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Abstract A class of well-defined dendritic star polymers with poly (e-caprolac-
tone) (PCLs) on the periphery has been prepared via one-pot double click reactions
(Cu-catalyzed azide/alkyne click chemistry, i.e., CUAAC and Diels—Alder [4+2]
cycloaddition reactions). The predecessors for Diels—Alder reaction, maleimide
end-functionalized PCLs were produced by ring-opening polymerization (ROP).
Obtained dendritic star polymers were characterized by 'H NMR, size exclusion
chromatography (SEC), UV/vis, and fluorescence spectroscopy.

Keywords Dendritic star polymers - Double click reactions - One-pot synthesis

Introduction

Dendrimers [1-4] are monodispersed, highly branched, well-defined three-dimen-
sional macromolecules with a large number of reactive end groups. The size, the
number of end groups, and the functionality are tailor-made. Star polymers [5, 6] are
composed of multiple polymer chains emanating from a central core and have
obvious advantages due to their compact structure and higher degrees of chain end
functionality.

Dendritic star polymers [7-9], which are the structural hybrids of the dendrimers
and star polymers, not only have the common features and properties of both, but
also are equipped with the other special functions. Recently, dendritic star polymers
have attracted considerable attention from academia and application because of
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their unique physical and chemical properties that originated from their inherent
branching structures and shapes. They have become attractive nanoscale subjects for
various applications such as stabilizers for colloids [10], DNA release [11],
electrokinetic capillary chromatography [12], etc.

In general, there are two synthetic strategies, i.e., divergent and convergent
methodologies, to synthesize dendritic star polymers. In a divergent strategy, the
polymer chains are simultaneously grown from a multifunctional initiator via living
polymerization techniques [13—-15]. The second route is known as convergent
approach [16-18]. By this strategy, perfect polymer chains with a proper end-group
functionality are coupled onto a preformed multifunctional core. However, with the
stereo-hindrance effect increase, this strategy faces the shortcomings of incomplete
grafting and low yields.

In order to obtain defect-free dendritic star polymers, chemical reactions with
highly efficient selectivity, strong tolerance of functional groups and quantitative
yield are usually introduced into this strategy. At present, the double click reactions
concept, namely the orthogonal combination of CuAAC and Diels—Alder [4+2]
cycloaddition reactions, has drawn great attention in polymer chemistry because it
meets the requirement for the orthogonal synthesis of polymeric materials through
accelerated synthetic strategies [19-22]. Tunca et al. studied the synthesis of
nonlinear copolymers by CuAAC and Diels—Alder [4+42] cycloaddition reactions
first. It was found that one-pot double click reactions were efficient and facile
synthetic method for the preparation of well-defined polymeric materials.

In this article, we report an orthogonal approach to synthesize Fréchet-type and PCL-
maleimide dendritic star polymers with well-defined structure using double click
reactions with a one-pot technique. As showed in Scheme 1, the whole synthetic process
of this work was carried out by attachment of anthracene groups onto the multifunctional
core by CuAAC and then by postmodification of anthracene-containing core through
Diels—Alder [44-2] cycloaddition. By this strategy, PCL-maleimide may be grafted onto
the multifunctional core through an accelerated method, and this process can also be
monitored easily using UV/vis and fluorescence measurements.

Experimental

Materials

&-CL (tech 99%, Alfa), SnOct, (Alfa), and sodium hydride (NaH; 60% dispersed in
mineral oil, Aldrich) were used as received. Maleic anhydride (MAn) was
recrystallized from benzene. Other reagents were used without further purification.
Compounds 1 and 2, 3a’, and 3b’ were prepared (all of purity >98%) according to
literature procedures [22] and [23], respectively.

Instruments

"H NMR spectra were acquired in CDCl5 on a Bruker DMX-400 spectrometer, the
chemical shifts are given in ¢ values from TMS as an internal standard. SEC using
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Scheme 1 Structure of building blocks and strategy to prepare dendritic star polymers 4a and 4b by one-
pot double click reactions
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polystyrene as a standard was obtained on a Waters 2414 instrument with THF as an
eluent at a flow rate of 1.0 mL/min. Fluorescence spectra were recorded on a Varian
Cary-Eclipse spectrophotometer.

