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Synthesis and pH-dependent hydrolysis profiles of mono- and
dialkyl substituted maleamic acidsT

Shan Su?, Fu-Sheng Du*?, and Zi-Chen Li*?

Maleamic acid derivatives as weakly acid-sensitive linkers or caging groups have been used widely in smart delivery
systems. Here we report the controlled synthetic methods to mono- and dialkyl substituted maleamic acids and their pH-
dependent hydrolysis behaviors. Firstly, we studied the reaction between n-butylamine and citraconic anhydride, and
found that the ratio of the two n-butyl citraconamic acid isomers (o and B) could be finely tuned by controling the reaction
temperature and time. Secondly, we investigated the effects of solvent, basic catalyst, and temperature on the reaction of
n-butylamine with 2,3-dimethylmaleic anhydride, and optimized the reaction conditions to effeciently synthesize the
dimethylmaleamic acids. Finally, we compared the pH-dependent hydrolysis profiles of four OEG-NH. derived water-
soluble maleamic acid derivatives. The results reveal that the number, structure, and position of the substituents on the
cis-double bond exhibit a significant effect on the pH-related hydrolysis kinetics and selectivity of the maleamic acid
derivatives. Interestingly, for the mono-substituted citraconamic acids (a-/B-isomer), we found that their hydrolyses are

accompanied by the isomerization between the two isomers.

Introduction

Smart delivery systems are designed materials that can sense
various exogenous or endogenous stimuli such as pH,13 light,*
5 redox,58 temperature® 10 or enzyme,!1-13 and activate their
functions accordingly. The past several decades witnessed
rapid growth of preparation and application of smart delivery
systems. Acid-sensitive delivery systems represent one of the
most concerned smart delivery systems, because pH varies
minorly or significantly at the level of cells, tissues, or organs
of the human body.'* 1> For example, the normal blood pH
(7.4) differs from the extracellular pH (6.5-6.8) in most solid
tumours or the intracellular endosomal and lysosomal pH (5.0-
6.0).16 A well-designed acid-sensitive delivery system can
respond to the minute pH decrease, locates the target areas,
and then effectively release bioactive compounds.

Many acid-sensitive delivery systems contain various acid-
labile chemical bonds like ketal,” imine,'® 1° hydrazone,20 21
silyl ether??, and ortho ester.23-25 In 1950s, Bender et al26 27
found that phthalamic acid underwent a fast hydrolysis of the
amide at low pH through the intramolecular catalysis of the
neighbouring carboxylic acid group. It provided a basis for the
development of a new type of acid-labile linkers. Later,
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maleamic acids and the mono- or dialkyl substituted
derivatives were found to be much more pH-sensitive. Their
amide bonds can be hydrolyzed under weakly acidic condition
that is physiologically available.28-3° Of importance, after the
hydrolysis of maleamic acid derivatives, the negatively charged
carboxyl acid group is transformed to the positively charged
amine group. By virtue of the unique weak acid-sensitivity and
charge-conversion, maleamic acid derivatives have been
widely used as smart carriers to deliver nucleic acids,3134
proteins35 3¢ and drugs.373° Although maleamic acid
derivatives have been investigated and used as mildly acid-
labile limited
publications report the influence of molecular structures on
the reaction between anhydrides and amines, and on the pH-
dependent hydrolysis of the maleamic acid derivatives. The
reaction of citraconic anhydride with amine gave a mixture of
two isomers with different positional substituents that may
influence the hydrolysis of the amide bond.4% 41 However, it
has not been reported how to control the ratio of the two
isomers. Moreover, because of the lower ring strain of the di-
substituted maleic anhydrides, their reaction rates with amine
were much slower than those of the mono-substituted ones.*?
The di-substituted maleamic acid was usually obtained by the
ineffective reaction of amine with excessive di-substituted
maleic anhydride, resulting in the poor atom economy and the
difficulty of product isolation.#3 44 Previous studies focused on
the hydrolysis mechanism and the relationship between
structure and hydrolysis rate of maleamic acid derivatives,?7. 44

