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Tuning pK, for catalytic activity

Z

Anthranilic acids were recently reported as superior catalysts for hydrazone and oxime formation
compared to aniline, the classic catalyst for these reactions. Here, alternative proton donors were
examined with varied pKj in an effort to enhance activity at biological pH. The experiments show
that 2-aminobenzenephosphonic acids are superior to anthranilic acids in catalyzing hydrazone
formation with common aldehyde substrates.

The rapid development of bioorthogonal reactions has been broadly important for
applications in bioconjugation chemistry.1:2 Common goals of this research include
increased specificity while avoiding cross-reactivity with biological components, and
increasing reaction rates. Recent useful developments in the field such as strain-promoted
click chemistry and Diels-Alder reactions of tetrazines and strained alkenes have provided
relatively rapid reactions that can be performed at moderately low reactant
concentrations.3-> However, the adoption and application of these reactions has required
specialized substrates that are not always readily synthetically accessible and can have
limited aqueous solubility. Additional bioorthogonal reactions are still sought in order to
carry out multiple distinct modifications of biomolecules, and to provide synthetic
flexibility.

A considerably older bioorthogonal reaction, hydrazone / oxime formation, has proven quite
generally useful in bioconjugations. Many aldehydes, hydrazines and aminooxy compounds
are widely available and can be readily synthetically accessed.1:6 However, the slow rate of
product formation, particularly at biological pH, has placed limits on the utility of this
reaction in the past.” An important improvement was reported by Dawson, building upon the
early work of Jencks, who found that aniline acts as a useful nucleophilic catalyst for the
reaction.”~10 The synthetic accessibility of the substrates and the development of this
catalysis has led to a considerable growth in the applications of hydrazone and oxime
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formation for bioorthogonal labeling as well as in other fields, such as dynamic covalent
chemistry,1.2.8-14

However, the use of aniline as a nucleophilic catalyst is still less than ideal, as large
concentrations of the compound (10 — 100 mM) are required to yield useful rates.’-914
Alternatively, more acidic buffers can improve aniline catalysis, although 10 mM catalyst is
still recommended.1415 Unfortunately, acidic pH can be detrimental to some biomolecules,
not to mention unachievable in cells. As a result, the development of improved nucleophilic
catalysts for hydrazone- and oxime-forming reactions would be of considerable utility in
bioorthogonal conjugations.’

Recently we reported that anthranilic acid and its derivatives can serve as catalysts superior
to aniline for hydrazone formation at biological pH.1® At 1 mM catalyst concentration, 5-
methoxyanthranilic acid (5MA) displayed a greater than 5-fold advantage over aniline in the
second-order rate constant for hydrazone formation, while higher concentrations afforded an
advantage of over 100-fold.1® We hypothesized that the ortho carboxylic acid of these
compounds was the primary source of the enhanced catalysis, serving as an intramolecular
proton donor during imine and hydrazone formation.18 Indeed, modification of the
carboxylic acid to nonacidic derivatives (e.g. anthranilamide or anthranilonitrile) eliminated
catalytic activity.1® However, the low pK, of the carboxylate group in anthranilic acid
(2.18)17 implies that very little of the catalyst exists in the presumed active protonated state
at neutral pH. Thus we reasoned that developing new derivatives with a pKj closer to that of
biological buffers could provide further rate enhancements.

To examine the role of the pK; of the proton donor, we explored moieties that could serve as
carboxylic acid surrogates in the anthranilic acid scaffold (Figure 1). We started with simple
carboxylic acid replacements, such as sulfonic acid, tetrazole, phosphonic acid, hydroxamic
acid, and sulfonamide. Similarly, we tested conjugate acids of basic moieties, choosing
amine or imidazole functionalities. We tested the new catalyst analogs with the chromogenic
reaction between NBD hydrazine and 4-nitrobenzaldehyde (Scheme 1), which yields an
increase in absorbance at 504 nm with hydrazone formation.16

