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Salicylaldehyde derivatives and their imines are important building blocks in organic and supramolec-
ular chemistry. In an effort to expand structural diversity in the current work we changed ortho-OH in
salicylaldehyde to NH of amide/sulfonamide and investigated the effect of resulting intramolecular
hydrogen bonds on imine dynamic covalent chemistry (DCC). A suite of ortho-aminobenzaldehydes were
readily synthesized, and X-ray and NMR data validated the existence of NH⋯O intramolecular hydrogen
bonds. The formation and exchange of imines were then studied in acetonitrile, and the acidity of OH/NH
significantly influenced the thermodynamics and kinetics of imine reactions. Furthermore, the role of
OH/NH⋯N hydrogen bonds on imines was elucidated by the shift of aldehyde exchange equilibrium.
Finally, the formation of imines was achieved in aqueous solutions. The mechanistic insights could pave
the way for future applications in assembly and labelling.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Building on the reversible formation and exchange of covalent
bonds, the field of dynamic covalent chemistry (DCC) has been
flourishing over the past decade [1] and has found wide applica-
tions in the creation of molecular assemblies[2], identification of
receptors [3], and modulation of functional materials [4]. Recently,
the interplay between different dynamic covalent reactions (DCRs)
and the combination of reversible covalent and supramolecular
interactions are capturing significant attention, as a vessel
composed of multiple dynamic bonding forces can generate
structural and functional diversity and therefore build up system-
atic complexity [5]. As one class of the most employed reversible
covalent bonds, the condensation of a carbonyl, commonly an
aldehyde, and a primary amine to afford an imine (i.e. a Schiff base)
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as well as associated imine exchange [6], has been integrated into
many research endeavors, such as assemblies [7], catalysis [8], and
sensing [9]. Therefore, there is continuous interest in developing
new motifs and exploring different ways to control the imines
despite their rich history.

Among the most fundamental supramolecular interactions,
hydrogen bonds play a critical role in chemistry and biology, and
are in the backbone of nature and synthetic materials [10]. In light
of their strong directivity, tunable strength, and sensitivity to
environment [10] hydrogen bonds have been frequently incorpo-
rated into dynamic assemblies [11]. Of particular interest are sali-
cylaldehyde derivatives and their imines, which are key building
blocks in organic synthesis and supramoecular chemistry [12]. The
imine of salicylaldehyde is stabilized through resonance-assisted
hydrogen bonding and enamine/imine tautomerism (Fig. 1a) [13].
By taking use of those effects covalent organic frameworks exhib-
iting enhanced stability were build, with utility in gas storage,
separation, and catalysis [14]. In addition, the aforementioned
hydrogen bond and tautomerism are closely associated with fluo-
rescence signaling mechanism of excited state intramolecular
proton transfer [15]. Moreover, salicylaldehyde analogs were
employed for the chirality recognition of primary amines and la-
beling of peptides/proteins [16]. In addition, a variety of salen
ith intramolecular hydrogen bonding: Effects from ortho-OH to NH,
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Fig. 1. The change from salicylaldehyde and its imine (a) to ortho-aminobenzaldehydes
and associated imines (b).
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complexes contributed to the development of coordination as-
sembly and asymmetric catalysis [17].

Considering the importance of ortho-OH in salicylaldehyde (1A)
[12e17], we wondered about the replacement of OH with NH
(Fig. 1b). As compared to salicylaldehyde, the NH of amide/sulfon-
amide would also serve as a hydrogen bond donor for aldehyde/
imine, but has the advantage of structural variability through facile
modification of carboxylic acids/sulfonic acids. Furthermore, the
tunable acidity of NH could accordingly affect its capability of
forming hydrogen bonds, thereby providing a handle for ensuing
DCR with primary amines. In the current work, a suit of ortho-
Fig. 2. (a) The design of aldehydes 1Ae6A and their imines 1Ie6I; (b) The synthesis of aldeh
(b) NaOH, CH3OH, room temperature; (c) (i) ethyl bromoacetate, K2CO3, DMF, room tempera
SOCl2, refluxing; (e) (i) PA, pyridine, CH2Cl2, 0 �C; (ii) TFA, room temperature; (f) NaOH, CH
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aminobenzaldehydes were prepared, and the formation and ex-
change of their imines were investigated in detail. The effect of
hydrogen bonding on imine DCCwas elucidated, and the creation of
imines in aqueous solutions was further studied, providing struc-
tural and mechanistic insights for future design.

