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ABSTRACT

In the field of polymer mechanochemistry, mechanical force is hamnessed to promote selective
chemical transformations in the stress-sensitive molecules known as mechanophores.
Mechanochromic mechanophores, which produce visible optical changes in polymeric materials in
response to mechanical force, are particularly attractive for applications in force sensing, damage
reporting, and patterning. This dissertation explores new molecular design strategies for
mechanochromic polymers, elucidates fundamental understanding of mechanophore reactivity, and

develops systems capable of responding to discrete stimuli and exhibiting multistage coloration.

Unlike typical angular naphthopyrans that exhibit photochromic and mechanochromic behavior,
constitutionally isomeric linear naphthopyrans and 2H-1-benzopyrans are commonly considered non-
photochromic at ambient temperature, while their mechanochemical activity has not been studied. In
Chapter 1, we demonstrate that linear naphthopyrans incorporating an electron-donating amine
substituent do in fact undergo a ring-opening reaction upon photoirradiation with UV light and upon
mechanical activation, resulting in pronounced photochromic and mechanochromic behavior. In
Chapter 2, we report that the indole-fused 2H-1-benzopyran mechanophore undergoes a ring-opening
reaction under force to generate a yellow-colored merocyanine dye, which is further reversibly

transformed to a purple-colored dye upon the introduction of acid, enabling a multi-staged coloration.

In contrast to conventional mechanochromic mechanophores, the mechanically gated photoswitching
strategy, which decouples mechanochemical activation from the chromogenic response, enables
mechanophores with high force-specificity and a high degree of modularity. Chapter 3 describes a
mechanically gated 3H-anthra[2,1-b]pyran photoswitch that enables a three-stage coloration process.
Mechanochemical activation of the photoinert mechanophore in the polymer generates a yellow-
colored 3H-anthrapyran photoswitch, which can subsequently undergo a photochemical ring-opening
reaction producing an orange-red colored merocyanine dye. Chapter 4 further expands this concept
through the design of a naphthopyran mechanophore bearing a furan—maleimide Diels—Alder adduct
whose active photochromism is regulated by mechanical force, providing a new approach to

multistate stimuli-responsive polymers.
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Chapter 1

ANOMALOUS PHOTOCHROMISM AND MECHANOCHROMISM OF
A LINEAR NAPHTHOPYRAN ENABLED BY A POLARIZING
DIALKYLAMINE SUBSTITUENT

,
©) o8 Force
or
UV light
9 10 e
8 0. E  —
Oe 2 R Visible
7 Z3 light
6 5 4 orA
2H-naphtho[2,3-b]pyran
R=H R=N(CH,),
£3 Photochromic [Z1 Photochromic

£3 Mechanochromic £ Mechanochromic

This chapter has been reprinted from Sun, Y.; McFadden, M. E.; Osler, S. K.; Barber, R. W.;
Robb, M. J. Chem. Sci. 2023, 14, 10494—10499.

In contrast to common angular naphthopyrans that exhibit strong photochromic and
mechanochromic behavior, constitutionally isomeric linear naphthopyrans are typically not
photochromic, due to the putative instability of the completely dearomatized merocyanine
product. The photochemistry of linear naphthopyrans is thus relatively understudied
compared to angular naphthopyrans, while the mechanochromism of linear naphthopyrans
remains completely unexplored. Here we demonstrate that the incorporation of a polarizing
dialkylamine substituent enables photochromic and mechanochromic behavior from
polymers containing a novel linear naphthopyran motif. In solution phase experiments, a

Lewis acid trap was necessary to observe accumulation of the merocyanine product upon
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photochemical and ultrasound-induced mechanochemical activation. However, the same
linear naphthopyran molecule incorporated as a crosslinker in polydimethylsiloxane
elastomers renders the materials photochromic and mechanochromic without the addition of
any trapping agent. This study provides insights into the photochromic and mechanochromic
reactivity of linear naphthopyrans that have conventionally been considered functionally
inert, adding a new class of naphthopyran molecular switches to the repertoire of stimuli-

responsive polymers.

1.1 Introduction

Naphthopyrans are molecular switches that undergo a 6m electrocyclic ring-opening
reaction upon external stimulation to generate highly colored merocyanine dyes.! The
photochemical ring-opening reaction of naphthopyrans upon irradiation with UV light has
been extensively studied.”* More recently, it was discovered that naphthopyrans respond
similarly to mechanical force as the external stimulus, enabling new opportunities to use
these versatile switches for stress sensing applications in polymers.* The nascent field of
polymer mechanochemistry explores chemical transformations that are promoted
selectively by mechanical force in privileged stress-sensitive molecules called
mechanophores.”’ Mechanochromic mechanophores generate colored products upon
mechanochemical activation, facilitating the straightforward visualization of stress and/or

strain in materials.® A rapidly growing class of mechanochromic mechanophores includes

1 13-15 16,17

spiropyran,” ' spirothiopyran,'? rhodamine, oxazine, n-extended anthracene

21,22

adducts,'®! triarylmethanes,?® and diarylbibenzofuranone,?!*> among others. Our group

has been particularly interested in naphthopyrans due to their synthetic modularity and
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structural diversity, providing access to mechanochromic mechanophores and materials

with a wide range of functional properties.?> 2

The vast majority of studies on the photochromism and mechanochromism of
naphthopyran have focused on the so-called angular naphthopyrans (Scheme 1.1).! Angular
naphthopyrans have been extensively studied and developed as photoswitches for
commercial applications in photochromic lenses.®> The mechanochemical ring-opening
reaction of angular 3H-naphtho[1,2-b]pyran in polymeric materials was first reported in
2016.* In 2021, a closely related angular 2H-naphtho[2,1-b]pyran scaffold was also

25,26

demonstrated to exhibit mechanochromic reactivity, complementing the well-known

photochromic behavior. However, the mechanochemical reactivity of a structurally

isomeric linear 2H-naphtho[2,3- Scheme 1.1 Naphthopyran isomers and their stimuli-
responsive behavior. (a) Angular naphthopyrans undergo ring-
opening reactions with UV light or mechanical force. (b)
Photochromism and mechanochromism of linear 2H-

. naphthopyran is enabled upon introduction of an electron
studied (Scheme 1.1b). These $0- donating dialkylamine substituent.

blpyran scaffold has not been
called linear naphthopyrans contain 2 Previous work: Angular napthopyran
a pyran ring that is linearly oriented

with respect to the naphthalene

nucleus. In contrast to the angular 3H-naphtho[1,2-b]pyran 2H-naphtho[2,1-blpyran
[#1 Photochromic [#1 Photochromic
. [Z1 Mechanochromic [¥1 Mechanochromic
naphthopyrans, linear
b) This work: Linear napthopyran
naphthopyrans do not typically 0 o-® Force O
or
o ' ‘ UV light )
exhibit photochromic behavior at AN o pa— o o
O 2 R Visible Co O
. 7 3 light S
ambient temperature because the 6 5 4 orA
2H-naphtho[2,3-b]pyran O
R=H R=N(CH,),

rmg-opening reaction results in Photochromic [7) Photochromic i

Mechanochromic [Z1 Mechanochromic
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complete dearomatization of the naphthalene core.! Therefore, linear naphthopyrans have
received relatively little attention as photoswitches and their mechanochemical reactivity
is unknown.

We recently demonstrated that mechanical force is capable of promoting the dual ring-
opening reaction of naphthodipyran, which diverges from the photochemical reaction
where the concurrent ring opening of both pyran units is inaccessible.?” Trapping the
putatively unstable dimerocyanine product using a Lewis acid proved critical for observing
its formation in solution upon ultrasound-induced mechanochemical activation.
Incorporation of an electron rich dialkylamine substituent at the para-position of the
pendant aryl groups enables complexation of the merocyanine product with boron
trifluoride, which significantly slows or even eliminates thermal reversion.?’ Encouraged
by these results, we hypothesized that the ring-opening reaction of an appropriately
substituted linear naphthopyran may be observable upon trapping with boron trifluoride.
Herein, we study the photochemical and mechanochemical reactivity of polymers
containing a linear naphthopyran unit. In solution, a polarizing dialkylamine substituent is
indeed demonstrated to turn on the photochromic and mechanochromic behavior of linear
naphthopyran in the presence of boron trifluoride. Notably, however, silicone elastomers
crosslinked with the same dialkylamine-substituted linear naphthopyran motif also exhibit

photochromism and mechanochromism in the absence of any trapping agent.

1.2 Results and Discussion
Density functional theory calculations using the constrained geometries simulate external

force (CoGEF) method were first performed to investigate the mechanochemical reactivity



of linear naphthopyran.’®3! Models
of targeted linear 2H-naphtho[2,3-
blpyrans containing para-H and
para-pyrrolidine ~ substituents are
both predicted to undergo ring-
opening reactions upon mechanical
elongation to generate the anticipated
merocyanine products (Figure 1.1
and Figure S1.1). The
mechanochemical ring-opening
reactions of the linear naphthopyran
derivatives with para-H and para-

pyrrolidine substitution occur with a

Relative Energy (kJ mol™)

0 1 2 3 4 5 6 7 8 9 10
Displacement from Equilibrium (A)

Figure 1.1 Density functional theory (DFT) calculations using
the constrained geometries simulate external force (CoGEF)
method performed on a linear 2H-naphtho[2,3-b]pyran model
containing a pyrrolidine substituent predict a ring-opening
reaction upon mechanical elongation. The structure of the
predicted merocyanine product is shown, corresponding to the
position in the profile denoted by the arrow. The features at ~5.5
and 6.5 A displacement correspond to conformational changes.
Calculations were performed at the B3LYP/6-31G* level of
theory.

maximum force (Fmax) of 4.5 and 4.2 nN, respectively, which are similar to Fmax values

predicted by CoGEF for other naphthopyran mechanophores.*!

Encouraged by these computational results, we next set out to experimentally investigate

the photochemical and mechanochemical reactivity of linear naphthopyran. Polymers in

dilute solution undergo rapid extension upon ultrasonication with elongational forces

maximized near the chain midpoint.** Therefore, poly(methyl acrylate) polymers containing

a chain-centered linear naphthopyran unit (PMA-LNP and PMA-PyLNP) were designed

and synthesized, along with polymer PMA-Control containing a pyrrolidine-substituted

linear naphthopyran unit at the chain-end, which does not experience mechanical force upon



Scheme 1.2 Synthesis of poly(methyl acrylate) polymers incorporating a linear 2 H-naphthopyran unit.
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ultrasonication (Scheme 1.2).” Naphthopyrans are typically synthesized via an acid- catalyzed

reaction between a naphthol and a propargyl alcohol.*?

However, this protocol is not effective
for the synthesis of linear 2H-naphtho[2,3-b]pyrans.** We therefore employed an alternative
Heck coupling strategy for the construction of the linear naphthopyran scaffold.?-¢
Synthesis commenced by reacting 1-iodo-2-naphthol with acrylic acid to generate lactone 1,
followed by reduction with LAH to afford tethered alcohol 2. Protection of the primary
alcohol with tetrahydropyran (THP) furnished naphthol 3, which was engaged in a cross-
coupling reaction with allylic alcohols 4 or 5§ containing a para-H or para-pyrrolidine
substituent, respectively, to afford the corresponding Heck products 6 and 7. Naphthopyran

formation and THP removal was then accomplished in a two-step sequence using silica gel

in DMF at 135 °C and Amberlyst 15 in methanol at room temperature, respectively. Linear



naphthopyran diols 8 and 9 were
esterified with  bromoisobutyryl
bromide to afford bis-initiators 10
and 11, which were employed in the
controlled radical polymerization of
methyl acrylate using copper wire
and MesTREN in DMSO?’ to furnish
polymers PMA-LNP (M, = 132
kDa; P = 1.12) and PMA-PyLNP
(M, =262 kDa; B = 1.15) containing
a chain-centered linear naphthopyran
unit with para-H and para-
pyrrolidine substituents,
respectively. Polymer PMA-
Control (M, = 238 kDa; D = 1.09)
containing a pyrrolidine-substituted
linear naphthopyran unit at the chain
end was synthesized in a similar
fashion starting from the
naphthopyran with a single a-bromo

ester initiating group.
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Figure 1.2 UV-vis absorption spectra of PMA-PyLNP in
CH3CN with 0.5 mM BF3-Et;O during (a) photoirradiation at
=30 °C with 311 nm UV light, and (b) continuous
ultrasonication at —15 °C. Ultrasonication of PMA-Control
results in negligible merocyanine formation. Insets show
absorbance at 540 nm as a function of photoirradiation or
sonication time.
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The photochemical and mechanochemical reactivity of the linear naphthopyrans was
evaluated by subjecting dilute solutions of the polymers (2 mg/mL in CH3CN with 30 mM
BHT) to photoirradiation with 311 nm UV light at =30 °C or continuous ultrasonication at
—15 °C and UV-vis absorption spectra were recorded synchronously using a continuous flow
setup.?»* No photochromic or mechanochromic response was observed for PMA-LNP
under these conditions or when similar experiments were performed in the presence of 0.5
mM BF;-Et;O (Figure S1.2). Likewise, no changes in absorption were observed upon
photoirradiation or ultrasonication of PMA-PyLNP in the absence of BF3-Et;O (Figure
S1.3). However, photoirradiation of PMA-PyLNP in the presence of 0.5 mM BF3-Et;O
resulted in a new visible absorption peak at 540 nm (Figure 1.2a). An identical absorption
spectrum was generated upon ultrasound-induced mechanochemical activation of PMA-
PyLNP in the presence of 0.5 mM BF3-Et,O (Figure 1.2b). The products were found to be
thermally persistent with no thermal reversion of the trapped merocyanine observed upon
cessation of ultrasonication (Figure S1.4). Importantly, ultrasonication of PMA-Control
under the same conditions in the presence of 0.5 mM BF3-Et>O resulted in negligible changes
in absorption, confirming that mechanical force is responsible for the reaction of PMA-

PyLNP upon ultrasonication in the presence of BF3-Et,O (Figure 1.2b and Figure S1.5).

We next explored the potential of the linear naphthopyran mechanophore to serve as a
molecular force probe for visualizing stress or strain in solid polymeric materials.
Esterification of diol 9 with 4-pentenoic anhydride afforded bis-alkene-functionalized linear
naphthopyran Crosslinker-PyLNP, which was covalently incorporated into elastomeric

polydimethylsiloxane (PDMS) networks via Pt-catalyzed hydrosilylation (Figure 1.3a).!!



