Using visible light to tune boronic acid—ester equilibria

Joseph V. Accardo, Emily R. McClure, Martin A. Mosquera’ and Julia A. Kalow*

Department of Chemistry, Northwestern University, Evanston, Illinois, 60208, United States

Supporting Information Placeholder

ABSTRACT: We report a series of azobenzene boronic acids that
reversibly control the extent of diol binding via photochemical
isomerization. When the boronic acid is ortho to the azo group, the
thermodynamically-favored £ isomer binds weakly with diols to
form boronic esters. Isomerization of the £ azobenzene to its Z iso-
mer enhances diol binding, and the magnitude of this enhancement
is affected by the azobenzene structure. 2,6-Dimethoxy azobenzene
boronic acids show over 20-fold enhancement in binding upon E—
Z isomerization, which can be triggered with red light. Competition
experiments and computational studies suggest that the changes in
binding affinity originate from stabilization of the £ boronic acids
and destabilization of the E boronic esters. We demonstrate a cor-
relation between diol binding and photostationary state: different
wavelengths of irradiation yield different quantities of bound diol.
Higher binding constants for the Z isomer relative to the £ isomer
was observed with all diols investigated, including cyclic diols, ni-
trocatechol, biologically relevant compounds, and polyols. This
photoswitch was employed to “catch and release” a fluorescently
tagged diol in buffered water. By tethering this photoswitch to a
poly(ethylene glycol) star polymer, we can tune the stiffness of co-
valent adaptable hydrogels using different wavelengths of visible
light. This work establishes photoswitchable equilibria as a tool for
the reversible ligation of molecular and macromolecular species.

INTRODUCTION

Dynamic covalent chemistry (DCC) enables thermodynami-
cally-driven reorganization of molecular and macromolecular sys-
tems.! In the last 20 years, dynamic covalent chemistry has ex-
panded both in utility and scope, with the most popular reactions
including transesterification, transimination, Diels-Alder cycload-
dition, conjugate addition—elimination, disulfide exchange, metath-
esis, and boronic ester exchange.>” The reversibility of these reac-
tions enables applications in combinatorial library development,
molecular recognition, self-healing polymers, 2- and 3-D covalent
organic frameworks, and matrices for 3D cell-culture.?*° With in-
sight into the reaction mechanism, DCC equilibria can be adjusted
by structural modification of exchange partners, providing materi-
als with a wide range of properties. In stimuli-responsive materials,
these equilibria are influenced by stimuli such as light, temperature,
pH, and concentration.'? Light represents an ideal stimulus because

it can be applied at readily tuned wavelengths and fluxes with spa-
tiotemporal precision. In applications where sample penetration
depth and biocompatibility are of concern, irradiation in the red and
near-infrared range is advantageous.'!

To influence DCC with light, a photoresponsive substrate must
be coupled to the exchange reaction.'>'* Photoswitches are a class
of compounds that undergo bidirectional switching in response to
light, resulting in a physical change in shape, charge, conjugation,
dipole, or pK,.'*2* When a photoswitch is coupled to DCC, the state
of the switch may influence the dynamic reaction.* In 2006,
Branda and coworkers realized the first example of photoswitcha-
ble DCC, demonstrating that the Diels-Alder cycloaddition be-
tween a diarylethene photoswitch and a dienophile could be turned
on or off (gated) depending upon the isomerization of the pho-
toswitch (Figure 1a).2° In the open isomer, the diarylethene can un-
dergo a [4+2] cycloaddition with a dienophile. The product could
be photoswitched via a 6m electrocyclization to yield a closed
“locked” isomer, which is unable to participate in the Diels-Alder
equilibrium. This work was further developed by Hecht, who ap-
plied this reactivity in photoactivatable maleimide prodrugs and
self-healing polymer networks.?¢>°In these reports, the DCC is ei-
ther on or off.