2. Results and discussions

2.1. Design and synthesis

As model compounds acetyl and methanesulfonyl derived 2-
aminobenzaldehydes (2A and 3A) were chosen in conjunction
with their corresponding water soluble counterparts (5A and 6A,
Fig. 2a). Salicylaldehyde (1A) and its analog 4A were employed as
controls. The associated imines of aldehydes 1Ae6A were termed
as 1Ie6I. The synthesis of aldehydes is shown in Fig. 2b. 2A and 3A
were furnished by the condensation of formyl chloride/meth-
anesulfonyl chloride with protected amine PA, followed by acidic
hydrolysis of acetal to afford the aldehyde. In order to improve the
water solubility, an acetic acid group was attached in 5A and 6A.
Analogous acetylation, subsequent nucleophilic substitution with
ethyl 2-bromoacetate, and then ester hydrolysis afforded desired
5A. The same method to synthesis aldehyde 6A failed, likely due to
the different reactivity of NH in sulfonamide and amide. Instead, a
sequence composed of the incorporation of acetic acid unit and
then sulfonylation gave 6A successfully. The aldehyde 4A was
prepared via etherification of 2,4-dihydroxybenzaldehyde. The
final products were fully characterized by 1H NMR and 13C NMR, as
well as mass spectrometry (Figs. S1eS12).

In order to reveal the structural characteristics, especially the
existence of intramolecular hydrogen bonding, single-crystal X-ray
ydes. Reagents and conditions: (a) (i) pyridine, CH2Cl2, 0 �C; (ii) TFA, room temperature;
ture; (ii) NaOH, CH3OH, room temperature; (d) (i) ethyl bromoacetate, K2CO3, DMF; (ii)
3OH, room temperature; (g) K2CO3, CH3CN, refluxing.
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diffraction analysis was conducted (Table S1). Taking 3A as an
example, the aldehyde and sulfonamide NH are coplanar with the
benzene ring (Fig. 3). A distance of 1.97 Å was found between NH
and aldehyde oxygen (NH⋯O), suggesting an attractive interaction.
Furthermore, the NH peak of 3A appeared at 10.5 ppm in CD3CN
(Fig. 3). Such a downfield position is also in consistence with the
presence of an intramolecular hydrogen bond. For comparison, the
OH or NH proton of 1A and 2Awas found around 11.0 ppm (Table 1),
again matching intramolecular hydrogen bonding. Molecular
modeling also confirmed the presence of an intramolecular
hydrogen bond within 1Ae3A. In all, evidences were collected to
support hydrogen bonding in both solid state and solution.

2.2. Imine formation

With aldehydes in place their dynamic covalent reactions
(DCRs) with primary amines were then performed in the presence
of molecular sieves. Gratifyingly, the individual reactions of alde-
hydes 1Ae3A with 1-butylamine afforded the desired imine
products (1Ie3I) in nearly quantitative yield (Figs. S13eS15). For
example, the formyl resonance of 3A at 10.0 ppm disappeared, with
the emergence of a new peak around 8.4 ppm, indicative the for-
mation of imine. Moreover, the NH proton of 3I resided around
12.7 ppm, significantly different from the value in 3A (10.5 ppm,
Fig. 3. 1H NMR spectrum (CD3CN) and X-ray structure of 3A.

Table 1
Summary of chemical shift values (d, in ppm) of aldehyde/imine CH and OH/NH of
1e3 in CD3CN.

