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ABSTRACT: Multicomponent polymerizations (MCPs) pro-
vide a powerful synthetic tool for the construction of polymers
with complex structures and multifunctionalities, owing to their
great structural diversity, mild condition, high efficiency, simple
procedure, and environmental benefit. They possess significant
advantages in synthesizing heteroatom-rich or heterocycle-
containing functional polymers through directly constructing
fused heterocycles from the MCP. In this work, the MCPs of diynes, disulfonyl azides, and 2-hydroxybenzonitrile or 2-
aminobenzonitrile were reported under the catalysis of CuCl and Et3N, generating iminocoumarin/quinoline-containing
poly(N-sulfonylimine)s with high molecular weights (up to 37700 g/mol) and high yields (up to 96%). The MCPs enjoy a wide
monomer scope and high atom economy, releasing N2 as the only byproduct. The fluorescent poly(N-sulfonylimine) can be
utilized for sensitive and selective detection of Ru3+, which also possesses antibacterial properties. The efficient MCPs could
produce polymers with unique structures and functionalities, thereby accelerating the development of polymer materials.

The development of polymerization methodologies is
essential for the exploration of new polymer materials.

Recently, multicomponent polymerizations (MCPs) emerged
as popular synthetic methods, which have attracted much
attention owing to their great structural diversity, mild reaction
condition, high efficiency, simple procedure, and environ-
mental benefit.1−5 For example, a few MCPs have been
developed, such as Passerini 3-component polymerization and
Ugi 4-component polymerization,6−8 bringing polyesters and
polyamides with diverse chemical and topological structures.
Recent progress on the multicomponent tandem polymer-
izations (MCTPs) has extended the general applicability of
MCPs and enriched the product structure of MCPs to
conjugated polymers as well as sequence-controlled poly-
mers.9−11 The elemental sulfur-based MCPs have also
demonstrated their practical implications of direct conversion
from the abundantly existing sulfur to functional polythioa-
mides or polythioureas in economic, efficient, and convenient
manners.12,13

Of all the reported MCPs, the alkyne and sulfonyl azide-
involving MCPs are a group of fascinating polymerizations
with various product structures.14−18 These MCPs are
normally conducted at room temperature with the catalysis
of copper(I), producing products with high yields and high
molecular weights (Mws), releasing N2 as the only byproduct,
demonstrating wide monomer applicability and high atom
utilization. Most importantly, these MCPs can produce
heteroatom-rich or fused heterocyclic ring-containing polymers

with multifunctionalities that are difficult to be accessed by
other synthetic methods.
Among fused heterocycles, iminocoumarin and quinoline

derivatives are widely available in nature, which are well-known
for their fluorescence properties19 and versatile biological
activities, such as antibacterial,20 antituberculosis,21 anti-
HIV,22 anticancer effects,23 and protein-tyrosine kinase
inhibitors.24 The iminocoumarin or quinoline-containing
polymers have hence attracted considerable attention, owing
to their potential functionalities. Their preparation, however,
remains quite challenging, which usually involves a multistep
synthesis and harsh conditions. For example, quinoline-
containing polyfluorenes and poly(arylene ethynylene)s are
reported through Friedla ̈nder quinolone synthesis and
transition metal-catalyzed polycouplings from quinoline-
containing monomers, respectively.25,26 One example of the
direct construction of iminocoumarin moieties is from the
MCP of diynes, disulfonyl azides, and salicylaldehyde/o-
hydroxylacetophenone to produce poly(iminocoumarin)s.27

Most recently, efficient multicomponent reactions (MCRs)
of alkynes, sulfonyl azides, and 2-hydroxybenzonitrile or 2-
aminobenzonitrile were reported to produce a library of
multisubstituted 4-amino-iminocoumarins or 4-aminoquino-
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lines.28,29 In the MCR, terminal alkyne first reacts with sulfonyl
azide under the catalysis of CuCl and Et3N to form
keteneimine A (Scheme S1). 2-Hydroxybenzonitrile is
deprotonated by triethylamine to form nucleophile B, which
then attacks keteneimine A to produce intermediate C.
Subsequently, an intramolecular cyclization of C takes place
to form the anionic species D, followed by protonation and
isomerization to produce amino-substituted iminocoumarin F.
A similar mechanism applies for the MCR of alkyne, sulfonyl
azide, and 2-aminobenzonitrile, which produces amino-
substituted quinoline.
Attracted by the straightforward construction of iminocou-

