAB = 12.6 Hz, 2H), 4.21 – 4.04 (m, 2H), 3.75 (d, J = 7.9 Hz, 1H), 3.68 – 3.49 (m, 3H), 

1.92 (d, J = 4.6 Hz, 6H), 1.84 (d, J = 1.6 Hz, 6H), 1.57 (d, J = 6.6 Hz, 3H) ppm.  13C{1H} 

NMR (100 MHz, CDCl3) δ: 173.6, 172.7, 171.4, 171.1, 162.4, 154.5, 135.5, 133.8, 132.1, 

130.2, 130.0, 129.9, 129.6, 129.6, 128.2, 128.0, 126.3, 122.7, 119.6, 101.1, 90.4, 88.4, 75.2, 
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63.5, 62.3, 55.7, 55.5, 51.3, 47.9, 37.4, 30.8, 30.7, 30.7, 17.2 ppm. HRMS (ESI, m/z): calcd 

for [C37H38Br2NO11S]+ (M+H)+, 862.0527; found, 862.0546. 

 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-((naphthalen-2-

ylsulfonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl pivalate ((±)-20(SO3H)-control). The title compound was 

prepared following the same procedure as that for compound (±)-20(SO3H), with compound 

(±)-19-control (20 mg, 0.033 mmol), DMAP (6.3 mg, 0.052 mmol), naphthalene-2-sulfonyl 

chloride (11.7 mg, 0.052 mmol, and CDCl3 (0.5 mL). Column chromatography (25–45% 

EtOAc/Hexanes) afforded the title compound as a white foamy solid (24 mg, 91%). 1H NMR 

(400 MHz, CDCl3) δ: 8.62 (d, J = 1.8 Hz, 1H), 8.05 –7.91 (m, 4H), 7.72 – 7.61 (m, 2H), 7.38 

– 7.28 (m, 2H), 7.23 – 7.16 (m, 1H), 6.95 – 6.88 (m, 2H), 5.56 (q, J = 6.5 Hz, 1H), 4.89 (s, 

1H), 4.50 (ABq, ΔνAB = 122.8 Hz, JAB = 12.7 Hz, 2H), 4.22 – 4.06 (m, 2H), 3.75 (d, J = 7.9 

Hz, 1H), 3.68 – 3.46 (m, 3H), 1.85 (s, 6H), 1.63 – 1.52 (m, 3H), 1.19 (s, 9H) ppm.  13C{1H} 

NMR (100 MHz, CDCl3) δ: 177.8, 173.7, 172.8, 171.4, 162.4, 154.6, 135.5, 133.8, 132.1, 

130.2, 130.0, 129.8, 129.6, 129. 6, 128.1, 127.9, 126.2, 122.7, 119.6, 101.2, 90.3, 88.7, 75.2, 

62.3, 62.2, 55.7, 51.2, 48.0, 39.0, 37.4, 30.7, 30.6, 27.3, 27.2, 17.2 ppm. HRMS (ESI, m/z): 

calcd for [C38H40BrNO11SNa]+ (M+Na)+, 820.1398; found, 820.1392.  
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(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-(((4-

nitrophenoxy)carbonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-

4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-31). A 2 dram vial 

equipped with a stir bar was charged with (±)-19 (101 mg, 0.150 mmol), pyridine (14.6 μL, 

0.181 mmol) and CDCl3 (1 mL). 4-nitrophenyl chloroformate (33.3 mg, 0.166 mmol) 

dissolved in CDCl3 was then added to the reaction mixture slowly. The reaction was then 

stirred at room temperature until the reaction had completed, as determined by 1H NMR 

spectroscopy (~2 h). The reaction mixture was then diluted with DCM (20 mL), washed with 

NH4Cl (25 mL) and brine (25 mL), and the organic fraction was dried over Na2SO4, filtered, 

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

chromatography (20–45% EtOAc/Hexanes) to yield the title compound as a white foamy 

solid (125 mg, quant). 1H NMR (400 MHz, CDCl3) δ: 8.34 – 8.26 (m, 2H), 7.49 – 7.41 (m, 

2H), 7.36 (dd, J = 8.5, 7.3 Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 7.01 – 6.94 (m, 2H), 5.66 (q, J 

= 6.5 Hz, 1H), 5.03 (s, 1H), 4.71 (ABq, ΔνAB = 106.7 Hz, JAB = 12.6 Hz, 2H), 4.34 – 4.12 

(m, 2H), 3.87 (d, J = 7.8 Hz, 1H), 3.78 – 3.54 (m, 3H), 1.96 (d, J = 2.0 Hz, 6H), 1.86 (d, J = 

1.2 Hz, 6H), 1.72 (d, J = 6.5 Hz, 3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.7, 

172.9, 171.5, 171.1, 162.5, 155.6, 154.6, 151.8, 145.6, 130.3, 126.3, 125.5, 121.9, 119.7, 
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101.2, 90.3, 88.5, 72.9, 63.5, 62.4, 55.7, 55.5, 51.4, 48.1, 37.6, 30.8, 30.7, 30.7, 15.7 ppm. 

HRMS (ESI, m/z): calcd for [C34H34Br2N2O13Na]+ (M+Na)+, 859.0320; found, 859.0325.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-(((4-

nitrophenoxy)carbonyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-hexahydro-4H-

4,7-epoxyisoindol-4-yl)methyl pivalate ((±)-31-control). The title compound was 

prepared following a similar procedure as that for compound (±)-31, with compound (±)-

19-control (75.0 mg, 0.123 mmol), pyridine (12.0 μL, 0.149 mmol), 4-nitrophenyl 

chloroformate (27.3 mg, 0.136 mmol), and CDCl3 (0.7 mL). Column chromatography (20–

45% EtOAc/hexanes) afforded the title compound as a white foamy solid (94.5 mg, quant). 

1H NMR (500 MHz, CDCl3) δ: 8.33 – 8.27 (m, 2H), 7.48 – 7.42 (m, 2H), 7.40 – 7.32 (m, 

2H), 7.25 – 7.18 (m, 1H), 6.99 – 6.93 (m, 2H), 5.66 (q, J = 6.5 Hz, 1H), 4.99 (s, 1H), 4.61 

(ABq, ΔνAB = 151.1 Hz, JAB = 12.8 Hz, 2H), 4.34 – 4.14 (m, 2H), 3.87 (d, J = 7.9 Hz, 1H), 

3.75 – 3.58 (m, 3H), 1.87 (s, 6H), 1.72 (d, J = 6.5 Hz, 3H), 1.23 (s, 9H) ppm.  13C{1H} 

NMR (100 MHz, CDCl3) δ: 177.8, 173.7, 173.0, 171.6, 162.5, 155.6, 154.7, 151.9, 145.6, 

130.3, 126.3, 125.5, 121.9, 119.7, 101.4, 90.1, 88.8, 72.8, 62.4, 62.2, 55.7, 51.4, 48.2, 39.1, 

37.6, 30.7, 27.3, 15.7 ppm. HRMS (ESI, m/z): calcd for [C35H37BrN2O13Na]+ (M+Na)+, 

795.1371; found, 795.1377.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-7-(1-(((4-

(pyren-1-yl)butoxy)carbonyl)oxy)ethyl)-1,2,3,3a,7,7a-hexahydro-4H-4,7-
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epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-20(OAlk)). A 2 dram vial 

equipped with a stir bar was charged with (±)-31 (21.7 mg, 0.0259 mmol), DMAP (3.5 mg, 

0.029 mmol) and CDCl3 (0.5 mL), followed by the addition of 1-pyrenebutanol (7.8 mg, 

0.028 mmol) dissolved in CDCl3 (0.2 mL). The reaction was stirred at 50 °C overnight until 

the reaction had completed, as determined by 1H NMR spectroscopy. The reaction mixture 

was then diluted with DCM (15 mL), washed with NH4Cl (15 mL) and brine (15 mL), and 

the organic fraction was dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified by column chromatography (35–50% 

EtOAc/hexanes) to yield the title compound as a white foamy solid (18 mg, 72% yield). 1H 

NMR (400 MHz, CDCl3) δ: 8.30 – 7.85 (m, 9H), 7.39 – 7.29 (m, 2H), 7.21 – 7.13 (m, 1H), 

7.01 – 6.91 (m, 2H), 5.57 (q, J = 6.5 Hz, 1H), 4.99 (s, 1H), 4.66 (ABq, ΔνAB =109.8 Hz, JAB 

= 12.6 Hz, 2H), 4.36 – 4.17 (m, 3H), 4.16 – 4.08  (m, 1H), 3.81 (d, J = 7.9 Hz, 1H), 3.70 – 

3.51 (m, 3H), 3.40 (t, J = 7.5 Hz, 2H), 2.13 – 1.85 (m, 10H), 1.82 (s, 6H), 1.58 (d, J = 6.5, 

3H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.7, 172.9, 171.4, 171.0, 162.5, 154.6, 

154.5, 136.2, 131.4, 130.9, 130.1, 129.9, 128.6, 127.5, 127.4, 127.3, 126.7, 126.0, 125.9, 

125.1, 125.0, 124.9, 124.8, 124.8, 123.3, 119.5, 101.0, 90.5, 88.2, 70.3, 68.3, 63.6, 62.3, 55.5, 

55.5, 51.3, 47.7, 37.3, 33.0, 30.7, 30.6, 30.5, 28.7, 27.9, 15.8 ppm. HRMS (ESI, m/z): calcd 

for [C48H48Br2NO11]
+ (M+H)+, 972.1589; found, 972.1597.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-7-(1-(((4-

(pyren-1-yl)butoxy)carbonyl)oxy)ethyl)-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl pivalate ((±)-20(OAlk)-control). The title compound was 

prepared following a similar procedure as that for compound (±)-20(OAlk), with compound 

(±)-31-control (30.0 mg, 0.0388 mmol), DMAP (9.5 mg, 0.078 mmol), 1-pyrenebutanol 

(21.3 mg, 0.777 mmol), and CDCl3 (0.5 mL). Column chromatography (20–50% 

EtOAc/Hexanes) afforded the title compound as a white foamy solid (25.9 mg, 73%). 1H 
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NMR (400 MHz, CDCl3) δ: 8.30 – 7.85 (m, 9H), 7.37 – 7.29 (m, 2H), 7.22 – 7.15 (m, 1H), 

7.00 – 6.91 (m, 2H), 5.56 (q, J = 6.5 Hz, 1H), 4.94 (s, 1H), 4.56 (ABq, ΔνAB = 123.5 Hz, JAB 

= 12.7 Hz, 2H), 4.34 – 4.19 (m, 3H), 4.17 – 4.08 (m, 1H), 3.80 (d, J = 7.9 Hz, 1H), 3.70 – 

3.49 (m, 3H), 3.40 (t, J = 7.5 Hz, 2H), 2.15 – 1.73 (m, 10H), 1.58 (d, J = 6.5 Hz, 3H), 1.20 

(s, 9H) ppm.  13C{1H} NMR (125 MHz, CDCl3) δ: 177.9, 173.9, 173.1, 171.5, 162.6, 154.7, 

136.3, 131.6, 131.0, 130.2, 130.0, 128.8, 127.6, 127.5, 127.4, 126.8, 126.1, 126.0, 125.2, 

125.1, 125.1, 125.0, 124.9, 123.4, 119.7, 101.2, 90.5, 88.7, 70.5, 68.4, 62.4, 55.7, 51.4, 47.8, 

39.0, 37.4, 33.2, 30.7, 28.8, 28.0, 27.2, 27.2, 15.9 ppm. HRMS (ESI, m/z): calcd for 

[C49H51BrNO11]
+ (M+H)+, 908.2640; found, 908.2626.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-7-(1-

(((pyren-1-ylmethyl)carbamoyl)oxy)ethyl)-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-20(NHAlk)). A 2 dram 

vial equipped with a stir bar was charged with (±)-31 (24.1 mg, 0.0289 mmol), DMAP (8.4 

mg, 0.069 mmol) and CDCl3 (0.5 mL). Pyren-1-ylmethanamine hydrochloride (8.5 mg, 

0.032 mmol) dissolved in CDCl3 (0.5 mL) was then added to the reaction mixture. The 

reaction was stirred at 50 °C overnight until the reaction had completed, as determined by 1H 

NMR spectroscopy. The reaction mixture was then diluted with DCM (10 mL), washed with 

NH4Cl (15 mL) and brine (15 mL), and the organic fraction was dried over Na2SO4, filtered, 

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

chromatography (20–60% EtOAc/hexanes) to yield the title compound as a white foamy 

solid (20 mg, 74% yield). 1H NMR (500 MHz, CDCl3) δ: 8.34 – 7.97 (m, 9H), 7.32 -7.26 

(m, 2H), 7.19 – 7.13 (m, 1H), 6.93 (d, J = 7.9 Hz, 2H), 5.77 (q, J = 6.5 Hz, 1H), 5.38 – 5.30 

(m, 1H), 5.16 (d, J = 5.6 Hz, 2H), 4.96 (s, 1H), 4.63 (ABq, ΔνAB = 137.0 Hz, JAB = 12.6 Hz, 

2H), 4.34 – 4.19 (m, 1H), 4.18 – 4.08 (m, 1H), 3.77 (d, J = 7.9 Hz, 1H), 3.71 – 3.41 (m, 3H), 

1.91 (d, J = 3.7 Hz, 6H), 1.82 (s, 6H), 1.57 (d, J = 6.5 Hz, 3H) ppm.  13C{1H} NMR (100 
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MHz, CDCl3)  δ: 173.9, 172.9, 171.5, 171.1, 163.1, 155.3, 154.7, 131.4, 131.2, 130.9, 130.1, 

129.1, 128.4, 127.7, 127.5, 127.0, 126.3, 126.0, 125.6, 125.5, 125.2, 125.0, 124.9, 122.9, 

119.7, 100.7, 90.9, 88.3, 67.3, 63.7, 62.5, 55.7, 55.6, 51.3, 47.8, 43.7, 37.5, 30.8, 30.7, 30.7, 

16.3 ppm. HRMS (ESI, m/z): calcd for [C45H43Br2N2O10]
+ (M+H)+, 

929.1279; found, 929.1268.  

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-1,3-dioxo-6-phenoxy-7-(1-

(((pyren-1-ylmethyl)carbamoyl)oxy)ethyl)-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl pivalate ((±)-20(NHAlk)-control). The title compound was 

prepared following a similar procedure as that for compound (±)-20(NHAlk), with 

compound (±)-31-control (38.0 mg, 0.0491 mmol), DMAP (13.2 mg, 0.108 mmol), pyren-

1-ylmethanamine hydrochloride (14.5 mg, 0.0542 mmol), and CDCl3 (0.5 mL). Column 

chromatography (20–40% EtOAc/hexanes) afforded the title compound as a white foamy 

solid (41 mg, 96%). 1H NMR (400 MHz, CDCl3) δ: 8.35 – 7.92 (m, 9H) 7.29 (t, J = 7.7 Hz, 

2H), 7.16 (t, J = 7.4 Hz, 1H), 6.92 (d, J = 7.9 Hz, 2H), 5.77 (q, J = 6.4 Hz, 1H), 5.34 (t, J = 

5.6 Hz, 1H), 5.15 (d, J = 5.5 Hz, 2H), 4.91 (s, 1H), 4.53 (ABq, ΔνAB = 124.2 Hz, JAB = 12.7 

Hz, 2H), 4.30 – 4.19 (m, 1H), 4.20 – 4.08 (m, 1H), 3.76 (d, J = 7.9 Hz, 1H), 3.72 – 3.50 (m, 

2H), 3.46 (d, J = 7.9 Hz, 1H), 1.82 (d, J = 0.9 Hz, 6H), 1.56 (d, J = 6.5 Hz, 3H), 1.17 (s, 9H) 

ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 177.8, 173.9, 173.0, 171.5, 163.0, 155.3, 154.8, 

131.4, 131.2, 130.9, 130.1, 129.0, 128.4, 127.7, 127.5, 127.0, 126.2, 126.0, 125.6, 125.5, 

125.1, 124.9, 124.8, 122.9, 119.6, 100.8, 90.8, 88.6, 67.4, 62.5, 62.4, 55.7, 51.3, 47.9, 43.7, 

39.0, 37.4, 30.7, 30.7, 27.2, 16.3 ppm. HRMS (ESI, m/z): calcd for [C46H46BrN2O10]
+ 

(M+H)+, 865.2330; found, 865.2338. 
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(5-(1-hydroxyethyl)-4-phenoxyfuran-2-yl)methyl pivalate (32). A round bottom 

flask equipped with a stir bar was charged with 17 (0.916 g, 3.95 mmol) and methanol (10 

mL). The solution was cooled to 0 °C in an ice bath followed by the slow addition of NaBH4 

(0.246 g, 6.47 mmol). The reaction mixture was allowed to slowly warm to room temperature 

and stirred for 1 h. The mixture was then washed with 10% NH4Cl (20 mL) and extracted 

with DCM (2 x 20 mL). The organic layer was dried over Na2SO4, filtered, and concentrated 

under reduced pressure to yield 1-(5-(hydroxymethyl)-3-phenoxyfuran-2-yl)ethan-1-ol as a 

colorless oil, which was used in the next step without further purification. The intermediate 

diol is stable for approximately one month when stored at −20°C. 

A flame-dried round bottom flask equipped with a stir bar was charged with 1-(5-

(hydroxymethyl)-3-phenoxyfuran-2-yl)ethan-1-ol (365.2 mg, 1.559 mmol), Et3N (228μL, 

1.64 mmol) and DCM (10 mL). The solution was cooled to 0 °C before adding pivaloyl 

chloride (202 μL, 1.64 mmol) dropwise. The reaction was then allowed to slowly warm to 

room temperature and stirred for approximately 4 h. The reaction mixture was then washed 

with NH4Cl (10 mL) and brine (10 mL), and the organic fraction was dried over Na2SO4, 

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

chromatography using 3:1 hexanes/EtOAc to yield the title compound as a colorless oil (315 

mg, 60% yield over two steps). A small amount of pivalic anhydride coeluted with the 

product. 1H NMR (400 MHz, CDCl3) δ: 7.33 – 7.24 (m, 2H), 7.07 – 7.01 (m, 1H), 7.02 – 

6.93 (m, 2H), 6.19 (s, 1H), 4.97 (ABq, ΔνAB = 8.19 Hz, JAB = 14.2 Hz, 2H), 4.92 (q, J = 6.7 

Hz, 1H), 2.36 (s, 1H), 1.53 (d, J = 6.8 Hz, 3H), 1.20 (s, 9H) ppm.  13C{1H} NMR (100 MHz, 

CDCl3) δ: 178.2, 158.0, 147.9, 145.1, 138.8, 129.7, 122.8, 116.2, 106.5, 61.3, 58.6, 38.9, 

27.2, 20.7 ppm. HRMS (ESI, m/z): calcd for [C18H21O4]
+ (M−OH)+, 

301.1434; found, 301.1455. 
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(5-(1-(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)ethyl)-4-

phenoxyfuran-2-yl)methyl pivalate (10). A flamed-dried two-neck round bottom flask 

equipped with a stir bar was charged with 32 (77.2 mg, 0.243 mmol), coumNCO (81.8 mg, 

0.407 mmol), and DCM (8 mL). DMAP (8.1 mg, 0.066 mmol) was then added into the stirred 

mixture at 0°C, and the reaction was allowed to warm to room temperature. After 3 h, the 

reaction was quenched by adding a solution of glucose (35.0 mg, 0.194 mmol) in 3 mL DMF. 

The mixture was stirred at room temperature for 2 h to consume the excess coumNCO 

completely, then diluted with diethyl ether (20 mL) and hexane (5 mL). A precipitate 

appeared immediately and the suspension was filtered to remove the excess glucose and any 

other insoluble products. The filtrate was washed with aqueous NaHCO3 solution and brine, 

dried over Na2SO4, then concentrated. The crude material was again dispersed into a mixture 

of diethyl ether (5 mL) and hexane (10 mL), and then filtered to remove insoluble 7-amino-

4-methylcoumarin. The filtrate was concentrated, dissolved in a small amount of DCM (0.3 

mL), and then added into a mixture of diethyl ether (3 mL) and hexane (7 mL). The mixture 

was slowly concentrated to around half of its original volume using a rotary evaporator 

causing a white precipitate to form. The white solid was collected carefully by removing the 

solution using a pipet, then washed with hexane, and finally dried under high vacuum to yield 

metastable compound 10 as a fluffy white solid (45.5 mg, 36%). 1H NMR (500 MHz, CDCl3) 

δ: 7.49 (d, J = 8.6 Hz, 1H), 7.36 – 7.27 (m, 4H), 7.05 (t, J = 7.4 Hz, 1H), 7.00 (d, J = 8.1 Hz, 

2H), 6.73 (s, 1H), 6.23 (s, 1H), 6.18 (d, J = 1.3 Hz, 1H), 6.02 (q, J = 6.7 Hz, 1H), 5.00 (ABq, 

ΔνAB = 17.7 Hz, JAB = 13.5 Hz, 2H), 2.41 (d, J = 1.2 Hz, 3H), 1.67 (d, J = 6.7 Hz, 3H), 1.22 

(s, 9H) ppm.  13C{1H} NMR (125 MHz, CDCl3) δ: 178.2, 161.2, 157.9, 154.6, 152.3, 152.0, 

148.9, 141.4, 141.0, 140.9, 129.8, 125.5, 123.1, 116.6, 115.7, 114.4, 113.3, 106.5, 106.0, 

65.0, 58.6, 39.0, 27.2, 18.7, 18.2 ppm. HRMS (FAB, m/z): calcd for [C29H30NO8]
+ (M+H)+, 

520.1966; found, 520.1950.   
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(5-(1-methoxyethyl)-4-phenoxyfuran-2-yl)methyl pivalate (13). Compound 10 

(6.2 mg, 0.012 mmol) was dissolved in a mixture of MeOH (155 mL) and MeCN (465 mL) 

and stirred at room temperature. After 16 h, the reaction mixture was concentrated under 

reduced pressure and the crude product was purified by flash chromatography (0–20% 

EtOAc/hexanes) to provide the title compound as a colorless oil (3.0 mg, 75%). 1H NMR 

(400 MHz, CDCl3) δ: 7.39 – 7.27 (m, 2H), 7.08 – 7.03 (m, 1H), 7.02 – 6.96 (m, 2H), 6.22 

(d, J = 0.6 Hz, 1H), 5.00 (ABq, ΔνAB = 11.6 Hz, JAB = 13.4 Hz, 2H), 4.44 (q, J = 6.7 Hz, 1H), 

3.24 (s, 3H), 1.51 (d, J = 6.7 Hz, 3H), 1.20 (s, 9H) ppm. 13C{1H} NMR (100 MHz, CDCl3) 

δ: 178.2, 158.1, 148.5, 142.8, 141.0, 129.8, 122.9, 116.4, 106.0, 69.2, 58.7, 56.3, 39.0, 27.2, 

18.8 ppm. HRMS (FAB, m/z): calcd for [C19H24O5]
+ (M)+, 332.1624; found, 332.1645.  

