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The stability and hydrolytic behavior of squaramate esters in aqueous solutions have been investigated. The
structure of squaramates and the nature of adjacent groups significantly influence their aqueous stability
and reactivity towards nucleophiles. Squaramate esters, lacking or containing weakly basic neighboring
group participation (NGP) substitutions, remain stable up to pH 9. Their hydrolysis rate (ko = 107 M~!

571 is 1000 times faster than that of squaramides, following a second-order rate law. Squaramate esters
Received Lith June 2024 functionalized with basic NGP h ines, display a pH-dependent hydrolysis rate due t
Accepted 7th October 2024 unctionalized wi asic groups, such as amines, display a pH-dependent hydrolysis rate due to
anchimeric assistance of the terminal amino group, reducing stability to pH 5. However, when the

DOI: 10.1039/d4ra04362f squaramate ester has a terminal nucleophilic group in the y position of the alkyl chain, it undergoes
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Introduction

Alkyl squaramates, the 3-amino, 4-alkoxy derivatives of squaric
acid, are directly synthesised from squaramate diesters by
condensation with amines." This reaction, typically conducted
at room temperature, without catalyst or coupling reagents has
drawn much attention due to its straightforward protocols and
high yields.>

Squaric acid esters have emerged as valuable tools for syn-
thesising compounds with diverse applications, including
dyes,>® catalysts,*” sensors,®*'* anion transporters,”*” and
bioactive compounds.’®*' In general, their reactivity with
primary or secondary amines and a certain resistance to
hydrolysis makes them suitable for preparing amino-
saccharide, protein, and nucleic acid conjugates with signifi-
cant biomedical applications,* such as neoglycoproteins for
cell targeting,* synthetic vaccines,* and lectin recognition®*
among others. Furthermore, squaric acid esters modify proteins
through highly chemoselective reactions with the amino acid
cysteine.”®*”

However, despite the widespread use of squaric esters,
understanding their fate and degradation pathways in
biological-like environments remains limited. Unlike squar-
amides, which exhibit kinetic stability for more than 100 days in
the pH range of 3-10 at 37 °C, squaramate esters suffer hydro-
lysis under milder conditions.”® Studies have shown that the

Universitat de les Illes Balears, Cra. Valldemossa Km 7.5, Palma de Mallorca, 07122,
Spain. E-mail: carmen.rotger@uib.es
t Electronic supplementary information (ESI) available: General information,
experimental details, characterization data for products, NMR spectra of
products, and cartesian coordinates of computed structures. See DOI:
https://doi.org/10.1039/d4ra04362f

32126 | RSC Adv, 2024, 14, 32126-32132

rapid intramolecular cyclization, forming cyclic squaramides.

hydrolysis of squaramate alkyl esters occurs over days at pH 9,
with greater stability observed for longer alkyl chains.*®

Additionally, the influence of Neighbouring Group Partici-
pation (NGP) on the kinetics of various reactions has been well-
documented.**** Specifically, the hydrolysis of carboxylic esters
is enhanced by the NGP through the formation of a cyclic
intermediate.*>** Similar behaviour is anticipated for squar-
amate esters. However, an intramolecular cyclisation reaction,
driven by a nucleophilic attack from a group of the squaramate
substituent, might compete with the hydrolysis, Chart 1.

The distinctive conformational properties of squaric acid
derivatives could play a key role in this context. Previous studies
have demonstrated that these conformational properties of
secondary and tertiary squaramate esters facilitate a rapid
intramolecular cyclisation reaction through the nucleophilic
attack of a group located at the y position of the squaramide
substituent.?*?*

This study investigates the kinetic competition between
hydrolysis and intramolecular cyclisation reactions in squar-
amate esters. We examine the effect of NGP on the hydrolysis
rate and the role of different nucleophiles (N, S) in the cyclisa-
tion reaction, using a primary amine and a thiol group to mimic
the behaviour of the amino acids lysine and cysteine, respec-
tively, in peptide or protein bioconjugation.
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Chart 1 Hydrolysis vs.
squaramate esters.

intramolecular cyclisation pathways for
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Fig. 1 Structure of the squaramate esters la—8b and the corre-
sponding squaramic acids 1lc—8c obtained from their buffered
hydrolysis at 37 °C. °“TFA in CH,Cly.

First, we investigated the hydrolysis reaction in squaramate
ethyl esters. Similar to carboxylic esters, we assumed that the
hydrolysis of squaramate esters would proceed under both acid
and alkaline catalysis (see Scheme S17).