Structure Y Compound Number d (CHY) d (OH/NH)

O 1A 9.93 10.94
NBu 1I 8.44 13.65

O 2A 9.93 10.97
NBu 2I 8.42 12.83

O 3A 9.94 10.50
NBu 3I 8.44 12.74
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Table 1). An analogous downfield shift of OH/NH in 1I and 3I was
apparent in relative to 1A and 3A, respectively (Table 1). These
findings point toward intramolecular hydrogen bonding within
1Ie3I.

The kinetics of imine formationwas next followed. To gauge the
reactivity the reactions were run in CD3CN without molecular
sieves (Figs. S16eS18). Aldehydes 1A and 3A had the same ten-
dency, with the reaction completed in about 1 h (1.2 equiv. 1-
butylamine). However, the rate of imine formation of aldehyde
2A was much slower than that of 1A and 3A (Fig. 4), and it took
about 30 h to equilibrate evenwith more 1-butylamine (2.2 equiv.).
The difference in rates can be explained from the perspective of
intramolecular acid catalysis: the stronger acidity of OH in 1A and
NH in 3A results in the acceleration of imine formation, while the
NH in 2Awould play a minor role due to its lower acidity, leading to
the sluggish kinetics. Phenol, methanesulfonamide, acetamide have
a pKa of 18.0, 17.5, and 25.5 in DMSO, respectively [18], and the
sequence of pKa values falls in line with the trend of rates.
2.3. Imine exchange

The next goal was to check the reversibility of imine chemistry.
Toward this end, component exchange of amines was investigated.
Taking 3A as an example, its reaction was first conducted with 1-
butylamine, and cyclohexylamine was then added into the
mixture (Fig. 5A). After the equilibrium was reached there was a
decrease in the amount of imine incorporating 1-butylamine, with
the concomitant appearance of cyclohexylamine derived imine (c
of Fig. 5A). An equilibrium constant (K) of 1.90 was obtained, in
favoring of the imine of 1-butylamine and also in agreement with
steric effect. These findings indicate that amine exchange was
occurring, thereby demonstrating the dynamic nature of the sys-
tem. Moreover, the opposite sequence of amine addition (d of
Fig. 5A) as well as the one-pot amine exchange (e of Fig. 5A)
afforded the same equilibrium position, further validating the
reversibility. Similar results on dynamic amine exchange were also
obtained with 1A (Figs. S22-S24) and 2A (Figs. S25eS27).

To dissect the contribution of hydrogen bonding interactions on
imine DCC, aldehyde exchange experiments were further per-
formed. The equilibrium of aldehyde exchange could serve as a
barometer to probe the relative affinity of aldehydes 1e3 toward
amines. The stepwise aldehyde exchange was attempted, as
Fig. 4. Kinetic profile of the creation of imines 1Ie3I from individual reactions of
1Ae3A (15 mM) and 1-butylamime (1.2 equiv. for 1A and 3A; 2.2 equiv. for 2A) at
25 �C.

ith intramolecular hydrogen bonding: Effects from ortho-OH to NH,



Fig. 5. (A) Amine exchange: (a) the reaction of 3A with 1-butylamine (1.2 equiv.); (b) the reaction of 3A with cyclohexylamine (1.2 equiv.); (c) the addition of cyclohexylamine (1.2
equiv.) into (a); (d) the addition of 1-butylamine (1.2 equiv.) into (b); (e) the reaction of 3Awith 1-butylamine (1.2 equiv.) and cyclohexylamine (1.2 equiv.). (B) Sequential aldehyde
exchange: (a) 1A; (b) the reaction of 1A with 1-butylamine (1.0 equiv.); (c) 3A; (d) the reaction of 3A with 1-butylamine (1.0 equiv.); (e) the addition of 1A (1.0 equiv.) into (d). (C)
One-pot aldehyde exchange: (a) 1A; (b) the reaction of 1Awith 1-butylamine (1.0 equiv.); (c) 3A; (d) the reaction of 3Awith 1-butylamine (1.0 equiv.); (e) the reaction of 1A, 3A (1.0
equiv.), and 1-butylamine (1.0 equiv.). (D) Proposed mechanism of sequential amine exchange and aldehyde exchange. Solvent: CD3CN.
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aforementioned amine exchange. For example, 1A was added into
preformed 3I (Fig. 5B). The aldehyde exchange was notoriously
slow, and only a small amount of 1I were apparent in 1H NMR
spectra even after one year (e of Fig. 5B and Fig. S38). Similar slow
sequential aldehyde exchange was found with other aldehyde
combinations (Figs. S31eS34). These observations were rational-
ized with the stabilizing effect of intramolecular hydrogen bonding
on imine, which renders hydrolysis of imine difficult. The decom-
position of imine to recover the original aldehyde and amine could
be required for its reaction with the second aldehyde to complete
the sequential aldehyde exchange. In contrast, amine exchange
could proceed via a transimination pathway, circumventing the
hydrolysis of imine (Fig. 5D).