47 however, the hydrolysis selectivity at different pH—an

linkers or caging groups for many vyears,
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Fig. 1 (a) Formation and isomerization of n-butyl citraconamic acid (a-CHs/B-CHs). (b) *H NMR spectra of the isomerization of n-butyl citraconamic acids at
30 °C; (c) Tautomerization kinetics of B-CHs to a-CHs citraconamic acid at different temperature.

important factor for smart nanomedicine—has not been
systematically studied. Herein, we report the simple methods
to control the ratio of two positional isomers of the mono-
substituted maleamic acids, and a highly efficient way to
synthesize the di-substituted maleamic acids. In addition, we
systematically studied the hydrolysis profiles of mono- or di-
substituted maleamic acids to elucidate their hydrolysis
selectivity towards various physiologically available pH.

Results and discussion
Isomerization of mono-substituted maleamic acid

The nucleophilic addition of primary amine to citraconic
anhydride produced two citraconamic acid isomers, a-CHsz and
B-CH3 as shown in Fig. 1a. Baydar and Scheeren reported that
a-CHs is the thermodynamic product and B-CHs is the kinetic
one. At high temperatures, B-CHs tends to rearrange into the
more stable a-CHs.4% 41 To study the isomerization kinetics of
citraconamic acid, we performed the reaction of citraconic
anhydride and n-butylamine at different temperature (0 °C, 15
°C and 30 °C). The reaction rate was extremely fast with
complete consumption of the reactants within 10 min even at
0 °C. Time-dependent 1H NMR measurements were carried out
to determine the isomerization kinetics of from B-CHs to a-CHs
(Fig. 1b). It was found that both isomers were formed initially,
however, the signals of the B-CHs; isomer deceased gradually
while those of the a-CHs isomer increased with time. The
percentage of the B-CHs isomer in the mixture of the two
isomers was determined by comparing the integrals of peaks
a; and a,, and plotted against time (Fig. 1c). At 0 °C, the
percentage of the B-CHsz isomer decreased very slowly from
the initial 69% to 64% in 48 h. When the reaction temperature
was raised to 15 °C and 30 °C, the initial content of the B-CH3
isomer did not change much, being 67% and 58% respectively.

2| J. Name., 2012, 00, 1-3

This indicates that the reaction temperature exerted little
effect on the initial ratio of the two isomers under the used
experimental conditions. In contrast, the intramolecular
isomerization rate from B-CHs to a-CHj3 increased rapidly with
increasing temperature. After 48 h, the final percentage of the
B-CH3 isomer decreased to 20 % at 15 °C and 7% at 30 °C,
respectively. On the whole, the ratio of the two isomers can be
controlled by temperature and time. Higher
temperature and longer reaction time favor the a-CHs isomer

reaction

over B-CHs. In addition, no Michael addition products from
amine and anhydride were detected as evidenced by the NMR
spectra.

Optimization of the synthetic parameters for the di-substituted
maleamic acid

The reaction of di-substituted maleic anhydride and a
primary amine produces a mixture of maleamic acid and
maleimide. The attempt to purify the maleamic acid was
unsuccessful due to the spontaneous tendency to cyclization.*8
49 Although a number of papers report the formation of di-
substituted maleamic acids as acid-labile linkers or caging
groups, none of them gave detailed information about the
reactions between di-substituted maleic anhydride and
amines.3% 50 Herein, the reactions of n-butylamine and 2,3-
dimethylmaleic anhydride were carried out under various
conditions to study the effects of solvent, basic catalyst, and
reaction temperature on the conversion of reactants and the
ratio of the two isomeric products, n-butyl dimethylmaleamic
acid and n-butyl dimethylmaleimide (Fig. S1 and Table 1). We
found that more maleamic acid was produced in DMF than in
less polar THF. Pyridine did not show obvious effect to increase
the ratio of maleamic acid over maleimide. However, when
TEA was used, either the conversion of the anhydride or the
percentage of n-butyl dimethylmaleamic acid was raised
significantly (Table 1). We assumed that the more basic TEA
could effectively promote the nucleophilic addition reaction of

This journal is © The Royal Society of Chemistry 20xx
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Anhydride Maleamic acid Imide
Anhydride Maleamic acid Imide
Entry Solvent Base
(%) (%) (%) (M2-a./p)

