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Multicomponent reactions (MCRs) and click reactions have a number of significant features in common, 

such as modularity, high efficiency and atom economy. Some MCRs can thus be considered as a new 

type of click reaction: multicomponent click reaction. The well-known Ugi reaction has been utilized as a 

green click reaction to efficiently stitch two different polymer chains together under very benign 

conditions (25 °C, catalyst free). The mid-functional block copolymers and miktoarm star copolymers 10 

which are normally difficult to be synthesized have thus been facilely prepared, indicating the promising 

potential of Ugi reaction in polymer chemistry to prepare sophisticated structural copolymers.  

The notion of ‘click chemistry’ was first defined by K. B. 

Sharpless in 2001 to describe some modular, highly efficient and 

atom economic chemical reactions that create easily purified 15 

products with no or only harmless byproducts, such as water1. 

The exploration and discovery of ‘clickable feature’ of reactions, 

especially ‘old’ reactions, represent the persistent pursuit of 

chemists to ideal reactions. Several ‘old’ reactions have thus been 

reappraised and rediscovered as ‘click reactions’, such as well-20 

known azide-alkyne Huisgen cycloaddition2, thiol-ene/yne free-

radical addition3, 4, (hetero) Diels-Alder5 and thiol-isocyanate 

coupling reactions6, etc.. Although they are well-known reactions 

in organic chemistry, abovementioned ‘click reactions’ still 

fascinate researchers from material science7-11, polymer 25 

chemistry12-19 and life science20, 21 and trigger the recent research 

wave in those areas due to their outstanding reliability and 

efficiency. 

During our research of multicomponent reactions (MCRs), 

we found some MCRs naturally possess ‘clickable feature’. 30 

MCRs are defined as reactions in which three or more 

compounds react together to form a highly selective, single 

product that contains most of the atoms from the starting 

materials22, 23. MCRs are naturally modular, highly efficient and 

atom economic, very similar with click reactions.  35 

With further understanding mechanism and continual 

optimizing  reaction conditions, some MCRs, such as Biginelli, 

Ugi and Mannich reactions, can now occur smoothly under very 

mild conditions to form almost single products with only water as 

the byproduct. Thus, we believe some MCRs are possible to be 40 

recognized as ‘click reactions’ under proper reaction conditions 

(Scheme 1). 

 
Scheme 1. The significant features in common between MCR and ‘Click’ 

reaction. 45 

In our previous work, the three-component Biginelli reaction 

has been rediscovered as a ‘clickable MCR’ and utilized in 

polymer chemistry and chemical biology, demonstrating the new 

vitality of this ‘old’ reaction (> 120 years) when people discover 

its ‘clickable feature’24. However, there are still some drawbacks 50 

of Biginelli reaction, such as using less components (only three), 

catalyst (normally Lewis acid) and unusual starting materials 

(urea and β-dione), which more or less limit the application of 

this new click reaction by researchers from wider ranges. 

Therefore, we hope to combine more elements to construct 55 

higher level clickable MCRs using common reactants under 

greener conditions. A famous four-component MCR, Ugi 

reaction, has therefore entered our insight. Ugi reaction was 

invented in 1959 as a four-component reaction, which is a 

condensation reaction among an aldehyde/ketone, an amine, a 60 

carboxylic acid and an isocyanide to give an α-aminoacyl amide 

derivative25, 26. The Ugi reaction is inherent atom economic (all 

atoms are compressed into a single product with only a molecule 

of water as byproduct), highly efficient (almost quantitative), and 

facile for operation (usually complete within minutes without 65 

external additive catalyst). Therefore, Ugi reaction has possibility 

to be developed as a four component green click reaction.  

Ugi reaction has been not only most widely used in 

combinatorial chemistry27, 28 and pharmaceutical industry29, 30, but 
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also successfully utilized in polymer chemistry and material 

science31. For example, Meier’s group used the Ugi reaction and 

other MCRs to prepare functional monomer and subsequent 

functional polymer32-34. Herein, we reconsider Ugi reaction as a 

click reaction and introduce it into polymer chemistry to conduct 5 

reactions between polymers to prepare polymers with sophisticate 

structures. Ugi reaction has been employed to quantitatively 

stitch two different polymer chains like traditional click reactions 

to get copolymers efficiently. Moreover, the multicomponent 

nature of Ugi reaction makes it possible to facilely incorporate 10 

more functions to the product. Through using functional acids 

(one of Ugi reaction elements), middle functionalized copolymer 

and miktoarm copolymer which are normally difficult to be 

prepared through traditional synthetic strategy and normal two-

component click reactions have been successfully synthesized, 15 

demonstrating the unique charm of this new clickable MCR 

(Scheme 2). 