 

(5-(1-((4-methyl-2-oxo-2H-chromen-7-yl)amino)ethyl)-4-phenoxyfuran-2-

yl)methyl pivalate (13N). Compound 10 (22 mg, 0.066 mmol) was dissolved in a mixture 

of MeOH (0.15 mL) and MeCN (0.45 mL) and kept at room temperature. After 16 h, the 

reaction mixture was concentrated under reduced pressure and the crude product was purified 

by flash chromatography (0–50% EtOAc/hexanes) to provide the title compound as a white 

solid (19 mg, 60%). 1H NMR (400 MHz, CDCl3) δ: 7.30 – 7.27 (m, 2H), 7.26 – 7.22 (m, 

1H), 7.09 – 7.00 (m, 1H), 6.98 – 6.90 (m, 2H), 6.53 – 6.46 (m, 2H), 6.17 (s, 1H), 5.97 (q, J 

= 1.2 Hz, 1H), 4.94 (ABq, ΔνAB = 6.6 Hz, JAB = 13.2 Hz, 2H), 4.74 (dq, J = 8.3, 6.8 Hz, 1H), 

4.45 (d, J = 8.2 Hz, 1H), 2.30 (d, J = 1.2 Hz, 3H), 1.58 (d, J = 6.8 Hz, 3H), 1.16 (s, 9H) ppm. 

13C{1H} NMR (100 MHz, CDCl3) δ: 178.1, 162.0, 157.9, 155.8, 152.9, 150.1, 147.9, 143.4, 

139.0, 129.8, 125.5, 123.0, 116.3, 111.2, 110.7, 110.0, 106.5, 99.5, 58.5, 44.6, 38.9, 27.2, 

20.2, 18.6 ppm. HRMS (ESI, m/z): calcd for [C28H29NO6Na]+ (M+Na)+, 

498.1887; found, 498.1893. 
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(5-(1-(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)ethyl)furan-2-

yl)methyl pivalate (11). A flame-dried round bottom flask equipped with a stir bar was 

charged with 1-(5-(hydroxymethyl)furan-2-yl)ethan-1-ol3 (1.00 g, 7.04 mmol), Et3N (1.30 

mL, 9.44 mmol) and DCM (10 mL). The solution was cooled to 0 °C before adding pivaloyl 

chloride (1.0 mL, 8.13 mmol) dropwise. The reaction was then allowed to slowly warm to 

room temperature and stirred overnight until the reaction completed, as determind by 1H 

NMR spectroscopy. The reaction mixture was then washed with NH4Cl (10 mL) and brine 

(10 mL), and the organic fraction was dried over Na2SO4, filtered, and concentrated under 

reduced pressure to afford (5-(1-hydroxyethyl)furan-2-yl)methyl pivalate as a light-yellow 

oil (0.79 g) which was used in the next step without further purification. 

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

with (5-(1-hydroxyethyl)furan-2-yl)methyl pivalate (195.8 mg, 0.865 mol), coumNCO 

(233.0 mg, 1.159 mol), DCM (10 mL), and then DMAP (11.2 mg, 0.0918 mmol). The 

reaction was kept at room temperature for 3 h. The mixture was then washed with 10% 

NH4Cl, brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

crude produce was purified by column chromatography (25–45% EtOAc/hexanes) to 

provide the title compound as a white solid (296 mg, 40% yield over two steps). 1H NMR 

(400 MHz, CDCl3) δ: 7.51 (d, J = 8.6 Hz, 1H), 7.42 (d, J = 2.3 Hz, 1H), 7.35 (dd, J = 8.6, 

2.2 Hz, 1H), 6.87 (broad, 1H), 6.36 – 6.32 (m, 2H), 6.19 (q, J = 1.3 Hz, 1H), 5.96 (q, J = 6.7 

Hz, 1H), 5.05 (ABq, ΔνAB = 12.6 Hz, JAB = 13.3 Hz, 2H), 2.40 (d, J = 1.2 Hz, 3H), 1.66 (d, 

J = 6.7 Hz, 3H), 1.19 (s, 9H) ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 178.3, 161.2, 154.6, 

153.5, 152.3, 152.3, 150.3, 141.5, 125.5, 115.7, 114.5, 113.3, 110.7, 109.2, 106.1, 66.7, 58.3, 

39.0, 27.2, 18.7, 18.5 ppm. HRMS (FAB, m/z): calcd for [C23H26NO7]
+ (M+H)+, 

428.1704; found, 428.1723. 
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(5-(1-((((4-nitrobenzyl)oxy)carbonyl)oxy)ethyl)furan-2-yl)methyl 2-bromo-2-

methylpropanoate (8). A 20 mL septum-capped vial equipped with a stir bar was charged 

with 23 (59.5 mg, 0.204 mmol), DMAP (24.9 mg, 0.204 mmol), and DCM (2 mL). The 

solution was cooled to 0 °C in an ice bath followed by the dropwise addition of a solution of 

4-nitrobenzyl chloroformate (45.4 mg, 0.210 mmol) in DCM (1 mL). The reaction mixture 

was allowed to warm to room temperature and stirred for 5 h. A saturated solution of NH4Cl 

(3 mL) was added and the mixture was extracted with DCM (3 x 10 mL). The combined 

organic phase was dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

crude product was purified by column chromatography (10–40% EtOAc/hexanes) to provide 

the title compound as a colorless oil (43.4 mg, 45% yield). 1H NMR (400 MHz, CDCl3) δ: 

8.25 – 8.19 (m, 2H), 7.56 – 7.50 (m, 2H), 6.40 (d, J = 3.3 Hz, 1H), 6.36 (d, J = 3.3 Hz, 1H), 

5.80 (q, J = 6.7 Hz, 1H), 5.25 (ABq, ΔνAB = 10.2 Hz, JAB = 13.3 Hz, 2H), 5.13 (ABq, ΔνAB 

= 6.4 Hz, JAB = 13.0 Hz, 2H), 1.92 (s, 6H), 1.66 (d, J = 6.7 Hz, 3H) ppm. 13C{1H} NMR (100 

MHz, CDCl3) δ: 171.4, 154.3, 153.1, 149.4, 148.0, 142.5, 128.5, 124.0, 111.6, 109.7, 69.9, 

68.1, 59.6, 55.7, 30.8, 18.3 ppm. HRMS (FAB, m/z): calcd for [C11H14BrO3]
+ 

(M−OCO2CH2C6H4NO2)
+, 273.0121; found, 273.0151. LCMS (ESI, m/z): calcd for 

[C19H20BrNO8Na]+ (M+Na)+, 492.0; found, 492.0. 

 

(2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(1-(((4-methyl-2-oxo-2H-

chromen-7-yl)carbamoyl)oxy)ethyl)-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate ((±)-33). The title compound 
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was prepared following a similar procedure as that for compound (±)-12(NH), with 

compound (±)-4 (46.1 mg, 79.3 mmol), DMAP (1.0 mg, 8.2 mmol), coumNCO (31.8 mg, 

158.1 mmol) and DCM (1 mL). Column chromatography (20–40% Et2O in 1:1 

Hexanes/DCM) afforded the title compound as a white foamy solid (55.6 mg, 90%). 1H 

NMR (400 MHz, CDCl3) δ: 7.53 (d, J = 8.7 Hz, 1H), 7.47 – 7.36 (m, 2H), 7.10 (s, 1H), 6.53 

– 6.40 (m, 2H), 6.19 (q, J = 1.3 Hz, 1H), 5.57 (q, J = 6.6 Hz, 1H), 4.80(ABq, ΔνAB = 86.5 

Hz, JAB = 12.6 Hz, 2H), 4.22 (t, J = 5.1 Hz, 2H), 3.80 – 3.61 (m, 3H), 3.56 (d, J = 7.8 Hz, 

1H), 2.41 (d, J = 1.3 Hz, 3H), 1.93 (d, J = 6.8 Hz, 6H), 1.90 (s, 6H), 1.53 (d, J = 6.6 Hz, 3H) 

ppm.  13C{1H} NMR (100 MHz, CDCl3) δ: 173.7, 173.6, 171.5, 171.2, 161.1, 154.6, 152.3, 

152.0, 141.2, 135.7, 135.3, 125.6, 115.8, 114.5, 113.5, 106.1, 92.8, 89.4, 69.6, 63.2, 62.6, 

55.7, 55.5, 49.4, 48.1, 37.7, 30.8, 30.8, 18.7, 16.2 ppm. HRMS (ESI, m/z): calcd for 

[C32H34Br2N2O11Na]+ (M+Na)+, 803.0422; found, 803.0427. 

General Polymerization Procedures. A 10 mL Schlenk flask 

equipped with a stir bar was charged with the initiator (1 equiv), methyl acrylate (~1,500 

equiv), Me6TREN (2 equiv), and DMSO (equal volume to methyl acrylate). The flask was 

sealed, the solution was deoxygenated with three freeze-pump-thaw cycles, and then 

backfilled with nitrogen. The flask was opened briefly under a flow of N2, and freshly cut 

copper wire (1.0 cm length, 20 gauge) was added on top of the frozen mixture. The flask was 

resealed, evacuated for an additional 15 min, warmed to room temperature, and then 

backfilled with nitrogen. The mixture was stirred at room temperature until the solution 

became sufficiently viscous, indicating that the desired monomer conversion was reached 

(1–6 h). The flask was then opened to air and the solution was diluted with DCM. The 

polymer was precipitated into cold methanol (2x) and the isolated polymer was thoroughly 

dried under vacuum. 

2.6 Sonication Experiments and Fluorescence Spectroscopy 

An oven-dried sonication vessel was fitted with rubber septa, placed onto the 

sonication probe, and allowed to cool under a stream of dry argon.  The vessel was charged 

with a solution of the polymer in anhydrous acetonitrile/methanol (3:1 v/v, 2.0 mg/mL, 20 

mL) and submerged in an ice bath.  The solution was sparged continuously with argon 
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beginning 20 min prior to sonication and for the duration of the sonication experiment. 

Pulsed ultrasound (1 s on/2 s off, 20% amplitude, 20 kHz, 8.2 W/cm2) was then applied to 

the system. Aliquots (1.0 mL) were removed and filtered through a 0.45 μm syringe filter 

prior to analysis by GPC and fluorescence spectroscopy. Ultrasonic intensity was calibrated 

using the method described by Berkowski et al.25 

2.7 CoGEF calculations.  

CoGEF calculations were performed using Spartan ′18 Parallel Suite according to previously 

reported methods.42,43 Ground state energies were calculated using DFT at the B3LYP/6-

31G* level of theory.  Starting from the equilibrium geometry of the unconstrained molecule 

(relative energy = 0 kJ/mol), the distance between the terminal methyl groups of the truncated 

structure was increased in increments of 0.05 Å and the energy was minimized at each step.  

The maximum force associated with the retro-Diels–Alder reaction was calculated from the 

slope of the curve immediately prior to bond cleavage. 

2.8 Single Crystal X-Ray Diffraction 

Crystals for X-ray diffraction analysis were grown by slow diffusion of hexanes into 

a solution of compound 12 in chloroform/toluene (1:9 v:v).  A crystal was mounted on a 

polyimide MiTeGen loop with STP Oil Treatment and placed under a nitrogen stream. Low 

temperature (200K; there were crystal issues at lower temperatures) X-ray data were 

collected with a Bruker AXS D8 VENTURE KAPPA diffractometer running at 50 kV and 

1mA (Cu K = 1.54178 Å; PHOTON II CPAD detector  and Helios focusing multilayer 

mirror optics). All diffractometer manipulations, including data collection, integration, and 

scaling were carried out using the Bruker APEX3 software. An absorption correction was 

applied using SADABS. The space group was determined and the structure solved by 

intrinsic phasing using XT.  Refinement was full-matrix least squares on F2 using XL. All 

non-hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen 

atoms were placed in idealized positions and refined using a riding model. The water 

molecule was refined as a rigid body. The isotropic displacement parameters of all hydrogen 

atoms were fixed at 1.2 times (1.5 times for methyl groups) the Ueq value of the bonded atom. 

Special refinement details: Compound 12 crystallizes in the orthorhombic space group 
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Pna21(#33) with two molecules and one water molecule in the asymmetric unit. The structure 

was refined as a two component (0.55:0.45) inversion twin. In one molecule the Br is 

disordered with a CH3 group (0.69:0.31). 

 

Identification code  v19226 

Empirical formula  C17 H23 Br N O7.50 

Formula weight  441.27 

Temperature  200 K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  Pna21 

Unit cell dimensions a = 12.858(2) Å = 90° 

 b = 10.2977(15) Å = 90° 

 c = 29.000(4) Å  = 90° 

Volume 3839.8(10) Å3 

Z 8 

Density (calculated) 1.527 g/cm3 

Absorption coefficient 3.291 mm-1 

F(000) 1816 

Crystal size 0.25 x 0.10 x 0.10 mm3 

Theta range for data collection 3.048 to 81.319°. 

Index ranges -16  h  13, -11  k  13, -36  l  36 

Reflections collected 31123 

Independent reflections 8177 [R(int) = 0.0720] 

Completeness to theta = 67.679° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.0000 and 0.7949 



 
106 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8177 / 6 / 500 

Goodness-of-fit on F2 1.076 

Final R indices [I>2sigma(I)] R1 = 0.0667, wR2 = 0.1871 

R indices (all data) R1 = 0.0870, wR2 = 0.2044 

Absolute structure parameter [Flack] 0.45(4) 

Absolute structure parameter [Hooft] 0.46(1) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.713 and -0.691 e.Å-3 
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2.10 1H and 13C NMR spectra 
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C h a p t e r  3  

5-ARYLOXY SUBSTITUTION ENABLES EFFICIENT 

MECHANICALLY TRIGGERED RELEASE FROM A 

SYNTHETICALLY ACCESSIBLE MASKED 2-FURYLCARBINOL 

MECHANOPHORE 

 

Abstract: Polymers that release small molecules in response to mechanical force are 

attractive materials for a wide variety of applications. Here, we report a new mechanophore 

platform based on a masked 2-furylcarbinol derivative that incorporates a 5-aryloxy group, 

which serves as both an electron-rich substituent to accelerate molecular release and the 

position of polymer attachment proximal to the furan–maleimide junction. The 

mechanophore is readily synthesized and efficiently releases both phenol and arylamine 

payloads in response to mechanical activation. 

 

 

 

 

This chapter has been adapted with permission from 

 Zeng, T.; Hu, X.; Robb, M Chem. Commun. 2021, 57, 11173–11176.  
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3.1 Investigation  

Polymers that release small molecules in response to mechanical force are attractive 

for a variety of applications including drug delivery, self-healing materials, sensing, and 

catalysis.1–5 To this end, force-sensitive molecules known as mechanophores have been 

designed to release a covalently-bound cargo molecule upon mechanochemical activation, 

whereby mechanical force is transduced by attached polymer chains.6–8 Molecular release 

from mechanophores has been achieved via mechanically triggered cycloreversion,9–11 

rearrangement,12,13 and various other cascade reactions.14–17 In the last category, our group 

has recently developed a series of furan–maleimide Diels–Alder adducts that undergo 

mechanically-promoted retro-[4+2] cycloaddition reactions, unmasking reactive 2-

furylcarbinol derivatives that spontaneously decompose under mild conditions to release a 

covalently-bound cargo molecule (Figure 3.1).18,19 For the fluorogenic hydroxycoumarin and 

aminocoumarin payloads depicted in Figure 3.1, the cargo molecules are conjugated to the 

furan–maleimide mechanophore through carbonate and carbamate linkages, respectively, 

with release occurring through a retro-Diels–Alder/fragmentation–decarboxylation cascade.  

The modularity of the latent 2-furylcarbinol scaffold enables the release of 

functionally diverse cargo molecules and highly tunable release kinetics through strategic 

structural modifications.19 For example, an α-methyl substituent like the one in 

mechanophore 3-H (2°) promotes the release of a hydroxycoumarin cargo with a half-life of 

46 min at room temperature in a mixture of acetonitrile/methanol (3:1 v/v) following 

Figure 3.1. Mechanophore platforms for mechanically triggered small molecule release from masked 
2-furylcarbinol derivatives. 
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mechanical activation. As exemplified by mechanophore 3-OPh (2°), installation of an 

electron-donating phenoxy substituent at the 3-position of the furan, in combination with an 

α-methyl group, significantly accelerates decomposition of the 2-furylcarbinol derivative 

resulting in nearly instantaneous release of hydroxycoumarin as well as a relatively short 

half-life of 41 min for the more challenging aminocoumarin cargo. Release of 

hydroxycoumarin also occurs rapidly from phenoxy-substituted mechanophore 3-OPh (1°), 

which does not contain an α-methyl group, while the release of aminocoumarin occurs much 

more slowly with a half-life of ~6 days. These results highlight how the nature of the leaving 

group as well as the stability of the putative furfuryl cation intermediate effect the reactivity 

of 2-furylcarbinol derivatives.20 

While an electron-donating phenoxy substituent has proved important for enabling 

the release of more challenging payloads like amines on reasonable time scales, installation 

of the 3-phenoxy group in previous mechanophore designs is synthetically onerous and 

inefficient.19 Here, we report a new mechanophore that incorporates a 5-aryloxy substituent 

on the 2-furylcarbinol scaffold that also serves as the point of polymer attachment. The 

synthesis of mechanophore 5-OAr (1°) is straightforward and efficient. In addition, this new 

platform is competent with amine payloads, achieving release rates that are significantly 

faster than mechanophore 3-OPh (1°). These features provide an attractive mechanophore 

design for mechanically triggered release applications. 

Structural features that stabilize the developing positive charge at the α-position in 

the transition state increase the rate of molecular release from 2-furylcarbinol derivatives. 

For furfuryl carbonates and carbamates, we have previously demonstrated that an α-methyl 

substituent reduces the activation barrier for fragmentation by 3–4 kcal/mol compared to the 

primary 2-furfylcarbinol derivatives. In addition, an electron-donating 3-phenoxy group was 

found to reduce the activation barrier by 4–5 kcal/mol.19 Increasing the electron density of 

the furan was a key parameter for enabling the rapid release of more challenging cargo 

molecules including amines. The synthetic challenges posed by installation of the 3-phenoxy 

group, however, prompted us to pursue an alternative design that is more easily accessible, 

as represented by mechanophore scaffold 5-OAr (1°). Importantly, introduction of the 

phenoxy substituent at the 5-position of the furan preserves a proximal pulling geometry on 
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the Diels–Alder adduct mechanophore, which has been shown to result in greater 

mechanochemical activity compared to other regioisomers.21 Density functional theory 

(DFT) calculations using the constrained geometries simulate external force (CoGEF) 

method22,23 predict the desired retro-[4+2] cycloaddition reaction upon molecular elongation 

of a truncated model of the 5-OAr (1°) mechanophore (Figure 3.2). The mechanochemical 

reaction is predicted to occur with a maximum force (Fmax) of 4.2 nN for the carbonate model 

and 4.4 nN for the carbamate model, which are similar to the Fmax values of 4.0–4.1 nN 

computed for our previously reported mechanophores based on masked 2-furylcarbinol 

derivatives.23

 

Synthesis of the 5-OAr (1°) mechanophore scaffold is accomplished in four steps 

from commercially available reagents (Scheme 3.1). Furaldehyde derivative 1 was first 

established by a nucleophilic substitution reaction between tyrosol and 5-bromofurfural 

using Cs2CO3 as the base in 86% yield, which represents a two-fold improvement compared 

Figure 3.2. Density functional theory (DFT) calculations performed on truncated furan–maleimide 
Diels–Alder adducts using the constrained geometries simulate external force (CoGEF) method at 
the B3LYP/6-31G* level of theory. The Fmax value calculated for the carbonate model (X = O) is 4.2 
nN and that for the carbamate model (X = NH) is 4.4 nN. CoGEF calculations predict a retro-Diels–
Alder reaction to generate the expected furan and maleimide products upon mechanical 
elongation. 
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to the installation of a phenoxy group at the 3-position of the furan.19 Esterification by DCC 

coupling with α-bromoisobutyric acid produced 2 in 88% yield. This furaldehyde was then 

reduced with NaBH4 at −78 °C, which was necessary to avoid reduction of the ester, and 

subsequently reacted with a pre-functionalized maleimide dienophile at room temperature to 

form endo-Diels–Alder adduct bis-initiator (±)-3. Under these conditions, endo:exo 

stereoselectivity was ~97:3 and achieved an overall yield of 78% over the two steps. 

