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Abstract

The condensation of potassium acyltrifluoroborates (KATs) and hydroxylamines occurs under ambient,
aqueous conditions to form KAT nitrones in a reversible manner. The KAT nitrones exchange rapidly
under aqueous acidic conditions, resulting in a dynamic covalent library that can be converted to the
corresponding static amides by treatment with strong acid. Extensive studies on the conditions and
kinetics show that — counterintuitively — KAT nitrone formation is accelerated by water. The overall
process serves as a dynamic system operating at room temperature under aqueous conditions with the

rare ability of trapping the mixture into stable secondary amides

Introduction

Dynamic chemistry'-7 describes a complementary approach of solving chemical problems
thermodynamically, in contrast to the precise, kinetic control of reaction outcomes. Since the first usage
of the term Dynamic Covalent Chemistry (DCC) by Stoddart in 2002,5 various applications have been
realized, including the search for drug candidates,® molecular sensing®*? and the production of complex
momolecular machines®*** and functional materials.'>*® Covalent bonds that form reversibly are pivotal
in dynamic chemical systems. Examples include imines?, hydrazones®”*8, oximes® and nitrones?°~*? that
are in equilibrium with their constituent carbonyl compounds and amine derivatives. Disulfides® and
diselenides® have also been found to exchange reversibly in redox buffers. Boronates*** and
carboxylate esters?-*® have also been used to construct a dynamic chemical systems. Unfortunately,
many of these conditions for the exchange of dynamic chemical bonds may interfere with the system

under study. For example, in the case of identifying ligands for protein targets, endogenous cysteine
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residues may interfere with disulfide bonds exchange, and lysine residues may react under imine

formation conditions.

The inherent instability of dynamic covalent bonds poses another challenge on dynamic chemical
systems. To read out information from the dynamic chemical system without complications, it is
desirable to convert or “fix” the formed dynamic bonds to a static bond prior to analysis, for example by
the reduction of dynamic imine bonds to saturated amines.?® In the field of dynamic amide bond
formation, the conversion of an imine COF to an amide COF has been demonstrated.*® There has also
been examples where amide bonds can be formed and exchanged reversibly, however special
conditions such as electrophilic activation in anhydrous environment,3' NCL conditions,?? enzymes32 or

Lewis acids3* are needed.

In this manuscript, we disclose a dynamic chemical system that can form amide bonds under ambient
acidic conditions, via the intermediacy of nitrones that are formed dynamically under dilute, aqueous

conditions from a KAT and a hydroxylamine.

Potassium Acyltrifluoroborates (KATs) are a class of bench stable compounds with versatile reactivity,
and have recently found various applications in bioconjugation35-37 and material science?3é-+2 due to their
ability to undergo rapid ligations*344 with O-substituted hydroxylamines or N-chloro amines under mild
and dilute conditions to form amides. The union of O-unsubstituted hydroxylamines and KATs, however,
results in a nitrone,** which upon further activation can rearrangement to an amide. We envision that
this reactivity, depicted in Scheme 1, may act as a dynamic chemical system'26.7.46 resulting ultimately
in the formation of amide bonds. We report here the formation of KAT nitrones and their dynamic
exchange, as characterized by 'H NMR, UV-Vis and LCMS, and validate its potential as a dynamic

chemical system.
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Scheme 1. KATs and hydroxylamines form KAT nitrones reversibly, and furnishes an amide when acidified in a dynamic
covalent amide-forming system.
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Results and Discussion

Conditions and kinetics of KAT nitrone formation.
We selected p-bromophenyl KAT 1 and N-benzyl hydroxylamine 2 as the standard substrates for
identifying suitable conditions for KAT nitrone formation, with particular regards to the reaction solvents