We envisioned an alternative approach that modulates the over-
all equilibrium of a dynamic covalent bond using different wave-
lengths of light (Figure 1b). In this case, the equilibrium can operate
in both states of the photoswitch, but to different extents. This sys-
tem will enable bidirectional tuning of the reversible bond between
small molecules and polymers to our photoswitch. In a complemen-
tary study, Hecht and coworkers investigated the effect of pho-
toswitches on the rate of formation of imine dynamic covalent
bonds, but did not study the photoswitches’ influence on the bond
equilibrium.>® We identified boronic esters as an ideal dynamic co-
valent bond for this purpose because the exchange occurs at room
temperature with many different diol structures and is compatible
with aqueous environments (Figure 1c). These attributes have
found utility in molecular sensors, stress-relaxing hydrogels, and
recyclable thermosets.>'* Previous work has shown that the bo-
ronic acid-ester equilibrium is highly sensitive to the boronic acid
structure.**#4 We anticipated that photoswitch isomerization could
provide the reversible structural change capable of influencing this
equilibrium.
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Figure 1. (a) The [4+2] cycloaddition between a diarylethene and dieneophile can be turned on or off via a 67 electrocylization. (b) In this
work, different wavelengths of irradiation tune the extent of an equilibrium. (c) The reversible reaction of boronic acids and diols forms
boronic esters.
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Figure 2. (a) The equilibrium between ortho-substituted azobenzene boronic acids and diols is influenced by the isomerization of the pho-
toswitch, with the Z isomer displaying a higher binding affinity with diols than the E isomer. When the diol is pinacol, the Z binding constant
is 4 times greater than the £ binding constant. (b) Reversible sol-gel transitions of poly(ethylene glycol) hydrogels crosslinked with azobenzene
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boronic esters mediated by green and blue light (10 w/v%, 0.1 M PBS, pH 7.5).

Towards this goal, we synthesized ortho-substituted azobenzene
boronic acids (Figure 2a).*-4% As azobenzenes undergo substantial
changes in structure upon E->Z isomerization, we hypothesized
that the boronic acid—ester equilibrium could be affected by the
photoswitch state. Accordingly, we discovered that these com-
pounds have isomerism-dependent equilibria with diols, wherein
the Z isomer has a higher binding affinity than the £ isomer (Keq(z)
> Keqer), Figure 2a).*” When incorporated into poly(ethylene glycol)
networks, this preferential binding translated to reversible sol-gel
transitions upon E->Z photoisomerization (Figure 2b). Interest-
ingly, this dramatic physical change arose from a relatively modest
difference in binding affinity to diols (~4:1 for pinacol). We thus
sought structural modifications of the azobenzene boronic acid that
could increase the difference in binding affinity between the £ and
Z isomers, allowing us to expand the tunability of this photocon-
trolled dynamic covalent bond and its potential applications.

In this report, we demonstrate that simple modifications of the
azobenzene boronic acid allow us to tune the relative binding af-
finity of Z vs. E azobenzene boronic acids to diols, K1 =
Keqz/Keq), from 2.4 to over 20. Experimental results and com-
puted structures suggest that the differences in K. between a series
of azobenzene boronic acids are due to both the stabilization of the
E boronic acids and the destabilization of the E boronic esters,

which can be tuned by azobenzene substitution. Our optimized az-
obenzene boronic acid can be photoswitched with red light and the
Z isomer has a long thermal half-life. Using the azobenzene boronic
acid with the largest Ki|, the equilibrium between boronic acid and
boronic ester can be tuned with different wavelengths of light. We
demonstrate that this azobenzene boronic acid can “catch and re-
lease” a fluorescently tagged polyol in aqueous buffer. Lastly, we
reversibly tune the stiffness of a covalent adaptable hydrogel with
several wavelengths of visible light, including red light.

RESULTS AND DISCUSSION

Ortho substitution increases the difference in binding
affinity between E and Z isomers

The equilibrium between boronic acids and diols strongly de-
pends on the concentration of water and diol. Therefore, we de-
signed 'H and '°F NMR equilibrium competition binding experi-
ments to compare the relative binding affinity between E and Z iso-
mers in the same NMR tube, ensuring that the concentration of wa-
ter and diol are the same for both isomers (Figure 3a; see Support-
ing Information (SI), section IV for details and derivation). Our in-
vestigations commenced with compound 1, a para-tolyl azoben-
zene boronic acid (Figure 3b). The para-methyl substituent was
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Figure 3. (a) Equilibrium competition binding experiment to compare the relative equilibrium binding constants of £ and Z azobenzene
boronic acids with diol. (b) Library of photoswitches synthesized and subjected to the above competition binding experiment. (c) Competition
binding experiment results in DMSO-dsat 25 °C, thermal half-lives (days) and photostationary states (%Z) of azobenzene boronic-acids.

used in place of the phenyl analog, which exhibits overlapping 'H
NMR signals for the £ and Z isomers. When a mixture of (E)-1 and
(£)-1 was treated with excess ethylene glycol (EG) and D,O in
DMSO-ds and allowed to equilibrate for 12 hours, we observed that
(2)-1 binds EG approximately 2.4 times better than (£)-1 (Krel =
2.4) (Figure S8).