1 THE none 78 27 45 Scheme 1 Structure of compounds M1, M2-a, M2-f3 and M3.

2 THF Py 21 32 47 citraconic anhydride and OEG4-NH, produced a mixture of two

3 THF TEA 13 65 22 isomers, M2-a and M2-B. Since M2-a and M2-B underwent
rapid tautomerization, isolation and purification of the two

4 DMF none 27 46 26 isomers by thin layer, column chromatography or HPLC failed.

5 DMF Py 30 44 26 However, the ratio of M2-a to M2-B could be tuned by
changing the reaction temperature. We prepared two M2

6 DMF TEA 5 85 10

2 Determined by *H NMR spectra. Concentration of reactant: 1.0 mol/L, molar
ratio of catalyst/anhydride: 1.0, 30 °C, 4 h. TEA = triethylamine, Py = pyridine.

Table 2 Effects of TEA amount on the reaction of n-butyl amine and 2, 3-
dimethylmaleic anhydride?

Entry Base equiv. Anhydride (%) Maleamicacid (%) Imide (%)

1 0.5 19 81 0
2 1.0 8 92 0
3 2.0 2 98 0
4 3.0 1 99 0

2Determined by *H NMR spectra. Concentration of reactant: 1.0 mol/L in DMF, 0
°C,4h.

amine toward anhydride and neutralize the in situ generated
carboxylic acid, thus preventing the formation of imide by-
product via dehydration of maleamic acid.

Based on the above results, we further carried out the
reaction in DMF at 0 °C using TEA as the catalyst. As shown in
Table 2, the low temperature (0 °C) could effectively inhibit the
formation of the imide by-product. The molar ratio of TEA also
had a significant effect on the conversion of the reactants.
When the molar ratio of TEA to anhydride was less than or
equal to 1.0, the conversion could not reach 100 %. With
increasing the ratio of TEA/anhydride to 2.0 or more, almost all
of the anhydride was consumed in 4 h. On the whole, we
found the optimal condition for the synthesis of alkyl
dimethylmaleamic acid without the formation of the imide by-
product. Compared to similar reactions in previous reports
where excessive anhydrides are necessary, this optimal
condition is highly efficient with good atom economy.

pH-Dependent hydrolysis

The structure of the substituents greatly influences the acid-
catalyzed hydrolysis kinetics of maleamic acid derivatives.** 4>
To study the physiologically available pH-dependent hydrolysis
behaviors, four maleamic acid derivatives were synthesized
from the corresponding anhydrides and OEG;-NH, via the
above optimized conditions (Scheme 1 and S1). The reaction of

This journal is © The Royal Society of Chemistry 20xx

samples with different isomer ratios, M2-94/6 (a/B = 94/6)
and M2-33/67 (a/B = 33/67), by performing the reaction at 30
°C for 24 h and 0 °C for 1 h, respectively. All the samples were
stored in the form of sodium salt in order to avoid the
plausible isomerization or pre-hydrolysis. Their structures were
confirmed by 'H/13C NMR and ESI-MS spectra (Fig. S3-S10).
The hydrolysis profiles of the four samples were studied by
1H NMR at various pH (5.5, 6.5, or 7.4, 37 °C). Although
phthalamic acid (M1) could be hydrolysed quickly via the
intramolecular catalysis mechanism at pH 3 or lower, it was
reasonablely stable in the weakly acidic aqueous media.?’ At
pH 5.5, only 4.6 % of the M1 was hydrolyzed in 3 d (Fig. S11).
No hydrolysis was observed after incubation for 12 d at pH 7.4.
The mono-substituted maleamic acids (M2-a and M2-B) are

o} 0
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Fig. 2 'H NMR spectra of M2-33/67 monitored during the hydrolysis process

in buffered DO (pH 5.5) at 37 °C. The detailed assignment of the proton
signals is shown in Fig. S12. The sample was used in the form of sodium salt.
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Ia] 5 and 76 % for M2-94/6, respectively in 24 h (Fig. 2 and Fig. S13).
/\’(’0\/3\ 2 a; & 7o Interestingly, the position of the methyl group exhibited a
| o msuﬁo*”’”&& \/'};0’ significant effect on the hydrolysis of the amide bond. As
shown in Fig. 2, M2-B was hydrolyzed much faster than M2-a.
M 1,0 Eventually, both samples were hydrolyzed completely to
\ citraconic acid and OEG4-NH; as proven by the mass spectrum

of the final hydrolysis products (Fig. S14)

