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Abstract: Bioorthogonal reactions that are fast and rever-

sible under physiological conditions are in high demand
for biological applications. Herein, it is shown that an

ortho boronic acid substituent makes aryl ketones rapidly
conjugate with a-nucleophiles at neutral pH. Specifically,

2-acetylphenylboronic acid and derivatives were found to

conjugate with phenylhydrazine with rate constants of 102

to 103 m¢1 s¢1, comparable to the fastest bioorthogonal
conjugations known to date. 11B NMR analysis revealed
the varied extent of iminoboronate formation of the con-

jugates, in which the imine nitrogen forms a dative bond
with boron. The iminoboronate formation activates the

imines for hydrolysis and exchange, rendering these
oxime/hydrazone conjugations reversible and dynamic
under physiological conditions. The fast and dynamic

nature of the iminoboronate chemistry should find wide
applications in biology.

Bioorthogonal reactions have proven to be powerful tools for

the investigation of complex biological systems.[1] Among the
earliest known bioorthogonal reactions, the hydrazone/oxime

chemistry has found limited applications due to the slow kinet-
ics under physiological conditions. Elegant work from several

groups has identified aniline-based catalysts that greatly accel-
erate the hydrazone and oxime conjugation chemistry.[2] How-
ever, the high concentrations (up to 100 mm) of catalysts

needed are less ideal for broad applications in biology.

Iminoboronate refers to structures where a dative bond is
formed between an imine nitrogen and an electron-deficient

boron. We[3] and others[4] have shown that, in comparison to
simple imines,[5] iminoboronates display much-improved ther-

modynamic stability and allows labeling of biological amines
at low millimolar concentrations (Scheme 1 a,b). In this contri-
bution, we extend our investigation of the iminoboronate

chemistry to a-nucleophiles (Scheme 1 c). Our results show
that aryl ketones with an ortho-boronic acid rapidly conjugate

with a-nucleophiles. Furthermore, due to the iminoboronate
formation, the reactions are reversible and the conjugates dis-

play varied thermodynamic stability depending on the nucleo-

phile. Although a number of oxime/hydrazone structures with
adjacent boronic acids or esters have been reported in the lit-

erature,[6] the thermodynamic and kinetic details of these con-
jugation reactions have not been previously elucidated, save
one recent report by Gillingham and co-workers.[7]

To study the iminoboronate chemistry of a-nucleophiles, we

chose 2-acetylphenylboronic acid (2-APBA) as a model com-
pound due to its commercial availability, and also due to its
stability in comparison to the corresponding aldehydes. The
conjugation of 2-APBA to various nucleophiles was monitored
using UV/Vis spectroscopy, NMR spectroscopy, and mass spec-

trometry. 2-APBA alone in a neutral buffer displays an absorp-
tion peak at 254 nm. Mixing with an excess amount of acethy-

drazide gives a new peak at 290 nm (Figure 1 a) and formation
of the acylhydrazone is corroborated by the NMR and mass
spectrometry characterizations (Figure S1 in the Supporting In-

formation). This conjugation reaction reaches equilibrium ex-
tremely quickly (<10 s) under the experimental conditions,

which makes it difficult to measure the exact reaction rate.
However, our data suggest that the reaction rate should be in
the order of 103 m¢1 s¢1 or higher. The fast conjugation con-

trasts sharply to previous reports where engineered proteins
presenting m- or p-acetyl phenylalanines were found to conju-

gate with a hydrazide only with extended incubation
(>12 hrs).[8] To assess the reversibility of the reaction, we dilut-

ed a mixture of 2-APBA and acethydrazide (200 mm and
2.0 mm respectively) by ten-fold. The diluted sample gives an

