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a b s t r a c t

In this study a series of isatin-based, pH-sensitive aryl imine derivatives with differing aromatic substit-
uents and substitution patterns were synthesised and their acid-catalysed hydrolysis evaluated. These
derivatives were functionalised at the C3 carbonyl group of a potent N-substituted isatin cytotoxin and
were stable at physiological pH but readily cleaved at pH 4.5. Observed rates of hydrolysis for the
embedded imine-acid moiety were in the order para-phenylpropionic acid > phenylacetic acid
(para > meta) > benzoic acid (meta > para). The ability to fine-tune hydrolysis rates in this way has poten-
tial implications for optimising imine linked, tumour targeting cytotoxin–protein conjugates.

� 2011 Elsevier Ltd. All rights reserved.
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isatin 5,7-dibromoisatin N-substituted-5,7-dibromoisatins
1. Introduction

A promising strategy for anti-cancer drug delivery involves con-
jugating a cytotoxin with a tumour targeting protein through an
acid-labile linker that is stable at physiological pH.1,2 Internalisa-
tion at the target tumour site via processes such as receptor medi-
ated endocytosis3 exposes the conjugate to the acidic environment
of the endosomes or lysosomes (pH 4.5–6.0), resulting in selective
release of the original cytotoxin inside the tumour cell.4,5

Over the years, a wide variety of functional groups have been em-
ployed in the development of linkers that are stable at physiological
pH (7.4), but cleave at endosomal/lysosomal pH including acid-
sensitive hydrazones,6–9 cis-aconityl groups,10 trityl groups,4,11

orthoesters12 and N-ethoxybenzylimidazoles.13 In particular, the
antineoplastic anthracyclines doxorubicin and daunorubicin have
been conjugated through hydrazone and cis-aconityl link-
ers.4,6,10,14,15 The hydrazone linker has, however, been reported to
cleave at non-target sites16 and at pH 7.4,17 which suggests that this
linker may be unstable in the circulatory system. Other less com-
monly employed acid-labile linkers include acetals,18,19 ketals,19

oximes20 and imines.21,22

The imine group as part of a selective acid-sensitive linker to tu-
mour targeting proteins was of potential interest in our work on
ll rights reserved.
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potent isatin-based cytotoxins.23–25 The cytotoxicities against
U937 lymphoma cells of these compounds, together with that of
isatin itself for comparison purposes, is shown in Figure 1.

The most potent isatin-based cytotoxins we have developed are
derivatised on both the aromatic ring and via N-substitution.23–25

Therefore the aim of this study was to generate a pH-sensitive lin-
ker that did not interfere with these areas of the molecule, but in-
stead capitalised on the available carbonyl group at C-3, which is
present in all of our isatin-derived cytotoxins. This could be
achieved using an imine linker. Although imine linkers are not
widely employed in drug delivery,26 they have gained attention
in recent years with several studies showing that aromatic imines
with extended p–p conjugation are stable at physiological pH,
while readily hydrolysing in mildly acidic solutions (e.g., pH
4.5–6.8).27–31
R = alkyl, allyl, aryl, alkylaryl, naphthyl

IC50 = 565 µM IC50 = 10.5 µM IC50 < 1µM

Figure 1. Cytotoxic activity of isatin and its derivatives against the human
monocyte-like histiocytic lymphoma U937 cell line.23–25
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Scheme 1. Reagents and conditions: (a) EtOH, AcOH (cat.), reflux, 1.5 h, 18–71%; (b) DCC, HOBt, DIPEA, Ac-Lys-OMe�HCl, CH2Cl2, rt, 24 h, 41–82% (PMB = para-
methoxybenzyl).
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Thus, reaction of our isatin-derived cytotoxins (e.g., 1) with a
bifunctional linker such as the anilino carboxylic acids 2a–e,
would give the aryl imine linked cytotoxins 3a–e shown in
Scheme 1. These compounds, with a free carboxylic acid avail-
able for potential coupling via amide formation to the exposed
lysine residues on a suitable tumour targeting protein, would
be expected to be stabilised by extended resonance delocalisa-
tion. Furthermore, acid-catalysed hydrolysis of the imine-linked
cytotoxins should result in selective release of the original isatin
cytotoxin (1). This would be an improvement over some of the
existing pH-sensitive bioconjugation strategies, where hydrolysis
of the linker generates a modified derivative of lower potency
than the original cytotoxin.13

The benchmark chemical studies required to establish the
imine group as a feasible cytotoxin linking option for isatins, to-
gether with related model work, are now presented in this pa-
per. In particular, we have prepared the aryl imine derivatives
(3a–e) of the cytotoxic isatin (1) via reaction with the bifunc-
tional, acid–amine linkers (2a–e) (Scheme 1). The carboxylic
moieties in 3a–e were then used to react with the e-amino
group of an a-N,C-protected lysine derivative to afford the
amides (4a–e), as a preliminary model of such reactions with
protein based lysine residues. The hydrolytic efficiencies of the
imines (3a–e) and amides (4a–e) were evaluated using UV–vis
spectrophotometry. Herein, we report the first instance of the
pH-dependent selective release of a potent N-alkylisatin derived
cytotoxin through the acid-catalysed hydrolysis of an aryl imine
linker.
2. Results

2.1. Synthesis

The five novel aryl imine derivatives 3a–e were readily pre-
pared by the acid-catalysed reaction of the brominated cytotoxin,
N-para-methoxybenzylisatin cytotoxin (1), with a range of com-
mercially available anilino carboxylic acids (2a–e), differing in
terms of their aromatic substitution patterns and by the length
of the linker between the aromatic ring and the carboxylic acid
moiety (Scheme 1). For this study, para- and meta-benzoic (2a,
2d), para- and meta-phenylacetic (2b, 2e) and para-phenylpropi-
onic (2c) anilino carboxylic acids were selected. The isatin 1 and
the appropriate acids 2a–e were then heated at reflux in MeOH
or EtOH together with a catalytic amount of AcOH for 1.5 h to yield
the imines 3a–e. Reactions in this study proceeded in moderate to
high yield, with the phenylacetic and phenylpropionic acids (e.g.,
3b, 3c, 3e) affording higher yields. Imines 3b–e were produced
in higher yields with the higher boiling EtOH rather than MeOH,
while 3a was the only imine to favour MeOH over EtOH. Lack of
the AcOH catalyst led to a decrease in chemical yield. There was
also no evidence, as seen by 1H NMR spectroscopy, (DMSO-d6) of
self-cleavage of the imines 3a–e to the free isatin 1.