The di-substituted maleamic acid (M3) is the most sensitive

24 h, 100 % one toward hydrolysis. Upon incubation in weakly acidic
aqueous solution (pH 5.5), M3 was hydrolysed quickly,

” R— ’ ‘ I reaching a hydrolysis degree of 52% in 5 min. The hydrolysis
finished within 0.5 h, producing 2,3-dimethylmaleic acid and

OEG4-NH; (Fig. 3a). We could see the methyl signal (2.01 ppm)

5min, 52 % of the transient 2,3-dimethylmaleic anhydride during the
hydrolytic process because M3 was hydrolysed faster than the

l on 0% h l intermediate anhydride.*> The hydrolysis profile of M3 at pH
. 6.5 was similar to that at pH 5.5 but with a lower rate (Fig. S16).

M3 was not stable even at pH 7.4, and was hydrolyzed

5.0 4.5 4.0 3.5 3.0 25 2.0

5 (ppm) completely in 24 h (Fig. 3b). Notably, under the neutral

(b) i condition, M3 was not hydrolyzed completely to 2,3-

0: H?N@\—GO\/‘}M dimethylmaleic acid and OEG4-NH,. 17% of M3 was converted

’\LO\/}'O/H into the imide that was not observed in the weakly acidic

| '(5H pHT4 o ! media (Fig. 3b and S17). All the hydrolysis products were
N/\‘(-O\/‘}go/ further confirmed by ESI-MS (Fig. $18-520).

Fig. 4 shows the hydrolysis kinetic curves of the four
samples at different pHs. The hydrolysis rates follow an order
of M3 >> M2-33/67 > M2-94/6 >> M1 under the same
condition. From these curves, the half-life times (t12) of the

_JLM 83 % 17% Jt\ ll o
N b LS
" b L
e d L
= oo )]

5.0 4.5 4.0 35 3.0 2.5 2.0
5 (ppm)

amide hydrolysis could be determined. We also calculated the
ratio of ti; at pH 7.4 (ti/2-7.4) to that of pH 5.5 (t1/2-5.5), which
was applied to judge the pH-related hydrolysis selectivity of
M1-M3 (Table 3). The larger ratio represents the better
selectivity toward hydrolysis. Wagner and co-workers

e e

proposed that if the ratio of ti/;-7.4 to ti/255 of an acid-labile

bond or chemical structure is larger than 15, it can be deemed

as the highly selective one toward hydrolysis.5! As
aforementioned, M1 was stable against hydrolysis in neutral
Fig. 3 'H NMR spectra of M3 monitored during the hydrolysis process at pH
5.5 (a) and pH 7.4 (b), 37 °C. The detailed *H NMR spectrum is shown in Fig.
$15 and Fig. S17. The sample was used in the form of sodium salt. even at pH 5.5. It is not an appropriate weak acid-sensitive

linker or caging group. In contrast, the other compounds are

buffer solution and its hydrolysis t1/, was lager than 6 months

much more acid-sensitive than M1. At pH 5.5, both the M2
samples could be hydrolyzed to citraconic acid and OEG4-NH,
efficiently, reaching a hydrolysis degree of 82% for M2-33/67

highly sensitive to the physiologically available, weakly acidic
media and show excellent hydrolysis selectivity. Particularly,

(a) (b) (c)
pH 5.5 pH 6.5 =M pH 7.4 - M1
T Pt ' 1001 yov—v —o— M2-94/6 i —e— M2-94/6
80 80 —h— M2-33/67 80 4 —a— M2-33/67
——M3 - M3
g % 1 g %1 g 60 -
= =M v =
W 40 —eM204/6 | W 404 W 40
—a— M2-33/67
20 —~M3 2017 2014
01 - 04 - 0 = - . =
0 6 12 18 24 0 3 6 9 12 0 3 6 9 12
Time (h) Time (d) Time (d)
Fig. 4 Hydrolysis kinetics of M1, M2-94/6, M2-33/67 and M3 at various pH values.
4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Table 3 The hydrolysis half-life time t,, at various pH values.

t12 at varied pH Ratio of
Entry ¢ /t
pH 5.5 pH 6.5 pH 7.4 1/2-7.4/11/2-5.5
M1 . . _a -
M2-94/6 13.3h 8.1d 187d 337
M2-33/67 3.3h 4.2d 145d 1054
M3 0.08h 0.37h 3.8h 47.5

2Hydrolysis did not reach 50 % after 6 months .

