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Amino-substituted maleimides form a new class of highly
emissive compounds, with large Stokes shifts (>100 nm) and
high quantum yields (up to ~60%). Emission is responsive to
the dye’s environment with both a red-shift, and quenching,
observed in protic polar solvents. Aminomaleimides are easily
functionalised, providing a versatile fluorescent probe.

Fluorophores play an important role as probes in biological
systems, for imaging, and for the study of dynamic processes.
These applications result from the high sensitivity and ease of
measurement for fluorescence emission, and the responsivity of
dyes to the physical nature of their environment — for example
solvatochromism." Response of fluorophores to chemical stimuli
is also highly desirable, and is frequently utilised in the study of
conjugation to biological macromolecules. One mechanism for
response is the conversion of a latent quenched fluorophore to
an emissive fluorophore upon the desired chemical stimulus. For
example the maleimide group is known to be an effective
quencher of fluorescence, however when the C=C double bond
of the maleimide becomes saturated, e.g. upon Michael addition
of a thiol, quenching is eliminated and the fluorophore becomes
emissive.” Quenching occurs both with direct conjugation of
maleimide to fluorophore due to maleimide’s low lying nr* state
providing a non-radiative pathway for excited state decay,*® and
also where maleimide and fluorophore are joined by a spacer
group due to photoinduced electron transfer (PET) to the C=C
double bond.®? By this process, N-fluorophore maleimides have
been used as probes for the detection of thiols such as cysteine
and glutathione. Bis-maleimides have been used to allow
detection of bis-thiols (including reduced disulfides),>"" and
maleimide-functional probes have been used for protein
labelling,"”? and both single and two-photon imaging of cells
where they allow detection of thiol functional peptides.® '* '*1°

Response to chemical stimuli can also be achieved where the
reaction of two non-fluorescent species leads to the generation
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of a fluorophore. For example the highly efficient tetrazole-
alkene/azirine-alkene cycloaddition results in an emissive
pyrazoline product.”” This cycloaddition reaction has been used
to fluorescently label proteins both in vitro and within live cells,"®
2 and for the construction of labelled polymer conjugates with
silicon and cellulose surfaces,®? and with proteins
(PEGylation).?*

We have recently reported an alternative fluorophore generating
reaction, whereby the addition of two equivalents of an alkyl thiol
to 2,3-dibromomaleimide (DBM) generates the dithiomaleimide
(DTM) fluorophore (Scheme 1).* In these compounds rather
than quenching emission, the maleimide forms the fluorophore.
This OFF-to-ON emission switch upon thiol addition has been
used in protein labelling (including disulfide bridging),?®> polymer
and polymer nanoparticle labelling,”>?° and the formation of
polymer-protein conjugates.?® Furthermore due to the reversibility
of thiol addition to DBM,* the alkyl thiols of emissive DTMs can
be replaced with aromatic thiols, the result being the formation of
a non-emissive DTM. This ON-to-OFF switch has been used as
an indicator of polymer nanoparticle morphology transition.?®
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Scheme 1 Conversion of mono- or dibromomaleimide (MBM/DBM) to monothio-
or dithiomaleimides (MTM/DTM) and monoamino- or aminobromomaleimides
(MAM/ABM) by reaction with thiols and amines.
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Table 1 Structures of substituted maleimides

R1
I
o= _ 0
R? R3
R’ R’ R’ &

1 H S(CH,);CH3 S(CH,);CHj3 10 (0.43)
2 H H S(CH,);CHj3 0.043 (0.011)
3 H Br NH(CH,);CHj, 38 (1.1)
4 H H NH(CH,);CHj; 59 (2.8)
5 H Br N(CH,CHjs), 0.15 (0.054)
6 H H N(CH,CHj;), 0.43 (0.20)
7 H Br NHCH(CH3), 35
8 H Br NHCH,Ph 34
9 H Br NHPh 0.052
10 H H NHPh 0.017
11 CH; Br NH(CH,);CHj; 20
12 Ph Br NH(CH,);CH; 0.94
13 Ph H NH(CH,);CH; 0.085
14 Ph Br NHPh 0.13

“Measured in 1,4-dioxane (measured in methanol)

Previous reports have shown that incorporation of the maleimide
group into extended Tr-systems gives a range of dyes with
fluorescence quantum yields (&) of up to 100%, emission
maxima ranging from 460-680 nm, and often large Stokes shifts
(> 100 nm).>"* There are also scattered reports of emissive
%41 although a
thorough investigation has been lacking. Herein we detail the
spectroscopic  characterisation of monoaminomaleimides
(MAMs), and aminobromomaleimides (ABMs) synthesised by an
addition-elimination reaction with monobromomaleimide and 2,3-
dibromaleimide,*? in analogy to DTMs (Scheme 1). The ability to
form a fluorophore by amino-substitution of a bromomaleimide is
of particular interest due to the prevalence of amine groups in
biological substrates. We find that MAMs and ABMs are highly
emissive with large Stokes shifts (> 100 nm) when substituted
with alkyl amines, that they show solvent dependent emission
wavelength and intensity, and are quenched by the direct
conjugation of aromatic rings to the maleimide group.