Imines 3a–e were obtained as mixtures of E and Z isomers about
the imine bond and could not be separated by either thin-layer
chromatography or HPLC, as has been reported for other 3-arylimi-
no-2-indolinones.32 The 1H NMR spectra of the imines 3a–e in
DMSO-d6, revealed that most compounds (3a–d) were synthesised
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as approximately 1:1 mixtures of E/Z isomers, apart from the meta-
phenylacetic imine (3e) where the E isomer was favoured over the
Z isomer in an approximate 2:1 ratio. The E stereochemistry was
assigned to a particular isomer based on the following: the signal
from H4 (on the isatin core) of the E isomer in the 1H NMR spec-
trum was shifted upfield 1.2–1.4 ppm relative to the H4 signals
of the Z isomer and the parent compound 1, presumably due to
shielding by the ring current on the iminophenyl ring. The isomeric
ratios of each compound were therefore determined by comparing
the size of the integrals from the H4 signals of the E and Z isomers,
as has been described previously by our group for a related series
of compounds.23 Although some 2-indolinones containing a substi-
tuent at C-3 have been described as predominantly E isomers,33

elsewhere it has been reported that the E and Z isomers of 3-imi-
no-2-indolinones interconvert rapidly in solution at room temper-
ature and that the ratio of isomers is solvent dependent.32 The
imines 3b–e were formed in good yields (56–71%), whereas 3a
was obtained in only 18% yield. This presumably results from the
reduced nucleophilicity of the amino moiety in 3a, relative to that
in 3b–e, due to the strong electron withdrawing effect of the para-
substituted carboxyl group.

The imino acids (3a–e) were then selectively coupled to the
protected lysine derivative Ac-Lys-OMe under standard carbodiim-
ide coupling procedures,34,35 to give the desired novel imine–lysine
model conjugates 4a–e in good to excellent yields (Scheme 1).
Once again, the 1H NMR spectra (CDCl3) of the isatin–lysine series
(4a–e) revealed that most compounds (4a–d) were synthesised as
approximately 1:1 mixtures of E/Z isomers, apart from the meta-
phenylacetic analogue (4e) where the Z isomer was favoured over
the E isomer in an approximate 2:1 ratio, the reverse ratio to that
observed for the precursor imine 3e. This may, however, be due to
the change in NMR solvent from DMSO-d6 with 3e to CDCl3 with
4e, as has been observed for other imines.32 All of the imines
(3a–e, 4a–e) were fully characterised by 1H and 13C NMR spectros-
copy and mass spectrometry.

2.2. Hydrolysis studies

The rate of acid-catalysed hydrolysis in the imino acids 3a–e as
a function of imine absorbance at k = 435 nm over time is shown in
Figure 2A (middle panel). Analysis of the hydrolysis kinetics con-
ducted at pH 4.5 (37 �C) indicated an exponential first order decay
process as evidenced by the ln (A/A0) versus time plots (Fig. 2A,
bottom panel), which showed a linear relationship at the initial
reaction times. The first order rate constants, k, determined
by non-linear regression, ranged from 0.95 to 3.99 � 10�2 min�1

(Table 1), which is comparable to those reported in an earlier study
by Kalavska et al. of acid-catalysed hydrolysis of some substituted
derivatives of 3-phenyliminoxindole at pH 2.0–5.0.36 It should be
noted, however, that these derivatives differ from those herein in
that they are neither N-alkylated nor halogenated on the isatin aro-
matic ring, and bear different imino aryl substituents at the C3 po-
sition. The fastest hydrolysis rate, as indicated by the largest k
value, was observed for the para-phenylpropionic acid derivative
3c, with a half-life of 17.4 min. Conversely, the smallest k value
was found for the para-benzoic acid derivative 3a, which displayed
a fourfold greater half-life of 72.6 min. As discussed earlier, this
compound had the lowest yield of imine formation (18%). In con-
trast, imines which demonstrated efficient hydrolytic release (3b,
3d, and 3e) were formed in good yields (>68%). These three imino
acid derivatives did not show any significant differences to one an-
other in their hydrolysis rates, as judged by one-way ANOVA, and
displayed half-lives ranging from 24.3 to 29.7 min. Although com-
pounds 3a–e were monitored kinetically over a 240 min period, re-
sults are only displayed over a 60 min period as all derivatives
reached a plateau in terms of hydrolysis in less than 240 min. No
hydrolysis was detected for the derivatives 3a–e when maintained
at physiological pH (7.4) in 1 M HEPES buffer at 37 �C over a
240 min period (the first 60 min shown in Fig. 2A, top panel).

A similar trend in the rate of hydrolysis was obtained for the
imino lysine conjugates 4a–e (Fig. 2B) with first order rate con-
stants, k, ranging from 0.81 to 4.07 � 10�2 min�1 (Table 1). Again,
the fastest hydrolysis rate was observed for the para-phenylpropi-
onic acid derivative 4c with a half-life of 17.0 min, and the lowest
hydrolysis rate was found for the para-benzoic acid derivative 4a,
which had a fivefold greater half-life of 85.2 min. In this case, the
hydrolysis rates of all but 4d versus 4e were found to be signifi-
cantly different from one another, as judged by one-way ANOVA,
with the para-phenylacetic acid derivative 4b significantly faster
than both 4d and 4e, with half-lives of 34.1 and 33.0 min, respec-
tively, compared to 23.0 min for 4b. As for the imino acids 3a–e, no
hydrolysis was detected for the imino lysine derivatives 4a–e
when maintained at physiological pH (7.4) in 1 M HEPES buffer
at 37 �C over a 240 min period (Figure 2B, top panel).