Synthesis of PCL-maleimide 3a and 3b

A typical polymerization procedure was as follows. Hydroxyl-terminated initiators
3a’ or 3b’ (1.5 mmol), &-CL (60.0 mmol for 3a’ and 120.0 mmol for 3b’, 40.0
equiv), Sn(Oct), (5 x 1072 equiv) and a dried magnetic stirring bar were added into
the polymerization tube. The polymerization mixture was degassed with freeze-
evacuate-thaw cycle thrice and sealed. The reaction was carried on at 110 °C in an
oil bath for 24 h. After being cooled to room temperature, the resultant polymer was
dissolved in THF and precipitated twice from ice-cooled ether, affording the
purified PCL-maleimide 3a or 3b. The obtained products were dried in a vacuum
oven until constant weight.

One-pot synthesis of dendritic star polymers 4a and 4b via double click reactions

Compound 1 (0.50 g, 0.80 mmol), azide-functionalized anthracene 2 (0.82 g,
3.50 mmol), and PCL-maleimide 3a or 3b (6.40 mmol, 2.0 equiv) were dissolved in
nitrogen-purged DMF (10 mL) in a Schlenk flask, CuBr (46.0 mg, 0.32 mmol,
0.1 equiv) and PMDETA (55.4 mg, 0.32 mmol, 0.1 equiv) were added, and the
reaction mixture was degassed by three freeze-pump-thaw cycles and left under
nitrogen and stirred at room temperature for 12 h. Then, the reaction mixture
continued to stir at 110 °C for 12 h. When the reaction was completed, the mixture
was evaporated under high vacuum. The crude product obtained was then dissolved
in 5.0 mL of THF and passed through alumina column to remove copper salt. The
solution was evaporated to give a crude product, which was dissolved in THF
(5.0 mL) and precipitated thrice from ice-cooled petroleum ether. The dendritic star
polymer 4a or 4b was isolated as a white solid (the yields were 68 and 55%,
respectively).

Results and Discussion
Synthesis of PCL-maleimide 3a and 3b

PCL-maleimide 3a and 3b were prepared by ROP of ¢-CL with hydroxyl-terminated
initiators 3a’ and 3b’ (the feed molar ratio of &-CL and hydroxyl groups was 40) in
the presence of SnOct, (5 x 1072 equiv) as the catalyst at 110 °C for 24 h by one-
pot technique (Scheme 2). 3a and 3b were synthesized with the yields of 81 and
79%, respectively.

The structures of 3a and 3b were confirmed by 'H NMR. The 'H NMR spectrum
of 3b was shown in Fig. 1 (see Fig. SI in Supporting Information for the "H NMR
spectrum of 3a). The single peak at 6.70 ppm is assigned to the proton of CH=CH.
The triple peaks at 4.20 and 3.75 ppm, respectively, stands for the protons of H-c
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Fig. 1 "H NMR spectrum of 3b in CDCl; with assignment

and H-b of methylene. The peaks at 4.00, 2.25, 1.58, and 1.33 ppm stand for the
protons of the PCL chains. The 'H NMR spectrum confirm that ROP of &-CL can be
initiated by hydroxyl-terminated maleimide and the furan groups have been
completely removed based on the disappearance of the resonance of signals at 5.30
and 6.50 ppm. The other correlative signals could be assigned to the corresponding

protons of 3b as shown in Fig. 1.

The characterization data of 3a and 3b by NMR and SEC are summarized in
Table 1. The molecular weights determined by "H NMR from the ratio of integrated
peak areas of the methylene protons next to ether oxygen (h) to the CH=CH protons
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Table 1 Characterization data by molecular weights and polydispersities from NMR and SEC of 3a and
3b

Sample M, (NMR) M, (SEC) M, /M, (SEC) DP (NMR)
3a 3,600 5,100 1.13 30
3b 9,600 8,400 1.28 40

(a) is about 3,600 g/mol for 3a (DP ~ 30 per arm) and 9,600 for 3b (DP ~ 40 per
arm), respectively.