Installation of hydroxycoumarin or aminocoumarin payloads proceeded efficiently via 

reaction of the primary alcohol on (±)-3 with the corresponding chloroformate or isocyanate 

to yield mechanophore bis-initiators (±)-4O and (±)-4NH, respectively. The bis-initiators 

were then employed in the controlled radical polymerization24 of methyl acrylate using Cu 

wire/Me6TREN in DMSO to give PMA(O) (Mn = 88 kg/mol; Đ = 1.06) and PMA(NH) (Mn 

= 90 kg/mol; Đ = 1.15) incorporating the mechanophores near the chain midpoint. Notably, 

the thermal stability of the 5-OAr (1°) platform is comparable to that of the 3-OPh design 

and significantly greater than the original 3-H mechanophore (Figure 3.3).19 Heating 

compound (±)-3 in toluene-d8 at 70 °C for 5 h results in only ~10% retro-Diels–Alder 

reaction. In comparison, conversions of ~46% for 3-H and < 2% for 3-OPh were observed 

previously under the same conditions. At room temperature, no retro-Diels-Alder reaction of 

compound (±)-3 was detectable after nearly two months.  

 

Scheme 3.1. Synthesis of Poly(Methyl Acrylate) (PMA) Polymers Containing a Chain-Centered 5-OAr (1°) 
Mechanophore with Fluorogenic Coumarin Payloads. 
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Mechanically triggered release from the 5-OAr (1°) mechanophore platform was 

investigated using ultrasonication, which produces high stretching forces on polymer chains 

in solution maximized near the center of the chain where the mechanophore is located.25 

Polymers PMA(O) and PMA(NH) were subjected to pulsed ultrasound (1 s on/1 s off, 8–

10°C, 20 kHz, 30% amplitude, 8.2 W/cm2) in acetonitrile/methanol (3:1 v/v) and aliquots 

were periodically removed for characterization by gel permeation chromatography (GPC) 

Figure 3.3. Thermal stability study of Diels–Alder adduct 3 in toluene-d8 (7.7 mM). (A) Partial 1H NMR 
spectra (500 MHz) of (±)-3 (A) after heating at 70 °C for the indicated amount of time. Compound (±)-
3 undergoes a retro-Diels–Alder reaction upon heating at 70 °C with a conversion of approximately 
10% after 5 h and 35% after 21 h. The 1H NMR spectrum of the maleimide fragment in toluene-d8 is 
shown for reference. (B) Partial 1H NMR spectra of (±)-3 after being kept at room temperature for the 
indicated amount of time, demonstrating negligible reaction. 
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and photoluminescence (PL) spectroscopy (Figure 3.4). Each aliquot was kept at room 

temperature for a period of time prior to analysis to allow complete decomposition of the 

mechanically generated 2-furylcarbinol derivative. For the furfuryl carbonate derived from 

PMA(O), 30 min was found to be sufficient, while 3 days were required for the furfuryl 

carbamate derived from PMA(NH) (vide infra). The fluorogenic response of the coumarin 

payloads facilitates the straightforward determination of molecular release using PL 

spectroscopy. Increasing exposure of PMA(O) and PMA(NH) to ultrasonication results in 

a predictable increase in cargo release, reaching approximately 70% and 51% of the 

theoretical yield after 300 min of sonication “on” time for hydroxycoumarin and 

aminocoumarin payloads, respectively (Figures 3.4B and 3.4C). By fitting the sonication 

time-dependent release data to a first-order rate expression, the maximum release is projected 

to reach 92% from PMA(O) and 58% from PMA(NH). GPC measurements using an in-line 

UV detector also reflect the increasing production of small molecules consistent with the 

coumarin cargos as well as the expected decrease in molecular weight over the course of the 

sonication experiments (Figure 3.5 and 3.6). While attenuation of the original polymer peak 

Figure 3.4. (A) Mechanically triggered release of hydroxycoumarin and aminocoumarin from PMA(X) 
and chain-end functional PMA(X)-control polymers subjected to ultrasound-induced 
mechanochemical activation (2 mg/mL in 3:1 acetonitrile/methanol). The total percent release of (B) 
hydroxycoumarin and (C) aminocoumarin as a function of sonication time was determined by PL 
spectroscopy after incubation at room temperature post-activation. Data for PMA(O) and PMA(NH) 
are the average from two experiments with error bars denoting the range of the two measurements. 
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Figure 3.5. GPC traces as a function of ultrasonication time for PMA(O) monitored using a (A) UV-
vis detector (λ = 322–338 nm) and (B) refractive index (RI) detector. Measurements were 
performed after incubation at room temperature for 30 mins post-sonication. The growth of the 
small molecule peak at an elution time of ~20 min in the UV-detected chromatograms is indicative 
of hydroxycoumarin generation. The Mn decreases steadily from 88 kg/mol to 49 kg/mol over 300 
min of ultrasonication, with the GPC-RI chromatograms exhibiting characteristic features of 
midchain scission. Note that the GPC-RI chromatogram for the unactivated polymer (0 min) was 
acquired separately resulting in slight differences in retention time. 

Figure 3.6. GPC traces as a function of ultrasonication time for PMA(NH) monitored using a (A) UV-
vis detector (λ = 357–373 nm) and (B) refractive index (RI) detector. Measurements were 
performed after incubation at room temperature for 3 days post-sonication. The growth of the 
small molecule peak at an elution time of ~20 min in the UV-detected chromatograms is indicative 
of aminocoumarin generation. The Mn decreases steadily from 90 kg/mol to 50 kg/mol over 300 
min of ultrasonication; however, unlike the behavior of PMA(O), the GPC-RI peaks shift 
continuously to longer retention times without the characteristic features of midchain scission. 
This behavior is attributed, at least in part, to the broader molecular weight distribution of 
PMA(NH) (Đ = 1.15) and greater competition between mechanophore activation and nonspecific 
backbone scission. Note that the GPC-RI chromatogram for the unactivated polymer (0 min) was 
acquired separately resulting in slight differences in retention time. 
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and generation of a new lower molecular weight peak is observed for the ultrasound-induced 

mechanical activation of PMA(O) characteristic of mid-chain scission, a more continuous 

shift in average molecular weight is observed upon ultrasonication of PMA(NH). We 

attribute the difference in behavior to the broader molecular weight distribution of 

PMA(NH), which we also suspect is responsible, at least in part, for the lower mechanophore 

activation efficiency compared to PMA(O).26 Indeed, experiments performed on an isolated 

small molecule furfuryl carbamate model demonstrate nearly quantitative release of 

aminocoumarin under similar conditions as those in the sonication experiments, implicating 

the mechanical activation step as a bottleneck (Figure 3.7). Importantly, no cargo release is 

observed upon ultrasonication of control polymers PMA(O)-control and PMA(NH)-

control that incorporate the cargo-loaded mechanophores at the chain-end, confirming the 

mechanical origin of molecular release from PMA(O) and PMA(NH).6 

 

Figure 3.7. Results of small molecule model experiments measuring the room temperature 
decomposition of furfuryl carbamate 5 in acetonitrile/methanol (3:1 v/v). Time course experiments 
following (A) the conversion of model compound 5 by 1H NMR spectroscopy (3:1 acetonitrile-
d3/methanol; [5]0 = 21 mM), and (B) the generation of aminocoumarin by photoluminescence 
spectroscopy (3:1 acetonitrile/methanol; λex = 365 nm; λem = 424 nm; [5]0 = 7.0 μM). The 
concentration of aminocoumarin from PL spectroscopy was calculated based on a standard calibration 
curve (Figure 3.11). Fitting the curves to a first-order rate expression (dashed grey lines) gives half-
lives for consumption of 5 (NMR) and generation of aminocoumarin (PL) of t1/2 = 9.3 and 10.8 h, 
respectively. 
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To compare the release kinetics from the 5-OAr (1°) platform with our previously 

studied furfuryl carbonates and carbamates,19 solutions of PMA(O) and PMA(NH) were 

subjected to ultrasonication for 60 min (“on” time) as above and then coumarin release from 

the mechanically liberated 2-furylcarbinol derivatives was monitored by PL spectroscopy 

after warming the solutions to room temperature (Figure 3.8). The initial fluorescence 

intensity (t = 0) was subtracted from each measurement and the data were normalized to 

emphasize the relative rates of molecular release. The fluorescence emission from PMA(O) 

reached a maximum prior to the first measurement, indicating that the release of 

hydroxycoumarin completed nearly instantaneously (t1/2 < 5 min), similar to our previously 

reported 3-OPh scaffolds. In comparison, release of hydroxycoumarin from the 3-H platform 

occurs with a significantly longer half-life of ~46 min. The release of aminocoumarin from 

mechanically activated PMA(NH) occurs with a half-life of 15 h, which is much faster than 

that from the 3-OPh (1°) design (t1/2 ≈ 6.5 days) but slower than aminocoumarin release from 

the 3-OPh (2°) mechanophore platform (t1/2 = 41 min).  

Small molecule model experiments were performed to interrogate the mechanism of 

release from the 5-OAr (1°) platform. A furfuryl carbamate small molecule corresponding 

to the unmasked furan component of compound 4NH was isolated and its decomposition 

behavior evaluated in acetonitrile/methanol (3:1 v/v) at room temperature.  Consistent with 

the results above, the half-life associated with furfuryl carbamate consumption and 

Figure 3.8. Mechanically triggered release of (A) hydroxycoumarin and (B) aminocoumarin from the 
5-OAr (1°) mechanophore platform compared to previously reported systems.19 Polymer solutions (2 
mg/mL in 3:1 acetonitrile/methanol) were sonicated for 60 min (“on” time), warmed to room 
temperature, and the release of coumarin cargo from the mechanically liberated 2-furylcarbinol 
derivatives was monitored by PL spectroscopy (see the ESI for details). The initial PL intensity was 
subtracted from each measurement and the data were normalized to the plateau value. Data for 
aminocoumarin release from 3-H (2°) are not shown. 
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aminocoumarin generation was determined to be ~10 h by 1H NMR and PL spectroscopy, 

respectively (Figure 3.7). Again, aminocoumarin is produced in nearly quantitative yield. 

Previously studied 2-furylcarbinol derivatives from the 3-H and 3-OPh platforms 

decompose under these same conditions to produce a furfuryl methyl ether as a major 

product, which is thought to be generated by nucleophilic attack of the furfuryl cation 

intermediate by methanol.18,19 Interestingly, decomposition of the 5-aryloxy substituted 

furfuryl carbamate does not appear to generate a similar furfuryl methyl ether, but rather an 

alkyl ester tyrosol derivative as a major product (Figure 3.9). We hypothesize that after the 

initial fragmentation reaction to release the small molecule cargo, methanol attacks the 5-

position of the furfuryl cation to form an orthoester, which closes down to eject the tyrosol 

fragment (Figure 3.10). A more detailed mechanistic investigation is currently in progress, 

Figure 3.9. Product analysis of the decomposition of model compound 5 in 3:1 acetonitrile-
d3/methanol ([5]0 = 7.0 μM). (A) The preparatory-HPLC trace of the mixture after 3 days of 
decomposition monitored at 285 nm. HPLC conditions: 80% acetonitrile in water, 8 mL/min. (B) 1H 
NMR spectra (500 MHz, CDCl3) of the fractions isolated after HPLC separation. (i) 1H NMR spectrum 
corresponding to the retention times 1.0–1.5 min in the HPLC chromatogram showing aminocoumarin 
as a major product. The assignment is further supported by LCMS measurements. The mass of the 
analyte (m/z= 176.1 amu) matches the calculated m/z for 7-amino-4-methylcoumarin, [C10H10NO2]+ 

(M+H)+ (176.1). (ii) 1H NMR spectrum corresponding to the peak at 1.7 min in the HPLC chromatogram 
identified as a tyrosol alkyl ester derivative. The assignment is further supported by LCMS 
measurements. The mass of the analyte (m/z= 309.0 amu) matches the calculated m/z for 4-
hydroxyphenethyl 2-bromo-2-methylpropanoate, [C12H15BrO3Na]+ (M+Na)+ (309.0). (iii) 1H NMR 
spectrum corresponding to the peak at 3.0 min in the HPLC chromatogram representing a mixture of 
products that was not identified.  
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but these preliminary results suggest that the unique fragmentation mechanism could be 

leveraged to achieve auxiliary functionality with this system.  

 

In summary, we have developed a new mechanophore for mechanically triggered 

small molecule release based on a masked 2-furylcarbinol scaffold incorporating 5-aryloxy 

substitution. This design combines an electron-rich aryloxy group on the furan ring that 

accelerates molecular release, while simultaneously serving as the site of polymer attachment 

for efficient force transfer proximal to the furan–maleimide junction. The efficient synthesis 

and demonstrated competence of the mechanophore for releasing both phenol and arylamine 

payloads on reasonable time scales makes this design attractive for a variety of triggered 

molecular release applications. A unique decomposition mechanism relative to previously 

studied 2-furylcarbinol derivatives may also provide added functionality. 

We acknowledge the Center for Catalysis and Chemical Synthesis of the Beckman 

Institute at Caltech for access to equipment. Financial support for this work was provided by 

the Arnold and Mabel Beckman Foundation through a Beckman Young Investigator Award 

and the Donors of the American Chemical Society Petroleum Research Fund through a 

Doctoral New Investigator Award (Grant No. 61638-DNI7). 

  

Figure 3.10. Proposed mechanism for the generation of major products aminocoumarin and the 
tyrosol alkyl ester via the room temperature decomposition of furfuryl carbamate 5 in 3:1 
acetonitrile/methanol.  
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3.2 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, diethyl ether, MeCN, and DMF were obtained 

from a Pure Process Technology solvent purification system. All reactions were performed 

under a N2 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 MHz spectrometers. All 

1H NMR spectra are reported in δ units, parts per million (ppm), and were measured relative 

to the signals for residual chloroform (7.26 ppm), dichloromethane (5.32 ppm), methanol 

(3.31 ppm), acetone (2.05 ppm), toluene (2.08 ppm) or acetonitrile (1.94 ppm) in deuterated 

solvent. All 13C NMR spectra were measured in deuterated solvents and are reported in ppm 

relative to the signals for chloroform (77.16 ppm).  Multiplicity and qualifier abbreviations 

are as follows: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dq = 

doublet of quartets, ABq = AB quartet, m = multiplet, br = broad. 

High resolution mass spectra (HRMS) were analyzed by Fast Atom Bombardment 

(FAB) using a JEOL JMS-60H Double-focusing high resolution magnetic sector mass 

spectrometer operated in the positive ion mode. The instrument was calibrated with PEG 

clusters over the mass range of interest.  

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 an 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).  

Photoluminescence spectra were recorded on a Shimadzu RF-6000 

spectrofluorophotometer using a quartz microcuvette (Starna Cells 18F-Q-10-GL14-C, 10 x 

2 mm). Excitation and emission slit widths were 5 nm and 3 nm, respectively.  
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Preparatory High-Performance Liquid Chromatography (HPLC) was performed with 

an Agilent Eclipse XDB-C18 column (990967-202) using a single-wavelength UV-vis 

detector. 

Ultrasound experiments were performed inside of a sound abating enclosure using a 

500 watt Vibra Cell 505 liquid processor (20 kHz) 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). 

LCMS measurements were performed with an Agilent 6140 Series Quadrupole 

LCMS Spectrometer System equipped with an Agilent Eclipse Plus C18 column using 

MeCN/water as the eluent. 

 

3.3 Characterization of Molecular Release Using PL Spectroscopy 

 

 
 
  

Figure 3.11. Calibration curves for experimental determination of the concentration of (A) 7-
hydroxy-4-methylcoumarin (λex = 330 nm, λem = 380 nm), and (B) 7-amino-4-methylcoumarin (λex = 
365 nm, λem = 424 nm) in acetonitrile/methanol (3:1 v/v). 
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Figure 3.12. (A) Representative PL spectra of a 2.0 mg/mL solution of PMA(O) in 
acetonitrile/methanol (3:1 v/v) after being subjected to ultrasonication for the indicated amount 
of time. Aliquots were kept at room temperature for 30 min prior to analysis. λex = 330 nm. (B) 
Concentrations of hydroxycoumarin released from PMA(O) as a function of ultrasonication time 
calculated from the fluorescence intensity at 378 nm using a standard calibration curve. The 
theoretical concentration of hydroxycoumarin based on 100% release from the mechanophore is 
22.7 μM. Each data point is the average of two measurements with the error bars denoting the 
range of the two values. 

Figure 3.13. (A) PL spectra of a 2.0 mg/mL solution of chain-end functional control polymer 
PMA(O)-control in acetonitrile/methanol (3:1 v/v) after being subjected to ultrasonication for the 
indicated amount of time. Aliquots were kept at room temperature for 30 min prior to analysis. λex 

= 330 nm. (B) Concentrations of hydroxycoumarin released from PMA(O)-control as a function of 
ultrasonication time calculated from the fluorescence intensity at 378 nm using a standard 
calibration curve. The theoretical concentration of hydroxycoumarin based on 100% release from 
the mechanophore is 25.0 μM. 

  



 

 

169 

 
 
 

 
 

Figure 3.14. (A) Representative PL spectra of a 2.0 mg/mL solution of PMA(NH) in 
acetonitrile/methanol (3:1 v/v) after being subjected to ultrasonication for the indicated amount 
of time. Aliquots were kept at room temperature for 3 days prior to analysis. λex = 365 nm. (B) 
Concentrations of aminocoumarin released from PMA(NH) as a function of ultrasonication time 
calculated from the fluorescence intensity at 424 nm using a standard calibration curve. The 
theoretical concentration of hydroxycoumarin based on 100% release from the mechanophore is 
22.2 μM. Each data point is the average of two measurements with the error bars denoting the 
range of the two values. 

Figure 3.15. (A) PL spectra of a 2.0 mg/mL solution of chain-end functional control polymer 
PMA(NH)-control in acetonitrile/methanol (3:1 v/v) after being subjected to ultrasonication for 
the indicated amount of time. Aliquots were kept at room temperature for 3 days prior to analysis. 
λex = 365 nm. (B) Concentrations of aminocoumarin released from PMA(NH)-control as a function 
of ultrasonication time calculated from the fluorescence intensity at 424 nm using a standard 
calibration curve. The theoretical concentration of hydroxycoumarin based on 100% release from 
the mechanophore is 23.5 μM.  
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Figure 3.16. Characterization of hydroxycoumarin release from a 2.0 mg/ml solution of PMA(O) in 
acetonitrile/methanol (3:1 v/v) after ultrasound-induced mechanochemical activation for 60 min 
(sonication “on” time). The sonicated solution was warmed to room temperature and PL spectra 
were recorded at the indicated times after sonication ended. λex= 330 nm. The data indicate that 
hydroxycoumarin release was completed prior to the first measurement. 

Figure 3.17. Characterization of aminocoumarin release from a 2.0 mg/ml solution of PMA(NH) in 
acetonitrile/methanol (3:1 v/v) after ultrasound-induced mechanochemical activation for 60 min 
(sonication “on” time). (A) Representative PL spectra of the sonicated solution at room 
temperature recorded at the indicated times after sonication ended. (B) PL intensity at 424 nm as 
a function of time post-sonication. The background fluorescence at the start of the experiment 
(resulting from the release of aminocoumarin cargo during ultrasonication) was subtracted from 
each subsequent measurement. λex= 365 nm. Fitting the baseline corrected data to a first-order 
rate expression (dashed blue line) gives a half-life of t1/2 = 14.6 h. 
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3.4 Synthetic Details 

 

5-(4-(2-hydroxyethyl)phenoxy)furan-2-carbaldehyde (1). A round bottom flask equipped 

with a stir bar was charged with 5-bromo-2-furaldehyde (1.0 g, 5.7 mmol), 4-(2-

hydroxyethyl)phenol (1.0 g, 7.4 mmol), and Cs2CO3 (2.4 g, 7.4 mmol). The flask was purged 

with N2 before DMF (11 mL) was added. The solution was then heated and kept at 55 °C in 

an oil bath for 4 h. The reaction was then cooled to room temperature before 10% NH4Cl (50 

mL) was added. The mixture was then extracted with Et2O (3 x 50 mL) and the combined 

organic phase was washed with brine (150 mL). The organic layer was dried over MgSO4, 

filtered, and concentrated under reduced pressure. The crude mixture was then purified by 

column chromatography (30–60% EtOAc/hexanes) to afford the title compound as a yellow 

oil, which solidified upon storage in the freezer (1.14 g, 86% yield). 1H NMR (400 MHz, 

CDCl3) δ: 9.38 (s, 1H), 7.30 – 7.23 (m, 1H), 7.21 (d, J = 3.8 Hz, 1H), 7.15 – 7.06 (m, 1H), 

5.55 (d, J = 3.8 Hz, 1H), 3.87 (t, J = 6.6 Hz, 2H), 2.88 (t, J = 6.6 Hz, 2H), 1.68 (s, 1H) ppm. 
13C{1H} NMR (100 MHz, CDCl3) δ: 175.7, 163.1, 152.8, 144.8, 136.6, 130.6, 125.2, 119.1, 

89.8, 63.4, 38.4 ppm. HRMS (FAB, m/z): calcd for [C13H13O4]
+ (M+H)+, 

233.0808; found, 233.0814. 

