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Abstract 
This review is devoted to the general methods for obtaining 

guanidine derivatives and related compounds, their chemical 
properties, and structural features. On the one hand, guanidine 
and its derivatives play a crucial role in the metabolism of living 

organisms. On the other hand, owing to their unique properties 
and simple synthesis, the guanidine derivatives are used as 
synthetic drugs and biocidal agents, catalysts, ligands, and 
sweeteners. Furthermore, the guanidine derivatives serve as a 
basis for the creation of modern smart materials. 
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1. Introduction 

The goal of this work is to correlate the powerful synthetic 

potential of guanidine and its derivatives with a new stage of 

development of the chemistry of organoelement compounds [1] 

in the context of the search for new efficient compounds and 

materials with biocidal, catalytic, and other valuable properties. 

Our first encouraging results in the field of synthesis of 

organosilicon guanidine-containing compounds (vide infra) 

allow us to take a fresh look at the prospects of further 

intersection and mutual enrichment of modern organosilicon 

chemistry and the chemistry of guanidine derivatives. 

From the viewpoint of structural chemistry, guanidine and 

its derivatives can be presented as the molecules consisting 

simultaneously of two functionalities: aminal and imine (Fig. 1). 

 

Figure 1. Formal presentation of the guanidine structure (a) and the 

resonance structures of its protonated form (b). 

Obviously, this is only formal consideration; however, such 

a presentation of the guanidine molecule gives an insight into 

the chemical properties of guanidine derivatives, featuring both 

nucleophilic and electrophilic characters [2]. 

Hence, it can be assumed that the aminal function of 

guanidine will act as an N-nucleophile in the additions of 

unsaturated compounds (the Michael reaction) as well as 

alkylation and acylation. Since the guanidine molecule has six 

π-electrons at the bonding orbitals, the so-called Y-

delocalization takes place, which determines the high molecule 

stability similar to those of aromatic systems [3]. Therefore, the 

electrophilic properties of the imine function are much less 

pronounced; however, they play an important role in catalytic 

systems [4] or in the case of application of the compounds with 

strong nucleophilic properties [5]. 

Upon protonation, guanidine forms a guanidinium cation 

which positive charge is delocalized and can be presented in the 

resonance forms (Fig. 1b). That is why guanidine possesses 

strong basic properties (рКb = 0.4) which are comparable to 

those of inorganic alkali such as sodium hydroxide (рКb = 0.2) 

[6]. 

Another feature of the guanidine moiety that stems from the 

molecule geometry, the presence of nitrogen lone pairs, and the 

possibility of their delocalization is its ability to serve as a 

ligand upon the formation of metal complexes and strong 

hydrogen bonds as well as the interaction with different 

electron-deficient molecules. These factors explain the 

popularity of guanidine units in nature, where they form highly 

polar regions of protein molecules or strong intermolecular 

hydrogen bonds, as is the case with a guanine nitrogenous base. 

The ability of guanidine to interact with unsaturated compounds 

has come into use for the systems of fixation of carbon dioxide 

[7]. The propensity of guanidine derivatives to form volatile 

complexes with metals has found application in chemical vapor 

deposition (CVD) [8]. The diversity of chemistry and 

application scope of guanidine derivatives were outlined in a 

special issue of the Australian Journal of Chemistry in 2014, 

where a large range of reports in very different fields were 

presented [9]. 

2. Synthesis of guanidine derivatives 

The most popular guanidine salts—nitrate, hydrochloride, 

carbonate, and sulfate—are stable crystalline solids that are 
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produced industrially either by the chemical method (melting of 

ammonium salts with urea) or from the urea production wastes. 

Therefore, guanidine and its simplest derivatives are 

commercially available precursors. It should be noted that one 

of the guanidinium salts, namely, guanidinium isocyanate, was 

tested against COVID-19 as a lysis buffer [10]. 

Nowadays, there are many methods for the synthesis of 

various guanidine derivatives (Fig. 2a) [11]. 

 

Figure 2. Main methods for the synthesis of guanidine derivatives (а) 

and mechanisms of the presented reactions (b).  

Their differences can be classified, first of all, by the 

number of substituents and their nature (electron-donating or 

electron-withdrawing, bulky or not, protecting groups). Second, 

they can be divided by the initial substrate that serves as a 

building block for the guanidine moiety. Powel et al. [11] called 

these substrates guanilating reagents. Third, all the methods can 

be classified by the reaction type that leads to the formation of a 

substituted guanidine. In general, all the reactions can be 

attributed to two types (Fig. 2b): nucleophilic substitution and 

nucleophilic addition. Hence, the classical method of the 

substitution of thiourea ylides with amines (i) [12] or an 

analogous process with thiourea and Mukaiyama's reagent [13], 

method ii consisting in the substitution of thiourea trioxide with 

amines [14, 15], method v—the substitution of a pyrazole 

derivative with amines [16], as well as less popular methods vi 

[17] and vii [18] can be attributed to the nucleophilic 

substitutions of a leaving group (LG) of the guanilating reagent 

with an amino group (Fig. 2b, scheme i). Methods iii, the 

addition of amines to cyanamides [19], and iv, the addition to 

carbodiimides [20], can be formally attributed to the 

nucleophilic additions (Fig. 2b, scheme ii). Method viii consists 

in the addition of diiodomethane to a thiourea derivative in the 

presence of a base followed by the opening of the four-

membered 1,3-thiazetidine ring with an amine [21]. The 

mechanism of this reaction is presented by the bottom scheme in 

Fig. 2b (scheme iii). Besides the above-mentioned methods, 

there are numerous other approaches; however, this review as 

well as other analogous reviews are restricted to the most 

popular and readily realizable methods for obtaining guanidine 

derivatives that do not require the use of special expensive 

equipment. Furthermore, the detailed description of the methods 

for the synthesis of guanidine derivatives has been already 

presented in several seminal reviews [22, 23]. 