One-pot synthesis of dendritic star polymers 4a and 4b via double click reactions

Compound 1, azide-functionalized anthracene 2 and PCL-maleimide 3a or 3b were
reacted in one pot in order to produce the corresponding dendritic star polymers 4a
or 4b via the double click reactions (Scheme 1). During the process, excess amounts
of 2 (3.5 mmol, 1.1 equiv) and 3a or 3b (6.4 mmol, 2.0 equiv) are used to compare
to that of 1 (0.8 mmol). A click reaction was accomplished between the azide of 2
and the multifunctional core 1 catalyzed by CuBt/PMDETA in DMF at room
temperature. When the reaction was completed, the reaction mixture was heated to
110 °C and continued to stir for 12 h. In this process, a Diels—Alder [442] reaction
was accomplished between anthracene group of the intermediate and PCL-
maleimide 3a or 3b.

Evidence for the occurrence of the double click reactions were obtained from 'H
NMR, SEC, UV/vis, and fluorescence spectroscopy. The 'H NMR spectrum of
dendritic star polymer 4b was shown in Fig. 2 (see Fig. S2 in Supporting
Information for the "H NMR spectrum of 4a). As can be seen from Fig. 2, the peaks
between 7.60 and 8.40 ppm, characteristic for aromatic protons of anthracene,
completely disappeared, which clearly indicated the quantitative efficiency of the
process. It revealed that the loss of the aromaticity of the central phenyl units of
anthracene as a result of Diels—Alder cycloaddition. Furthermore, a double peak
appeared approximately at 4.74 ppm due to the bridgehead proton of the
cycloadduct H-m. The peaks at 4.05, 2.29, 1.64, and 1.37 ppm were assigned to
H-o, H-h, H-i and H-j of PCLs, respectively. These results revealed that the
synthesis of dendritic star polymer 4b by one-pot double click reactions was
achieved efficiently.

UV/vis and fluoroescence spectra might provide further evidence for the
efficiency of Diels—Alder reaction. In order to obtain a direct comparison easily, the
intermediate anthracene derivative 2’ of the CuAAC reaction was isolated, whose
detailed structural analysis was shown in the Fig. S4. In UV/vis measurements
(Fig. 3 for 2’ and 4b, Fig. S5 for 2’ and 4a), although compound 2’ displayed
characteristic five-finger absorbance in the range of 300—400 nm, the dendritic star
polymer 4b showed no absorbance in the same region (Fig. 3b), which was caused
by the loss of the aromaticity of central phenyl unit of anthracene.

Figure 3 (right) showed the fluorescence spectra of the intermediate 2’ before and
after the reaction with PCL-maleimide. The characteristic fluorescent band of the
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Fig. 3 Comparison of UV/vis (left) and fluorescence spectra (right, Aox. = 350 nm) of 2 (a) and 4b (b)
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anthracene group between 350 and 500 nm disappeared completely after Diels—
Alder reaction. From the results of 'H NMR, UV/vis, and fluorescence measure-
ments, a conclusion could be drawn that a quantitative Diels—Alder reaction had
happened between anthracene and PCL-maleimide. That is to say, the
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Fig. 4 SEC traces of 1 (trace a), 3b (trace b) and dendritic star polymer 4b (trace ¢)

PCL-maleimide had been attached onto the multifunctional core successfully by
Diels—Alder reaction between anthracene and maleimide derivatives.

To demonstrate dendritic star polymers formation, the obtained products were
also characterized by SEC (Fig. 4). SEC analysis of 4b clearly showed an obvious
shift to higher molecular weight, implying the grafting of the PCL-maleimide 3b
onto anthracene-functionalized core (see Fig. S3, c for the SEC traces of 4a).

Conclusions

We have studied one-pot synthesis of dendritic star polymers via combining
efficiently CuAAC and Diels—Alder [44-2] cycloaddition strategy. Based on 'H
NMR, SEC, UV-vis, and fluorescence analysis, we can know a class of well-defined
dendritic star polymers has been prepared. One-pot strategy is a more convenient
way to produce dendritic star polymers compared with the conventional synthetic
methodologies. This facile synthetic method can furthermore afford production of
dendritic star polymers with different compositions and functions.
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