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ABSTRACT: The transesterification of boronate esters with diols is tunable over 14 orders of magnitude. Rate acceleration is achieved by

internal base catalysis, which lowers the barrier for proton transfer. Here we report a photoswitchable internal catalyst that tunes the rate of

boronic ester/diol exchange over 4 orders of magnitude. We employed an acylhydrazone molecular photoswitch, which forms a thermally stable

but photoreversible intramolecular H-bond, to gate the activity of the internal base catalyst in 8-quinoline boronic ester. The photoswitch is

bidirectional and can be cycled repeatedly. The intramolecular H-bond is found to be essential to the design of this photoswitchable internal

catalyst, as protonating the quinoline with external sources of acid has little effect on the exchange rate.

Dynamic covalent chemistry (DCC) combines the strength and
directionality of covalent bonds with the reversibility of
supramolecular interactions.'! Owing to their tunability and
robustness, dynamic covalent bonds have found wide application in
library synthesis,” bioconjugation,” self-assembled macrocycles and
cages,’ covalent organic frameworks,® and self-healing polymers.®
Light is an attractive stimulus to modulate the formation and
exchange of these bonds because it can be applied non-invasively
with excellent spatial and temporal control. Photoswitches, which
can be reversibly switched between two states using different
wavelengths of light, offer a unique opportunity to remotely control

DCC’

Previously, photoswitches have been employed to govern the
reactivity of dynamic covalent bonds via two principal strategies: (i)
by rendering the dynamic bond active or inactive through light-

8-10

driven valence bond tautomerization;*'* and (ii) by tuning the
reactivity of the dynamic bond with an adjacent photoswitch.'"™™*
Hecht used azobenzene and spiropyran photoswitches to
mask/unmask an activating hydroxyl group ortho to an aldehyde,
which tunes the kinetics of imine formation by 2.4- and 3.1-fold,
respectively.” Our group recently showed that azobenzene
photoswitches can control the equilibrium of the boronic acid-diol
condensation, due in part to the formation of intramolecular H-
bonds (Figure 1A)." This change in thermodynamics was translated
into hydrogels with reversibly photocontrolled stiffness.”” In the
absence of water, boronic ester-diol exchange occurs by
transesterification. However, the azobenzene was not effective for
photocontrolling kinetics, displaying only 2.5-fold change in
transesterification rate upon photoisomerization (see Supporting

Information (SI), Figure S6).

Here, we present a strategy to remotely control the kinetics of
dynamic covalent reactions by designing a photoswitch that
modulates the reactivity of an internal catalyst. We have termed this
approach photoswitchable internal catalysis (PIC). This is distinct
from photoswitchable “external” catalysis, in which exogenous

photoswitchable catalysts are introduced to modulate a structurally
separate exchange reaction.”®” Internal catalysis, in contrast,
exploits proximity effects (neighboring-group participation) to alter
the kinetics of a dynamic covalent reaction.’*”* While internal
catalysis involves a 1:1 molar ratio of the neighboring group and
dynamic covalent bond, the group can be considered catalytic
because multiple exchanges (turnovers) occur at the dynamic
covalent site without its consumption.”® PIC can be applied to
associative, degenerate exchange, whereas valence bond
tautomerization has only been demonstrated for dissociative
reactions such as Diels—Alder cycloaddition.

We report a PIC design that is capable of switching the exchange
rate between boronic ester and free diol over 4 orders of magnitude
(Figure 1B). Boronic ester transesterification represents an ideal
chemistry to demonstrate PIC due to its wide dynamic range. In
1984, Wulff reported that the rate of exchange of boronic ester with
diols spans a remarkable 14 orders of magnitude depending on the
structure.’® Wulff proposed that the exchange reaction proceeds via
three fundamental steps: (I) addition, (II) proton transfer, and (I1I)
elimination (Figure 1C). Small changes in structure can alter the
identity of the rate-limiting step, resulting in a dramatic change in
rates (Figure 2B). In simple phenylboronic esters, proton transfer
was determined to be rate limiting (II>III>I). B-N coordination or
steric hindrance slow the exchange by increasing the barrier for
addition (I>II>IIT). In contrast, installing a proximal basic group
significantly decreases the barrier for proton transfer through
internal catalysis, making elimination rate limiting (III>II>I). While
the commonly used 2-aminomethyl “Wulff-type” phenylboronic
esters exhibit this effect, the rate enhancement is even greater in 8-
QBE, thanks to the proximity of the quinoline nitrogen lone pair to
the boronic ester’””* and the rigid aromatic structure.”