For our design of photoswitchable equilibria, the ideal pho-
toswitch should feature visible-light bidirectional photoswitching,
high photostationary states, and a long thermal half-life for the Z
isomer. Unfortunately, in addition to a modest difference between
E and Z binding affinities, compound 1 only reached an appreciable
photostationary state (PSS, 48% Z) with ultraviolet (UV) irradia-
tion at 365 nm (Figure 3c). By measuring the rate of thermal relax-
ation of (Z)-1 to (E)-1 at different temperatures and fitting to an
Arrhenius plot (Figures S4), we could extrapolate the room-tem-
perature (25 °C) half-life to be 3.5 days. Previous work has estab-
lished that electronic and steric modifications of the azobenzene
can alter key photochemical properties, which has been summa-
rized well by Bandara and Burdette.'® We anticipated that these
modifications could simultaneously alter the equilibrium of the dy-
namic covalent bond. First, we sought to optimize the photochem-
ical properties to achieve bidirectional visible-light photoswitch-
ing. Secondly, we aimed to increase the thermal stability of the Z
isomers.

A common strategy to enable azobenzene isomerization with
visible light is substituting the aryl rings with resonance electron-
donating and -withdrawing groups, creating “push-pull” azoben-
zenes. These substitution patterns red-shift the m>7* of the E iso-
mer through a charge-transfer mechanism. Unfortunately, the Z
isomers tend to undergo rapid thermal isomerization (< seconds),
due to a low activation barrier in the ground state,*® which would
occur much faster than the dynamic covalent reaction. Hecht,
Woolley, and others have installed halides or methyl ethers at the
ortho positions, which separates the n>7* absorption bands of the
E and Z isomers and enables visible-light E->Z photoisomerization
with enhanced Z thermal stability.*-3% Inspired by this work, we
synthesized ortho-difluoro-substituted azobenzene 2 and di-
methoxy analog 3 to access visible-light photoswitching (Figure
3b). 2 exhibited a higher PSS (67% Z) with green light (525 nm)
irradiation and a dramatically enhanced thermal half-life relative to
1 (v, = 70 days, Figure S5). The relative binding affinity, as deter-
mined by the equilibrium competition binding experiment with EG,
increased by a factor of 1.8 relative to 1, to Kl = 4.2 (Figure 3c,
Figure S9). When the fluorine atoms were replaced with methyl
ethers in compound 3, photoswitching with red LEDs at 626 nm
yielded PSS up to 54%, albeit with a modest decrease in thermal
half-life (1, = 24 days, Figure S6). The competition experiment for
compound 3 also revealed a dramatic increase in relative binding,

where the Z isomer binds EG with over an order of magnitude
higher affinity than the £ isomer (K; =21.5, Figure S10). Figure
4 shows the 'H NMR spectrum for the competition experiment of
compound 3 with EG, in which (Z)-3 is predominantly bound,
while (£)-3 is mainly unbound.

As a control, we synthesized an azobenzene derivative with the
boronic acid at the 4 (para) position (compound 4). This com-
pound exhibited little difference in binding affinities between the £
and Z isomers (K= 1.1, Figure S12). Thus, the proximity of the
boronic acid to the phenylazo group is essential for the isomerism-
dependent changes in binding affinity.

Ortho substitution influences the esterification equilibrium
of the E isomers

We next set out to understand the origin of the dramatic increase
in Ko for compound 3 compared to compounds 1 and 2. As K is
defined as the ratio of Keqz) to Keqr), this trend could originate in
an increase in Keq(z), a decrease in Keqr), or a combination of both
effects. We performed an equilibrium competition binding experi-
ment to compare (E)-1 and (£)-2, and a separate experiment com-
paring (E)-2 and (E)-3 (Figure S13). The E isomers for 1-3 dis-
played significantly different binding affinities for EG, following
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Figure 4. "H NMR of 3 and EG subjected to equilibrium compe-
tition binding conditions in DMSO-ds.



the Keq trend (E£)-3 << (E)- 2 < (E)-1, consistent with the overall
changes in K. In contrast, equilibrium competition experiments
for the Z isomers of 1-3 revealed similar binding affinities to EG
(Figure S14). Therefore, we concluded that the changes in Keq),
and not Keq(z), lead to the observed differences in K. between com-
pounds 1-3.