M2-33/67 possesses the best selectivity with the ratio of t1/-7.4
to ti/2s5 being 1054. Though the hydrolysis selectivity of the
most acid-sensitive M3 is not as good as M2-33/67 or M2-94/6,
a ratio of ti/.7.4 to ti/255 for M3 was measured to be 47.5,
being much larger than 15.

According to the aforementioned results, we conclude that
the substituents on the carbon-carbon double bond greatly
influence the pH-dependent hydrolysis kinetics and selectivity
of the maleamic acid derivatives. The acid sensitivity decreases
in the order of M3 >> M2-8 > M2-a >> M1, and the hydrolysis
selectivity follows the order of M2-B > M2-a > M3. The effect
of the substituents can be attributed to the intramolecular
catalysis mechanism of the amide hydrolysis by the
neighbouring carboxylic acid group via a concerted process.?’-
46,47 |n this process, the proton transfer from hydroxyl oxygen
to amidic nitrogen, the formation of new C-O bond and C-N
bond cleavage occur simultaneously (Scheme 2, path A).
Although Kirby and Lancaster proposed a multi-step hydrolysis
mechanism and assumed that the elimination of the amine
was the rate-determining step (Scheme 2, path B), they did not
provide convincing evidences.*5 Given the correctness of their
proposal, the tetrahedral intermediate (1) should be detected

+
(I

-m
Scheme 2 Plausible hydrolysis mechanism of the maleamic acid derivatives.

easily. However, we did not observe any of the signals
assignable to this tetrahedral intermediate during the
hydrolysis process of the substituted maleamic acids.
Considering the concerted intramolecular mechanism, the
dialkyl substituents on the cis-double bond can accelerate the
cyclization reaction because of the gem-dialkyl effect (Thorpe-
Ingold effect).*2The steric hindrance of the substituents results
in a compression of the internal angle between the amide and
carboxylic acid groups. Consequently, the two reactive groups
move closer and the intramolecular attack is more effective.
This justifies why M3 was hydrolyzed much faster than M2.
Once the two substituents on the double bond form a ring, in
particular an aromatic ring which is conformationally
unfavourable for the two reactive groups getting closer, the
intramolecular hydrolysis rate will be dramatically reduced.
Therefore, M1 shows the lowest hydrolysis rate. These findings
are in good agreement with the previous reports.44 45

Hydrolysis kinetics of M2-a and M2-8

In the previous section, we noticed that M2-B was
hydrolysed faster than M2-a (Fig. 2). Lynn et al52 also found
similar phenomenon for the hydrolysis of the poly(allylamine)
derivatives with pendent citraconamic acid groups. However,
the polymeric effect of polyelectrolytes may complicate the
pH-dependent hydrolysis kinetics of the amide bonds.

(a) m (b) (c)
M2-33/67 Hmed M2-33/67 —— M2-a M2-33/67 —— M2-a
100 8 100 100
PH 55 - :‘:?u-:couc acl pH 6.5 —e—M2-p PHT.4 e M2:p
804 80 —&— Citraconic acid __ 80 -~ Citraconic acid
= = =
= bt
": 60 4 § 60 - w 60
3 5 :
E 40 4 £ 40 4 E 40
@
5 2 £ 204 E 20
= o
0 0- 0
0 12 18 0 3 6 9 12 0 30 60 90 120
(d) Time (h) (e) Time (d) I Time (d)
100 M2-94/6 -~ M2-a j00] M2-04r6 - M2 100] M2946 = M2
pH 5.5 —-M2-p pH 6.5 o M2-p pH 7.4 — M2:p
—a- Citraconic acid g —&— Citraconic acid 80 —&— Citraconic acid
g = g
@ 60 - o 60
§ § )
£ £ 40 =
g 5 8
<
o o 20 a 20
0 0
0 30 60 90 120
Time (h) Time (d) Time (d)

Fig. 5 The content change curves of M2-a, M2-B and citraconic acid of M2-33/67 (a-c) or M2-94/6 (e-f) at various pH value. The percentages of
M2-a, M2-B and citraconic acid are determined by comparing the peak integrals of the olefinic groups of the three compounds in the *H NMR.