We imagined that the rate-limiting step of boronic ester exchange
could be remotely tuned with an appropriate photoswitch, thus
altering the rate of exchange. Our strategy was to deactivate internal
catalysis in 8-QBE by engaging the quinoline lone pair in an



A) Previous work: photoswitchable boronic
acid-ester equilibria

X X
e L
Y ra\ V1 X N
N--H + HO OH =—= 0 + 2H,0
ot O
B, o
OH

acid-ester equilibria: K.q 7K. gup to 22
transesterification: Ko, AKe, g = 2.4

—— B) This work: photoswitchable exchange rates

O _R R__O
omo N 300 nm 0...0 .N
“B” NTH BT HT N
Ny ) P Ny
A 350 nm X
¥ ¥
(E)-PIC (2)-PIC
Kex elkex z = 8.0 x 104

C) Effect of boronic ester structure on transesterification mechanism (Wulff, 1984)

1 m OH OH
o/;\o OH O(—\—B’O+ OH —~— CQPIH OH —~— K/O“B’OJ
addition proton transfer elimination
- ° ;
B-O ! B, )
Ne k10 )8 kat 07 kut0®
A W A A QN
8-QBE
w W W | I Ll

reaction coordinate

reaction coordinate

reaction coordinate

Figure 1. A) We previously showed that the conformation of an azobenzene influences the binding constant of a proximal boronic acid-diol

dynamic bond, but there is little effect on the rate of transesterification. B) In this work, we design a hydrazone photoswitch that gates the activity

of an internal catalyst (highlighted) to control the rate of transesterification. C) Mechanism of degenerate exchange of boronate ester and free diol.
The forward reactions (I>II>11I) are followed by identical reverse steps (III' > II’ > I') to generate the final product. Corresponding reaction
coordinate diagrams show the change in rate-limiting step depending on the boronic ester structure and rates relative to phenylboronic ester. For

simplicity, the reaction coordinate diagrams show only I-II-1IL

intramolecular H-bond. Our attention was drawn to a class of
acylhydrazone photoswitches that bear an acidic amide N-H
bond.**** Acylhydrazones derived from 2-pyridinecarboxyaldehyde
or 2-quinolinecarboxaldehyde are thermally stable in the Z isomer
thanks to the formation of a six-membered intramolecular H-bond.**
We envisioned that the intramolecular H-bond, in addition to
stabilizing the Z-isomer, could deactivate internal catalysis in 8-
QBE. This design yielded PIC (Figure 1B), wherein exchange is
accelerated by internal catalysis when the hydrazone adopts the E
configuration and slowed in the Z isomer.

We synthesized the boronic acid (E)-PICaca in 6 steps from 2-
bromoaniline and crotonaldehyde (see SI for details). First, we
investigated its photoisomerization by monitoring the conversion
from E to Z by 'H NMR in DMSO-ds. Initially, a sharp singlet
appears at 12.23 ppm in the E isomer, corresponding to the free
acylhydrazone N-H bond, and at 9.47 ppm, corresponding to the H-
bonded boronic acid (Figure 2A and S25). Irradiation at 300 nm
promotes conversion from (E)-PIC.ca>(Z)-PIC.sa (Figure 2B).
After isomerization, the N-H peak shifts downfield to 14.33 ppm,
indicating the formation of a strong intramolecular H-bond, and the
O-H peak shifts upfield to 8.37 ppm. In the boronic acid form, the
Z isomer is relatively unstable, with a thermal half-life of 7.3 hours at

25 oC (Figure S2). This relatively short half-life is ascribed to the
acidity of the acid, which

% Z»E isomerization is promoted by 350 nm

boronic accelerates thermal
isomerization.
irradiation. After condensation with excess neopentyl glycol,
bidirectional switching between (E)- and (Z)-PICewr with 300
(93% Z PSS) and 350 (56% E PSS) nm light is observed in DMSO-
ds (Figure S3). Furthermore, (Z)-PICe displays significantly
improved thermal stability, with an extrapolated thermal half-life of
102 days at 25 °C (Figure S2). We anticipate that derivatization of
the acylhydrazone will enable further optimization of the

photochemical properties.®

The fatigue resistance of other hydrazone photoswitches is quite
high (up to 300 cycles).*** Using UV-Vis, we monitored E>Z
isomerization of PICaqa over time during irradiation at 300 and 350
nm and found that the Z and E PSS are reached within 1 and 2
minutes, respectively, in acetonitrile at 1.56 x 10~ M (Figure SS).
Monitoring the UV-Vis absorption of PICaaa at 322 nm during
alternating irradiation at 300 and 350 nm, we observe no loss in
efficiency after 10 cycles under ambient conditions (Figure 2C).
Therefore, the presence of a boronic acid does not affect the
robustness of the hydrazone photoswitch.
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Figure 2. A) 'H NMR of the aromatic region of (E)- and (Z)-PICaca
shows the N-H and BO-H peak shifts after isomerization in DMSO-
ds. B) UV-Vis absorbance of (E)-PIC.ia (black line) and the
photostationary state of (Z)-PICaca (red line) (acetonitrile, 1.56 x
105 M). C) Absorbance of PIC.qa at 322 nm during cycles of
irradiation at 300 nm (blue lines) and 350 nm (red lines).

