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Dynamic Diels–Alder reactions of maleimide–
furan amphiphiles and their fluorescence ON/OFF
behaviours†

Fen Li, Xiaohui Li and Xin Zhang *

The occurrence of dynamic covalent reactions only requires relatively low activation energy, which allows

both the forward and reverse reactions to proceed under mild conditions. Here, we report the design and

synthesis of amphiphilic maleimide–furan adducts, where hydrophobic maleimide-based and hydrophilic

furan-based moieties were connected by reversible dynamic covalent bonds. The Diels–Alder addition

reactions of maleimide–furan adducts are simple, efficient, clean, and reversible without catalysts and

side reactions, and occur under mild conditions. Single crystal X-ray diffraction revealed that the length of

the dynamic covalent bonds is 1.56 Å, which is longer and weaker than for normal covalent bonds.

The cleavage and reformation process of the dynamic covalent bonds was monitored by 1H NMR and

fluorescence spectroscopy. 1H NMR spectroscopy revealed that the furan moieties of these new male-

imide–furan amphiphiles can be exchanged in mixing systems due to dynamic Diels–Alder reactions;

thus, two new maleimide–furan compounds can be transformed into each other. The maleimide–furan

amphiphiles displayed reversible fluorescence ON/OFF behaviours and interesting H-bonding driven

supramolecular assembly.

Introduction

Dynamic covalent reactions enable chemists to design and
create a wide variety of small molecular, macromolecular and
supramolecular structures including covalent organic frame-
works, molecular knots and macrocycles, which have demon-
strated diverse applications such as renewable and recyclable,
and self-healing materials, gas storage, catalysis, functional
polymers and biomaterial sensors.1 The most interesting
feature of dynamic covalent chemistry is the dynamic reversi-
bility of the formation and cleavage of covalent bonds, which
combines the dynamic properties of supramolecular chemical
bonds and robustness of covalent bonds.2 The dynamic
covalent bond reversibility enables continual exchange of moi-
eties in multimolecular mixing systems under thermodynamic
equilibrium conditions. Dynamic covalent reactions include
many classic chemistry reactions such as transesterifications,3

Cannizzaro or aldol exchange and condensations,4 boronate
ester condensations5 and olefin metathesis reaction,6 disulfide

bond formation,7 imine condensation8 and Diels–Alder
cycloaddition.9

Maleimides are one significant class of unsaturated cyclic
imides and electron-poor dienophiles.10 The strong electron-
withdrawing properties of maleimide groups effectively
decrease the lowest unoccupied molecular orbital energy, and
thus promote Diels–Alder addition reactions with electron-rich
dienes such as cyclopentadienes or furans.11 In addition,
maleimides are also easily attacked by thiols, amines, and dienes
through the Michael reaction.12 Thus, maleimides have been
recognized as promising scaffolds and molecules to prepare
functional polymers, hydrogels, and high performance thermo-
setting bismaleimide resins.13 We have had a long-standing
interest in the synthesis and optical behaviours of functional
dyes and chromophores.14 Recently, Ghosh et al. have reported
the synthesis of chromophore-conjugated amphiphiles includ-
ing naphthalene-diimide derivatives, and found that the high
fluorescence properties remained in the assembly states.1c,15

Beuerle et al. reported the synthesis of dynamic covalent cage
compounds based on boronate ester condensations.16 Zhang
W. and Jin et al. reported an imine-linked 2D covalent mono-
layer through dynamic imine condensation between terephthal-
aldehyde and 1,3,5-trihexyl-2,4,6-tris(4-aminophenyl)benzene
at the air/water interface.17 Here, we report the synthesis of a
new class of amphiphilic maleimide–furan adducts, where the
hydrophobic and hydrophilic parts are connected by dynamic
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covalent bonds formed through the Diels–Alder reaction. In
particular, we demonstrate that the efficient, clean, and revers-
ible Diels–Alder addition reactions of maleimide–furan
adducts lead to reversible optical behaviours.