 
Scheme 2. ‘Clickable’ features of the Ugi reaction and its application for 

copolymer synthesis. a) Mid-fluorescent block copolymer. b) Mid-20 

reactive block copolymer and subsequent modification through thiol-ene 

click reaction. c) Miktoarm star copolymer by the collaboration of Ugi-

type polymer conjugation and RAFT polymerization. 

It is a great challenge in polymer chemistry to prepare 

polymers with complex macromolecular architecture since 25 

polymer properties can be therefore enriched via covalent linkage 

of two or more different polymers. In many cases, reaction 

between different polymer chain-ends is the general choice to 

prepare block copolymers which possess new functions 

comparing with the original homopolymers. However, the 30 

coupling reaction between polymer chain-ends is normally 

inefficient due to the intrinsic steric hindrance of polymer chain, 

resulting in the onerous purification of unreacted polymers to 

finally get the target copolymers. Click reactions are the solution 

to this thorny problem because of their high efficiency and almost 35 

quantitative yields35, some copolymers have been successfully 

prepared through click reactions36-38. In the current research, Ugi 

reaction has been employed for copolymer synthesis, and we are 

pleased to find that Ugi reaction can also stitch two different 

polymer chains together almost quantitatively like traditional 40 

two-component click reactions under even milder conditions (25 

°C, catalyst free, ~ 0.5 h). And middle-functional copolymer has 

been facilely prepared through this multicomponent click reaction. 

Compared with end-functional polymers, the middle-functional 

polymer has some unique features. For example, in the protein 45 

PEGylation, the mid-functionalized PEGs were found to mask the 

protein surface more effectively due to the “umbrella-like effect”, 

providing better encapsulation and leading to longer protein 

circulation half-life times39, 40. Also, steric hindrance of the mid-

chain (polymer) functionality may potentially be used to enhance 50 

selectivity toward functionality on the protein surface, leading to 

higher bioactivity conservation41-43. 

A benzaldehyde terminated poly(methyl methacrylate) 

(PMMA-CHO, MnNMR ~ 8800, MnGPC ~ 24200, PDI: 1.08) 

through atom transfer radical polymerization (ATRP) and a 55 

phenylamine terminated methoxypolyethylene glycol (mPEG-

NH2, Mn ~ 5000, MnGPC ~ 28000, PDI: 1.03) were prepared, 

respectively, and used as parent polymers. Commercially 

available cyclohexyl isocyanide was chosen as the isocyanide 

component and different carboxylic acids were used to add 60 

various functions to the achieved block copolymers. Gel 

permeation chromatography (GPC) and 1H NMR were utilized to 

monitor the polymer conjugation process. 

A fluorescent carboxylic acid was used for Ugi-type 

polymer conjugation (Scheme 2a). In this case, the mPEG-NH2 65 

and PMMA-CHO were treated with cyclohexyl isocyanide and 

the fluorescent carboxylic acid (molar ratio: 

NH2/CHO/COOH/NC = 1/1/5/10) in methanol/acetonitrile 

mixture (v/v: 1/1) (Figure 1a). The GPC curves of the parent 

polymers, mPEG-NH2 and PMMA-CHO, show peaks at 8.11 min 70 

and 8.15 min, respectively (Figure S1). After 0.5 h, the parent 

polymers, mPEG-NH2 and PMMA-CHO, disappeared entirely 

 
Figure 1. The coupling of two polymers via Ugi reaction to get mid-

fluorescent block copolymer. a) Reaction conditions: [mPEG-75 

NH2]/[PMMA-CHO]/[carboxylic acid]/[isocyanide] = 1/1/5/10, 

MeOH/CH3CN (v/v, 1/1) as solvent, 25 °C, 0.5 h. b) 1H NMR spectra 
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(CD3CN-d3, 400 MHz, portion) of the parent polymers and the purified 

daughter copolymer (top to bottom: PMMA-CHO, mPEG-NH2, PMMA-

b-mPEG). c) GPC tracing of the Ugi-type conjugation process. d) 

Fluorescence spectrum of the daughter copolymer. 