The competition between salicylaldehyde (1A) and aldehyde
2A/3A for the reactionwith 1-butylaminewas therefore run in one-
pot. The equilibrium was readily reached in three days. For
example, with both 1A and 3A present in the reactionmixture, their
imines were detected (Figs. 5C and S40). A K value of 1.84 was
revealed, preferring the imine of salicylaldehyde (1I) and 3A. Imine
1I was dominant for the reaction of 1A, 2A, and 1-butylamine, as
Please cite this article as: Z. Feng et al., Modulation of imine chemistry w
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reflected by a K value of 345 and in favor of 1I (Fig. S39). The
competition between 2A and 3A for the reactionwith 1-butylamine
also strongly favored the imine of 3A (K around 170) (Fig. S41).
These results suggest that 1A and 3A show comparable affinity for
primary amines, while aldehyde 2A is much worse than 1A and 3A.
The trend approximately echoes the sequence of OH/NH acidity and
reinforces the critical role of hydrogen bonding on the thermody-
namic stability of imines.

Inspired by significantly different outcomes between sequential
and one-pot aldehyde exchanges, the lability of imines in aqueous
media was explored. Water was added into preformed imine
products in acetonitrile to give a solvent mixture (3:1 CD3CN/D2O),
and NMR spectra were tracked to gain a deeper understanding of
the stability of imines toward the hydrolysis and regeneration of
the initial reactants (Figs. S42eS44). After 7 days very little
decomposition of imine was found (less than 5%). We thereby
inferred that hydrogen bond can modulate the stability of imine in
mixed solvents, although the use of water facilitates the reverse
reaction, albeit to a small degree.
ith intramolecular hydrogen bonding: Effects from ortho-OH to NH,



Table 2
Summary of the yield of imine formation in aqueous media.

Aldehyde Structure D2O pH 7.0
Buffer

pH 7.4
Buffer

pH 8.0
Buffer

4A 63% 39% 45% 52%

5A 35% NRa NR NR

6A 42% 20% 22% 26%

a
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2.4. Imine formation in aqueous solutions

Finally, the formation and exchange of imines were explored in
purely aqueous media. In recent years studies on supramolecular
chemistry in water, the working environment of nature, are
generating intensive interest [19]. Reactions of 4A, 5A, and 6A and
1-butylamine in water (Figs. S45eS48) gave imines 4I, 5I, and 6I
with a yield of 63%, 35%, and 42%, respectively (Fig. 6a and Table 2).
Interestingly, the equilibrium was rapidly reached after 5 min for
5A and 6A, while it took 50 min for the reaction of 4A to equilibrate
(Fig. 6a). One rationalization comes from partial deprotonation of
OH in 4A in basic aqueous media, compromising intramolecular
acid catalysis. On the other hand, the stronger acidity of NH of 5A
and 6A in water than in acetonitrile could contribute to their
relatively fast kinetics. The competition between 4A and 6A for the
reaction with 1-butylamine was feasible, giving a K value of 3.70
and favoring 4I (Figs. 6b and S51). Such a finding is in agreement
with the trend of yield for imine formation reactions.
Fig. 6. (a) Kinetic profile of the creation of imines 4Ie6I from individual reactions of
4Ae6A (15 mM) and 1-butylamime (2.2 equiv. for 5A and 6A; 1.2 equiv. for 4A) in D2O
at 25 �C; (b) The competition between 4A (1.0 equiv.) and 6A (1.0 equiv.) for the re-
action with 1-butylamine (2.0 equiv.) in D2O.