Hydrolysis of the various derivatives was found to depend on
the aromatic substitution pattern and linker length and was not
influenced by whether the derivatives were in the imino acid or
imino lysine form. This can be seen by comparing the hydrolysis
rates of each pair of derivatives (e.g., 3a: k = 0.95 � 10�2 min�1 vs
4a: k = 0.81 � 10�2 min�1), which showed no significant difference
as judged by one-way ANOVA (see Supplementary data).

In addition to the hydrolysis experiments conducted at physio-
logical temperatures (37 �C), selected hydrolyses for 3a, 3b and 3d
were also conducted at ambient temperature. As expected, the rates
of hydrolysis at pH 4.5 were significantly lower at 23 �C compared to
those conducted at 37 �C, while no hydrolysis was detected at phys-
iological pH at either 23 �C or 37 �C (see Supplementary data).

3. Discussion and conclusion

We have reacted various anilino carboxylic acids (2a–e) with
the potent cytotoxin para-methoxybenzylisatin (1) to generate a
series of aryl imine derivatives (3a–e, Scheme 1) with differing aro-
matic substitution patterns and linker length. Alkyl imine deriva-
tives are known to hydrolyse at physiological pH, however, aryl
imines are significantly more stable and have found recent poten-
tial application as pH-sensitive linkers in drug delivery.27–31

Accordingly, the aryl imines we prepared were all found to be sta-
ble at physiological pH but readily cleaved at reduced pH. Further-
more, in order to model the conjugation of these acid-labile
derivatives to the lysine residues of a tumour-targeting protein,
the aryl imines 3a–e were coupled via their free carboxylic acids
to a protected lysine amino acid residue to produce a novel series
of aryl imine-lysine conjugates 4a–e. These were all found to be
stable for an extended period at pH 7.4 but readily cleaved in aque-
ous acidic solutions at physiological temperature, with half-lives
ranging from 17.0 to 85.2 min, consistent with those reported re-
cently for the acid-catalysed hydrolysis of other aryl imines.31

The rates of acid-catalysed hydrolysis of both the imino acids
3a–e and imino lysines 4a–e, followed the expected trend, with
the para-phenyl propionic acid derivatives (3c and 4c) displaying
the fastest hydrolysis rates, and the para-benzoic acid derivatives
(3a and 4a) displaying the lowest rates.

Acid-catalysed hydrolysis of imines involves the protonation of
the imine to give an iminum species, which undergoes nucleophilic
attack by water. This gives an unstable hemiaminal intermediate,
which upon protonation of the amine nitrogen, readily collapses
to the protonated ketone and free amine, with subsequent proton
loss furnishing the ketone.37 The crucial first step in the mecha-
nism, imine protonation, is largely dependent on the basicity of
the imine. In derivatives 3a and 4a, the electron-withdrawing car-
bonyl group directly attached to the para-position on the phenyl
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Figure 2. Rates of hydrolysis expressed as a function of absorbance (A/Ao) over time (pH 7.4 top panel and pH 4.5 middle panel) and the natural log of absorbance (A/Ao) over
time (bottom panel, pH 4.5), measured at 435 nm in 1 M sodium acetate buffer at 37 �C for (A, middle panel): the imino acid derivatives 3a–e (⁄P <0.05 for 3a vs 3b–e; 3c vs
3b, 3d and 3e); and (B, middle panel): the imino lysine derivatives 4a–e (⁄P <0.05 for 4a vs 4b–e; 4b vs 4c–e; 4c vs 4d and 4e).

Table 1
Rate constants (k) and half-lives (t1/2) for the hydrolysis of the imino acids 3a–e and
the imino lysines 4a–e at pH 4.5a
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R = OH
3a 0 para- 0.95 ± 0.0 � 10�2 72.6
3b 1 para- 2.85 ± 0.2 � 10�2 24.3
3c 2 para- 3.99 ± 0.3 � 10�2 17.4
3d 0 meta- 2.33 ± 0.2 � 10�2 29.7
3e 1 meta- 2.55 ± 0.2 � 10�2 27.2
R = (CH2)4CH(NHAc)CO2Me
4a 0 para- 0.81 ± 0.0 � 10�2 85.2
4b 1 para- 3.02 ± 0.2 � 10�2 23.0
4c 2 para- 4.07 ± 0.2 � 10�2 17.0
4d 0 meta- 2.03 ± 0.1 � 10�2 34.1
4e 1 meta- 2.10 ± 0.1 � 10�2 33.0

a Rates of hydrolysis were measured at 37 �C in 1 M sodium acetate buffer at pH
4.5 using UV spectrophotometry (k = 435 nm). See Section 4 for further details.
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ring, will reduce the relative basicity of the imine nitrogen through
extended conjugation (Fig. 3), leading to lower rates of hydrolysis
as observed. Conversely, for the homologous 3b and 4b derivatives,
conjugation with the acid or amide carbonyl is disrupted leading to
greater availability of the imine nitrogen lone pair of electrons for
protonation. Furthermore, hyperconjugation38 in these neutral
derivatives could be involved in increasing electron density on
the carbon adjacent to the imine nitrogen and thereby its relative
basicity. This hyperconjugative interaction could be more signifi-
cant with the para-propionic derivatives 3c and 4c, with the coun-
ter delocalising effect of the carbonyl group adjacent to the
negative charge on the Ar–CH carbon being removed. The hyper-
conjugative effects associated with these groups in the meta-posi-
tion would not be expected to have a marked effect on the imine
basicity.

Our results are consistent with those from complementary
studies on 3-phenyliminoxindole derivatives, where it was found
that electron-donating groups at the para-position of the aryl ring
enhanced the rates of acid-catalysed hydrolysis.36 Conversely, the
incorporation of electron-withdrawing groups on a series of re-
lated aryl imines were found to have a stabilising effect at physio-
logical pH.31 Thus, it is expected that the incorporation of other
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electron donating or withdrawing groups would allow for more
tunable hydrolysis rates of imine-based compounds.