(

Table 1). Initial screening revealed that polar aprotic solvents such as acetone, CHsCN, DMF, or DMSO
were needed to dissolve KAT 1, which was crucial for the facile formation of nitrone 3. Acetone and
CHsCN were less desirable solvents due to their the formation of side products with hydroxylamine 2
(See Sl). Both DMF and DMSO were suitable for KAT nitrone formation at 0.1 M concentration; however,
after investigating the rate of nitrone formation at lower concentrations we discovered that the reaction
rate depended on the content of water or other protic solvents such as HFIP and MeOH in the reaction
mixture (entries 12 — 16). The nitrone formation rate was found to be fastest when HFIP was used as
a co-solvent, although H-O and MeOH also gave good results. In aqueous DMSO mixtures of various
water content, the rates were found to be faster with higher concentrations of H>O. This rendered rate
measurements in pure DMSO complicated, as the nitrone formation produces one equivalence of HzO,
resulting in autocatalysis. Therefore we chose 1:1 d6-DMSO-D-0 as the standard solvent to study the
KAT nitrone formation with '"H NMR in. Similar to typical aldo- and ketonitrone formation, KAT nitrone
formation was accelerated at lower pH (3.8), with the difference being that KAT nitrone can still form
smoothly without requiring anhydrous conditions or catalysis, even under dilute neutral aqueous
solutions, and we hypothesized that acid catalysis may be responsible for this kinetic solvent
dependence. Figure 1 shows that with varying buffer concentrations at constant pH, the formation of
KAT nitrone varied slightly, suggesting the presence of general acid catalysis in KAT nitrone formation,

which may as well explain its solvent dependency.
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Figure 1. Observed rate constant of KAT nitrone 3 formation in DMSO-AcOK buffer of various concentrations.
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BF4K Br o
OH\/@ solvents, rt BF.K
\
HN 3
2
Entry Solvent Conc. Outcome / k
1 Acetone 0.1 M Reacts with 2
2 CHsCN 0.1 M > 90%:2
3 EtOAc 0.1 M 1 insoluble
4 THF 0.1 M 1 insoluble
5 H20 0.1 M 1 insoluble
6 Methanol 0.1 M 1 insoluble
7 DMF 0.1 M > 90%P
8 DMSO 0.1 M > 90%P
9 DMSO 10mM  N.Ad
10 CH3CN-H20 0.1 M > 90%°
11 9:1 DMSO-H20 10mM N.Ad
12 3:1 DMSO-H20 10mM  3x102 M1 s!
13 1:9 DMSO-H20 10mM  2x10' M1 s!
14 1:1 DMSO-H20 10mM  8.67x102M s
15 1:1 DMSO-MeOH 10mM  7.03x104 M s
16 1:1 DMSO-HFIP 10mM  1.59x10" M s
17 11 DMSO 10mM 217 M1 s
0.05 M AcOK buffer
18 :1 DMSO 10mM 2.88 M s

0.1 M AcOK buffer
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1:1 DMSO
19 10mM  3.57 M1 st
0.2 M AcOK buffer

Table 1. Solvent effect on KAT nitrone formation. Yields were estimated with LCMS analysis of the reaction mixture. Rate
constants were measured either by NMR or UV-Vis. a: CH3CN reacts with hydroxylamine 2 slowly. b: These solvents were
hard to remove, and sometimes co-elute during preparative chromatography. c: This solvent mixture works well for the
dissolution of di- and tris-KATs. d: These rates were too slow to be measured within 2 days.

H—O
” \
P
HO 4R
Ry 0 R \\/ 2
! OH
BFy _
BF,K o
KAT H,O assisted elimination R I\‘l R
“H0 Ry P2
OH ! BF4K
| |
HN___R, HO W R KAT nitrone
2
hydroxylamine Ry \;H/
BFj;

General acid catalysis
Scheme 2. Proposed mechanism of KAT nitrone formation based on the observed rate and acid dependency of reaction rates.
Water and acid are suspected to assist the formation of the hemiaminal intermediate through bronsted acid catalysis.

KAT nitrone formation with a range of other KATs (4 — 7) was investigated under the standard conditions
established with KAT 1, which was 10 mM in 1:1 DMSO-D20 with equimolar hydroxylamine 2. The rate
constant was obtained with the assumption that nitrone formation follows a second order rate law,
namely with reaction rate being k[KAT][2], and the obtained rate constants were summarized in
Scheme 3. The rate constants were found to be in the range of 0.008~0.6 M-'s"' depending the structure
of the KAT, with pyridyl KAT 6 giving the fastest nitrone forming rate. For KAT 1, the nitrone formation

rate was found to be more than 20 times faster at pH 3.8, as compared to neutral conditions.
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Scheme 3. Second order reaction rates of KAT nitrone formation.*: This rate constant was too fast to measure with 'TH NMR
and was performed with UV-Vis.
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Conditions for conversion of KAT nitrones to amides