marin or quinoline structures, in this work, we developed two
efficient MCPs of diynes, disulfonyl azides, and 2-hydrox-
ybenzonitrile or 2-aminobenzonitrile to generate poly(N-
sulfonylimine)s with well-defined structures, high Mws and
yields under mild condition. The unique structures of the
iminocoumarin/quinoline-containing poly(N-sulfonylimine)s
endow them with good thermal stability, unique fluorescence,
sensitive and selective detection of Ru3+, and antibacterial
property.
To develop the MCP of alkyne, sulfonyl azide, and 2-

hydroxybenzonitrile, aromatic diyne monomer 1a and
disulfonyl azide monomer 2a were designed and synthesized
to polymerize with commercially available 2-hydroxybenzoni-
trile 3 upon the catalysis of CuCl and Et3N under a N2

atomosphere.30−32 The solvent effect of the MCP of 1a, 2a,
and 3 was first studied (Table S1). Of all the tested solvents,
CH2Cl2 provides the best polymerization result, with 83% yield
and a Mw of 23100 g/mol of the product. Monomer
concentration possesses great influence on the polymerization
(Table S2). When the concentrations of 1a and 2a were
beyond 0.10 M while keeping [1a]/[2a]/[3] = 1.0/1.0/2.5,
insoluble gel was easily formed within 30 min. Decreasing the
concentrations to 0.05 M avoided the gelation and produced
soluble product with satisfactory yield and Mw in 1 h. Further
decreasing the concentration led to dramatic drop of both yield
and Mw. Prolonging the reaction time generally increased the
yields and Mws (Table S3). A soluble polymer with a Mw of
34700 g/mol could be gained in 1.5 h in 95% yield, and an
insoluble gel could form afterward. Although an excess amount
of 3 proved to benefit the polymerization, from the strict
stoichiometric ratio of [1a]/[2a]/[3] = 1.0/1.0/2.0, a
satisfactory result with 91% yield and a Mw of 29300 g/mol
was also obtained (Table S4). This MCP proceeded smoothly
at room temperature, which was further improved upon raising
the temperature until gelation occurred at 50 °C. The best
polymerization result was realized at 40 °C in CH2Cl2 with the
optimal monomer concentrations of [1a] = [2a] = 0.05 M and
the molar ratio of [1a]/[2a]/[3] = 1.0/1.0/2.5, and polymer
with a Mw of 35500 g/mol was produced in 96% yield in 1.5 h
(Table S5). Insoluble gel could be formed in CH2Cl2 with
higher monomer concentration, longer polymerization time, or
higher polymerization temperature than the optimal condition,
due to the existence of abundant and multiple types of
intermolecular noncovalent interactions including hydrogen
bonds and π−π stacking interactions in polymer product with
high Mws.
Various aromatic diyne monomers 1a−e and disulfonyl

azide monomers 2a,b were synthesized for the MCP. Under

Figure 1. Cu(I)-catalyzed MCPs of diynes, disulfonyl azides, and (A)
2-hydroxybenzonitrile or (B) 2-aminobenzonitrile. The MCPs were
carried out at 40 °C for 1.5 h (P1−P6) or 0.5 h (P7). Mws are
measured by GPC in DMF based on PMMA standard samples.

Figure 2. IR spectra of (A) 1a, (B) 2a, (C) 3, (D) 8, and (E) P1.
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the above-mentioned optimal condition, the polymerizations
went smoothly and afforded P1−P6 with Mws up to 37700 g/
mol in good to excellent yields (Figure 1A). Furthermore,
when 2-hydroxybenzonitrile 3 was replaced by 2-amino-
benzonitrile 4 in the MCP, the polymerization of 1b, 2a, and
4 also proceeded efficiently, furnishing aminoquinoline-
containing poly(N-sulfonylimine) P7 with a Mw of 32800 g/
mol in 82% yield in 0.5 h (Figures 1B and S1), demonstrating
the general monomer applicability of this MCP.
The model compounds 7−9 were obtained to help the

characterization of chemical structures of P1−P7 (Scheme S2),
and their desired structures were confirmed by high resolution
mass spectra (Figures S2−S4). The IR, 1H NMR, and 13C
NMR spectra were utilized to compare the structures of
monomers, model compounds, and polymers. In the IR spectra
of 8 and P1, the absorption bands related to the CH and
CC stretching vibrations of 1a at 3307 and 2104 cm−1,
respectively, the N3 stretching vibration band of 2a at 2142
cm−1, and the absorption bands associated with the −OH and
CN stretching vibrations of 3 at 3246 and 2236 cm−1,
respectively, all disappeared, suggesting the total consumption
of monomers. New −NH2 peaks at 3458 and 3337 cm−1, C
C peak at 1640 cm−1, and CN peak at 1511 cm−1 emerged