Calculated structures and control experiments suggest a
combination of reactant stabilization and product
destabilization disfavors E esterification

Why do E isomers of azobenzene boronic acids consistently dis-
play lower binding affinities for diols than their corresponding Z
isomers? Why does (£)-3 bind EG significantly worse than (£)-2
and (E)-1? Structural changes that result in the stabilization of the
(E)-acid, destabilization of destabilization of the (E)-ester, or a
combination will correspond to less negative AG and decreased
diol binding affinity (Figure 5a-b). We hypothesized that there are
two main structural parameters influencing the degree of conjuga-
tion through the system and therefore the energy of the azobenzene
boronic acid and ester. The first is the planarity of the azobenzene,
which is described by the dihedral angle between the aryl rings and
diazo (CCNN, @) (Figure 5¢). For unsubstituted azobenzene, the
energy is lowest when this angle is 0° and highest at 90° (Figure
S29). The second parameter is the coplanarity of the azobenzene
and the boronic acid or ester, which can be described by the CCBO
dihedral angle y . This parameter correlates with the degree of con-
jugation between the boronic acid or ester with the adjacent aryl
group (Figure 5c¢). Previous reports suggest that arylboronic acids
and esters are stabilized when the non-bonding oxygen lone pairs
and vacant p orbital are in conjugation with the n-system of the aryl
group, with a CCBO dihedral angle of 0°. We performed geometry
scans of phenylboronic acid and the corresponding ester, confirm-
ing an energetic maximum at 90° and a minimum at 0°, when con-
jugation is enhanced. (Figure S29).

To understand which scenario might be responsible for the de-
crease in Ke(E) from 1>2>>3, we calculated the optimized struc-
tures of (£)-1, 2, and 3 in their bound and unbound forms with the
B3LYP/6-31+G** level of theory and performed frequency calcu-
lations to determine the lowest-energy rotamers. We modeled the
boronic acids and esters in their trigonal planar form based on ''B
NMR studies (Figure S11). We first examined the geometry-opti-
mized structures of (E)-1 through (E)-3 in their unbound forms
(Figure 6a). Each azobenzene is nearly planar, and the two CCNN
dihedrals angles @ (Ar') and @ (Ar?) are between 11° and 17° for

a) Calculated structures of unbound azobenzene boronic acids (E)-1 through (E)

c) Calculated structures of bound azobenzene boronic esters (E)-1 through (E)-3
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(E)-1 and between 0° and 2° for (E)-2 and (£)-3. The CCBO dihe-
dral angles  are close to 0° for 1-3, and an intramolecular hydro-
gen bond is present between the boronic acid proton and the prox-
imal azobenzene nitrogen.

The boronic acid protons in the calculated structures of (£)-2 and
(E)-3 also engage in H-bonding with one of the ortho-heteroatom
substituents (fluorine or methoxy, respectively). This additional H-
bonding interaction was confirmed in the single-crystal X-ray
structures of (£)-2 and (£)-3 (Figure 6b). We hypothesize that the
additional hydrogen bonds stabilize the boronic acid and lead to a
less negative AG for esterification. While the O-H--F-C interaction
in 2 is expected to be much weaker than with the methoxy group in
3, the H-F distance of 2.27 A is consistent with previously reported
H-bonding interactions involving a C-F acceptor.>¢-> In both 2 and
3, these additional hydrogen bonds assist in keeping the azoben-
zene nearly planar, whereas (E)-1, which lacks H-bond acceptors
at the ortho positions, is slightly more twisted. Again, these fea-
tures were corroborated by the single-crystal X-ray structure of (£)-
1, in which @ (Ar') is 19.8°.

Binding of EG to the (E)-azobenzene boronic acids is accompa-
nied by varying degrees of twisting of the aryl rings and deviation
of the CCNN dihedral angles from 0°. In the calculated structures,
ortho-unsubstituted (E)-1 remains slightly twisted after binding EG
(11.6°), while (£)-2 and (£)-3 display more significant twisting, ex-
emplified by @ (Ar') angles of 24.6° and 40.4°, respectively (Fig-
ure 6¢, see Figure S31 for full list of angles). This twisting likely
arises from repulsive steric interactions between the halide or meth-
oxy ortho substituents and the boronic ester. For all compounds,
we observe that the boronic ester is nearly perpendicular to the aryl
ring (75° < y < 84°), which avoids Van der Waals repulsion be-
tween the ester oxygen and distal nitrogen. We hypothesize that the
large conformational changes engendered by diol binding reduce
the degree of conjugation in the azobenzene and raise the energy of
the boronic ester relative to the boronic acid. Since these confor-
mational changes become more significant across the series 1 <2
<3, AG becomes correspondingly less negative across this series,
and the esterification becomes less favorable for 3 compared to 1
and 2. Alternative rotamers for the esters of (E)-1 through (£)-3
(Figure S31) are less than 3 kcal/mol higher in energy but follow
similar trends to those shown here, with the smallest conforma-
tional changes upon binding occurring for (E£)-1 and the largest
changes occurring for (E£)-3.