Results and discussion

In this work, we synthesized carbazole-containing maleimide 1
and amphiphilic maleimide–furan adducts 2, 3, and 4 by
7-step reactions (Schemes 1 and 2 and the ESI†). The chemical
structures of 2 and 3 consist of hydrophobic maleimide-based
and hydrophilic furan-based moieties (Fig. 1a). The hydro-
phobic and hydrophilic parts are connected by dynamic
covalent bonds (Fig. 1a). The precursor N-nitrobenzene carba-
zole was synthesized by the Ullmann reaction from carbazole
and 4-chloronitrobenzene, then reduced by hydrazine hydrate
in the presence of Pd/C (10 wt%) as a catalyst.18 The resulting
aromatic amine was reacted with maleic anhydride, and then a
cyclization reaction was performed in acetic anhydride with
sodium acetate to give the N-phenylcarbazole maleimide 1.
The hydrophilic furan derivative with an oligoethylene glycol
chain was synthesized by the Sonogashira reaction of 3-(2-(2-
ethoxyethoxy)ethoxy)-1-propyne with 4-bromo-2-furaldehyde,

and subsequently reduced using NaBH4 and acetic acid, with
Pd/C.19 The final products 2 and 3 were obtained by the
Diels–Alder reaction between N-phenylcarbazole maleimide 1
and furan derivatives in chloroform/acetonitrile at room
temperature.

Maleimide–furan adducts 2 and 3 are new compounds. The
chemical structures of 2 and 3 are fully characterized by 1H
and 13C NMR spectroscopy, and high-resolution mass spec-
trometry (see the details in the ESI†). We further obtained the
single crystal of 3 by slow evaporation of its dichloromethane/
n-hexane solution. The X-ray crystal structure of 3 indicates
4 molecules in a unit cell and a monoclinic space group
P2(1)/n. The N-phenyl group is twisted by 56.2° from the plane
of the carbazole group (Fig. 1b). The X-ray diffraction results20

demonstrated that the length of the dynamic covalent bonds
connecting the hydrophobic and hydrophilic parts (Fig. 1b) is
1.56 Å, which are longer, and thus weaker than normal single
bonds (1.54 Å).21 Thus, the dynamic covalent bonds can easily
be cleaved under appropriate conditions.

The UV/Vis absorption spectra of 1, 2 and 3 show the same
absorption peak at 295 nm in dichloromethane (Fig. 2a),
which is assigned to the π–π* transition of the carbazole
chromophore.22 However, the fluorescence spectra of
N-phenylcarbazole maleimide 1 and its adducts 2 and 3 are
distinctly different. No fluorescence was observed for male-
imide 1. However, the adducts 2 and 3 displayed high fluo-
rescence at 330–400 nm (Fig. 2b and c). The fluorescence
quantum yields of 2 and 3 were found to be 0.41 and 0.36 with
the same fluorescence lifetime of 4.6 ns in dichloromethane
(Fig. 2b inset and Fig. 2c inset).

As described in the X-ray crystal structures, the dynamic
covalent bonds of maleimide–furan adducts break easily.
1H NMR spectroscopy monitored the cleavage process of
dynamic covalent bonds through a retro-Diels–Alder addition
at elevated temperature (Fig. 3). During the retro-Diels–Alder
addition of 3 at 80–100 °C in toluene at 0.061 M, the NMR

Scheme 1 Synthetic route to N-phenylcarbazole maleimide 1, amphi-
philic 2 and 3. Reagents and conditions: (1) 4-Nitrochlorobenzene,
K2CO3, dimethyl sulfoxide, 150 °C, 28%; (2) Pb/C (10 wt%), hydrazine
hydrate (80 wt%), ethanol, 80 °C, 98%; (3) maleic anhydride, dichloro-
methane, r.t., 95%; (4) acetic anhydride, sodium acetate anhydrous,
80 °C, 47%; (5) copper(I) iodide, tetrakis(triphenylphosphine) palladium,
anhydrous triethylamine, 70 °C, 33%; (6) Pd/C (10 wt%), acetic acid,
NaBH4, alcohol, r.t., 53%; (7) chloroform, acetonitrile, 70 °C, 41% and
27% for 2 and 3.