in the spectra of 8 and P1, confirming the expected amino-
substituted iminocoumarin structure in these compounds
(Figure 2). Similarly, these characteristic product peaks also
emerged in the IR spectra of P2−P7, proving the expected
structures of these polymers (Figures S5 and S6).
The 1H and 13C NMR spectra of monomers, model

compounds, and P1 were compared in Figure 3. In the 1H
NMR spectra of 7, 8, and P1, the acetylene proton resonance
of 1a at δ 4.25 and the phenolic hydroxyl proton resonance of
3 at δ 11.04 are both absent. Besides, a new peak emerged at δ
8.29, associating with the aromatic proton from the newly
formed coumarin moiety. Similarly, the characteristic coumarin
proton peaks emerged at δ 8.24−8.29 in the spectra of P2−P6
(Figure S7). Furthermore, new characteristic N−H peaks
emerged at δ 11.44 (9) and 10.71 (P7), and NH2 peaks
emerged at δ 6.70 (9) and 4.24 (P7), proving the amino-
substituted quinoline structures in 9 and P7 (Figure S8). In the
13C NMR spectra of 7, 8, and P1, the acetylene carbon peaks
of 1a at δ 84.75 and 81.62 disappeared; meanwhile, two new
peaks at δ 159.30 and 100.55 appeared, representing the newly
formed CN and CC bonds on the coumarin moieties of
7, 8, and P1. The 13C NMR spectra of P2−P7 also suggested
the existence of the characteristic CN and CC moieties

Figure 3. 1H NMR spectra of (A) 1a, (B) 2a, (C) 3, (D) 7, (E) 8, and (F) P1 in DMSO-d6.
13C NMR spectra of (G) 1a, (H) 2a, (I) 3, (J) 7, (K)

8, and (L) P1 in DMSO-d6. The peaks marked with asterisks are from solvent.
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on coumarin or quinoline structure in the polymers (Figures
S9 and S10).
Despite of the rigid conjugated fragments and potential

hydrogen bonds, these poly(N-sulfonylimine)s possess sat-
isfactory solubility in polar organic solvents such as DMSO and
DMF. Thermogravimetric analysis also suggests their high

thermal stability with decomposition temperatures (Td) at 5%
weight loss ranging from 272 to 344 °C (Figure S11).
The photophysical properties of the model compounds and

polymers were then studied. The absorption maxima of the
dilute DMSO solutions of 7−9 and P1−P7 were measured
that were located at 320−350 nm (Figure S12). The solid
powders of 7−9, P3, and P4 are emissive, while their DMSO
solutions are nonemissive or weakly emissive. No emission is
observed from other polymers. The emission maxima of solid
powders of 7 and 9 are located at ∼410 nm, while that of 8 and
P4 are red-shifted to 470 and 455 nm, respectively, suggesting
elongated conjugation (Figure 4). P3 with tetraphenylethene
moieties showed a green emission at ∼513 nm. Their solid-
state fluorescence quantum efficiencies (ΦFs) suggested that
the iminocoumarin derivatives possess higher ΦF compared
with the aminoquinoline derivatives (Figure 4C). Among
them, iminocoumarin derivatives 7 and 8 show bright blue
emission with high ΦF of 38.1% and 45.9%, respectively. In
mixed solvents with different amounts of poor solvent n-
hexane or H2O, upon addition of poor solvent, the emission of
iminocoumarin-containing 7, 8, and P3 are generally increased
(Figure S13), suggesting their aggregation-induced emission
(AIE) characteristics.33,34

AIE polymers are extensively studied as fluorescent chemo-
sensors for metal ion detection, owing to their high sensitivity,
selectivity, and reliability.35−37 The fluorescence response of
AIE-active P3 upon coordination with various metal ions are
hence investigated, considering that its multiple heteroatoms
and amino groups may serve as metal ligands. Into the DMSO/
H2O mixed solution of P3 with 50 vol % H2O, different metal
ions such as Ru3+, Rh3+, Pd2+, Pt4+, Cr2+, Mn2+, Fe2+, Fe3+,
Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Ce3+, and Pb2+ were added.

Figure 4. (A) Structures of 7−9. (B) Fluorescence photos of solid
powders of 7−9, P3, and P4 taken under UV irradiation at 365 nm.
(C) PL spectra and ΦFs of solid powders of 7−9, P3, and P4.
Excitation wavelength: 340 nm.