Adjusting the linker length was more important in determining
hydrolysis rates in the para-series compared to the meta-series. For
both the para-substituted carboxylic acid derivatives 3a–c and the
lysine derivatives 4a–c, lengthening the linker resulted in a signif-
icant increase in the hydrolysis rate. However, the two meta-
substituted derivatives in each series (3b,d and 4b,d), showed no
significant difference in their hydrolysis rates. Overall, it appears
that electronic effects such as the presence or absence of a conju-
gated electron-withdrawing group may play a larger role in deter-
mining the hydrolysis rate than extending the linker.

In this study we chose the para-methoxybenzylisatin (1), which
has an IC50 value of 1.83 lM24 against the human monocyte-like
histiocytic lymphoma U937 cell line, as our starting cytotoxin
due to its ready synthetic availability and structural simplicity,
which facilitates product characterisation via NMR spectroscopy.
While 1 is less active than our most promising cytotoxins
(IC50 = 1.83 lM vs <1 lM, respectively),24 the bioconjugation strat-
egy presented here should apply equally well to any of the N-
substituted isatin derived cytotoxins we have developed, all of
which contain an available carbonyl at C-3. This strategy is also
potentially applicable to the bioconjugation of well known anti-
cancer agents such as epipodophyllotoxin, camptothecin and col-
chicine to enhance their effectiveness even further.39,40 In
conclusion, a series of novel aryl imine linked isatins (3a–e), which
could potentially be coupled to the lysine residues of a tumour tar-
geting protein via standard peptide coupling techniques, were syn-
thesised from the N-substituted isatin-derived cytotoxin (1).
Compounds (3a–e) and the model lysine coupled derivatives
(4a–e) are stable at physiological pH but readily undergo acid-cat-
alysed imine hydrolysis at pH 4.5. Furthermore, the rate of hydro-
lysis can be fine-tuned through the use of different aromatic
substitution patterns on the anilino carboxylic acids (2a–e) and
by adjusting the linker length. Based on the strategy described
here, work is currently underway on the development of potential
imine-linked N-alkylisatin based tumour targeting cytotoxin-pro-
tein conjugates.
� Coincident peaks.
� Carboxylic acid proton not detected.
4. Experimental

4.1. Synthesis

All chemicals were purchased from Sigma–Aldrich Chemical Co.
(St. Louis, MO, USA), BDH Laboratory Supplies (Poole, England) or
Bachem (AusPep, Parkville, Australia) and used as supplied. Flash
column chromatography41 was performed on Silica Gel 60
(230–400 mesh). Thin layer chromatography (TLC) on aluminium
backed sheets of Merck Silica Gel 60 F254 plates were employed
to monitor the progress of chemical reactions. Preparative TLC
was performed on 20 � 20 cm plates. Solvent ratios are v/v and sol-
vents were removed by rotary evaporation in vacuo. IR spectra
were obtained on a Nicolet Avatar 360 FT-IR spectrometer. NMR
spectra were acquired on a Varian Inova 500 spectrometer, where
the proton (1H) and carbon (13C) were obtained at 500 and
126 MHz, respectively. All spectra were obtained with a probe
temperature of 298 K. Hydrogen and carbon assignments were also
made using gradient correlation spectroscopy (gCOSY), gradient
heteronuclear single quantum correlation (gHSQC) and gradient
heteronuclear multiple bond correlation (gHMBC) spectroscopic
techniques. Low resolution electrospray ionisation mass spectra
(ESI) were obtained using a Waters Platform LCZ spectrometer
and high resolution ESI spectra (HRMS) on a Waters Q-TOF Ultima
spectrometer. Melting points were obtained using a Reichert melt-
ing point apparatus and are uncorrected.
4.1.1. General procedure for the synthesis of the imines (3a–e)
Activated 3 Å sieves (1 g per 100 mg of 1), the isatin 1 (1 equiv)

and EtOH (7.5 mL per 100 mg of 1) (MeOH was used for 3a) were
sonicated for 10 min. The acid (2a–e, 1 equiv) was added and the
mixture sonicated for a further 5 min before the addition of glacial
AcOH (0.2 mL per 100 mg of 1). The reaction mixture was heated at
reflux for 1.5 h, the sieves were filtered and the solution was evap-
orated. The resulting solid was purified by column chromatogra-
phy on silica gel using a CHCl3/MeOH gradient of 100:0 to 95:5
to yield isatins 3a–e.

4.1.1.1. (E and Z)-4-[5,7-Dibromo-1-(4-methoxybenzyl)-2-oxo-
indolin-3-ylideneamino]benzoic acid (3a). Orange powder
(46.5 mg, 18%); mixture of E and Z isomers (E/Z 48:52); mp 250–
252 �C; Rf 0.26 (silica, DCM); IR mmax 2955 (COOH), 1696 (CO),
1598, 1515, 1446, 1248, 1143, 863, 810 cm�1. dH (500 MHz;
DMSO-d6): 3.71 (s, 3H), 3.73 (s, 3H), 5.12 (s, 2H), 5.30 (s, 2H),
6.44 (s, 1H), 6.86 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 8.0 Hz, 2H), 7.13
(d, J = 7.5 Hz, 4H), 7.18 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H),
7.84 (s, 1H), 7.87 (s, 1H), 7.91 (d, J = 8.5 Hz, 2H), 7.93 (s, 1H), 8.08
(d, J = 8.0 Hz, 2H);� dC (126 MHz; DMSO-d6): 44.0, 44.5, 55.6, 55.7,
104.2, 104.8, 113.2, 114.6,� 114.6,� 114.9, 116.1, 117.6,�. 119.5,�.

120.6, 125.5, 126.3, 127.7,�. 128.2,�. 128.2,�. 129.3, 129.4,�. 130.6,�.

131.9, 141.1, 141.3, 143.3, 144.5, 151.1, 152.4, 153.4, 154.0, 158.1,
159.1,�. 163.5, 167.6, 167.8. MS (ESI-) m/z: 541; 543; 545 [M�H]�;
79Br79Br; 79Br81Br; 81Br81Br; HRMS (ESI-) m/z: calcd for
C23H15N2O4

79Br79Br: 540.9399 [M�H]�; found: 540.9496 [M�H]�.