Scheme 1. Comparative overview of imine chemistry. a) Imine formation of
a primary amine with acetophenone. b) Iminoboronate formation of a pri-
mary amine with 2-acetylphenylboronic acid (2-APBA) showing much-im-
proved thermodynamic propensity for conjugation. c) Conjugation of 2-
APBA with a-nucleophiles, which is the focus of this contribution.
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essentially identical UV/Vis spectrum as the one prepared by

directly mixing 20 mm 2-APBA and 0.20 mm acethydrazide (Fig-
ure 1 a), demonstrating the rapid reversibility of the reaction.
The binding affinity of 2-APBA to acethydrazide was assessed

by using UV/Vis (Figure S2 in the Supporting Information) and
1H NMR spectroscopy (Figure 1 b), which yielded comparable

dissociation constants in the sub-millimolar range (Kd

�0.6 mm). In comparison to primary amines, which typically
conjugate with 2-APBA at low millimolar concentrations,[3] ace-
thydrazide displays a higher propensity for conjugation with 2-

APBA. Similar behavior was observed for benzhydrazide, for
which a Kd value of 0.5 mm was obtained (Figure S3 in the Sup-
porting Information).

2-APBA was found to rapidly conjugate with an alkoxyamine
(6-aminoxy hexanoic acid, AOHA) to form oximes as well. NMR

and mass-spec characterization reveals that, when AOHA is in
excess, 2-APBA is completely converted into the oxime conju-

gate (Figure S4 a–c in the Supporting Information). A dilution

experiment shows that the oxime formation is rapidly reversi-
ble (Figure 1 c), suggesting that the boronic acid activates the

oxime for hydrolysis. The quick hydrolysis was also clearly seen
during HPLC analysis of the oxime, in which 2-APBA was re-

generated (Figure S4 f in the Supporting Information). The fast
reversibility differs dramatically from oximes without such bor-

onic acid substituents, which
typically display hydrolysis rates

of 10¢6 s¢1 at neutral pH.[9] Bind-
ing curves of 2-APBA and AOHA

were generated by monitoring
the changes of UV/Vis absorp-

tion (Figure 1 d and Figure S4 d
in the Supporting Information).

Data fitting yielded a Kd of ap-

proximately 14 mm, indicating
a more favorable equilibrium for
the formation of oximes than
acylhydrazones.

Similar to the oxime forma-
tion, 2-APBA readily conjugates

with phenylhydrazine (Phzn) to

give a hydrazone as the single
product (Figure S5 in the Sup-

porting Information). The hydra-
zone formation proceeds at

even lower concentrations of the
reactants: 2-APBA was close to

being fully converted to the hy-

drazone even with the reactants
at 10 mm (Figure S5b in the Sup-

porting Information). To analyze
the reaction at lower concentra-

tions, we incorporated the 2-
APBA structure into a fluoro-

phore-labeled peptide by using

an unnatural amino acid
(dubbed AB1) that displays the

2-APBA structure as its side
chain (Figure 2 a). The synthesis of AB1 was recently reported

by our group in the application of iminoboronate chemistry
for bacterial imaging.[3] A short peptide CGAB1 with the se-

quence of Ac-C*G(AB1)-NH2 was synthesized, where C* de-

notes a cysteine labeled with Alexa Fluor 488 (AF488, Fig-
ure 2 a). The conjugation reactions, with 0.2 mm peptide and
Phzn over a range of concentrations, were analyzed by using
LC-MS. With 1 mm Phzn, CGAB1 was over 90 % labeled (Fig-

ure S6 in the Supporting Information), demonstrating the high
propensity of 2-APBA to conjugate with Phzn to form hydra-

zones. The peptide labeling was half completed within 7 min
with 1 mm Phzn (Figure 2 b). Fitting the kinetic data yielded
a rate constant (k1) of 1.7 (�0.08) Õ 103, which compares well to

the fastest ligation reactions known in a neutral buffer.[10] Data
fitting also revealed a rate constant (k¢1) of 1.2 Õ 10¢4 s¢1 for

hydrolysis, which is approximatel 100 times faster than struc-
turally similar hydrazones without the boronic acid.[2c] In terms

of the thermodynamic equilibrium, the hydrazone formation

gives a Kd value of 0.07 mm (Kd = k¢1/k1), which is much more
favorable than the formation of oximes and acylhydrazones.