We tested the effect of photoisomerization on the degenerate
exchange between neopentyl glycol and the corresponding boronic
ester (E)-PICeer (1:1, 100 mM). Toluene was used as the solvent,
and a small amount of acetone was added to fully dissolve the diol

(9:1 toluene-acetone). At 25 °C, 'H NMR of (E)-PICes.: shows a
broad peak around 1.0 ppm, signifying that the dynamic exchange
between diol and ester is occurring faster than the NMR timescale at
this temperature. The rate of exchange in (E)-PICer could be
determined through coalescence between —CHj; resonances in
bound and unbound neopentyl glycol by variable-temperature 'H
NMR (VT-NMR). Upon cooling the mixture, we observe the
coalescence temperature of the bimolecular degenerate exchange to
be 15 + § oC (Figure 3). The rate of exchange for (E)-PICeser was
thus determined to be 4.1 + 1.4 x 10°s™ at 25 °C with an activation
+ 0.2 kcal/mol (see SI for details). A second
coalescence temperature is observed at lower temperatures due to a

energy of 12.4

unimolecular fluxional ring flip of the neopentylglycol boronate
(Figure S8).7

After irradiation with 300 nm light to form (Z)-PICeser, the
bimolecular exchange is significantly slowed, and a coalescence
temperature could not be observed even at elevated temperatures
(Figure S10). Therefore, we monitored the transesterification using
"H-'H 2D exchange spectroscopy (EXSY) NMR at 45 °C, revealing
an exchange rate of 0.19 + 0.01 s (Figure 3). Using the VT-NMR
data, we calculate that the exchange rate for (E)-PICeerat 45 °C is
1.5x10*s™. Therefore, the relative rate of exchange kexj:/keyz is 8.0 x
10*. This kra value is 3—4 orders of magnitude larger than those

131738 and suggests the

achieved by previous photoswitch designs
potential for PIC as a strategy to remotely control the rates of
associative exchange reactions. In addition to PIC, it is possible that
the effect of photoswitch conformation on the Lewis acidity of the
boronic ester contributes to rate differences.’*®* The effect of the
photoswitch was qualitatively observed for other diols (pinacol, 1,2-
propanediol) but k. could not be measured for both isomers
(Figures S20-21). Exchange is slowed in more polar solvents such as
DMF-d;, but a significant difference in E and Z exchange rates is

maintained (Figures $16-S19).

To show that chemical stimuli cannot regulate internal catalysis
to the same extent, we synthesized the neopentyl glycol ester of (2-
methylquinolin-8-yl)boronic acid (Me-QBE, SI). VT-NMR
revealed that Me-QBE undergoes exchange roughly 10 times faster
than to (E)-PICetr (~4.9 x 10* s at 25 °C, Figure S6). We
hypothesize that the electron-withdrawing hydrazone in (E)-
PICeser reduces the basicity of the quinoline, slowing exchange
relative to Me-QBE. When Me-QBE is exposed to 1.0 equivalent of
trifluoroacetic acid (TFA), an acid capable of fully protonating the
quinoline, only a moderate decrease in exchange rates was observed
(~3.0 x 10*s™ at 25 °C, Figure S7). This observation is consistent
with the fact that esterification of boronic acids can be catalyzed by
both acid and base,*"* so external proton sources cannot deactivate
internal catalysis. These experiments further highlight the
importance the intramolecular H-bond in our design to deactivate
internal catalysis. Additionally, Letsinger”” and Wulff* have shown
that the presence of exogeneous quinoline does not increase the
transesterification rate for simple phenylboronic esters, indicating
that the high effective molarity provided by internal catalysis is
crucial for accelerating exchange.

Guan has shown that internal catalysis of boronic ester’’ and silyl
ether’' exchange provides five and three orders of magnitude rate
acceleration, respectively. These differences in small-molecule
exchange rates were translated into significant and measurable
differences in the physical properties of polymer networks (self-
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Figure 3. 'H VT-NMR of the diol-ester exchange of (E)-PICestr (left, T¢ highlighted) and 'H~'H 2D EXSY NMR of the exchange of (Z)-PICester
(right, crosspeaks highlighted) (1:1 diol:ester, 0.1 M in 9:1 toluene-ds-acetone). The proposed effect of the photoswitch on the proton transfer step
is illustrated in the center. In the E isomer, the quinoline nitrogen facilitates intramolecular proton transfer; in the Z isomer, proton transfer is

mediated intermolecularly by an external base (solvent or another molecule of photoswitch).

healing ability and stress relaxation), suggesting that the observed ki

of 8.0 x 10* is sufficient to mediate macroscopic changes. We
prepared a viscoelastic polymer network by condensation of 4-arm
4345

poly(caprolactone) with (E)-PIC.aa at elevated temperature.
Using oscillatory shear rheology at 100 °C, we observed a decrease
in the crossover frequency corresponding to slower exchange
kinetics when the network was photoswitched at 300 nm (Figures
$23-24). No change in storage modulus was observed, consistent
with an associative mechanism.®

We have demonstrated the use of a bidirectional hydrazone
photoswitch to control the rate of exchange between boronate ester
and diol over 4 orders of magnitude. The dramatic change in rates
afforded by reversible deactivation of internal catalysis lays the
foundation for photocontrolling kinetics in different dynamic
covalent reactions. The ability to remotely and reversibly control a
dynamic covalent exchange rate can be translated to turn on and off
assembly and reconfiguration in smart materials. The design of
photoswitchable internal catalysts for dynamic reactions that can be
incorporated into photocontrolled hydrogels is ongoing in our

laboratory.*
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