 

4-((5-formylfuran-2-yl)oxy)phenethyl 2-bromo-2-methylpropanoate (2). A round 

bottom flask equipped with a stir bar was charged with 1 (100 mg, 0.431 mmol), DCC (107 

mg, 0.517 mmol), DMAP (13.1 mg, 0.108 mmol), and DCM (1 mL). The solution was then 

stirred to dissolve all reagents before α-bromoisobutyric acid was added (79.0 mg, 0.473 

mmol). The solution was stirred at room temperature overnight and then the solid precipitate 
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was filtered off and discarded. The filtrate was diluted with Et2O (10 mL) and washed 

consecutively with 10% NH4Cl (5 mL) and brine (5 mL). The organic layer was then dried 

over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by column chromatography (20–40% EtOAc/hexanes) to afford the title compound 

as a dark yellow oil, which solidified upon storage in the freezer (143 mg, 88% yield). 1H 

NMR (400 MHz, CDCl3) δ: 9.40 (s, 1H), 7.28 (app d, J = 8.3 Hz, 2H), 7.21 (d, J = 3.8 Hz, 

1H), 7.12 (app d, J = 8.3 Hz, 2H), 5.54 (d, J = 3.7 Hz, 1H), 4.38 (t, J = 6.8 Hz, 2H), 3.01 (t, 

J = 6.8 Hz, 2H), 1.89 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 175.9, 171.7, 163.0, 

153.2, 145.0, 135.5, 130.8, 125.5 119.3, 89.9, 66.3, 55.8, 34.3, 30.9 ppm. HRMS (FAB, m/z): 

calcd for [C17H18BrO5]
+ (M+H)+, 381.0332; found, 381.0335. 

4-((2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(hydroxymethyl)-1,3-dioxo-

1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)oxy)phenethyl 2-bromo-2-

methylpropanoate ((±)-3). A flame-dried round bottom flask equipped with a stir bar was 

charged with 2 (152 mg, 0.40 mmol), DCM (2 mL), and MeOH (2 mL). The solution was 

cooled to −78 °C in an acetone/dry ice bath before adding NaBH4 (82.0 mg, 2.17 mmol) in 

three portions. The mixture was kept at −78 °C overnight before being quenched with 10% 

NH4Cl (10 mL) and subsequently warmed to room temperature. The solution was then 

extracted with EtOAc (2 x 10 mL) and the organic phase was washed with brine (10 mL). 

The organic layer was dried over Na2SO4, and filtered. 2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-

1-yl)ethyl 2-bromo-2-methylpropanoate27 (150 mg, 0.52 mmol) was then added to the 

filtrate, which was then concentrated under reduced pressure until ~2 mL of viscous solution 

remained. The solution was then reacted at room temperature for 12 h, and the crude mixture 

was purified by column chromatography (40–70% EtOAc/hexanes). A racemic mixture of 

the endo diastereomer of the title compound was isolated as a foamy white solid (210 mg, 

78% yield). 1H NMR (400 MHz, CDCl3) δ: 7.17 (s, 4H), 6.45 (d, J = 5.8 Hz, 1H), 6.41 (d, J 

= 5.8 Hz, 1H), 4.35 (m, 2H), 4.31 – 4.12 (m, 4H), 3.73 – 3.64 (m, 4H), 2.96 (t, J = 6.9 Hz, 

2H), 2.05 (m, 1H), 1.90 (d, J = 1.2 Hz, 6H), 1.88 (s, 6H) ppm. 13C{1H} NMR (125 MHz, 

CDCl3) δ: 174.4, 173.4, 171.7, 171.5, 153.2, 135.7, 135.7, 134.0, 130.1, 120.9, 113.5, 86.7, 
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66.4, 62.6, 61.9, 55.9, 55.6, 50.6, 48.9, 37.7, 34.2, 30.9, 30.8 ppm. HRMS (FAB, m/z): calcd 

for [C27H32Br2NO9]
+ (M+H)+, 672.0438; found, 672.0459. 

4-((2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-(((((4-methyl-2-oxo-2H-chromen-

7-yl)oxy)carbonyl)oxy)methyl)-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)oxy)phenethyl 2-bromo-2-methylpropanoate ((±)-4O). A round 

bottom flask equipped with a stir bar was charged with (±)-3 (188 mg, 0.282 mmol) and 

DCM (15 mL). The solution was cooled to 0 °C in an ice bath before adding 4-

methylcoumarin-7-chloroformate18 (153 mg, 0.845 mmol) in DCM (10 mL) then anhydrous 

pyridine (68 μL, 0.85 mmol). The mixture was then warmed to room temperature, and stirred 

for 1 h. The mixture was then washed with 10% NH4Cl (10 mL), extracted with EtOAc (10 

mL) and washed with brine (10 mL). The organic layer was dried over Na2SO4, and filtered. 

The crude mixture was purified by column chromatography (40–70% EtOAc/hexanes) to 

afford the titled compound as a white foamy solid (228 mg, 92% yield). 1H NMR (400 MHz, 

CDCl3) δ: 7.64 (d, J = 8.7 Hz, 1H), 7.29 (d, J = 2.3 Hz, 1H), 7.23 (dd, J = 8.7, 2.4 Hz, 1H), 

7.19 (s, 4H), 6.51 (d, J = 5.8 Hz, 1H), 6.46 (d, J = 5.8 Hz, 1H), 6.30 (d, J = 1.4 Hz, 1H), 

4.89 (ABq, ΔνAB = 87.2 Hz, JAB = 12.0 Hz, 2H), 4.43 – 4.31 (m, 2H), 4.25 (t, J = 5.1 Hz, 

2H), 3.78 – 3.67 (m, 4H), 2.97 (t, J = 6.9 Hz, 2H), 2.45 (d, J = 1.2 Hz, 3H), 1.90 (s, 6H), 

1.88 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 173.6, 173.0, 171.7, 171.5, 160.5, 

154.3, 153.2, 153.2, 152.8, 151.9, 136.1, 135.0, 134.2, 130.2, 125.8, 121.1, 118.4, 117.5, 

115.0, 113.6, 110.2, 83.7, 66.4, 66.3, 62.6, 55.9, 55.6, 50.1, 49.7, 37.8, 34.3, 30.9, 30.8, 18.9 

ppm. HRMS (FAB, m/z): calcd for [C38H38Br2NO13]
+ (M+H)+, 874.0704; found, 874.0719. 

4-((2-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-7-((((4-methyl-2-oxo-2H-chromen-

7-yl)carbamoyl)oxy)methyl)-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-

4-yl)oxy)phenethyl 2-bromo-2-methylpropanoate ((±)-4NH). A round bottom flask 

equipped with a stir bar was charged with (±)-3 (100 mg, 0.149 mmol) and DCM (2 mL). 

The solution was cooled to 0 °C in an ice bath before adding 4-methylcoumarin-7-

isocyanate19 (38.9 mg, 0.845 mmol) and then DMAP (1.8 mg, 0.015 mmol). The mixture 

was warmed to room temperature and stirred for 1 h. The mixture was then washed with 10% 

NH4Cl (10 mL), extracted with EtOAc (10 mL), and the organic phase was washed with 

brine (10 mL). The organic layer was dried over Na2SO4 and filtered. The crude mixture was 

purified by column chromatography (70–100% EtOAc/hexanes) to afford the title compound 
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as a white foamy solid (113 mg, 87% yield). 1H NMR (400 MHz, CDCl3) δ: 7.55 (d, J = 8.7 

Hz, 1H), 7.49 (d, J = 2.2 Hz, 1H), 7.43 (dd, J = 8.7, 2.2 Hz, 1H), 7.30 (s, 1H), 7.16 (s, 4H), 

6.47 (d, J = 5.7 Hz, 1H), 6.43 (d, J = 5.8 Hz, 1H), 6.22 – 6.19 (m, 1H), 4.82 (ABq, ΔνAB = 

79.1 Hz, JAB = 12.0 Hz, 2H), 4.34 (t, J = 6.9 Hz, 2H), 4.28 – 4.15 (m, 2H), 3.78 – 3.61 (m, 

4H), 2.94 (t, J = 6.9 Hz, 2H), 2.41 (d, J = 1.2 Hz, 3H), 1.89 (d, J = 1.3 Hz, 6H), 1.87 (s, 6H) 

ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 173.5, 173.1, 171.7, 171.5, 161.1, 154.6, 153.1, 

152.3, 152.3, 141.2, 135.8, 135.4, 134.2, 130.2, 125.6, 121.1, 115.9, 114.6, 113.6, 113.5, 

106.3, 84.3, 66.4, 63.2, 62.6, 55.9, 55.7, 50.1, 49.6, 37.7, 34.2, 30.9, 30.8, 18.7 ppm. HRMS 

(FAB, m/z): calcd for [C38H39Br2N2O12]
+ (M+H)+, 873.0864; found, 873.0898. 

 

4-((7-(hydroxymethyl)-2-methyl-1,3-dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-

epoxyisoindol-4-yl)oxy)phenethyl 2-bromo-2-methylpropanoate ((±)-3-Con). The title 

compound was prepared following a similar procedure as that for compound (±)-3, with 

compound 2 (500 mg, 1.32 mmol), NaBH4 (100 mg, 2.63 mmol), and N-methylmaleimide 

(175 mg, 1.58 mmol). The crude mixture was purified by column chromatography (40–70% 

EtOAc/hexanes). A racemic mixture of the endo diastereomer of the title compound was 

isolated as a foamy white solid (566 mg, 87% yield). 1H NMR (400 MHz, CDCl3) δ: 7.17 (s, 

4H), 6.39 (d, J = 5.8 Hz, 1H), 6.35 (d, J = 5.8 Hz, 1H), 4.39 – 4.31 (m, 2H), 4.28 (dd, J = 

12.6, 5.4 Hz, 1H), 4.17 (dd, J = 12.6, 7.0 Hz, 1H), 3.72 – 3.62 (m, 2H), 2.95 (t, J = 6.9 Hz, 

2H), 2.85 (s, 3H), 2.22 – 2.14 (m, 1H), 1.88 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) 

δ: 174.8, 173.8, 171.7, 153.3, 135.7, 135.6, 133.9, 130.1, 120.9, 113.5, 86.6, 66.4, 61.9, 55.9, 

50.6, 49.0, 34.2, 30.9, 24.9 ppm. HRMS (FAB, m/z): calcd for [C22H25BrNO7]
+ (M+H)+, 

494.0809; found, 494.0799. 

4-((2-methyl-7-(((((4-methyl-2-oxo-2H-chromen-7-yl)oxy)carbonyl)oxy)methyl)-1,3-

dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)oxy)phenethyl 2-bromo-2-

methylpropanoate ((±)-4O-Con). The title compound was prepared following a similar 

procedure as that for compound (±)-4O, with compound (±)-3-Con (44 mg, 0.089 mmol), 4-
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methylcoumarin-7-chloroformate18 (30.0 mg, 0.125 mmol), anhydrous pyridine (13 μL, 0.13 

mmol), and DCM (6 mL). The crude mixture was purified by column chromatography (40–

70% EtOAc/hexanes) to afford the title compound as a foamy white solid (34 mg, 55% 

yield). 1H NMR (500 MHz, CDCl3) δ: 7.64 (d, J = 8.7 Hz, 1H), 7.29 (d, J = 2.3 Hz, 1H), 

7.22 (dd, J = 8.7, 2.3 Hz, 1H), 7.19 (s, 4H), 6.45 (d, J = 5.8 Hz, 1H), 6.40 (d, J = 5.8 Hz, 

1H), 6.29 (s, 1H), 4.89 (ABq, ΔνAB = 99.5Hz, JAB = 10.0 Hz, 2H),   4.39 – 4.31 (m, 2H), 3.73 

(s, 2H), 2.96 (t, J = 6.9 Hz, 2H), 2.88 (s, 3H), 2.45 (s, 3H), 1.88 (s, 6H) ppm. 13C{1H} NMR 

(100 MHz, CDCl3) δ: 173.9, 173.4, 171.7, 160.5, 154.3, 153.2, 153.2, 152.8, 151.9, 136.0, 

134.9, 134.1, 130.2, 125.7, 121.0, 118.4, 117.5, 114.9, 113.5, 110.2, 83.6, 66.4, 66.4, 55.9, 

50.1, 49.7, 34.2, 30.9, 25.0, 18.9 ppm. HRMS (FAB, m/z): calcd for [C33H31BrNO11]
+ 

(M+H)+, 696.1075; found, 696.1060. 

4-((2-methyl-7-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)-1,3-

dioxo-1,2,3,3a,7,7a-hexahydro-4H-4,7-epoxyisoindol-4-yl)oxy)phenethyl 2-bromo-2-

methylpropanoate ((±)-4NH-Con). The title compound was prepared following a similar 

procedure as that for compound (±)-4NH, with compound (±)-3-Con (100 mg, 0.2 mmol), 

4-methylcoumarin-7-isocyanate19 (52.9 mg, 0.263 mmol), DMAP (2.4 mg, 0.020 mmol), 

and DCM (3 mL). The crude mixture was purified by column chromatography (50–100% 

EtOAc/hexanes) to afford the title compound as a foamy white solid (121 mg, 87% yield). 

1H NMR (400 MHz, CDCl3) δ: 7.55 (d, J = 8.7 Hz, 1H), 7.48 (d, J = 2.1 Hz, 1H), 7.43 (dd, 

J = 8.6, 2.2 Hz, 1H), 7.29 (s, 1H), 7.19 – 7.13 (m, 4H), 6.41 (d, J = 5.8 Hz, 1H), 6.38 (d, J = 

5.8 Hz, 1H), 6.22 – 6.19 (m, 1H), 4.83 (ABq, ΔνAB = 66.9 Hz, JAB = 12.0 Hz, 2H), 4.34 (t, J 

= 6.9 Hz, 2H), 3.73 (d, J = 7.9 Hz, 1H), 3.66 (d, J = 7.9 Hz, 1H), 2.94 (t, J = 6.9 Hz, 2H), 

2.86 (s, 3H), 2.41 (d, J = 1.3 Hz, 3H), 1.87 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) 

δ: 174.0, 173.6, 171.7, 161.1, 154.6, 153.2, 152.3, 141.2, 135.8, 135.3, 134.1, 130.2, 125.6, 

121.0, 116.0, 114.6, 113.5, 106.3, 84.2, 66.4, 63.3, 55.9, 50.2, 49.6, 34.2, 30.9, 25.0, 18.7 

ppm. HRMS (FAB, m/z): calcd for [C33H32BrN2O10]
+ (M+H)+, 695.1235; found, 695.1262. 
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4-((5-((((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)methyl)furan-2-

yl)oxy)phenethyl 2-bromo-2-methylpropanoate (5). A 20 mL flame-dried vial equipped 

with a stir bar was charged with 2 (104 mg, 0.272 mmol), MeOH (2 mL), and DCM (2 mL). 

The solution was cooled to −78 °C in an acetone/dry ice bath before adding NaBH4 (82.0 

mg, 2.17 mmol) in three portions. The mixture was kept at −78 °C overnight before being 

quenched with 10% NH4Cl (10 mL) and warmed up to room temperature. The solution was 

then extracted with EtOAc (2 x 10 mL) and the organic phase was washed with brine (10 

mL). The organic layer was dried over Na2SO4, filtered, and concentrated under vacuum. 

The crude product was then redissolved in DCM (2 mL) and cooled to 0 °C in an ice bath 

before adding 4-methylcoumarin-7-isocyanate19 (72.8 mg, 0.353 mmol), followed by DMAP 

(1.0 mg, 0.031 mmol). The reaction mixture was warmed to room temperature and stirred 

for 2 h before being quenched by adding a solution of glucose (35.0 mg, 0.194 mmol) in 3 

mL DMF. The mixture was stirred at room temperature for 2 h to consume the excess 

isocyanate, then diluted with diethyl ether (20 mL) and hexane (5 mL). A precipitate 

appeared immediately and the suspension was filtered to remove the excess glucose and other 

insoluble products. The filtrate was washed with aqueous NaHCO3 solution and brine, dried 

over Na2SO4, then concentrated. The crude material was again dispersed into a mixture of 

diethyl ether (5 mL) and hexane (10 mL), and then filtered to remove insoluble 7-amino-4-

methylcoumarin. The filtrate was concentrated, dissolved in a small amount of DCM (0.3 

mL), and then added into a mixture of diethyl ether (3 mL) and hexane (7 mL). The mixture 

was slowly concentrated to around half the original volume using a rotary evaporator causing 

an off-white precipitate to form. The off-white solid was collected carefully by removing the 

liquid using a pipet, and then the solid was washed with hexane and finally dried under high 

vacuum to yield metastable compound 5 a fluffy white solid (53 mg, 34% yield). 1H NMR 

(500 MHz, CDCl3) δ 7.52 (d, J = 8.7 Hz, 1H), 7.47 – 7.44 (m, 1H), 7.35 (app d, J = 8.5 Hz, 

1H), 7.23 – 7.19 (m, 2H), 7.04 – 6.99 (m, 3H), 6.44 (d, J = 3.2 Hz, 1H), 6.19 (s, 1H), 5.49 

(d, J = 3.3 Hz, 1H), 5.09 (s, 2H), 4.36 (t, J = 6.8 Hz, 2H), 2.97 (t, J = 6.8 Hz, 2H), 2.41 (s, 

3H), 1.90 (s, 6H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ 171.7, 161.2, 157.5, 155.2, 154.6, 

152.5, 152.3, 141.3, 133.7, 130.5, 125.5, 121.7, 117.6, 115.8, 114.5, 113.4, 113.2, 106.1, 
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89.5, 66.5, 59.5, 55.9, 34.2, 30.9, 18.7 ppm. HRMS (FAB, m/z): calcd for [C28H27BrNO8]
+ 

(M+H)+, 584.0915; found, 584.0916. 

General Polymerization Procedure. Polymers were synthesized following the procedure 

reported previously.18 A 10 mL Schlenk flask equipped with a stir bar was charged with the 

initiator (1 equiv), methyl acrylate (~1,500 equiv), Me6TREN (2 equiv), and DMSO (equal 

volume to methyl acrylate). The flask was sealed, the solution was deoxygenated via three 

freeze-pump-thaw cycles, and then backfilled with nitrogen. The flask was opened briefly 

under a flow of N2, and freshly cut copper wire (1.0 cm length, 20 gauge) was added on top 

of the frozen mixture. The flask was resealed, evacuated for an additional 15 min, warmed 

to room temperature, and then backfilled with nitrogen. The mixture was stirred at room 

temperature until the solution became sufficiently viscous, indicating that the desired 

monomer conversion was reached (ca. 1–2 h). The flask was then opened to air and the 

solution was diluted with DCM. The polymer was precipitated into cold methanol (2x) and 

the isolated polymer was thoroughly dried under vacuum and characterized by GPC-MALS. 

Molecular weight characterization data for all polymers studied are reported below (Table 

3.1.). 

Table 3.1. Characterization of the polymers used in this study. 

 

3.5 General Procedure for Ultrasonication Experiments 

An oven-dried sonication vessel was fitted with rubber septa, placed onto the sonication 

probe, and allowed to cool under a stream of dry argon. The vessel was charged with a 

solution of the polymer in anhydrous acetonitrile/methanol (3:1 v/v, 2.0 mg/mL, 20 mL) and 

submerged in an ice bath.  The solution was sparged continuously with argon beginning 20 

min prior to sonication and for the duration of the sonication experiment. Pulsed ultrasound 

(1 s on/1 s off, 30% amplitude, 20 kHz, 8.2 W/cm2) was then applied to the system. The 
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solution temperature during sonication was measured to be 8–10 °C. Sonicated solutions 

were filtered through a 0.45 μm syringe filter prior to analysis. Ultrasonic intensity was 

calibrated using the method described by Berkowski et al.28  

3.6 . Procedure for CoGEF calculations 

CoGEF calculations were performed using Spartan ′18 Parallel Suite according to previously 

reported methods.22,23 Ground state energies were calculated using DFT at the B3LYP/6-

31G* level of theory.  Starting from the equilibrium geometry of the unconstrained molecule 

(relative energy = 0 kJ/mol), the distance between the terminal methyl groups of the truncated 

structure was increased in increments of 0.05 Å and the energy was minimized at each step.  

The maximum force associated with the retro-Diels–Alder reaction was calculated from the 

slope of the curve immediately prior to bond cleavage. 
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3.8 1H and 13C NMR spectra 
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C h a p t e r  4  

MULTI-MECHANOPHORE POLYMERS FOR MECHANICALLY 

TRIGGERED SMALL MOLECULE RELEASE WITH ULTRAHIGH 

PAYLOAD CAPACITY  

 

Abstract: Polymers that release small molecules in response to mechanical force are 

promising for a variety of applications including drug delivery, catalysis, and sensing. While 

a number of mechanophores have been developed for the release of covalently bound 

payloads, existing strategies are either limited in cargo scope, or in the case of more general 

mechanophore designs, are restricted to the release of one or two cargo molecules per 

polymer chain. Herein, we introduce a non-scissile mechanophore based on a masked 2-

furylcarbinol derivative that enables the preparation of multi-mechanophore polymers with 

ultrahigh payload capacity. We demonstrate that polymers prepared via ring-opening 

metathesis polymerization are capable of releasing hundreds of small molecule payloads per 

polymer chain upon ultrasound-induced mechanochemical activation. This non-scissile 

masked 2-furylcarbinol mechanophore overcomes a major challenge in cargo loading 

capacity associated with previous 2-furylcarbinol mechanophore designs, enabling 

applications that benefit from much higher concentrations of delivered cargo. 

This chapter has been adapted with permission from  

Zeng, T., Ordner, L. A., Liu, P., Robb, M. J. J. Am. Chem. Soc. 2023, DOI: 

10.1021/jacs.3c11927. 
© American Chemical Society 
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4.1 Investigation  

Stimuli-responsive polymers that release small molecule payloads in response to an 

external trigger are enabling materials for applications including drug delivery, catalysis, and 

sensing.1–3 In particular, mechanical force is an appealing stimulus because of its ubiquity in 

materials systems as well as the broad range of available methods for applying mechanical 

force,4 which include tension and compression in bulk polymeric materials and techniques 

using ultrasound that afford remote control.5–7 In the emergent field of polymer 

mechanochemistry, mechanical force is transduced to force-sensitive moieties termed 

mechanophores that are covalently incorporated into polymers to achieve specific chemical 

transformations.8 The development of mechanophores enabling the mechanically triggered 

release of covalently bound payloads has recently attracted significant attention.9–11 

Mechanophores have been judiciously designed for the liberation of a wide range of small 

molecules including CO,12,13 HCl,14,15 furans,16,17 N-heterocyclic carbenes,18 ammonium 

compounds,19 9-fluorenone,20 and others.  