Therefore, we synthesized squaramate esters 1a-7a and 8b to
assess the hydrolytic stability within the pH range of 3 to 9,
Fig. 1. The structure of the studied esters differs from the nature
of the N-alkyl chain. Compounds 2a-7a and 8b were function-
alized with chemical groups that potentially assist the hydro-
lytic reaction (amine, carboxyl, alcohol, and pyridine groups).
Compound 1a featuring an n-butyl chain, served as a negative
control for NGP.

Squaramate esters 1a-8a were synthesised by condensing
diethyl squarate with one equivalent of the corresponding
amine in acetonitrile (see ESIT). The amino-protecting group of
compound 8a was cleaved with trifluoroacetic acid (TFA) in
dichloromethane to yield the corresponding ammonium salt
8b.

The kinetics of the hydrolysis of compounds 1a-7a and 8b to
give the corresponding squaramic acids 1c-8c were studied by
UV-spectroscopy. In aqueous solution, squaramic esters exhibit
a strong absorption UV band (¢ > 6 x 10" M™' cm™") with
a maximum at 272 nm, independent of the pH, while the
squaramate acid derivatives display a maximum absorption
band at 283 nm. Capitalizing on this, we monitored the time-
dependent changes in the UV-vis spectra of esters 1a-7a and
8b at 37 °C to mimic physiological conditions, Fig. 2a. The
experiments were conducted under pseudo-first-order condi-
tions, and the apparent rate constants (k.ps) were determined
through global absorption spectra analysis} (see ESI eqn (2)}).

The calculated ks values are summarized in Table 1. Based
on these data, the squaramate esters studied can be classified
into two groups.

The first group comprises esters 1a-4a, which exhibit kinetic
stability under pH 9, and the second group includes esters 5a-
7a and 8b, undergoing hydrolysis from pH 7 onwards. Notice-
ably, at pH 9, the hydrolysis for esters 5a-7a and 8b occurs
significantly faster compared to esters 1a-4a, highlighting the
role of the basic NGPs on the reaction kinetics.

1 Data vas fitted using ReactLabTM Kinetics (Jplus Consulting Ltd) software
package.
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Fig.2 (a) Changes observed in the UV spectra of 1a (blue trace) due to
hydrolysis (30 uM in 10 mM carbonate buffer, pH 10, 37 °C) as
a representative example of the studied squaramate esters. Red trace
represents the corresponding hydrolysed squaric acid. (b) Calculated
disappearance of 1la (30 uM, 37 °C) from the UV spectrum at different
pH (10 mM carbonate buffer). From pH 3 to 8, no hydrolysis was
observed after one week.

Table 1 Pseudo-first order observed rate contents for the hydrolysis

of squaramate esters 1a—7a and 8b at different pH (3—9). kops 10 > s71
pH
3 5 7 8 9
la — — — — 1.10 4+ 0.04
2a —_ —_ —_ — 0.34 £+ 0.03
3a — — — — 0.86 £+ 0.01
4a —_ —_ —_ — 0.73 £ 0.04
5a — — 0.02 £ 0.01 0.43 £+ 0.03 3.62 £+ 0.02
6a e — 0.31 £ 0.01 1.03 £+ 0.01 4.85 + 0.02
7a — — 0.46 + 0.01 2.38 £ 0.03 8.56 + 0.14
8b —_ —_ 1.01 £ 0.01 2.91 £+ 0.01 16.1 £ 0.2

Ester 1a hydrolysis was further examined under pseudo-first-
order conditions (3 x 10> M and 37 °C) at the pH range of 8.8-
10, as illustrated in Fig. 2b. In contrast to observations in acidic
or neutral media, the hydrolysis of 1a occurs within hours under
alkaline conditions, yielding acid 1c. The obtained ks values
show a linear dependence within the pH range studied. This
linear relationship discards the ionization of the squaramidic
NH within this pH interval, as such ionization would lead to
a non-linear dependence of the obtained ko,s. From the data
fitting, we could calculate a second-order rate constant kop of
0.47 + 0.02 M~ ' s for the hydrolysis reaction.®

The same linear dependency was observed when conducting
the aforementioned experiments in a D,O solution of 1a (3 x
107° M, pD 9.1-10.2, 37 °C), obtaining a value of kop, of 0.21 +
0.02 M~' s, The solvent Kinetic Isotope Effect (KIE) calculated
as kon/kop was found to be 2.24 + 0.02 falling within the typical
range of 1.5-3 that corresponds to solvent KIEs resulting from
the transfer of a proton from nitrogen or oxygen atoms (see
Fig. S3t1).*” Therefore, the obtained KIE value supports the
involvement of a water molecule in the rate-determining step
(RDS) of the reaction. These results align with the proposed
general base-catalysed mechanism for the hydrolysis of
carboxylic esters, suggesting that an analogous mechanism
operates for the hydrolysis of the squaramate ester 1a (see ESI
Scheme S17).

