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Dynamic bonds continually form and dissociate at equilibrium. Carbonyl compounds with
proximal boronic acids, including 2-formylphenylboronic acid (2-FPBA), have been reported
to form highly dynamic covalent hydrazone and oxime bonds in physiological conditions, but
strategies to tune the dynamics have not yet been reported. Here, we characterize the
dynamics of 2-FPBA-derived hydrazones and oximes and account for both the rapid rate of
formation (~102-10%® M s") and the realtively fast rate of hydrolysis (~10* s™) at
physiological pH. We further show that these substrates undergo exchange with a-
nucleophiles, which can be reversibly paused and restarted with pH control. Finally, we
show that oxidation of the arylboronic acid effectively abolishes the rapid dynamics, which
slows the forward reaction by more than 30,000 times and increases the hydrolytic half-life
from 50 minutes to 6 months at physiological pH. These results set the stage to explore
these linkages in dynamic combinatorial libraries, reversible bioconjugation, and self-healing

materials.



Introduction

Dynamic covalent bonds (DCBs) are reversible covalent bonds at thermodynamic

equilibrium.’ One of the most commonly used DCBs are hydrazones and oximes,

formed from an aldehyde or ketone and a hydrazine or alkoxyamine, respectively.*"

As a result of their broad availability, ease of incorporation into more complex

(macro)molecules, and ability to exchange, hydrazones and oximes have been used

2

to template polymers to recognize substrates,'? reversibly tag biomolecules,” and

select for ‘self-assembled inhibitors’ in protein-directed dynamic combinatorial
chemistry.™
One of their biggest limitations, however, is their relatively slow rates of formation

t.14

and exchange in aqueous solven A wide range of aniline-based organocatalysts

have been used to accelerate the kinetics, but the high catalyst concentration needed
(>50 mM) limits the broad use of this strategy, especially for live-cell labeling.”™'®
Neighboring group activation provides a complementary approach. A variety of
functional groups proximal to the reacting carbonyl, including o-pyridyl,"” o-
phosphate,'® bis-formyl groups,’® and o-boronic acids dramatically accelerate the rate
of formation of hydrazones and/or oximes.?°?? Of these, o-boronic acids are especially
active neighboring groups, accelerating hydrazone and oxime formations several
orders of magnitude faster than hydrazone/oxime formations with benzaldehyde.
Though the reaction between and a-nucleophiles and o-boronic aryl
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aldehydes/ketones dates back more than sixty years, only recently have these

reactions been shown to proceed exceptionally fast in physiological conditions, even

at micromolar concentrations.?>2"?":28 Despite their emerging importance in site-
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specific bioorthogonal labels, oxidatively activated metal chelators, and



potential for use in dynamic combinatorial libraries, a comprehensive characterization
of the reversible dynamics of hydrazones and oximes with neighboring boronic acids,
susceptibility to exchange, and responsivity to common molecular inputs has not been
reported.

Here, we characterize this class of highly dynamic bonds and account for both the
rapid rate of formation (~10°-10> M s™) and the relatively fast rate of hydrolysis (t12
~ 50 minutes). In exchange reactions, we demonstrate that the exchange can be
temporarily paused and restarted with pH control. Finally, we highlight that treatment
with H2O> oxidizes the arylboronic acid catalyst to a far less active hydroxyl group,
effectively abolishing the rapid dynamics. Taken together, our studies demonstrate
that the rapid dynamics of 2-FPBA-derived hydrazones and oximes can be reversibly
sped up and slowed down and irreversibly abolished with simple molecular inputs.
These results provide a powerful way to tune the exchange dynamics of this class of
dynamic bonds, setting the stage to explore their utility in reversible bioconjugation

reactions and dynamic combinatorial library generation.