4.1.1.2. (E and Z)-2-{4-[5,7-Dibromo-1-(4-methoxybenzyl)-2-
oxoindolin-3-ylideneamino]phenyl}acetic acid (3b). Red
crystals (356 mg, 68%); mixture of E and Z isomers (E/Z 58:42);
mp 151�153 �C. Rf 0.40 (silica, DCM/MeOH 9:1); IR mmax 2935
(COOH), 1708 (CO), 1516, 1445, 1309, 1247, 1142, 802, 753 cm�1.
dH (500 MHz; DMSO-d6): 3.57 (s, 2H), 3.65 (s, 2H), 3.71 (s, 3H),
3.73 (s, 3H), 5.14 (s, 2H), 5.30 (s, 2H), 6.60 (d, J = 1.5 Hz, 1H), 6.87
(d, J = 9.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H),
7.13 (d, J = 8.5 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 7.24 (t, J = 7.5 Hz,
4H), 7.41 (d, J = 8.5 Hz, 2H), 7.81 (d, J = 2.0 Hz, 2H), 7.89 (d,
J = 2.0 Hz, 1H).� dC (126 MHz; DMSO-d6): d 44.0, 44.6, 55.8,�.

104.1, 104.8, 112.5, 114.5,� 114.7,�. 115.0, 116.1, 117.8,�. 120.7,�.

121.1,�. 125.1, 127.0, 127.6, 128.2,�. 128.3,�. 129.5, 130.1, 130.5,�.

131.5,�. 133.5, 133.7, 141.1, 142.8, 144.4, 146.8, 148.0, 148.9,
158.2, 159.1,�. 163.8, 173.5.�. MS (ESI+) m/z: 557; 559; 561
[MH]+; 79Br79Br; 79Br81Br; 81Br81Br; HRMS (ESI+) m/z: calcd for
C24H19N2O4

79Br81Br: 558.9692 [MH]+; found 558.9678 [MH]+.

4.1.1.3. (E and Z)-3-{4-[5,7-Dibromo-1-(4-methoxybenzyl)-2-
oxoindolin-3-ylideneamino]phenyl}propanoic acid (3c).

Orange/red crystals (384 mg, 71%); mixture of E and Z isomers
(E/Z 55:45); mp 79–81 �C; Rf 0.43 (silica, DCM/MeOH 9:1); IR mmax

2986 (COOH), 1718 (CO), 1514, 1445, 1320, 1247, 1140, 848 cm�1.
dH (500 MHz; DMSO-d6): 2.55 (t, J = 7.5 Hz, 2H), 2.56 (t, J = 8.0 Hz,
2H), 2.83 (t, J = 7.5 Hz, 2H), 2.89 (t, J = 7.5 Hz, 2H), 3.71 (s, 3H),
3.73 (s, 3H), 5.15 (s, 2H), 5.29 (s, 2H), 6.54 (s, 1H), 6.86 (d,
J = 8.0 Hz, 2H), 6.90 (d, J = 7.5 Hz, 2H), 6.96 (d, J = 7.5 Hz, 2H),
7.13 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 7.22–7.24 (m, 4H),
7.38 (d, J = 8.0 Hz, 2H), 7.80 (m, 2H), 7.88 (s, 1H).� dC (126 MHz;
DMSO-d6): 30.7, 30.8, 36.1, 36.5, 44.0, 44.5, 55.7, 55.8, 104.0,
104.7, 114.6,�. 114.6,�. 114.9, 116.0, 117.8,�. 120.6,�. 121.5, 124.9,
127.0, 127.5, 128.1,�. 128.3,�. 128.8,�. 129.4, 129.5, 130.2,�. 139.5,
140.0, 140.4, 140.9, 142.6, 144.2, 146.4, 148.4, 149.8, 152.3,
158.0, 159.0, 159.1, 163.7, 174.5.�. MS (ESI-) m/z: 569; 571; 573
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[M�H]�; 79Br79Br; 79Br81Br; 81Br81Br; HRMS (ESI-) m/z: calcd for
C24H19N2O2

79Br81Br: 526.9799 [M�CO2H]�; found 526.9722
[M�CO2H]�.

4.1.1.4. (E and Z)-3-[5,7-Dibromo-1-(4-methoxybenzyl)-2-oxo-
indolin-3-ylideneamino]benzoic acid (3d). Orange powder
(144 mg, 56%); mixture of E and Z isomers (E/Z 49:51); mp 229–
231 �C; Rf 0.37 (silica, DCM/MeOH 9:1); IR mmax 2950 (COOH),
1719 (CO), 1698, 1515, 1449, 1297, 1250, 1141, 812, 768 cm�1.
dH (500 MHz; DMSO-d6): 3.71 (s, 3H), 3.73 (s, 3H), 5.13 (s, 2H),
5.30 (s, 2H), 6.41 (s, 1H), 6.86 (d, J = 8.5 Hz, 2H), 6.90 (d,
J = 9.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H),
7.29 (d, J = 7.5 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.47 (t, J = 8.0 Hz,
1H), 7.59 (s, 1H), 7.65 (t, J = 8.0 Hz, 2H), 7.74 (d, J = 7.5 Hz, 1H),
7.82 (s, 1H), 7.85 (s, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.91 (s, 1H),
13.13 (br s, 2H). dC (126 MHz; DMSO-d6): d 44.0, 44.5, 55.7,�.

104.1, 104.7, 114.6,�. 114.6,�. 114.8, 116.0, 118.3, 120.7, 120.9,
122.0, 124.5, 125.2, 126.6, 126.8, 126.9, 127.5, 128.1,�. 128.2,�.