Plots of reactions are shown in Fig. S1 (Supporting Information (SI)), and apparent second-
order rate constants are given in Table 1. 2-Aminobenzenesulfonic acid 2, with a pK, far
below the buffer pH, performed poorly as expected (Table 1, Figure S1), and was inferior to
aniline itself, likely because the strongly electron-withdrawing sulfonate lowers
nucleophilicity of the amine. Indeed, the sulfonate group in compound 2 reduces the pK, of
the anilinic nitrogen from the 4.6 of aniline to 2.5.18 As the pK of the acidic moieties
increased, catalytic activity was observed to increase as well. Most notably, 5-(2-
aminophenyl)tetrazole 3 was superior to aniline, and only slightly less active than anthranilic
acid. This is reasonable, considering the similar pK;, values of benzoic acid and 5-
phenyltetrazole (4.19 and 4.30 respectively).1? 2-aminobenzenephosphonic acid 4, with a
pK, of 7.29,20 was almost fourfold more active than aniline and displayed a two-fold
improvement in rate constant over anthranilic acid. As the pKj of the acid moiety increased
further, to 2-aminobenzenehydroxamic acid 6 (pK, = 9.2921) or 2-
aminobenzenesulfonamide 5 (pK, = 10.022), catalytic activity at pH 7.4 fell dramatically.
These results indicate that the pK, of the proton donor has great importance and suggest that
a pK, near that of the solution pH may provide optimal catalysis (see Figure S2).

Interestingly, the cationic conjugate acids of basic functional groups displayed strongly
contrasting behavior, with the imidazoles and amines showing a near-complete lack of
reactivity in catalyzing hydrazone formation despite relatively favorable pK, values of the
proton donors (Table 1, Figure S3). We hypothesize that positively charged groups
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conjugated to the ort/io amine lower its nucleophilicity more than neutral or negatively
charged groups do.

Since the mechanism of catalysis by anilines and anthranilic acids involves nucleophilic
catalysis via an imine intermediate, it is clearly important that a catalyst maintain
nucleophilicity in the anilinic nitrogen. This was indicated by the activity of anthranilic acid,
which has amine basicity similar to that of aniline.1’ 2-Aminobenzenesulfonic acid 2
demonstrates the adverse effect of a strongly electron-withdrawing ortf0 substituent. The
superior new catalyst 2-aminobenzenephosphonic acid 4, however, maintains a reasonably
basic aniline pK, of 4.1.20

We sought to test the mechanism of catalysis by aminobenzenephosphonic acid derivatives
to observe similarities and differences with anthranilic acid and aniline. Previous studies of
catalyst imine formation showed that anthranilic acid forms a relatively unstable imine
intermediate, with imine formation acting as the rate-limiting step (consistent with the
aniline-catalyzed reaction).10:16.23 Similar studies performed with 2-
aminobenzenephosphonic acid yielded no spectroscopically observable imine formation at 1
mM catalyst, suggesting the imine-forming equilibrium lies considerably to the side of free
aldehyde and catalyst (Figure S4). In further studies, we confirmed that the rate-determining
step in hydrazone formation catalyzed by phosphonic acid 4 is imine formation: varying
NBD hydrazine concentration gave no significant change in reaction rates under the
conditions tested (Table S1, Figure S5).

Next we sought to optimize the 2-aminobenzenephosphonic acid framework to further
improve catalytic efficiency. We hypothesized that that modification of the 5-position of the
aromatic ring with electron-donating groups might enhance the basicity and nucleophilicity
of the amine.18 To this end, we prepared 5-methoxy-2-aminobenzenephosphonic acid 11
and compared its activity to 5-methoxyanthranilic acid (5SMA), which was previously
determined to be an optimal anthranilic acid derivative.16 Despite displaying a greatly
improved initial reaction rate, compound 11 lost much of its catalytic ability after
approximately 30 minutes in buffer. Use of deoxygenated buffer did not prevent the loss of
activity (data not shown), indicating a degradation pathway other than oxidation. As an
alternative, we prepared 5-methyl-2-aminobenzenephosphonic acid 12. We were gratified to
observe that not only was this derivative stable in buffer, but also afforded further enhanced
catalysis, with a 2" order rate constant almost 8-fold higher than aniline catalysis in
hydrazone formation at 1 mM catalyst concentration (Table 2, Fig. S6). Control reactions
showed that the catalyst, hydrazine, and aldehyde were all required for efficient reaction as
expected (Fig. S7). In an analogous experiment, we also prepared a 5-methoxy derivative of
the tetrazole catalyst (13) and this also showed improved catalysis, with activity similar to
that of 5SMA, the previous best catalyst for this reaction.

