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Abstract

Coordination compounds of Cu(ll) ions with some oxyphosphonates were
synthesized in ethanol using ultrasonic activation. The complexes were isolated as
blue crystalline powders in yields of 72—87%. Complex formation was confirmed
by IR spectroscopy and thermal analysis. The shift of the v(P=0) band to lower
frequencies indicates the involvement of the phosphoryl oxygen in coordination
with the Cu(ll)ion. Changesin melting points compared totheinitial ligandsindicates
a rearrangement of the crystal structure. For the piperidine based complex, the
N,O coordination type was observed by the appearance of a Cu—N absorption band
at 661 cm™. The biological activity of the synthesized compounds was evaluated
using a wheat seed germination model. It was found that the oxyphosphonates
and their complexes stimulate seedling development, leading to increased shoot
and root lengths compared to the control. The most pronounced effect was
observed for compounds containing phenyl and piperidine moieties, with root
length increases reaching 74.8% and shoot length by 18.7%, relative to the control.
In addition, the copper complexes suppressed the growth of mold microflora on
treated seeds, exhibiting antimicrobial activity. These results demonstrate the
potential of phosphorus-containing Cu(ll) coordination compounds as potential
agrochemicals with growth-promoting and antimicrobial properties.

1. Introduction

mental stresses. Copper coordination compounds,
especially with organic ligands, are attracting par-

Copper is a vital micronutrient that plays a cru-
cial role in the biochemical processes of living organ-
isms. Owing to the ability of Cu(ll) ions to participate
in oxidation-reduction reactions, copper is a com-
ponent of numerous enzymes and metalloproteins
that regulate cellular respiration, iron metabolism,
photosynthetic processes, and antioxidant defense
[1, 2]. In plant, copper influences enzymatic process-
es, growth, development, and resistance to environ-
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ticular attention due to their broad spectrum of bi-
ological properties, including antibacterial, antitu-
mor, antioxidant, and immunomodulatory activities
[3]. Their activity is determined by both the nature
of the metal ion and the properties of the organic li-
gands. Furthermore, organic ligands can modify the
biological and physicochemical properties of the re-
sulting complexes [4].

Phosphonates and their derivatives are promis-
ing ligands for the production of biologically active
metal complexes. The presence of a phosphoryl
group with pronounced donor properties ensures
effective coordination with transition metal ions,
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and the diversity of biological effects of phospho-
nates enables their application in medicine, agri-
culture, and materials science [5-7]. Among the
phosphonate ligands, a-hydroxyphosphonates
(oxyphosphonates), containing both hydroxyl and
phosphoryl group, are of particular interest. The
presence of multiple donor centers facilitates the
formation of stable coordination structures, ranging
from molecular complexes to multidimensional co-
ordination networks with diverse functional prop-
erties [8, 9]. The ability of copper ions to interact
effectively with phosphonate ligands significantly
influences the chemical and biological properties of
the resulting compounds [10]. Moreover, the field
of environmentally friendly phosphonate chemistry
is actively developing, highlighting the relevance of
this area [11, 12].

We have previously demonstrated that oxyphos-
phonates and their complexes with biogenic metal
ions exhibit growth-promoting activity in agricultural
plants [13]. However, the influence of the structural
features of oxyphosphonate ligands on the proper-
ties and biological activity of the resulting complexes
remains an importantissue. Therefore, the synthesis
of new copper coordination compounds with struc-
turally diverse oxyphosphonates and the study of
their effects on seed germination and plant develop-
ment are of scientific interest.

o\\P /OCH3

>
HO

2-dimethoxyphosphoryl-2-hydroxypropane
(AcOP) [15]

dimethyl-(1-hydroxy-1-phenylethane)phosphonate
(APhOP) [16]

The aim of this work is to synthesize Cu(ll) com-
plexes with oxyphosphonate ligands of various na-
tures, to establish their coordination features using
IR spectroscopy, and to evaluate the influence of li-
gand structure on growth-promoting activity.

2. Experimental

The progress of the reactions was monitored by
thin-layer chromatography (TLC) on Al,O,. IR spec-
tra were recorded using a Nicolet 5700 FT-IR spec-
trometer (Madison, USA). Samples were prepared
as KBr pellets. Elemental analyses (C and H) were
performed using a FlashSmart Elemental Analyzer
(Thermo Fisher Scientific Inc., Waltham, USA). Bio-
logical experiments were conducted in a LAC-475-N
climate chamber (Hangzhou Boyn Instrument Co.,
Ltd., Hangzhou, China).