RSC Adv, 2024, 14, 32126-32132 | 32127
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Fig. 3 (a) UV changes observed for the hydrolysis of ester 5a (30 uM) at
pH 9 (10 mM borate buffer) and 37 °C. (b) Data fitting to obtain k; and

kOH-

In analogy to ester 1a and assuming the same reactivity, we
conducted the kinetic studies for 2a-4a at the same pH interval
as 1a and fitted the data to obtain the corresponding constants
kom)- The fitted values of 0.34 & 0.03 M~ s for 2a, 0.86 + 0.01
M 's ! for3a,and 0.73 £ 0.04 M ' s for 4a all fall within the
same order of magnitude than the kon) obtained for 1a. This
indicates that the presence of poor nucleophilic/basic groups
does not enhance the reaction rate when compared to 1a. Thus,
in this scenario, hydrolysis is likely governed solely by the
electrophilic character of the squaryl ester carbon.

Similar to esters 1a-4a, we observed that compounds 5a-7a
and 8a withstand hydrolysis in moderate acidic media (pH 3-5,
37 °C) for over three weeks. However, their notably accelerated
hydrolysis in neutral or alkaline media (7-10.5) at 37 °C
suggests that the amine group on the N-alkyl chain could act as
anchimeric assistance (NGP), thereby enhancing the hydrolysis
reaction rate. We assumed that the terminal alkyl amine group
would participate in an N-protonation equilibrium in water,
where only the free amino group would be available to catalyse
the reaction. Therefore, the hydrolysis would be sensitive to the
pH.

K’
kos:kcIZkCri‘i 1
b. [] Kd+[H] ()

To confirm our hypothesis, we ran the kinetic experiments
on ester 5a within the pH range of 7 to 10.5 at 37 °C, Fig. 3. Data
fitting provided the corresponding ks for each pH studied. The
rate constant k; found for the assisted hydrolysis is 5.2 + 0.9 x
10">M 's7', and the rate constant for the direct hydrolysis ko
is 1.03 + 0.04 M~ ' s™". Despite the calculated &, value being five
orders of magnitude smaller than ko, it significantly contrib-
utes to the hydrolysis rate, particularly with increasing pH,
where both proposed mechanisms operate simultaneously.

Consequently, we hypothesised that the rate law for the
reaction would depend on the amine pK, (eqn (1)), and the
direct hydrolysis would compete with the NGP process.§

Similarly, we calculated the kinetic constant k; for squar-
amate esters 6a-7a and 8b using the koy value obtained for 5a in

§ Amine pK, values for compounds 5a-7a and 8b were obtained by potentiometric
titration and data fitting with the Hyperquad2013 program.
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Table 2 Calculated rate constants for the assisted hydrolysis k; and
direct hydrolysis kon reactions of esters 5a—7a and 8a and the pKj,
values used for the constants fitting

pK,* ko, M~ 57! ky,107°M st
5a 8.82 1.03 + 0.04 5.2 +0.9
6a 8.61 1.03% 12 4+ 2
7a 7.95 1.03? 3.9+ 0.3
8b 8.50 1.03% 30+ 6

“ Obtained by potentiometric titration and fitted with Hyperquad2013
(Protonic Software. http://www.hyperquad.co.uk). To calculate k; we
assumed the same ko found for 5a. ® To calculate ki, we assumed
the same ko as for 5a.

the fitting. The calculated k&, values are listed in Table 2 and are
within the same order of magnitude as that determined for 5a,
indicating the involvement of both primary and secondary
amines as an NGP and thereby increasing the overall hydrolysis
reaction rate.