129.3,�. 129.4, 130.8, 132.1, 140.8, 141.0, 143.1, 144.5, 149.1,
150.4, 151.2, 153.0, 158.1, 159.0,�. 163.6, 167.5, 167.8.�. MS (ESI-)
m/z: 541; 543; 545 [M�H]�; 79Br79Br; 79Br81Br; 81Br81Br; HRMS
(ESI-) m/z: calcd for C23H15N2O4

79Br79Br: 540.9399 [M�H]�; found
540.9424 [M�H]�.

4.1.1.5. (E and Z)-2-{3-[5,7-Dibromo-1-(4-methoxybenzyl)-2-
oxoindolin-3-ylideneamino]phenyl}acetic acid (3e). Red
powder (187 mg, 71%); mixture of E and Z isomers (E/Z 67:33);
mp 182–184 �C; Rf 0.33 (silica, DCM/MeOH 9:1); IR mmax 2944
(COOH), 1719 (CO), 1698, 1515, 1449, 1297, 1250, 1141, 812,
768 cm�1. dH (500 MHz; DMSO-d6): d 3.56 (s, 2H), 3.63 (s, 2H),
3.71 (s, 3H), 3.73 (s, 3H), 5.14 (s, 2H), 5.30 (s, 2H), 6.61 (s, 1H),
6.86 (d, J = 8.0 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz,
1H), 7.04 (s, 1H), 7.08 (d, J = 7.5 Hz, 1H), 7.17 (d, J = 8.5 Hz, 2H),
7.20 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.28 (t, J = 7.5 Hz,
1H), 7.46 (t, J = 7.5 Hz, 1H), 7.78–7.80 (m, 2H), 7.90 (s, 1H), 8.00
(s, 1H).� dC (126 MHz; DMSO-d6): 41.2, 41.6, 43.9, 44.5, 55.7,�.

104.1, 104.6, 114.5,�. 114.6,�. 115.1, 115.4, 115.9, 116.0, 117.4,
118.6, 118.7, 120.6, 121.8, 125.0, 126.8, 126.9, 127.3, 127.5,
127.8, 128.1,�. 128.2,�. 128.8, 129.3, 129.4, 130.3, 140.6, 141.0,
142.8, 144.3, 148.6, 150.3, 152.3, 158.0, 159.0,�. 163.7, 173.0,
173.1. MS (ESI-) m/z: 555; 557; 559 [M�H]�; 79Br79Br; 79Br81Br;
81Br81Br; HRMS (ESI-) m/z: calcd for C24H17N2O4

79Br81Br:
556.9535 [M�H]�; found 556.9568 [M�H]�.

4.1.2. General procedure for the synthesis of the imine–lysine
conjugates (4a–e)

The isatin imine (3a–e, 1 equiv) was dissolved in dry DCM (1 mL
per 30 mg of imine) with the aid of sonication. On ice, 1-hydroxy-
benzotriazole hydrate (HOBt) (1 equiv) was added, followed by
N,N0-dicyclohexylcarbodiimide (DCC) (1 equiv), N,N-diisopropyl-
ethylamine (DIPEA) (1.1 equiv) and (S)-Na-acetyl-lysine methyl es-
ter hydrochloride (Ac-Lys-OMe�HCl) (1 equiv). The reaction
mixture was warmed to rt and stirred for 24 h. The precipitate
was removed by filtration and the filtrate evaporated. The resulting
solid was purified by column chromatography on silica gel using a
CHCl3/MeOH gradient of 100:0 to 95:5 to yield the imine-lysine
conjugate 4a–e.

4.1.2.1. Methyl (S,E and S,Z)-2-acetamido-6-{4-[5,7-dibromo-1-
(4-methoxybenzyl)-2-oxoindolin-3-ylideneamino]benzamido}
hexanoate (4a). Orange crystals (18.7 mg, 50%); mixture of E
and Z isomers (E/Z 53:47); mp 165–167 �C; Rf 0.41 (silica, CHCl3/
MeOH 95:5). dH (500 MHz; CDCl3): 1.39–1.89 (m, 12H), 2.00 (s,
6H), 3.42–3.53 (m, 4H), 3.73 (s, 3H), 3.75 (s, 3H), 3.77 (s, 3H),
3.79 (s, 3H), 4.59–4.64 (m, 2H), 5.24 (s, 2H), 5.44 (s, 2H), 6.23
(dd, J = 7.0, 15 Hz, 2H), 6.33 (br s, 1H), 6.51 (br s, 1H), 6.77
(s, 1H), 6.82 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 7.03 (d,
J = 8.5 Hz, 2H), 7.06 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H),
7.22 (d, J = 8.0 Hz, 2H), 7.61 (s, 1H), 7.72 (s, 1H), 7.81 (d,
J = 7.5 Hz, 2H), 7.84 (s, 1H), 7.96 (d, J = 8.5 Hz, 2H). dC (126 MHz;
CDCl3): 22.5, 22.6, 23.4,�. 28.7, 29.1, 32.2, 32.5, 39.5, 39.7, 44.0,
44.6, 51.9, 52.1, 52.7,�. 55.5,�. 104.0, 104.8, 111.4, 114.4,�. 114.4,�.

115.9, 116.8, 117.4,�. 119.4,�. 119.6, 120.6, 125.8, 127.9,�. 128.2,�.

128.3,�. 128.4, 129.1,�. 132.1, 133.2, 141.5, 142.1, 142.5, 144.2,
146.6, 150.4, 151.4, 151.9, 152.1, 157.6, 159.3,�. 163.6, 167.0,
167.4, 170.0, 170.5, 173.3.�. MS (ESI+) m/z: 727; 729; 731 [MH]+;
749; 751; 753 [M+Na]+; 79Br79Br; 79Br81Br; 81Br81Br; HRMS (ESI+)
m/z: calcd for C32H32N4NaO6

79Br81Br: 751.0566 [M+Na]+; found
751.0531 [M+Na]+.