Results and discussion

Hydrazones and oximes derived from 2-FPBA form rapidly, reaching equilibrium in
minutes, even at low concentrations (100 uM). However, these linkages also hydrolyze
relatively quickly. Together, the rapid rate of formation and relatively fast rate of
hydrolysis result in highly dynamic chemical bonds. To account for both processes, we
measured the reaction rates between 2-FPBA and two a-nucleophiles—acethydrazide
(AHz) and O-methylhydroxylamine (MHA)—Dby ultraviolet-visible spectroscopy (UV-
vis) (Figure 1). The reaction of 2-FPBA and AHz initially forms a hydrazone, which

rapidly cyclizes to diazaborine (DAB) 1.2"?” The reaction of 2-FPBA and MHA yields



oxime 2. We measured the reaction rates in phosphate buffer (PB, 100 mM, pH 7.4)
at 15°C 2-FPBA (100 uM) and the appropriate a-nucleophile (100 yM). The resulting
products show bathochromic signatures in spectral regions distinct from the starting

materials, which enables straightforward product tracking.
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Figure 1. 2-FPBA-derived hydrazones and oximes offer two sites of orthogonal activation to exchange: the proximal
boronic acid, which acts as a Lewis acid and can be removed with H.O,-mediated oxidation; and Bregnsted acid
catalysis, which can be reversibly accessed with pH changes. We hypothesized that these features would enable pH-
dependent reversible tuning of exchange dynamics and oxidation-dependent freezing of the equilibrium.

Fitting the data to an irreversible second-order model captures the initial kinetics but
fails to fit the observed equilibrium concentration, which is dictated by the kinetics of
the reverse reaction (Sl Figure 1). In contrast, the dynamics of 1 are well-described
by a reversible model that is second-order in the forward direction (k1) and first-order
in hydrolysis in the back reaction (k.1), developed by the Dawson group.* Fitting the
data to this model reveals rapid formation of the hydrazone (k1 = 148 + 4 M" s7") with
concomitant rates of hydrolysis six orders of magnitude slower (k.1 = 2.3 + 0.1 x 10
s ti2 ~50 minutes) at 15°C (Figure 2A). The reaction reaches an equilibrium
concentration of 88 uM after ca. 20 minutes. We completed the same kinetic analysis

at 35°C, 55°C, and 75°C and observed a consistent effect on the overall equilibrium



position over this 60°C temperature range, with a sequential decrease in Keq as a
function of temperature. Eyring analysis yielded activation parameters of AH* = 13.3
kJ-mol™ and AS* = -157 J-mol” to form the hydrazone and AH* = 59.0 kJ-mol”" and
AS*=-109 J-mol™ to re-form 2-FPBA and AHz (S| Figure 2A-B). At room temperature,
this corresponds to a low energy barrier to formation (AG* = 60 kJ-mol™) with a higher

energy barrier to hydrolysis (AG* = 91 kJ-mol™).

A o 100 p—E—u-u-u 2
HO, ,OH HO _ s 75 i
B o fj\ k1 Ho-a''n S 50 B Kk =148%4M1s
@’lLH Mg ——— @AH = o5 Ky=2.3%0.1 %104 s
K.
0 1 1 1 )
100uM — 100M pH T4 1 0 250 500 750 1000
B Time (sec)
| 100
HO,_OH y Ho, OH & ~ 75 = * - FE-E-E-u-
WoHNgs  ——m L2 s ky =527 £ 16 M1 s
by " N 25 ky=1.4%£0.1x103s"
100 uM 100 uM  pH 7.4 2 0 ! . | |
15°C 0 250 500 750 1000

Time (sec)

Figure 2. Hydrazones and oximes derived from 2-formylphenylboronic acid (2-FPBA) yield highly dynamic chemical
bonds. (A) Kinetic measurements of the reaction between 2-FPBA (100 uM) and acyl hydrazide (100 uM) in pH 7.4 PB
at 15°C. (B) Kinetic measurements of the reaction between 2-FPBA (100 uM) and O-methylhydroxylamine (100 uM) in
pH 7.4 PB at 15°C. In both (A) and (B), data shown are time-course UV-visible spectroscopy measurements 1 and 2,
respectively, as a function of time. Dashed red line represents a fit to a kinetic model that is second-order in the forward
direction (k1) and first-order in hydrolysis (k.1). Kinetic traces were repeated in triplicate; rate constants are reported of
an average of three separate runs with independent fitting to the model + SD.