In line with these results, a similar behaviour has been re-
ported for carboxylic ester analogues. Mautner and Bruice
studied the hydrolytic stability of the benzoyl choline ester at
25 ©°C, showing a kinetic profile akin to that found for
compound 1a (koy 0.56 M~ ' s7'), discarding the assistance of
the tetraalkyl ammonium group to the hydrolysis reaction.*®
However, the hydrolytic constants obtained for the 2-(dime-
thylamino)ethyl benzoate (ko = 0.06 M~ s~ and k; = 4.8 10>
M~ s7") show faster hydrolysis like in compounds 5a-7a and
8b, due to the intramolecular assistance of the amino-terminal
group. Our results suggest that squaramate esters exhibit
moderate resistance to hydrolysis compared to their carboxylic
analogs. In comparison with carbamates, squaramate esters
like 1a hydrolyse more rapidly under neutral and basic condi-
tions. However, under acidic conditions, squaramate esters
exhibit high stability, with no observable reaction over several
days, while carbamate ester analogs hydrolyze within a few
hours. Conversely, squaramate esters undergo hydrolysis
around 1000 times faster than squaramides, mirroring the
behavior observed in carboxylic acids and their corresponding
amides.

After studying the hydrolysis of squaramate esters 1a-8b, we
delved into the competition of the intramolecular cyclisation
reaction and the hydrolysis reaction to ascertain whether the
intramolecular cyclization occurs more rapidly than the
hydrolysis. To explore this further, we analysed the kinetic
behaviour of squaramate esters 9a-10b, whose structure could
potentially yield cyclic squaramide compounds, Fig. 4a.>* Esters
9b and 10b were synthesised using a methodology similar to
that for 8b (see ESIt). The cyclisation reaction is expected to be
PH sensitive due to the effect of the acid-base equilibrium on
the nucleophile. Accordingly, we observed an acceleration of the
reaction when the pH increases.®® Notably, at 37 °C the
conversion of 9b into 12a occurs rapidly, even under moderate
acidic (pH 5, kops = 0.65 = 0.01 10> s~ ') and neutral conditions
(pH 7, kops = 3.85 & 0.05 10~> s '). At pH > 8 the reaction
proceeds too rapidly to be accurately measured, Fig. 4b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Structure of the squaramate esters 9a—10c and cyclic
compounds 12a—12c. (b) Representative example of the UV changes
observed for the cyclisation of 9a (30 pM at 10 mM cacodylate buffer
pH 5.7 at 37 °C). (c) Plot of the kops Obtained at pH range 4.5-7. The
curve shows the fitting of the experimental data. (d) Proposed intra-
molecular addition—elimination mechanism for ester 9a to give cyclic
squaramide 11a under mildly acidic conditions.

Furthermore, no hydrolytic degradation was observed for the
cyclic products 12a and 12b.

Promoting the squaramate ester E,Z conformation signifi-
cantly affects the cyclization reaction rate. Consequently, the
cyclisation reaction accelerates for the N-methylated analogue
10b, becoming too rapid to be accurately measured even at pH 7
by the UV experiments.

To complement the kinetics data for the cyclisation reaction,
we studied 9b (30 uM) cyclisation in the pH range of 4.5-7 at 37 ©
C. As anticipated, plotting the observed rate constants against
pH resulted in an asymptotic profile, indicating a strong pH
dependence due to the nucleophile sensitivity to pH, Fig. 4c.

The rapid cyclisation of compound 9b hindered the deter-
mination of the amine group's pK,. Homologous compounds of
9b featuring the amino group on shorter alkyl chains have a pK,
around 8.5, as evaluated by potentiometric titration and fitted
with Hyperquad (see Fig. S1t). However, within the pH range
studied, the amine in compound 9b should be fully protonated,
thus behaving as a poor nucleophile and potentially slowing
down the formation of the cyclic compound 12a. To address

© 2024 The Author(s). Published by the Royal Society of Chemistry
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this, we fitted the kinetic data to obtain the apparent cyclisation
kinetic constant k. and the K, values using eqn (1). Good fitting
was obtained for both constants with K, = 6.3 x 107 (corre-
sponding to a pK, of 6.2) and k. = 2.3 x 10~ * s~ . The calculated
pK, is surprisingly low for an alkylamine. Therefore, we
assumed that the obtained K, represents an apparent acidic
constant (K,) associated with the equilibrium between other
species, that determines the reaction rate-determining step
(RDS) rather than the nucleophilic amine attack step. Conse-
quently, we propose that the elimination of the leaving group
from any tautomeric species with a pK, of 6.2 becomes the
limiting step for this reaction, Fig. 4d. The intermediate species
resulting from the rapid intramolecular nucleophilic addition
reaction (Int) undergoes a prototropic equilibrium and elimi-
nates an ethanol molecule to facilitate the gain of aromaticity of
the tetra-membered ring, to give the cyclic compound. This
could be the driving force behind the acidity enhancement of
the protonated species up to a pK, of 6.