We proceeded to explore the substrate scope of the new phosphonic acid and tetrazole
catalysts relative to aniline and anthranilates. We were particularly interested in whether the
increased size and added negative charge of the phosphonic acid of 4 and 12 relative to a
carboxylic acid might be problematic on certain substrates. Data are shown in Table 3 (also
see Figs. S8 — S18). In general, the new compounds displayed enhanced catalysis with a
range of electron-rich and electron-poor benzaldehyde derivatives, with 12 proving superior
in most cases to the previous best catalyst 5SMA. 2-formylpyridine also served as a good
substrate for 12 and 13, and was the fastest aromatic substrate of all. Tests with an aliphatic
aldehyde, butyraldehyde, showed a particularly rapid reaction, with 5SMA, 12 and 13 proving
most efficient. We also tested reactivity with 2-butanone to assay for catalysis with aliphatic
ketones, but observed only negligible product formation even after extended reaction,
consistent with reports that NBD hydrazine reacts poorly with ketones at pH 7.4.24 Like the
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anthranilic acids, the new analogs were not suitable for more hindered substrates such as
acetophenone.16 Overall, the substrate studies show that sterically unhindered aldehydes are
the best suited for catalysis by aminobenzenephosphonic acids such as 12, and that SMA or
the new tetrazole 13 are preferable if there is steric or electronic interference.

Interestingly, we observed that 2-carboxybenzaldehyde reacts faster than 4-
carboxybenzaldehyde in both the uncatalyzed and catalyzed reactions. Similar results were
observed with 2-formylpyridine relative to 4-formylpyridine. These results indicate that it
may not necessarily need to be the catalyst that contains an or#/0 proton donor for proton
transfer in imine and hydrazone formation, but that such a donor may also function in the
substrate itself. This has been hinted at by a recent literature report that pyridoxal phosphate
can serve as a rapidly-reacting substrate for hydrazone formation.2>

In conclusion, we have shown that ortho proton donor groups strongly enhance the activity
of nucleophilic catalysts in hydrazone formation, and that tuning the pK, of the proton donor
toward the biological buffer pH further enhances catalysis. 2-Aminobenzenephosphonic acid
derivatives in particular provide useful enhancements over known compounds, and act as the
best existing new catalysts for hydrazone formation on many carbonyl substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of nucleophilic catalysts for hydrazone formation having ortf0 proton donors of

varied pK.
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Figure2.
Improved benzenephosphonic acid and 5-phenyltetrazole derivatives for catalysis of
hydrazone formation
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Scheme 1.
Colorimetric reaction for monitoring hydrazone formation
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Table 1

Apparent 2" order rate constants (M~1 min~1) for different orti0 proton donor nucleophilic catalysts.?

catalyst pi,b 2" order rateconstant  rel. touncat. rxn.

(none) - 0.10+0.01 1
aniline - 11+01 11
1 2.18 2303 22
2 _141€ 0.14%0.03 14
3 - 1702 16
4 7.29 41+0.2 40
5 10.0 0.09 +0.03 0.8
6 9.29 0.25 +0.06 25
7 960¢ 0.04+002 0.4
8 978 ¢ 0032001 03
9 651C 0.05+0.06 05
10 563C 0.12£0.03 12

aReaction conditions: 18 uM NBD Hydrazine, 1 mM 4-nitrobenzaldehyde, 1 mM catalyst in 10:1 PBS (pH 7.4):DMF, 23 °C. Reaction monitored
at 504 nm.

b . . .
pKa values of acidic moiety from literature (see text for references).

cpKa calculated by ACD/Labs (V11.02 © 1994-2013); no literature value available.
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Table 2

Apparent 2" order rate constants (M~ 1 min~ 1) for different ortho proton donor nucleophilic catalysts.?

catalyst 2"d order rateconstant  rel. touncat. rxn.
(none) 0.10+£0.01 1
@,NHz 11+0.1 11
OTOH 47+0.3 46
/.\_T,NH,
“'o’l ~~ (SMA)
POsHz 50+0.7 49
S NH,
S0 (1)
PO3sHz 8.5+0.5 83
o NH:
= (12)
N=N 54+07 53
NVNH

A NHp
|
S ea

aConditions: 18 uM NBD Hydrazine, 1 mM 4-nitrobenzaldehyde, 1 mM catalyst in 10:1 PBS (pH 7.4):DMF, 23 °C.
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