Interestingly, mechanical activation
of the PDMS film via compression
using an embossed stamp resulted in
purple coloration where force was
applied, and a similar chromogenic
response was observed upon
irradiation with UV light through a
simple photomask (Figure 1.3b). The
purple color generated upon
photochemical or mechanochemical
activation faded completely after ~20
min. These results contrast those

above for the photochemical and

a)
//—cr/ Hoow
Naphthopyran f\/ Pt (cat.)
Crosslinker H PSMS e
N\

Naphthopyran-PDMS

X
Vinyl-PDMS

Naphthopyran
Crosslinker

O
EZ)O l ro
I3

b)
uv Stamp
light (Force)

- E—

1cm

Figure 1.3 (a) PDMS networks covalently crosslinked with
linear 2H-naphthopyran mechanophore Crosslinker-PyLNP
(1.5 wt%) prepared via Pt-catalyzed hydrosilylation. (b)
Photographs of the material before and after irradiation with
365 nm UV light for 120 s through a photomask, and after
mechanical force applied via compression (2x) using an
embossed stamp. Schematic representations of the photomask
and stamp are shown.

mechanochemical activation of PMA-PyLNP in solution, in which merocyanine

accumulation was only observed in the presence of BF3-EtcO. Thermal reversion of

naphthopyran-derived merocyanine dyes is significantly slower in bulk polymeric

materials,>* but that is unlikely to completely account for the differences between solution

and solid state activation. The pyrrolidine substituent presumably favors a zwitterionic form

of the merocyanine that regains some degree of aromaticity in comparison to the quinoidal

form typical of angular naphthopyran derived merocyanines. The anionic oxygen atom of

the zwitterion may also engage in a stabilizing interaction with the oxophilic silicon atoms

in the PDMS network. We note that PDMS materials incorporating a linear naphthopyran
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crosslinker without a pyrrolidine substituent (para-H) were prepared in a similar fashion as

above, but did not exhibit any photochromic or mechanochromic behavior (Figure S1.6).

1.3 Conclusions

Unlike typical angular naphthopyrans that exhibit photochromic and mechanochromic
behavior, structurally isomeric linear 2H-naphtho[2,3-b]pyrans are poorly developed
because they are commonly considered non-photochromic at ambient temperature, while
their mechanochemical activity has not been studied. Here we investigate the photochemical
and mechanochemical reactivity of a linear naphthopyran covalently incorporated into
polymers and demonstrate that a polarizing dialkylamine substituent enables both
photochromic and mechanochromic behavior in solution using UV light and ultrasonication,
respectively. Accumulation of the merocyanine dye in solution is attributed to complexation
of the ring-opened product with boron trifluoride, which renders it thermally persistent.
However, elastomeric polydimethylsiloxane (PDMS) materials incorporating the linear
naphthopyran unit as a crosslinker also exhibit photochromic and mechanochromic
properties in the absence of any trapping agent. The polarizing dialkylamine substituent may
favor the zwitterionic form of the merocyanine dye, regaining some aromaticity and
potentially leading to a stabilizing interaction between the anionic oxygen atom and the
oxophilic silicon atoms in the PDMS matrix. This study expands knowledge of the reactivity
of linear naphthopyrans that have conventionally been overlooked as photoswitches and adds
a new class of naphthopyran mechanophores to the catalog for designing stimuli-responsive

polymers.



11

1.4 Supplementary Figures
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Figure S1.1 Density functional theory (DFT) calculations using the constrained geometries
simulate external force (CoGEF) method performed on linear 2H-naphtho[2,3-b]pyran
models with (a) para-pyrrolidine, and (b) para-H substitution predict a ring-opening reaction
upon mechanical elongation. The structures at various points in the CoGEF profile are shown

at right, corresponding to the positions denoted by the arrows. Calculations were performed
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at the B3LYP/6-31G* level of theory. The carbon atoms of the terminal methyl groups were

used to define the distance constraint.
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LNP in the presence or absence of BF3-Et:O. UV-vis absorption spectra of PMA-LNP in

CH3CN (2 mg/mL with 30 mM BHT) before and after (a) photoirradiation at —30 °C with

311 nm UV light, and (b) continuous ultrasonication at —15 °C for 60 min. UV-vis absorption



13
spectra of PMA-LNP in CH3CN (2 mg/mL with 30 mM BHT) with 0.5 mM BF3-Et;O before
and after (c) photoirradiation at —30 °C with 311 nm UV light, and (d) continuous
ultrasonication at —15 °C for 60 min. No photochromic or mechanochromic response was

observed under any conditions.

a) 0.359 Photoirradiation Time (min) b) 0.35- Sonication Time (min)
—0 —0
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Figure S1.3 UV-vis absorption spectra of PMA-PyLNP in CH3CN (2 mg/mL with 30 mM
BHT) before and after (a) photoirradiation at —30 °C with 311 nm UV light, and (b)
continuous ultrasonication at —15 °C for 60 min. No photochromic or mechanochromic

response was observed from PMA-PyLNP in the absence of BF3-Et;O.
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Figure S1.4 Absorbance recorded at 540 nm during ultrasonication of PMA-PyLNP in
CH3CN (2 mg/mL with 30 mM BHT) in the presence of 0.5 mM BF3-Et;O, and then after
cessation of ultrasonication. Ultrasound-induced mechanochemical activation of PMA-
PyLNP produces a persistent merocyanine product with no thermal reversion observed upon

cessation of ultrasonication. Absorption was monitored at Amax.
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Figure S1.5 UV-vis absorption spectra of PMA-Control in CH3CN (2 mg/mL with 30 mM
BHT) before and after continuous ultrasonication at —15 °C for 60 min (a) without BF3-Et,0,
and (b) in the presence of 0.5 mM BF3-Et:O. No changes in absorption are observed for
PMA-Control upon ultrasonication in direct contrast to PMA-PyLNP, which contains the
linear naphthopyran mechanophore near the chain midpoint where it is susceptible to
mechanical force. (¢) UV-vis absorption spectra of PMA-Control in CH3CN (2 mg/mL with
30 mM BHT) in the presence of 0.5 mM BF3-Et;,O before and after irradiation with 311 nm
UV light, confirming the presence of the linear naphthopyran moiety at the polymer chain
end. For this experiment, photoirradiation was performed in a quartz cuvette at room

temperature without use of the flow setup.
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Figure S1.6 (a) PDMS networks covalently crosslinked with linear 2H-naphthopyran
mechanophore Crosslinker-LNP (1.0 wt%) without a para-pyrrolidine substituent prepared
via Pt-catalyzed hydrosilylation. (b) Photographs of the material before and after
photoirradiation with 365 nm UV light for 120 s through a photomask, and after mechanical
force applied via compression (2%) using an embossed stamp. Schematic representations of
the photomask and stamp are shown. No photochromic or mechanochromic response is
observed in contrast to the analogous materials incorporating Crosslinker-PyLNP with a

polarizing dialkylamine substituent.
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1.5 Experimental Section
1.5.1 General Experimental Details

Reagents from commercial sources were used without further purification unless otherwise
stated. Methyl acrylate was passed through a short plug of basic alumina to remove inhibitor
immediately prior to use. Amberlyst 15 was washed with acetone prior to use. Copper wire
was soaked in 1 M HCI for 30 min and then rinsed consecutively with water and acetone
immediately prior to use. Dry solvents were obtained from a Pure Process Technology
solvent purification system. All reactions were performed under a N> 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 or a 600 MHz Varian spectrometer with 5 mm triple resonance inverse probe. All
'H NMR spectra are reported in § units, parts per million (ppm), and were measured relative
to the signals for residual chloroform (7.26 ppm), acetone (2.05 ppm), dichloromethane (5.32
ppm), or dimethyl sulfoxide (2.50 ppm) in deuterated solvent. All 3C NMR spectra were
measured in deuterated solvents and are reported in ppm relative to the signals for chloroform
(77.16 ppm), acetone (206.26 ppm), dichloromethane (54.00 ppm), or dimethyl sulfoxide
(39.52 ppm).

High resolution mass spectra (HRMS) were obtained from a Waters LCT Premier XE time-
of-flight mass spectrometer equipped with an electrospray ionization (ESI) probe, a JEOL

JMS-600H magnetic sector mass spectrometer equipped with a FAB+ probe, or via direct
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injection on an Agilent 1260 Infinity II Series HPLC coupled to a 6230 LC/TOF system in
electrospray ionization (ESI+) mode.

Analytical gel permeation chromatography (GPC) was performed using an Agilent 1260
series pump equipped with two Agilent PLgel MIXED-B columns (7.5 x 300 mm), an
Agilent 1200 series diode array detector, a Wyatt 18-angle DAWN HELEOS light scattering
detector, and a Optilab rEX differential refractive index detector. The mobile phase was THF
at a flow rate of 1 mL/min. Molecular weights and molecular weight distributions were
calculated by light scattering using a dn/dc value of 0.062 mL/g (25 °C) for poly(methyl
acrylate).

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

Ultrasound experiments were performed using a Vibra Cell 505 liquid processor equipped
with a 0.5-inch diameter solid probe (part #630-0217), sonochemical adapter (part #830-
00014), and a Suslick reaction vessel made by the Caltech glass shop (analogous to vessel
#830-00014 from Sonics and Materials). Polymer solutions were continuously sampled for
UV-vis analysis using a Cole Parmer Masterflex L/S pump system (item #EW-77912-10)
composed of an L/S pump head (part #77390-00) and L/S precision variable speed drive
(part #07528-20) using 4x6 mm PTFE tubing (part #77390-60) and a quartz flow-through
cell (Starna, part #583.4-Q-10/Z8.5), which was connected using M6-threaded PTFE tubing
(Starna, part #M6-SET). A Thermo Scientific EK45 Immersion Cooler (part #3281452) was
used to maintain a constant temperature bath for sonication experiments. Photoirradiation

with UV light was performed using either a DR/9W-UVA 365 nm lamp or a Philips PL-S
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9W/01/2P UVB bulb with a narrow emission of 305-315 nm and a peak at 311 nm under

ambient conditions unless indicated otherwise.

1.5.2 Synthesis and Characterization of Initiators and Polymers

Scheme S1.1 Synthesis of compounds used in this study not described in Scheme 1.2.
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5-iodo-1,2-dihydro-3H-benzo|f]chromen-3-one (1). A flame-dried 10 mL round-bottom
flask equipped with a stir bar was charged with 3-iodonaphthalen-2-ol (200 mg, 0.741 mmol),
Amberlyst 15 (200 mg), and 4 A molecular sieves (200 mg). The flask was evacuated and
backfilled with N> three times. Dry toluene (2 mL) was then added via syringe, followed by
the addition of acrylic acid (0.10 mL, 1.5 mmol) under N». After stirring at reflux overnight,
the flask was removed from heat and the crude mixture was filtered, concentrated under
reduced pressure, and purified by column chromatography on silica gel (0-15% ethyl

acetate/hexanes) to produce the title compound 1 as a pale yellow solid (177 mg, 74%).

TLC (25% EtOAc/hexanes): Ry=0.50

'H NMR (400 MHz, Chloroform-d) &: 8.28 (s, 1H), 7.84 (d, J= 8.5 Hz, 1H), 7.71 (d, J= 8.2

Hz, 1H), 7.61 — 7.53 (m, 1H), 7.50 — 7.43 (m, 1H), 3.34 (t, /= 7.6 Hz, 2H), 2.89 (dd, J = 8.2,
6.7 Hz, 2H).

BC{'H} NMR (101 MHz, Chloroform-d) §: 167.4, 147.9, 138.7, 132.1, 130.9, 127.74,

127.66, 126.0, 122.9, 116.9, 84.7, 28.7, 20.6.

HRMS (FD, m/z): caled for [C13HolO2]" (M)", 323.9647; found, 323.9644.
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1-(3-hydroxypropyl)-3-iodonaphthalen-2-0l (2). A flame-dried 250 mL round-bottom
flask equipped with a stir bar was charged with lithium aluminum hydride (700 mg, 18.4
mmol). The flask was evacuated and backfilled with N> three times and then dry THF (60
mL) was added via syringe. The flask was cooled in an ice bath and a solution of 1 (3.03 g,
9.35 mmol) in dry THF (20 mL) was added dropwise via syringe. After complete addition,
the mixture was warmed to room temperature and stirred for 1 h. The flask was subsequently
cooled in ice and ethyl acetate (20 mL) was added dropwise followed by a 10% aqueous
solution of Rochelle’s salt (100 mL). The mixture was stirred at room temperature overnight
followed by addition of 1 M HCI (50 mL). The crude mixture was concentrated under
reduced pressure and partitioned between water and ethyl acetate. The aqueous layer was
discarded and the organic layer was washed with water and then dried over Na>SOs, filtered,
and concentrated under reduced pressure. The crude product was purified by column
chromatography (0-30% EtOAc/hexanes) to afford the title product as a yellow solid (2.98
g, 97%).

TLC (50% EtOAc/hexanes): Ry=0.56

'H NMR (400 MHz, Chloroform-d) &: 8.22 (s, 1H), 7.88 (d, J= 8.6 Hz, 1H), 7.67 (d,J= 8.1

Hz, 1H), 7.53 — 7.45 (m, 1H), 7.38 — 7.29 (m, 1H), 3.64 (t, J= 5.8 Hz, 2H), 3.39 (dd, J= 7.3,

6.1 Hz, 2H), 2.09 — 1.95 (m, 2H).
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BC{'H} NMR (101 MHz, Chloroform-d) §: 150.1, 137.4, 133.3, 130.9, 127.7, 127.0, 123.9,

123.0, 119.2, 89.3, 61.0, 30.7, 21.8.

HRMS (ESI, m/z): caled for [Ci3H12102] (M-H), 326.9887; found, 326.9884.

3-iodo-1-(3-((tetrahydro-2H-pyran-2-yl)oxy)propyl)naphthalen-2-ol (3). A flame-dried
100 mL round-bottom flask equipped with a stir bar was charged with 2 (3.08 g, 9.39 mmol)
and pyridinium p-toluenesulfonate (PPTS, 689 mg, 2.75 mmol). The flask was evacuated
and backfilled with N three times. Dry CH2Cl2 (20 mL) was added via syringe, followed by
the addition of 3,4-dihydro-2H-pyran (0.80 mL, 9.1 mmol). After stirring at room
temperature overnight, the mixture was concentrated under reduced pressure and partitioned
between water and CH>Cl,. The aqueous phase was discarded and the organic phase was
dried over NaxSOs, filtered, and concentrated under reduced pressure. The crude product was
purified by column chromatography (0—15% EtOAc/hexanes) to afford the title product as
yellow solid (3.40 g, 88%).

TLC (10% EtOAc/hexanes): Ry=0.31

'H NMR (400 MHz, Chloroform-d) &: 8.22 (s, 1H), 7.88 (d, J= 8.6 Hz, 1H), 7.67 (d,J= 8.1

Hz, 1H), 7.48 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.32 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.29 (s,
1H),4.67 (dd, J = 4.6, 3.0 Hz, 1H), 3.93 (ddd, J = 11.0, 6.3, 3.7 Hz, 1H), 3.78 (dt, J= 10.2,

5.5 Hz, 1H), 3.60 — 3.50 (m, 1H), 3.46 (dt, J = 10.2, 5.8 Hz, 1H), 3.26 (t, J = 7.0 Hz, 2H),
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2.08 — 1.99 (m, 2H), 1.98 — 1.86 (m, 1H), 1.86 — 1.78 (m, 1H), 1.79 — 1.68 (m, 1H), 1.63 —
1.56 (m, 3H).