Besides the salts and organic derivatives of guanidine, of 

note are more popular substituted guanidines in which the 

nitrogen atom is bound with a functional group. These 

compounds include acetylguanidine that can be obtained by the 

N-acylation of guanidine salts with acetic anhydride or esters 

such as ethyl acetate [24]. One of the most popular 

functionalized guanidines is 2-cyanoguanidine (dicyandiamide) 

which can be derived from cyanamide upon treatment with an 

alkali. It can be used as a curing agent in the production of 

plastics, resins, polishes, and fabrics [25]. Furthermore, a 

biguanidine moiety is included in a range of disinfecting agents 

(Alexidine, Chlorhexidine, and Polyhexanide), antidiabetic 

(Buformin, Phenformin) and antimalarial drugs (Chlorproguanil, 

Proguanil). Yet another group of the derivatives is comprised by 

nitroguanidine compounds, in which the nitro group is directly 

attached to the amino group of the guanidine moiety. These 

compounds are used as insecticides (Clothianidin, Dinotefuran, 

and Thiamethoxam) and show great potential as detonators [26]. 

3. Guanidine derivatives as catalysts 

One of the distinctive features of guanidine and its alkyl and 

cycloalkyl derivatives is their strong basic properties. These 

guanidine derivatives are organic bases and are often referred to 

as superbases or proton sponges due to the high Broensted 

basicity [27, 28]. Substituted, especially sterically hindered 

guanidine derivatives are actively used in the fields that require 

the application of strong non-nucleophilic bases featuring high 

solubility in organic solvents, low toxicity, high efficiency, and 

recyclability [29]. The examples of these bases (compounds 1–

14) are presented in Fig. 3. Guanidine bases 1–8 are widely used 

in organic synthesis; compounds 9–14 have been obtained 

recently but hold great promise. The data presented suggest that 

the basicity of the corresponding compounds strongly depends 

on the structural factors. The most significant factors are 

geometric and the presence of substituents at the nitrogen atoms, 

which directly or indirectly affects the energy profit upon the 

formation of hydrogen bonds during protonation/deprotonation 

[27]. Thus, the comparison of cyclic analogs with acyclic ones, 

for example, in the case of compounds 1 and 2 or 5 and 6, shows 

that the cyclic derivatives possess higher basicity. In turn, the 

introduction of alkyl substituents at the nitrogen atom leads to a 

reduction in the basicity both in the case of compounds 1 and 5 

and for the pair of compounds 2 and 6. This can be explained by 

the lack of an additional energy profit upon the formation of 

hydrogen bonds in the case of the substituted nitrogen atoms of 

guanidine moieties. The introduction of a guanidine moiety in 
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compound 10 also leads to an increase in the basicity compared 

to that of 9. A significant role in the basicity changes is played 

also by other factors. The planarity of guanidine moieties in 14 

affords a considerable increase in the basicity compared to that 

of compound 13. A change in the mutual disposition of the 

guanidine moieties in one molecule is a reason for a change in 

the strength of the corresponding bases, as is the case, for 

example, with compounds 11 and 12. 

 

Figure 3. Superbases based on guanidine and the values of pKa of the 

conjugated acids. 

The dependence of the basic properties on the structures of 

guanidine derivatives was explained in a series of theoretical 

and experimental works. Eckert-Maksic et al. [30] studied the 

guanidine derivatives bearing one, two, or three different alkyl 

substituents and capable of forming intermolecular hydrogen 

bonds in a gas phase. The predominant effect of hydrogen bonds 

on the values of pKa, both calculated and experimental, was 

revealed. 

Bases and superbases derived from guanidine found wide 

application in organic synthesis [31–33] as the catalysts for the 

reactions such as the Michael addition of organophosphorus 

compounds [34], aza-Henry [35], Baylis–Hillman [36], and 

numerous other classical reactions including aldol condensation, 

Mannich reaction, Claisen rearrangement, Strecker reaction, 

azidation, silylation of alcohols [37, 38]. Of particular interest is 

the group of chiral catalysts based on guanidine. The most 

popular reactions are enantioselective additions of C-, O-, N-, S-, 

and P-nucleophiles to olefins, α,β-unsaturated carbonyl 

compounds, as well as aliphatic esters, lactones, amides, and 

nitro compounds [39]. Below are presented several prominent 

examples of the use of guanidine-containing catalysts in 

different reactions (Fig. 4). It was shown (Fig. 4, scheme 1) that 

tetramethylguanidine efficiently catalyzes bromolactonization of 

γ,δ- and δ,ε-unsaturated carboxylic acids with N-

bromosuccinimide (1–10 mol %, 100% conversion in 15 min) 

[40]. An example of enantioselective aza-Michael addition of β-

oxoesters and different 1,3-diketones to bis(tert-

butyl)azodicarboxylates involving guanidine catalyst 15 is 

depicted in Fig. 4, scheme 2. α-Hydrazino-β-oxoesters and α-

hydrazino-β-diketones were obtained in 54–99% yields with the 

enantiomeric excess (ее) up to 98% [41]. The high efficiency of 

guanidine catalyst 16 was demonstrated in the Michael addition 

between cyclopentenone and dibenzyl malonates as well as in 

the epoxidation of chalcone (Fig. 4, schemes 3a,b) [42]. The 

stereoselective Henry reaction catalyzed by chiral guanidine 

thiourea 17 leads to the formation of the target product with ее 

up to 93% (82% yield) (Fig. 4, scheme 4) [43]. Chiral 

binaphthyl guanidine derivative 18 appeared to be a very 

efficient catalyst for the enantioselective 1,4-addition of 1,3-

dicarbonyl compounds to a range of nitroalkene (Fig. 4, scheme 

5) [44]. Guanidine derivative 19 displays excellent activity in 

the enantioselective reactions of oxazolones with different 

electrophiles: aldehydes, alkynylcarbonyl compounds, 

allenylcarbonyl compounds, vinylketones, and dienones. In 

particular, it was shown that the Michael addition (Fig. 4, 

scheme 6) proceeds in the presence of 19 with the yield over 

89% and ее over 61% [45]. 

