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1. Introduction 

At present, many types of polymers of various chemical structures have been 

developed. Оn their basis, a huge range of polymeric materials is obtained that meet 

the needs of various industries. However, among them it is necessary to single out 

polyurethane, which provides the production of technically important types of 

polymeric materials [1]. Polyurethane production volumes amounted to 24.7 million 

tons in 2021 [2]. Over the past few decades, polyurethane has completely taken over 

the industry of coatings, adhesives, sealants and elastomers. This is because 

polyurethane is the only material that provides an excellent variety of physical and 

chemical properties that can be varied and adapted to suit the needs of the end 

application. Polyurethane is characterized by high physical, mechanical and 

electrical insulating properties, wear resistance, adhesion to various surfaces, 

weather and water resistance, satisfactory stability in weak acids, alkalis, solvents 

[3]. Due to its characteristics, polyurethane is processed by all technological 

methods: pressing, extrusion, casting, pouring [4-6]. On its basis, various types of 

materials and products are obtained: filled, reinforced, foamed, laminated, in the 

form of sheets, plates, blocks, profiles, fibers, films, coatings, adhesives [7-9]. 

Polyurethanes are high molecular weight compounds with urethane groups 

HC(O)O in the main chain. The macromolecules may also contain ether, ester, urea 

and other functional groups. 

The traditional method for producing polyurethanes is a polyaddition reaction 

between an aliphatic or aromatic isocyanate containing at least two reactive groups 

and an oligomeric polyol containing two or more reactive hydrogen atoms. The 

method was developed by Otto Bayer in the 1950s and soon the use of polyurethane 

covered all major industries and chemical giants such as BASF, DuPont, Dow 

Chemicals began mass production of products based on polyurethane [10-11]. This 

polymer is still widely used in industry [11]. However, the main problem in the 

production of polyurethanes is the environmental aspect, since polymer precursors, 

isocyanates, are dangerous for the environment and humans, and their production is 

based on the use of highly toxic phosgene gas [12–15]. Phosgene, in turn, is 

produced using toxic gases: chlorine and carbon monoxide. In addition, the released 

hydrogen chloride requires the use of expensive complex equipment. 

For this reason, academic research is currently focused on alternative 

environmentally friendly routes for the industrial synthesis of non-isocyanate 

polyurethanes. The production of environmentally friendly isocyanate-free 



components is sufficiently described in the scientific literature, there are original 

research papers and detailed reviews on the synthesis of NIPU and the study of their 

properties. This work is devoted to the systematization of research in this area, the 

identification and analysis of the main, most promising areas for the search for new 

environmentally friendly isocyanate-free polyurethane materials. The first industrial 

production of NIPU was establishing Nanotech Industries, Inc. (USA); this firm 

(R&D director O. Figovsky) was awarded US EPA Presidential Green Chemistry 

(2015). 
 

2. Non-isocyanate ways to obtain polyurethanes 

Awareness of the need to protect the environment and the demand for 

environmentally friendly products have contributed to the development of 

alternative non-isocyanate routes to the production of polyurethanes. The most 

common ways to obtain non-isocyanate polyurethane: Carbonate route, amine to 

carbamate, reactions of carbamates, reactions of urea. 

1. Reactions of polycyclic carbonates with polyamines 

Among the methods described in the literature for the preparation of non-

isocyanate polyurethanes, the most popular synthesis is based on the reaction of 

mono-, di-, or polycyclocarbonates with aliphatic amines. Non-isocyanate 

polyurethane (NIPU) has been known for over 50 years. The first patents were 

obtained in the 1950s. For the period 2017-2022 more than 90,000 patents have been 

obtained in this direction. Main patent holders: Covestro Deutschland AG, Dow 

Global Technologies Llc, Sika Technology Ag, 3M Innovative Properties Company, 

Basf Se, Henkel Ag & Co. Kgaa. 

The practical application of NIPU based on epoxy-amine compositions and 

five-membered CCs (1,3,3-dioxolan-2-ones) in coatings, sealants, adhesives, etc. 

was largely developed by O. Figovsky, V. Mikheev, V. Stroganov and others in the 

1970s-1990s. Recently, several reviews have been presented on obtaining NIPU [16-

21]. 

In the scientific literature, special attention of researchers and scientists is paid 

to the replacement of oil resources as non-renewable sources with sustainable 

alternatives. This way of development of the plastic industry is the most promising 

from an environmental point of view. The best known companies producing 

biofeedstock for the synthesis of polyurethanes are BASF, DuPont, Allessa, Myriant, 

General Mills Co., Covestro, Henkel Corporation and BioAmber [22]. 

One possible green route for the synthesis of non-isocyanate polyurethanes is 

the use of functionalized vegetable oil, which has led to a new range of 

biodegradable, renewable and sustainable sources of NIPU [20]. 

Vegetable oils are environmentally friendly and annually renewable resources 

as a raw material for polymers [23–24]. Each oil contains different combinations and 



amounts of fatty acids in triglycerides, allowing different raw materials to be used 

for different purposes. Some vegetable oils can directly crosslink into polymers [25]. 