In contrast to the examples above, systems that leverage mechanically gated cascade 

reactions have been developed to decouple the mechanochemical activation step from cargo 

release resulting in more general and modular mechanophore platforms.9 For example, Göstl 

and Herrmann introduced a disulfide mechanophore that undergoes a mechanically 

facilitated disulfide reduction triggering the efficient release of various alcohols.21,22 Our 

group has developed a system based on furan–maleimide Diels–Alder mechanophores in 

which a mechanically triggered formal retro-[4+2] cycloaddition reaction unveils a reactive 

2-furylcarbinol derivative that spontaneously fragments to release a covalently bound cargo 

molecule.23–26 The cargo scope and release kinetics are systematically modulated through 

substitution of the masked 2-furylcarbinol derivative enabling the mechanically triggered 

release of functionally diverse payloads including phenols, alcohols, arylamines, 

alkylamines, sulfonic acids, and carboxylic acids.24 Polymers are synthesized via a typical 

controlled radical polymerization (CRP) strategy that positions the mechanophore near the 

chain midpoint where mechanical force is greatest during ultrasonication (Figure 4.1a).27 

Critically, however, the scissile nature of this Diels–Alder mechanophore generally 

precludes the mechanochemical activation of more than one unit per polymer chain, which 
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significantly restricts the amount of deliverable payload and represents a limitation of this 

design. 

Non-scissile mechanophores can be incorporated into multi-mechanophore polymers 

(MMPs) containing many repeats that are activated mechanochemically along a substantial 

portion of the polymer chain.28,29 Craig has pioneered a strategy for the synthesis of MMPs 

that leverages the ring-opening metathesis polymerization (ROMP) of mechanophores 

containing macrocyclic olefins.30 This methodology has been employed extensively, 

including in the two examples mentioned above enabling the mechanically triggered release 

of hundreds of equivalents of HCl and CO.12,15 Inspired by these reports, here we introduce 

a novel non-scissile masked 2-furylcarbinol mechanophore that capitalizes on the modularity 

of the 2-furylcarbinol system and enables the preparation of MMPs with significantly higher 

deliverable payload capacity for mechanically triggered small molecule release (Figure 

4.1b). The mechanophore design is based on the intramolecular Diels−Alder reaction of a 

furfuryl fumarate ester, which upon macrocyclization can be copolymerized via ROMP to 

Figures 4.1. Mechanically triggered small molecule release from polymers containing a masked 2-
furylcarbinol mechanophore via a retro-Diels–Alder/fragmentation cascade. (a) Mechanochemical 
activation of a typical chain-centered mechanophore releases up to one cargo per polymer chain. (b) 
A multi-mechanophore polymer design incorporating a non-scissile mechanophore capable of 
releasing hundreds of cargo molecules per chain.  
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afford MMPs capable of multi-mechanophore activation and efficient payload release. In 

addition to facilitating small molecule release,24 the phenoxy substituent renders the Diels–

Alder adduct more thermally stable and protects the alkene against undesired olefin 

metathesis. The mechanochemical reactivity of the Diels–Alder adduct was validated by 

density functional theory (DFT) calculations using the constrained geometries simulate 

external force (CoGEF) method,31,32 which predict that the formal retro-Diels–Alder reaction 

occurs with a relatively low rupture force of 3.4 nN (Figure 4.2). 

Encouraged by the computationally predicted mechanochemical reactivity, we 

targeted the synthesis of a Diels−Alder macrocycle loaded with aminocoumarin (CoumNH2) 

as a model fluorogenic cargo (Scheme 4.1). Starting from 3-phenoxyfurfural, a two-step 

Figures 4.2. Results of density functional theory calculations performed on a truncated model of 
Diels–Alder adduct 6 using the constrained geometries simulate external force (CoGEF) method at the 
B3LYP/6-31G* level of theory. Pulling points were defined as the carbon atoms in the terminal methyl 
groups (colored blue) with a step size of 0.05 Å. A formal retro-Diels–Alder reaction is predicted to 
occur upon mechanical elongation at a maximum rupture force (Fmax) of 3.4 nN to generate the 
expected furfuryl carbamate product. The corresponding computed structures at various points of 
elongation indicted in the CoGEF plot are shown. 
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sequence involving Grignard addition and TBS protection afforded furfuryl silyl ether (±)-1 

in 83% yield. Next, a formylation reaction with LDA/DMF followed by removal of the TBS 

group with TBAF provided furfuryl alcohol (±)-2 in 74% yield. Subsequent reduction of the 

aldehyde with NaBH4 followed by selective esterification of the primary alcohol with a 

fumaric acid monoester chloride derivative gave furfuryl alcohol (±)-3 in 72% yield. An 

intramolecular Diels–Alder reaction was then carried out at 60 °C in acetone and the major 

diastereomer (±)-4 was isolated in 36% yield and characterized by X-ray crystallography. 

We note that the maleate isomer resulted in a less stable Diels–Alder adduct. Formation of 

the 12-membered ring was accomplished by a ring-closing metathesis reaction using Grubbs’ 

1st generation catalyst in DCM (1 mM) to afford macrocycle 5 in 30% isolated yield. Use of 

G2 or HG2 catalysts resulted in substantial polymer product or no conversion, respectively. 

Finally, the aminocoumarin payload was installed by reaction of the secondary alcohol with 

4-methylcoumarin-7-isocyanate24 to afford macrocyclic monomer 6 in 76% yield.  

Polymers were synthesized via ROMP of macrocycle 6 with 5-acetoxycyclooctene 

(COEOAc) as a comonomer in CHCl3 (2 M) using Grubbs’ 2nd generation catalyst (Figure 

4.5a). The COEOAc comonomer was selected due its better solubility in polar solvents.10 

Three different MMPs were prepared with varying molar mass and comonomer composition, 

which were characterized using gel permeation chromatography coupled with multi-angle 

light scattering (GPC-MALS) and 1H NMR spectroscopy, respectively (Table 4.1 and 

Figures 4.3 and 4.4). We also prepared small molecule model compound (±)-7, which closely 

resembles the expected mechanophore-containing repeat unit structure in the MMPs (Figure 

Scheme 4.1. Synthesis of the Non-Scissile Masked 2-Furylcarbinol Mechanophore Macrocycle Loaded 
with an Aminocoumarin Payload. 
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4.5b). Comparison of the 1H NMR spectra of MMP80 (Mn = 80.3 kDa, Đ = 2.40) and (±)-7 

confirms that the characteristic features of the Diels–Alder motif and the aminocoumarin 

payload were retained upon polymerization. Importantly, the signal corresponding to the 

alkenyl proton of the Diels–Alder adduct is also clearly observed in the 1H NMR spectrum 

of MMP80, confirming that ROMP was selective towards the macrocyclic alkene. The 

phenoxy substituent also enhances the thermal stability of the Diels–Alder adduct,24 which 

was stable at room temperature for more than two weeks (Figure 4.7). The composition of 

each MMP was determined by integrating the tertiary proton resonance at ~4.8 ppm on the 

COEOAc repeat unit relative to the signals corresponding to the Diels–Alder adduct (see 

Table 4.1 and Figure 4.3). For MMP80, approximately 9% of the total repeat units comprise 

the Diels–Alder motif, which translates to an average of 34 aminocoumarin payloads per 

chain. 

Table 4.1. Characterization of Multi-Mechanophore Polymers (MMPx) and a Poly(Methyl Acrylate) 
Polymer Containing a Chain-Centered Mechanophore (PMAcenter). 

aDetermined by GPC-MALS. bAverage total number of repeat units per chain (n + m). cDetermined by 
1H NMR spectroscopy. Monomer feed ratios (6:COEOAc): 28:72 (MMP23), 13:87 (MMP80), 50:50 
(MMP295). dAverage cargo release after extended sonication quantified by PL spectroscopy.  
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Figures 4.3. 1H NMR spectra (CDCl3, 400 MHz) of MMPs used in the determination of copolymer 
composition. Repeat unit ratios (m : n) were determined by integration of the signals at ~4.8 and 
~5.1 ppm, corresponding to the tertiary proton (Ha) on the cyclooctene repeat unit and the alkenyl 
proton (Hb) on the mechanophore, respectively.  

HaHb

MMP295

m : n = 1 : 1.5

MMP80

m : n = 1 : 9.8

MMP23

m : n = 1 : 7.6

Figures 4.4. Chemical structures, normalized GPC chromatograms (RI response), and 
characterization data for multi-mechanophore polymers (MMPx) and poly(methyl acrylate) 
polymer PMAcenter. 
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To evaluate the mechanochemical reactivity of the MMPs, we first subjected MMP80 

(0.1 mg/mL in 3:1 THF/MeOH) to pulsed ultrasonication (1s on/1s off, 9–13 °C, 20 kHz, 

13.9 W/cm2) and aliquots were removed periodically for analysis by photoluminescence (PL) 

spectroscopy to quantify the release of CoumNH2 (Figure 4.6a). THF was used as the 

cosolvent in these experiments due to improved solubility of the polymers compared to 

acetonitrile mixtures employed previously,23–25 despite slower fragmentation kinetics of the 

2-furylcarbinol derivatives (Figure 4.8). Samples were allowed to incubate at room 

Figures 4.5. (a) Synthesis of multimechanophore polymer MMP80 (Mn = 80.3 kDa, Ð = 2.40) via ROMP 
of macrocycle 6 and COEOAc. (b) 1H NMR spectra (400 MHz, CDCl3) comparing small molecule model 
compound (±)-7 (top) and MMP80 (bottom) with diagnostic protons labeled for the polymer backbone, 
mechanophores, and cargo. 
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temperature for ~5 days after sonication to ensure complete fragmentation of the furfuryl 

carbamate intermediate prior to characterization (Figure 4.9). Fluorescence intensity 

increased systematically with increasing sonication time indicating the successful release of 

CoumNH2 upon mechanochemical activation. The PL intensity reached a maximum after 

~35 min of sonication corresponding to 65% release, or ~22 cargo molecules per chain 

 

Figures 4.7. Partial 1H NMR spectra (400 MHz) of (±)-7 after being maintained at room temperature in 
toluene-d8 (4.8 mM) for the indicated amount of time. No significant changes are observed after 15 
days at room temperature, demonstrating negligible reaction under these conditions.  

rt toluene-d8

original

15 days

Figures 4.6. (a) Ultrasound-induced mechanochemical activation of MMP80 (0.1 mg/mL in 3:1 
THF/MeOH), and (b) release of aminocoumarin (CoumNH2) characterized by PL spectroscopy (λex = 
365 nm). Inset shows concentration of released CoumNH2 as a function of sonication time. Data are 
compared to the mechanochemical activation of PMAcenter under identical conditions. The red dashed 
line in the inset represents the maximum release of CoumNH2 from PMAcenter after sonication for 170 
min. Error bars denote the range from two replicate experiments. 
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Figures 4.8. PL spectra characterizing the rate of release of CoumNH2 from MMP80 (0.1 mg/mL in 3:1 
THF/methanol) at room temperature following 50 min of sonication. λex = 365 nm, λem = 424 nm. 
Fitting the data to an expression of simple first-order kinetics provides a half-life of 29 h for release of 
CoumNH2 from the mechanochemically liberated furfuryl carbamate under these conditions. 

 

Figures 4.9. Complete reaction scheme depicting the mechanically triggered release of CoumNH2 
from a multi-mechanophore polymer (MMPx) in the presence of MeOH. Unreacted mechanophore 
repeat units are omitted from the polymer product for clarity. 
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(Figure 4.6b). To compare these results directly with our previous mechanophore design,24 

we prepared poly(methyl acrylate) PMAcenter equipped with a single chain-centered furan–

maleimide mechanophore (Mn = 83.9 kDa, Đ = 1.17, see Table 4.1). Ultrasonication of 

PMAcenter under identical conditions and with the same initial polymer concentration 

resulted in 96% release, or ~1 CoumNH2 molecule per chain (Figure 4.6b and Figure 4.10). 

As evident from this comparison, the concentration of CoumNH2 released from MMP80 is 

~24 times greater than that from PMAcenter for the same initial concentration of polymer on 

a mass basis. We note that without sonication, a small amount of background fluorescence 

was observed from MMP80 after 5 days of incubation in 3:1 THF/MeOH that is tentatively 

ascribed to hydrolysis of the carbamate linkers. Nevertheless, this only corresponds to the 

release of ~1.4 CoumNH2 units, or ~4% release per polymer chain (Figure 4.11). Additional 

control experiments performed on small molecule model (±)-7 demonstrated no observable 

changes in the 1H NMR spectrum after 10 days in 3:1 THF-d8/MeOH solution (Figure 4.12). 

 

 

Figures 4.10. Mechanically triggered release of CoumNH2 from PMAcenter (0.10 mg/mL in 3:1 
THF/methanol) as a function of sonication time, determined by PL spectroscopy. λex = 365 nm, λem 
= 424 nm. Error bars denote the range from two replicate experiments. See Section V for additional 
details.  
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Figures 4.12. Partial 1H NMR spectra (400 MHz) of (±)-7 after being maintained at room temperature 
in THF-d8/MeOH (3:1 v/v, 7.8 mM) for 10 days. No significant changes are observed, demonstrating 
negligible reaction under these conditions. 

3:1 THF-d8:MeOH

original

10 days

Figures 4.11. Characterization of background aminocoumarin (CoumNH2) release by PL 
spectroscopy after incubating MMP80 in 3:1 THF/MeOH (0.1 mg/mL) at room temperature. After 5 
days, the concentration of CoumNH2 was determined to be 1.7 μM, corresponding to the release 
of ~1.4 CoumNH2 units per chain. 
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Having demonstrated successful cargo release from MMP80 and the substantially 

increased payload capacity compared to our previous mechanophore, we next sought to 

leverage the multi-mechanophore design to control the amount of cargo release and also 

confirm its mechanochemical origin. To this end, we prepared two additional MMPs 

following a similar procedure as above with varying molar mass and/or mechanophore 

incorporation (see Table 4.1). Synthesis of MMP295 (Mn = 295 kDa, Đ = 2.25) was 

accomplished using a higher feeding ratio of macrocycle 6 to COEOAc, resulting in 40% 

mechanophore incorporation and ~340 cargo molecules per chain. On the other hand, 

MMP23 (Mn = 22.3 kDa, Đ = 1.36) has a similar mechanophore incorporation of ~12% 

compared to MMP80, but is significantly smaller (see the SI for details). While faster and 

greater overall payload release is expected from MMP295, the molar mass of MMP23 is 

likely near or below the threshold for mechanophore activation, therefore leading to an 

insignificant amount of payload release.33 Following the same experimental conditions as 

above, all three MMPs were sonicated at the same mass concentration (0.1 mg/mL in 3:1 

THF/MeOH) and the release of CoumNH2 was quantified using PL spectroscopy (Figure 

4.13). Notably, mechanochemical activation of MMP295 resulted in 60% release of 

CoumNH2, corresponding to ~203 cargo molecules per chain. As expected, cargo release 

also occurs significantly faster from MMP295, achieving maximum release after only ~10 

min of sonication. In contrast, only 8% release of CoumNH2 was achieved upon 

Figures 4.13.  (a) Mechanically triggered release of CoumNH2 from multimechanophore polymers of 
varying molar mass and composition as a function of sonication time (0.1 mg/mL polymer in 3:1 
THF/MeOH). Theoretical cargo concentrations assuming 100% release: [CoumNH2]theo = 53 μM 
(MMP23), 44 μM (MMP80), 127 μM (MMP295). (b) Number of CoumNH2 units released per chain as a 
function of sonication time. Error bars denote the range from two replicate experiments. 
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ultrasonication of MMP23, corresponding to the release of ~1 payload unit per chain. Taken 

together, these results are consistent with the expected molar mass dependence on 

ultrasound-induced mechanochemical activation and provide evidence for the mechanical 

origin of cargo release.8  

In summary, we report a non-scissile masked 2-furylcarbinol mechanophore that 

enables the preparation of multi-mechanophore polymers via ROMP for mechanically 

triggered small molecule release. Compared to typical chain-centered mechanophore designs 

that are limited to the release of one or two cargo molecules per polymer chain, we 

demonstrate that the release of hundreds of small molecule payloads can be triggered from a 

multi-mechanophore polymer upon ultrasound-induced mechanochemical activation. The 

substantial increase in deliverable payload capacity overcomes a major existing limitation in 

mechanophore design and opens the door to applications that require greater concentrations 

of delivered small molecule cargo. 
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4.2 General Experimental Details and Methods 

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, diethyl ether, MeCN, and DMF were obtained 

from a Pure Process Technology solvent purification system. All reactions were performed 
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under a N2 atmosphere unless specified otherwise. Column chromatography was performed 

on a Biotage Isolera system using SiliCycle SiliaSep HP or SiliaBond C18 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 MHz spectrometers. All 

1H NMR spectra are reported in δ units, parts per million (ppm), and were measured relative 

to the signals for residual chloroform (7.26 ppm), dichloromethane (5.32 ppm), methanol 

(3.31 ppm), acetone (2.05 ppm), toluene (2.08 ppm), or acetonitrile (1.94 ppm) in deuterated 

solvent. All 13C NMR spectra were measured in deuterated solvents and are reported in ppm 

relative to the signals for chloroform (77.16 ppm).  Multiplicity and qualifier abbreviations 

are as follows: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dq = 

doublet of quartets, ABq = AB quartet, m = multiplet, bs = broad singlet. 

High resolution mass spectrometry (HR-MS) was carried out on an Agilent 6230 

series time-of-flight mass spectrometer equipped with an Agilent G1958 Jet Stream 

Electrospray Ionization Source or JEOL JMS-T2000 GC AccuTOF GC-Alpha mass 

spectrometer interfaced with an Agilent 8890 GC system with samples analyzed by field 

ionization (FI), which generally resulted in radical cations, M+•. 

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), a 

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

refractive index detector. The mobile phase was THF at a flow rate of 1 mL/min. Molar mass 

and molar mass distributions were calculated by light scattering using a dn/dc value of 0.062 

mL/g (25 °C) for poly(methyl acrylate). For multimechanophore polymers, refractive index 

increment (dn/dc) values were determined for each injection based on known sample 

concentration and assuming 100% mass elution. 

Photoluminescence spectra were recorded on a Shimadzu RF-6000 

spectrofluorophotometer using a quartz microcuvette (Starna Cells 18F-Q-10-GL14-C, 10 x 

2 mm). Excitation and emission slit widths were 3 nm.  

Ultrasound experiments were performed inside of a sound abating enclosure using a 

500 watt Vibra Cell 505 liquid processor (20 kHz) equipped with a 0.5-inch diameter solid 
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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). 

4.3 Synthetic Details 

 

 

Tert-butyldimethyl((1-(3-phenoxyfuran-2-yl)pent-4-en-1-yl)oxy)silane ((±)-1). A flame-

dried round bottom flask equipped with a stir bar was charged with magnesium turnings (0.9 

g, 37 mmol) under N2, and anhydrous ether (70 mL) was added. 4-bromobut-1-ene (5.0 mL, 

48 mmol) was then added and the mixture was sonicated in a room temperature water bath 

under N2 until all solids reacted and dissolved. The resulting 0.5 M butenylmagnesium 

bromide ether solution was kept under N2 in the fridge until ready to be used.  

A flame-dried round bottom flask equipped with a stir bar was charged with 3-phenoxyfuran-

2-carbaldehyde24 (2.3 g, 12 mmol) and anhydrous THF (20 mL). The solution was cooled to 

0°C before butenylmagnesium bromide (0.5 M  in ether, 32 mL, 16 mmol) was added 

dropwise. The reaction was then slowly warmed to room temperature and stirred for 2 h 

before 10% NH4Cl (50 mL) was added to quench the reaction. The mixture was then 

extracted with EtOAc (3 x 50 mL) and the combined organic phase was washed with brine 

(150 mL). The organic layer was dried over MgSO4, filtered, and concentrated under reduced 

pressure to yield 1-(2-phenoxyfuran-2-yl)pent-4-en-1-ol as a light yellow oil. The crude 

product was then redissolved in THF (50 mL) followed by the addition of imidazole (1.7 g, 
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24 mmol) and TBSCl (4.7 g, 24 mmol). The reaction was stirred at room temperature 

overnight and then the mixture was filtered through a cotton pad. The filtrate was diluted 

with EtOAc (30 mL) and then washed consecutively with 10% NH4Cl (100 mL), 10% 

NaHCO3 (100 mL), and brine (100 mL). The organic phase was dried over Na2SO4, filtered, 

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

chromatography (0–50% EtOAc/Hex) to yield the title compound as a yellow oil (3.6 g, 83% 

over two steps). 1H NMR (500 MHz, CDCl3) δ: 7.32 – 7.27 (m, 3H), 7.04 (ddt, J = 8.5, 7.4, 

1.1 Hz, 1H), 6.99 (dt, J = 7.7, 1.0 Hz, 2H), 6.20 (d, J = 2.0 Hz, 1H), 5.82 – 5.70 (m, 1H), 

5.01 – 4.88 (m, 2H), 4.74 (t, J = 6.7 Hz, 1H), 2.16 – 2.06 (m, 1H), 2.06 – 1.94 (m, 2H), 1.90 

– 1.80 (m, 1H), 0.86 (s, 9H), 0.04 (s, 3H), -0.09 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) 

δ: 158.2, 144.1, 140.8, 138.8, 138.2, 129.7, 122.6, 116.4, 114.9, 106.1, 64.7, 35.3, 30.0, 26.0, 

18.3, -4.9, -5.1. HRMS (ESI, m/z): calcd for [C21H30O3Si]+ (M+H)+, 

359.2037; found, 359.2050. 