Next, we explored how oximes derived from 2-FPBA compared with 2-FPBA-
derived hydrazones. We measured the dynamics of 2 in pH 7.4 PBS under identical
conditions to 1. At 15°C, oxime formation was three times faster than that of hydrazone
1, while the rate of hydrolysis remained comparable (460 + 14 M s and 3.2 + 0.2 x
10* s, respectively) (Figure 2B). Consequently, the Keq of the oxime (1.5 x 10° M)
is larger than the hydrazone (6.6 x 10° M™), which is consistent with previous studies
that show oximes are more thermodynamically than hydrazones. Eyring analysis of 2

yielded activation parameters of AH* = 18.6 kJ-mol™" and AS* =-129 J-K"-mol™ to form



the oxime and AH* = 57.4 kJ-mol™ and AS* =-111 J-K"-mol™ to re-form the constituent
2-FPBA and MHA building blocks. At room temperature, oxime formation proceeds
with a low energy barrier of AG* = 57 kJ-mol™ and a higher barrier of AG* = 91 kJ-mol’
! to hydrolysis (Sl Figure 2C-D). Taken together, this analysis reveals that both 1 and
2 are highly dynamic at room temperature at pH 7.4.

The pH conditions heavily influence hydrazone and oxime formation.?”?** To
explore how sensitive the dynamics of this particular class of 2-FPBA-derived
hydrazones and oximes are to pH, we measured the kinetics of formation and
hydrolysis of 1 at 15°C at pH 6.5, 7.4, 8.5, 9.5, and 12.0. Because our kinetic analysis
enables us to extract both the forward rate constant of formation and back rate
constant of hydrolysis, we can delineate the influence of pH on each process
independently. Within the explored range of pH, ki and k.1 decrease rapidly as a
function of pH, resulting in three orders of magnitude difference between pH 6.5 and
12.0 (Figure 3). Notably, the highest Keq values between 1 and 2 are different, with
the hydrazone Keq reaching a maximum at pH 8.5, while the oxime Keq is highest at pH

6.5 and decreases as a function of pH.



A 7 (a] B -6 n
m 0
—~ 5 n - -8 o g
< 3 L <10 g
< c =
1 = - -12 -
_1 1 1 1 u J _14 1 1 1 |
5 7 9 11 13 5 7 9 11 13
pH pH
C 15 D
—~ . ] 3
o 1 © m
— 02
n u + N M
~0.5 X, I
o [
X 0 1 | 1 ) xgo | . . m |
5 7 9 11 13 5 7 9 11 13
pH pH

Figure 3. Effect of pH on the forward rate of formation and back rate of hydrolysis for hydrazone 1 and oxime 2 derived
from 2-FPBA. (A). ki rates of hydrazone 1 (filled squares) and oxime 2 (empty squares) as a function of pH. Data
shown are the natural logarithm of the measured rate constants at pH 6.5, 7.4, 8.5, 9.5, and 12.0. (B) k. rates of 1
(filled squares) and 2 (open squares) at pH 6.5, 7.4, 8.5, 9.5, and 12.0. (C) Keq values for hydrazone 1 at pH 6.5, 7.4,
8.5, 9.5, and 12.0. Values were measured in triplicate in three separate experiments. Error bar represent S.D. (D) Keq
values for oxime 2 at pH 6.5, 7.4, 8.5, 9.5, and 12.0. Values were measured in triplicate in three separate experiments.
Error bar represent S.D.

Accessing facile exchange chemistry is a central component to identifying reactions
for dynamic combinatorial chemistry and reversible bioconjugation. Because k1 and k-
1 are sensitive to pH, we reasoned 2-FPBA-derived hydrazones and oximes would
undergo facile exchange with a competing a-nucleophile. To explore this idea, we
investigated how rapidly 1 exchanges with a competing alkoxyamine to form 2. DAB 1
was formed in situ by preparing 1.92 mM 2-FPBA solution at pD 7.5 in buffered D>O
(200 mM PB) and adding 3.0 equivalents of AHz. The sample was then treated with
3.0 equivalents of alkoxyamine MHA and monitored with time-course NMR
spectroscopy. The exchange reached equilibrium in fewer than 6 hours (Figure 4A).
The predominance of the oxime (~95%) at equilibrium is a result of the higher

thermodynamic stability of oxime 2. Repeating the same experiment at pD 12.0 led to