Strong aqueous acidic conditions promoted the conversion of KAT nitrones to amides. Table 2 listed
the conditions screened using KAT nitrone 3 with various acid solutions; the reaction outcomes were
assessed by LCMS. HClyq) in concentrations higher than 2 M successfully converted KAT nitrone 3 to
amide 8, whereas other acids, mostly with a pK, higher than that of oxalic acid (pKa. = 1.2), did not give

significant conversions.

Br - Br.
" Y
N conditions ¥
) 4 hr b

—0O

BF;K Ph O Ph
3 8

Entry Conditions Outcome

1 2 M oxalic acid(ag) <1%

2 2 M Formic acid(aq) n.r.

3 2 M dichloroacetic acid(aq) n.r.

4 2 M HF(aq) n.r.

5 2 M H2S0Ou4(aq) n.r.

6 0.6 M HClag) n.r.

7 1.2 M HClaq) n.r.

8 2.0 M HClaq) > 50%

9 2.0 M HClag), 60 °C > 99%

10 2.0 M HBF4(aq) > 50%

Table 2. Acidic conditions for conversion of KAT nitrone 3 into amide 8. The initial nitrone concentration was 10 mM.

Exchange of KAT nitrone and “snapshot” fixation

To better probe the exchange of the nitrone partners an isotopomer exchange experiment was
performed. Nitrones 3 and 10 were prepared and mixed in a 1:1 fashion and left to exchange, forming
nitrones 9 and 11. The hydroxylamine used in 3 was benzyl hydroxylamine, and its isotopically labeled
version d7-benzyl hydroxylamine was used in 10, making the nitrones 9 / 3 a pair of isotopomers, and
11 /10 another pair of isotopomers. As the KATs and hydroxylamines exchange a statistical mixture will
be reached in which [9]:[3] and [11]:[10] approach unity. We assume the ionization yield in LCMS for
isotopomers to be the same, so that ion count ratios of isotopomers from LC-ESI-MS analysis may serve
as a good estimate of the actual ratio between isotopomer concentrations, which is an indicator of the
exchange process. The exchange experiment was performed in both pH 5 acetate buffer (50 mM) and

pH 3 citrate buffer (50 mM), with the initial nitrone concentrations being 10 mM each. LCMS analysis
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was after certain time durations and the change of isotopomer ion count ratios over time were plotted

below in Figure 2.
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Figure 2. Nitrone isotopomer exchange experiment shows the istopomeric ratios approach unity over time as the nitrones
scramble to a statistical mixture. Isotopomeric ratios were obtained by integration of the mass channel of LCMS data (355 —
359 Da for 3, 362 — 366 Da for 9, 318 — 322 Da and 311 — 315 Da for 10 and 11 respectively). The equilibration progression at
pH 3 is depicted by the solid black data points, and is much faster than that observed at pH 5.

Acidic conditions — which fix the KAT nitrone into a persistent amide linkage — can also promotes nitrone
exchange. We therefore wished to find strong acidic conditions that quickly formed the amides from the
nitrones present at a specific time point; i.e. condition that could provide a “snapshot” of the off-
equilibrium system, such as that depicted in Scheme 4A. To achieve this, nitrone 13 was dissolved in
1:1 DMSO-H20-10% AcOH to form a 2 mM solution. To this solution,1 equiv of d7-hydroxylamine 12
was added to exchange with the h7-hydroxylamine part of 13. At 30s, 60s, 120s, 240s, and 480s after
the addition of d7-hydroxylamine 12, a portion of the reaction mixture was mixed with an equal volume

of 12 M HCla.q to take a “snapshot” of the distribution of nitrones, represented by the relative
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concentration of amides 15 and 16 measured with LCMS. The values of [15]:[16] were plotted against

reaction time and were shown to change over time to approach unity in Scheme 4A.
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Scheme 4. A) In a "snapshot" experiment the hydroxylamine part of nitrone 13 was substituted with hydroxylamine 12 in 10%
acetic acid, and were fixed to amides by 6 M HCI. The relative intensities of 15 and 16 were plotted against the time before
quenching with HCI. B) LCMS chromatogram of the quenched mixture after 30, 60, 90, 120 s of mixing, plus that of the
unquenched mixture stood overnight. The formation of amide is complete, when and only when the 6 M HCI quench was
performed. C) The ESI+ spectrum extracted from the amide peak retention time region from different quench time showed the
decrease of 15 abundance and the increase of 16 intensity over time.

