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ABSTRACT: The transesterification of boronate esters with diols is 
tunable over at least 14 orders of magnitude. Rate acceleration is 
achieved by internal base catalysis, which lowers the barrier for the 
proton transfer step. Here we report a photoswitchable internal 
catalyst that tunes the rate of boronic ester/diol exchange over at least 
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 esters. The photoswitch can be cycled 
repeatedly, with high photostationary states. 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 receptors, covalent 
organic frameworks (COFs), self-healing and adaptive polymers, 
and responsive sensors.1-7 The formation and stability of these bonds 
are typically regulated by parameters such as temperature, pH, 
concentration, catalyst loading, and light. Light is an ideal stimulus 
because it can be applied non-invasively with excellent spatial and 
temporal control. To design dynamic covalent bonds that respond 
to light, there must be a photoresponsive component. 
Photoswitches, which can be reversibly switched between two states 
using different wavelengths of light, offer a unique opportunity to 
remotely control DCC.8 

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-
driven valence bond tautomerization;10-12 and (ii) by tuning the 
reactivity of the dynamic bond with an adjacent photoswitch.13,14 
Notably, Hecht used azobenzene and spiropyran photoswitches to 
mask/unmask an activating hydroxyl group ortho to an aldehyde, 
which tunes the kinetics of imine formation with 2.4- and 3.1-fold 
differences in rates, respectively.14 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.9 Here, we present a strategy to remotely 
control the kinetics of dynamic covalent reactions without affecting 
their thermodynamics, by designing a photoswitch that modulates 

the reactivity of an internal catalyst. We have termed this approach 
photoswitchable internal catalysis (PIC). It should be noted that this 
is distinct from photoswitchable “external” catalysis, in which 
exogenous photoswitchable catalysts are introduced to modulate a 
structurally separate exchange reaction.15,16 Internal catalysis, in 
contrast, exploits proximity effects (neighboring-group 
participation) to dramatically alter the kinetics of a dynamic 

 

Figure 1. Conceptual design of photoswitchable internal catalysis, 
based on combining (A) the significant rate acceleration for boronic 
ester exchange provided by internal base catalysis and (B) bistable 
acylhydrazone photoswitches, yielding (C) photoswitch-gated internal 
catalysis of the boronic ester exchange. 
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covalent reaction.17-21 Therefore, PIC operates by the same 
principles as the well-established photoswitchable external catalysis, 
but enables catalysis by mildly acidic or basic groups that would not 
operate under intermolecular conditions. 

Here we report a PIC that is capable of tuning the exchange rate 
between boronic ester and free diol over at least 4 orders of 
magnitude. The design of our photoswitch consists of two key 
components: first, the internal catalytic nitrogen in 8-quinoline 
boronic ester (8-QBE, Figure 1A), which assists in the rapid 
exchange between boronic ester and free diol; second, an acyl-
hydrazone photoswitch that bears an acidic N–H, which forms an 
intramolecular H-bond when positioned ortho to a basic heterocycle 
(Figure 1B). Unification of these two moieties yields the PIC system 
in Figure 1C. In its thermodynamically favored isomer, (E)-PIC, the 
photoswitch is in the “ON” state, in which internal catalysis from the 
proximal quinoline mediates rapid boronic ester exchange. 
Photoisomerization of the acyl-hydrazone to the “OFF” state, (Z)-
PIC, results in the formation of an intramolecular H-bond between 
the quinoline nitrogen lone pair and the acyl-hydrazone N–H, 
deactivating internal catalysis, resulting in a drastically slower 
exchange.  

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 of 
the boronic ester.22 The exchange reaction proceeds via three 
fundamental steps: (I) addition, (II) proton transfer, and (III) 
elimination (Figure 2A). A small change in structure can alter the 
identity of the rate-limiting step, resulting in a dramatic change in 
rates (Figure 2B). At 20 ºC in acetone, phenylboronic acid 1,2-
propanediol ester displays a modest exchange rate of 10-2 s-1, and 
proton transfer was determined to be rate limiting (II>III>I) based 
on a large kinetic isotope effect (kH/kD = 4-5). An increase in steric 
hindrance slows the exchange rate by as much as 4 orders of 
magnitude by increasing the barrier for addition (I>II>III). On the 
other hand, installing a proximal basic group significantly decreases 
the barrier for proton transfer through internal catalysis, making 
elimination rate limiting (III>II>I, no KIE) and increasing the 
exchange rate by up to 109-fold relative to phenylboronic ester. 