no measurable exchange after 15 h, indicating that exchange dynamics can be

temporarily paused by simply raising the pH. (Figure 4B).
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Figure 4. Dynamic exchange of 2-FPBA hydrazones. (A) Pre-formed hydrazone 1 (3 equiv. AHz) undergoes facile
exchange with O-methylhydroxylamine (MHA) (3 equiv.) at pD 7.5. Data shown are speciation calculations based on
integration signals during time-course NMR experiments at RT. (C) Pre-formed hydrazone 1 (3 equiv. AHz) does not
exchange with MHA (3 equiv.) at pD 12.0. Data shown are speciation calculations based on integration signals during
time-course NMR experiments at RT.

Degenerate exchange between oximes and competing alkoxyamines also occurs
rapidly. Following the previously described method, treatment of oxime 2 with a
different alkoxyamine, O-ethylhydroxylamine (EHA) at pD 7.5 resulted in oxime
exchange that reached equilibrium in <20 hours with approximately 50% of each
oxime, owing to similar stabilities of the two oxime products (Figure 5A). Consistent
with exchange from 1, we observed that the oxime exchange was significantly slower
at pD 12.0. Less than 10 % exchange was observed after 14 hours (Figure 5B).

Because oximes 2 and 3 are of similar thermodynamic stability, we reasoned that
the amount of 2 or 3 could be controlled with off-stoichiometric control of the
nucleophile. Oxime 2 was initially formed in situ from MHA (3 equiv.) as previously
described and treated with EHA (3 equiv.) at pD 7.5 in buffered D20O. After the initial
exchange was complete with ~50% of each oxime, 24 equivalents of MHA was added,

and the exchange was monitored with time-course NMR spectroscopy (Figure 5C).



The second exchange finished in 20 hours with 82% 2. Repeating the experiment at
pD 12.0 showed no second exchange; however, adjusting the pD to 7.5 immediately
activated the exchange dynamics. After 20 hours, the ratio of oxime 2 predominanted
at 83% (Figure 5D). Taken together, these experiments demonstrate that pH control

can pause and reactivate exchange dynamics of 2-FPBA-derived oximes.
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Figure 5. Dynamic degenerate exchange of 2-FPBA oximes. Data shown are speciation calculations based on
integration signals during time-course NMR experiments at RT. (A) Pre-formed oxime 2 (3 equiv. MHA) undergoes
facile exchange with O-ethylhydroxylamine (EHA) (3 equiv.) in pD 7.5 phosphate buffer. (C) Pre-formed oxime 2 (3
equiv. MHA) does not exchange with EHA (3 equiv.) in pD 12.0 phosphate buffer. (C) The equilibrium of a mixture of
oxime 2 and 3 (3 equiv. MHA and 3 equiv. EHA) can be re-adjusted with stoichiometric control. The dashed red line
indicates the addition of additional MHA (24 equiv.) (D) Reversible control of exchange dynamics. Treatment of oxime
2 (3 equiv. MHA) with EHA (3 equiv.) reaches equilibrium in 20 h in pD 7.5 phosphate buffer. Adjustment of pD to 12.0
(dashed blue line) followed by introduction of MHA (dashed red line, 24 equiv.) results in no exchange activity until the
pD is adjusted back to 7.5 (dashed green line).

Next, we explored strategies to freeze the rapid dynamics with an orthogonal input
to pH control. Arylboronic acids undergo H202>-mediated oxidation to their

35,36

corresponding phenols. Because the rapid dynamics of 2-FPBA-derived

hydrazones and oximes results from activation of the carbonyl by the proximal boronic