The optimized structures for the Z isomers place the boronic ac-
ids away from the ortho substituents. Each boronic acid still dis-
plays an intramolecular hydrogen bond with the proximal nitrogen;
however, there are no additional H-bonds with the ortho-fluoro or
methoxy substituents in (Z)-2 and 3. The absence of steric interac-
tions between the boronic esters and ortho substituents in the Z iso-
mers allows diol binding to occur with minimal structural rear-
rangement for compounds (Z2)-1 through (2)-3, as exemplified by
small changes in ®(Ar'), ®(Ar?), and v upon diol binding (Fig-
ure 7 for 3;see Figure S32 for compounds 1-2). These small
changes are consistent with the similar diol binding affinities ex-
hibited by the Z isomers of 1-3 in equilibrium competition binding
experiments. Additionally, the boronic esters maintain conjugation
with the aryl ring (0.6° <y < 20°) after binding EG. This favorable
conformation, combined with the absence of repulsive interactions
with the ortho groups, likely underlies the improved binding of Z
azobenzene boronic acids compared to their £ isomers.

BY;
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Figure 7. Calculated structure of (2)-3 before and after binding EG.

Based on the calculated structures, we designed control com-
pounds to experimentally demonstrate that the high K. for 3 arises
from a combination of (i) H-bonding to the azo group, which sta-
bilizes the (E)-boronic acid; (ii) additional H-bonding to one of the
ortho-methoxy groups, providing further stabilization; and (iii) ste-
ric destabilization of the (E)-boronic ester. First, we synthesized
compound 5, in which one of the methoxy substituents was moved
from the ortho position to the para position. When 5 was subjected
to the competition experiment, Ky was determined to be 2.4, al-
most an order of magnitude lower than that of 3 (see Figure S15 for
"H NMR). The calculated structures of 5 show that the boronic acid
and ester both adopt planar conformations. (Figure S33-34). This
control experiment suggests that stabilization of the boronic acid
by double H-bonding only partially disfavors esterification; steric
interactions that destabilize the ester are also required to achieve
high K.

Next, we synthesized di-ortho-ethyl azobenzene 6, which is ste-
rically comparable to compound 3, but lacks the ability to partici-
pate in additional hydrogen bonding with the ortho positions.
When subjected to the competition experiment, K. was determined
to be only 1.3 (Figure S16). Calculated structure of 6 show signifi-
cant twisting in both the boronic acid (@ (Ar') = 43°, Figure S35)
and boronic ester (@ (Ar') = 42°). This control experiment demon-
strates that steric interactions alone cannot explain the K. trend for
1-3; H-bonding to stabilize the boronic acid and planarize the (E)-
azobenzene are essential.

Lastly, we synthesized stilbene 7, which is sterically comparable
to 2 and capable of E->Z isomerization but is unable to engage in
intramolecular hydrogen bonding (Figure S36). For compound 7,
Kt was determined to be only 1.8 (Figure S17). This modest Kl
value likely arises from steric effects alone. Stilbene 7 also allowed
us to experimentally probe the relative effect of intramolecular H-
bonding on the thermodynamics of boronic acid esterification for
E vs. Zisomers. We performed an equilibrium competition binding
experiment between 2 and 7 and observed that the stilbenes have
higher binding affinities for diols compared to their azobenzene an-
alogs. Specifically, E stilbene bound EG 6-fold more than the £
azobenzene, whereas the Z stilbene bound EG 2.6-fold more than
the Z azobenzene. While the O—H-N H-bond is present in both £
and Z azobenzene isomers, its stabilizing influence is more signif-
icant in the E isomer; furthermore, the E isomer presents multiple
H-bond acceptors.