Scheme 2 Synthetic route to maleimide–furan adduct 4. Reagents and
conditions: (1) Copper(I) iodide, tetrakis(triphenylphosphine) palladium,
anhydrous triethylamine, 70 °C, 39%; (2) Pd/C (10 wt%), acetic acid,
NaBH4, alcohol, r.t., 75%; (3) chloroform, acetonitrile, 70 °C, 69%.

Fig. 1 (a) Chemical structures of amphiphilic maleimide–furan adducts
2 and 3. Dynamic covalent bonds connecting hydrophobic and hydro-
philic moieties are indicated in red. (b) Molecular structure (ORTEP) of 3
determined by single-crystal X-ray diffraction, top view (left) and side
view (right). Thermal ellipsoids are drawn at 50% probability level. All
hydrogen atoms are omitted for clarity.
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peaks of the protons of 3 at δ 6.63–6.74 ppm (Hb and Hc) and δ

5.46–5.48 ppm (Ha) gradually decrease, and the NMR peak of
the protons of 1 at δ 6.94 ppm (Hd) appears and gradually
increases (Fig. 4a). For this process, the fluorescence intensity
of 3 gradually decreases, and finally disappears (Fig. 3b). The
fluorescence intensity changes during the retro-Diels–Alder
addition of 3 well agree with the reaction monitoring by NMR
spectroscopy (Fig. 3b, inset). Thus, fluorescence spectroscopy
can monitor the cleavage extent of dynamic covalent bonds.

After cooling the above reaction systems to room tempera-
ture, the resulting N-phenylcarbazole maleimide 1 and furan
derivative start to perform the Diels–Alder reaction in CDCl3 at
0.055 M, and reform 2 or 3 (Fig. 4), and dynamic covalent
bonds were reformed in 2 or 3. The reformation process of the
dynamic covalent bonds was monitored by 1H NMR spec-
troscopy. The NMR peaks of the protons of 1 at 6.94 ppm (Hd)
and furan derivatives at δ 6.35–6.30 ppm (Hb′ and Hc′) gradu-
ally decrease. The NMR peaks of the protons of 3 appear at
δ 6.62–6.70 ppm (Hb and Hc) and 5.43 ppm (Ha) and gradually
increase as the room temperature Diels–Alder reaction pro-
ceeds (Fig. 4a). It should be noted that the Diels–Alder reaction
first forms two isomers:23,24 endo and exo isomers (Fig. S9 and
S12†). The exo isomer is thermodynamically stable, and the
endo isomer is kinetically favored. As the reaction proceeds,
the kinetically favored endo isomer gradually disappears, and
the thermodynamically stable exo isomer becomes dominant.
Thus, we finally obtained a pure exo isomer (Fig. 1, Fig. S10

Fig. 2 (a) UV/Vis absorption spectra of 1, 2 and 3 in dichloromethane.
(b) Fluorescence spectra of 1, 2 and 3 in dichloromethane. c = 2 × 10−5

M. Inset: Fluorescence decay of 3 in dichloromethane. Fluorescence
lifetime was found to be 4.6 ns. Excitation and emission wavelengths are
295 nm and 345 nm. [3] = 2 × 10−5 M. (c) Three-dimensional excitation–
emission fluorescence spectra of 2. Inset: Fluorescence decay of amphi-
philic 2 in dichloromethane. Fluorescence lifetime was found to be 4.6
ns. Excitation and emission wavelengths are 295 nm and 345 nm. [1] = 2
× 10−5 M.

Fig. 4 (a) Reformation of dynamic covalent bonds (shown in red) by the
Diels–Alder reaction in chloroform at room temperature, and 1H NMR
spectral changes during 3 reformation by the Diels–Alder reaction. (b)
Fluorescence spectra during 3 reformation by the Diels–Alder reaction
at room temperature from 0 h (bottom) to 60 h (top). Inset: Diels–Alder
addition reaction of 3 reformation monitored by 1H NMR spectroscopy
according to the changes at δ = 5.44–5.49 ppm, and by fluorescence
spectroscopy according to intensity changes at 345 nm.