2.1. Synthesis of oxyphosphonates and their
coordination compounds

2-Dimethoxyphosphoryl-2-hydroxypropane,
1-dimethoxyphosphoryl-1-hydroxycyclohexane, di-
methyl-1(1-hydroxy-1-phenylethane)phosphonate,
and 1-(2-ethoxyethyl)-4-hydroxypiperidin-4-yl)
phosphonate were synthesized according to the
Abramov reaction [14-15] (Fig. 1).

OCH

O 70

HO PN
OCH;

1-dimethoxyphosphoryl-1-hydroxycyclohexane
(CHOP) [15]

OCH

N 3

HO P\
OCH;

1
C,H,0C,H;

1-(2-ethoxyethyl)-4-hydroxypiperidin-4-yl)phosphonate
(PipOP) [17]

Fig. 1. Structure of synthesized oxyphosphonates.
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General procedure for the preparation of coordi-
nation compounds. Oxyphosphonate (0.1 mmol) and
a copper(ll) acetate monohydrate (0.054 mmol; Lab-
khimprom LLP, Almaty, Kazakhstan) were placed in
a flask of an ultrasonic reactor. Ethanol was added
before the tip of the ultrasonic probe was immersed
in the reaction mixture. The mixture was sonicated
until complete dissolution, maintaining the reac-
tion temperature below 50 °C. During this process,
the color of the reaction mixture changed from deep
blue to light blue, and a pale blue precipitate grad-
ually formed. The reaction mixture was then left for
12 h. The liquid phase and precipitate were sepa-
rated by centrifugation and dried separately in Petri
dishes. The products were obtained as blue crystal-
line powders.

Copper complex of 2-dimethoxyphosphoryl-2-hy-
droxypropane. 1.34 g (87% yield) of copper di(2-di-
methoxyphosphoryl-2-hydroxypropane) acetate
was obtained with a melting point of 113 °C.

Calculated, %: C 32.41; H 6.19. CuCy,Hs,04,P,.
Found, %: C 32.43; H 6.18.

IR spectrum, cm™: 1199 (Vpep-0); 3477 (Vo.y); 1601
(Veo)-

Copper complex of 1-dimethoxyphosphoryl-1-hy-
droxycyclohexane. 1.19 g (82% vyield) of copper
di(1-dimethoxyphosphoryl-1-hydroxycyclohexane)
acetate was obtained with a melting point of 107-
108 °C.

Calculated, %: C 40.10; H 6.71. CuC,,H,004,P,.
Found, %: C 40.13; H 6.69.

IR spectrum, cm™: 1227 (Vye-p-0); 3295 (Vo.y); 1593
(Veso)-

Copper complex of dimethyl(1-hydroxy-1-pheny-
lethyl)phosphonate. 1.19 g (72% vyield) of copper
di(dimethyl-(1-hydroxy-1-phenylethyl)phospho-
nate) acetate was obtained with a melting point of
105-106 °C.

Calculated, %: C 53.55; H 4.70. CuCs,Hs504,P,.
Found, %: C 53.54; H 4.73.

IR spectrum, cm™: 1198 (Vpep-0); 3284 (Vo.y); 1618
(Veo)-

Copper complex of dimethyl(1-(2-ethoxyeth-
yl)-4-hydroxypiperidin-4-yl)phosphonate. 1.15 g
(76% vyield) of copper di(dimethyl(1-(2-ethoxyeth-
yl)-4-hydroxypiperidin-4-yl)phosphonate) acetate
was obtained with a melting point of 100-101 °C.

Calculated, %: C 41.96; H 7.31. CuC,sHs,0.4N,P,.
Found, %: C 42.00; H 7.27.

IR spectrum, cm™: 1225 (Vye-p-0); 3271 (Vo.n); 1599
(Veo); 661 (Vyean)-

2.2. Methodology for
stimulating activity

determining growth

The growth-promoting activity of the obtained
compounds was studied using the wheat variety
“Steklovidnaya 24" in accordance with GOST 12038-
84, "Agricultural seeds. Methods for determination
of germination” [18]. Simultaneously, the accom-
panying microflora was assessed using a biological
method in accordance with GOST 12044-93, "Agri-
cultural seeds. Methods for determining disease
infection" [19], employing a visual scoring scale to
determine the degree of seed damage. The seeds
were soaked for 12 h in solutions of the free oxy-
phosphonate and its complex at a concentration of
1073%. The seeds were then planted on filter paper
in closed Petri dishes and placed in a climate cham-
ber at 23 °C and 55% relative humidity. Distilled wa-
ter served as a control. To prevent dehydration, the
seeds were moistened daily.

The growth-promoting effect was assessed by
measuring shoot and root lengths on the eighth day.
The experiment was performed three times, and the
results were expressed as mean values.

3. Results and Discussion

Acetone, cyclohexanone, acetophenone, and
1-(2-ethoxyethyl)-4-hydroxypiperidone were used
as starting substrates for the synthesis of organic
ligands. The corresponding oxyphosphonates were
prepared under Abramov reaction conditions by
reacting the aforementioned ketones with dimeth-
yl phosphite in hexane in the presence of sodium
methylate [14-15].