In summary, calculated structures, supported by experimental re-
sults with control compounds 5-7, lead us to the following conclu-
sions:

1) Stabilization of boronic acids by adjacent H-bond accep-
tors can disfavor esterification. This effect is further ex-
acerbated by the presence of multiple H-bond acceptors,
as in the case of 3 and, to a lesser extent, 2, in which both
the proximal azo N and the ortho groups of the distal
arene act as H-bond acceptors.



2) In E azobenzenes, the degree of twisting away from the
planar conformation imposed by steric interactions offers
an additional synthetic handle to tune the stability of dy-
namic covalent bonds. Previous approaches have consid-
ered the effect of photoswitch conjugation on its propen-
sity to form a dynamic bond;*° our work suggests a com-
plementary design principle, in which the structure of the
dynamic bond can also affect the stabilization of the pho-
toswitch by conjugation.

3) The twisted structure of Z azobenzenes requires fewer
conformational changes to accommodate boronic acid
esterification, and also precludes additional H-bonding
interactions. Thus, esterification is more favorable for the
Z isomer than for the £ isomer.

While previous studies have probed the structural features that
affect the thermodynamics of the boronic acid—ester dynamic bond
in detail, they have generally focused on parameters such as the
electronics of the boronic acid, the presence of proximal basic
amines, or the diol structure.’®- 44244, 58 The insights gained from
our studies provide a framework for future designs of boronic acids
where proximal functional groups can enhance or disrupt the sta-
bility of the dynamic bond.

Diol binding can be tuned through irradiation with
different wavelengths of light

We selected 3 as the optimal photoswitch to tune diol binding
because of its large K and favorable photochemical properties.
We envisioned that the ratio of the £ and Z isomers should dictate
the overall boronic acid—ester equilibrium, wherein the amount of
bound diol should increase as the ratio of (2)-3 to (E)-3 increases.
As the PSS (%Z) is wavelength dependent, the ratio of Z to E can
be tuned by irradiation with different wavelengths of light. We pre-
pared a solution of (E£)-3 and EG (1:1) in DMSO-ds, in which the
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azobenzene bound 30% of the available EG prior to irradiation
(Figure 8a, see Figure S19 for 'H NMR spectrum). Irradiating the
sample with blue, red, or green irradiation yielded different photo-
stationary states, and higher photostationary states correlated line-
arly with increased diol binding. Up to 70% of the diol could be
bound with green light. The high barrier for Z- E thermal isomer-
ization ensures that the resulting equilibrium is maintained for the
duration of the experiment (24 hours), such that continuous irradi-
ation is not required. By irradiating with a wavelength of light cor-
responding to a lower PSS, the equilibrium can be shifted to favor
boronic acid and enables release of diol into solution. Figure 8b
shows the UV-Vis absorbance spectrum of 3 before and after irra-
diation with green light. The ability to achieve high PSS for both
E->Z and Z-F isomerization arises from the separation of the n-
m* transitions of the £ and Z isomers (Figure 8b, inset).

Photoswitching modulates boronic ester equilibria with
different diols

Next, we investigated the generality of photoswitchable binding
to boronic acid 3 with different diols. Using 3, we observed K
values between 6 and 20 for a variety of diols, including a 1,3-diol
(8), simple cyclic diols (9-10), nitro-catechol (11), and a variety of
complex and biologically relevant diols, including glucose (14),
adenosine (15), and the chemotherapeutic drug capecitabine (16)
(Figure 9). Phenylboronic acid-containing polycarbonates have
previously been used for the pH-dependent release of diols includ-
ing capecitabine.’® We envision 3 could provide a complementary
light-driven strategy. Diols of interest could first be bound in the Z
state, where release could be controlled by isomerization to the £
isomer.

We qualitatively observed that some diols bound 3 poorly in the
standard NMR assay conditions (<1% D,O in DMSO-ds); when
exogenous water was added to the 4-nitrocatechol (9) equilibrium
competition binding experiment, we exclusively observed only bo-
ronic acid for both isomers. In contrast, some cyclic diols and pol-
yols (such as cis-1,2-cylcopentanediol (9) and gluconolactone de-
rivative (13)) have higher binding constants, and additional exoge-
nous water (6% in DMSO-ds) was needed in the competition ex-
periment to observe any unbound acid, consistent with previous
studies using simple arylboronic acids.*! These results demonstrate
that while the relative binding affinities between Z and E are
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Figure 9. K. (reported in parentheses) between (2)-3 and (E)-3
with various diols (20 mM in DMSO-de with 2 pL. D,O). Standard
deviations were between 0.1 and 2.4 and are reported in Figures
S20 through S28. “Excess D>O was necessary due to high binding
affinity. "No additional D,O was used due to low binding affinity.
‘Lower concentration (8 mM) was used due to sample require-
ments.



similar across a range of diols, the absolute equilibrium constants
are highly dependent on diol structure. For applications of 3 in an
aqueous environment, cyclic diols such as 9 or polyols such as 13
will be optimal.