 

 
5-(1-hydroxypent-4-en-1-yl)-4-phenoxyfuran-2-carbaldehyde ((±)-2). A flame-dried 

round bottom flask equipped with a stir bar was charged with diisopropylamine (1.3 g, 13 

mmol) and THF (100 mL). The solution was cooled to −78 °C in an acetone/dry ice bath 

before adding n-BuLi (2.5 M in hexanes, 5.2 mL, 13 mmol) dropwise. After stirring the 

mixture for ~5 min, a solution of (±)-1 (3.1 g, 8.7 mmol) in THF (10 ml) was added to the 

mixture dropwise at −78 °C. The mixture was kept at −78 °C for 30 min prior to adding DMF 

(1.3 mL, 17 mmol) dropwise. The mixture was then allowed to slowly warm up to room 

temperature for ~3 h before 10% NH4Cl (200 mL) was added slowly to the mixture to quench 

the reaction. The mixture was then extracted with Et2O (2 x 100 mL), washed with brine 

(200 mL), and the organic layer was dried over MgSO4, filtered, and concentrated under 

reduced pressure. The crude mixture was purified by column chromatography (0–30% 

EtOAc/Hexanes) to yield an inseparable 10:1 mixture of 5-(1-hydroxypent-4-en-1-yl)-4-

phenoxyfuran-2-carbaldehyde and 5-(1-hydroxypent-4-en-1-yl)-4-phenoxyfuran-3-
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carbaldehyde as a colorless oil (2.7 g, 82% yield), which was used in the next step without 

further purification. 

The above mixture was then dissolved in THF (100 mL) and cooled to 0 °C before adding a 

1 M solution of tetrabutylammonium fluoride in THF (8.5 mL, 8.5 mmol) dropwise. The 

mixture was allowed to slowly warm up to room temperature and stirred for 1 h. The reaction 

mixture was then diluted with Et2O (100 mL), washed consecutively with NH4Cl (200 mL) 

and brine (200 mL), and the organic fraction was dried over Na2SO4, filtered, and 

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

chromatography (20–40% EtOAc/Hexanes) to yield the title compound as an orange oil (1.9 

g, 79% over two steps). 1H NMR (400 MHz, CDCl3) δ: 9.57 (s, 1H), 7.38 – 7.30 (m, 2H), 

7.17 – 7.09 (m, 1H), 7.04 – 6.98 (m, 3H), 5.85 – 5.72 (m, 1H), 5.08 – 4.94 (m, 2H), 4.88 (dt, 

J = 7.4, 6.3 Hz, 1H), 2.24 – 1.94 (m, 5H). 13C{1H} NMR (100 MHz, CDCl3) δ: 178.0, 157.3, 

150.4, 149.6, 141.5, 137.3, 130.1, 123.9, 116.9, 115.8, 115.0, 65.3, 34.1, 29.8. HRMS 

(FI, m/z): calcd for [C16H16O4]
+• (M)+•, 272.1043; found, 272.1058. 

 

 

 

(Z)-4-oxo-4-(pent-4-en-1-yloxy)but-2-enoic acid (S1). A round bottom flask equipped with 

a stir bar was charged with pent-4-en-1-ol (10 mL, 97 mmol), maleic anhydride (9.5 g, 97 

mmol), and DCM (20 mL). The solution was cooled to 0 °C in an ice bath before adding 

triethylamine (14.8 mL, 110 mmol) dropwise. The mixture was slowly warmed to room 

temperature for 1 h before being quenched with 2 M HCl dropwise until the pH of the 

solution was < 3. The solution was then diluted with DCM (100 mL) and washed with water 

(150 mL) and then brine (2 x 100 mL). The organic layer was dried over Na2SO4, filtered, 

and concentrated under reduced pressure to afford the title compound as a colorless oil (13.8 
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g, 77% yield). 1H NMR (400 MHz, CDCl3) δ: 6.46 (d, J = 12.7 Hz, 1H), 6.35 (d, J = 12.7 

Hz, 1H), 5.79 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.11 – 4.97 (m, 2H), 4.28 (t, J = 6.6 Hz, 2H), 

2.21 – 2.10 (m, 2H), 1.88 – 1.77 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ: 168.0, 167.1, 

137.6, 137.2, 125.8, 115.7, 65.6, 30.0, 27.6. HRMS (ESI, m/z): calcd for [C9H11O4]
- (M-H)-

, 183.0663; found, 183.0678. 

 

 

(E)-4-oxo-4-(pent-4-en-1-yloxy)but-2-enoic acid (S2). A round bottom flask equipped with 

a stir bar was charged with S1 (11.9 g, 64.5 mmol) and AlCl3 (0.43 g, 3.2 mmol). The mixture 

was heated to 70 °C overnight and then cooled to room temperature, upon which the mixture 

solidified. The solid was then dissolved in EtOAc (100mL) and washed consecutively with 

10% NH4Cl (100 mL) and then brine (100 mL). The organic layer was dried over Na2SO4, 

filtered, and concentrated under reduced pressure to afford the title compound as a white 

waxy solid (10.9 g, 92% yield). 1H NMR (400 MHz, CDCl3) δ: 6.95 (d, J = 15.8 Hz, 1H), 

6.85 (d, J = 15.8 Hz, 1H), 5.81 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.11 – 4.97 (m, 2H), 4.24 

(t, J = 6.6 Hz, 2H), 2.21 – 2.11 (m, 2H), 1.80 (dq, J = 8.4, 6.6 Hz, 2H). 13C{1H} NMR (100 

MHz, CDCl3) δ: 170.06, 164.79, 137.28, 135.94, 132.69, 115.72, 65.14, 30.08, 27.75. HRMS 

(ESI, m/z): calcd for [C9H11O4]
- (M-H)-, 183.0663; found, 183.0672. 

 

 

Pent-4-en-1-yl (E)-4-chloro-4-oxobut-2-enoate (S3). A round bottom flask equipped with 

a stir bar was charged with S2 (10.6 g, 57.8 mmol) and toluene (40 mL). Thionyl chloride 

was then added slowly to the mixture before heating the reaction to 100 °C for 2 h. The 

reaction was then cooled to room temperature, concentrated under reduced pressure, and 

used immediately in synthesis of (±)-3 (10.9 g, 93% yield).  
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(5-(1-hydroxypent-4-en-1-yl)-4-phenoxyfuran-2-yl)methyl pent-4-en-1-yl fumarate 

((±)-3). A flame-dried round bottom flask equipped with a stir bar was charged with (±)-

2 (1.9 g, 6.9 mmol) and methanol (15 mL). The solution was cooled to 0 °C in an ice bath 

before slowly adding NaBH4 (340 mg, 8.9 mmol). The mixture was kept at 0 °C for 1 h 

followed by the addition of 10% NH4Cl (50 mL). The mixture was then extracted with 

EtOAc (2 x 20 mL) and washed with brine (50 mL). The organic layer was dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was then 

redissolved in THF (30 mL) and cooled to 0 °C in an ice bath. Triethylamine (1.1 mL, 7.6 

mmol) and S3 (1.5 g, 7.2 mmol) were then added in sequence to the solution slowly. The 

reaction was allowed to warm to room temperature slowly and stirred for 4 h. The mixture 

was then diluted with EtOAc (50 mL) and washed consecutively with 10% NH4Cl (2 x 

50 mL) and brine (100 mL), and the organic layer was dried over Na2SO4, filtered, and 

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

chromatography (10–50% EtOAc/Hexanes) to yield the title compound as a yellow oil 

(2.1 g, 72% yield over two steps). 1H NMR (400 MHz, CDCl3) δ: 7.35 – 7.28 (m, 2H), 

7.10 – 7.03 (m, 1H), 7.03 – 6.97 (m, 2H), 6.93 – 6.83 (m, 2H), 6.29 (s, 1H), 5.86 – 5.73 (m, 

2H), 5.11 (s, 2H), 5.09 – 4.91 (m, 4H), 4.77 (t, J = 6.9 Hz, 1H), 4.22 (t, J = 6.6 Hz, 2H), 

2.21 – 2.10 (m, 4H), 2.10 – 1.89 (m, 3H), 1.83 – 1.73 (m, 2H). 13C{1H} NMR (100 MHz, 

CDCl3) δ: 164.9, 164.6, 157.9, 146.9, 144.7, 139.8, 137.7, 137.3, 134.6, 133.0, 129.9, 123.1, 

116.5, 115.7, 115.4, 107.6, 65.0, 64.9, 59.2, 34.0, 30.1, 30.0, 27.8. HRMS (ESI, m/z): calcd 

for [C25H27O6]
+ (M-OH)+, 423.1802; found, 423.1808. 
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Pent-4-en-1-yl 6-(-1-hydroxypent-4-en-1-yl)-1-oxo-5-phenoxy-1,6,7,7a-tetrahydro-

3H-3a,6-epoxyisobenzofuran-7-carboxylate ((±)-4). A round bottom flask equipped with 

a stir bar was charged with (±)-3 (2.1 g, 4.8 mmol) and acetone (100 mL). The solution 

was then refluxed at 60 °C for 3 days before being cooled to room temperature and 

concentrated. The crude mixture was then purified by column chromatography (15–40% 

EtOAc/hexanes) to remove unreacted starting material, followed by reverse-phase column 

chromatography (75% MeCN/H2O) to afford a single diastereomer of the title compound 

as a white solid (0.77 g, 36% yield). 1H NMR (500 MHz, CDCl3) δ: 7.40 – 7.33 (m, 2H), 

7.25 – 7.20 (m, 1H), 7.10 – 7.04 (m, 2H), 5.94 – 5.84 (m, 1H), 5.79 – 5.68 (m, 1H), 5.16 – 

4.93 (m, 5H), 4.57 (s, 2H), 4.46 – 4.39 (m, 1H), 4.24 (dt, J = 10.8, 6.6 Hz, 1H), 4.16 (dt, J = 

10.8, 6.6 Hz, 1H), 3.95 (d, J = 3.2 Hz, 1H), 3.35 (d, J = 3.2 Hz, 1H), 2.49 – 2.39 (m, 1H), 

2.37 – 2.26 (m, 1H), 2.17 – 2.09 (m, 2H), 1.97 – 1.86 (m, 1H), 1.84 – 1.73 (m, 4H). 13C{1H} 

NMR (100 MHz, CDCl3) δ: 174.7, 170.1, 164.0, 154.9, 138.0, 13z7.2, 130.1, 126.2, 120.5, 

115.7, 115.6, 100.7, 94.6, 91.7, 69.5, 67.0, 65.4, 52.8, 46.7, 32.4, 30.3, 30.1, 27.8. HRMS 

(ESI, m/z): calcd for [C25H29O7]
+ (M+H)+, 441.1908; found, 441.1922. 

 

 

6-hydroxy-5-phenoxy-6,7,8,11,12,13,15a,15b-octahydro-3H-3a,5a-

epoxy[1]oxacyclododecino[3,4-e]isobenzofuran-1,15-dione (5). A flame-dried round 

bottom flask equipped with a stir bar was charged with (±)-4 (0.80 g, 1.8 mmol) and 

anhydrous DCM (1.2 L). The solution was then sparged with nitrogen for 10 min before 

adding Grubbs 1st generation catalyst (0.30 g, 3.6 mmol) under stream of nitrogen. The 

reaction was then refluxed at 40 °C overnight before ethyl vinyl ether (1 mL) was added and 
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refluxed for 30 additional min. The reaction was then cooled to room temperature and 

concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (5–50% EtOAc/hexanes) to afford the title compound as a white solid (220 

mg, 30% yield). The product consisted of a 1:4 (E:Z) isomeric mixture, which was used 

directly in the next step. A small amount of the major Z stereoisomer was isolated and 

characterized separately (see Figure 4.14). 1H NMR (500 MHz, CDCl3) δ (isomeric 

mixture): 7.43 – 7.32 (m, 2H), 7.28 – 7.24 (m, 1.6H), 7.24 – 7.19 (m, 1H), 7.11 – 7.04 (m, 

0.4H), 5.65 – 5.49 (m, 1H), 5.43 – 5.30 (m, 0.8H), 5.20 (dd, J = 11.2, 7.2 Hz, 0.2H), 5.13 (d, 

J = 1.0 Hz, 0.8H), 5.02 (s, 0.2H), 4.58 (s, 1.6H), 4.56 (s, 0.4H), 4.35 (dd, J = 11.4, 5.0 Hz, 

0.2H), 4.29 – 4.24 (m, 0.8H), 4.06 (q, J = 4.0 Hz, 0.8H), 4.02 – 3.95 (m, 0.2H), 3.95 – 3.87 

(m, 0.8H), 3.78 (d, J = 3.0 Hz, 0.2H), 3.37 (d, J = 2.9 Hz, 0.2H), 3.31 (d, J = 3.7 Hz, 0.8H), 

3.16 (d, J = 3.7 Hz, 0.8H), 2.76 – 2.66 (m, 0.8H), 2.55 – 2.42 (m, 1H), 2.40 – 2.15 (m, 2H), 

2.11 – 1.90 (m, 3.2H), 1.75 – 1.58 (m, 2H). 1H NMR (500 MHz, CDCl3) δ (major Z isomer): 

7.42 – 7.32 (m, 2H), 7.28 – 7.26 (m, 2H), 7.24 – 7.18 (m, 1H), 5.61 (td, J = 10.8, 5.0 Hz, 

1H), 5.35 (td, J = 10.8, 5.1 Hz, 1H), 5.13 (d, J = 1.0 Hz, 1H), 4.58 (s, 2H), 4.31 – 4.22 (m, 

1H), 4.10 – 4.04 (m, 1H), 3.97 – 3.85 (m, 1H), 3.31 (d, J = 3.7 Hz, 1H), 3.16 (d, J = 3.7 Hz, 

1H), 2.77 – 2.66 (m, 1H), 2.56 – 2.44 (m, 1H), 2.32 – 2.24 (m, 2H), 2.13 – 1.94 (m, 3H), 

1.61 (t, J = 14.1 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ (major Z isomer): 174.7, 

170.5, 164.4, 155.2, 130.9, 129.9, 128.1, 125.9, 121.1, 101.5, 95.6, 91.6, 74.0, 69.4, 63.9, 

55.5, 48.6, 34.0, 27.0, 25.9, 22.9. HRMS (ESI, m/z): calcd for [C23H25O7]
+ (M+H)+, 

413.1595; found, 413.1602. 

 

 

1,15-dioxo-5-phenoxy-1,6,7,8,11,12,13,15,15a,15b-decahydro-3H-3a,5a-

epoxy[1]oxacyclododecino[3,4-e]isobenzofuran-6-yl (4-methyl-2-oxo-2H-chromen-7-

yl)carbamate (6). A round bottom flask equipped with a stir bar was charged with 5 (220 

mg, 0.53 mmol), 4-methylcoumarin-7-isocyanate24 (129 mg, 0.64 mmol), and DCM (4 mL). 
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After the solids were fully dissolved, DMAP (6.6 mg, 0.053 mmol) was added. The solution 

was then stirred at room temperature for 1 h. The crude mixture was then filtered through a 

cotton pad and concentrated under reduced pressure before being purified by column 

chromatography (30–60% EtOAc/hexanes) to afford the title compound as a white solid (250 

mg, 76% yield). The product was then recrystallized from hexanes/ethyl acetate to afford a 

3:7 (E:Z) isomeric mixture, which was used directly in the next step. A small amount of the 

major Z stereoisomer was isolated and characterized separately.1H NMR (500 MHz, CDCl3) 

δ (isomeric mixture): 7.64 (s, 0.3H), 7.56 – 7.50 (m, 1H), 7.47 (s, 0.7H), 7.44 – 7.35 (m, 

3H), 7.34 – 7.26 (m, 2H), 7.26 – 7.21 (m, 0.7H), 7.12 – 7.09 (m, 0.3H), 6.97 – 6.89 (m, 0.7H), 

6.68 – 6.63 (m, 0.3H), 6.22 – 6.17 (m, 1H), 6.05 – 5.96 (m, 0.3H), 5.60 – 5.51 (m, 0.7H), 

5.46 – 5.31 (m, 1.3H), 5.26 (t, J = 4.0 Hz, 0.7H), 5.21 (s, 0.7H), 5.06 (s, 0.3H), 4.65 – 4.54 

(m, 2H), 4.45 – 4.39 (m, 0.3H), 4.31 – 4.25 (m, 0.7H), 4.05 – 3.97 (m, 0.3H), 3.96 – 3.86 (m, 

0.7H), 3.52 (d, J = 2.8 Hz, 0.3H), 3.46 – 3.39 (m, 1H), 3.15 (d, J = 3.7 Hz, 0.7H), 2.83 – 2.71 

(m, 0.7H), 2.71 – 2.58 (m, 0.7H), 2.56 – 2.48 (m, 0.3H), 2.46 – 2.35 (m, 4H), 2.32 – 2.22 (m, 

0.7H), 2.20 – 1.84 (m, 3.6H), 1.75 – 1.57 (m, 1.4H). 1H NMR (500 MHz, CDCl3) δ (major 

Z isomer): 7.53 (d, J = 8.5 Hz, 1H), 7.47 (bs, 1H), 7.43 – 7.35 (m, 3H), 7.31 (d, J = 7.9 Hz, 

2H), 7.25 – 7.22 (m, 1H), 6.96 (s, 1H), 6.20 (s, 1H), 5.56 (td, J = 10.9, 4.5 Hz, 1H), 5.35 (td, 

J = 11.0, 5.1 Hz, 1H), 5.26 (t, J = 4.1 Hz, 1H), 5.21 (s, 1H), 4.62 – 4.53 (m, 2H), 4.31 – 4.25 

(m, 1H), 3.94 – 3.86 (m, 1H), 3.43 (d, J = 3.8 Hz, 1H), 3.15 (d, J = 3.7 Hz, 1H), 2.81 – 2.71 

(m, 1H), 2.71 – 2.57 (m, 1H), 2.46 – 2.33 (m, 4H), 2.16 – 1.98 (m, 3H), 1.75 – 1.58 (m, 2H). 

13C{1H} NMR (125 MHz, CDCl3) δ (major Z isomer): 174.3, 170.3, 163.7, 161.2, 155.1, 

154.4, 152.5, 141.5, 130.7, 129.9, 127.8, 125.9, 125.5, 121.0, 115.7, 114.7, 113.2, 106.2, 

101.2, 93.2, 91.5, 75.5, 69.3, 63.9, 55.4, 48.8, 33.2, 26.5, 25.5, 22.8, 18.7. HRMS (ESI, m/z): 

calcd for [C34H32NO10]
+ (M+H)+, 614.2021; found, 614.2034. 
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Pent-4-en-1-yl 6-(1-(((4-methyl-2-oxo-2H-chromen-7-yl)carbamoyl)oxy)pent-4-en-1-

yl)-1-oxo-5-phenoxy-1,6,7,7a-tetrahydro-3H-3a,6-epoxyisobenzofuran-7-carboxylate 

((±)-7). A round bottom flask equipped with a stir bar was charged with (±)-4 (41.9 mg, 

0.095 mmol), 4-methylcoumarin-7-isocyanate24 (35 mg, 0.17 mmol), and DCM (2 mL). 

After the solids were fully dissolved, DMAP (1.1 mg, 0.0095 mmol) was added. The solution 

was then stirred at room temperature for 1 h. The crude mixture was then filtered through a 

cotton pad and concentrated under reduced pressure before being purified by column 

chromatography (10–50% EtOAc/hexanes) to afford the title compound as a white solid 

(45.3 mg, 74% yield). 1H NMR (400 MHz, CDCl3) δ: 7.68 (bs, 1H), 7.54 (d, J = 8.6 Hz, 1H), 

7.43 – 7.35 (m, 2H), 7.35 – 7.29 (m, 1H), 7.26 – 7.20 (m, 2H), 7.12 – 7.04 (m, 2H), 6.21 (d, 

J = 1.4 Hz, 1H), 5.96 – 5.80 (m, 2H), 5.68 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.15 – 5.05 (m, 

2H), 5.03 – 4.96 (m, 1H), 4.96 – 4.86 (m, 2H), 4.61 (s, 2H), 4.14 (t, J = 6.7 Hz, 2H), 3.73 (d, 

J = 3.2 Hz, 1H), 3.36 (d, J = 3.2 Hz, 1H), 2.42 (d, J = 1.3 Hz, 3H), 2.35 – 2.24 (m, 2H), 2.12 

– 2.03 (m, 2H), 2.02 – 1.93 (m, 2H), 1.81 – 1.69 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) 

δ: 174.8, 169.4, 163.3, 161.3, 154.9, 154.7, 152.3, 152.0, 141.4, 137.6, 137.3, 130.2, 126.3, 

125.5, 120.4, 115.8, 115.4, 115.4, 114.5, 113.4, 106.1, 100.4, 93.2, 91.8, 69.4, 69.3, 65.7, 

52.7, 47.1, 31.3, 29.9, 29.7, 27.5, 18.7. HRMS (ESI, m/z): calcd for [C36H36NO10]
+ (M+H)+, 

642.2334; found, 642.2349. 

 

General procedure for the synthesis of multi-mechanophore polymers, MMPx. All 

reagents were kept in the glovebox in a nitrogen environment. Stock solutions of Grubbs’ 2nd 

generation catalyst (G2) in CHCl3 (2.2 mg/mL) were prepared in the glovebox and used 

immediately after preparation. Polymerization reactions were carried out in the glovebox. 