To further explore the potential of the hydrazone chemistry
for biological applications, we have incorporated AB1 into

villin headpiece subdomain (VHP35), a small model protein
that displays a variety of amino acids.[11] The mutant protein

Figure 1. Conjugation of 2-APBA to hydrazides and oxyamines. a) UV/Vis characterization of the 2-APBA-acethy-
drazide conjugation, demonstrating its quick reversibility; AHz = acethydrazide. b) Titration curve of the acylhydra-
zone formation generated using 1H NMR. c) UV/Vis characterization of the oxime formation of 2-APBA demonstrat-
ing its quick reversibility. d) Titration curve of the oxime formation of 2-APBA generated using UV/Vis measure-
ments.
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VHP35-AB1 was treated with Phzn and the labeling kinetics
were analyzed using LC-MS (Figure 2 c and Figure S7 in the
Supporting Information). Curve fitting yielded a rate constant

of 1.6 (�0.15) Õ 102 (Figure 2 d), which is still comparable to the
fastest hydrazone conjugation reactions where aniline catalysts
are used.[2c,e] The labeling of VHP35 appears to be slower than

that of CGAB1, likely due to AB1 being trapped by the protein
through a hydrophobic effect or conjugation with lysines. We

further assessed the inhibitory effect of protein labeling by
lysine (2 mm), fructose (2 mm), glutathione (2 mm) and bovine

serum albumin (BSA, 2 mg mL¢1), respectively (Figure 2 e). The

results showed essentially no inhibitory effect for fructose and
glutathione. The presence of lysine or BSA only elicited a mar-

ginal reduction (<10 %) of protein labeling by Phzn as well
(Figure S8 in the Supporting Information).

Fast and reversible conjugation chemistry is highly desirable
for dynamic combinational chemistry (DCC), in which virtual li-

braries can be created through
the conjugation and exchange

of various building blocks.[12]

Typical hydrazone and oxime

structures are not suitable for
DCC due to the lack of exchange

at neutral pH,[13] a problem that
the chemistry of 2-APBA should
be able to circumvent. Towards

this end, we examined the hy-
drazone–hydrazine exchange by

using a peptide (CKAB1, Fig-
ure S10 in the Supporting Infor-
mation) that can form hydra-
zones with Phzn or 4-hydrazino-

benzoic acid (HBA) respectively.
Titrating HBA (1 equiv) to a pre-
formed peptide-Phzn conjugate

elicits re-equilibration over sever-
al hours to give the two hydra-

zones at ~1:1 ratio (Figure 3).
The reverse titration gives the

same products, indicating that

the hydrazone formation of 2-
APBA is under thermodynamic

control. For comparison, no ex-
change was observed at all

when acetophenone was used
instead of 2-APBA as a building

block (Figure S11 in the Support-

ing Information). The contrasting
results highlight the catalytic

role of the boronic acid moiety
in the exchange reactions.

Based on the aforementioned
reaction profiles, we propose

a plausible mechanism to realize

the fast kinetics and quick rever-
sibility of the oxime/hydrazone

formation at biological pH (Fig-
ure 4 a). We anticipate that the ortho-boronic acid group great-

ly favors the dehydration step, which is believed to be the
rate-determining step for imine formation. This is in line with

the recent work by Kool and co-workers, where adjacent acidic

groups accelerate hydrazone formation.[14] As illustrated in Fig-
ure 4 a, rotation along the C¢C bond (highlighted in bold) of

the hydrozone/oxime product resuts in a pair of conformation-
al isomers (P and P’), one of which allows formation of imino-

boronates with a dative bond formed between the imine nitro-
gen and the boron. Kinetically, iminoboronate formation acti-

vates the imine for nucleophilic attack by water and other nu-

cleophiles, leading to rapid hydrolysis or exchange. To support
this mechanism, we recorded the 11B NMR spectra of the 2-

APBA conjugates with various nucleophiles (Figure 4 b). 2-
APBA alone displays a peak around 30 ppm. Mixing 2-APBA

with a primary amine results in a new peak at 5 ppm, which is
characteristic of anionic boron as in iminoboronates. Acylhy-