Azobenzene boronic acids reversibly bind diols in fully
aqueous environments

To overcome the low aqueous solubility of small molecule 3, we
designed and synthesized a carboxylate analog of 3, SI-11, and cou-
pled it to amine-terminated 4-arm poly(ethylene glycol) (PEG, My
5 kg/mol) (polymer P1, Figure 10a; see SI for details). While in-
stalling the electron-withdrawing ester shortens the thermal half-
life of the Z azobenzene to 2.2 days by creating push-pull character
(Figure S7), it increases the PSS (%Z). SI-10, the methyl ester of
compound SI-11, reaches 76% Z after red light irradiation, and re-
turns to 29% Z after blue light irradiation (Table S4).

We also synthesized a coumarin-tagged gluconolactone deriva-
tive (compound 17) to provide a fluorescent output for reversible
binding. The gluconolactone tag was chosen based on the perfor-
mance of 13 in the presence of excess water, suggesting esterifica-
tion would be favorable in an aqueous environment. The ratio of
bound 17 should be increased after irradiation to predominantly Z
isomer with red light and decreased after irradiation to predomi-
nantly E isomer with blue light. We mixed the boronic acid poly-
mer P1 and compound 17 in a 1:4 molar ratio (1:1 boronic acid:17)
in a phosphate buffered saline (PBS) solution at pH 7.5. To analyze
the amount of unbound 17, we filtered the mixture with a 3.0 kDa
molecular weight cut-off (MWCO) centrifugal filter such that only
free fluorophore (MW 383 g/mol) can pass through the membrane.
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Figure 10. (a) Structures of P1 and gluconolactone-tagged coumarin
17. (b) Illustration of experimental setup and fluorescence spectra of
eluents after irradiating and spin filtering each solution.

We next performed UV-vis and fluorescence spectroscopy of the
resulting dialysate. Without any irradiation, we observed strong
fluorescence in the dialysate indicating that unbound 17 had passed
through the filter (Figure 10b). When the solution was irradiated
with red light for 60 minutes before spin filtering, we observed de-
creased emission, indicating more fluorophore was bound to P1
and unable to pass through the filter. In an analogous experiment,
we first irradiated the mixture with red light for 60 minutes, then
with blue light for 10 minutes, before centrifugal filtration. In this
case, the fluorescence of the dialysate increased to nearly the same
level as the no-irradiation control, demonstrating that the fluoro-
phore bound to red-irradiated P1 was released by blue light.

Reversible changes in binding affinity lead to reversible
stiffening of hydrogels

Lastly, we sought to translate the reversible changes in binding
affinity to control crosslink density in a hydrogel network. Previ-
ously, we demonstrated that reversible changes in binding affinity
could lead to sol-gel transitions in a boronic ester crosslinked
poly(ethylene glycol) hydrogel, with stiffening occurring with UV
or green light and softening occurring with blue light. Based on the
photochemical properties of compound 3, we reasoned that its in-
corporation as a crosslink into hydrogels would enable stiffening
with red light. We prepared diol-terminated polymer P2 by ring-
opening glucono-d-lactone with amine- terminated 4-arm poly(eth-
ylene glycol) (M= 5 kDa), according to a previous literature pro-
cedure.’? . When P1 and P2 were mixed in a 1:1 ratio in 0.1 M
phosphate-buffered saline at pH 7.5 (10 w/v%), a sol was observed,
according to the flow-inversion method. Irradiation with red LEDs
(626 nm) for 3 hours promotes the E->Z isomerization of the ter-
minal azobenzene boronic acids and leads to the gelation of the
mixture. Irradiating this gel for 5 minutes with blue LEDs promotes
Z->E isomerization and returns the mixture to the sol state (Figure
11a). By alternating irradiation with red and blue light, we could
continue to cycle the gel between sol and gel states. Addition of
excess free diol 13 leads to the dissolution of the network, presum-
ably by outcompeting P2 and disrupting the boronic ester cross-
links.