Fig. 3 (a) Cleavage of dynamic covalent bonds (shown in red) by the
retro-Diels–Alder reaction in toluene at 80–100 °C and 1H NMR spectral
changes during the retro-Diels–Alder reaction of 3. (b) Fluorescence
spectra during the retro-Diels–Alder reaction of 3 from 0 h (top) to 12 h
(bottom). Inset: Retro-Diels–Alder reaction of 3 monitored by 1H NMR
spectroscopy according to the changes at δ = 5.44–5.49 ppm, and by
fluorescence spectroscopy according to intensity changes at 345 nm.
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and S13†). The fluorescence of 2 or 3 appears and gradually
increases as the reaction proceeds (Fig. 4b). Thus, the Diels–
Alder reaction is a typical fluorigenic reaction. The fluo-
rescence intensity changes well agree with the reaction moni-
toring from 1H NMR spectroscopy (Fig. 4b, inset). Thus, fluo-
rescence changes reflect the reformation or repair extent of
dynamic covalent bonds through Diels–Alder addition.
Furthermore, 1H NMR spectroscopy revealed that the Diels–
Alder addition reactions of maleimide–furan adducts are
simple, efficient, clean, and reversible without catalysts and
side reactions.

The Diels–Alder reactions are dynamic. We further studied
the exchange of furan moieties during the dynamic reaction
process (Fig. 5). 2 and furfuryl alcohol were dissolved in deu-
teroacetonitrile (CD3CN), and the mixture was heated at 75 °C
with stirring. The reaction was monitored by NMR spec-
troscopy. The 1H NMR peaks of the protons of 3 at δ

6.62–6.70 ppm (Hb and Hc) and δ 5.43 ppm (Ha) and oligoethyl-
ene glycol-containing furan at δ 6.18 (Hg′) and δ 4.52–4.57 ppm
(Hh′) gradually increase as dynamic exchange reaction proceeds
(Fig. 5). At the same time, the peaks of the protons of 2 at δ
6.23 ppm (Hg) and furfuryl alcohol at δ 6.21–6.36 ppm (Hb′ and
Hc′) decrease. These results reveal that 2 is transformed into 3
by the exchange of furan moieties. The dynamic Diels–Alder
reaction reversibility enables continual exchange of furan moi-
eties in the 2 and 3 mixing systems under thermodynamic equi-
librium conditions, where the oligoethylene glycol-containing
furan moiety was exchanged by furfuryl alcohol due to reducing
steric hindrance.

Molecularly dissolved 2 in THF is highly fluorescent with
emission maxima at 345 nm and 360 nm. Upon adding de-

ionized water into the THF solution of 2, the fluorescence of
monomer 2 decreases gradually, and new emission peaks
appear and increase at 402 nm and 425 nm with a red shift of
57–67 nm (Fig. 6c). We attributed the new broad fluorescence
peaks to the assembly occurring of amphiphilic 2 in aqueous
solution.

We subsequently explore the assembly behaviour of 2 in
aqueous solution. The aggregates of 2 were prepared as
follows: the amphiphilic 2 was first dissolved in THF, and the
same volume of deionized water was then slowly added. Then,

Fig. 5 Exchange of furan moieties between 2 and 3 monitored by 1H
NMR spectroscopy during the dynamic Diels–Alder reaction in CD3CN
at 75 °C. [2] = 0.05 M. Reaction time = 0, 3, 6, 12, 24, 48, 72 h from top
to bottom.

Fig. 6 (a) Chemical structures of maleimide–furan adducts 2 and 4. (b)
H-bonding (shown in green) driven crystal packing structure of male-
imide–furan adduct 3, side view (top) and top view (bottom). (c)
Fluorescence spectra of 2 with increasing deionized water contents in
THF from 80% (top) to 95% (bottom). Inset: CIE 1931 chromaticity
diagram of the aggregtes in water-containing THF (95%, v/v). [2] = 2.0 ×
10−5 M. Excitation wavelength is 295 nm. (d) TEM images of 2 aggregates
prepared from the aqueous solution and stained with uranyl acetate.
The inset shows one magnified TEM image of one typical vesicular
aggregate. (e) Fluorescence spectrum of 2 vesicular aggregates. (f ) Size
distribution of the vesicular aggregates obtained from TEM measure-
ments. [2] = 2 × 10−4 M.
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THF was evaporated slowly at room temperature to give the
aqueous solution of 2 at a concentration of 2 × 10−4 M. The
solution was kept at room temperature to form the stable and
energy-minimized aggregates for transmission electron
microscopy (TEM) measurements. TEM results indicate that
spherical hollow vesicles were formed from amphiphilic 2 with
an average diameter of 270 nm (Fig. 6d and Fig. S22†).
Dynamic light scattering (DLS) measurements (Fig. S23†)
revealed that the average size of these vesicular aggregates is
380 nm in deionized water, which is slightly larger than the
TEM results. This is due to the fact that DLS and TEM were
performed in solution and dried state of the samples,
respectively.14a