This journal is © The Royal Society of Chemistry 20xx
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d[M2-a)/dt = k3[M2-B] - k4[M2-a] - k4[M2-a(]

d[M2-B)/dt = ky[M2-a] - k3[M2-B] - ko[M2-]

d[CAJ/dt = k4[M2-0] + ky[M2-B]  ([CAn] ~ 0)
Scheme 3 Plausible mechanism of hydrolysis and isomerization of M2-a and M2-
B in deuterated phosphate buffer. [M2-a], [M2-B], [CA] and [CAn] denote the

temporal concentration of M2-a, M2-f, CA and CAn, respectively, during the
hydrolysis/tautomerization process.

To better understand the effect of substituted position on
the hydrolysis kinetics of citraconamic acid isomers, we
studied the hydrolysis profiles of M2-a and M2-B in detail by
monitoring separately the proton signals of M2-a and M2-8 in

the two samples (M2-33/67 and M2-94/6) at different pHs (Fig.

5).

In the case of M2-33/67 at pH 5.5 (Fig. 5a), the percentage
of M2-B declined quickly from the initial 67% to 10% in the
first 4 h, beyond which it decreased gradually to 0 in 17 h. In
contrast, at the same initial stage (4 h), the amount of M2-a
increased slightly from 33% to 35%. After this maximum point,
it decreased slowly to 20% in 24 h. These results could be
attributed to the concurrent hydrolysis of the two isomers and
their isomerization to each other as shown in Scheme 3. At pH
5.5, in the initial period (0-4 h), the isomerization rate from
M2-B to M2-a was higher than the hydrolysis rate of M2-a
(d[M2-a]/dt > 0). With the fast hydrolysis of M2-B, after 4 h,
d[M2-a]/dt became negative. Therefore, there exists a
maximum point. When the pH was raised to 6.5, both k; and k;
would be decreased with a larger magnitude than ks or kg,
causing the more obvious maximum point (from 33% to 45%)
at the longer time point of 48 h. At pH 7.4, k; became small
enough to make the hydrolysis rate of M2-a lower than the
isomerization rate from M2-B to M2-a within 20 d. The
percentage of M2-a did not decline but increase from the
initial 33% to 64% until 23 d, beyond which it decreased slowly
to 45% in 130 d. We did not detect the proton signal of the
intermediate citraconic anhydride (CAn) in the hydrolysis
process, indicating that the hydrolysis rate of CAn was much
higher than that of M2-a/B (ks[H,0] >> ki[M2-a] + k,[M2-B])
at all the used pHs.

For sample M2-94/6, the percentage of M2-a decreased
monotonously at all the pHs, without the maximum point as
observed for M2-33/67. This means that d[M2-a]/dt was
negative (< 0), which can be attributed to the low initial
concentration of M2-B in the system. As expected, the
hydrolysis rate of M2-a decreased significantly with increasing
pH (Figs. 5d-5f). It is noticed that at pH 6.5, the percentage of
M2-B remained almost constant (5%) within 12 h. This

6| J. Name., 2012, 00, 1-3

Page 6 of 9

View Article Online
DOI: 10.1039/C70B02188G

indicates that the isomerization rate from M2-a to M2-B was
approximately equal to the hydrolysis rate of M2-B, that is
d[M2-B]/dt ~ 0. Similarly, for sample M2-33/67, a dynamic
equilibrium was also established after a rapid decrease in
percentage of M2-B, reaching the same constant value (5%).
Moreover, at pH 7.4, another dynamic equilibrium was
obtained with the constant M2-B percentage of 9% in the
period of 30-130 d.