Figure 2. Fast hydrazone formation of 2-APBA. a) Illustration of peptide (CGAB1) labeling through hydrazone con-
jugation; the side-chain structure of AB1 is highlighted in bold. b) Kinetic profile of peptide labeling with Phzn.
c) Illustration of VHP35 labeling through the hydrazone chemistry. d) Kinetic characterization of VHP35 labeling
with Phzn. e) Inhibition of VHP35 labeling by abundant biomolecules; the results are tabulated by showing % of
labeled proteins.
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drazone formation of 2-APBA affords two new peaks (�8 and
0 ppm), indicating formation of two stable products both pre-

senting an iminoboronate. In other words, for acylhydrazone
formation, the iminoboronate conjugate P consists of two iso-

mers, the existence of which is consistent with the 1H NMR
data (Figures S1 and S3 in the Supporting Information). Possi-

ble structures of such isomers are illustrated in Figure S1 in the
Supporting Information. In contrast, mixing 2-APBA with AOHA
gives a single broad peak at 25 ppm. The high chemical-shift

value indicates the non-iminoboronate isomer (P’) being the
predominant species. However, the upfield shift and peak

broadening suggest quick exchange between P’ and P. Forma-
tion of the iminoboronate conformer P, although only to

a small extent, activates the oxime for quick hydrolysis. The
conjugate of 2-APBA and Phzn also exhibits a broad peak, with

marginal upfield shift in comparison to 2-APBA, consistent
with the improved stability of the hydrazone in comparison to
the oxime.

It is interesting to note that the oxime conjugation of 2-
APBA is quickly reversible in our study, whereas the recent

report from the Gillingham
group describes rather stable

oxime formation by 2-formyl-

phenyl boronic acids (2-FPBA).[7]

The contrasting results can be

rationalized by the extent of imi-
noboronate formation as re-

vealed by 11B NMR (Figure S13 in
the Supporting Information).

Specifically, the oxime formation

of 2-FPBA causes essentially no
upfield shift of the boron peak,

indicating minimal existence of
the 2-FPBA oxime as iminoboro-

nates.
To summarize, this contribu-

tion describes the effect of an

ortho-boronic acid moiety on
the oxime/hydrazone formation

of aryl ketones. Our results show
that the boronic acid moiety
greatly accelerates the conjuga-
tion of 2-APBA to various a-nu-
cleophiles at neutral pH. Impor-

tantly, the oxime/hydrazone con-
jugates also display faster rates
of hydrolysis and dynamic ex-
change due to formation of imi-
noboronates. In comparison to
the recent report by Gillingham

and co-workers,[7] which de-

scribes rapid oxime formation fa-
cilitated by boronic acids, our

work herein shows that the bor-
onic acid-accelerated conjuga-

tion also applies to hydrazone
formation. Furthermore, our con-

Figure 3. Hydrazone–hydrazine exchange under physiological conditions en-
abled by boronic acid activation. The same products are obtained with dif-
ferent preformed hydrazones, indicating the hydrazone–hydrazine exchange
is under thermodynamic control. The equilibrium is reached after several
hours under the experimental conditions.

Figure 4. Mechanistic understanding of the iminoboronate chemistry. a) Proposed mechanism for the conjugation
chemistry between 2-APBA and a-nucleophiles. b) 11BNMR spectra of various imine products of 2-APBA (2-APBA:
4 mM ; nucleophiles: 6 mM). The upfield shift of the peaks indicates iminoboronate formation, which activates the
imine for hydrolysis. The extent of iminoboronate formation inversely correlates with the stability of the conju-
gates. A cationic derivative of Phzn was used for better solubility.
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tribution examines the reverse reaction and highlights the dy-
namic nature of the oxime/hydrazone conjugates that can

form iminoboronates. We anticipate these dynamic conjuga-
tion reactions to find many applications in the context of dy-

namic combinatorial chemistry in biological settings. Of equal
importance, we note that 2-APBA displays nanomolar potency

for conjugation with phenylhydrazines (Kd = 0.07 mm). The high
potency, together with the fast kinetics, makes the hydrazone
chemistry of 2-APBA highly attractive for labeling biomolecules

as well.
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