To further investigate the effect of the nucleophile nature in
the cyclisation reaction kinetics, we synthesised squaramate
ester 11b, incorporating a 2-amino ethane thiol as a substituent,
Fig. 4a. We hypothesized that the larger size of the sulfur atom
would compensate for the shorter length of the alkyl chain and
facilitate the formation of the cyclic compound 12c.

Compound 11b was synthetized first by reacting cystamine
dihydrochloride with two equivalents of diethyl squarate in
acetonitrile in the presence of DiPEA to yield the bis escuar-
amate ester 11a. Then, before starting the kinetic studies, ester
11b was prepared in situ by reducing 11a with tris(2-
carboxyethyl)phosphine (TCEP) (see ESIT).

As anticipated, the UV studies performed with 11b in acidic
and neutral buffered solutions (pH 5-7) showed a band at
309 nm corresponding to the tethered cyclothiosquaramide 12c.
However, in mild alkaline solutions (pH 8), the 309 nm band
diminished over time, and a new band appeared at 332 nm,
suggesting the formation of a different product. To elucidate
the structure of this unexpected compound, we synthesized the
cyclothiosquaramide 12c¢ by reaction of diethyl squarate with
cysteamine in a water : ethanol mixture (v/v, 2 : 3). After isolating
and characterizing 12¢, we let to stand in water at pH 8 (NaOH 1
N) at 50 °C for 5 h to complete its conversion. This yielded a pale
yellow solid compound, which was characterised by mass
spectrometry and 1D-and 2D-NMR experiments, allowing us to
propose the structure of the a-ketocarboxylate 13 shown in
Fig. 5a. The transformation of the cyclic compound 12c into the
a-ketocarboxylate 13 in alkaline media occurs due to the ring-
opening of the cyclobutenedione, provoked by the nucleo-
philic attack of the hydroxide anion on the C4 carbonyl. The
regioselectivity of the ring-opening reaction to yield 13 was
confirmed by 2D NMR experiments (see ESI Fig. S12-5177).

A similar reaction was described by Horri and collaborators
for 3,4-diphenylcyclobut-3-ene-1,2-diones, resulting in the
formation of the corresponding a-ketoacid.*®

We used DFT calculations to elucidate why the opening of
the four-membered cyclobutadiene-dione ring occurs in
compound 12c¢ but not in compounds 12a and 12b at pH = 8. In
our computational study, we also included compound 12d to

RSC Adv, 2024, 14, 32126-32132 | 32129
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Fig. 5 (a) Synthetic scheme for synthesizing squaramate ester 11a,

cyclothiosquaramide 11c, and the a-keto carboxylate 13. UV changes
observed for the hydrolysis of 11b after in situ reduction of 11a at (b) 30
pM, 10 mM acetate buffer, pH 5, 37 °C, and (c) 30 uM, 10 mM PBS
buffer, pH 8, 37 °C. (d) UV changes of the degradation of the isolated
12c at 30 uM, 10 mM PBS buffer, pH 8, 37 °C.

investigate whether the observed experimental differences are
attributed to the fused ring size or the presence of the sulfur
atom, Fig. 6a.

Remarkably, the energetic profile obtained for the ring
opening of compound 12¢ upon the addition of the hydroxide
anion to the carbonyl differs significantly from that of 12a or
12d. That is, for 12¢, the ring opening step has a larger barrier
(16.1 kecal mol ™", red profile) than either 12a (8.5 kcal mol *,
blue profile) or 12d (10.4 kcal mol™", yellow profile) Fig. 6b.
Additionally, the reaction is exergonic for compound 12c.
Interestingly, for compound 12a, although the barrier is lower,
the resulting opened intermediate is energetically higher

a) b) TS
o 0 R oL 0 (12¢)
O =K sy =
HN HN HN ! \
16.1 ! \
\1_2*/)2 12, 1\;:) ’ = f s
a (s 6 i ’ \
£ 10
£
<) 0 8 i Ts \ od
HOO) o} HO o 2 5] (12a) \ 56
Zj:f slow o_ o / i 43
HN HN < Oa
\_(./)r| \_(./)n 0 \\‘
12a oa SP " oc
12¢ Oc ‘— 3.1
12d od 5