NR stands for no reaction.

Please cite this article as: Z. Feng et al., Modulation of imine chemistry w
Tetrahedron, https://doi.org/10.1016/j.tet.2020.131128
The buffer solutions (50 mM, PBS buffer) of 4A, 5A, and 6A at
different pH were then prepared, and their reactions with 1-
butylamine were monitored. Aldehydes 4 and 6 afforded their
corresponding 1-butylamine derived imines with a yield of 45% and
21% at pH 7.4, respectively (Table 2 and Figs. S52 and S56). However,
no imine of 5was detected under similar condition (Fig. S55). These
results are reminiscent of the trend of aldehyde exchange in
acetonitrile, as the acidity and hydrogen bonding ability of OH/NH
have a pronounced impact on the reactivity and stability of imine
DCC. As the pH increased, there was an enhancement in the yield of
the imine (Table 2). As the case of reactions in water, the imine
formation in buffer proceeded more quickly for 6A than 4A
(Figs. S53 and S57). Therefore, both thermodynamics and kinetics
of imine chemistry can be tuned in aqueous solutions.

3. Conclusions

In summary, a suite of salicylaldehyde analogs were prepared,
and their associated imine chemistry was explored in detail. The
presence of intramolecular NH⋯O hydrogen bond was supported
by X-ray and NMR data. The formation of imines was then studied
in acetonitrile, and the acidity of OH/NH was found to significantly
impact the thermodynamics and kinetics of imine reactions.
Moreover, the reversibility of system was verified by amine ex-
change, and the extent of aldehyde exchange equilibrium provided
insights for the modulation of imine through intramolecular
hydrogen bonding. Finally, the formation and exchange of imines
were realized in aqueous media, showing application potential in
biolabelling. The current platform complements salicylaldehyde
and its imines and further demonstrates the ability of neighboring
supramolecular interactions for dictating imine chemistry.

4. Experimental section

4.1. General

1H NMR and 13C NMR spectra were recorded on a 400 MHz
Bruker Biospin Avance III spectrometer. The chemical shifts (d) for
1H NMR spectra, given in ppm, are referenced to the residual proton
signal of the deuterated solvent. Mass spectra were recorded on a
Bruker IMPACT-II spectrometer. The pH value was measured on a
Sartorius PB-10 pH meter. All reagents were obtained from com-
mercial sources and were used without further purification, unless
indicated otherwise.
ith intramolecular hydrogen bonding: Effects from ortho-OH to NH,
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4.2. DCRs in acetonitrile

Dynamic covalent reactions (DCRs) were performed in situ in the
presence of molecular sieves (3 Å) in CD3CN at room temperature
(25 �C) without isolation and purification. For imine formation
reactions, to an aldehyde (~15 mM, 1.0 equiv.) in CD3CN (0.60 mL),
was added an amine (RNH2, 1.2 equiv.). For aldehyde exchange
reactions two aldehydes (~15mM each,1.0 equiv.) weremixed with
1-butylamine (1.0 equiv.) in CD3CN. For amine exchange reactions,
the aldehyde (~15 mM each, 1.0 equiv.) was first mixed with one
primary amine (1.2 equiv.) in CD3CN (0.60 mL), and after equili-
bration the second amine (1.2 equiv.) was added. The mixture was
stirred and then characterized by 1H NMR and ESI-MS after the
equilibrium was reached. Integrals from 1H NMR spectra (alde-
hydes and imines) were used for the calculation of equilibrium
constants. See figure captions for specific conditions if necessary.