Upon completion, ethyl vinyl ether (0.1 mL) was added to the mixture inside the glove box 

and allowed to stir for 30 min at room temperature before the vial was removed from the 

glovebox. The reaction was then opened to air and the solution was diluted with DCM. The 

polymer was precipitated into methanol (2x) and collected by centrifugation. The isolated 

polymer was thoroughly dried under vacuum and characterized by NMR spectroscopy and 

GPC-MALS. GPC data are provided in Figure 4.4. 
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MMP80. Macrocycle 6 (8.3 mg, 0.014 mmol), COEOAc (20 mg, 0.12 mmol), and 

CHCl3 (66 μL, 2.0 M) were added to a 2 mL vial equipped with a stir bar. The mixture was 

heated gently at 60 °C on a hotplate until all solids dissolved. The solution was then cooled 

to room temperature followed by addition of a stock solution of G2 catalyst in CHCl3 (5.2 

μL, 0.013 μmol). The vial was sealed and stirred at room temperature. Polymerization for 3 

h provided the title polymer as a white solid (24 mg, 85%). Mn = 80.3 kDa, Đ = 2.40. 

MMP295. Macrocycle 6 (15 mg, 0.024 mmol), COEOAc (4.1 mg, 0.024 mmol), and 

CHCl3 (0.24 mL, 0.20 M) were added to a 2 mL vial equipped with a stir bar. The mixture 

was heated gently at 60 °C on a hotplate until all solids dissolved. The stock solution of G2 

catalyst in CHCl3 (4.0 μL, 0.010 μmol) was then added to the mixture maintained at 60 °C, 

and the reaction was stirred under a gentle flow of nitrogen to partially concentrate the 

solution while maintaining homogeneity. When the monomer concentration reached 

approximately 2 M, as determined by the total mass of the reaction mixture, the vial was 

sealed and stirred at room temperature. Polymerization for 3 h provided the titled polymer as 

a white solid (17 mg, 90%). Mn = 2953 kDa, Đ = 2.25. 

MMP23. Macrocycle 6 (10 mg, 0.016 mmol), COEOAc (12 mg, 0.074 mmol), and 

CHCl3 (0.88 mL, 0.1 M) were added to a 2 mL vial equipped with a stir bar. Stock solution 

of G2 catalyst in CHCl3 (6.2 μL, 0.016 mmol) was then added to the mixture and the vial 

was sealed and stirred at room temperature. Polymerization for 3 days provided the title 

polymer as a white solid (7.0 mg, 32%). Mn = 22.5 kDa, Đ = 1.36. 

 

Polymerization procedure for PMAcenter. The synthesis of PMAcenter was carried out 

according to the literature procedure.24,34 A freshly cut copper wire (1.1 cm length, 20 gauge) 

was treated with 1 M HCl for approximately 5 min and then rinsed thoroughly with DI water 

and acetone, and then allowed to dry in air. A 10 mL Schlenk flask 

equipped with a stir bar was charged with the bis-initiator (8.9 mg, 0.010 mmol), methyl 

acrylate (1.4 mL, 15 mmol), Me6TREN (5.4 μL, 0.020 mmol), and DMSO (1.4 mL). The 

flask was sealed and the solution was deoxygenated via three freeze-pump-thaw cycles, and 

then backfilled with nitrogen. The flask was opened briefly under a strong flow of nitrogen, 
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and the copper wire was added on top of the frozen mixture. The flask was resealed, 

evacuated for an additional 15 min, warmed to room temperature, and then backfilled with 

nitrogen. The reaction mixture was stirred at room temperature until the solution became 

sufficiently viscous, indicating that the desired monomer conversion was reached (1.5 h). 

The flask was then opened to air and the solution was diluted with DCM. The polymer was 

precipitated into cold methanol (2x) and then thoroughly dried under vacuum to provide a 

tacky white polymer (0.61 g, 45%). GPC data are provided in Figure 4.4. Mn = 83.9 kDa, Đ 

= 1.17. 

 

4.4 General Procedure for Ultrasonication Experiments 

An oven-dried sonication vessel was fitted with rubber septa, placed onto the sonication 

probe, and allowed to cool under a stream of dry argon. The vessel was charged with a 

solution of the polymer in anhydrous THF/methanol (3:1 v/v, 0.1 mg/mL, 20 mL) and 

Figures 4.14. HSQC analysis (500 MHz, CDCl3) of (±)-5 for stereochemical determination. The allylic 
carbon atoms in the macrocycle resonate at 23.0 and 26.9 ppm, indicating (Z) configuration of the 
macrocyclic olefin. 
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submerged in an ice bath.  The solution was sparged continuously with argon beginning 20 

min prior to sonication and for the duration of the sonication experiment. Pulsed ultrasound 

(1 s on/1 s off, 30% amplitude, 20 kHz, 13.9 W/cm2) was then applied to the system. The 

solution temperature during sonication was measured to be 9–13 °C. Sonicated solutions 

were filtered through a 0.45 μm syringe filter prior to analysis. Ultrasonic intensity was 

calibrated using the method described by Berkowski et al.35  

4.5 Characterization of Cargo Release Using Photoluminescence Spectroscopy 

Aliquots were removed during sonication experiments and characterized using 

photoluminescence spectroscopy to quantify release of aminocoumarin (CoumNH2) 

according to established procedures.24 Samples were first allowed to incubate for 5 days, 

after which the fluorescence emission reached a plateau indicating complete conversion of 

the intermediate furfuryl carbamate (see Figure 4.8). Emission spectra were recorded using 

an excitation wavelength of 365 nm. A standard calibration curve was constructed using the 

emission maximum at 424 nm to determine the concentration of CoumNH2 (Figure 4.15). 

 
 
 
 
 
 
 
 
 
 
 

Figures 4.15. Calibration curve for experimental determination of the concentration of 7-amino-4-
methylcoumarin (CoumNH2) (λex = 365 nm, λem = 424 nm) in THF/methanol (3:1 v/v). A linear 
regression of the data gives the calibration function Y = 908X.  
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Figures 4.17. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.1 
mg/mL solution of MMP295 in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of CoumNH2 
released from MMP295 as a function of sonication time calculated from the fluorescence intensity 
at 424 nm using the calibration curve. The theoretical concentration of CoumNH2 based on 100% 
release from the mechanophore is 127 μM. Each data point is the average of two replicate 
measurements with the error bar denoting the range of the two values. 

Figures 4.16. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.1 mg/mL 
solution of MMP80 in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of CoumNH2 released 
from MMP80 as a function of sonication time calculated from the fluorescence intensity at 424 nm 
using the calibration curve. The theoretical concentration of CoumNH2 based on 100% release from 
the mechanophore is 44.2 μM. Each data point is the average of two replicate measurements with 
the error bar denoting the range of the two values.  
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Figures 4.18. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.1 
mg/mL solution of MMP23 in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of CoumNH2 
released from MMP23 as a function of sonication time calculated from the fluorescence intensity 
at 424 nm using the calibration curve. The theoretical concentration of CoumNH2 based on 100% 
release from the mechanophore is 52.9 μM. Each data point is the average of two replicate 
measurements with the error bar denoting the range of the two values.  

Figures 4.19. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.10 
mg/mL solution of PMAcenter in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of CoumNH2 
released from PMAcenter as a function of sonication time calculated from the fluorescence intensity 
at 424 nm using the calibration curve. The theoretical concentration of CoumNH2 based on 100% 
release from the mechanophore is 1.2 μM. Each data point is the average of two replicate 
measurements with the error bar denoting the range of the two values. 



 

218 

4.6 . Characterization of Multimechanophore Polymers 

To investigate the distribution of mechanophores in the MMPs, a hydrolysis 

experiment was performed and the size of the product fragments was analyzed by GPC 

(Figure 4.20). A sample of MMP80 (5 mg) was dissolved in 1 mL of THF/MeOH (1:1) and 

12 mg of LiOH was added (0.5 M). The mixture was stirred at 60 °C for 9 h. The reaction 

was then cooled to room temperature and 1 M HCl was added dropwise until the pH was ~1 

according to a pH test strip. The mixture was concentrated under reduced pressure and 

lyophilized overnight. The crude product mixture was then suspended in DCM and then 

filtered to remove insoluble salt. The filtrate was concentrated and dried under high vacuum, 

and then analyzed by GPC-MALS. The chain fragments produced via hydrolysis are small 

with polystyrene-equivalent molar mass substantially < ~4 kDa. These results indicate that 

the mechanophore is relatively well distributed along the length of the polymer chain in the 

MMPs, consistent with a random copolymerization without significant blocky structure. This 

conclusion is further supported by the high mechanophore activation efficiencies (> 60%) 

achieved upon sonication of MMP80 and MMP295.  

12 14 16 18 20 22

Retention Time (min)

 MMP80

 MMP80 after hydrolysis

 4.6 kDa PS

 

Figures 4.20. GPC traces (RI response) of MMP80 before (blue trace) and after hydrolysis using 
lithium hydroxide (red trace). A polystyrene standard (Mn = 4.6 kDa, Đ = 1.05) is used as a reference. 
Hydrolysis of MMP80 produces only low molar mass fragments, indicating that the ester-containing 
mechanophore repeat units are relatively well distributed along the length of the polymer chain 
consistent with a random copolymer. 
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To characterize the structure of the polymer product after ultrasound-induced 

mechanochemical activation, a sample of MMP295 was subjected to sonication and 

subsequently analyzed by 1H NMR spectroscopy (Figure 4.21). BHT radical inhibitor (30 

mM) was added to the polymer solution in order to preserve the double bonds in the 

polymer backbone and avoid radical side reactions.36,37 A sample of MMP295 was dissolved 

in 3:1 THF/MeOH (0.1 mg/mL, 20 mL) and was sonicated for 35 min. The solution was 

incubated for 5 days to allow complete reaction of the intermediate furfuryl carbamates, 

after which it was concentrated under reduced pressure. The residue was redissolved in a 

small amount of DCM and precipitated into methanol (×2), collected by 

ultracentrifugation, and then thoroughly dried under vacuum before analysis by 1H NMR 

spectroscopy using a Shigemi tube. The 1H NMR spectrum of the polymer after sonication 

exhibits characteristic signals corresponding to the fumarate ester alkene protons, the furan 

proton, and the furfuryl ester methylene protons, consistent with the expected polymer 

structure (see Figure 4.9). 

 

Figures 4.21. 1H NMR spectra (400 MHz, CDCl3) of MMP295 before (top) and after sonication (middle) 
compared to (±)-3 (bottom). After sonication of MMP295 (3:1 THF/MeOH, 30 mM BHT, 35 min), 
characteristic signals corresponding to the fumarate alkene protons (~6.9 ppm), the furan proton (~6.3 
ppm), and the furfuryl ester methylene protons (5.1 ppm) are observed, consistent with the expected 
polymer product. Unreacted mechanophore repeat units are omitted from the structure of the 
polymer product for clarity. 

Figures 4.22.  
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4.7 Procedure for CoGEF Calculations 

CoGEF calculations were performed using Spartan ′18 Parallel Suite according to 

previously reported methods.31,38 Ground state energies were calculated using DFT at the 

B3LYP/6-31G* level of theory. Starting from the equilibrium geometry of the unconstrained 

molecule (relative energy = 0 kJ/mol), the distance between the terminal methyl groups of 

the truncated structure was increased in increments of 0.05 Å and the energy was minimized 

at each step. The maximum force associated with the retro-Diels–Alder reaction was 

calculated from the slope of the curve immediately prior to bond cleavage. 

4.8 Single Crystal X-Ray Diffraction 

Crystals for X-ray diffraction analysis were grown by slow diffusion of hexanes into 

a solution of compound (±)-4 in DCM. Low-temperature diffraction data (f-and w-scans) 

were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a 

PHOTON II CPAD detector with Cu Ka radiation (l = 1.54178 Å) from an IμS micro-source 

for the structure of compound V22298. The structure was solved by direct methods using 

SHELXS39 and refined against F2 on all data by full-matrix least squares with SHELXL-

201940 using established refinement techniques.41 All non-hydrogen atoms were refined 

anisotropically. Unless otherwise noted, all hydrogen atoms were included into the model at 

geometrically calculated positions and refined using a riding model. The isotropic 

displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the 

atoms they are linked to (1.5 times for methyl groups). All disordered atoms were refined 

with the help of similarity restraints on the 1,2- and 1,3-distances and displacement 

parameters as well as enhanced rigid bond restraints for anisotropic displacement parameters.  

Compound (±)-4 crystallizes in the monoclinic space group C2/c with one molecule 

in the asymmetric unit. The crystal cracked or underwent a phase change upon cooling to 

low temperatures so the data was collected at 200 K. The coordinates for the hydrogen atoms 

bound to O6 were located in the difference Fourier synthesis and refined semi-freely with 

the help of a restraint on the O-H distance (0.84(4) Å). One of the carbon chains was highly 

disordered and modeled as a three-component disorder.  
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Identification code  V22298 

Empirical formula  C25 H28 O7 

Formula weight  440.47 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 36.804(4) Å a= 90°. 

 b = 8.4725(12) Å b= 116.172(5)°. 

 c = 16.7600(19) Å g = 90°. 

Volume 4690.4(10) Å3 

Z 8 

Density (calculated) 1.248 Mg/m3 

Absorption coefficient 0.749 mm-1 

F(000) 1872 

Crystal size 0.400 x 0.150 x 0.150 mm3 

Theta range for data collection 2.675 to 74.613°. 

Index ranges -45<=h<=45, -10<=k<=9, -20<=l<=20 

Reflections collected 36207 

Independent reflections 4807 [R(int) = 0.0775] 

Completeness to theta = 67.679° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7538 and 0.5279 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4807 / 521 / 403 

Goodness-of-fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0549, wR2 = 0.1427 

R indices (all data) R1 = 0.0713, wR2 = 0.1601 

Extinction coefficient n/a 

Largest diff. peak and hole 0.289 and -0.272 e.Å-3 
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4.10 1H and 13C NMR spectra 
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C h a p t e r  5  

MECHANICALLY TRIGGERED DEPOLYMERIZATION OF A SELF-

IMMOLATIVE POLYMER 

 

Abstract: Self-immolative polymers are promising materials for applications including 

sensing, drug delivery, and lithography due to their unique ability to release many small 

molecules upon a single triggering event. Although many stimuli have been investigated, 

only one polymer backbone has been explored for mechanically triggered SIP 

depolymerization. In this work, we demonstrate that using our masked 2-furylcarbinol 

mechanophore, we can achieve the mechanically triggered de-capping of a self-immolative 

polymer that leads to its end-to-end depolymerization. 
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5.1 Investigation  

Stimuli-responsive polymers are an emerging class of materials that undergo 

preprogramed transformations in response to environmental cues or externally applied 

stimuli. In particular, self-immolative polymers (SIPs) have received significant attention 

because of their ability to degrade to its monomer make up in response to a triggering event.1 

They are comprised of a kinetically stable chain with an end-capping group that, upon being 

cleaved by a specific stimulus, undergoes an end-to-end depolymerization cascade. This 

characteristic of achieving an amplified response to a single molecular signal is highly 

attractive for applications in sensing, lithography, and drug delivery.2–5 

Mechanical force is an emerging stimulus for triggering productive chemistry in 

polymeric materials.6–8 In polymer mechanochemistry, force is transduced along the polymer 

chain to judiciously designed stress-sensitive units called mechanophores to trigger a variety 

of chemical reactions.9–11 Mechanophore-embedded polymers have been beneficial for 

understand the mechanism of stress transfer in multi-network elastomers12 as well as used 

for a variety of applications including drug-delivery with biocompatible ultrasound in 

solution13. However, only two examples of a mechanically triggered SIP depolymerization 

have been reported, both of which rely on the heterolytic chain scission of poly(o-

phthalaldehyde) to release its monomer, phthalaldehyde. 14,15 Despite the elegant design, it 

is inherently limited in the types of SIPs it can degrade. 

Our group recently developed a library of mechanophores for mechanically triggered 

small molecule release. A kinetically stable Diels–Alder adduct is embedded in the center of 

a polymer chain which, under force, undergoes mechanically triggered retro-Diels–Alder 

reaction to reveal a 2-furylcarbinol species. The unstable intermediate then spontaneously 

decomposes in polar protic solvents to release a covalently bound cargo molecule (Figure 

5.1a).16,17 Furthermore, we have shown that furans with an electron-rich phenoxy substituent 

can release a wide scope of cargos including phenols, alcohols, arylamines, alkyl amines, 

sulfonic acids and carboxylic acids.18 In this work, we aim to leverage this mechanically 

gated cascade reaction strategy for releasing small molecules to achieve the mechanically 

triggered depolymerization of SIPs (Figure 5.1). We hypothesized that by capping the SIP 

with the masked 2-furylcarbinol mechanophore and embedding it into the center of a polymer 
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chain, mechanochemical activation of the mechanophore would unmask the reactive chain-

end and trigger the depolymerization of the SIP. We detect the complete end-to-end 

depolymerization of the SIP by attaching a fluorogenic reporter unit to the SIP chain end. 

 

We chose the poly(carboxy pyrrole) as our SIP of study. Following the van Leusen 

pyrrole synthesis reported by the Phillips group,19 we prepared pentyl substituted N-

phenoxycarbonyl pyrrole monomer 1. Subjecting monomer 1 to catalytic DBU in THF at 60 

°C produced a phenoxycarbonyl capped oligomer, which was then transesterified with our 

mechanophore by adding Diels–Alder adduct DA-OH to form Olig-1 (Figure 5.2). The 3-

phenoxy substituted Diels–Alder adduct was chosen for its facile release of amines,18 and the 

primary alcohol design was necessary for efficient transesterification reaction to form Olig-

1 with complete end-capping. Interestingly, exposing DA-OH to catalytic amounts of DBU 

at 60 °C in THF resulted in significant β-elimination of the bromoisobutyrate group. The 

temperature for end-cap exchange with DA-OH was therefore reduced to 55°C, effectively 

suppressing the undesired elimination reaction. Olig-1 was then reacted with an excess of 4-

methylcoumarin-7-isocyanate which efficiently installed the aminocoumarin (CoumNH2) 

reporter unit on the chain-end of the oligomer to produce Olig-2. By integrating the pyrrole 

proton relative to the signals corresponding to the Diels–Alder adduct in the 1H NMR 

spectrum, the degree of polymerization (DP) was determined to be 34 and 35 for Olig-1 and 

Olig-2, respectively (Figure 5.3). The corresponding number average molar mass of Olig-1 

and Olig-2 is 7.2 and 7.6 kDa, respectively (Table 5.1, Figure 5.3). The dispersity of the two 

Figure 5.1. (a) Mechanically triggered small molecule release from polymers containing a masked 2-
furylcarbinol mechanophore via a retro-Diels–Alder/fragmentation cascade. (b) Mechanically 
triggered uncapping of a self-immolative polymer (SIP) that leads to the head-to-tail depolymerization 
of the SIP. 
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oligomers was determined by GPC to be 1.49 and 1.29, respectively (Table 5.1, Figure 5.4). 

Finally the oligomer was incorporated into a poly(methyl acrylate) backbone via controlled 

radical polymerization of methyl acrylate with Cu wire/Me6TREN in DMSO to form 

polymer-SIP conjugate PMA-Olig-2 (94.1 kDa, Đ = 1.46) (Table 5.1, Figure 5.4).  

To evaluate the mechanically triggered depolymerization of the polymer-SIP 

conjugate, we subjected solutions of PMA-Olig-2 (0.5 mg/mL, 5.3 μM in 3:1 THF/MeOH) 

to pulsed ultrasonication (1s on/1s off, 9–13°C, 20 kHz, 13.9 W/cm2) and aliquots were 

removed periodically for analysis by photoluminescence (PL) spectroscopy to calculate the 

amount of liberated reporter units (Figure 5.5a). Aliquots were allowed to incubate at room 

temperature for 28 h before evaluation to ensure complete fragmentation of the 

mechanophore as well as complete depolymerization of the SIP (Figure 5.6). Fluorescence 

signal corresponding to the free CoumNH2 increased with sonication time, indicating that 

the SIP depolymerized head-to-tail upon mechanical uncapping (Figure 5.5b). The PL 

intensity reached a maximum after 120 min of sonication time corresponding to 

approximately 10% yield of CoumNH2 (Figure 5.5c). GPC analysis of the aliquots show 

Figure 5.2. Synthesis of poly(carboxy pyrrole) Olig-1 capped with Diels–Alder adduct DA, Olig-2 
loaded with reporter unit coumNH2, and poly(methyl acrylate)-oligomer conjugate PMA-Olig-2.19 

 

Table 5.1. Polymer characterizations of Olig-1, Olig-2 and PMA-Olig-2. 
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Figure 5.3. Oligomers and polymers studied in this work (a) and their NMR characterizations (b) (400 
MHz, CDCl3). For Olig-1 and Olig-2, the repeat unit n was determined by comparing the integrations 
between 7.0 ppm and 4.2 ppm, which corresponds to 1 proton on the pyrrole backbone and Diels–
Alder adduct respectively. For Olig-S1 and Olig-3, the repeat unit n was determined by comparing the 
integrations between 7.0 ppm and 6.0 ppm, which correspond to 1 proton the pyrrole backbone and 
the allyl alcohol respectively. 
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Figure 5.4. GPC chromatograms, and characterization data for oligomers and polymers in the study. 