BC{'H} NMR (101 MHz, Chloroform-d) §: 150.1, 137.3, 133.3, 130.9, 127.7, 126.9, 123.8,

123.1,119.9, 99.1, 89.5, 65.9, 62.9, 30.7, 28.9, 25.4, 22.5, 19.7.

HRMS (FD, m/z): caled for [CisHa1103]" (M), 412.0535; found, 412.0539.

lOH

0

4
1-phenyl-1-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)prop-2-en-1-ol (4). A flame-dried
round-bottom flask equipped with a stir bar was charged with 4-hydroxybenzophenone (2.03
g, 10.3 mmol) and pyridinium p-toluenesulfonate (PPTS, 400 mg, 1.59 mmol). The flask was
evacuated and backfilled with N three times. Dry CH>Cl> (20 mL) was added via syringe
followed by the addition of 3,4-dihydro-2H-pyran (1.0 mL, 11 mmol). After stirring at room
temperature overnight, the mixture was concentrated under reduced pressure and partitioned
between water and CH2Cl.. The aqueous phase was discarded and the organic phase was
dried over NaxSQy, filtered, and concentrated under reduced pressure. Next, the crude yellow
oil was added to a flame-dried round-bottom flask equipped with a stir bar and the flask was
evacuated and backfilled with N three times. Dry THF (20 mL) was added via syringe and
the flask was cooled in an ice bath followed by the slow addition of vinylmagnesium bromide
(1 M in THF, 12 mL, 12 mmol). After complete addition, the reaction mixture was allowed
to warm to room temperature and stirred for 5 h. The flask was cooled in an ice bath and

water was added dropwise. The crude reaction mixture was concentrated under reduced
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pressure and partitioned between water and ethyl acetate. The aqueous phase was discarded
and the organic phase was dried over Na>SOys, filtered, and concentrated under reduced
pressure. The crude product was purified by column chromatography (0-30%
EtOAc/hexanes) to afford the title product as yellow oil (1.91 g, 60%).

TLC (20% EtOAc/hexanes): Ry=0.57

'H NMR (400 MHz, DMSO-de) &: 7.37 — 7.26 (m, 4H), 7.25 — 7.17 (m, 3H), 6.98 — 6.89 (m,

2H), 6.52 (dd, J = 16.9, 10.7 Hz, 1H), 5.86 (s, 1H), 5.43 (t, J= 3.4 Hz, 1H), 5.24 — 5.11 (m,
2H), 3.74 (ddd, J = 12.0, 8.7, 3.6 Hz, 1H), 3.52 (dt, J = 10.8, 4.4 Hz, 1H), 1.93 — 1.66 (m,
3H), 1.65 — 1.39 (m, 3H).

BC{'H! NMR (101 MHz, DMSO-de) &: 155.2, 147.1, 144.6, 140.1, 127.9, 127.7, 126.6,

126.4,115.6, 112.7,95.7,77.6, 61.5,29.9, 24.7, 18.7.

HRMS (ESI, m/z): caled for [C20H22NaOs]" (M+Na)', 333.1461; found, 333.1462.

(0]
BP-F

(4-fluorophenyl)(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)methanone (BP-F). A
flame-dried 100 mL round-bottom flask equipped with a stir bar was charged with 4-fluoro-
4'-hydroxybenzophenone (4.08 g, 18.9 mmol) and pyridinium p-toluenesulfonate (PPTS,
690 mg, 2.75 mmol). The flask was evacuated and backfilled with N> three times. Dry
CH:Cl; (20 mL) was added via syringe followed by addition of 3,4-dihydro-2H-pyran (2.5
mL, 27 mmol). After stirring at room temperature overnight, the mixture was concentrated

under reduced pressure and partitioned between water and CH2Cl,. The aqueous phase was
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discarded and the organic phase was dried over Na>SOg, filtered and concentrated under
reduced pressure. The crude product was purified by column chromatography (0—15%
EtOAc/hexanes) to afford the title product as white solid (4.74 g, 84%).

TLC (10% EtOAc/hexanes): Ry=0.49

'H NMR (400 MHz, Chloroform-d) 8: 7.87 — 7.74 (m, 4H), 7.20 — 7.07 (m, 4H), 5.54 (t, Jux

= 3.2 Hz, 1H), 3.88 (ddd, Jux = 11.4, 9.8, 3.1 Hz, 1H), 3.64 (ddd, Jun = 11.3, 4.0, 1.4 Hz,
1H), 2.09 — 1.95 (m, 1H), 1.93 — 1.86 (m, 2H), 1.78 — 1.65 (m, 2H), 1.65 — 1.59 (m, 1H).

BC{'H! NMR (101 MHz, Chloroform-d) 8: 194.4, 165.2 (d, Jcr = 253 Hz), 160.9, 134.5 (d,

Jcr = 3.1 Hz), 132.5 (d, Jcr = 8.9 Hz), 132.4, 130.8, 116.0, 115.5 (d, Jcr = 21.8 Hz), 96.2,
62.2,30.2,25.2, 18.6.

HRMS (FD, m/z): caled for [C1sH7FO3]" (M)*, 300.1162; found, 300.1159.

| on

0o,
1-(4-(pyrrolidin-1-yl)phenyl)-1-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)prop-2-en-
1-0l (5). A flame-dried round-bottom flask equipped with a stir bar was charged with BP-F
(6.50 g, 21.7 mmol) and the flask was evacuated and backfilled with N; three times.
Pyrrolidine (5 mL) was then added via syringe. After stirring at reflux for 1 h, the flask was
removed from heat and the crude mixture was diluted with CH2Cl,. The organic phase was
washed with sat. NaHCOs3 (aq), dried over NaxSQy, filtered, and concentrated under reduced

pressure. Next, the crude yellow solid was added to a flame-dried round-bottom flask

equipped with a stir bar and the flask was evacuated and backfilled with N three times. Dry
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THF (100 mL) was added via syringe and the flask was cooled in an ice bath, followed by
the slow addition of vinylmagnesium bromide (1 M in THF, 24 mL, 24 mmol). After
complete addition, the reaction mixture was allowed to warm to room temperature and stirred
for 1 h. The flask was again cooled in an ice bath and water was added dropwise. The crude
mixture was concentrated under reduced pressure and partitioned between water and ethyl
acetate. The aqueous phase was discarded and the organic phase was dried over Na;SOs,
filtered, and concentrated under reduced pressure. The crude product was purified by column
chromatography (0—15% EtOAc/hexanes) to afford the title product as yellow oil (4.23 g,
51%).

TLC (20% EtOAc/hexanes): Ry=0.46

"H NMR (400 MHz, CD,Cl) §: 7.31 — 7.22 (m, 2H), 7.21 — 7.12 (m, 2H), 7.01 — 6.91 (m,

2H), 6.52 — 6.42 (m, 3H), 5.38 (t, J= 3.4 Hz, 1H), 5.28 (dd, J= 17.1, 1.5 Hz, 1H), 5.23 (dd,
J=10.5, 1.5 Hz, 1H), 3.92 (ddd, J= 11.5, 9.4, 3.2 Hz, 1H), 3.59 (ddd, J= 11.4,4.2, 1.5 Hz,
1H), 3.31 - 3.22 (m, 4H), 2.28 (s, 1H), 2.05 — 1.93 (m, 5H), 1.89 — 1.77 (m, 2H), 1.73 — 1.50
(m, 3H).

BC{'H! NMR (101 MHz, Chloroform-d) &: 156.14, 156.11, 147.2, 144.4, 139.6, 132.84,

132.82,128.18, 128.16, 128.12, 115.93, 115.91, 112.9, 111.2,96.51, 96.47, 79.1, 62.2, 47.7,
30.5,25.6,25.4, 19.0.

HRMS (ESI, m/z): caled for [C24H30NO3]" (M+H)", 380.2220; found, 380.2231.
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(E)-3-(3-hydroxy-3-phenyl-3-(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)prop-1-en-1-
yD)-1-(3-((tetrahydro-2H-pyran-2-yl)oxy)propyl)naphthalen-2-0l (6). A flame-dried
round-bottom flask equipped with a stir bar was charged with 3 (100 mg, 0.243 mmol), 4 (83
mg, 0.27 mmol), Pd(OAc)> (16 mg, 0.071 mmol), and Cs2CO3 (78 mg, 0.24 mmol). The
flask was evacuated and backfilled with N three times followed by addition of dry CH3;CN
(2 mL) via syringe. After stirring at 80 "C for 1.5 h, the flask was removed from heat and the
crude mixture was diluted with ethyl acetate and washed with water. The aqueous phase was
discarded and the organic phase was dried over Na>SOs, filtered, and concentrated under
reduced pressure. The crude product was purified by column chromatography (0-25%
EtOAc/hexanes) to afford the title product as yellow solid (58 mg, 40%).

TLC (25% EtOAc/hexanes): Ry=0.27

'H NMR (400 MHz, Acetone-ds) 5: 7.99 — 7.91 (m, 2H), 7.80 (d, J = 7.4 Hz, 1H), 7.56 —

7.52 (m, 2H), 7.46 — 7.38 (m, 3H), 7.36 — 7.12 (m, 6H), 7.04 — 6.94 (m, 2H), 5.43 (t, J = 3.4
Hz, 1H), 4.64 (dd, J=4.2, 2.8 Hz, 1H), 3.89 — 3.72 (m, 3H), 3.55 (ddd, J= 11.4,4.3, 1.3 Hz,
1H), 3.50 — 3.42 (m, 2H), 3.21 (td, J= 7.3, 2.6 Hz, 2H), 2.00 — 1.92 (m, 3H), 1.89 — 1.45 (m,

13H).
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BC{'H} NMR (101 MHz, Acetone-ds) &: 157.0, 151.1, 148.5, 141.4, 139.2, 133.6, 130.2,

129.4, 129.07, 129.06, 128.6, 128.5, 127.86, 127.85, 127.4, 126.7, 125.4, 124.68, 124.67,
123.9, 123.6, 120.9, 116.6, 99.4, 97.0, 79.2, 67.1, 62.6, 62.4, 31.4, 31.1, 26.2, 26.0, 22.2,
20.2, 19.6.

HRMS (ESI, m/z): caled for [C3sHa10s]" (M-OH)", 577.2949; found, 577.2954.

0.0
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(E)-3-(3-hydroxy-3-(4-(pyrrolidin-1-yl)phenyl)-3-(4-((tetrahydro-2H-pyran-2-
yl)oxy)phenyl)prop-1-en-1-yl)-1-(3-((tetrahydro-2H-pyran-2-
yl)oxy)propyl)naphthalen-2-ol (7). A flame-dried round-bottom flask equipped with a stir
bar was charged with 3 (200 mg, 0.485 mmol), 5 (200 mg, 0.528 mmol), Pd(OAc): (33 mg,
0.15 mmol), and Cs>CO;3 (160 mg, 0.492 mmol). The flask was evacuated and backfilled
with N> three times followed by addition of dry CH3CN (2 mL) via syringe. After stirring at
80 °C for 1.5 h, the flask was removed from heat and the crude mixture was diluted with
ethyl acetate and washed with water. The aqueous phase was discarded and the organic phase
was dried over Na,SOs, filtered, and concentrated under reduced pressure. The crude product
was purified by column chromatography (0-25% EtOAc/hexanes) to afford the title product

as yellow solid (57 mg, 18%).
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TLC (25% EtOAc/hexanes): Ry=0.30

'"H NMR (400 MHz, Acetone-ds) &: 7.98 — 7.89 (m, 2H), 7.83 — 7.75 (m, 2H), 7.45 — 7.36

(m, 3H), 7.32 — 7.24 (m, 3H), 7.20 (d, J = 15.8 Hz, 1H), 7.10 (d, J = 15.8 Hz, 1H), 7.02 —
6.94 (m, 2H), 6.56 — 6.45 (m, 2H), 5.42 (t, J = 3.4 Hz, 1H), 4.63 (dd, J = 4.2, 2.9 Hz, 1H),
4.53 (s, 1H), 3.91 — 3.69 (m, 3H), 3.5 (dt, J= 11.5, 4.6 Hz, 1H), 3.49 — 3.42 (m, 2H), 3.27
~3.12 (m, 6H), 2.01 — 1.91 (m, 6H), 1.89 — 1.47 (m, 12H).

BC{'H! NMR (101 MHz, Acetone-ds) 8: 156.7, 151.2, 147.8, 142.0, 140.1, 135.0, 133.5,

130.3, 129.3, 128.98, 128.97, 128.8, 128.7, 126.6, 125.2, 123.8, 123.67, 123.66, 123.56,
120.9,116.40,116.38,111.8,99.4,97.1,79.2, 67.1, 62.6, 62.4,48.2,31.4,31.1, 26.2, 26.02,
25.97,22.2,20.2, 19.6.

HRMS (ESI, m/z): caled for [C42HagNOs]" (M—OH)", 646.3527; found, 646.3546.

HO

O
/OH

4-(10-(3-hydroxypropyl)-2-phenyl-2H-benzo|[g]chromen-2-yl)phenol (8) A flame-dried
round bottom flask equipped with a stir bar was charged with 6 (46 mg, 0.077 mmol) and
silica gel (150 mg). The flask was evacuated and backfilled with N three times followed by
addition of dry DMF (5 mL) via syringe. The reaction mixture was stirred at 135 °C for 40
h. After cooling to room temperature, Amberlyst 15 (100 mg) and methanol (10 mL) were
added and the reaction mixture was stirred at room temperature for 60 h. The crude mixture

was filtered and the filtrate was diluted with DCM and washed consecutively with 10% LiCl
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solution and water. The organic layer was dried over NaxSQg, filtered, and concentrated
under reduced pressure. The crude mixture was purified by column chromatography (0—40%
EtOAc/hexanes) to afford title compound as a pale yellow solid (30 mg, 95%).

TLC (50% EtOAc/hexanes): Ry=0.44

'H NMR (400 MHz, CD,Cl,) 3: 7.88 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.48 —

7.38 (m, 4H), 7.35 — 7.23 (m, 6H), 6.84 (d, J= 9.9 Hz, 1H), 6.76 — 6.70 (m, 2H), 6.38 (d, J
= 9.8 Hz, 1H), 3.61 — 3.46 (m, 2H), 3.36 — 3.13 (m, 2H), 1.93 — 1.75 (m, 2H).

BC{'H} NMR (101 MHz.CD,CL) &: 156.4, 148.1, 145.3, 136.9, 133.9, 132.1, 130.4, 129.4,

129.1,128.8,128.1, 127.3, 126.9, 124.8, 124.5, 124.3,123.7, 122.3, 122.0, 115.6, 83.9, 62.1,
32.9, 21.1. A small grease peak is present at 30.2 ppm in the included spectrum.