acid group, we recognized that oxidation would effectively replace the boronic acid
with a hydroxyl group. We thus hypothesized that treatment of hydrazone 1 and oxime
2 with H2O> would serve as a mild molecular input to abolish the rapid exchange
dynamics. In support of this hypothesis, we first measured the k1 and k.1 for hydrazone
and oxime formation from salicylaldehyde (Sal). The reaction of Sal and AHz yields
acyl hydrazone (4); the reaction of Sal and MHA yields oxime (5) (Figure 6). Because
salicylaldehyde is the oxidation product of 2-FPBA, these rate constants provide
insight into the effect of replacing a boronic acid with a phenol. Hydrazone 4 derived
from salicylaldehyde formed 5-orders of magnitude more slowly (2.6 x 10°M" s™") and
hydrolyzed 3-orders of magnitude more slowly (4.8 x 10~ s™') than hydrazone 1 derived
from 2-FPBA (Sl Figure 3A). Similar results were seen in the kinetics of the oxime 5
derived from salicylaldehyde compared to 2-FPBA-derived 2 (k1 = 1.4 x 102 M s"; k.
1=4.5x 10®s™) (Figure 6A). Thus, replacing the boronic acid with a phenol slows the
rate of formation by more than 34,000 times and slows the rate of hydrolysis by more
than 8,000 times. In contrast to the 2-FPBA oxime, which has a hydrolytic half-life of
ca. 50 minutes at 15°C at physiological pH, the oxidized product has a hydrolytic half-
life of almost 6 months. Reversibility assays reveal that 3 is resistant to exchange.
After 15 hours, only 5% of hydrazone 4 exchanged with MHA (Sl Figure 3B), while
oxime 5 did not undergo exchange with EHA over the course of 16 hours (Figure 6C).
Thus, oxidation of 1 and 2 into 4 and 5, respectively, should effectively abolish the
rapid dynamics of the bond with oxidation. We explored this hypothesis with oxime 5,

owing to its higher stability.
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Figure 6. Arylboronic acid oxidation removes the proximal catalyst effect and effectively abolishes the exchange
dynamics. (A) Kinetic measurements of the reaction between salicylaldehyde (1.85 mM) and MHA (1.85 mM) in pH
7.4 PB at RT. Data shown the formation of 5 as a function of time. Values calculated from integration measurements
by time-course 'H NMR. Dashed line represents a fit to the reversible model. (B) Oxidation of 2 (formed with 3 equiv.
MHA) into 5 with H202 (3 equiv.) in pD 7.5 buffered D-O. (C) Salicylaldehyde derived oxime 5 (3 equiv. MHA) does
not exchange with a competing alkoxyamine (EHA, 3 equiv.). (D) Oxime 2 exchanges with EHA and equilibrates to
~50% of each oxime in 20 hours. Oxidation of the resulting oxime mixture with H>O» (3 equiv., dashed blue line)
followed by introduction of MHA (dashed red line, 24 equiv.) demonstrates no exchange activity over the course of
18 hours.

Oxime 2 oxidizes cleanly to 5 with H2O2 as revealed by time-course NMR
spectroscopy. A near quantitative oxidation was achieved within 1 hour (Figure 6B, SI
Figure 4). Next, we reasoned that a target oxime population could be established
using the 2-FPBA and then ‘cemented’ with oxidation. Oxime 2 was formed in situ with
MHA (3 equiv.) solution and treated with EHA (3 equiv.) at pD 7.5 in buffered D2O as
previously described. After H,O>-mediated oxidation, 24 equivalents of MHA was
added, and as expected, no exchange was observed over the course of 18 hours
(Figure 6D). Thus,

in contrast to pH inputs that enable reversible pausing and

activation of the exchange dynamics, oxidation irreversibly abolishes the rapid



dynamics of 2-FPBA-derived oximes, even at physiological pH. This provides a novel
and complementary strategy to NaBH3CN-mediated reduction, a common strategy
used in dynamic combinatorial chemistry to freeze the dynamics and provide a stable,

isolable composition.™

Conclusions

To close, we have presented a kinetic characterization of 2-FPBA-derived hydrazones
and oximes that accounts for both their rapid formation and relatively fast hydrolysis.
This kinetic analysis enables us to delineate the effect of pH on the rate of formation
and rate of hydrolysis in these highly dynamic linkages. Moreover, we have shown that
the rate of exchange can be temporarily paused by raising the pH and restarted by
returning to the physiological pH. Finally, we demonstrate that the rapid dynamics can
be irreversibly abolished by oxidizing the proximal boronic acid to a phenol, which
removes the neighboring group catalysis. Taken together, these results enable control
over the formation kinetics and exchange dynamics and offer new avenues for
reversible bioconjugation and dynamic combinatorial library generation.
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