4.3. DCRs in aqueous solution

For imine formation in water, the aldehyde (~15 mM) and 1-
butylamine were dissolved in D2O (0.60 mL). For aldehyde ex-
change reaction two aldehydes (~15 mM each, 1.0 equiv.) were
mixed with 1-butylamine (2.0 equiv.) in D2O. For imine formation
in 50 mM phosphate buffer (PB) in D2O, the stock solutions of al-
dehydes 4A, 5A, and 6A (15 mM) were prepared in PB buffer,
respectively, and the desired pH (7.0, 7.4, or 8.0) was adjusted with
concentrated NaOH or HCl solution. To an aldehyde (15 mM, 1.0
equiv.) solution in PB buffer, was added 1-butylamine (1.2 equiv.).
The mixture was equilibrated at room temperature (25 �C) and
characterized by 1H NMR and ESI-MS. See figure captions for spe-
cific conditions if necessary.

4.4. Synthesis

The synthetic route and structures of the target compounds are
shown in Fig. 2.

4.4.1. 2-(1,3-dioxolan-2-yl)aniline (PA)
The reported procedure [20] was used to afford the title com-

pound as a yellow oil.

4.4.2. N-(2-formylphenyl)acetamide (2A)
A solution of the PA (0.50 g, 1.0 equiv.) and pyridine (0.30mL, 1.2

equiv.) in dry dichloromethane (DCM, 30 mL) was cooled in an ice
bath, and a solution of acetyl chloride (0.35 mL, 1.5 equiv.) in DCM
(5.0 mL) was added dropwise. Upon completion after 1 h, the so-
lution was washed with dilute trifluoroacetic acid, and the mixture
was extracted with ethyl acetate. The combined organic layer was
washed with saturated NaHCO3, dried with anhydrous Na2SO4, and
concentrated in vacuo. The residue was then purified by column
chromatography (silica gel, petroleum ether (PE)/ethyl acetate
(EA) ¼ 4:1) to afford the title compound as a white solid (0.40 g,
81%). 1H NMR (CDCl3): d 11.13 (s, 1 H), 9.92 (s, 1 H), 8.76 (d,
J ¼ 8.4 Hz, 1 H), 7.70 (dd, J ¼ 7.6, 1.2 Hz, 1 H), 7.64 (td, J ¼ 7.2, 1.6 Hz,
1 H), 7.25 (td, J ¼ 6.6, 1.2 Hz, 1 H), 2.26 (s, 3 H). 13C NMR (CDCl3)
d 195.6, 169.7, 140.9, 136.3, 136.1, 122.9, 121.5, 119.8, 25.4. ESI-HRMS:
m/z calcd for C9H9NO2Na [M þ Naþ]: 186.0531; found: 186.0532.

4.4.3. N-(2-formylphenyl)methanesulfonamide (3A)
A solution of the PA (0.50 g, 1.0 equiv.) and pyridine (0.30mL, 1.2

equiv.) in dry dichloromethane (DCM, 30 mL) was cooled in an ice
bath, and a solution of acetyl chloride (0.45 mL, 1.5 equiv.) in DCM
(5.0 mL) was added dropwise. Upon completion after 1 h, the so-
lution was washed with dilute trifluoroacetic acid, and the mixture
was extracted with ethyl acetate. The combined organic layer was
Please cite this article as: Z. Feng et al., Modulation of imine chemistry w
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washed with saturated NaHCO3, dried with anhydrous Na2SO4, and
concentrated in vacuo. The residue was then purified by column
chromatography (silica gel, PE/EA ¼ 4:1) to afford the title com-
pound as a white solid (0.48 g, 80%). 1H NMR (CDCl3): d 10.60 (s,
1 H), 9.92 (s, 1 H), 7.76 (t, J¼ 7.6, 1.2 Hz, 2 H), 7.65 (t, J¼ 6.6 1 H), 7.28
(dd, J ¼ 10.9, 4.2 Hz, 1 H), 3.13 (s, 3 H). 13C NMR (CDCl3) d 195.2,
140.3, 136.6, 136.3, 123.1, 121.7, 117.0, 40.4. ESI-HRMS: m/z calcd for
C8H9NO3SNa [M þ Naþ]: 222.0201; found: 222.0201.