The alkylation of a Schiff base derived from tert-butyl 

glycinate and benzophenone with different alkyl halides in the 

presence of phase-transfer catalyst 20 affords the target products 

in 61–90% yields and ee 76–90% (Fig. 4, scheme 7) [46]. The 

possibility of asymmetric 1,2-anionotropic rearrangement of 

acylsilanes using chiral guanidine salt 21 as a catalyst was 

demonstrated (Fig. 4, scheme 8). The products of rearrangement 

were obtained in 73–93% yields and ee 84–95% [47]. Chiral 

compound 22 exhibited high catalytic activity in the 

enantioselective amination (Fig. 4, scheme 9) of 5-alkyl-4-

nitroisoxazoles [48]. In conclusion, the possibility of the 

application of guanidine derivatives in photocatalysis should be 

mentioned. This can be illustrated by the enantioselective 

phospha-Mannich reactions catalyzed by the сhiral guanidinium 

salt [49] or by the enantioselective photoreduction of 1,2-

diketones with tetrahydroisoquinoline under the synergistic 

effect of guanidine catalyst 23 (Fig. 4, scheme 10) [50]. 

As it was already indicated, guanidine can exhibit moderate 

electrophilic properties, for example, acting as a proton donor. It 

should be noted that due to the presence of lone pairs at the 

nitrogen atoms, the guanidine units can readily form hydrogen 

bonds with different substrates, including organic, bearing polar 

electron-withdrawing groups. This property of guanidine and its 

derivatives is actively used in asymmetric catalysis harnessing 

chiral guanidinium salts. The related derivatives can form 

hydrogen bonds with polar fragments of the substrates and serve 

as phase-transfer catalysts [48–50]. Several reviews provide 

detailed consideration of these and other guanidine-containing 

catalysts [29, 31, 51]. 

In polymer chemistry, these catalysts are used for the 

controlled living ring-opening polymerization of 

cyclotrisiloxanes [52], ring-opening polymerization of ε-

caprolactone [53], ring-opening polymerization of lactide [54], 

and living radical polymerization [55]. 

A recent trend is the functionalization of the surface of 

magnetite or ferrite nanoparticles with guanidine moieties. An 

advantage of these catalytic systems is the simplicity of 

production, high catalytic activity, easy handling and separation 

by magnetic removal, high yields, and the possibility of 

recycling and using green solvents. These heterophase catalysts 
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Figure 4. Schemes of the reactions catalyzed by different guanidine derivatives and the structures of these derivatives. 

are used, for example, for the oxidation of sulfides to sulfoxides 

[56]. A general scheme for their synthesis can be presented as 

follows (Fig. 5).  

First, the mixed CoFe2O4 nanoparticles are obtained. At the 

second step, their surface is covered with silica. Then, 

chloropropylsilyl groups are grafted to the silanol groups on the 

surface of the hybrid particles by the condensation of 

choropropyltriethoxysilane with the silica surface of the 

particles (structure 24). The chlorine atoms in the chloropropyl 

units are substituted for the guanidine moieties. At the final step, 

Cu(II) complex 25 is obtained by the coordination of copper 

ions with the guanidine moieties. Tameh et al. [57] described 

the related systems for the catalytic production of 

spirooxindoles, whereas Rostami and Shiri [58] used them for 

the multicomponent solvent-free synthesis of polysubstituted 

pyrrole derivatives. Shaabani et al. [59] obtained cobalt ferrite 

nanoparticles in which a part of the cobalt atoms was substituted 

for the zinc or chromium atoms. These particles applied to 

guanidine-modified graphene oxide showed high performance 

as the oxidizing agents for a wide range of organic substrates. 

The catalytic activity of the guanidine bases grafted on silica 

was studied in the epoxidation of electron-deficient alkenes, 

which revealed good regiospecificity relative to alkenes and 

high conversion [60]. 

 

Figure 5. Scheme for the synthesis of CoFe2O4@SiO2-CPTES-

Guanidine-Cu(II) catalyst nanoparticles [56]. 
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4. Biologically active guanidine derivatives 

4.1. Natural guanidine compounds 

As it was already mentioned, guanidine moieties are 

included in the compositions of many natural biologically active 

compounds and represent an intrinsic element of the metabolism 

of living organisms. The most popular natural derivatives of 

guanidine are the following compounds (Fig. 6). Arginine 26 is 

an amino acid that is included in proteins, creatine 27 is an 

amino acid that takes part in the energy exchange of neuronal 

and muscle cells, creatinine 28 is the product of metabolism of 

the creatinine–phosphate reaction, and creatine phosphoric acid 

29 is the compound that maintains a constant level of ATP in 

neurons and myocytes. 

 

Figure 6. The most important natural guanidine derivatives. 