The vesicular aggregates of 2 emit blue fluorescence at
400–450 nm with CIE color coordinates (0.15, 0.03) (Fig. 6c
inset). We further measured the fluorescence spectroscopic
changes by increasing the concentration of 2 (Fig. S21†). The
plot of fluorescence intensity versus concentration shows a
critical turning point, suggesting that the critical aggregation
concentration of the formation of vesicular aggregates of 2 is
1.1 × 10−5 M in deionized water. To explore the assembly
mechanism of amphiphilic 2, we analysed the crystal structure
of maleimide–furan adduct 3 (Fig. 6b). In the crystal packing
structure of 3, intermolecular CvO⋯H–O hydrogen bonds are
formed with a bond length of 2.03 Å (shown in green in
Fig. 6b). According to the crystal packing structure (Fig. 6b),
the H-bonding interaction occurs in the hydrophobic phase,
which protects H-bonding formation and prevents its inter-
action with solvents. Similar examples can be found for the
H-bonding driven aggregate formation of natural chlorophyll
analogues in water.25 Therefore, the main driving force of the
assembly of amphiphilic 2 in aqueous solution is H-bonding
interaction and hydrophobic interaction. The vesicular aggre-
gates of 2 are fluorescent in aqueous solution with an emis-
sion maximum at 402 nm (Fig. 6e).

To further confirm the H-bonding driving force14 for the
aggregation of amphiphilic 2, we synthesized amphiphilic
maleimide–furan adduct 4 (Scheme 2 and Fig. 6a). The 3-(3-{2-
[2-(ethoxy)ethoxy]ethoxy}propyl)furan was synthesized by the
Sonogashira reaction of 3-(2-(2-ethoxyethoxy)ethoxy)-1-propyne
with 3-bromofuran, and subsequently reduced using NaBH4

and acetic acid, with Pd/C. Finally, the adduct 4 was syn-
thesized by the Diels–Alder reaction from the corresponding
furan derivative and N-phenylcarbazole maleimide 1 in chloro-
form/acetonitrile at room temperature. The maleimide–furan
adduct 4 shows a UV-vis absorption peak at 295 nm and fluo-
rescence emission at 345 nm with a fluorescence lifetime of
4.6 ns and quantum yields of 0.37, which are similar to the
optical properties of the adducts 2 and 3. The detailed optical
parameters of these compounds 1, 2, 3 and 4 are listed in
Table 1.

The chemical structures of 2 and 4 possess the same hydro-
phobic moiety and the hydrophilic oligoethylene glycol-con-
taining furan moiety. The only difference is that no CH2OH
group exists in the furan moiety for 4. Thus, no H-bonding
interaction can form for 4 assembly. We attempt to prepare the

aggregates of 4 in aqueous solution according to the prepa-
ration procedure of 2. However, no highly ordered aggregates
were observed by TEM. Amphiphilic maleimide–furan adduct
4 cannot assemble into well-defined aggregates in aqueous
solution due to the absence of H-bonding interaction. These
results further confirm the H-bonding driven supramolecular
assembly of maleimide–furan adducts 2 and 3. In general,
supramolecular vesicular aggregates can be destroyed after
high temperature thermal treatment.14a We found that our ves-
icular aggregates were reformed and self-healed after thermal
treatment at 90 °C for 2 h (Fig. S24†). We attributed this self-
healing behaviour to the reformation of dynamic covalent
bonds between hydrophobic and hydrophilic moieties. An in-
depth study on the self-healing performance and related fluo-
rescence behaviours is under way.