Conclusion

By studying the nucleophilic addition reaction of a primary
amine toward citraconic or 2,3-dimethylmaleic anhydride, we
demonstrate the optimized conditions to control the ratio of
two positional isomers (a and B) of alkyl citraconamic acids
and to prepare the alkyl dimethylmaleamic acid derivatives
with good atom economy. Four water-soluble maleamic acid
derivatives have been prepared from OEG-NH; by reacting
with different anhydrides. These compounds show the pH-
dependent hydrolysis behaviours via an intramolecular
catalysis mechanism: amide attacked by the neighbouring
carboxylic acid group in a concerted process. The hydrolysis
kinetics is greatly influenced by the number, structure, and
position of the substituents on the double bond, and the acid-
sensitivity decreases in the order of di-substituted M3 >>
mono-substituted M2-B isomer > mono-substituted M2-a
isomer >> aromatic ring-fused M1. The citraconamic acid and
2,3-dimethylmaleamic acid derivatives (M2-a, M2-B, M3) are
extremely sensitive toward physiologically available acidic
environment and show excellent hydrolysis selectivity—a key
parameter to be considered when used as the acid-sensitive
linkers or caging groups for smart nanomedicines. Moreover,
the complex hydrolysis kinetic curves for the mono-substituted
citraconamic acids imply the concurrent hydrolysis and mutual
isomerization of a- and B-isomers. On the whole, the acid-
sensitivity and hydrolysis selectivity of the alkyl maleamic acid
derivatives can be easily tuned by changing the number,
structure and position of the substituents on the cis-double
bond, aiding design of various acid-labile moieties for
application in different smart delivery systems.

Experimental section

General

Phthalic anhydride (98 %, alfa Aesar), citraconic anhydride (99
%, J&K Chemical Ltd), 2,3-dimethylmaleic anhydride (96 %, J&K
Chemical Ltd), 3,6,9,12-tetraoxatridecylamine (OEG4-NH,, 98
%, Beijing Isomersyn Technology Co., Ltd) were used as
received. Deuterated phosphate buffer (PB) solution with pH
7.4, 6.5 and 5.5 was prepared from NaOD (40 wt% in D,0, Alfa)
and deuterated phosphoric acid (85 wt% in D,0, Alfa). Other
reagents were purchased from Beijing Chemical Reagent Co.
and used without further purification. 1TH NMR and 13C NMR
spectra were recorded on a Bruker ARX 400 MHz
spectrometer. Electrospray ionization mass spectroscopy (ESI-
MS) measurements of M1-M3 were performed on a Bruker

This journal is © The Royal Society of Chemistry 20xx
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APEX-IV  Fourier transform mass spectrometer. Mass
spectroscopy (MS) of the hydrolysis products was performed
on a quadrupole rods SQ Detector 2 mass spectrometer
(Waters Corporation) in positive and negative ion modes,

respectively.

Synthesis and isomerization of n-butyl citraconamic acids

n-Butyl amine (1.0 mmol) and citraconic anhydride (1.0
mmol) were added in anhydrous dichloromethane (DCM, 2.0
mL). The reaction mixture was stirred at 0 °C. 'H NMR was
recorded at specific time point. The ratio of the a-CHsz isomer
and the B-CHs; isomer was estimated by the 'H NMR spectra.
By changing the temperature from 0 °C to 15 °C or 30 °C, the
samples with different ratios of the two isomers could be
obtained. Also, the isomerization experiments at different
temperatures were carried out following the same procedure.

Optimization of the synthetic condition of n-butyl-2.3-
dimethylmaleamic acid

n-Butyl amine (1.0 mmol) and 2,3-dimethylmaleic anhydride
(1.0 mmol) were added in anhydrous tetrahydrofuran (THF, 2.0
mL). The reaction mixture was stirred at 30 °C for 4 h. After
removing THF, the residue was measured by 'H NMR to
determine the amount of various compounds in the mixture.
Similar procedure was used for other experimental conditions,
but the solvent was not removed when using DMF as the
solvent.