LCMS chromatograms (Scheme 4B) from the snapshots also indicated complete conversion of nitrone
to amide within the ~ 2 minute time between acidification and LCMS injection, where as the

nitronecontaining reaction mixture stored overnight underwent minimal amide formation. The ESI+
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mass trace (Scheme 4C) extracted from the amide peak indicated a gradual growth of the 16 abundance,
and the decrease of 15. We were pleased to see that we could use a weak acidic conditions to facilitate
the nitrone exchange without prematurely fixing the dynamic exchange, and use a strong acidic
conditions to quickly freeze the current state of exchange without blurring the snapshot to equilibrium

state. This validated KAT nitrone exchange to be a dynamic chemistry system.

KAT nitrone dynamic combinatorial library

After validating that KAT nitrones can form dynamically and be fixed into static amides by acidification,
we proceeded to demonstrate that a complex dynamic covalent library of KAT nitrones can be formed
from a relatively small number of building blocks. In 1:1 DMSO/H>0 containing 10% AcOH, KATs 1, 17,
18 and hydroxylamines 2, 19, 20 were mixed with an initial concentration of ~ 50 uM of each component.
The reaction mixture was analyzed with LCMS and the relative abundance of species formed were
shown in Scheme 5. Bis-hydroxylamine 20, in particular, generated extra complexity as it can form two

different nitrone bonds with different KATs at the two hydroxylamine sites.

All 15 possible nitrone combinations were successfully identified in the extracted ion chromatogram
taken 12 hours after the mixing, as well as their corresponding amide products, after acidic quenching.
It is verified that KAT nitrones can be used to generate dynamic covalent libraries from dilute aqueous

building block solutions.

Conclusion

KAT nitrone formation was found to be facile in aqueous solution from KATs and hydroxylamines. The
formation of KAT nitrone was subjected to general acid catalysis, leading to faster nitrone formation at
lower pH or in solvent mixtures with higher concentrations of protic solvent. The KAT nitrone formation
rate for KATs were found to be pyridyl KATs > butyl KAT > phenyl KATs.

The KAT-hydroxylamine pair exchange of KAT nitrones was also found to be dynamic in aqueous
solutions. The exchange rate was also pH dependent, with the rate being faster at lower pH. Under
strongly acidic conditions such as 6 M HCI, KAT nitrones can be converted to the amides, before the
KAT hydroxylamine partner exchange reaches equilibrium, rendering this a viable condition to freeze
the combinations of KAT nitrone bonds. A complex dynamic covalent library of KAT nitrones can be
prepared from mixing a small collection of KAT and hydroxylamine building blocks, forming nitrones of

all possible combination that can be converted to the corresponding amides on demand. These findings
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support the conjecture that KAT nitrones can form a fixable dynamic chemical system leading to the

formation of amid bonds.

BF;K
W H
o “OH
7 2
10% AcOH -
Br Br 1:1 DMSO-H,0 O R, 6M HCI HN" R,
BF3;K H
’ \©VN\ Ry “BRK” R 70
OH
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o HO_
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Ly M ®
H
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Scheme 5. The combination of KATs 1, 7, 18 and hydroxylamines 2, 19 and 20 gave rise to a dynamic nitrone library that can
be fixed to an amide mixture by further acidification with 6M HCI. The relative abundance of each nitrone and its corresponding
amide were measured at 30 min and 12 hr after the mixing plotted as a 2 x 2 cluster. In each cluster, the bars in the left
represent the relative abundance of the nitrone, and those on the right represent the abundance of the corresponding found
upon quenching with 6 M HCI. The upper bars indicate the results obtained after 30 min of mixing the KATs and hydroxylamines,
whereas the lower ones indicate the results after 12 hr, to visualize the population of species changing over time.
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