HRMS (ESI, m/z): caled for [C2sH2503]" (M+H)", 409.1798; found, 409.1804.

.
O
L,

HO

4-(10-(3-hydroxypropyl)-2-(4-(pyrrolidin-1-yl)phenyl)-2H-benzo|g]chromen-2-

yl)phenol (9) A flame-dried round bottom flask equipped with a stir bar was charged with 7
(58 mg, 0.087 mmol) and silica gel (180 mg). The flask was evacuated and backfilled with
N three times followed by addition of dry DMF (5 mL) via syringe. The reaction mixture
was stirred at 135 °C for 2 h. After cooling to room temperature, Amberlyst 15 (500 mg) and

methanol (5 mL) were added and the reaction mixture was stirred at room temperature for 1
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h. The crude mixture was filtered and the filtrate was diluted with DCM and washed
consecutively with 10% LiCl solution and water. The organic layer was dried over Na;SOs,
filtered, and concentrated under reduced pressure. The crude mixture was purified by column
chromatography (0—40% EtOAc/hexanes) to afford title compound as a yellow solid (11 mg,
26%).

TLC (50% EtOAc/hexanes): Ry=0.50

'H NMR (400 MHz, Acetone-ds) &: 8.32 (s, 1H), 7.94 (d, J = 8.6 Hz, 1H), 7.73 (d, J = 8.1

Hz, 1H), 7.47 (s, 1H), 7.41 — 7.36 (m, 1H), 7.35 — 7.31 (m, 2H), 7.30 — 7.24 (m, 3H), 6.85
(d, J=9.8 Hz, 1H), 6.81 — 6.76 (m, 2H), 6.50 — 6.44 (m, 2H), 6.40 (d, /=9.8 Hz, 1H), 3.71
—3.62 (m, 2H), 3.57 — 3.51 (m, 1H), 3.25 - 3.12 (m, 6H), 1.99 — 1.91 (m, 4H), 1.87 — 1.75
(m, 2H).

BC{'H! NMR (101 MHz, Acetone-de) 5: 157.4, 148.8, 148.2, 137.8, 134.3, 133.9, 132.5,

130.6, 129.3, 129.1, 128.8, 126.8, 124.5, 124.2, 124.0, 123.9, 123.4, 123.1, 115.6, 111.8,
83.8,62.6,48.1, 34.1, 26.0, 22.1.

HRMS (ESI, m/z): caled for [C3H3NOs]" (M+H)", 478.2382; found, 478.2377.

o
L %e

3-(2-(4-((2-bromo-2-methylpropanoyl)oxy)phenyl)-2-phenyl-2H-benzo[g]chromen-10-

10

yl)propyl 2-bromo-2-methylpropanoate (10). An oven-dried 20 mL vial equipped with a
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stir bar was charged with diol 8 (25 mg, 0.061 mmol) and the vial was evacuated and
backfilled with N> three times. Dry THF (5 mL) was added via syringe followed by addition
of EtsN (20 puL, 0.14 mmol) and then a-bromoisobutyryl bromide (20 pL, 0.162 mmol). After
stirring at room temperature overnight, the solid precipitate was filtered off and discarded.
The filtrate was diluted with ethyl acetate and washed with water. The organic layer was
dried over NaxSQy, filtered, and concentrated under reduced pressure. The crude mixture was
purified by column chromatography (0—15% EtOAc/hexanes) to afford title compound as a
pale yellow solid (7 mg, 16%).

TLC (25% EtOAc/hexanes): Ry= 0.67

'H NMR (400 MHz, CD,CL) &: 7.88 (d, J = 8.7 Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.55 —

7.39 (m, 6H), 7.37 — 7.24 (m, 4H), 7.13 — 7.06 (m, 2H), 6.90 (d, J = 9.9 Hz, 1H), 6.35 (d, J
= 9.8 Hz, 1H), 4.26 (t, J = 6.3 Hz, 2H), 3.25 — 3.14 (m, 2H), 2.03 (s, 6H), 1.95 — 1.88 (m,
8H).

BC{'H} NMR (101 MHz, CD>Cl>) : 172.1, 170.7, 150.7, 147.8, 145.1, 143.4,133.8, 131.7,

130.3, 129.2, 128.9, 128.9, 128.3, 127.6, 127.0, 125.0, 124.9, 124.3, 123.5, 122.4, 122.2,
121.3, 83.3, 66.7, 56.9, 56.2, 31.2, 31.0, 30.3, 29.4, 22.0.

HRMS (ESI, m/z): caled for [C3sH3sBr2Os]" (M+H)", 705.0851; found, 705.0848.
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3-(2-(4-((2-bromo-2-methylpropanoyl)oxy)phenyl)-2-(4-(pyrrolidin-1-yl)phenyl)-2H-
benzo[g]chromen-10-yl)propyl 2-bromo-2-methylpropanoate (11). A flame-dried round
bottom flask equipped with a stir bar was charged with diol 9 (42 mg, 0.088 mmol) and the
flask was evacuated and backfilled with N> three times. Dry THF (6 mL) was added via
syringe followed by addition of EtzN (50 puL, 0.36 mmol). The flask was cooled in an ice
bath and a-bromoisobutyryl bromide (50 pL, 0.40 mmol) was added slowly. After stirring at
room temperature overnight, the solid precipitate was filtered off and discarded. The filtrate
was diluted with ethyl acetate and washed with water. The organic layer was dried over
NayS0s, filtered, and concentrated under reduced pressure. The crude mixture was purified
by column chromatography (0—30% EtOAc/hexanes) to afford the title compound as a pale
yellow solid (10 mg, 15%).

TLC (15% EtOAc/hexanes): Ry=0.50

'H NMR (400 MHz, CD>CL) &: 7.87 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.56 —

7.50 (m, 2H), 7.45 — 7.38 (m, 2H), 7.36 — 7.25 (m, 3H), 7.15 — 7.05 (m, 2H), 6.86 (d, J=9.8
Hz, 1H), 6.63 (bs, 2H), 6.30 (d,J=9.7 Hz, 1H), 4.26 (t, J= 6.3 Hz, 2H), 3.35 — 3.24 (m, 4H),
3.20 (t, J = 7.9 Hz, 2H), 2.04 (s, 6H), 2.02 — 1.97 (m, 4H), 1.96 — 1.92 (m, 2H), 1.91 — 1.88
(m, 6H).

C{'H} NMR (101 MHz, Chloroform-d) &: 171.9, 170.3, 149.9, 147.8, 143.8, 133.5, 131.9,

129.7, 128.72, 128.67, 128.5, 126.3, 124.3, 123.8, 123.6, 123.0, 122.2, 121.4, 120.7, 111.2,
83.1, 66.4, 56.2, 55.5, 47.7, 30.94, 30.92, 30.8, 28.9, 25.6, 21.6. A small grease peak is

present at 29.8 ppm in the included spectrum.

HRMS (ESI, m/z): caled for [C40H42BraNOs | (M+H)*, 774.1430; found, 774.1412.
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Crosslinker-LNP
3-(2-(4-(pent-4-enoyloxy)phenyl)-2-phenyl-2H-benzo[g]|chromen-10-yl)propyl pent-4-
enoate (Crosslinker-LNP). An oven-dried 20 mL vial equipped with a stir bar was charged
with diol 8 (30 mg, 0.074 mmol) and DMAP (2.0 mg, 0.016 mmol). The vial was evacuated
and backfilled with N three times. Dry THF (5 mL) was then added via syringe followed by
the addition of EtzN (50 pL, 0.36 mmol) and 4-pentenoic anhydride (40 pL, 0.22 mmol).
After stirring at room temperature overnight, the filtrate was diluted with ethyl acetate and
washed with water. The organic layer was dried over Na>SOs, filtered, and concentrated
under reduced pressure. The crude mixture was purified by column chromatography (0-10%
EtOAc/hexanes) to afford title compound as a pale yellow solid (20 mg, 47%).

TLC (20% EtOAc/hexanes): Ry=0.61

'H NMR (400 MHz, CD,Cly) &: 7.85 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.52 —

7.38 (m, 6H), 7.37 — 7.25 (m, 4H), 7.06 — 7.00 (m, 2H), 6.88 (d, J= 9.8 Hz, 1H), 6.36 (d, J
=9.8 Hz, 1H), 5.94 - 5.74 (m, 2H), 5.16 — 4.93 (m, 4H), 4.16 (t, J= 6.3 Hz, 2H), 3.24 - 3.09
(m, 2H), 2.67 — 2.59 (m, 2H), 2.52 — 2.41 (m, 2H), 2.41 — 2.27 (m, 4H), 1.92 — 1.82 (m, 2H).

BC{'H} NMR (101 MHz, CD,Cl,) §: 173.4,171.9, 150.7, 147.8, 145.2, 143.0, 137.6, 137.1,

133.8, 131.8, 130.2, 129.2, 128.8, 128.7, 128.2, 127.5, 126.9, 125.0, 124.8, 124.3, 123.5,

122.5,122.3,121.9, 116.1, 115.6, 83.2, 64.9, 34.1, 30.3, 29.5, 29.42, 29.35, 22.0.
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HRMS (ESI, m/z): caled for [C3sH3705]" (M+H)", 573.2641; found, 573.2631.

Crosslinker-PyLNP
3-(2-(4-(pent-4-enoyloxy)phenyl)-2-(4-(pyrrolidin-1-yl)phenyl)-2H-benzo[g] chromen-
10-yD)propyl pent-4-enoate (Crosslinker-PyLNP). A flame-dried 25 mL round bottom
flask equipped with a stir bar was charged with diol 9 (60 mg, 0.13 mmol) and DMAP (2.0
mg, 0.016 mmol). The flask was evacuated and backfilled with N three times. Dry THF (10
mL) was added via syringe followed by the addition of EtsN (50 pL, 0.36 mmol) and 4-
pentenoic anhydride (60 pL, 0.33 mmol). After stirring at room temperature overnight, the
filtrate was diluted with ethyl acetate and washed with water. The organic layer was dried
over NaySQOs, filtered, and concentrated under reduced pressure. The crude mixture was
purified by column chromatography (0—15% EtOAc/hexanes) to afford title compound as a
pale yellow solid (55 mg, 66%).

TLC (15% EtOAc/hexanes): Ry=0.50

'H NMR (400 MHz, CD>Cl,) &: 7.84 (d, J = 8.5 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.52 —

7.47 (m, 2H), 7.43 — 7.37 (m, 2H), 7.33 — 7.23 (m, 3H), 7.08 — 6.99 (m, 2H), 6.84 (d, J=9.8

Hz, 1H), 6.56 — 6.43 (m, 2H), 6.32 (d, J= 9.8 Hz, 1H), 5.98 — 5.55 (m, 2H), 5.18 —4.94 (m,
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4H), 4.16 (t, J= 6.4 Hz, 2H), 3.30 - 3.19 (m, 4H), 3.16 (t, J = 7.9 Hz, 2H), 2.70 — 2.60 (m,
2H), 2.51 — 2.42 (m, 2H), 2.41 — 2.28 (m, 4H), 1.99 — 1.91 (m, 4H), 1.91 — 1.80 (m, 2H).

BC{'H! NMR (101 MHz, Chloroform-d) &: 173.3, 171.6, 149.8, 147.9, 147.3, 143.4, 137.0,

136.4, 133.5, 132.0, 130.9, 129.7, 128.7, 128.6, 128.3, 126.2, 124.2, 123.7, 123.6, 123.0,
122.2,121.6,121.2,116.1,115.5,111.1,83.1,64.7,47.6, 33.8,33.7, 29.1, 29.03, 29.01, 25.6,
21.6. A small grease peak is present at 29.8 ppm in the included spectrum.

HRMS (ESI, m/z): caled for [C42HaaNOs]" (M+H)", 642.3219; found, 642.3221.

HO N
0
o Br
_ =
PyLNP-Mono

4-(10-(3-hydroxypropyl)-2-(4-(pyrrolidin-1-yl)phenyl)-2H-benzo[g] chromen-2-

yl)phenyl 2-bromo-2-methylpropanoate (PyLNP-Mono). An oven-dried 20 mL vial
equipped with a stir bar was charged with diol 9 (30 mg, 0.063 mmol), DMAP (2.0 mg, 0.016
mmol), and dicyclohexylcarbodiimide (DCC, 15 mg, 0.073 mmol). The vial was evacuated
and backfilled with N> three times and dry DCM (3 mL) was added via syringe. The vial was
opened briefly and a-Bromoisobutyric acid (12 mg, 0.072 mmol) was added under a flow of
nitrogen. After stirring at room temperature for 2 h, the solid precipitate was filtered off and
discarded. The filtrate was diluted with DCM (20 mL) and washed with water. The organic

layer was dried over Na>SOs, filtered, and concentrated under reduced pressure. The crude
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mixture was purified by column chromatography (0-20% EtOAc/hexanes) to afford the title
compound as a pale purple solid (20 mg, 51%).

TLC (25% EtOAc/hexanes): Ry=0.40

'H NMR (400 MHz, CD,Cl,) &: 7.88 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.57 —

7.49 (m, 2H), 7.45 — 7.37 (m, 2H), 7.33 — 7.25 (m, 3H), 7.14 — 7.03 (m, 2H), 6.85 (d, J=9.8
Hz, 1H), 6.61 (bs, 2H), 6.34 (d, J = 9.8 Hz, 1H), 3.55 (td, J = 6.2, 1.9 Hz, 2H), 3.31 — 3.24
(m, 4H), 3.19 (t, J = 7.4 Hz, 2H), 2.04 (s, 6H), 2.01 — 1.95 (m, 4H), 1.85 — 1.76 (m, 2H).

BC{'H! NMR (101 MHz, Chloroform-d) : 170.4, 150.0, 147.9, 147.5, 143.3, 133.5, 131.7,

130.5, 129.9, 128.7, 128.6, 128.5, 126.3, 124.3, 123.9, 123.8, 123.3, 121.9, 121.5, 120.7,
111.2, 83.6, 61.9, 55.5, 47.7, 32.5, 30.7, 25.6, 20.7. A small grease peak is present at 29.9
ppm in the included spectrum.

HRMS (ESL, m/z): caled for [C36H37BrNO4]" (M+H)", 626.1900; found, 626.1885.

>Li;°
4
OO % O O}kﬁ
PyLNP-Control
3-(2-(4-((2-bromo-2-methylpropanoyl)oxy)phenyl)-2-(4-(pyrrolidin-1-yl)phenyl)-2H-
benzo[g]chromen-10-yl)propyl pivalate (PyLNP-Control). An oven-dried 20 mL vial
equipped with a stir bar was charged with PyLNP-Mono (25 mg, 0.040 mmol) and DMAP

(3.0 mg, 0.025 mmol). The vial was evacuated and backfilled with N> three times. Pivalic

anhydride (1.0 mL, 4.9 mmol) was added via syringe followed by the addition of EtsN (10
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uL, 0.072 mmol). After stirring at room temperature for 4 h, the solution was diluted with
ethyl acetate (20 mL) and washed with water. The organic layer was dried over Na;SOs,
filtered, and concentrated under reduced pressure. The crude mixture was purified by column
chromatography (0—10% EtOAc/hexanes) to afford title compound as a pale yellow solid (10
mg, 35% yield).