and a new peak corresponding to the daughter PMMA-b-mPEG 5 

copolymer appeared at higher molecular weight position with 

narrow PDI (peak ~ 7.66 min, MnGPC ~ 43800, PDI: 1.08. Figure 

1c), indicating almost all the parent polymers were locked 

together to generate the copolymer. 1H NMR results also showed 

the complete disappearance of characteristic -CHO peak of 10 

PMMA-CHO after 0.5 h (Figure S2), confirming the almost 

complete Ugi reaction in such short time. The excess carboxylic 

acid and isocyanide was easily removed after dialysis (MWCO: 

3500 D, DMSO, 24 h), and the 1H NMR spectrum of the purified 

PMMA-b-mPEG copolymer (Figure 1b) illustrated the Ugi 15 

building blocks (CHO & NH2) at two parent polymer chain ends 

disappeared while the characteristic -NCHCO- peak of the Ugi 

structure (~ 5.83 ppm) can be clearly observed. The integral ratio 

between -NCHCO- and ester methylene (I5.83/I4.29) is 0.50 

(theoretical value = 0.5), indicating the complete Ugi reaction 20 

between parent polymer chain ends. Meanwhile, the characteristic 

peaks of the fluorescent moiety in the carboxylic acid can also be 

clearly observed in the purified copolymer (~ 7.25-8.60 ppm), 

confirming the successful polymer-polymer coupling via four-

component Ugi reaction among mPEG-NH2, PMMA-CHO, 25 

carboxylic acid and isocyanide. Moreover, the copolymer has an 

excitation wavelength at 400 nm and an emission wavelength at 

525 nm (Figure 1d), indicating the fluorescent group has been 

successfully located in the middle of the block copolymer. 

Control experiment was also carried out between mPEG-NH2, 30 

PMMA-CHO and carboxylic acid, and only partial copolymer (~ 

50 %) formed through Schiff’s base (the precusor of Ugi 

reaction) (Figure S3, S4), further suggesting the simultaneously 

present four elements are crucial for the Ugi-type copolymer 

synthesis. 35 

Mid-reactive (co)polymers are different from the linear 

counterparts to cover larger area on material/protein surface, 

leading to better protection44-46. However, even through 

traditional two-component click reaction, it is difficult to 

synthesize mid-reactive (co)polymers because of the unavoidable 40 

laborious organic synthesis to implant other reactive groups. In 

the current work, mid-reactive block copolymer can also be 

facilely prepared through the Ugi reaction by using carboxylic 

acid containing other reactive-group. As a model, a carboxylic 

acid with vinyl group was used as the carboxylic acid component 45 

in the polymer conjugation, and a mid-vinyl PMMA-b-mPEG 

was therefore simply achieved (Figure 2a). GPC and 1H NMR 

were also employed to monitor the process.  

 
Figure 2. The synthesis of mid-vinyl block copolymer and the subsequent 50 

thiol-ene click modification. a) Reaction conditions: [mPEG-

NH2]/[PMMA-CHO]/[carboxylic acid]/[isocyanide] = 1/1/5/10, 

MeOH/CH3CN (v/v: 1/1) as solvent, 25 °C, 0.5h. b) 1H NMR spectra 

(CD3CN-d3, 400 MHz, portion) of the purified copolymers after Ugi-type 

polymer conjugation. c) 1H NMR spectra (CD3CN-d3, 400 MHz, portion) 55 

of the purified copolymer-Captopril after thiol-ene click reaction. 

As expected, the conjugation process was completed in 0.5 h 

at 25 °C (Figure S5). The excess carboxylic acid and isocyanide 

were easily removed after dialysis, and the characteristic peaks of 

the Ugi structure (-NCHCO-, 6.06 ppm) can be clearly observed 60 

in the purified block copolymer in 1H NMR spectrum while the 

vinyl moiety in the carboxylic acid was incorporated in the 

copolymer structure (Figure 2b). The integral ratio between the -

NCHCO-, vinyl group and ester methylene (I6.06/I5.62/I4.29) is 1/1/2 

(theoretical value: 1/1/2), indicating the integrity of vinyl group 65 

during Ugi reaction and the complete formation of copolymer. 