Typically, the polymerization of vegetable oils requires their conversion into 

reactive monomers, mainly by introducing new groups into the chains through the 

functionalization of double bonds. For example, epoxidation, hydroformylation, 

reaction with maleic anhydride, ring opening of epoxidized oils with active hydrogen 

compounds, amidation [26-36] (Figure 1). 
 

 
Figure 1. Functionalization of double bonds of vegetable oil triglycerides 

 

Epoxidation of vegetable oils is a typical functionalization procedure and 

some epoxidized vegetable oils (e.g. soybean, linseed) are available on the market, 

making their use as polymer feedstock an attractive route. 

For example, in [37], a wide range of cyclic carbonates was efficiently synthesized 

from epoxides based on unsaturated acids and CO2 using a lanthanum catalyst. The 

versatility of this catalyst was confirmed by the synthesis of eleven monosubstituted 

cyclic carbonates and a biscyclic carbonate obtained from epoxidized fatty acid 



waste products. Then some of the synthesized carbonates were used to obtain 

polyhydroxyurethanes by reaction with 1,4-diaminobutane (Figure 2). 

 
Figure 2. 

 

Other researchers have developed a number of inexpensive and stable 

aluminum amidate complexes as catalysts for the chemical fixation of carbon 

dioxide into cyclic carbonates [38]. Reactions using terminal epoxides as substrates 

were carried out at room temperature and 1 bar carbon dioxide pressure in the 

presence of tetrabutylammonium iodide as cocatalyst in the absence of solvent. 

Under these conditions, excellent conversions and selectivity were achieved for a 

wide range of terminal epoxides. The catalyst has also been used to synthesize 

disubstituted cyclic carbonates from internal epoxides and carbon dioxide (Figure 

3). 

 
Figure 3. 

 

Aluminum dimetallic complexes (salens) exhibit exceptionally high catalytic 

activity in the synthesis of cyclic carbonates from carbon dioxide terminal epoxides 

at ambient temperature and pressure [39–41]. 

Carbonized vegetable oils have been used to produce non-isocyanate 

polyurethanes: the epoxy group reacts with carbon dioxide to form cyclic carbonates 

without by-products [42]. The reaction takes place in the presence of a catalyst, CO2, 

at high pressure and at moderate temperatures. Then carbonized oils interact with 

polyfunctional amine compounds for the synthesis of polyhydroxyurethanes [42]. 

The use of carbonized monomers to produce valuable products is one of the available 

solutions to reduce the amount of CO2 present in the atmosphere. Carbon dioxide is 

considered as a resource, not a waste [43]. 



Metathesis can be singled out among the possible routes for the 

functionalization of vegetable oils. Metathesis is the exchange of alkylidene groups 

between reactants in the presence of ruthenium catalysts. Self-metathesis results in 

a complex mixture of linear macrocyclic oligomers, cross-linked polymers, and 

trans/cis isomers that increase the reactivity of the vegetable oil. Cross metathesis 

with ethylene gives triglycerides with terminal double bonds. The latter route 

provides advantages: less steric hindrance, no broken chains. (Figure 4) [44-45]. 

 
Figure 4. Cross-metathesis of vegetable oil triglycerides 

 

The route for obtaining NIPU through cyclic carbonates is the most promising. 

Cyclic carbonates attract the attention of researchers as solvents [46], electrolytes 

[47], and as initial compounds for the synthesis of polymers [48–50]. In this regard, 

active studies are being carried out on the reaction of epoxides and CO2 to obtain 

cyclic carbonates using various catalytic systems based on ionic liquids [51, 52], 

organometallic frameworks [53], organocatalysts [54], and homogeneous catalysts 

[55–57]. It is noteworthy that the use of metal catalysts is not very attractive to 

researchers. It is also necessary to note the main trend: the transformation of the 

monofunctional terminal of epoxides into the corresponding cyclic carbonates [54-

55,58-59]. On the contrary, only a limited number of catalytic systems were used for 

the synthesis of polyfunctional carbonates [60–64]. However, the synthesis of such 

carbonates is of particular interest, since they are monomers for the synthesis of 

nonisocyanate polyurethanes (NIPU) [65–69]. 
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48. Grignard, B.; Gennen, S.; Jeró ̂me, C.; Kleij, A. W.; Detrembleur, C. 

Advances in the use of CO2 as a renewable feedstock for the synthesis of 

polymers. Chem. Soc. Rev. 2019, 48, 4466−4514. 

49. Yadav, N.; Seidi, F.; Crespy, D.; D’Elia, V. Polymers Based on Cyclic 

Carbonates as Trait d’Union Between Polymer Chemistry and Sustainable 

CO2 Utilization. ChemSusChem 2019, 12, 724−754. 

50. Bobbink, F. D.; van Muyden, A. P.; Dyson, P. J. En route to CO2-containing 

renewable materials: catalytic synthesis of polycarbonates and non-isocyanate 

polyhydroxyurethanes derived from cyclic carbonates. Chem. Commun. 

2019, 55, 1360−1373. 