TLC (10% EtOAc/hexanes): Ry=0.44

'H NMR (400 MHz, CD,CL) &: 7.85 (d, J = 8.6 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.56

7.49 (m, 2H), 7.44 —7.36 (m, 2H), 7.35 — 7.25 (m, 3H), 7.14 — 7.05 (m, 2H), 6.85 (d, J=9.8
Hz, 1H), 6.55 (bs, 2H), 6.31 (d, J=9.7 Hz, 1H), 4.15 (t, J= 6.3 Hz, 2H), 3.32 — 3.21 (m, 4H),
3.16 (t,J = 8.0 Hz, 2H), 2.05 (s, 6H), 2.01 — 1.94 (m, 4H), 1.93 — 1.82 (m, 2H), 1.20 (s, 9H).

BC{'H! NMR (101 MHz, CD,Cl,) 8: 178.9, 170.8, 150.4, 148.1, 144.4, 133.8, 132.5, 130.2,

129.1, 128.9, 128.6, 126.7, 124.6, 124.5, 124.1, 123.5, 122.8, 122.3,121.2, 112.0, 83.4, 65.0,
56.3, 48.7,39.2, 31.0, 29.6, 27.6, 25.9, 22.1. A small grease peak is present at 30.2 ppm in

the included spectrum.

HRMS (ESI, m/z): caled for [C41HasBrNOs]" (M+H)", 710.2476; found, 710.2466.

General Procedure for the Synthesis of Poly(Methyl Acrylate) (PMA) Polymers
Incorporating a Linear Naphthopyran Unit. Polymers were synthesized by controlled
radical polymerization following the procedure by Nguyen et al.® A flame-dried Schlenk
flask equipped with a stir bar was charged with freshly cut 20 G copper wire (2 cm), initiator,
DMSO, and methyl acrylate. The flask was sealed and the solution was degassed via three

freeze-pump-thaw cycles, then backfilled with nitrogen and warmed to room temperature.
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MesTREN was added via microsyringe and the reaction was stirred at room temperature for
the indicated amount of time. Upon completion of the polymerization, the flask was opened
to atmosphere and diluted with a minimal amount of DCM. The polymer was precipitated
3x into methanol cooled with dry ice and then dried under vacuum. The GPC traces for each

polymer are shown below in Figure S7.
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PMA-LNP. Synthesized according to the general procedure using bis-initiator 10 (3.0 mg,

e

0.0042 mmol), MesTREN (4.5 uL, 0.017 mmol), DMSO (1.20 mL), and methyl acrylate
(1.20 mL, 13.3 mmol). Polymerization for 70 min afforded the title polymer as a tacky pale

yellow solid (300 mg, 27%). Mn = 132 kg/mol, D =1.12.
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PMA-PyLNP. Synthesized according to the general procedure using bis-initiator 11 (4.3 mg,

e

0.0056 mmol), MesTREN (6.0 uL, 0.022 mmol), DMSO (1.50 mL), and methyl acrylate
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(1.50 mL, 16.7 mmol). Polymerization for 60 min afforded the title polymer as a tacky pale

yellow solid (570 mg, 40%). M, =262 kg/mol, D = 1.15.
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PMA-Control. Synthesized according to the general procedure using mono-functional

e

initiator PyLNP-Control (2.0 mg, 0.0028 mmol), MesTREN (3.0 uL, 0.011 mmol), DMSO
(0.75 mL), and methyl acrylate (0.75 mL, 8.5 mmol). Polymerization for 60 min afforded

the title polymer as a tacky pale yellow solid (160 mg, 22%). M, =238 kg/mol, & = 1.09.

—— PMA-PyLNP
PMA-LNP ---- PMA-Control
M, =132 kDa M, =262 kDa M, = 238 kDa
b=112 b=115
10 11 12 13 14 15 16 17 10 11 12 13 14 15 16 17
Retention Time (min) Retention Time (min)

Figure S1.7 GPC traces (RI response) normalized to peak height for PMA-LNP, PMA-

PyLNP, and PMA-Control.
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1.5.4 PDMS Materials

PDMS materials incorporating linear naphthopyrans (1.0—1.5 wt%) were prepared following
previously reported procedures using the two-part Sylgard® 184 elastomer kit (Dow
Corning).*** PDMS sheets approximately 0.5 mm thick were cut into 2 cm x 2 cm samples
for testing.

General Procedure for Preparation of PDMS Materials. A representative procedure is
provided for the preparation of PDMS materials incorporating linear naphthopyran
crosslinker Crosslinker-PyLNP. Naphthopyran crosslinker Crosslinker-PyLNP (26 mg)
was dissolved in xylenes (1.5 mL) in a 20 mL scintillation vial. Sylgard® 184 prepolymer
base (1.704 g) was added and the mixture was thoroughly mixed in a vortex mixer to form a
homogenous, pale yellow opaque dispersion. Sylgard® 184 curing agent (169.0 mg) was
added and the contents were mixed using a vortex mixer. The mixture was pipetted onto a 5
cm X 5 cm Delrin plate which was placed inside a vacuum chamber and evacuated under
high vacuum (< 50 mTorr) for 2 h. The Delrin plate was then transferred to an oven and

cured at 80 ° C overnight. After curing, the plate was removed from the oven and the PDMS

film was peeled off and cut into 2 cm x 2 cm samples with a razor blade. For the preparation
of PDMS materials incorporating the crosslinker without a para-pyrrolidine substituent, a
similar procedure was followed using linear naphthopyran crosslinker Crosslinker-LNP (10
mg), Sylgard® 184 prepolymer base (0.995 g), and Sylgard® 184 curing agent (101.5 mg)
with a 2.5 cm x 2.5 cm Delrin plate.

Details of the Patterning Procedure Applied to PDMS Films. The stamp used in the

patterning experiments to apply localized compression was 3D printed from poly(lactic acid)
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with embossed features in the shape of a wavy pattern,*” as illustrated in Figure 3 in the main
text. The stamp was manually compressed into a 4 cm? film under a weight of ~72 kg to
achieve mechanochemical activation without causing irreversible deformation or tearing of
the PDMS. For the photopatterning experiment, a 4 cm? film was irradiated with 365 nm UV

light for 120 s through a cardboard photomask containing a small central hole.

1.5.5 DFT Calculations (CoGEF)

CoGEF calculations were performed using Spartan 20 Parallel Suite ang to previously
reported methods.*!*! Ground state energies were calculated using DFT at the B3LYP/6-
31G* level of theory. Truncated models of each mechanophore with terminal acetoxy groups
were used in the calculations. The equilibrium conformations of the unconstrained molecule
were initially calculated using molecular mechanics (MMFF) followed by optimization of
the equilibrium geometries using DFT (B3LYP/6-31G*). Starting from the equilibrium
geometry of the unconstrained molecules (energy = 0 kJ/mol), the distance between the
carbon atoms in the terminal methyl groups of the truncated structures was increased in
increments of 0.05 A and the energy was minimized at each step. The maximum force
associated with the mechanochemical reaction was calculated from the slope of the curve

immediately prior to bond cleavage.

1.5.6 Details for Photoirradiation and Sonication Experiments

To continuously monitor reaction progress by UV—vis absorption spectroscopy, a previously

23,42

described experimental setup was assembled using a peristaltic pump to transport the
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solution from the reaction vessel through a quartz flow cell in a UV-vis spectrometer and
return the solution to the reaction vessel. The flow rate through the system was maintained
at 8 mL/min, corresponding to a setting of 50 RPM on the peristaltic pump at the selected
occlusion. The UV-vis spectrometer was programmed to acquire full spectra at regular time
intervals. Absorbance values were measured at 790 nm and subtracted from the absorbance
values across the rest of the spectrum at each time point to account for drift during the
experiments.

General Procedure for Sonication Experiments. A sonication vessel was placed onto the
sonication probe and charged with a 2 mg/mL solution of polymer in CH3CN containing 30
mM BHT (20.0 mL), which was added to minimize decomposition side reactions resulting
from free radicals generated during sonication.**** An additional 6.2 mL of solution was
pumped into the dead space of the circulatory setup. If applicable, BF3-Et;O was added to
the sonication vessel via microsyringe to provide a final concentration of 0.5 mM BF;-Et;0.
Teflon inlet and outlet tubes were inserted into the solution in the sonication vessel through
punctured septa, and the pump was engaged to start the flow of solution through the system.
The sonication vessel was submerged in a —45 °C bath and degassed by sparging with N, for
30 min. The inert gas line was then removed into the headspace of the reaction vessel and
the system was maintained under an inert atmosphere throughout the sonication experiment.
Continuous sonication was then initiated (20 kHz, 20% amplitude, 6.8 + 0.5 W/cm? unless
indicated otherwise). The temperature inside the reaction vessel equilibrated to —15 °C, as
measured by a thermocouple inserted into the solution (Digi-Sense EW-91428-02

thermometer with Digi-Sense probe EW-08466-83). Reaction progress was monitored by
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UV-vis absorption spectroscopy. The entire system was kept in the dark for the duration of
the experiment. After completion of each experiment involving BF3-Et;0, the flow cell was
purged sequentially with CH3CN, deionized water, a saturated aqueous solution of Ca(OH)z,
deionized water, and finally CH3CN to remove residual BF3-Et;O and any potentially
hazardous byproducts of sonication.’ Sonication experiments on PMA-LNP were
performed using a different sonication probe with an acoustic intensity of 10.5 = 0.2 W/cm?.
Sonication intensity was calibrated via the literature method.*¢
General Procedure for Photoirradiation Experiments. Photoirradiation experiments were
performed under conditions that closely mimic those of the ultrasonication experiments. A
sonication vessel was placed onto the sonication probe and charged with a 2 mg/mL solution
of polymer in CH3;CN containing 30 mM BHT (20.0 mL) for consistency with
ultrasonication experiments. An additional 6.2 mL of solution was pumped into the dead
space of the circulatory setup. If applicable, BF3-Et>O was added to the sonication vessel via
microsyringe to give a final concentration of 0.5 mM BF3-Et,O. Teflon inlet and outlet tubes
were inserted into the solution in the sonication vessel through punctured septa, and the pump
was engaged to start the flow of solution through the system. The sonication vessel was
submerged in a —45 °C bath and degassed by sparging with N> for 30 min. The system was
then maintained under an inert atmosphere throughout the photoirradiation experiment.
Without sonication, the temperature inside the reaction vessel equilibrated to —30 °C. The
vessel was then exposed to a UV light source (A = 311 nm) positioned ~2 in away, which

was also submerged in the cooling bath and encased within a quartz tube. Reaction progress
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was monitored by UV-vis absorption spectroscopy. The entire system was protected from

external light for the duration of the experiment.
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Chapter 2

MECHANOCHEMICAL ACTIVATION OF AN INDOLE-FUSED 2H-
BENZOPYRAN GENERATES AN ACIDOCHROMIC MEROCYANINE
DYE ENABLING MULTICOLOR CHROMOMORPHIC MATERIALS
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This chapter has been reprinted from Sun, Y.; Razo, W. G.; Luo, S. M.; Osler, S. K.; Robb,
M. J. Polym. Chem. 2025, 16,4128-4135.

Molecular switches based on the 2H-1-benzopyran (chromene) scaffold have been widely
developed for their desirable photochromic and mechanochromic properties. Extended n-
conjugation is necessary to stabilize the ring-opened merocyanine dye at room temperature
leading to efficient switching under ambient conditions. To this end, naphthopyrans represent
a special class of benzo-annulated benzopyrans that have been studied extensively as both
photoswitches and more recently as mechanophores, generating intensely colored
merocyanine dyes upon exposure to ultraviolet light or mechanical force, respectively.

Alternative annulation strategies with judicious heteroatom substitution have also been
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studied in the photochemistry literature, but the mechanochemistry of 2H-1-benzopyrans has
yet to be explored. Here, we report the mechanochemical activation of an indole-fused 2H-
1-benzopyran mechanophore that generates a yellow-colored merocyanine dye in polymers
that is subsequently transformed to a purple-colored dye upon treatment with acid.
Neutralization with base recovers the yellow-colored merocyanine isomer with trans
exocyclic alkene geometry through an unusual acid-mediated alkene isomerization. This
study expands the repertoire of mechanochromic mechanophores based on (hetero)annulated
benzopyrans to enable multicolor chromomorphic behavior in response to both mechanical
force and acid for applications in stimuli-responsive polymeric materials with complex

switching properties.

2.1 Introduction

Responsive materials that undergo chemical or physical changes with external stimuli
such as light, mechanical force, or changes in pH enable innovative applications in areas
such as sensing,' bioimaging,*> and molecular delivery.®® Materials that produce a multi-
staged response to discrete stimuli are particularly appealing, facilitating the storage of
complex information and logic gate functions.”!' In the nascent field of polymer
mechanochemistry, mechanical force is transduced via polymer chains to induce specific
chemical transformations in stress-sensitive molecules termed mechanophores.'? !4
Mechanochromic mechanophores that produce changes in color upon mechanical
activation have been widely developed as molecular force probes to enable the
straightforward visualization of critical stress and/or strain in polymeric materials.!> The

expanding catalog of mechanochromic mechanophores includes naphthopyran,'¢23
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spiropyran,>*2° spirothiopyran,?’ ;
Force
or
. - . N 1
rhodamine,?® 3 oxazine,*'*? n-extended m
(o =
visible light
anthracene adducts,>* o_ or A
triarylmethanes,>” and
diarylbibenzofuranone,>®’ among
many others. While most
mechanochromic mechanophores

exhibit a binary response to force, those

Scheme 2.1 Reactivity of an indole-fused 2H-1-
benzopyran (BP) molecular switch generating a yellow-
colored merocyanine dye (MC), which is further
products or states with distinct colors transformed to a purple-colored dye (MCHY) upon
treatment with acid. Subsequent neutralization with base
regenerates yellow-colored MC. Further investigation
indicates that the recovered MC is the isomer with frans
exocyclic alkene geometry.

that are capable of generating multiple

remain limited.!”?!2%3 On the other
hand, combining mechanical force with
a secondary stimulus represents an alternative strategy for achieving responsive materials
with multicolor functionality. Acid, for example, has been extensively used as a simple yet
powerful external stimulus to regulate chemical processes, inspiring the design of pH-
responsive materials.*” Thus, we envisioned that a mechanochromic mechanophore that
also responds to changes in pH would engender a multi-staged color response to discrete
stimuli and potentially enable more complex switching properties and applications.