A source for guanidine in metabolism is guanine 

nitrogenous base 30 that also contains a guanidine moiety and 

represents an inalienable component of nucleic acids. 

Historically, guanidine was obtained from guano, poultry 

manure, which contains a large amount of guanine, via oxidative 

fragmentation that gives rise to parabanic acid 31 and guanidine 

[61]. 

Many natural polycyclic guanidine derivatives display 

useful and appreciable biological properties [62–65]. Diverse 

natural guanidine derivatives were derived from higher plants 

Leguminosae and Tephrosieae (Fig. 7) [66, 67]. Compound 32 

as well as 2-[2-amino-2-imidazolin-4-yl]acetic acid (33) were 

isolated from Streptomyces fungicidus. Their analog 2-

aminoimidazole 34 was isolated from Mundufeu sericea. Three 

prenylated guanidines 35, 36, and 37, isolated from 

Pterogynenitens [68], showed great potential as DNA modifying 

agents. Numerous new acylpolyamine toxins were isolated from 

different spiders. Guanidine-containing nephilatoxin-9 38a and 

nephilatoxin-11 38b were isolated, for the first time, from spider 

glands [69] and subsequently produced synthetically [70], as 

well as new analog 39. Polyamine toxin FTX 40 was isolated 

from the poison of spiders Agelenopsisaperta, Holoninacurta, 

and Calilena. Then, its analog 41 was prepared. FTX blocks the 

functioning of calcium channels of mammals [71]. Compound 

42 was isolated from the poison of primitive hunting spider 

Plectreurystristis; later, its synthetic analog 43 was obtained. 

Pyrrole–imidazole alkaloids display anticancer, 

antimicrobial, antiviral, and immunosuppressive properties [72–

74]. 

Dragmacidins comprise a group of indole alkaloids that 

were isolated from the sea sponge. They demonstrate selective 

inhibition of protein serine/threonine phosphatases [75, 76]. It is 

 

Figure 7. Guanidine derivatives isolated from natural sources.  

 

Figure 8. Structures of some types of alkaloids containing guanidine 

moiety: saxitoxin (44), dragmacidin (45), and pyrrole–imidazole 

alkaloids (46). 

well known that saxitoxins (44), goniatoxins are highly toxic 

cyclic guanidine-containing alkaloids that block ionic channels 

(Fig. 8). Later their synthetic analogs, namely, dragmicidin 45 

and other pyrrole–imidazole alkaloids 46 bearing different bulky 

substituents were developed [77]. Ptilomycalin A was isolated 

from the Caribbean sponge Ptilocaulisspiculifer and the Black 

Sea sponge Hemimycalespiculifer [78]. The types of guanidine 

alkaloids and related compounds and their directed synthesis 

have been described in a comprehensive review by Ma et al. 

[79]. 
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4.2. Drugs based on guanidine 

There are several classes of drugs which structures include 

guanidine moieties. The selected examples are presented in 

Fig. 9. 

Of particular interest are the guanidine-based antimicrobial 

and bacteriostatic agents. The most important representatives are 

as follows: ambason (47)—a drug that displays strong 

bacteriostatic activity, zanamivir (48)—a drug with antiviral 

activity (influenza viruses), and sulfaguanidine (49)—an 

antimicrobial agent with the bacteriostatic effect that is used to 

treat colon infections. Chlorohexidine (50) is a popular 

antiseptic agent which is used as a skin antiseptic and 

disinfecting agent for more than 60 years. Furthermore, the 

following drugs based on guanidine are known: blocking agents 

of H2-histamine receptors cimetidine (51) and guanetidine (52) 

used against arterial hypertension. 

 

Figure 9. Selected examples of guanidine-based drugs. 

Recently, short peptides featuring antimicrobial properties 

were found in some biogenous objects, such as frog tectorial 

slime, human neutrophils, and caterpillar hemolymph. These 

peptides, which consist of 15–20 amino acid residues, were 

called cecropins after the name of larva Hyalophora cecropia 

[80]. The most interesting fact was that cecropins selectively 

affected only Escherichia coli. However, later the related 

antimicrobial host defense proteins (HDPs) were revealed that 

display antibacterial activity both against gram-negative and 

gram-positive bacteria, as well as fungi, viruses, and protozoans 

[81, 82]. The structures of many HDPs were defined 

unambiguously. The direct synthesis of their peptidomimetics 

afforded promising candidates for a new generation of 

antibiotics. The latter include brilacidin 53 (Fig. 10) and its 

analogs that are active against S. aureus and most of the gram-

positive bacteria with the values of MIC90 ≤ 1 μg/mL [83]. 

Based on the known natural scaffolds, the approaches were 

developed that allow for modifying the molecular design of 

peptidomimetics taking into account many factors, such as 

hydrophobicity, membrane permeability, toxicity, and many 

others [84, 85]. Therefore, in most of the peptidomimetics, 

guanidine mimics the residue of a natural amino acid arginine 

that has an analogous moiety. Leading compound LTX-109 54 

was introduced into clinical trials as a local agent for the 

treatment of impetigo and nasal decolonization. In this case, the 

presence and amount of guanidine residues play a key role in the 

molecule permeability through the bacterial wall and define the 

drug selectivity. Furthermore, often peptidomimetics with 

improved properties can be created. Thus, HDP protegrin I 

(PG-1) 55 displays a broad spectrum of antimicrobial activity 

and high efficiency against gram-negative pathogens with 

multiple drug resistance by the mechanism connected with the 

membrane damage through pore formation. Peptidomimetic L8-

1 56 exhibits antimicrobial activity similar to that of PG-1 but 

with reduced hemolytic activity against human erythrocytes 

[86]. 