Figure 5.5. Mechanically triggered uncapping of SIP by subjecting PMA-Olig-2 to ultrasound-induced 
mechanical activation (0.5 mg mL-1 in 3:1 THF/MeOH, 5.3 μM). (a) The proposed mechanism for 
mechanically triggered uncapping of SIP, followed by head-to-tail depolymerization of SIP to release a 
free coumNH2 reporter unit. (b) Photoluminescence spectra monitoring the sonicated PMA-Olig-2 
over time (λex=365 nm). Red dashed line indicates maximum aminocoumarin released by sonicating 
Olig-2 in the same condition (5.0 μM in 3:1 THF:MeOH). (c) Concentration of aminocoumarin released 
over time by sonicating PMA-Olig-2 and Olig-2.  
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that the molar mass of PMA decreased steadily from 94 kDa to 44 kDa, which agrees with 

the proposed mechanism of mechanical activation of the mechanophore at the center of the 

polymer chain (Figure 5.7a). Subjecting Olig-2 to the same ultrasonication condition (5.0 

μM in 3:1 THF/MeOH) resulted in minimal increase in PL intensity and no change in the 

average molar mass over 120 min of sonication (Figure 5.5, 5.7b).  
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Figure 5.6. Concentration of CoumNH2 released from incubating 0.5 mg/mL (5.3 μM) solution of PMA 
in THF/methanol (3:1 v/v) at room temperature following 120 min of sonication time. λex = 365 nm slit 
width = 5 nm, λem = 424 nm slit width = 5 nm. Fitting the data to an expression of simple first-order 
kinetics provides a half-life of 8.1 h for release of CoumNH2 from the mechanochemically liberated 
furfuryl carbamate under these conditions. 

Figure 5.7. GPC traces as a function of ultrasonication time for (a) PMA and (b) Olig-2 monitored with 
a refractive index (RI) detector. (a) The Mp of PMA decreases steadily from 94 kg/mol to 44 kg/mol 
over 120 min of ultrasonication, indicating mechanically triggered polymer scission. (b) The Mp of Olig-
2 does not change significantly over 120 min of ultrasonication, indicating that the oligomer is below 
the threshold molecular weight, and does not undergo mechanical activation. 
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This result illustrates that Olig-2 has a molar mass below the threshold molecular weight 

required for mechanical activation, and that the depolymerization of SIP observed from 

ultrasonication of PMA-Olig-2 is mechanical in nature. 

Although we have successfully demonstrated the mechanically triggered 

depolymerization of the poly(carboxy pyrrole) SIP, we were initially surprised by the 

relatively low yield of CoumNH2. As opposed to the 50–80% yield observed in previous 

studies for small molecule release,17 only 10% yield of CoumNH2 is observed. We 

hypothesized that the low yield is due to incomplete depolymerization of uncapped SIPs as 

only the chains that have undergone complete end-to-end depolymerization will release the 

fluorescent small molecule reporter. To this end, we prepared a model SIP Olig-3 (n = 11, 

Mn = 2.4 kDa, Đ = 1.41) that is capped with an allyl carbamate similar to the compounds 

reported by Phillips19.A CoumNH2 reporter unit was also installed at the opposite chain-end 

to report on end-to-end depolymerization. Upon exposing Olig-3 to 1 equiv. of 

tetrakis(triphenylphosphine) palladium (5.3 μM in 3:1 THF/MeOH), formation of the Pd-

allyl complex triggers the SIP to undergo depolymerization. Interestingly, we observed 

approximately 35% of free reporter unit released from the chemically triggered SIP 

depolymerization (Figure 5.8). A similar experiment conducted by the Phillips group resulted 

in approximately 30% residual polymer as detected by NMR and GPC. These results are 

consistent  with the hypothesis that low CoumNH2-release from Olig-3 is due to incomplete 

depolymerization of the SIP, rather than strictly inefficient mechanophore activation.19 Since 

prior work has shown that mechanically triggered small molecule release can be as low as 

50% especially for polymers of higher dispersity,17 only 16% of reporters would be expected 

to be released from mechanically activating PMA and 35% end-to-end depolymerization of 

SIP chains. These results are worth considering for future explorations of using mechanical 

force to trigger polymer and SIP depolymerization. To achieve better amplified signal 

response from SIP depolymerization, higher efficiency for mechanical activation and better 

end-to-end SIP depolymerization is required.  
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In conclusion, we demonstrated that by installing an SIP to the masked 2-

furylcarbinol derivative mechanophore, mechanical force can trigger SIP depolymerization. 

Ultrasonication of a PMA-SIP conjugate containing a masked 2-furylcarbinol mechanophore 

as a triggering motif results in the end-to-end depolymerization of the SIP, as signified by 

the release of a fluorogenic reporter unit. In contrast, ultrasonication of the SIP did not lead 

to a significant increase in fluorescence signal, indicating that mechanical force was 

responsible for SIP depolymerization. Control experiments demonstrated that both the 

efficiency of mechanical activation as well as incomplete end-to-end depolymerization led 

to the low yield of reporter unit observed from mechanically triggered SIP depolymerization. 

With further optimization, this design could generate promising stimuli-responsive materials 

through amplified release of drugs or reporter units. 

Figure 5.8. (a) Chemically triggered uncapping of SIP by subjecting Olig-3 (5.3 μM in 3:1 THF/MeOH) 
with 5.3 μM of Pd(PPh3)4. (b) Concentration of CoumNH2 released over time by incubating Olig-3 with 
1 equiv of Pd(PPh3)4 at room temperature.  
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5.2 General Experimental Details and Methods 

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, diethyl ether, MeCN, and DMF were obtained 

from a Pure Process Technology solvent purification system. All reactions were performed 

under a N2 atmosphere unless specified otherwise. Column chromatography was performed 

on a Biotage Isolera system using SiliCycle SiliaSep HP or SiliaBond C18 cartridges. The 

pyrrole monomer 1 was synthesized by adapting the procedure described by Kim et al.19  

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 MHz spectrometers. All 

1H NMR spectra are reported in δ units, parts per million (ppm), and were measured relative 

to the signals for residual chloroform (7.26 ppm), dichloromethane (5.32 ppm), methanol 

(3.31 ppm), acetone (2.05 ppm), toluene (2.08 ppm), or acetonitrile (1.94 ppm) in deuterated 

solvent. All 13C NMR spectra were measured in deuterated solvents and are reported in ppm 

relative to the signals for chloroform (77.16 ppm).  Multiplicity and qualifier abbreviations 

are as follows: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dq = 

doublet of quartets, ABq = AB quartet, m = multiplet, bs = broad singlet. 

High resolution mass spectra (HRMS) were analyzed by direct infusion electrospray 

ionization (ESI) in the positive ion mode using a Waters LCT Premier XE time-of-flight 

(TOF) mass spectrometer operated in the V mode. The instrument was externally calibrated 

with NaI clusters. 

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), a 

Wyatt 18-angle DAWN HELEOS light scattering detector, and an 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). Refractive index increment (dn/dc) 

values were determined for each injection based on known sample concentration and 

assuming 100% mass elution. 
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Photoluminescence spectra were recorded on a Shimadzu RF-6000 

spectrofluorophotometer using a quartz microcuvette (Starna Cells 18F-Q-10-GL14-C, 10 x 

2 mm).  

Ultrasound experiments were performed inside of a sound abating enclosure using a 

500 watt Vibra Cell 505 liquid processor (20 kHz) 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). 

5.3 Synthetic Details 

 

 

Methyl (E)-oct-2-enoate (S1). A flame-dried round bottom flask equipped with a stir bar 

was charged with (E)-oct-2-enoic acid (18.8 g, 0.132 mol), methyl iodide (14 mL, 0.22 mol) 

and 60 mL of DMF under N2. Potassium carbonate (36.6 g, 0.265 mol) was then added to 

the mixture at 0 °C in an ice bath, and the reaction was allowed to warm to room temperature, 

and stirred for 7 hours. Upon completion, the reaction mixture was diluted with Et2O (100 

mL) and washed with NaHCO3 (3 x 150 mL) and brine (150 mL). The organic layer was 

dried over MgSO4, filtered, and concentrated under reduced pressure to yield the title 

compound as a colorless oil (20 g, 97%). 1H NMR (400 MHz, CDCl3) δ: 7.03 – 6.91 (m, 

1H), 5.89 – 5.77 (m, 1H), 3.72 (s, 3H), 2.24 – 2.13 (m, 2H), 1.50 – 1.40 (m, 2H), 1.38 – 1.24 

(m, 4H), 0.95 – 0.84 (m, 3H) ppm.13C{1H} NMR (100 MHz, CDCl3) δ: 167.4, 150.0, 120.9, 

51.5, 32.3, 31.4, 27.8, 22.6, 14.1 ppm. Spectrum matches literature report.20 
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Methyl 4-pentyl-1H-pyrrole-3-carboxylate (S2). A flame-dried round bottom flask 

equipped with a stir bar was charged with 60% NaH dispersed in mineral oil (10.2 g, 128 

mmol) and THF (80 mL) and cooled to 0 °C in an ice bath. A solution of S1 (20.0 g, 128 

mmol) and toluenesulfonylmetyl isocyanide (25.0 g, 128 mmol) in THF (100 mL) was then 

added dropwise via addition funnel over 35 mins. After addition, the reaction was warmed 

to room temperature and stirred for another hour before being diluted with EtOAc (150 mL). 

The crude mixture was washed with NaHCO3 (3 x 300 mL) and brine (300 mL), and the 

organic layer was dried over MgSO4, filtered, and concentrated under reduced pressure. The 

crude mixture was purified by column chromatography (15–35% EtOAc/Hexanes) to yield 

the title compound as a white solid (16.8 g, 67% yield). 1H NMR (400 MHz, CDCl3) δ: 8.25 

(bs, 1H), 7.40 – 7.34 (m, 1H), 6.57 – 6.52 (m, 1H), 3.79 (s, 3H), 2.76 – 2.59 (m, 2H), 1.62 – 

1.54 (m, 2H), 1.43 – 1.27 (m, 4H), 0.96 – 0.83 (m, 3H) ppm.13C{1H} NMR (100 MHz, 

CDCl3) δ: 165.8, 126.8, 124.5, 116.7, 114.2, 50.8, 32.0, 30.2, 26.2, 22.7, 14.3 ppm. HRMS 

(FI, m/z): calcd for [C11H18NO2]
+ (M+H)+, 196.1332; found, 196.1347. 

 

3-methyl 1-phenyl 4-pentyl-1H-pyrrole-1,3-dicarboxylate (S3). A round bottom flask 

equipped with a stir bar was charged with S2 (17 g, 86 mmol), DMAP (1.0 g, 86 mmol), and 

MeCN (700 mL). The solution was cooled to 0 °C in an ice bath before adding phenyl 

chloroformate (11.9 mL, 94.5 mmol) then DIPEA (16.5 mL, 94.5 mmol) dropwise. The 

mixture was slowly warmed to room temperature and stirred for 6 h before being diluted 

with EtOAc (200 mL), washed with NaHCO3 (3 x 800 mL) and brine (800 mL), and the 

organic layer was dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

crude mixture was purified by column chromatography (0–5% EtOAc/Hexanes) to yield the 

title compound as a waxy white solid (25 g, 92% yield). 1H NMR (400 MHz, CDCl3) δ: 7.99 

(d, J = 2.4 Hz, 1H), 7.48 – 7.42 (m, 2H), 7.35 – 7.29 (m, 1H), 7.25 – 7.21 (m, 2H), 7.18 – 
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7.15 (m, 1H), 3.84 (s, 3H), 2.82 – 2.58 (m, 2H), 1.72 – 1.58 (m, 2H), 1.43 – 1.29 (m, 4H), 

1.00 – 0.84 (m, 3H) ppm. 13C{1H} NMR (100 MHz, CDCl3) δ: 164.7, 150.3, 148.4, 129.9, 

129.8, 126.9, 126.4, 121.3, 119.1, 118.4, 51.4, 31.8, 29.4, 26.1, 22.7, 14.2 ppm. HRMS 

(ESI, m/z): calcd for [C18H22NO4]
+ (M+H)+, 316.1543; found, 316.1535. 

 

Phenyl 3-(hydroxymethyl)-4-pentyl-1H-pyrrole-1-carboxylate (1). A round bottom flask 

equipped with a stir bar was charged with S3 (3.63 g, 11.5 mmol), and THF (15 mL). The 

solution was cooled to -78 °C in an acetone/dry ice bath before adding 1.0 M DIBAL in THF 

(44 mL, 44 mmol) dropwise. The mixture was stirred at -78 °C overnight, before quenching 

with EtOAc (10 mL) at -78 °C and warming the mixture to room temperature. Rochelle salt 

solution (10% in water, 100 mL) was then added to the mixture and stirred for 30 mins. The 

mixture was then extracted with Et2O (3 x 100 mL), and the organic phase was combined, 

washed with water (2 x 500 mL) and brine (500 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated under reduced pressure. The crude mixture was purified 

by column chromatography (0–50% Acetone/Hexanes) to yield the title compound as a 

colorless oil (2.6 g, 80% yield). The product was purged with nitrogen and kept in the glove 

box freezer. Product could slowly degrade over a few months which hinders the following 

polymerization step. It is recommended to purify the monomer via column again prior to 

polymerization. 1H NMR (400 MHz, CDCl3) δ: 7.99 (d, J = 2.4 Hz, 1H), 7.49 – 7.41 (m, 

2H), 7.35 – 7.28 (m, 1H), 7.26 – 7.21 (m, 2H), 7.18 – 7.13 (m, 1H), 3.84 (s, 3H), 2.75 – 2.67 

(m, 2H), 1.66 – 1.57 (m, 2H), 1.42 – 1.34 (m, 4H), 0.93 – 0.87 (m, 3H) ppm. 13C{1H} NMR 

(100 MHz, CDCl3) δ: 150.5, 148.9, 129.8, 128.4, 128.0, 126.6, 121.5, 118.8, 118.0, 57.4, 

31.8, 29.4, 25.2, 22.7, 14.2 ppm. HRMS (ESI, m/z): calcd for [C17H20NO2]
+ (M-OH)+, 

270.1489; found, 270.1485. 
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Olig-1. All reagents were kept in the glovebox in a nitrogen environment. DBU was 

distilled and kept with 4Å molecular sieves in the glove box. A 1-dram vial equipped with a 

stir bar was charged with monomer 1 (100 mg, 0.34 mmol) and DBU (5.2 μL, 0.034 mmol) 

in the glove box. THF (0.34 mL) was then added and the vial was sealed with a septum cap. 

The vial was then heated to 60 °C for 9 hours in an oil bath outside of the glove box before 

cooling to room temperature and brought back into the glove box. (2-(2-((2-bromo-2-

methylpropanoyl)oxy)ethyl)-7-(hydroxymethyl)-1,3-dioxo-6-phenoxy-1,2,3,3a,7,7a-

hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl 2-bromo-2-methylpropanoate21 (220 mg, 

0.34 mmol) was then added with 0.17 mL THF in the glove box and ensured full solubility 

of all solids. The mixture was then heated in an oil bath at 55 °C for 12 hours. After reaction 

had completed, the reaction was cooled to room temperature and opened to air. It was diluted 

with THF, precipitated into MeOH x2, collected with centrifugation and dried under reduced 

pressure before being analyzed with NMR and GPC-MALS. The title oligomer was collected 

as a white solid (30 mg, 42 %yield). 

Olig-2. To a 1-dram vial equipped with a stir bar, Olig-1 (30 mg, 0.0041 mmol) and 

CoumNCO (10 mg, 0.05 mmol) were dissolved in DCM (1 mL) before DMAP (1 mg, 0.008 

mmol) was added. The solution was stirred at room temperature for 1 hour upon which 

reaction was complete as determined by crude NMR. The reaction was then diluted with 

DCM, precipitated into MeOH x2, collected with centrifugation and dried under reduced 

pressure before being analyzed with NMR and GPC-MALS. The title product was collected 

as a white solid (23 mg, 77% yield)  
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PMA-Olig-2. The synthesis of PMA was carried out according to the literature 

procedure.21 A freshly cut copper wire (1.1 cm length, 20 gauge) was soaked in 1 M HCl for 

approximately 5 min and then rinsed thoroughly with DI water and acetone, and then allowed 

to dry in air. A 10 mL Schlenk flask equipped with a stir bar was charged with the initiator 

Olig-2 (10.0 mg, 0.00122 mmol), methyl acrylate (0.2 mL, 2 mmol), Me6TREN (0.8 μL, 

0.0029mmol), DMSO (0.2 mL), and THF (0.1 mL). The mixture was gently heated to 

dissolve Olig-2. The flask was sealed and the solution was deoxygenated via three freeze-

pump-thaw cycles, and then backfilled with nitrogen. The flask was opened briefly under a 

strong flow of nitrogen, and the copper wire was added on top of the frozen mixture. The 

flask was resealed, evacuated for an additional 15 min, warmed to room temperature, and 

then backfilled with nitrogen. The reaction mixture was stirred at room temperature until the 

solution became sufficiently viscous, indicating that the desired monomer conversion was 

reached (2 h). The flask was then opened to air and the solution was diluted with DCM. The 

polymer was precipitated into cold methanol (2x) and was thoroughly dried under vacuum 

to provide a tacky white (25.6 mg, 13.5%) and characterized by GPC-MALS. Molar mass 

characterization data are reported in Figure 5.4. 

 

Olig-S1. Olig-S1 was synthesized following the procedure for Olig-1, with monomer 

1 (143 mg, 0.500 mmol), DBU (7.5 μL, 0.050 mmol), THF (0.5 mL), and allyl alcohol (34 

μL, 0.50 mmol). The title oligomer was collected as a white solid (18 mg, 18% yield). 

Olig-3. Olig-3 was synthesized following the procedure for Olig-2, with Olig-S1 

(17.0 mg, 0.0071 mmol), CoumNCO (10 mg, 0.05 mmol), DCM (1 mL), and DMAP (1 mg, 

0.008 mmol). The title product was collected as a white solid (20.2 mg, quant.)  

5.4 Sonication Experiments and Fluorescence Spectroscopy 

An oven-dried sonication vessel was fitted with rubber septa, placed onto the sonication 

probe, and allowed to cool under a stream of dry argon. The vessel was charged with a 

solution of the polymer in anhydrous THF/methanol (3:1 v/v, 0.5 mg/mL, 20 mL) and 
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submerged in an ice bath.  The solution was sparged continuously with argon beginning 20 

min prior to sonication and for the duration of the sonication experiment. Pulsed ultrasound 

(1 s on/1 s off, 30% amplitude, 20 kHz, 13.9 W/cm2) was then applied to the system. The 

solution temperature during sonication was measured to be 9–13 °C. Sonicated solutions 

were filtered through a 0.45 μm syringe filter prior to analysis. Ultrasonic intensity was 

calibrated using the method described by Berkowski et al.22  

5.5 Characterization of Cargo Release Using Photoluminescence Spectroscopy 

Aliquots were removed during sonication experiments and characterized using 

photoluminescence spectroscopy to quantify release of aminocoumarin (CoumNH2). 

Samples were first allowed to incubate for 28 hours, after which the fluorescence emission 

reached a plateau indicating complete conversion of the intermediate furfuryl carbamate. 

Emission spectra were recorded using an excitation wavelength of 365 nm. A standard 

calibration curve was constructed using the emission maximum at 424 nm to determine the 

concentration of CoumNH2 (Figure 5.9, 5.10). 
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Figure 5.9. Calibration curve for experimental determination of the concentration of 7-amino-4-
methylcoumarin (CoumNH2) (λex = 365 nm slit width = 5 nm, λem = 424 nm slit width = 5 nm) in 
THF/methanol (3:1 v/v). A linear regression of the data gives the calibration function Y = 40170X.  



 
251 

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

P
L
 (

x
1
0

3
 a

.u
.)

CoumNH2 Conc. (μM)

Equation y = a + b*x

Plot PL

Weight No Weighting

Intercept 0 ± --

Slope 7805.29071 ± 52.30

Residual Sum of Squ 136742.48262

Pearson's r 0.99987

R-Square (COD) 0.99973

Adj. R-Square 0.99969

 
 

 
 

 

Figure 5.10. Calibration curve for experimental determination of the concentration of 7-amino-4-
methylcoumarin (CoumNH2) with 5.3 μM of Pd(PPh3)4 added to each sample (λex = 365 nm slit width 
= 5 nm, λem = 424 nm slit width = 3 nm) in THF/methanol (3:1 v/v). A linear regression of the data gives 
the calibration function Y = 7805X.  

Figure 5.11. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.5 mg/mL 
(5.3 μM) solution of PMA-Olig-2 in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of 
CoumNH2 released from PMA-Olig-2 as a function of sonication time calculated from the fluorescence 
intensity at 424 nm using the calibration curve Figure 5.9. The theoretical concentration of CoumNH2 
based on 100% release from the mechanophore is 5.3 μM. Each data point is the average of two 
replicate measurements with the error bar denoting the range of the two values.  

Figure 5.12.  
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Figure 5.13. a) Representative PL spectra characterizing the release of CoumNH2 from a 0.037 mg/mL 
solution of Olig-2 in THF/methanol (3:1 v/v). λex = 365 nm. b) Concentration of CoumNH2 released 
from Olig-2 as a function of sonication time calculated from the fluorescence intensity at 424 nm using 
the calibration curve Figure 5.9. The theoretical concentration of CoumNH2 based on 100% release 
from the mechanophore is 5.0 μM. Each data point is the average of two replicate measurements with 
the error bar denoting the range of the two values.  

Figure 5.14. a) Representative PL spectra characterizing the release of CoumNH2 from a 5.3 μM 
solution of Olig-3 in THF/methanol (3:1 v/v) with 5.3 μM Pd(PPh3)4 added. λex = 365 nm. b) 
Concentration of CoumNH2 released from Olig-3 as a function of sonication time calculated from the 
fluorescence intensity at 424 nm using the calibration curve Figure 5.10. The theoretical concentration 
of CoumNH2 based on 100% release from the mechanophore is 5.3 μM.  

Figure 5.15.  
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5.7 1H and 13C NMR spectra 
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