The vinyl group in the middle of copolymer is still reactive for 

further modification. Captopril, an angiotensin-converting 

enzyme (ACE) inhibitor used for the treatment of hypertension 

and some types of congestive heart failure, was chosen as the 70 

model of functional small molecules to react with the mid-vinyl 

copolymer. Captopril and mid-vinyl block copolymer were linked 

together efficiently through light-catalyzed thiol-ene click 

reaction to achieve copolymer-Captopril conjugate (UV 365 nm, 

25 °C, 4 h). After facile removing the excess Captopril through 75 

dialysis, the 1H NMR spectrum of the purified product illustrated 

the vinyl group completely disappeared while the characteristic -

NCHCOOH- peak of Captopril appeared in the purified 

copolymer (Figure 2c, 4.39 ppm). The integral ratio between -

NCHCOOH- and the ester methylene (I4.39/I4.29) is 0.50 80 

(theoretical value: 0.5), indicating the complete addition of 

Captopril to the mid-vinyl copolymer. The GPC curves of 

copolymer-Captopril conjugate and vinyl-copolymer had 

negligible change, indicating the thiol-ene reaction is inoffensive 

to the polymer main chain (Figure S6).  85 

Miktoarm star polymers are polymers where three or more 

different polymer arms are linked on the core47-49. The special 

structure of miktoarm star polymers leads to their distinctive 

aggregation behavior, and the applications of miktoarm star 

polymers in drug delivery, diagnostic assays, nanopatterned 90 

structures, and photonics often result in interesting results50-52. 

Some methods have been tried to synthesize miktoarm star 
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polymers, mainly through the combination of different 

polymerization approaches ranging from ring-opening, living 

radical and anionic polymerization, etc.48, 53-55. Herein, we also 

prepared a miktoarm star polymer easily through the Ugi-type 

polymer conjugation and the subsequent reversible addition-5 

fragmentation chain transfer (RAFT) polymerization. Carboxylic 

acid containing trithiocarbonate group, a chain transfer agent 

(CTA) for RAFT process, was used as the carboxylic acid 

component in the Ugi-type conjugation (Figure 3a),  

 10 

Figure 3. The synthesis of mid-CTA copolymer via Ugi reaction and 

subsequent RAFT polymerization to get miktoarm star copolymer. a) 

Reaction conditions: [mPEG-NH2]/[PMMA-CHO]/[carboxylic 

acid]/[isocyanide] = 1/1/5/10, MeOH/CH3CN (v/v: 1/1) as solvent, 25 °C, 

0.5 h. b) 1H NMR spectra (CD3CN-d3, 400 MHz, portion) of the purified 15 

mid-CTA copolymer. c) 1H NMR spectra (CDCl3-d, 400 MHz, portion) of 

the purified miktoarm star copolymers after RAFT polymerization. d) 

GPC curves of the diblock copolymer (black) and the miktoarm star 

copolymer (red). 

and the conjugation proceeded smoothly in 0.5 h (Figure S7), 20 

same as previous reactions. The characteristic peaks of the Ugi 

structure (6.05 ppm) and the CTA group (4.79 ppm) can be 

clearly observed in the 1H NMR spectrum of the purified block 

copolymer (Figure 3b). The integral ratio (I6.05/I4.79) is 1.01 

(theoretical value: 1), indicating the integrity of trithiocarbonate 25 

moiety during Ugi reaction. N-isopropylacrylamide was then 

used as the monomer for subsequent RAFT polymerization with 

the mid-CTA block copolymer as the macromolecular CTA 

([M]0/[CTA]: 1500). The polymerization was performed in 

toluene at 70 °C. When the monomer conversion reached ~ 50% 30 

in 1 h, the polymerization was quenched, and the polymer was 

purified by precipitation in cold ether. The purified polymer has 

narrow PDI and obviously increased molecular weight (MnGPC ~ 

196700, PDI: 1.30) (Figure 3d). From the 1H & 13CNMR spectra 

of the purified polymer, the characteristic peaks of the three 35 

polymer arms: PEG, PMMA and PNIPAAm are clearly visible, 

indicating the successfully synthesis of the miktoarm star 

copolymer (Figure 3c, Figure S9). 

Conclusions 

Through the highly efficient Ugi reaction under benign 40 

condition (catalyst free, room temperature (25 °C), ~ 0.5 h), a 

series of functional copolymers have been successfully 

synthesized: 1) mid-fluorescent block copolymer; 2) mid-reactive 

block copolymer; 3) miktoarm star copolymer. All these results 

suggest Ugi reaction can not only behave like traditional two-45 

component click reactions to efficiently stitch two different 

polymers together to quantitatively generate copolymers, but also 

facilely implant new functions to the products due to its unique 

multicomponent nature. The Ugi reaction might be considered as 

a multicomponent green click reaction, and we believe such an 50 

elegant green click reaction will play important roles in the area 

of polymer chemistry. The applications of this new click reaction 

in other fields such as material science and chemical biology are 

under our research. 
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