 

Figure 10. Structures of brilacidin (53), antimicrobial peptide Lytixar 

(LTX-109) (54), murepavadin (55) and its peptidomimetic L8-1 (56). 

4.3. Guanidine sweeteners 

In 1986, Nofre, Tinti, and colleagues reported a new series 

of N-(carboxymethyl)guanidines which are highly efficient 

sweeteners. Based on the guanidine moiety, a whole library of 

promising sweeteners were produced [87, 88]. The structure–

activity relationships (SARs) in the series of trisubstituted 

guanidine sweeteners suggests a nonspecific hydrophobic 

function of the N'-(aryl/alkyl) group. 

To gain further insight into the structure–activity 

relationships of the guanidine sweeteners, a series of N-

(aryl/alkyl)-N'-carboxymethyl-1)-substituted guanidines (57–63) 

(Fig. 11) were prepared. It was anticipated that the investigation 

of these compounds would shed light on the relative 

contributions of aryl and hydrophobic groups to the efficiency of 

trisubstituted guanidine sweeteners. It was reported that the 
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preferred hydrophobic substituents are cycloaliphatic, 

substituted cycloaliphatic, benzyl, and substituted benzyl (61, 

62, and 63). 

 

Figure 11. Structures of the sweeteners based on N-

(carboxymethyl)guanidines. 

4.4. Polymers and dendrimers bearing 

guanidine moieties 

The polymers bearing guanidine moieties became popular 

since the discovery of their bacteriostatic properties. One of the 

first and simplest copolymers based on guanidine was 

polyhexamethylene guanidine hydrochloride (PHMG) 

synthesized in 1954 [89]. PHMG and its analogs with other 

counterions can be readily obtained by the condensation of 

hexamethylene diamine and guanidine hydrochloride according 

to the well-studied process [90, 91]. 

PHMG is intensively used in many commercial products: 

cosmetics, personal hygiene products, fabric softeners, contact 

lens solutions, hand cleaners, disinfectants for medical and 

dental utensils and trays, agricultural equipment, potable water 

for animals, and the surfaces in medical organizations and 

hospitals. Furthermore, PHMG solutions are used to process 

food products, disinfect water in pools as a chlorine-free 

polymer disinfectant, disinfect beer glasses and equipment at 

brewing plants [92]. PHMG exhibits high biocidal activity 

against most of the pathogenic microorganisms: bacteria, 

viruses, and fungi [93]. The following values of MIC for 

different strains were reached: S. aureus from 0.25 to 8 mg/L, 

Enterococcusspp. from 1.8 to 31.2 mg/L, B. cepacia (58–256 

mg/L), K. pneumoniae (1–25 mg/L), H. influenzae (2–32 mg/L), 

P. aeruginosa (2–32 mg/L), and E. coli (0.5–30 mg/L) [94]. 

Furthermore, the drugs on its base display antiviral effects on 

human immunodeficiency virus type I [95]. 

It should be noted that, at the time of writing this review, the 

world faced a global challenge of the new coronavirus disease 

(SARSCoV-19). In pursuit of new antiviral agents and 

disinfectants, it was found that PHMG exhibits antiviral activity 

against coronaviruses. Therefore, the Russian Federal Service 

for Surveillance on Consumer Rights Protection and Human 

Wellbeing produced a recommendation to use the solutions of 

PHMG with a concentration of 0.2% and above for the 

processing of premises and work surfaces. 

Despite the high biocidal activity of PHMG, its application 

as an individual disinfecting agent has gradually reduced after 

the reports on numerous victims of the toxic effect of PHMG, 

which causes lung fibrosis [96]. Nevertheless, due to the 

prominent biocidal activity, simplicity, and availability of the 

guanidine derivatives, PHMG, its analogs, and copolymers are 

still intensively used as biocidal components. Therefore, many 

efforts are focused on a reduction of the PHMG toxic effect and 

the development of its analogs and copolymers that would 

display higher antibacterial activity. For this purpose, the cross-

linked copolymers of PHMG with epichlorohydrin are obtained 

that feature higher molecular masses and improved bactericidal 

properties of the coatings and, thus, reduced MICs, up to 8 ppm 

in antibacterial tests with E. Coli [97, 98]. Another method for 

reducing the general toxicity of guanidine polymers is the 

covalent cross-linking with the surface or other polymers. Thus, 

a whole series of works were devoted to grafting the guanidine 

derivatives on polysaccharides, which affords different 

materials, including sanitary napkins, personal hygiene goods, 

and bacteriostatic fabrics. For this purpose, different types of 

covalent binding of PHMG with cellulose or other 

polysaccharide fibers were developed. One of the simplest and 

most efficient methods is grafting of PHMG on cellulose via 

radical polymerization of a methacryl initiator obtained by the 

epoxide ring opening of glycidyl methacrylate with a terminal 

PHMG amino group (Fig. 12) [99]. 

 

Figure 12. Grafting of the PHMG modifier on cellulose via radical 

polymerization [99].  

Yet another method for modification of natural polymers is 

the grafting of monomers or polymers with guanidine moieties 

on starch. The resulting antimicrobial paper products can be 

used in hospitals, pharmaceutical productions, and so on. One of 

the methods for such grafting is presented in Refs. [100, 101], 
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where PHMG was grafted on starch owing to the opening of 

epoxide rings in glycerol diglycidyl ether (Fig. 13). 

 

Figure 13. Modification of PHMG by cross-linking with glycerol 

diglycidyl ether [100]. 