Fig. 6 (a) Cyclobutenediones 12a, 12c and 12d, the reactions studied
(1) to (3) and (b) their energetic profiles. (c) The optimised geometries
of the transition states and final products are also represented.
Distances in A.
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(4.3 keal mol ') than the starting product (SP) (blue profile in
Fig. 6), thus indicating that any potential fast equilibrium (low
barrier) is predominantly shifted towards the starting material.
Furthermore, compound 12d (yellow profile in Fig. 6b) behaves
similarly to compound 12a, suggesting that the ring opening in
compound 12c is likely attributed to the size of the fused ring
rather than the presence of the sulphur atom. The geometries of
the final products resulting from the opening of the four-
membered ring are also represented in Fig. 6c (Oa, Oc and
Od). Notably, the carbanion is stabilised by a C(—)---COOH -
hole interaction.” The results align closely with the experi-
mental results as they indicate that only in the case of
compound 12c¢, the reaction is both exergonic and irreversible.

As observed, the evolution of the squaramate ester 11b in
alkaline media follows a two-step reaction. Firstly, an intra-
molecular cyclisation yields squaramide thioester 12¢, governed
by the cyclisation reaction constant k.. Secondly, the degrada-
tion of 12¢ occurs with a pH-dependent rate constant kop. To
investigate this, compound 11b was studied in the pH range of 3
to 9 at 37 °C, monitoring the spectral UV changes registered
upon time to define k. and koy.

The formation of the a-ketocarboxylate 13 was not detected
at pH 3 and 5. However, in neutral and alkaline media, the
reaction rate increased from pH 7 (kops 0.74 & 0.05 x 107> s™)
to pH 9 (kops 33.4 & 0.7 x 107> s ') as expected. The obtained
kobs values exhibited a linear dependence on the hydroxide ion
concentration. Using this correlation, we determined the cor-
responding pseudo-first-order rate constant for the reaction as
kou = 33.5 + 0.7 M~ ' s for the reaction (see ESI eqn (2')1).

In addition, we calculated the apparent cyclisation rate
constant k. for each studied pH, incorporating the observed
kom, to fit the experimental data. Results indicate that the cyc-
lisation rate increases with the pH, ranging from 0.72 £ 0.02 X
10" s " at pH 3 to 16.1 + 0.3 x 107> s~ " at pH 8. However, the
lower value of the k. (1.23 £ 0.02 x 107> s~ ") at pH 9 suggests
that the cyclisation slows down at this pH compared with pH 8,
consistent with significant competition from squaramate
hydrolysis. By calculating the apparent rate constants k. we were
able to simulate the distribution and evolution of the three
species: the squaramide thioester 11b, the cyclic compound
12¢, and the a-ketocarboxylate 13 over time. For example, at pH
8, ester 11b rapidly transforms to form the cyclic intermediate
12¢ reaching the maximum concentration after 3 h, corre-
sponding to a molar fraction of 0.6. Within approximately 20
hours, the cyclic compound is fully converted into a-keto-
carboxylate 13.

Conclusions

In summary, the squaramate esters investigated in this study
exhibit a strong relationship between the alkyl chain nature and
their inherent stability in water at 37 °C. Squaramate esters 1a-
4a laking o featuring weak basic NGP groups substitutions
remain stable up to pH 9, beyond which hydrolysis becomes
significant. The hydrolytic degradation of these compounds
(kou = 107 M ™' s 1) is 1000-fold faster than the corresponding
rate for squaramides, and follows a conventional second-order

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04362f

Open Access Article. Published on 11 October 2024. Downloaded on 1/18/2026 8:01:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rate law, with a linear dependency on the hydroxide species
concentration. Conversely, squaramate esters 5a-7a and 8b,
functionalised with basic NGP groups such as amines, showed
a pH-dependent hydrolysis rate, influenced by the anchimeric
assistance of the terminal amino group on the alkyl chain. This
mechanism coexists with direct hydroxide hydrolysis reducing
their hydrolytic stability to pH 5. However, in squaramate esters
9b-11b having a terminal nucleophilic group on a sufficiently
long alkyl chain, the undergo hydrolysis is overridden by a rapid
intramolecular cyclization reaction, resulting in the formation
of the corresponding cyclic squaramides 12a-12b and
squaramide-thioester 12¢. Hence, the structure of squaramate
and the nature of nearby groups significantly influence their
stability in water, thereby affecting their reactivity towards
nucleophiles.
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