We began by comparing the fluorescence of these amino-
substituted maleimides (MAMs and ABMs) to the previously
reported DTM fluorophores (see ESI, Fig.S1). For
dibutylthiomaleimide (1),25 the polarity of the solvent has an
effect on fluorescence, with a decrease in @& upon increasing the
solvent polarity observed. @& was calculated to be 28% in
cyclohexane, 10% in 1,4-dioxane and 0.43% in methanol,
relative to the standard quinine sulfate dihydrate.43 The molar
extinction coefficient (emax) varied less significantly with solvent
between 4900-5500 M"-cm™ (see ESI). An increase of the
solvent polarity also generated a red-shift in the fluorescence
emission maximum, from 486 nm in cyclohexane to 504 nm in
1,4-dioxane and 546 nm in methanol. Interestingly, the
equivalent (MTM, 2), synthesised by
substitution of monobromomaleimide (MBM) with n-butanethiol is
non-emissive, having @& <0.05% in both 1,4-dioxane and
methanol.

maleimides with heteroatom substitutions,

monothiomaleimide
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In order to compare the emissive properties of the
aminomaleimide fluorophores with DTM fluorophores, four model
compounds were synthesised and studied (3-6, see Table 1),
comprising ABMs and MAMs with either secondary butylamine,
or tertiary diethylamine substituents. Awuah and Capretta have
recently developed a method to synthesise a library of
substituted maleimides including amino-substituted maleimides.*?
They demonstrated that under mild conditions with an excess of
amine, only the monoaminated maleimide is formed (with
microwave irradiation required to achieve a second substitution).
Therefore, as the maleimide undergoes a single amine
substitution only, the second substituent of the C=C double bond
is retained; bromine or hydrogen depending on the reactant used
(DBM or MBM), see Scheme 1. All reactions were performed in
THF at room temperature with a small excess of amine, and
sodium carbonate as a base. Reactions were completed in
30 min to 2 h. The resultant mixture was washed and purified via
column chromatography on silica gel. The structures were
confirmed by 'H NMR spectroscopy, °C NMR spectroscopy,
mass spectrometry and infra-red spectroscopy, see ESI. & were
determined following the protocol presented by Resch-Genger
and co-workers.*® For the model compounds 3-6, measurements
were made in cyclohexane, 1,4-dioxane, methanol and water
(where solubility allowed) to examine the effect of solvent polarity
on emission.
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Fig. 1 (a) Relative fluorescence quantum yield for the DTM, MTM, ABM and
MAM models (1-6) in different solvents, (b) Relative fluorescence quantum yield
of other ABMs and MAMs (7-14) in 1,4-dioxane. (c) Emission spectra of 4 in
different solvents. (d) Emission spectra of 1, 3 and 4 in 1,4-dioxane. All spectra
were recorded at 10 uM.

The ABM model 3 (n-butylamine substitution) and 5
(diethylamine substitution) presented different fluorescence
properties. In 1,4-dioxane, 3 has excitation maxima at 233 nm
and 363 nm, with both excitation wavelengths resulting in the
same emission maximum at 469 nm, see Fig. 1d and Fig. S2.
Stokes shifts for these excitation wavelengths are 236 nm and
106 nm respectively, with this good spectral separation of
excitation and emission being important for potential use in
FRET experiments.* & for 3 was calculated to be 31% in
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cyclohexane, 38% in 1,4-dioxane, and 1.1% in methanol, see
Fig. 1a. The molar extinction coefficient in 1,4-dioxane was found
to be 4500 M"-cm™ and the brightness (@ x emax) Was calculated
to be 1700 M"-cm™. These measurements illustrate that the
aminomaleimide fluorophores are significantly brighter than the
previously reported DTM fluorophore (1). A further advantage for
the aminomaleimide (3) is that the fluorophore has been
generated by single substitution of the maleimide, whereas for
thiomaleimides intense emission is only observed for di-
substitution.?® This property would be particularly beneficial if
using a sterically demanding substituent. Interestingly however,
ABM synthesised with a secondary amine produced a non-
emissive compound (5), with & <0.2% in all solvents. This
suggests perhaps that the inductive effects of the diethylamine
perturbs the electronic structure, as indicated by the red-shift in
the absorption maxima going from (3) to (5) of ca. 20 nm (see
ESI, Section Il). This, in turn, may introduce a non-radiative
pathway for excited state decay that outcompetes fluorescence.
The MAM with an n-butylamine substituent (4) showed very
excitation and emission spectral profiles to the
corresponding ABM (3). For example in 1,4-dioxane, 4 displays
small spectral shifts in the absorption (233 nm, 346 nm),
excitation (236 nm, 346 nm) and emission (450 nm) maxima
relative to 3, see Fig. 1d and Fig. S3. The extinction coefficient
for 4 (4900 M™"-cm™) is comparable to 3, while @, and therefore
the brightness, are significantly higher at 59% and 2900 M™"-cm™
respectively, see Fig. 1a. As with DTM 1, the MAM 4 shows a
solvatochromic emission (Fig. 1c) with a red-shift upon
increasing solvent polarity. However, a significant decrease in &
was observed in the protic polar solvents methanol and water. A
plausible explanation for this could be the formation of an
extended hydrogen-bonding network involving the primary amine
hydrogen, protic solvent and carbonyl moiety, once again serving
to alter the electronic structure and thus facilitate non-radiative
decay, effectively switching off fluorescence. Similarly to the non-
emissive tertiary ABM 5, the equivalent MAM (6) with a
diethylamine substituent displayed & < 0.5% in all solvents.