As it was mentioned earlier, guanidine residues are actively 

used as mimetics of arginine in pseudomimetics. Along with 

other mimetics, the guanidine mimetics of arginine are widely 

used for the production of peptidomimetics by copolymerization 

at different ratios. Thus, Exley et al. [102] obtained a series of 

copolymers bearing lysine mimetics, namely, aminopropyl 

methacrylamide (APMA) and arginine mimetics, namely, 

guanidinopropyl methacrylamide (GPMA). The corresponding 

polymers were obtained under conditions of the reversible 

addition-fragmentation chain transfer polymerization (RAFT) 

(Fig. 14). For this purpose, a methacrylamide derivative of 

guanidine was obtained from commercially available N,N'-

di(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine. Then, 

the RAFT copolymerization of 3-guanidinopropyl 

methacrylamide (GPMA) and aminopropyl methacrylamide 

(APMA) was accomplished. 

 

Figure 14. Synthesis of 3-guanadinopropyl methacrylamide (GPMA) 

and its RAFT copolymerization with aminopropyl methacrylamide 

(APMA). 

One more modern approach to the synthesis of guanidine-

containing polymers as the scaffolds for the production of 

peptidomimetics is the ring-opening metathesis polymerization 

(ROMP). Using this approach, a broad class of polyguanidinium 

norbornenes was obtained (Fig. 15a). 

All the most popular polynorbornene polymers 

functionalized with guanidine residues can be divided into three 

groups depending on the structure of a ring in the monomer in 

use: norbornene (64, 65), oxanorbornene (66–68), and 

norbornene-2,3-dicarboximide (69, 70). The structures and 

amount of guanidine residues can be varied over a wide range. 

For example, there are both monofunctional (64, 66) and bi- 

 

Figure 15. Polymers and copolymers bearing guanidine moieties 

obtained by the ROMP polymerization (a) and schemes for their 

production (b). 

functional (65, 67) polynorbornenes. Furthermore, it is also 

possible to obtain the block copolymers bearing nonfunctional 

benzyl units (68), which amount can be changed to tune the 

polymer lipophilicity. Despite rather complex structures, 

polynorbornenes can be obtained by simple synthetic 

approaches, which are schematically presented in Fig. 15b. The 

polynorbornene polymers are derived from commercially 

available norbornenedicarboxylates or their bifunctional analog 

through the ROMP polymerization over the Grubbs catalysts, 

which provides direct access to homopolymers and their further 

functionalization. 

For the synthesis of polyoxanorbornene and 

polynorbornene-2,3-dicarboximide polymers, first, the bridging 

precursors, the products of [4+2]-cycloaddition of maleic acid 

esters or maleimide to furan, are obtained. Then, the ROMP 

polymerization was carried out, analogously to the synthesis of 

polynorbornene polymers. 

It was shown that both polyguanidinium oxanorbornenes 

and their copolymers and peptidomimetics possess strong 

bactericidal properties at low hematotoxicity [103]. Moreover, 

the possibility of the production of block copolymers with 

clearly defined structures of the blocks, for example, for the 

protein transduction domains (PTDs) and their synthetic 

mimetics ensures the synthesis of different block 

polyguanidinium oxanorbornenes and the possibility to study 

their structure–activity relationships [104]. Furthermore, these 

copolymers are intensively used for the production of 

peptidomimetics for efficient delivery of siRNA [105]. Sarapas 

et al. [106] compared methyl methacrylate polymers depicted in 

Fig. 14, obtained by the RAFT method, with their cyclic 
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polynorbornene analogs (Fig. 15), obtained by the ROMP 

polymerization, as the scaffolds for peptidomimetics with 

approximately the same molar masses. Despite the similarity in 

structures, there were no essential differences in the effect on 

protein internalization. 

One of the recent trends in the development of guanidine 

chemistry appeared to be the creation of the so-called molecular 

glues. For this purpose, the following macromolecular 

compounds that offer opportunities for multivalent interactions 

on the periphery are obtained: polymers, brushes, dendrons, and 

dendrimers. The effect of molecular multiple bonding plays a 

crucial role in biological systems. For example, leucocytes are 

bound with selectin through their multiple hydrocarbon residues 

[107]; numerous trimers of hemagglutinin on the virus surface 

interact on the host membrane cell [108], build a dimeric DNA 

aptamer as hepatocyte growth factor mimetics [109], and so on. 

Therefore, the understanding, modeling, and creation of 

molecular glues are major challenges for manipulating the 

biomolecular ensembles and drug delivery systems and 

changing biomolecular functions [110]. The application of 

guanidinium residues for multivalent interactions is justified for 

several reasons. First of all, the guanidine moieties are nontoxic 

and biologically safe. Secondly, the guanidine moieties bearing 

delocalized positive charge are prone to donor-acceptor binding 

stronger than the analogs bearing the quaternized ammonium 

moiety. Hence, for example, the association constant of the 

carboxylate group with the ammonium ion is Kassoc = 0.31 mol–1, 

whereas the analogous value for guanidine is Kassoc = 0.37 mol–1.  

 

Figure 16. Guanidine macromolecular systems used as molecular glues. 

For the interaction of the phosphate group with the ammonium 

ion, Kassoc = 0.93 mol–1, and, for the interaction with the 

guanidinium ion, Kassoc = 1.37 mol–1 [111]. Thirdly, the 

synthesis of guanidine derivatives is well developed and based 

on commercially available precursors. 

The simplest guanidine macromolecular systems which can 

be used as molecular glues are represented by polymer brushes 

and dendrons (Fig. 16) [112]. 