4.4.4. 4-((2,5,8,11-tetraoxatridecan-13-yl)oxy)-2-
hydroxybenzaldehyde (4A)

To a suspension of 2,5,8,11-tetraoxatridecan-13-yl 4-
methylbenzenesulfonate (0.40 g, 1.0 equiv.) and potassium car-
bonate (0.31 g, 2.0 equiv.) in anhydrous CH3CN (10.0 mL), was
added 2,4-dihydroxybenzaldehyde (0.19 g, 1.2 equiv.) under N2 at-
mosphere. The reaction was refluxed overnight. After the reaction
was cooled to room temperature, the solution was washed with
dilute hydrochloric acid and extracted with ethyl acetate. The
combined organic layer was washed with saturated NaHCO3, and
brine solution and then dried with anhydrous Na2SO4. After the
removal of solvent under vacuum and further purification by col-
umn chromatography (silica gel, PE/EA ¼ 1:1), the title compound
was obtained as a brown oil (0.20 g, 55%). 1H NMR (D2O): d 9.56 (s,
1H), 7.49 (d, J ¼ 5.6 Hz, 1H), 6.52 (dd, J ¼ 6.8, 1.2 Hz, 1H), 6.36 (d,
J ¼ 2.4 Hz, 1H), 4.12 (t, J ¼ 4.0 Hz, 2H), 3.77 (t, J ¼ 4.0 Hz, 2H),
3.63e3.61 (m, 2H), 3.57e3.49 (m, 8H), 3.45e3.42 (m, 2H), 3.2 (s,
3H). 13C NMR (D2O): d 195.9, 165.7, 162.5, 136.0, 115.4, 108.5, 101.3,
71.6, 70.9, 69.7, 69.5, 69.4, 69.3, 68.7, 67.4, 57.9. ESI-HRMS:m/z calcd
for C16H24O7Na [M þ Naþ]: 351.1420; found: 351.1421.

4.4.5. N-(2-formylphenyl)-4-hydroxybenzamide (7A)
A solution of the PA (0.50 g, 1.0 equiv.) and pyridine (0.30 mL,1.2

equiv.) in dry dichloromethane (DCM, 30 mL) was cooled in an ice
bath, and a solution of 4-(chlorocarbonyl)phenyl acetate (0.90 g, 1.5
equiv.) in DCM (5.0 mL) was added dropwise. Upon completion
after 2 h, the solution was washed with dilute trifluoroacetic acid,
and the mixture was extracted with ethyl acetate. The combined
organic layer was then washed with saturated NaHCO3, dried with
anhydrous Na2SO4, and concentrated in vacuo. The crude product
was dissolved in methanol (5.0 mL), and 2 M NaOH (5.0 mL) was
added for the hydrolysis of the ester. After stirring overnight the
mixture was extracted with ethyl acetate, and the combined
organic layer was washed with brine solution, dried with anhy-
drous Na2SO4, and concentrated in vacuo. The residue was then
purified by column chromatography (silica gel, PE/EA ¼ 3:1) to
afford the title compound as a white solid (0.35 g, 48%). 1H NMR
(DMSO‑d6): d 11.68 (s, 1H), 10.35 (s, 1H), 10.04 (s, 1H), 8.55 (d,
J ¼ 8.0 Hz, 1H), 7.96 (dd, J ¼ 7.6, 1.6 Hz, 1H), 7.86 (d, J ¼ 8.0 Hz, 2H),
7.73 (td, J¼ 7.6, 1.6 Hz,1H), 7.35 (t, J¼ 7.2 Hz,1H), 6.95 (d, J¼ 8.0 Hz,
2H). 13C NMR (DMSO‑d6): d 196.7, 165.6, 161.9, 141.0, 136.4, 135.8,
129.9, 124.9, 123.9, 123.7, 120.5, 116.1. ESI-HRMS: m/z calcd for
C14H11NO3Na [M þ Naþ]: 264.0637; found: 264.0638.