The 2H-1-benzopyran (chromene) scaffold has been widely developed as a class of
molecular switches that undergo a 6w electrocyclic ring-opening reaction upon external
stimulation to generate colored merocyanine dyes.*! Although simple derivatives of

benzopyran exhibit only weak photochromism under ambient conditions due to the
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£, 4142

instability of the dearomatized merocyanine produc judicious substitution, as in the

case of benzo-annulation (i.e., naphthopyrans), engenders both strong photochromic and

3 However, in contrast to naphthopyran,*® the

mechanochromic  behavior.*
mechanochemistry of 2H-1-benzopyran has not been investigated to date. Likewise,
studies of the photochemistry of benzopyran remain relatively limited. Substitution of
benzopyran with electron-donating groups including heteroannulation with furan and
indole has been effectively employed to stabilize the photochemically generated
merocyanine products.*>***6 We hypothesized that similarly substituted benzopyrans
would also be mechanochemically active, enabling the ring-opening reaction to proceed
under mechanical force. Moreover, the presence of a basic nitrogen atom, as in the case of
the indole-annulated benzopyrans, may also serve to enable additional pH-responsive
behavior to further modulate the accessible color states.

Herein, we report an indole-fused 2H-1-benzopyran mechanophore that undergoes a
ring-opening reaction under force to generate a yellow-colored merocyanine dye, which is
further reversibly transformed to a purple-colored dye upon the introduction of acid
(Scheme 2.1). Neutralization with base recovers a thermally stable yellow-colored
merocyanine dye with trans exocyclic alkene geometry. We demonstrate the multicolor
chromogenic behavior of the indole-fused benzopyran mechanophore using solution-phase
ultrasonication experiments in combination with acid and base treatment, and extend the
reactivity to polydimethylsiloxane elastomers to achieve multi-staged, multicolor

patterning. This study expands the toolbox of mechanochromic mechanophores to include
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the understudied benzopyran scaffold and leverages distinct stimuli-responsive manifolds

to enable polymeric materials with complex multicolor switching properties.

2.2 Results and Discussion

properties. We first investigated the mechanochemical reactivity of the indole-fused 2H-

1-benzopyran scaffold in silico by performing density functional theory (DFT) calculations

on a truncated model using the constrained geometries simulate external force (CoGEF)

method.*”*® We identified a benzopyran skeleton with indole fusion at the 7,8-positions

and the N-atom bound to C(7), as illustrated in Scheme 1. A similar benzopyran compound

was reported by Oliveira ef al. to be photochemically active, producing a merocyanine dye

with absorption maxima at 431 and 557 nm as well as relatively slow thermal reversion.**

We evaluated a model of this

benzopyran containing truncated
polymer attachment positions at the
N-atom of the carbazole fragment and
at one of the phenyl groups on the
pyran ring (Figure 2.1 and Figure
S2.1). Upon mechanical elongation
using the CoGEF protocol (B3LYP/6-
31G*), a ring-opening reaction of the
pyran occurs with a rupture force

(Fmax) of 4.9 nN. While the absolute

forces calculated by CoGEF are

500
@]
O
400+ //I CH;  F,,=49nN
= N
2 -
£ O
£ 3001
>
o O
s Vi
=
5 ®
2 200- O
ke
2 o
HsC
100 Wg <
0 T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11

Displacement from Equilibrium (A)

Figure 2.1 Density functional theory (DFT) calculations
using the constrained geometries simulate external force
(CoGEF) method performed on an indole-fused 2H-1-
benzopyran model predicts merocyanine formation upon
mechanical elongation. Structures of the benzopyran model
and the predicted merocyanine product are shown. The
features at ~4.4 and ~6.0 A displacement correspond to
conformational changes. Calculations were performed at the
B3LYP/6-31G* level of theory. The carbon atoms of the
terminal methyl groups define the distance constraint.
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typically overestimated relative to experiments, they nevertheless provide a useful
characterization of the relative reactivity of mechanophores.*® The value of Fimax predicted
for the indole-fused benzopyran is comparable to Fmax values predicted for other
naphthopyran mechanophores, suggesting that the mechanochemical ring-opening reaction
should be accessible experimentally.'®18-2022

We next set out to synthesize the target indole-fused benzopyran compound and
incorporate it into polymers to experimentally investigate the stimuli-responsive properties.
Ultrasonication is routinely employed to mechanically activate polymers in dilute solution
whereby cavitation-induced elongational force is maximized near the chain midpoint and
is non-existent at the chain ends.*” Thus, we sought to prepare poly(methyl acrylate) P1
and control polymer P2 containing the indole-fused 2H-1-benzopyran motif near the chain

center and at the chain end, respectively (Scheme 2.2). Starting from 4-hydroxycarbazole

1, an N-alkylation reaction with protected 2-iodoethanol followed by removal of the

Scheme 2.2 Synthesis of poly(methyl acrylate) polymers incorporating an indole-fused 2H- benzopyran unit.

OH (o} 5 J‘xsr OH
r
’ 1 | ~OTHP H Br)l><
N

NaH, THF, reflux pyrldlne
———
O O 2.PPTS O O THF” O O e
50% (CH50),CH

MeOH, reflux
"o 27%, 2 steps HO DCE, reflux
1 2 27%
............. S o) o}

Chain-End Control Br Br

Me . n o (o)

! ;

N i MeO \ o K|

; \)LOMe
I , O O o O O

' -
OMe | DMSO, 1t

T Qo ‘Q Oo

i M,=191kDa  © M, = 149 kDa
P p=129 i, p=125 o Br



72
tetrahydropyran (THP) protecting group using pyridinium p-toluenesulfonate (PPTS) in
methanol afforded carbazole diol 2. Selective esterification of the alcohol using
bromoisobutyryl bromide furnished monoester 3. Next, reaction with propargyl alcohol 4
in the presence of PPTS and trimethyl orthoformate following Carreira’s procedure®
furnished benzopyran bis-initiator 5, which was subsequently employed in the controlled
radical polymerization of methyl acrylate using Cu wire and MesTREN in DMSO°! to
afford P1 (M, = 149 kDa; D = 1.25) incorporating the benzopyran unit near the chain center.
Control polymer P2 (M, = 191 kDa; P = 1.29) incorporating the benzopyran unit at the
chain end was prepared in a similar fashion from the benzopyran initiator containing an N-
Me group.

The reactivity of the indole-fused benzopyran was initially investigated by subjecting a
dilute solution of P1 (2 mg/mL in CH3CN with 30 mM BHT, —15 °C) to continuous
ultrasonication (8.4 = 0.4 W/cm?) and aliquots were removed and analyzed by UV-vis
absorption spectroscopy (Figure 2.2). A new visible absorption peak at 423 nm was
generated upon ultrasound-induced mechanochemical activation of P1 corresponding to
the formation of merocyanine product MC (see Scheme 2.1 and Figure S2.2). In direct
contrast, the control polymer P2 containing the benzopyran unit at the chain end produced
minimal changes upon ultrasonication, indicating that the ring-opening reaction of
benzopyran is mechanochemical in nature. The slight increase in absorbance at shorter
wavelengths in this case is characteristic of background reactions typically observed with
sonication. We next set out to investigate the acidochromism of MC by treating the

sonicated P1 solution with hydrochloric acid in dioxane to provide a final concentration of



15 mM HCl (Figure S2.3). A
substantial change was observed in the
visible absorption spectrum with a
new peak appearing at 558 nm
putatively corresponding to the
formation of MCH" as illustrated in
Scheme 1 (Figure 2.2b). DFT
calculations suggest that protonation
of MC results in a smaller HOMO-
LUMO energy gap with extended
electron density on the aryl rings,
consistent with the bathochromically
shifted absorption peak (Figure S2.4).
Addition of triethylamine to the
sonicated, acidified solution of P1
caused the solution immediately to
become yellow, reflecting the putative
regeneration of MC. However,
compared to the merocyanine dye
the

generated directly

by
mechanochemical activation of P1,

the recovered product was more

73

a)
0.2%1 Sonication Time (min) 0.15
0
1 £
- 5 e 0.10
: 10 <
—15 o 0.05
—20 2
0.15{=_=20(P2) 0
- 0 5 10 15 20
2 Time (min)
0.10
0.05 1
0_ T T — .—l — -l' T T 1
400 450 500 550 600 650 700 750 800
b) Wavelength (nm)
e P1+US
{——P1+US +HCI
1= =P1+US+HCI+Et;N
0.20
0.15 1
2 1\
<<
0.10-
0.05 -
0 a T T T T T T T |
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2.2 (a) UV-vis absorption spectra of P1 and P2 in
CH3;CN (2 mg/mL with 30 mM BHT) during continuous
ultrasonication at —15 °C for 20 min. Inset shows the
changes in absorbance at characteristic wavelength of 423
nm (MC) for P1 and P2. (b) The subsequent treatment of
mechanically activated P1 with HCI (15 mM) generates the
protonated merocyanine product MCH* with an
absorption maximum at 558 nm. Subsequent neutralization
with triethylamine (30 mM) immediately converts the
solution into its yellow form, indicating the putative
regeneration of MC.
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thermally persistent and exhibited a slightly different absorption spectrum (Figure S2.5).
We note that irreversible loss of color is observed from MCH™ over time in the absence of
added base, suggesting an acid-mediated decomposition pathway (see Figure S2.3). In
direct contrast to the responses of P1, negligible changes in absorption were observed for
chain-end functional control polymer P2 under the same conditions, suggesting that the
acidochromic behavior observed post-sonication originates exclusively from protonation
of the mechanically generated merocyanine dye (Figure S2.6).

To further characterize the reaction that occurs upon treating the sonicated and acidified
solution of P1 with triethylamine, we leveraged photochemical experiments that afforded
a cleaner reactivity profile compared to sonication. A solution of P1 was photoirradiated
with UV light (311 nm) for 2 min and then subsequently treated with HCI followed by
triethylamine. The absorption spectrum of the photoirradiated, acidified solution of P1

closely matches the spectrum obtained after ultrasonication of P1 followed by treatment
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Figure 2.3 (a) Photoirradiation of P1 with UV light (311 nm, 2 min) followed by treatment with HCI (15 mM)
generates an absorption peak at 558 nm, closely matching the spectrum obtained after ultrasonication of P1 with
the same acid treatment. (b) Treatment of a photoirradiated solution of P1 successively with HCI (15 mM) and
triethylamine (30 mM) results in an 8 nm hypsochromic shift in absorption, matching the spectrum of the
photochemically generated trans-merocyanine dye (trans-MC). (c) Structures of merocyanine isomers with cis
and trans exocyclic alkene geometry.



75
with HCI, suggesting that the same protonated merocyanine dye (MCHY) is generated in
both cases (Figure 2.3a). Treating the solution of MCH" with triethylamine caused the
purple solution to immediately become yellow as expected, reflecting the putative
regeneration of neutral MC (Figure S2.7). Interestingly, the absorption peak of the
chemically regenerated dye product is hypsochromically shifted by approximately 8 nm
relative to the photoirradiated solution of P1 that was not subsequently exposed to acid and
base (Figure 2.3b). By comparison, naphthopyrans generate a mixture of merocyanine
isomers with cis and trans exocyclic alkene geometry upon extended photoirradiation,
which usually exhibit slight differences in absorption varying by ~10 nm.** While cis
merocyanine isomers typically revert to the colorless naphthopyran rapidly at ambient
temperatures, the trans isomers are more thermally persistent. To probe the idea that acid-
base treatment of the merocyanine was leading to cis-to-frans isomerization of the
exocyclic alkene, a solution of P1 was photoirradiated with UV light (311 nm) for 30 min
and then allowed to equilibrate in the dark for 30 min to accumulate the thermally persistent
trans-merocyanine product (Scheme S2.1 and Figure S2.8).°%® Indeed, the absorption
spectrum of this frans-merocyanine product is identical to the spectrum obtained upon
neutralization of MCH™ (Figure 2.3b). In addition, the slow color-fading and reversion to
the colorless ring-closed state upon irradiation with white light indicates that the
merocyanine isomer with trans exocyclic alkene geometry is formed during the
acidification and neutralization process (Figure S2.9). On the other hand, adding HCI and
triethylamine to a solution of P1 without UV photoirradiation does not trigger the ring-

opening reaction, and subsequent photochemical activation of this solution of P1 generates
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properties of the indole-fused Figure 2.4 (a) Polydimethylsiloxane (PDMS) elastomers
crosslinked with mechanophore BP-ene (1.3 wt%) prepared

) via Pt-catalyzed hydrosilylation. (b) Photographs of a

benzopyran mechanophore in bulk ppMS film before and after mechanical force was applied
via compression using an embossed stamp, and subsequent
treatment with HCl. A schematic representation of the

polymeric materials and demonstrate stamp is shown.

its potential for chromomorphic patterning. Crosslinker BP-ene containing two terminal
vinyl groups was prepared and covalently incorporated into elastomeric
polydimethylsiloxane (PDMS) polymer networks (1.3 wt% loading) via Pt-catalyzed
hydrosilylation (Figure 2.4a). Mechanical activation of the PDMS films via compression
using an embossed stamp produced yellow coloration in the regions where force was
applied, corresponding to the mechanochemical generation of merocyanine dye MC
(Figure 2.4b). Immersion of the mechanically activated PDMS film in a dilute solution of
hydrochloric acid (15 mM in DCM) converted the yellow-colored pattern into a purple-

colored pattern, reflecting the conversion of neutral merocyanine MC to the protonated
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merocyanine, MCH" (Figure 2.4b). The purple-colored pattern faded completely after ~10
min at ambient temperature. The multicolor chromomorphic behavior of this
mechanophore in response to both force and acid enables the fabrication of stimuli-

responsive polymeric materials with complex switching properties.