Syntheses of M1-M3
Phthalamic acid (M1)

Phthalic anhydride (1.0 mmol) and mOEG4-NH; (1.0 mmol)
were added in anhydrous DCM (2.0 mL) at ambient
temperature. After stirring for 1 h, the mixture was
concentrated on a rotary evaporator.
product was added into a 1 N NaHCOs solution (1.2 equiv.) and
lyophilized. M1 was obtained as a white solid (yield: >99 %). 1H
NMR (400 MHz, D,O, ppm): 6 7.57 (dd, J = 7.4, 1.5 Hz, 1H),
7.52-7.40 (m, 3H), 3.71-3.51 (m, 16H), 3.29 (s, 3H). 13C NMR
(101 MHz, D,O, ppm): & 75.8, 173.0, 164.2, 137.5, 134.3,
130.3, 129.4, 128.0, 127.1, 70.9, 69.5, 69.5, 69.4, 69.4, 69.3,
68.7, 580, 39.4. ESI-MS: caled for C17H24NO7 [M-H]'
354.154189; found 354.154729.

Citraconamic acids (M2-a/B)

The concentrated

Synthesis of M2-a/B followed the same procedure as for
M1, except that the reaction temperature and time were
changed to 30 °C, 24 h (for M2-94/6) or 0 °C, 1 h (for M2-
33/67). M2-94/6 and M2-37/6 were obtained as white solids
after lyophilization (yield > 99 %). 'TH NMR (400 MHz, DO,
ppm): for M2-94/6, § 5.88 (M2-B, q, J = 1.6 Hz, 0.06H), 5.59
(M2-a, g, J = 1.6 Hz, 0.94H), 3.75-3.61 (m, 14H), 3.47-3.37 (m,
5H), 1.99 (M2-8, d, J = 1.6 Hz, 2.82H), 1.95 (M2-a, d, J = 1.6 Hz,
0.18H); for M2-33/67, § 5.88 (M2-B, q, J = 1.6 Hz, 0.67H), 5.59
(M2-a, q, J = 1.6 Hz, 0.33H), 3.75-3.61 (m, 14H), 3.47-3.37 (m,
5H), 1.99 (M2-q, d, J = 1.6 Hz, 0.99H), 1.95 (M2-B, d, J = 1.6 Hz,
2.01H). 13C NMR (101 MHz, D,0): for M2-94/6, & 178.7, 167.5,
150.5, 115.7, 71.0, 69.6, 69.5, 69.4, 69.0, 58.0, 38.7, 20.7; for

This journal is © The Royal Society of Chemistry 20xx

M2-33/67, 6 178.7, 173.9, 173.4, 167.5, 150.5, 141.3, 126.8,
115.7, 71.0, 69.6, 69.5, 69.4, 69.0, 68.6, 58.0, 39.0, 38.7, 20.7,
19.9. ESI-MS (M2-94/6): calcd for CisH2aNO; [M-H]-
318.153798; found 318.155826. ESI-MS (M2-33/67): calcd for
C14H24NO7 [M-H]- 318.155826.; found 318.154729.

2,3-Dimethyl maleamic acid (M3)

2,3-Dimethylmaleic anhydride (1.0 mmol), OEG4-NH; (1.0
mmol), and TEA (2.2 equiv.) were added in anhydrous DMF
(2.0 mL) at 0 °C. After stirring for 1 h, 1 M NaHCOs solution (1.2
added to the mixture.
concentrated on a rotary evaporator. M3 was obtained as a
white solid (yield > 99 %). 'H NMR (400 MHz, D,0, ppm): &
3.70-3.65 (m, 10H), 3.64-3.56 (m, 4H), 3.38 (t, / = 5.2 Hz, 2H),
3.36 (s, 3H),1.83 (s, 3H), 1.80 (s, 6H). 3C NMR (101 MHz, D,0,
ppm): 6178.3, 174.3, 164.9, 137.8, 127.9, 70.9, 69.6, 69.5,
69.5, 69.4, 68.6, 58.0, 39.0, 36.9, 31.3, 15.5, 14.5. ESI-MS: calcd
for C1sH26NO7 [M-H]- 332.170333; found 332.170379.

equiv.) was The mixture was

Hydrolysis kinetics measured by 'H NMR

Each maleamic acid derivative (1 mg, sodium salt) was
dissolved in 500 pL of PB (50 mM, pH 5.5 or 6.5 or 7.4) in a
NMR tube. The NMR tubes were incubated at 37 °C, and the H
NMR spectrum was recorded at specific time point.
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