4.1.2.2. Methyl (S,E and S,Z)-2-acetamido-6-(2-{4-[5,7-dibromo-
1-(4-methoxybenzyl)-2-oxoindolin-3-ylideneami-
no]phenyl}acetamido)hexanoate (4b). Red crystals
(33.3 mg, 41%); mixture of E and Z isomers (E/Z 49:51); mp 99–
101 �C; Rf 0.33 (silica, CHCl3/MeOH 95:5). dH (500 MHz; CDCl3):
1.21–1.82 (m, 12H), 1.98 (s, 3H), 2.02 (s, 3H), 3.17–3.27 (m, 4H),
3.57 (s, 2H), 3.62 (s, 2H), 3.71 (s, 3H), 3.73 (s, 3H), 3.76 (s, 3H),
3.78 (s, 3H), 4.51–4.58 (m, 2H), 5.27 (s, 2H), 5.43 (s, 2H), 5.65 (br
s, 1H), 5.72 (br s, 1H), 6.23 (d, J = 8.0 Hz, 1H), 6.27 (d, J = 8.0 Hz,
1H), 6.80 (d, J = 1.5 Hz, 1H), 6.82 (d, J = 8.5 Hz, 2H), 6.85 (d,
J = 8.0 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 7.11–7.15 (m, 4H), 7.22 (d,
J = 9.0 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.40–7.46 (m, 2H), 7.59 (d,
J = 1.5 Hz, 1H), 7.69 (s, 1H), 7.83 (d, J = 1.5 Hz, 1H). dC (126 MHz;
CDCl3): d 22.5,�. 23.3, 23.4, 29.1, 30.0, 31.9, 32.2, 39.2, 39.3, 43.5,
43.7, 44.0, 44.6, 52.1,�. 52.6, 52.7, 55.5,�. 104.0, 104.7, 114.3,�.

114.4,�. 115.6, 116.7, 117.4, 118.2,�. 120.1, 121.1,�. 125.5, 126.2,
127.7, 128.2,�. 128.2,�. 128.5, 128.9, 129.9,�. 130.9,�. 132.3, 133.3,
141.0, 141.7, 142.1, 144.0, 148.6, 149.7, 151.9, 157.9, 159.3,�.

163.8, 170.4,�. 171.2, 171.4, 173.2.�. HRMS (ESI+) m/z: calcd for
C33H35N4O6

79Br81Br: 743.0903 [MH]+; found 743.0888 [MH]+.

4.1.2.3. Methyl (S,E and S,Z)-2-acetamido-6-(3-{4-[5,7-dibromo-
1-(4-methoxybenzyl)-2-oxoindolin-3-ylideneami-
no]phenyl}propanamido)hexanoate (4c). Red powder
(111 mg, 70%); mixture of E and Z isomers (E/Z 55:45); mp 161–
163 �C; Rf 0.42 (silica, DCM/MeOH 9:1); IR mmax 3288 (NH), 1734
(CO), 1638, 1558, 1446, 1296, 1251, 1180, 1137, 804, 721 cm�1.
dH (500 MHz; CDCl3): 1.29–1.82 (m, 12H), 1.99 (s, 3H), 2.03 (s,
3H), 2.43–2.52 (m, 4H), 2.94–3.04 (m, 4H), 3.12–3.27 (m, 4H),
3.72 (s, 3H), 3.73 (s, 3H), 3.76 (s, 3H), 3.78 (s, 3H), 4.55 (t,
J = 4.0 Hz, 2H), 5.27 (s, 2H), 5.43 (s, 2H), 5.62 (br s, 1H), 5.66 (br
s, 1H), 6.32 (d, J = 6.0 Hz, 2H), 6.81 (d, J = 4.0 Hz, 2H), 6.83 (s, 1H),
6.85 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 7.5 Hz, 2H), 7.10 (d, J = 8.0 Hz,
2H), 7.15 (d, J = 8.5 Hz, 2H), 7.21 (t, J = 7.5 Hz, 4H), 7.29 (d,
J = 8.0 Hz, 2H), 7.58 (s, 1H), 7.68 (s, 1H), 7.85 (s, 1H). dC

(126 MHz; CDCl3): 22.5, 22.6, 23.3, 23.4, 28.9, 29.1, 31.6, 31.7,
32.1, 32.3, 38.6, 38.9, 39.0, 39.1, 43.9, 44.6, 52.0, 52.1, 52.6,�.

55.5,�. 103.8, 104.6, 114.3,�. 114.4,�. 115.6, 116.6, 117.9,�. 119.8,
121.2,�. 125.4, 126.5, 128.1, 128.2,�. 128.2,�. 128.6,�. 128.6,�. 128.8,
129.9, 139.4, 140.1, 140.7, 141.5, 141.9, 144.0, 146.2, 147.7,
149.2, 151.8, 157.9, 159.2, 159.3, 163.9, 170.5,�. 172.4, 172.6,
173.2.�. MS (ESI+) m/z: 755; 757; 759 [MH]+; 79Br79Br; 79Br81Br;
81Br81Br; HRMS (ESI+) m/z: calcd for C34H36N4NaO6

79Br81Br:
779.0879 [M+Na]+; found 779.0896 [M+Na]+.

4.1.2.4. Methyl (S,E and S,Z)-2-acetamido-6-{3-[5,7-dibromo-1-
(4-methoxybenzyl)-2-oxoindolin-3-ylideneamino]benzamido}
hexanoate (4d). Orange crystals (83.4 mg, 78%); mixture of E
and Z isomers (E/Z 47:53); mp 74–76 �C; Rf 0.56 (silica, CHCl3/
MeOH 95:5). IR mmax 3293 (NH), 1734 (CO), 1645, 1547, 1446,
1318, 1249, 1142, 801, 721 cm�1. dH (500 MHz; CDCl3): 1.36–
1.91 (m, 12H), 1.97 (t, J = 7.0 Hz, 6H), 3.41–3.48 (m, 4H), 3.72
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(s, 3H), 3.73 (s, 3H), 3.76 (s, 3H), 3.79 (s, 3H), 4.56–4.62 (m, 2H),
5.25 (s, 2H), 5.43 (s, 2H), 6.24 (d, J = 7.5 Hz, 1H), 6.28 (d,
J = 7.5 Hz, 1H), 6.40 (t, J = 5.5 Hz, 1H), 6.55 (t, J = 5.5 Hz, 1H), 6.70
(d, J = 1.5 Hz, 1H), 6.82 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H),
7.08 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 9.0 Hz, 2H), 7.21 (d, J = 9.0 Hz,
2H), 7.43 (t, J = 8.0 Hz, 1H), 7.46 (s, 1H), 7.53 (t, J = 8.0 Hz, 1H),
7.54 (d, J = 1.5 Hz, 1H), 7.59 (d, J = 1.5 Hz, 1H), 7.63 (d, J = 8.0 Hz,
1H), 7.70 (d, J = 2.0 Hz, 1H), 7.74 (d, J = 7.5 Hz, 1H), 7.83 (d,
J = 2.0 Hz, 1H). dC (126 MHz; CDCl3): 22.5, 22.6, 23.3, 23.4, 28.7,
29.0, 32.1, 32.4, 39.5, 39.8, 44.0, 44.6, 51.9, 52.0, 52.6, 52.7, 55.5,�.