The molecular glues are assigned for binding with proteins, 

nucleic acids, and phospholipids, resulting in numerous salt 

bridges between their Gu+ pendants and oxyanionic groups. It 

should be noted that both compounds 71 and 72 exhibit high 

affinity to bovine serum albumin. However, derivative 73, 

featuring shorter side chains, demonstrates lower affinity due to 

the low flexibility of methylene spacers. 

Besides the noncovalently binding glues, there are also 

systems capable of noncovalent-to-covalent transformations. 

These glues allow a functional part to be involved in a target 

biomolecule in a site-specific manner. This can be illustrated by 

 

 

Figure 17. Guanidine-containing dendron with a possibility of covalent 

binding [113] (a) and its action principle (b); the structure of the 

dendrimer with the photosensitive azobenzene core (c) and its action 

principle (d) [114]. 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 209 

F. V. Drozdov and V. M. Kotov, INEOS OPEN, 2020, 3 (6), 200–213 

the covalent binding between proteins owing to the adhesion of 

a molecular glue. Dendron based on gallic acid 74 (Fig. 17) 

bearing poly(ethylene oxide) beams, analogous in structure to 

compound 72, contained terminal bifunctional groups: guanidine 

and benzophenone. This dendron grafted to the center through a 

fluorescent label can firstly bind with the MT/kinesin protein 

surface noncovalently owing to the guanidine groups and then 

form covalent bonds with it under the action of UV light [113]. 

Other interesting examples of noncovalent glues are those 

that can perform mechanical work. Dendrimer 75 (Fig. 17c) 

consists of two already mentioned dendrons bearing terminal 

guanidine moieties and an azobenzene core. Suzuki et al. [114] 

showed that these dendrimers attached to membranes through 

the guanidine residues can draw bilayers together and aside 

under the action of radiation which can promote cis–trans 

isomerization of the azobenzene moiety. 

An important trend connected with the delivery of drugs and 

labels into cells is the development of dendrimer analogs of cell-

penetrating peptides (compounds 76 and 77) functionalized with 

guanidine groups on the periphery (Fig. 18) [115]. A series of 

works devoted to the cell-penetrating dendrimers demonstrated a 

possibility of production of dendrimers of variable structures, 

for example, polyimine 76 (Fig. 18a) or well-known 

polyamidoamine (РАМАМ) dendrimers 77 (Fig. 18b) bearing 

different amounts of guanidine residues. Depending on the 

generation number and content of guanidine residues, these 

molecules can be used for the delivery of different biologically 

active compounds into cells. 

 

 

Figure 18. Structures of polyimine (a) and polyamidoamine (PAMAM) 

(b) dendrimers functionalized with the guanidine residues and used for 

drug delivery. 

5. Metal complexes and organoelement 

derivatives of guanidine 

Until now only the organic derivatives of guanidine were 

considered. However, as we have already mentioned in the 

Introduction, guanidine owing to its structural features and 

electron density distribution can serve as a ligand, giving rise to 

metal complexes. The organoelement compounds bearing the 

guanidine residues are also known (Fig. 19a). 

Murillo [116] reported the synthesis of molybdenum and 

tungsten complexes based on bicyclic guanidine ligands 78, 

which can serve as strong reducing agents. Low-valent iron 

complexes 79 with guanidine ligands Pipiso = [(DipN)2C(cis-

NC5H8Me2-2,6)]– (Dip = 2,6-diisopropylphenyl or 2,6-

dimethylphenyl) were used as a basis for creation of a whole 

library of the related polynuclear complexes [117]. Simple 

ligands for the synthesis of different metal complexes are 

lithium 2,2-dialkyl-1,3-dicyclohexylguanidinate, which can be 

obtained by the reaction between lithium dialkylamides and 1,2-

dicyclohexylcarbodiimide [118]. Using these ligands, stable 

complexes of lithium 80, mercury 81, and tin 82 and 83 were 

obtained. Moreover, stable complexes of aluminum 84 and 

gallium 85 were also synthesized by this methodology [119]. Of 

note is the high thermal stability of aluminum complex 84 which 

can be sublimated without decomposition. This feature enables 

its use in chemical vapor deposition. Based on the bicyclic 

guanidine ligands, the complexes of tin and mercury [120] as 

well as the bridged complexes of manganese and nickel were 

obtained [121]. 

 

Figure 19. Metal complexes of guanidine ligands. 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 210 

F. V. Drozdov and V. M. Kotov, INEOS OPEN, 2020, 3 (6), 200–213 

Among the organoelement derivatives of guanidine of note 

are several classes of compounds. The interesting derivatives are 

thiophosphorylguanidines which can be obtained by the reaction 

analogous to the well-known Wöhler synthesis of substituted 

ureas [122]. 

A separate group is formed by organosilicon compounds 

bearing the guanidine residues. This term should be specified 

since this group includes the compounds in which the silicon 

atom is directly attached to the guanidine residue as well as the 

organic compounds bearing simultaneously the guanidine 

function and the organosilicon substituent. In this review, we 

would like to focus on the compounds containing the direct 

bond between the silicon atom and the guanidine moiety. The 

interesting research objects are the derivatives with silylium 

ions, which act as silicon analogs of carbenium ions both from 

the fundamental point of view and from the viewpoint of 

potentially high Lewis acidity [123]. Owing to the stabilization, 

in particular, with cyclic guanidine ligands, the compounds with 

the stable silylium ions were obtained (86). Their stability is 

explained by the presence of resonance forms that favor 

stabilization (Fig. 19a) [124]. 

From the perspective of practical application, of great 

interest are stable organosilicon derivatives of guanidine. 