4.4.6. 2-(4-((2-formylphenyl)carbamoyl)phenoxy)acetic acid (5A)
To a suspension of N-(2-formylphenyl)-4-hydroxybenzamide

(0.50 g, 1.0 equiv.) and potassium carbonate (0.43 g, 1.5 equiv.) in
anhydrous DMF (10.0 mL), a solution of ethyl bromoacetate (0.42 g,
1.2 equiv.) in DMF (3.0 mL) was added dropwise. The reaction was
stirred at room temperature overnight. Afterwards H2O was added,
and the mixture was extracted with ethyl acetate. The combined
organic layer was washedwith brine, dried over anhydrous Na2SO4,
and concentrated in vacuo. The crude product was dissolved in
methanol (5.0 mL), and 2 M NaOH (5.0 mL) was added for the hy-
drolysis of the ester. After stirring overnight the mixture was
extracted with ethyl acetate, and then the combined organic layer
ith intramolecular hydrogen bonding: Effects from ortho-OH to NH,
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was washed with brine solution, dried with anhydrous Na2SO4, and
concentrated in vacuo. The residue was then purified by column
chromatography (silica gel, PE/EA ¼ 1:1) to afford the title com-
pound as a white solid (0.39 g, 63%). 1H NMR (DMSO‑d6): d 11.69 (s,
1H),10.06 (s,1H), 8.53 (d, J¼ 8.0 Hz,1H), 7.99e7.96 (m, 3H), 7.76 (td,
J ¼ 8.0, 1.2 Hz, 1H), 7.38 (td, J ¼ 7.6, 1.6 Hz, 1H), 7.15 (d, J ¼ 8.0 Hz,
2H), 4.84 (s, 2H). 13C NMR (DMSO‑d6): d 196.5, 170.3, 165.4, 161.5,
140.8, 136.3, 135.6, 129.7, 127.0, 124.2, 123.9, 120.7, 115.3, 65.1. ESI-
HRMS: m/z calcd for C16H13NO5Na [M þ Naþ]: 322.0691; found:
322.0691.

4.4.7. Ethyl 2-(4-(chlorosulfonyl)phenoxy)acetate
The reported procedure [21] was used to afford the title com-

pound as a colorless viscous liquid.

4.4.8. 2-(4-(N-(2-formylphenyl)sulfamoyl)phenoxy)acetic acid (6A)
A solution of the PA (0.50 g, 1.0 equiv.) and pyridine (0.30 mL,1.2

equiv.) in dry dichloromethane (DCM, 30 mL) was cooled in an ice
bath, and a solution of ethyl 2-(4-(chlorosulfonyl)phenoxy)acetate
(1.27 g, 1.5 equiv.) in DCM (5.0 mL) was added dropwise. Upon
completion after 2 h, the solution was washed with dilute tri-
fluoroacetic acid, and the mixture was extracted with ethyl acetate.
The combined organic layer was then washed with saturated
NaHCO3, dried with anhydrous Na2SO4, and concentrated in vacuo.
The crude product was dissolved in methanol (5.0 mL), and 2 M
NaOH (5.0 mL) was added for the hydrolysis of the ester. After
stirring overnight themixturewas extractedwith ethyl acetate, and
the combined organic layer was washed with brine solution, dried
with anhydrous Na2SO4, and concentrated in vacuo. The residue
was then purified by column chromatography (silica gel, PE/
EA ¼ 1:1) to afford the title compound as a yellow solid (0.20 g,
20%). 1H NMR (DMSO‑d6): d 10.54 (s, 1H), 10.02 (s, 1H), 7.82 (dd,
J ¼ 6.0, 1.6 Hz, 1H), 7.66 (d, J ¼ 8.0 Hz, 2H), 7.59 (td, J ¼ 8.0, 1.2 Hz,
1H), 7.33 (t, J¼ 8.0 Hz,1H), 7.19 (d, J¼ 8.0 Hz,1H), 7.05 (d, J¼ 8.0 Hz,
2H), 4.78 (s, 2H). 13C NMR (DMSO‑d6): d 193.6, 170.1, 161.9, 139.4,
135.9, 132.4, 131.1, 129.6, 127.6, 127.5, 125.8, 122.7, 115.7, 65.2. ESI-
HRMS: m/z calcd for C15H13NO6SNa [M þ Naþ]: 358.0361; found:
358.0361.
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