104.0, 104.8, 114.3,�. 114.4,�. 115.8, 116.5, 116.7, 118.9, 120.1,
123.0, 124.7, 124.9, 125.6, 126.0, 126.9, 127.8,�. 128.1,�. 128.2,�.

128.3, 128.4, 129.1, 130.2, 135.4, 141.3, 141.9, 142.3, 144.1,
148.3, 149.7, 150.4, 152.3, 157.8, 159.2, 159.3, 163.6, 166.9,
167.5, 170.4, 170.5, 173.2.�. MS (ESI+) m/z: 727; 729; 731 [MH]+;
79Br79Br; 79Br81Br; 81Br81Br. HRMS (ESI-) m/z: calcd for
C32H31N4O6

79Br81Br: 727.0590 [M�H]�; found 727.0380 [M�H]�.

4.1.2.5. Methyl (S,E and S,Z)-2-acetamido-6-(2-{3-[5,7-dibromo-
1-(4-methoxybenzyl)-2-oxoindolin-3-ylideneamino]phenyl}
acetamido)hexanoate (4e). Red powder (98.5 mg, 82%); mix-
ture of E and Z isomers (E/Z 37:63); mp 194–196 �C; Rf 0.44 (silica,
DCM/MeOH 9:1). IR mmax 3288 (NH), 1721 (CO), 1647, 1558, 1516,
1447, 1316, 1252, 1140, 720 cm�1. dH (500 MHz; CDCl3): d 1.16–
1.69 (m, 12H), 1.98 (s, 3H), 2.01 (s, 3H), 3.09 (m, 2H), 3.14–3.24
(m, 2H), 3.59 (s, 4H), 3.69 (s, 3H), 3.73 (s, 3H), 3.77 (s, 3H), 3.78
(s, 3H), 4.45 (d, J = 3.5 Hz, 1H), 4.53 (d, J = 3.5 Hz, 1H), 5.24 (s,
2H), 5.43 (s, 2H), 5.68 (br s, 1H), 5.91 (br s, 1H), 6.20-6.24 (m,
2H), 6.76 (s, 1H), 6.83 (d, J = 8.0 Hz, 4H), 6.91 (s, 2H), 7.03 (d,
J = 8.0 Hz, 1H), 7.10 (d, J = 8.5 Hz, 4H), 7.21 (d, J = 7.5 Hz, 3H),
7.40 (t, J = 8.0 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.59 (s, 1H), 7.71 (s,
1H), 7.86 (s, 1H). dC (126 MHz; CDCl3): 22.4, 22.5, 23.3, 23.4,
29.1, 29.9, 31.7, 32.1, 39.1, 39.4, 43.8, 44.0, 44.1, 44.6, 52.1, 52.3,
52.5, 52.6, 55.5,�. 104.1, 104.7, 114.4,�. 114.4,�. 115.8, 116.2,
116.9, 118.3, 119.4, 119.7, 120.4, 125.7, 126.0, 127.1, 127.7,
128.0,�. 128.2,�. 128.3,�. 128.5, 130.0, 130.5, 135.2, 137.3, 141.2,
141.8, 142.1, 144.1, 148.9, 150.1, 150.3, 152.0, 158.0, 159.3,
163.8, 170.3, 170.4, 170.7, 171.2, 173.2.�. MS (ESI+) m/z: 763;
765; 767 [M+Na]+; 79Br79Br; 79Br81Br; 81Br81Br. HRMS (ESI-) m/z:
calcd for C33H33N4O6

79Br81Br: 741.0747 [M�H]�; found 741.0779
[M�H]�.

4.2. Hydrolysis studies

Hydrolysis studies were performed using a Varian Cary 500
Scan UV–vis-NIR spectrophotometer with 1 cm path length and
disposable plastic cuvettes. Briefly, 9 lmol of either 3a–e or 4a–e
were dissolved in acetonitrile/water 98.5:1.5 (10 mL) to yield a
stock solution of approximately 1 mM. Buffer solutions consisted
of 1 M sodium acetate adjusted to pH 4.5 and pH 5.3 and 1 M
HEPES adjusted to pH 7.4. The pH values of the solutions were
measured using a pH Cube pH–mV–temp Meter (TPS, Springwood,
Australia). The final reaction mixture in the cuvette consisted of
stock solution/buffer/water in the ratio 1:2:2. All solutions were
monitored kinetically at 435 nm for 4 h at either rt (23 �C) or
37 �C. The dependence of the absorption spectra (measured at
k = 435 nm) on time, expressed as A/A0 versus t (where A = absor-
bance of the sample and A0 = absorbance at time zero), was used
to investigate the kinetics of imine hydrolysis, with all measure-
ments performed on at least two independent occasions. The ki-
netic parameters k and t1/2 were derived by nonlinear regression
analysis of the ln (A/Ao) versus time plots using GraphPad Prism
5.00 (GraphPad Software, Inc., San Diego, CA, USA), with one-
way, repeated measures ANOVA followed by a Tukey post-test to
determine whether differences between data sets were significant,
with significance set at P <0.05.
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