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 its inertness,1 non-toxicity,2 thermostability,2,3 pH 
n water fluids,1 biocompatibility,1-3 and compatibility 
maceutical preparations,1,4 poly(N-vinylpyrrolidone) 
ds wide application in pharmacology,2,3 food5 and 
industry,6 and medicine.7,8 It is also used as a carrier 
izer of drugs due to its polar structure, amphiphilicity, 
n accepting ability.1,3,9,10 The PVP structure enables 
 of non-specific labile coordination compounds 
ts macromolecules and solvated metal ions with low 
onstants.11-15 Polymer-analogous transformations of 
er (introduction of the groups containing chelating 

polymer chains) make it possible to prepare polymers 
 selective and strong metal ion binding.16 The resulting 
on compounds can be used as selective sorbents, 
s,17,18 bioimaging agents, radiopharmaceutical 
ns for positron-emission tomography,18-20 and 
s with antitumor activity.21

of the methods used for polymer-analogous 
ations of PVP is partial hydrolysis of γ-lactam rings22 
her possible introduction of various modifying 
nto secondary amino or carboxylic groups.23,24 
irection in polymer-analogous transformations is the 
n of various substituents into amide groups of γ-lactam 

e course of condensation reactions; before this reaction, 
gments in γ-lactam rings are activated.25,26

esent paper describes a new technique for polymer-
 transformations of PVP; the goal of the work was 
e new complex-forming macromolecular systems 
 thiourea and thiosemicarbazone sites. Since both 
nd thiosemicarbazide demonstrate weak nucleophilic 

properties, it is difficult to perform modification of the 
pyrrolidone fragment directly by these compounds. The in situ 
activation of the reaction centre (carbon atom of the carbamide 
group present in γ-lactam ring) should provide a different way 
of obtaining materials that contain the above-mentioned 
coordination sites.

Two versions of this method were realized, namely, 
preparation of the polymer containing amidine fragments using 
thiourea and addition of coordination sites to carboxylic groups 
of partially hydrolyzed PVP by amide coupling. Because the 
number of research papers devoted to modification of PVP by 
reactions at amide groups of γ-lactam rings is relatively small,25,26 
it was decided to first perform modification of a model 
compound, N-methyl-2-pyrrolidone (NMP), that contains a 
γ-lactam ring similar to that in PVP (Scheme 1). The synthesis of 
the NMP derivative containing thiourea fragment was based on 
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polymer-analogous transformations of poly(N-
olidone) was used to prepare new complex-forming 
lecular systems containing thiourea and thio
azone sites. Two variants of modification were 
namely, the method including the preliminary in 
ation of nucleophilic centres of the polymer amide 
s with dimethyl sulfate followed by introducing 
ilic agents into the system, and the method including 
ydrolysis of poly(N-vinylpyrrolidone) followed by 
e coupling. The obtained modified polymeric 
 react with silver ions in aqueous solution.

: poly(N-vinylpyrrolidone), polymer-analogous transformations, post-polymerization modification, complex-forming polymers, 
ontaining polymers, thiourea, silver ion.
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Scheme  1  Reagents and conditions: i, Me2SO4, 80 °C, 2 h; ii, NaOMe, 
<15 °C, 5 min; iii, (NH2)2CS, room temperature, 12 h; iv, H2NC(S)NHNH2, 
AcOH (cat.), BuOH, reflux, 3 h.
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the reported27 technique for obtaining derivatives of lactams and 
weak N-nucleophiles. According to this method, the reaction centre 
in NMP is activated with dimethyl sulfate to produce intermediate 
dimethyl acetal. Then sodium methoxide is introduced into the 
reaction system followed by addition of thiourea. The reaction 
proceeds through the mechanism of nucleophilic addition-
elimination27 involving generation of N,O-stabilized carbocation. 
In this way, thiourea derivative of NMP 1 was obtained.  
Scheme  1 also depicts the preparation of auxiliary thiosemi- 
carbazone 2 from 4-acetylpyridine.

Polymer-analogous transformations of PVP were performed 
according to the technique optimized in the experiments with 
NMP; some alterations were made taking into account specific 
aspects of work with macromolecular systems (Scheme 2). Thus, 
methanol was selected as a solvent, because this enabled13 us to 
carry out the reaction in a homogeneous medium. Apparently, 
post-polymerization modification of PVP is strongly influenced 
by spatial structure of individual macromolecules, which would 
acquire coil or globular conformations in water-alcohol 
solutions.2,28 This, in turn, determines the number of modified 
fragments in the resulting product. The obtained modified 
polymer 4 contains the C=N bond that is easily hydrolyzed in 
aqueous solutions; therefore, purification of the final product 
(removal of low molecular weight fractions) was performed by 
dialysis in methanol. Partially hydrolyzed PVP 3 was used as the 
starting material for the synthesis of substance 5. The IR spectra 
of 3 at high degrees of hydrolysis (10 % and more) show weak 
stretching vibrations for carboxy groups at 1500 and 1650 cm-1. 
However, in samples with a low content of carboxy groups 
(degree of hydrolysis up to 5%), this band cannot be detected.29 
Probably, it can merge with a more intense band for the carbonyl 
group at 1670 cm-1 (see Online Supplementary Materials, 
Figure S7). The grafted site for material 3 was thiosemicarbazone 
2 prepared in a similar fashion.30 The structures similar 
to 2 are interesting within the context of complexation with 
metal ions, e.g., gallium;31 the preparations based on 66Ga, 67Ga 
and 68Ga isotopes are used in biovisualization or treatment of 
tumor tissues.14,32,33 To avoid degradation of the prepared 
polymer 5, dialysis of the reaction mixture was carried out in 
methanol solution against methanol. All the obtained polymers 
were isolated by freeze drying.

In the 1H NMR spectrum of material 4, the broad doublet 
(J = 5.1 Hz) in the 4.00–4.20 ppm range appears; this signal can 
be attributed to NH2 fragment of thiourea moiety (see Online 
Supplementary Materials, Figure S8). The 1H NMR spectrum of 
modified polymer 5 (which contains the aromatic pyridine ring) 

includes signals in the region of 7.90–8.01 ppm (Figure S9). The 
percentages of modified γ-lactam rings calculated from the ratio 
between integral intensities of signals in 1H NMR spectra of 
polymers were equal to ~ 4% for 4 and ~ 3% for 5.

The obtained modified polymeric material 4 reacted with 
silver ions in an aqueous solution. Upon addition of various 
aliquots of silver nitrate solutions to an aqueous solution of 4 
(50 mg ml‑1), colouring was observed, which varied from light 
yellow to dark brown. In all cases, the solutions darkened in  
24 h, and a fine-dispersed precipitate was formed. Apparently, 
this indicates complexation between silver ions and thiourea 
fragments in the modified PVP.21

To summarize, the herein developed technique for polymer-
analogous transformations of PVP enables one to obtain a 
modified polymer containing thiourea and thiosemicarbazone 
sites. The proposed approach makes it possible to obtain a wide 
range of derivatives based on polymers containing lactam units 
in order to create complexing macromolecules on their basis. 
The main specific feature of this method is the preliminary in 
situ activation of the carbon atom of carbamide group in γ-lactam 
ring, which allows one to carry out further reactions with poor 
nucleophiles.

The studies were performed with the use of the equipment 
of Engineering Center of Saint Petersburg State Technological 
Institute (Technical University) and Resource Center ‘Magnetic 
Resonance Methods’ of Research Park of Saint Petersburg State 
University. This research was funded by Russian Foundation for 
Basic Research (grant no. 20-016-00160).

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.04.021.
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