Figure 5. (A) Relative intensity (I0/I) of aqueous solution of P3 vs
different metal ions. I0 = PL intensity in the absence of metal ions.
Metal ion concentration: 50 μM. (B) PL spectra of P3 in DMSO/
water mixture with 50 vol % water and different amounts of Ru3+. (C)
Stern−Volmer plot of relative intensity (I0/I) vs the Ru3+

concentration. Polymer concentration: 10 μM.

Figure 6. Growth curves of (A) S. aureus or (B) E. coli incubated with
different concentrations of P3. (C) CLSM images of S. aureus or E.
coli incubated with P3. Left, phase contrast bright-field image; middle,
fluorescence images; right, overlap image. Concentration: 10 μM.

ACS Macro Letters Letter

DOI: 10.1021/acsmacrolett.8b00884
ACS Macro Lett. 2019, 8, 101−106

104

http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.8b00884/suppl_file/mz8b00884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.8b00884/suppl_file/mz8b00884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.8b00884/suppl_file/mz8b00884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.8b00884/suppl_file/mz8b00884_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.8b00884/suppl_file/mz8b00884_si_001.pdf
http://dx.doi.org/10.1021/acsmacrolett.8b00884


The fluorescence of P3 was selectively quenched upon the
addition of Ru3+, while no significant change was observed with
other metal ions. Moreover, the control experiments with the
mixture of different metal ions and Ru3+ suggested that the
fluorescence quenching was only affected by Ru3+, indicating
high selectivity of the fluorescence detection of Ru3+ (Figure
5A). Different amounts of RuCl3 were then added into the
same solution of P3. When increasing the concentration of
RuCl3 from 0 to 100 μM, the emission intensity of P3
decreased, while keeping the spectral profile unchanged
(Figure 5B). The Stern−Volmer plot of relative PL intensity
(I0/I) versus the concentration of Ru3+ was a straight line. The
quenching constant and the calculated detection of limit
(LOD) were 89200 M−1 and 5.98 × 10−7 M, respectively,
suggesting high sensitivity of Ru3+ detection (Figure 5C). The
emission of P3 and the absorption of RuCl3 in DMSO/H2O
mixture with 50 vol % water content overlaps at the wavelength
range of 400−650 nm (Figure S14), indicating potential
energy transfer from P3 to Ru3+, which may be the reason for
fluorescence quenching.
The iminocoumarin derivatives are well-known compounds

with pharmacological properties.38 The antibacterial property
of 4-amino-iminocoumarin-containing fluorescent P3 was
hence investigated. Gram-positive bacterium S. aureus and
Gram-negative bacterium E. coli were selected to be incubated
with different amounts of P3 (Figure 6A,B). P3 showed an
obvious inhibitory effect on the growth of S. aureus and the
calculated inhibition ratio can reach 58% when S. aureus was
incubated with 32 μM of P3 for 12 h. The growth of E. coli, on
the other hand, was not inhibited significantly upon incubation
with P3. The confocal laser scanning microscopy (CLSM)
images of S. aureus or E. coli after incubation with P3 suggested
that the fluorescent polymer aggregates were located around S.
aureus, while the fluorescence image of P3 and the bright-field
bacteria image were not overlapped for E. coli (Figure 6C).
The structure of P3 may endow it unique interaction with S.
aureus, enabling its accumulation around S. aureus and further
inhibition on the growth of the bacteria.
In this work, efficient one-pot multicomponent polymer-

izations of diynes, disulfonyl azides, and 2-hydroxybenzoni-
trile/2-aminobenzonitrile were developed under mild con-
dition at 40 °C in CH2Cl2 with the catalysis of CuCl and Et3N,
affording iminocoumarin/aminoquinoline-containing poly(N-
sulfonylimine)s with high Mws in excellent yields and releasing
N2 as the only byproduct. The poly(N-sulfonylimine)s enjoyed
good solubility and good thermal stability. The iminocoumarin
and aminoquinoline structures that built directly from the
MCP could be interesting fluorophores, evidenced by the
aggregation-induced emission property of the corresponding
model compounds. Moreover, the fluorescent poly(N-
sulfonylimine)s can be utilized in fluorescence detection of
Ru3+, and the inhibition of the growth of bacteria such as S.
aureus. It is anticipated that these MCPs may find potential
application in material science by bringing polymers with
unique structures and advanced functionalities.
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