In order to compare the effect of amino-substituents on
fluorescence emission, a range of amines were selected for the
addition-elimination reaction with 2,3-dibromomaleimide (7-9,
Table 1) to complement the six model system study. Different
primary amines were used; isopropylamine, benzylamine and
aniline, with the latter aromatic amine included to illustrate the
effect of conjugation of the maleimide with an aromatic ring. All
further spectroscopy was performed in 1,4-dioxane as this had
given the brightest emission, and a better solubility than
cyclohexane. Interestingly, DBM substituted with different
primary amines such as isopropylamine (7) and benzylamine (8)
fluorescence properties to 3 (n-butylamine
substituent) in 1,4-dioxane with absorption maxima at ca. 230 nm
and ca. 363 nm and emission maxima at ca. 467 nm (see ESI,
Fig. S4-S5). @& for 7 and 8 in 1,4-dioxane were calculated to be,
respectively, 35% and 34%, see Fig. 1b. This indicates the
versatility of the ABM fluorophores towards further
functionalisation through the use of a functional primary amine,
as the emission is invariant to the groups attached to the primary

similar

show similar
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amine. However, when the maleimide is directly conjugated with
a phenyl group (9) the product is non-emissive with & = 0.05%.
This result is consistent with our previous reports of emission
quenching where DTM is directly conjugated to aromatic rings.zs'
% 2 A similar result is obtained for MAM with an aniline
substituent (10), which is also quenched, having &: = 0.02%.

In addition to the introduction of functionality to these
aminomaleimide fluorophores through choice of the amine
substituent, further functionality can also be easily incorporated
at the maleimide nitrogen.*> *® To investigate the effect on
emission of N-functionalisation of the maleimide, an N-methyl
ABM with an n-butylamine substituent (11) was prepared.
Incorporation of an alkyl group at the maleimide nitrogen
produces a fluorescent compound (11), albeit with a reduction in
@; (20%) in comparison with 3 (38%) which is composed of the
same R? and R® groups, see Fig. 1d and Fig. S6. This does
however confirm that N-functionalisation is possible, which gives
the aminomaleimide fluorophores the versatility to be used as a
fluorescent tag through either nitrogen, or as a fluorescent linker
group between two species of interest.?” %

A phenyl group can also be directly conjugated to the maleimide
through the maleimide nitrogen (R1), however this has the same
effect on fluorescence intensity as the conjugation through the
amine (R3). Namely, fluorescence quenching was observed for
the molecules 12, 13 and 14, see Fig. 1b.

An MAM with phenyl substituents on both nitrogens (R' = R® =
Ph) has recently been reported as an aggregation induced
(AIE) fluorophore.*” “® Our related compounds
substituted with one phenyl group (9, 10, 12 and 13) were tested
and found not to display AIE, behaving as self-quenching
fluorophores in 1,4-dioxane:water mixtures (see ESI, Fig. S7-
S11). Interestingly the equivalent ABM with R' = R® = Ph (14)
was also found to not exhibit AIE, which may be the result of the
Br substituent inhibiting effective aggregation.

In conclusion, we have presented a library of aminomaleimides
(MAMs and ABMs), which show an intense fluorescence
emission if the maleimide is substituted with alkyl primary
amines. The quenching of the fluorescence by conjugation of the
maleimide with a phenyl group was confirmed via insertion of the
phenyl group at different sites, while substitution with a
secondary amine also yields a non-emissive product. The study
of the effect of solvent on the emission wavelength and
fluorescence quantum yield showed a dependence on the
solvent polarity, with a significant (100 nm) red-shift of emission
maxima observed, and the highest fluorescence quantum yields
in aprotic solvents. With the design rules for aminomaleimide
fluorophores established herein, we believe that the combination
of ease of synthesis, functionalisation, high
fluorescence quantum yields, large Stokes shifts and solvent
dependent emission make these aminomaleimide dyes an
important tool for fluorescent labelling. Computation studies are
currently underway to provide deeper insight into these design
rules, specifically how electronic structure, and thus excited state
dynamics, is influenced by functionalisation and solvent polarity.

emission

versatile
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