The dramatic rate enhancement observed in 8-QBE can be 
attributed to the proximity of the quinoline nitrogen lone pair in 
relation to the boronic ester23,24 and the rigid aromatic structure.25 
This structure allows the quinoline lone pair to form a 6-membered 
ring in the proton transfer transition state. The commonly used 2-
aminomethyl “Wulff-type” phenylboronic ester undergoes exchange 
an order of magnitude slower than 8-QBE, despite the more basic 

 

Figure 2. (A) Mechanism of degenerate exchange of boronate ester and free diol. The forward reaction (I → II → III) is followed by the reverse (III’ 
→ II’ → I’) to generate the final product, which is identical to the starting reactants in a degenerate exchange process. (B) Reaction coordinate diagram 
showing the change in activation energies corresponding to structural changes, i.e., introduction of a proximal bulky group (left) or proximal basic 
group (right) in comparison to phenyl boronic ester (middle). For simplicity, the reaction coordinate diagram shows only half of the reaction up to 
the bis-diol trigonal intermediate, since the reverse reactions to form the boronic ester product are identical, based on microscopic reversibility.  
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nitrogen, highlighting the importance of entropy in neighboring 
group participation. 

We imagined that the rate-limiting step of boronic ester exchange 
could be remotely tuned with an appropriate photoswitch, thus 
dramatically altering the rate of exchange. Our strategy was to 
deactivate internal catalysis in 8-QBE by engaging the quinoline 
lone pair in an intramolecular H-bond. This intramolecular H-bond, 
in turn, could be controlled by light using a suitable photoswitch. 
Our attention was drawn to a relatively novel class of acyl-hydrazone 
photoswitches that bear an acidic amide N–H bond.26-32 Hydrazone 
photoswitches 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. Leigh 
has exploited the 2-pyridyl hydrazone photoswitch to control the 
activity of a linked squaramide organocatalyst through the position 
of an inhibiting group, achieving ca. 10-fold differences in conjugate 
addition rates, albeit requiring acid for the Z→E isomerization.33 We 
envisioned that the intramolecular H-bond, in addition to stabilizing 
the Z-isomer, could also turn “OFF” internal catalysis in 8-QBE. 
This design yielded PIC (Figure 1), wherein exchange is accelerated 
by internal catalysis when the hydrazone adopts the E configuration 
and dramatically slowed in the Z isomer. 

Photoswitch properties. We synthesized (E)-PICacid in its 
boronic acid form 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 1H 
NMR. Initially, a sharp singlet appears at 12.2 ppm in the E-isomer, 
corresponding to the acyl hydrazone N-H bond. After irradiation at 
300 nm, the peak shifts downfield to 14.5 ppm, indicating the 
formation of a strong intramolecular H-bond (Figure 3A). The Z-
isomer is thermally stabilized due to the intramolecular H-bond and 
can be stored for weeks with no observable back isomerization, even 
when subjected to elevated temperatures (70 ºC). Irradiation at 300 
nm promotes efficient conversion from (E)-PICacid→(Z)-PICacid, 
reaching a photostationary state (PSS) of 92%. Although the Z 
isomer is thermally stable, when irradiated with 350 nm light, the 
Z→E isomerization proceeds with a PSS of 67%.  

The fatigue resistance of other hydrazone photoswitches is 
generally quite high (up to 300 cycles).30,32 UV-Vis absorption of 
(E)-PICacid and (Z)-PICacid show significant spectral overlap, but a 
10-nm bathochromic shift in the absorption onset of the Z isomer 
provides enough spectral separation to selectively irradiate both 
isomers (Figure 3B). Using UV-Vis, we monitored E→Z 
isomerization over time and found that the PSS is reached in less 
than 1 minute in acetonitrile at 1.56 × 10−5 M (SI, Figure S1). Z→E 
isomerization also reaches (E)-PICacid PSS in less than 2 minutes, 
enabling rapid switching between both isomers. Monitoring the UV-
Vis absorption of PICacid at 322 nm during alternating irradiation at 
300 and 350 nm, we observe no loss in efficiency after 10 cycles 
under ambient conditions (Figure 3C). Therefore, the presence of a 
boronic acid does not affect the robustness of the hydrazone 
photoswitch. 

Gratifyingly, after condensation with neopentyl glycol in the 
presence of excess diol (10 equiv), when boronic ester (E)-PICester 
is irradiated with 300 nm light, quantitative conversion to (Z)-
PICester is observed (Figure S2). Likewise, in the presence of excess 
diol, quantitative conversion from (Z)-PICester to (E)-PICester is 
observed. This observation was rationalized by UV-Vis 
spectroscopy: when (Z)-PICacid is converted to (Z)-PICester, we 
observe a 10 nm bathochromic shift in the absorption onset. In 

  

 

Figure 3. A) 1H NMR of the aromatic region of (E)- and (Z)-PICacid 
shows the N–H peak shift downfield after isomerization from E to Z. 
B) UV-Vis absorbance of (E)-PICacid (black line) and the 
photostationary state of (Z)-PICacid photostationary state (red line) 
in acetonitrile at 1.56 × 10−5 M). C) Corresponding absorbance of 
PICacid after irradiation at 300 nm (blue lines) and 350 nm (red lines). 
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contrast, when comparing (E)-PICacid to (E)-PICester, no significant 
spectral changes are observed by UV-Vis (Figure S3). 
Consequently, in the presence of excess diol, the boronic esters 
possess slightly improved spectral separation between the E and Z 
isomers compared to the boronic acids, enabling near-quantitative 
bidirectional switching. 