Usually, these compounds lack the direct bond between the 

silicon atoms and the guanidine residue. An idea to create a 

library of organosilicon compounds bearing the guanidine 

moieties has been discussed for a long time. First of all, this is 

connected with the purpose to create polymeric materials with 

good film-forming properties and antibacterial activity. 

Secondly, the possibility to obtain silicate derivatives of 

guanidine by direct melting or sintering of silicate sand with 

guanidinium salts was explored. The concept of this approach 

consisted in the fact that silicates, including silica gel, can 

dissolve in such a strong base as guanidine, resulting 

presumably in guanidinium silicates. Nevertheless, as it was 

shown later, these composites do not have stoichiometric 

compositions and are amorphous; there are no precise data on 

their structures up to date. The ultimate goal of these 

investigations consisted in the production of fire-resistant 

ceramics and coatings bearing Si–N bonds [125–127]. 

The production of organosilicon compounds with guanidine 

residues is complicated by the high basicity of guanidine. 

Therefore, the conventional methods, applicable for the 

synthesis of organosilicon compounds, do not afford always 

unambiguous results in the case of guanidine. The research 

group of M. Voronkov attempted to obtain alkoxysilane 

derivatives of guanidine 87 by the substitution of the amino 

group in aminorpopylethoxysilane guanidine (Fig. 20a) [128]. 

Nevertheless, the resulting reactive silanol derivatives were 

likely to form immediately a polymer rubber-like structure. 

Another method suggested for the production of 

alkoxysilanes functionalized with guanidine (compound 88) 

appeared to be almost analogous to the one developed by 

Voronkov but implied the use of acetylguanidine as a key 

precursor (Fig. 20b) [129]. Oborina and Adamovich used the 

starting alkoxysilane (compound 88) for the condensation and 

further application of silsesquioxanes as metal sorbents; 

however, there are no data on the antibacterial properties of 

these polymers. Recently, a classical method for the production 

of guanidine derivatives from the corresponding amines was 

suggested [130] (Fig. 20c). Thus, derivative 89 was obtained 

that appeared to be stable under ambient conditions, which is 

likely to be connected with the presence of a counterion. It was 

shown that 89 polymerizes in water to give guanidine 

silsesquioxane. Furthermore, both the monomer and the 

resulting polymer exhibited antibacterial activity against S. 

aureus and E. Coli. 

 

Figure 20. Different approaches to the synthesis of alkoxysilane 

derivatives bearing the guanidine residues. 

Despite the low popularity of guanidine-containing 

organosiloxanes, over recent years, the number of reports 

dealing with the synthesis of carbosilane dendrimers 

functionalized with the guanidine residues has been increasing 

[131, 132]. 

It was shown that a combination of chlorohexidine 

digluconate and carbosilane dendrimers bearing the ammonium 

or guanidinium moieties exhibit in vitro synergistic effect 

against Acanthamoeba polyphaga [133]. The structure of such a 

dendrimer (compound 90) is depicted in Fig. 21a. A typical 

scheme for the synthesis and functionalization of these 

carbosilane dendrimers is presented in Fig. 21b. The three first 

stages are classical for the synthesis of carbosilane dendrimers. 

At the final step, the terminal double bonds are functionalized 

with cysteine by thiol-ene addition and, then, the amino groups 

are substituted for the guanidine residues. 

 

Figure 21. Carbosilane dendrimer with the guanidine residues of the 

first generation (a) and a typical synthetic route (b) [133]. 

A literature survey showed that carbosilane dendrimers 

represent promising objects for the production of antibacterial 

coatings owing to good ability to form strong films on the 
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surface as well as low toxicity. It should be noted that they are 

also promising candidates for drug delivery systems. 

6. Conclusions 

Despite the fact that this review provides only a quick 

glance at the chemistry of guanidine, the performed analysis 

allowed us to follow the main directions of investigations in this 

rapidly developing field and outline the most promising areas of 

its further development. We highlighted the research trends and 

attempts to use guanidine and its derivatives in heterogeneous 

and asymmetric catalysis, as superbases, complexing agents, 

peptidomimetics, the basis for molecular glues and drug carriers, 

and analogs of natural biologically active compounds. It should 

be emphasized that the popularity of both low- and high-

molecular guanidine derivatives, dendrons, and dendrimers is 

stipulated, first of all, by their biocidal properties. Almost 

everyone is aware of the bactericidal effect of chlorohexidine, a 

derivative of biguanidine. Polyhexamethylene guanidine is well 

known as a general antiseptic; it is actively used these days as a 

disinfectant, in particular, against COVID-19. Furthermore, a 

multitude of other agents featuring even higher biocidal 

activities have been developed based on both low-molecular and 

polymer derivatives of guanidine; new bacteriostatic materials 

and coatings have been produced. Of note is also recent progress 

in the field of metal complexes stabilized by cyclic guanidine 

ligands. At the same time, the research in the field of 

organoelement compounds of guanidine is only at its beginning 

and has much room for further development, especially if take 

into account its great potential. However, let us return to 

organosilicon derivatives, the starting point of our excursion. 

Despite the initial difficulties, the resulting organosilicon 

derivatives such as carbosilane and siloxane compounds 

demonstrate antibacterial properties which, along with good 

film-forming ability, low toxicity, and bioinertness of many 

organosilicon polymer matrices, can become an impetus for 

further development of guanidine-containing organosilicon 

compounds and polymers. In the more general form, a 

combination of the huge potential of guanidine derivatives with 

the unique opportunities offered by the modern chemistry of 

organosilicon compounds [1] can become one of the most 

required and breakthrough fields of investigations aimed at the 

production of new compounds and materials with valuable 

properties based on renewable resources. 
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