51. Chaugule, A. A.; Tamboli, A. H.; Kim, H. Ionic liquid as a catalyst for 

utilization of carbon dioxide to production of linear and cyclic carbonate. Fuel 

2017, 200, 316−332. 

52. Bobbink, F. D.; Dyson, P. J. Synthesis of carbonates and related compounds 

incorporating CO2 using ionic liquid-type catalysts: Stateof-the-art and 

beyond. J. Catal. 2016, 343, 52−61. 

53. Liang, J.; Huang, Y.-B.; Cao, R. Metal−organic frameworks and porous 

organic polymers for sustainable fixation of carbon dioxide into cyclic 

carbonates. Coord. Chem. Rev. 2019, 378, 32−65. 



54. Fiorani, G.; Guo, W.; Kleij, A. W. Sustainable conversion of carbon dioxide: 

the advent of organocatalysis. Green Chem. 2015, 17, 1375−1389. 

55. Büttner, H.; Longwitz, L.; Steinbauer, J.; Wulf, C.; Werner, T. Recent 

Developments in the Synthesis of Cyclic Carbonates from Epoxides and CO2. 

Top. Curr. Chem. 2017, 375, 50. 

56. Kamphuis, A. J.; Picchioni, F.; Pescarmona, P. P. CO2-fixation into cyclic 

and polymeric carbonates: principles and applications. Green Chem. 2019, 21, 

406−448. 

57. Pescarmona, P. P.; Taherimehr, M. Challenges in the catalytic synthesis of 

cyclic and polymeric carbonates from epoxides and CO2. Catal. Sci. Technol. 

2012, 2, 2169−2187. 

58. Lan, D.-H.; Fan, N.; Wang, Y.; Gao, X.; Zhang, P.; Chen, L.; Au, C.-T.; Yin, 

S.-F. Recent advances in metal-free catalysts for the synthesis of cyclic 

carbonates from CO2 and epoxides. Chin. J. Catal. 2016, 37, 826−845. 

59. Kothandaraman, J.; Zhang, J.; Glezakou, V.-A.; Mock, M. T.; Heldebrant, D. 

J. Chemical transformations of captured CO2 into cyclic and polymeric 

carbonates. J. CO2 Util. 2019, 32, 196−201. 

60. Błazek, K.; Datta, J. Renewable natural resources as green ̇alternative 

substrates to obtain bio-based non-isocyanate polyurethanes-review. Crit. 

Rev. Environ. Sci. Technol. 2019, 49, 173−211. 

61. Fleischer, M.; Blattmann, H.; Mulhaupt, R. Glycerol-, pentaerythritol- and 

trimethylolpropane-based polyurethanes and their cellulose carbonate 

composites prepared via the non-isocyanate route with catalytic carbon 

dioxide fixation. Green Chem. 2013, 15, 934−942. 

62. Helou, M.; Carpentier, J.-F.; Guillaume, S. M. Poly(carbonateurethane): an 

isocyanate-free procedure from α,ω-di(cyclic carbonate) telechelic 

poly(trimethylene carbonate)s. Green Chem. 2011, 13, 266−271. 

63. Schimpf, V.; Max, J. B.; Stolz, B.; Heck, B.; Mülhaupt, R. Semicrystalline 

Non-Isocyanate Polyhydroxyurethanes as Thermoplastics and Thermoplastic 

Elastomers and Their Use in 3D Printing by Fused Filament Fabrication. 

Macromolecules 2019, 52, 320−331. 

64. Asemani, H.; Zareanshahraki, F.; Mannari, V. Design of hybrid nonisocyanate 

polyurethane coatings for advanced ambient temperature curing applications. 

J. Appl. Polym. Sci. 2019, 136, No. 47266. 

65. Nohra, B.; Candy, L.; Blanco, J.-F.; Guerin, C.; Raoul, Y.; Mouloungui, Z. 

From Petrochemical Polyurethanes to Biobased Polyhydroxyurethanes. 

Macromolecules 2013, 46, 3771−3792. 

66. Maisonneuve, L.; Lamarzelle, O.; Rix, E.; Grau, E.; Cramail, H. Isocyanate-

Free Routes to Polyurethanes and Poly(hydroxy Urethane)s. Chem. Rev. 

2015, 115, 12407−12439. 



67. Rokicki, G.; Parzuchowski, P. G.; Mazurek, M. Non-isocyanate 

polyurethanes: synthesis, properties, and applications. Polym. Adv. Technol. 

2015, 26, 707−761. 

68. Cornille, A.; Auvergne, R.; Figovsky, O.; Boutevin, B.; Caillol, S. A 

perspective approach to sustainable routes for non-isocyanate polyurethanes. 

Eur. Polym. J. 2017, 87, 535−552. 

69. Guan, J.; Song, Y.; Lin, Y.; Yin, X.; Zuo, M.; Zhao, Y.; Tao, X.; Zheng, Q. 

Progress in Study of Non-Isocyanate Polyurethane. Ind. Eng. Chem. Res. 

2011, 50, 6517−6527. 
 