 Photoswitching exchange rates. We tested the effect of 
photoisomerization on the degenerate exchange between neopentyl 
glycol and the corresponding boronic ester (E)-PICester (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 ºC, 1H NMR of (E)-PICester 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. After 
irradiation with 300 nm light to achieve quantitative conversion to 
(Z)-PICester, two peaks emerge but are still significantly broadened 
at room temperature. Upon heating the sample (up to 75 °C), two 
peaks emerge corresponding to the diol and ester, indicating that 
exchange has been considerably slowed, even at elevated 
temperatures.  

The rate of exchange in (E)-PICester could be determined through 
coalescence between –CH3 resonances in bound and unbound 
neopentyl glycol by variable-temperature 1H NMR (VT-NMR). 
Upon cooling the mixture, we observe the coalescence temperature 
of the bimolecular degenerate exchange to be –15 ºC (Figure 5). 
The rate of exchange for (E)-PICester was thus determined to be 4.1 
x 103

 s-1 at 25 ºC with an activation energy of 12.4 kcal/mol (see SI 
for details). A second coalescence temperature is observed at lower 
temperatures due to a unimolecular fluxional ring flip of the 
neopentylglycol boronate (Figure S4).34 

Fluxionality due to the ring flip is also observed in (Z)-PICester, 
with coalescence occurring around 25 °C (Figure S5). Upon further 
heating the sample, two peaks emerge as the ring flip becomes faster 
than the NMR timescale. The bimolecular exchange in (Z)-PICester, 
however, was sufficiently slow that a coalescence temperature could 
not be observed even at elevated temperatures (Figure 5). From this, 

we can conclude that the exchange is occurring at least as slow as 
1.67 x 10-1 s-1 (calculated from Tc ³ 75 °C). The exchange was not 
resolvable by exchange spectroscopy (EXSY) NMR (Figure S8).35 

Thus, we have established an upper bound for the exchange rate 
of (Z)-PICester and we can conclude that there are at least 4 orders of 
magnitude difference between exchange rates in (E)-PICester vs. (Z)-
PICester. The fast bimolecular exchange in (E)-PICester suggests that 
internal catalysis reduces the activation energy for proton transfer. 
On the other hand, the slower bimolecular exchange in (Z)-PICester 
can be ascribed to the deactivation of internal catalysis through the 
formation of an intramolecular H-bond, increasing the barrier for 
proton transfer. 

We have demonstrated that photoisomerization of a hydrazone 
can switch “OFF” internal catalysis of boronic ester exchange. The 
resulting 104 difference in exchange rates is enabled by the formation 
of an intramolecular H-bond. To show that chemical stimuli cannot 
regulate internal catalysis to the same extent, we synthesized control 
(2-methylquinolin-8-yl)boronic acid (Me-QBA, SI). VT-NMR 
revealed that the corresponding neopentyl glycol boronate, Me-
QBE undergoes exchange roughly 10 times faster than to (E)-
PICester (4.9 x 104

 s-1 at 25 ºC, Figure S6). We hypothesize that 
exchange in (E)-PICester is slower than that of Me-QBE due to the 
presence of the electron-withdrawing hydrazone, which reduces the 
basicity of the quinoline, and contributes some degree of steric 
hindrance. 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 104

 s-1, Figure S7). This observation is consistent with the fact 
that diol addition to boronic acids can be both acid and base 
catalyzed,36,37 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 has shown that the presence of exogeneous 
quinoline does not increase the transesterification rate for 
phenylboronic ester, indicating that internal catalysis is crucial for 
accelerating exchange.23 

 

Figure 4. 1H VT-NMR of the dynamic exchange of (E)-PICester (left) and static exchange in (Z)-PICester (right). 
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Conclusion. We have demonstrated the use of a thermally stable, 
bidirectional hydrazone photoswitch to control the rate of exchange 
between a boronate ester and the corresponding diol by at least 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 application of these 
photoswitchable dynamic bonds to tune viscoelasticity in polymer 
networks is ongoing in our laboratory. 
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