Conclusions

In summary, we designed and synthesized carbazole-contain-
ing maleimide 1 and amphiphilic maleimide–furan adducts 2,
3 and 4. The chemical structure of 2 consists of hydrophobic
maleimide-based and hydrophilic furan-based moieties
connected by dynamic covalent bonds. Dynamic Diels–Alder
reactions of maleimide–furan adducts lead to reversible fluo-
rescence ON/OFF behaviours as revealed by 1H NMR and fluo-
rescence spectroscopy. The exchange experiment of the furan
moieties of these new maleimide–furan amphiphiles confirms
the dynamic nature of this Diels–Alder reaction. Maleimide–
furan 2 can be transformed into 3 by continual exchange of
furan moieties in mixing systems during the dynamic reaction.
The maleimide–furan adducts 2 and 3 displayed H-bonding
driven suparmolecular assembly. Fluorescent vesicular aggre-
gates were formed from maleimide–furan amphiphile 2 in
deionized water. Our results will encourage the development
of dynamic Diels–Alder reactions and their potential properties
and applications.

Experimental section
Maleimide–furan adduct 2

N-Phenylcarbazole maleimide 1 (0.17 g, 0.5 mmol) and [4-(3-
{2-[2-(ethoxy)ethoxy]ethoxy}propyl)furan-2-yl]methanol (0.16 g,
0.6 mmol) were dissolved in chloroform (5 mL) and aceto-

Table 1 UV-vis absorption and fluorescence spectral data of 1, 2, 3 and 4

UV-vis absorption Fluorescence

λab (nm) ϵ (×105 M−1 cm−1) λem (nm) Φ τ (ns)

1 295 1.19 — — —
2 295 1.21 345 0.41 4.6
3 295 1.31 345 0.36 4.6
4 293 1.05 345 0.37 4.6
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nitrile (5 mL) under N2. The mixture was heated at 70 °C with
stirring for 24 h. The mixture was washed with water and
extracted by dichloromethane (10 mL). The organic layer was
collected and dried over anhydrous magnesium sulfate. After
concentrating under reduced pressure, the crude product was
purified by silica gel column chromatography (ethyl acetate/
petroleum ether = 1/1, v/v) giving a white solid (0.20 g, 41%).
1H NMR (400 MHz, CDCl3): δ = 8.14 (d, J = 7.7 Hz, 2H), 7.62
(dd, J = 60.9, 8.6 Hz, 4H), 7.47 (d, J = 8.1 Hz, 2H), 7.42 (t, J = 7.4
Hz, 2H), 7.30 (t, J = 7.2 Hz, 2H), 6.23 (s, 1H), 5.20 (s, 1H), 4.17
(d, J = 6.0 Hz, 2H), 3.81–3.43 (m, 12H), 3.23 (s, 2H), 2.73 (s,
1H), 2.38 (t, J = 7.5 Hz, 2H), 1.93–1.77 (m, 2H), 1.22 (t, J = 7.0
Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 175.32, 175.24,
152.57, 140.55, 138.08, 130.35, 130.20, 127.96, 127.54, 126.12,
123.56, 120.38, 120.32, 109.78, 92.72, 83.76, 70.71, 70.65,
70.31, 69.86, 66.68, 61.20, 49.94, 49.72, 27.20, 24.27, 15.20. IR
(cm−1): 3463, 2865, 1774, 1704, 1599, 1515, 1478, 1451, 1387,
1356, 1317, 1228, 1181, 1103, 977, 927, 831, 750, 723. HRMS
(ESI): m/z calculated for C36H38N2O7 [M + Na]+: 633.2571,
found: 633.2572.