2.3 Conclusions

In contrast to naphthopyran molecular switches that exhibit pronounced photochromic and
mechanochromic behavior, 2H-1-benzopyrans (chromenes) have received relatively little
attention because they typically only exhibit weak stimuli-responsive behavior at room
temperature. In limited examples, however, hetero-annulation has been demonstrated to be
an effective strategy for achieving photochromism of benzopyrans. Inspired by these reports,
herein we design and investigate an indole-annulated 2H-1-benzopyran mechanophore that
not only undergoes a ring-opening reaction under mechanical force, but the mechanically
generated merocyanine dye also exhibits acidochromic behavior transforming from yellow
to purple upon protonation with acid. Neutralization with base recovers the yellow-colored
merocyanine isomer with trans exocyclic alkene geometry through an acid-mediated
mechanism. The reactivity of this indole-fused benzopyran mechanophore is characterized
in polymers using both solution-phase ultrasonication methods and in solid elastomeric
silicone materials where the multi-staged stimuli-responsive properties are leveraged to
realize chromomorphic patterns created by mechanical compression and transformed in color
upon acid treatment. This study expands the existing repertoire of mechanochromic
mechanophores to include the understudied benzopyran scaffold and enables the design of

stimuli-responsive polymeric materials with complex switching properties.
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2.4 Supplementary Figures
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Figure S2.1 Density functional theory (DFT) calculations using tile constrained geometries
simulate external force (CoGEF) method performed on an indole-fused benzopyran models
predict a ring-opening reaction upon mechanical elongation. The structures at various points
in the CoGEF profile are shown at right, corresponding to the positions labeled A-D.
Calculations were performed at the B3LYP/6-31G* level of theory. The carbon atoms of the
terminal methyl groups were used to define the distance constraint. The features at ~4.4 and
~6.0 A displacement associated with the formation of structures B and C, respectively,

correspond to minor conformational changes.
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Figure S2.2 (a) UV-vis absorption spectra of P1 (2 mg/mL in CH3CN with 30 mM BHT)

before and after photoirradiation with 311 nm UV light at room temperature for 2 min,
compared to after continuous ultrasonication at —15 °C for 20 min. (b) Upon cessation of

photoirradiation (20 °C), MC reverts to the ring-closed benzopyran rapidly in the dark. Inset

shows the fading profile of MC monitored at 426 nm upon cessation of photoirradiation.
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Figure S2.3 (a) UV-vis absorption spectra of P1 (2 mg/mL in CH3CN with 30 mM BHT)
before and after photoirradiation with 311 nm UV light for 2 min and subsequent treatment
with hydrochloric acid to produce a solution with the indicated concentration, resulting in a
new absorption peak at 558 nm. (b) UV-Vis absorption behavior of P1 following
photoirradiation with 311 nm UV light for 2 min and subsequent treatment with HCL (15
mM) during subsequent equilibration in the dark (20 °C). Attenuation of the visible
absorption peak at 558 nm is observed without added base, suggesting an acid-mediated

decomposition pathway.
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Figure S2.4 HOMO diagrams for MC and MCH". Protonation of MC results in a smaller
HOMO-LUMO energy gap and greater electron delocalization, consistent with the
bathochromically shifted absorption peak observed experimentally. Geometries are

optimized at the B3LYP/6-31G* level of theory using Spartan.
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Figure S2.5 (a) UV-vis absorption spectra of a sonicated solution of P1 in CH3CN (2 mg/mL
with 30 mM BHT, continuous ultrasonication at —15 °C for 20 min) before and after
treatment with HCl (15 mM) and Et;N (30 mM). (b) Fading profiles of mechanically
generated MC and regenerated MC by treating MCH* with EtzN (30 mM) as described in

Figure 2. Changes in absorbance are monitored at 423 nm at room temperature in the dark.
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Figure S2.6 (a) UV-vis absorption spectra of chain-end control polymer P2 in CH3CN (2
mg/mL with 30 mM BHT) before and after continuous ultrasonication at —15 °C for 20 min.
(b) UV-vis absorption spectra of sonicated P2 in CH3CN (2 mg/mL with 30 mM BHT) before
and after successive treatment with HCI (15 mM) and EtsN (30 mM), indicating that the
acidochromic behavior originates exclusively from the mechanically activated benzopyran.
(c) UV-vis absorption spectra obtained after treating a similar solution of P2 with HCI (15
mM) and EtsN (30 mM) successively, with and without first being subjected to

ultrasonication.
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Figure S2.7 UV-vis absorption spectra of P1 (2 mg/mL in CH3CN with 30 mM BHT) after

irradiation with 311 nm UV light for 2 min and successive treatment with HC1 (15 mM) and
triethylamine (30 mM). The absorption peak of the regenerated MC upon treatment with
triethylamine is hypsochromically shifted by 8 nm compared to the photogenerated MC,

similar to results from sonication experiments.

Scheme S2.1 Photochemical ring-opening reaction and alkene isomerization reaction to

generate cis- and trans-merocyanine products.

; 5
) N
O D UV Light
— OO
Ny—H
SN Fast a4
PR Fading H A
cis-MC Ph

BP

UV Light
—_—
e

Slow o] Ny Ar

Ar =
Fading H PH
trans-MC :



84

a) 047 —p1q 04 b) 1.2- : 4
— =P1+UV (2 min) i = =cis-MC, P1 + UV (2 min) . .
——P1+ UV (30 min) fg P1 + UV (30 min) —— trans-MC, P1 + UV (30 min) + Dark (30 min)
/ o 1.0
03]/ \ 2 |\
/ \\ = '\ P1+ UV (2 min)
f 0.8
/ 0.0 :
15 30
i ] ' a
» \ Time (min) <
2 :
< 0.2 E 06
i 5]
] >
\
| 0.4
\
0.1 \t{\\
N 0.2
=% ;%l*..\.
~—
0.0 : ; ; : e ; ] 0 . : . : . . - .
390 440 490 540 590 640 690 740 790 390 440 490 540 590 640 690 740 790

Wavelength (nm) Wavelength (nm)

Figure S2.8 (a) UV-vis absorption spectra of P1 (2 mg/mL in CH3CN with 30 mM BHT)
before and after photoirradiation with 311 nm UV light (2 min or 30 min) to generate a
mixture of cis- and trans-MC. Extended photoirradiation favors the formation of trans-MC.
The inset shows comparison of fading profiles monitored at Amax. The more thermally
persistent species is attributed to trans-MC. (b) Normalized spectra of cis- and trans-MC
generated upon photoirradiation of P1 with 311 nm UV light. The absorption peak of MC

with frans exocyclic alkene geometry is hypsochromically shifted to 418 nm.
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Figure S2.9 (a) Fading profiles of photogenerated MC (311 nm, 2 min) before and after
treatment with HCl (15 mM) and EtzN (30 mM) as illustrated in Figure S6. Changes in
absorbance are monitored at Amax at room temperature in the dark. (b) Photoirradiation of the
solution of P1 previously subjected to UV light/HCI/Et3N using white light for the indicated

time results in attenuation of the visible absorbance at 418 nm.
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Figure S2.10 Control experiments illustrating that treatment of P1 in CH3CN (2 mg/mL with
30 mM BHT) with hydrochloric acid (15 mM) followed by triethylamine (30 mM) generates
minimal changes in visible absorption. Photoirradiation (311 nm, 2 min) of this same solution
produces a merocyanine product with similar absorption and reversion properties as that

produced without prior acid-base treatment.

Scheme S2.2 Proposed mechanism of acid-mediated alkene isomerization.
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2.5 Experimental Section
2.5.1 General Experimental Details

Reagents from commercial sources were used without further purification unless otherwise
stated. Methyl acrylate was passed through a short plug of basic alumina to remove inhibitor
immediately prior to use. Copper wire was soaked in 1 M HCI for 30 min and then rinsed
consecutively with water and acetone immediately prior to use. Dry solvents were obtained
from a Pure Process Technology solvent purification system. All reactions were performed
under a N> 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 or a 600 MHz Varian spectrometer with 5 mm triple resonance inverse probe. All
"H NMR spectra are reported in § units, parts per million (ppm), and were measured relative
to the signals for residual chloroform (7.26 ppm), acetone (2.05 ppm), dichloromethane (5.32
ppm), or dimethyl sulfoxide (2.50 ppm) in deuterated solvent. All 3*C NMR spectra were
measured in deuterated solvents and are reported in ppm relative to the signals for chloroform
(77.16 ppm), acetone (206.26 ppm), dichloromethane (53.84 ppm), or dimethyl sulfoxide
(39.52 ppm).

High resolution mass spectra (HRMS) were obtained via direct injection on an Agilent 1260
Infinity II Series HPLC coupled to a 6230 LC/TOF system in electrospray ionization (ESI+)
mode.

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
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Agilent 1200 series diode array detector, a Wyatt 18-angle DAWN HELEOS light scattering
detector, and a Optilab rEX differential refractive index detector. The mobile phase was THF
at a flow rate of 1 mL/min. Molecular weights and molecular weight distributions were
calculated by light scattering using a dn/dc value of 0.062 mL/g (25 °C) for poly(methyl
acrylate).

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

Ultrasound experiments were performed using a Vibra Cell 505 liquid processor equipped
with a 0.5-inch diameter solid probe (part #630-0217), sonochemical adapter (part #830-
00014), and a Suslick reaction vessel made by the Caltech glass shop (analogous to vessel
#830-00014 from Sonics and Materials). A Thermo Scientific EK45 Immersion Cooler (part
#3281452) was used to maintain a constant temperature bath for sonication experiments.
Photoirradiation with UV light was performed using a Philips PL-S 9W/01/2P UVB bulb
with a narrow emission of 305-315 nm and a peak at 311 nm under ambient conditions unless
indicated otherwise. Irradiation with white light was carried out using a 13 W broadband
fluorescent lamp (Bayco Model BA-506) filtered through a 425 nm bandpass filter.

Compounds 4, 8, 2-tetrahydropyranyloxy-1-iodoethane, and N-methyl-4-hydroxycarbazole

were synthesized following the procedures reported in the literature.!*>>-°
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2.5.2 Synthesis and Characterization of Initiators and Polymers

Scheme S2.3 Synthesis of compounds used in the study not included in Scheme S2.2.
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9-(2-hydroxyethyl)-9H-carbazol-4-ol (2). A flame-dried round-bottom flask equipped with
a stir bar was charged with 1 (570 mg, 3.11 mmol). The flask was evacuated and backfilled
with N> three times. Dry THF (10 mL) was added via syringe, followed by the addition of
dry DMF (0.30 mL, 3.9 mmol) under N,. The flask was subsequently cooled in an ice bath,
a suspension of NaH (300 mg, 12.5 mmol) in 5 mL dry THF was added slowly via syringe,
and the mixture was warmed to room temperature. After stirring for 10 min, 2-
tetrahydropyranyloxy-1-iodoethane®® (790 mg, 3.10 mmol) dissolved separately in 5 mL dry
THF was added via syringe to the mixture. After the complete addition, the mixture was
heated to reflux overnight. Upon completion, the flask was removed from heat and the
reaction was subsequently cooled in an ice bath, quenched with H>O, and diluted with ethyl
acetate. HCI (1 M) was added until the pH of the aqueous phase was < 5, and the aqueous
phase was extracted with ethyl acetate three times. The organic layers were combined,
washed with H,O three times, dried over Na>SOg, filtered, and concentrated under reduced
pressure. Next, the crude mixture and pyridinium p-toluenesulfonate (100 mg, 0.398 mmol)
were added to a round-bottom flask and the flask was evacuated and backfilled with N> three
times. MeOH (10 mL) was added via syringe and the mixture was heated to reflux. After 12

h, the flask was cooled to room temperature and concentrated under reduced pressure. The
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crude mixture was then purified by column chromatography on silica gel (0-30% ethyl
acetate/hexanes) to produce the title compound as a light brown solid (192 mg, 27%).

TLC (40% EtOAc/hexanes): Ry=0.47

'H NMR (400 MHz, acetone-de) &: 9.03 (s, 1H), 8.35 — 8.23 (m, 1H), 7.60 — 7.49 (m, 1H),

7.38 (ddd,J=8.3, 7.1, 1.3 Hz, 1H), 7.24 (dd, J= 8.0 Hz, 1H), 7.17 (ddd, J=8.0, 7.1, 1.0 Hz,
1H), 7.07 (dd, J = 8.2, 0.7 Hz, 1H), 6.67 (dd, J = 7.8, 0.7 Hz, 1H), 4.46 (t, J = 5.8 Hz, 2H),
4.09 — 4.02 (m, 1H), 4.01 — 3.93 (m, 2H).

BC{'H} NMR (101 MHz, acetone-ds) &: 154.4, 143.6, 141.0, 127.1, 125.1, 123.4, 123.2,

119.4,112.0, 109.4, 105.2, 101.6, 61.0, 46.4.

HRMS (ESI, m/z): caled for [C1aH1sNO2]" (M+H)", 228.1019; found, 228.1027.
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2-(4-hydroxy-9H-carbazol-9-yl)ethyl 2-bromo-2-methylpropanoate (3). A oven-dried
vial equipped with a stir bar was charged with 2 (45 mg, 0.20 mmol) and the vial was
evacuated and backfilled with N> three times. Dry THF (2 mL) was added via syringe,
followed by the addition of pyridine (25 ul, 0.31 mmol) under N>. The flask was
subsequently cooled in an ice bath, a-bromoisobutyryl bromide (29 uL, 0.23 mmol) was

added via syringe, and the mixture was warmed to room temperature. After stirring for 72 h,
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the solid precipitate was filtered off and discarded. The filtrate was diluted with ethyl acetate
and washed with water. The organic layer was dried over Na,SOs, filtered, and concentrated
under reduced pressure. The crude mixture was purified by column chromatography (0-15%
EtOAc/hexanes) to afford title compound as a pale yellow solid (45 mg, 60%).

TLC (25% EtOAc/hexanes): Ry=0.55

'H NMR (400 MHz, CD>Clo) §: 8.32 — 8.23 (m, 1H), 7.52 — 7.44 (m, 2H), 7.36 — 7.21 (m,

2H), 7.07 (d, J=8.2 Hz, 1H), 6.62 (d, J= 7.8 Hz, 1H), 4.65 — 4.59 (m, 2H), 4.58 — 4.53 (m,
2H), 1.70 (s, 6H).

BC{'H} NMR (101 MHz, CD,Cl) §: 172.0, 152.5, 142.8, 140.2, 126.9, 125.4, 123.1, 122.5,

1199, 111.5,108.8, 105.6, 102.0, 64.1, 56.1, 42.0, 30.7.

HRMS (ESI, m/z): caled for [C1sH19BrNO3]" (M+H)", 376.0543; found, 376.0647.

[0}
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O
5 ﬁ\Br
4-(7-(2-((2-bromo-2-methylpropanoyl)oxy)ethyl)-2-phenyl-2,7-dihydropyrano|3,2-
c]carbazol-2-yl)phenyl 2-bromo-2-methylpropanoate (5). A flame-dried round-bottom

flask equipped with a stir bar was charged with 3 (70 mg, 0.19 mmol), 4!° (83 mg, 0.22

mmol), and pyridinium p-toluenesulfonate (6 mg, 0.02 mmol). The flask was evacuated and
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backfilled with N> three times. Dichloroethane (10 mL) was added via syringe, followed by
the addition of trimethyl orthoformate (0.15 mL, 1.1 mmol) under N». After stirring at reflux
for 1.5 h, the flask was removed from heat and the crude mixture was concentrated under
reduced pressure, and purified by column chromatography on silica gel (0-15% ethyl
acetate/hexanes) followed by a reverse-phase chromatographic separation on a C18 column
(60-95% acetonitrile/H>O) to produce the title compound as a yellow solid (23 mg, 27%).

TLC (15% EtOAc/hexanes): Ry=0.46

'H NMR (400 MHz, CD,Cly) 8: 8.46 — 8.40 (m, 1H), 7.67 — 7.57 (m, 4H), 7.50 — 7.44 (m,

2H), 7.38 — 7.31 (m, 2H), 7.30 — 7.23 (m, 2H), 7.18 (d, /= 8.2 Hz, 1H), 7.11 — 7.04 (m, 2H),
7.00 (d, J = 8.2 Hz, 1H), 6.83 (d, /= 9.8 Hz, 1H), 6.14 (d, J= 9.7 Hz, 1H), 4.60 — 4.55 (m,
2H), 4.55 — 4.49 (m, 2H), 2.02 (s, 6H), 1.66 (d, J = 2.2 Hz, 6H).