Toward our lab’s effort to design photoreversible matrices for
3D cell culture, we prepared a hydrogel with P1 and P2 (10 w/v%)
in Dulbecco’s Modified Eagle Medium (DMEM), a common
growth medium for a variety of cell types. While the glucose,
amino acids, or vitamins in DMEM could interfere with the boronic
ester dynamic bond, we were gratified to observe that gelation can
still occur in this medium. Bulk mechanical characterization of this
hydrogel was performed by oscillatory photorheology at constant
strain in the linear viscoelastic region. We first investigated the fre-
quency-dependent properties of this hydrogel from 100 to 0.1 rad/s,
which yields information on the dynamics of the crosslinks. The
storage modulus (G’) represents the material’s ability to store en-
ergy elastically like a solid, while the loss modulus (G”) represents
the material’s able to dissipate energy into the surrounding envi-
ronment like a liquid. In materials that behave as elastic solids, such
as permanently crosslinked hydrogels, G’ and G” are frequency in-
dependent. Viscoelastic materials display both solid- and liquid-
like behaviors, which depend upon the frequency of the defor-
mation. At high frequencies (> 1 rad/s), where deformation is faster
than the dynamic bond exchange, the P1/P2 gel has solid-like be-
havior, wherein G’ > G”’. The crossover point (where G* = G”)
occurs at 0.5 rad/s, and below this frequency the gel flows like a
liquid due to the reversible hydrolysis of boronic ester crosslinks
(Figure 11b). Interestingly, this hydrogel does not undergo sol-gel
transitions by the flow inversion method, which are observed when
PBS is the solvent. We hypothesize that the additives in DMEM
reduce the rate of exchange of the dynamic crosslinks, shifting the
crossover point to lower frequencies. The relationship between mo-
lecular kinetics and the crossover frequency is the subject of ongo-
ing studies in our laboratory.
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Figure 11. (a) Structure of P2 and reversible gelation of P1 and P2 with red and blue light (10 w/v%, PBS pH 7.5). (b) Frequency sweep of
P1 and P2 in DMEM (10 w/v%, 10% strain) after stiffening with red light for 3 hours. (c) Reversible mechanical response of P1 and P2 in
DMEM (10 w/v%, 10% strain, 25 rad/s) to different wavelengths of visible light.

The hydrogel in DMEM also demonstrates photodependent
changes in stiffness (Figure 11c). The gel was stiffened for three
hours with red light, yielding a G’ of 60 Pa. Irradiation for 10
minutes with blue light led to a softer gel, decreasing G’ by 33%.
The gel could be stiffened again with yellow light irradiation, in-
creasing G’ to 54 Pa after 3 hours. We propose that the photo-de-
pendent changes in stiffness arise from changes in the hydrogel
crosslink density. We hypothesize that the softness of these gels,
compared to those previously reported in the literature,3!-3%47-60 ig
due to the unusually low binding of the £ azobenzene. While these
hydrogels may be practical as tools for studying soft tissue mechan-
ics, we envision that increasing the binding constant of the Z isomer
while maintaining high K..; will enable larger ranges of photocon-
trolled stiffness.

CONCLUSIONS

We have shown how multiple wavelengths of light can be used
to tune the equilibrium of a dynamic covalent bond by harnessing
the photostationary state of a photoswitch. While previous reports
of photocontrolled dynamic covalent chemistry turn equilibria on
or off, our approach offers the ability to modulate the boronic
acid/ester equilibrium depending upon the isomerism of an azoben-
zene photoswitch. The binding equilibrium becomes more favora-
ble as the percentage of Z isomer is increased. Moreover, we show
that the range of equilibrium binding constants achieved by a single
photoswitch is highly dependent upon ortho,ortho-substitution of
the distal ring. In addition to increasing the difference in £ and Z
binding constants, these ortho substituents impart improved photo-
chemical properties including longer thermal half-lives, increased
photostationary states, and visible light photoswitching, making
them promising for biomedical applications. The optimized azo-
benzene identified in these studies can reversibly bind a range of
biologically relevant diols. We further demonstrated the applica-
tion of photoswitchable equilibria to a dynamic covalent hydrogel
that can be stiffened with red light. Tuning equilibria with pho-
toswitches represents a powerful approach to noninvasively control
the interaction between molecular and macromolecular species.
While this work applies this concept to boronic acid—ester ex-
change, the underlying principles may be used to impart photocon-
trol on other dynamic reactions, such as imine exchange or thia-
Michael addition.
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