Maleimide–furan adduct 3 was synthesized in the same
manner as 2, except for [4-(3-{2-[2-(ethoxy)ethoxy]ethoxy}
propyl)furan-2-yl]methanol replaced with furfuryl alcohol
(0.1 mL). The crude product was purified by silica gel column
chromatography (ethyl acetate/petroleum ether = 1/1, v/v) to
give a white solid (0.12 g, 27%). 1H NMR (400 MHz, CDCl3): δ =
8.14 (d, J = 7.7 Hz, 2H), 7.62 (dd, J = 59.6, 8.6 Hz, 4H), 7.46 (d, J
= 8.1 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.3 Hz, 2H),
6.66 (dd, J = 29.5, 5.7 Hz, 2H), 5.43 (s, 1H), 4.21 (s, 2H), 3.20
(dd, J = 17.6, 6.6 Hz, 2H), 2.72 (s, 1H). 13C NMR (100 MHz,
CDCl3): δ = 175.08, 174.97, 140.61, 138.58, 138.18, 137.21,
130.22, 127.93, 127.57, 126.13, 123.61, 120.37, 120.34, 109.77,
91.96, 81.52, 60.87, 50.13, 48.29, 25.38. IR: 2372, 1776, 1700,
1599, 1544.17, 1517, 1478, 1453, 1404, 1363, 1338, 1316.94,
1301, 1282, 1232, 1207, 1194, 1056, 1019, 757. HRMS (ESI): m/z
calculated for C27H20N2O4 [M + Na]+: 495.1315, found
459.1315.

Maleimide–furan adduct 4 was synthesized in the same
manner as 2, except for [4-(3-{2-[2-(ethoxy)ethoxy]ethoxy}
propyl)furan-2-yl]methanol replaced with 3-(3-{2-[2-(ethoxy)
ethoxy]ethoxy}propyl)furan (0.15 g, 0.6 mmol). The crude
product was purified by silica gel column chromatography
(ethyl acetate/petroleum ether = 3/2, v/v) to give a pale yellow
solid (0.2 g, yield 69%). 1H NMR (400 MHz, CDCl3): δ =
8.17–8.10 (m, 2H), 7.72–7.53 (m, 4H), 7.49–7.45 (m, 2H),
7.36 (m, 4H), 6.12 (q, J = 1.7 Hz, 1H), 5.37 (s, 1H), 5.20 (s,
1H), 3.73–3.48 (m, 12H), 3.10 (dd, J = 19.2, 6.6 Hz, 2H),
2.37 (t, J = 7.6 Hz, 2H), 1.91–1.76 (m, 2H), 1.22 (t, J = 7.0 Hz,
3H). 13C NMR (100 MHz, CDCl3): δ = 175.63, 175.47,
152.03, 140.59, 137.92, 130.46, 128.71, 128.04, 127.51, 126.10,
123.54, 120.35, 120.26, 109.80, 83.85, 82.41, 77.24, 70.64,
70.34, 70.32, 69.86, 66.68, 49.40, 47.34, 27.29, 24.10, 15.20. IR
(cm−1): 2863, 1707, 1600, 1515, 1478, 1451, 1385, 1356, 1334,
1229, 1179, 1104, 1016, 936, 870, 825, 750, 723. HRMS (ESI):
m/z calculated for C35H36N2O6 [M + Na]+: 603.2466, found:
603.2466.

Cleavage and reformation of dynamic covalent bonds
monitored by 1H NMR and fluorescence spectroscopy

The adduct 3 (41.1 mg, 0.061 mmol) was dissolved in toluene
(1 mL), and heated at 100 °C with stirring. 40 μL of the above
toluene reaction solution of 3 was placed in a NMR tube at
specific time intervals. This sample solution in the NMR tube
was dried in vacuo for over 24 h. Deuterochloroform (CDCl3)
(0.5 mL) was added in each NMR sample tube for NMR
measurements. 25 μL of the CDCl3 solution of 3 was trans-
ferred from each NMR sample tube into 20 mL bottles, and
diluted to 10 mL with dichloromethane for fluorescence
measurements.

Exchange of furan moieties between 2 and 3

Compound 2 (30.5 mg, 0.05 mmol) was dissolved in deutero-
acetonitrile (CD3CN) (1 mL), and then furfuryl alcohol (5 mg,
0.05 mol) was added. The mixture solution was heated at
75 °C with stirring. 20 μL of the above solution was taken and
placed in a NMR tube at specific time intervals.
Deuterochloroform (CDCl3) (480 μL) was then added respect-
ively in each NMR sample tube for NMR measurements.
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