BC{'H! NMR (101 MHz, Chloroform-d) &: 171.8, 170.3, 150.0, 148.8, 145.3, 143.5, 142.5,

140.3, 128.4, 127.6, 127.0, 125.5, 124.9, 124.6, 124.5, 123.3, 122.3, 120.8, 120.2, 112.6,
111.8,108.5,101.6, 83.1, 63.6, 55.6, 55.5, 41.5, 30.7, 30.6.

HRMS (ESI, m/z): caled for [C37H34BraNOs | (M+H)*, 730.0798; found, 730.0801.
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4-(7-methyl-2-phenyl-2,7-dihydropyrano|3,2-c]carbazol-2-yl)phenyl 2-bromo-2-
methylpropanoate (6). A flame-dried round-bottom flask equipped with a stir bar was
charged with N-methyl-4-hydroxycarbazole’® (30 mg, 0.15 mmol), 4 (60 mg, 0.17 mmol),
and pyridinium p-toluenesulfonate (14 mg, 0.056 mmol). The flask was evacuated and
backfilled with N for three times. Dichloroethane (5 mL) was added via syringe, followed
by the addition of trimethyl orthoformate (0.20 mL, 1.9 mmol) under N». After stirring at
reflux for 1 h, the flask was removed from heat and the crude mixture was concentrated under
reduced pressure, and purified by column chromatography on silica gel (0-15% ethyl
acetate/hexanes) followed by a reverse-phase chromatographic separation on a C18 column
(60-95% acetonitrile/H>O) to produce the title compound as a yellow solid (16 mg, 19%).

TLC (15% EtOAc/hexanes): Ry=0.57

'H NMR (400 MHz, CD,Cly) 8: 8.46 — 8.38 (m, 1H), 7.69 — 7.57 (m, 4H), 7.51 — 7.43 (m,

1H), 7.41 —7.38 (m, 1H), 7.37 — 7.31 (m, 2H), 7.29 — 7.22 (m, 2H), 7.18 (d, J = 8.2 Hz, 1H),
7.11 - 7.05 (m, 2H), 6.95 (d, J = 8.2 Hz, 1H), 6.83 (d, /= 9.8 Hz, 1H), 6.14 (d, J= 9.7 Hz,
1H), 3.79 (s, 3H), 2.02 (s, 6H).

BC{'H} NMR (101 MHz, CD»Cl,) &: 170.6, 150.4, 148.7, 145.6, 144.0, 143.5, 141.4, 128.7,

128.5, 127.9, 127.1, 125.6, 125.1, 125.0, 124.7, 123.2, 122.0, 121.1, 119.9, 112.6, 111.6,
108.7, 102.0, 83.2, 56.1, 30.8, 29.6.

HRMS (ESI, m/z): caled for [C32H27BrNO3]" (M+H)", 552.1169; found, 552.1205.
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2-(4-hydroxy-9H-carbazol-9-yl)ethyl pent-4-enoate (7). A oven-dried vial equipped with
a stir bar was charged with 2 (94 mg, 0.41 mmol) and the vial was evacuated and backfilled
with N> three times. Dry THF (2 mL) was added via syringe, followed by the addition of
pyridine (35 uL, 0.44 mmol) under N». The flask was subsequently cooled in an ice bath, 4-
pentenoic anhydride (75 pL, 0.41 mmol) was added via syringe and the mixture was warmed
to room temperature. After stirring for 72 h, the filtrate was diluted with ethyl acetate and
washed with water. The organic layer was dried over NaxSQs, filtered, and concentrated
under reduced pressure. The crude mixture was purified by column chromatography (0-20%
EtOAc/hexanes) to afford title compound as a pale yellow solid (45 mg, 35%).

TLC (15% EtOAc/hexanes): Ry=0.48

'H NMR (400 MHz, acetone-ds) &: 9.11 (s, 1H), 8.40 — 8.23 (m, 1H), 7.61 — 7.51 (m, 1H),

7.45-7.36 (m, 1H), 7.29 — 7.23 (m, 1H), 7.22 — 7.16 (m, 1H), 7.08 (d, J = 7.9 Hz, 1H), 6.68
(d, J= 7.9 Hz, 1H), 5.68 (ddt, J = 16.6, 10.2, 6.3 Hz, 1H), 4.97 — 4.80 (m, 2H), 4.65 (t, J =
5.5 Hz, 2H), 4.49 (t, J = 5.5 Hz, 2H), 2.25 — 2.18 (m, 2H), 2.17 — 2.11 (m, 2H).

BC{'H! NMR (101 MHz, CD,Cl,) &: 173.1, 152.5, 142.8, 140.3, 137.1, 126.9, 125.4, 123.1,

122.4,119.8, 115.5,111.5, 108.7, 105.4, 101.9, 62.4, 42.4, 33.6, 28.9.

HRMS (ESI, m/z): calced for [C1oH20NOs3]" (M+H)", 310.1438; found, 310.1475.
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4-(7-(2-(pent-4-enoyloxy)ethyl)-2-phenyl-2,7-dihydropyrano|3,2-c]carbazol-2-
yl)phenyl pent-4-enoate (BP-ene). A flame-dried round-bottom flask equipped with a stir
bar was charged with 7 (49 mg, 0.16 mmol), 8" (58 mg, 0.19 mmol), and pyridinium p-
toluenesulfonate (5 mg, 0.02 mmol). The flask was evacuated and backfilled with N> three
times. Dichloroethane (10 mL) was added via syringe, followed by the addition of trimethyl
orthoformate (0.10 mL, 0.95 mmol) under N». After stirring at reflux for 2 h, the flask was
removed from heat and the crude mixture was concentrated under reduced pressure, and
purified by column chromatography on silica gel (0-25% ethyl acetate/hexanes) followed by
a reverse-phase chromatographic separation on a C18 column (60-95% acetonitrile/H>O) to
produce the title compound as a yellow waxy solid (16 mg, 17%).

TLC (25% EtOAc/hexanes): Ry=0.33

'H NMR (400 MHz, acetone-ds) 5: 8.52 — 8.41 (m, 1H), 7.70 — 7.64 (m, 4H), 7.61 — 7.57 (m,

1H), 7.51 — 7.43 (m, 1H), 7.38 — 7.32 (m, 2H), 7.30 — 7.23 (m, 2H), 7.21 (d, /= 8.3 Hz, 1H),
7.14 —7.06 (m, 3H), 6.88 (d, J = 9.8 Hz, 1H), 6.28 (d, J= 9.8 Hz, 1H), 5.89 (ddt, J = 16.8,

10.3, 6.5 Hz, 1H), 5.66 (ddt, J= 16.6, 10.2, 6.3 Hz, 1H), 5.15 — 5.06 (m, 1H), 5.03 —4.96 (m,
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1H), 4.92 — 4.79 (m, 2H), 4.63 (t, J = 5.4 Hz, 2H), 4.48 (t, J = 5.4 Hz, 2H), 2.64 (t, J= 7.3
Hz, 2H), 2.46 — 2.38 (m, 2H), 2.24 — 2.19 (m, 2H), 2.16 — 2.10 (m, 2H).

BC{'H} NMR (101 MHz, Chloroform-d) §: 173.0, 171.6, 150.0, 148.8, 145.4, 143.2, 142.6,

140.4, 136.5, 136.4, 128.3, 128.2, 127.6, 127.0, 125.4, 124.9, 124.5, 124.3, 123.3, 122.3,
121.3,120.0,116.1,115.7,112.4,111.7,108.3, 101.4, 83.2, 62.1,41.9,33.7,33.4, 29.0, 28.7.

HRMS (ESI, m/z): caled for [C39H3sNOs]" (M+H)", 598.2588; found, 598.2677.

General Procedure for the Synthesis of Poly(Methyl Acrylate) (PMA) Polymers
Incorporating a Benzopyran Unit. Polymers were synthesized by controlled radical
polymerization following the procedure by Nguyen et al.’’” A flame-dried Schlenk flask
equipped with a stir bar was charged with freshly cut 20 G copper wire (2 cm), initiator,
DMSO, and methyl acrylate. The flask was sealed and the solution was degassed via three
freeze-pump-thaw cycles, then backfilled with nitrogen and warmed to room temperature.
MesTREN was added via microsyringe and the reaction was stirred at room temperature for
the indicated amount of time. Upon completion of the polymerization, the flask was opened
to atmosphere and diluted with a minimal amount of DCM. The polymer was precipitated
3x into methanol cooled with dry ice and then dried under vacuum. The GPC traces for each

polymer are shown below in Figure S11.
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P1. Synthesized according to the general procedure using bis-initiator 5§ (9.0 mg, 0.012
mmol), MesTREN (13 puL, 0.048 mmol), DMSO (3.50 mL), and methyl acrylate (3.50 mL,
37.0 mmol). Polymerization for 4 h afforded the title polymer as a tacky white solid (1.25 g,

37%). Mn = 149 kg/mol, b = 1.25.
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P2. Synthesized according to the general procedure using mono-functional initiator 6 (2.5
mg, 0.0045 mmol), MesTREN (5.0 uL, 0.018 mmol), DMSO (1.50 mL), and methyl acrylate
(1.50 mL, 13.6 mmol). Polymerization for 110 min afforded the title polymer as a tacky pale

yellow solid (380 mg, 27%). My, =191 kg/mol, & = 1.29.
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Figure S2.11 GPC traces (RI response) normalized to peak height for P1 and P2.



100
2.5.3 PDMS Materials
PDMS materials incorporating 2H-benzopyran (~1.3 wt%) were prepared following
previously reported procedures using the two-part Sylgard® 184 elastomer kit (Dow
Corning).'%? PDMS sheets approximately 0.5 mm thick were cut into 1 cm x 1 cm samples
for testing.
General Procedure for Preparation of PDMS Materials. Benzopyran crosslinker BP-ene
(10 mg) was dissolved in xylenes (0.1 mL) in a 20 mL scintillation vial. Sylgard® 184
prepolymer base (752 mg) was added and the mixture was thoroughly mixed in a vortex
mixer to form a homogenous, pale brown opaque dispersion. Sylgard® 184 curing agent (78
mg) was added and the contents were mixed vigorously using a vortex mixer for 10 min. The
mixture was then pipetted onto a 2.5 cm x 2.5 cm Delrin plate which was placed inside a
vacuum chamber and evacuated under high vacuum (< 50 mTorr) for 3 h. The Delrin plate

was then transferred to an oven and cured at 80 ° C overnight. After curing, the plate was

removed from the oven and the PDMS film was peeled off and cut into 1 cm x 1 cm samples
with a razor blade.

Details of the Patterning Procedure Applied to PDMS Films. The stamp used in the
patterning experiments to apply localized compression was 3D printed from poly(lactic acid)
with embossed features in the shape of a wavy pattern,*® as illustrated in Figure 2.3 in the
main text. The stamp was manually compressed into a 1 cm? film under a weight of ~75 kg
to achieve mechanochemical activation without causing irreversible deformation or tearing
of the PDMS. After compression, the films were immersed in a solution of hydrochloric acid

(15 mM in DCM) for 20 s and subsequently dried with paper towel. All steps were conducted



101
under ambient light and atmosphere. The hydrochloric acid solution was prepared by adding

a4 M HCI solution in dioxane to DCM to afford the indicated concentration.

2.5.4 DFT Calculations (CoGEF)

CoGEF calculations were performed using Spartan 20 Parallel Suite according to previously
reported methods.>*%° Ground state energies were calculated using DFT at the B3LYP/6-
31G* level of theory. Truncated models of each mechanophore with terminal acetoxy groups
were used in the calculations. The equilibrium conformations of the unconstrained molecule
were initially calculated using molecular mechanics (MMFF) followed by optimization of
the equilibrium geometries using DFT (B3LYP/6-31G*). Starting from the equilibrium
geometry of the unconstrained molecules (energy = 0 kJ/mol), the distance between the
carbon atoms in the terminal methyl groups of the truncated structures was increased in
increments of 0.05 A and the energy was minimized at each step. The maximum force
associated with the mechanochemical reaction was calculated from the slope of the curve

immediately prior to bond cleavage.

2.5.5 Details for Photoirradiation and Sonication Experiments

General Procedure for Sonication Experiments. A sonication vessel was placed onto the
sonication probe and charged with a 2 mg/mL solution of polymer in CH3CN containing 30
mM BHT (20.0 mL), which was added to minimize decomposition side reactions resulting
from free radicals generated during sonication.®'*? The sonication vessel was submerged in

a —45 °C bath and degassed by sparging with N> for 30 min. The inert gas line was then
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removed into the headspace of the reaction vessel and the system was maintained under an
inert atmosphere throughout the sonication experiment. Continuous sonication was then
initiated (20 kHz, 20% amplitude, 8.4 + 0.4 W/cm?). The temperature inside the reaction
vessel equilibrated to —15 °C, as measured by a thermocouple inserted into the solution (Digi-
Sense EW-91428-02 thermometer with Digi-Sense probe EW-08466-83). The entire system
was kept in the dark for the duration of the experiment. Aliquots (0.4 mL) were removed at
0,1,5,10, 15, 20 min. The aliquots were added directly into the quartz cuvette inside of the
UV-vis spectrometer and the collection of absorption spectra was immediately initiated.
After the intended amount of time, sonication was stopped. A quartz cuvette charged with
freshly sonicated solution (1 mL) was immediately treated with hydrochloric acid (4 N in
dioxane) via microsyringe to provide a concentration of 15 mM HCI. If applicable,
triethylamine (Et;N) was added immediately to the cuvette with the freshly acidified solution
via microsyringe to provide a concentration of 30 mM Et;N. UV-vis absorption spectra were
acquired immediately after the treatment with acid or base. Sonication intensity was
calibrated according to the literature method.®*

General Procedure for Photoirradiation Experiments. Photoirradiation experiments were
performed in a quartz cuvette at room temperature in batch. A quartz cuvette was charged
with a solution of polymer (2 mg/mL in CH3CN containing 30 mM BHT, 1 mL total volume).
The quartz cuvette was then exposed to a UV light source (A = 311 nm) positioned ~2 in
away. After the intended amount of time, photoirradiation was stopped and a UV-vis
absorption spectrum was immediately recorded. Hydrochloric acid solution was prepared by

adding 4 M HCl in dioxane into CH3CN to make an HCl stock solution (1 M in CH3CN) and
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the HCI stock solution was added to the quartz cuvette containing the freshly irradiated
solution via microsyringe to provide an indicated concentration of HCI. If applicable,
triethylamine (EtsN) was added immediately to the cuvette containing the freshly acidified
solution via microsyringe to provide a concentration of 30 mM Et;N. UV-vis absorption

spectra were acquired immediately after the treatment with acid or base.

2.6 'H and '3C NMR Spectra
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