The molecular structures of the obtained com-
pounds include a phosphoryl group (P=0) and a hy-
droxyl fragment, which serve as donor sites for co-
ordination with transition metal ions. The structural
diversity of the synthesized ligands is ensured by the
presence of aliphatic, unsaturated, and heterocyclic
fragments in their molecules.

Complexation of the ligands with Cu(ll) ions was
carried out in an ethanol medium using ultrasound,
which intensified the dissolution and diffusion of
the reactants, increasing the reaction efficiency
(Scheme 1). The resulting crystalline powders were
blue in color, which is characteristic of Cu(ll) com-
pounds.
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Scheme 1. Synthesis of copper(ll) coordination compounds with oxyphosphonate ligands.

The formation of the Cu(ll) coordination com-
pounds was confirmed by thermal analysis and IR
spectroscopy.

Complexation is accompanied by a change in the
melting points of the resulting compounds com-
pared to those of the starting ligands (Table 1). In
most cases, a decrease in melting point is observed,
due to the disruption of the intermolecular hydro-
gen bond system and the formation of a new coordi-
nation structure involving the copper ion. It should
be noted that all synthesized complexes are charac-
terized by a narrow melting range (1-2 °C), which in-
dicates their individuality and high degree of purity.
An exception is the Cu(ll)AcOP complex, for which
the melting point increases from 71-73 to 113 °C,
which is explained by the formation of a more rigid
coordination structure with an increased molecular
weight, which facilitates the formation of a more
stable crystal lattice.

The main absorption bands of the synthesized
compounds are presented in Table 2. In the spec-
tra of all copper complexes, the v(P=0) stretching
band is shifted to lower frequencies relative to the
corresponding bands of the free ligands (Fig. 2), in-
dicating the involvement of the phosphoryl oxygen
atom in coordination with Cu(ll). Additional confir-
mation of coordination is provided by bands in the
region of 400-600 cm™, attributed to vibrations of
the Cu—-0 bond. The spectra of the copper complex-
es also exhibit bands near 1600 cm™ corresponding
to the stretching vibrations of the carboxylate group
(COO") of acetate, indicating the incorporation of
acetate ions into the inner coordination sphere of
Cu(ll). For the Cu(ll)CHOP, Cu(ll)APhOP, and Cu(ll)Pi-
pOP complexes, the formation of Cu—O bonds leads
to a change in the packing of molecules in the crystal
and a decrease in the lattice energy, which is consis-
tent with the observed decrease in melting points.

Table 1. Physicochemical characteristics of the synthesized Cu(ll) complexes

Compound Yield, % Reaction time, h m.p., °C (initial m.p., °C Molecular formula
oxyphosphonate)

Cu(Il)AcOP 87 2 71-73 113 CuCyyH;,04,P,

Cu(ll)CHOP 82 2 110-112 107-108 CuCyoH,4004,P,

Cu(Il)APhOP 72 2 132-134 105-106 CuCy4H3604,P,

Cu(Il)PipOP 76 2 107-109 100-101 CuC,sHs4014N,P,

Table 2. Main IR absorption bands of oxyphosphonates and their Cu(ll) complexes

Compound v(P=0), cm™ Shift, cm™ v(Cu-N), cm™
AcOP 1238 39 -
Cu(I1)AcOP 1199 -
CHOP 1229 3 -
Cu(ll)CHOP 1227 -
APhOP 1230 32 -
Cu(I)APhOP 1198 -
PipOP 1228 3 -
Cu(ll)PipOP 1225 661

Eurasian Chemico-Technological Journal 28 (2026) 163-170



Tolganay Zharkynbek et al.

167

0.807
075+

- Cu(II)AcOP
08!
00!
055!
050! N
045! g §m -
0.0 l§ T
| . /|2
035! ool i
| 3= /18 k
0.30- | f ] w
| | FE O
020! \ ; ‘ ! § | ﬂ:
ALE N L
0.10-: V 3 ” (8 ‘[: H
\J \.I.‘ l}\‘h J\rﬁ f
0.05: \V UL \
000} —" . . . \.J-"I sk U \
2000 1500 1000 500
1‘4»3
1si | Cu(IDAPhOP |

16188
- 14446
——————ron s
. — g |2 5

! /W |
\ | |
0a! / i f’ 1 4
o2/ p ‘r] Kj ¥ wfi” | LY W
LU/ Y

2000

877.9.
8382
850
—
—en
— 5713
5056

=3
o

‘}—mzs
) =

" 1500

| Cu(IDCHOP

1420.7

1351
5043 132824

&

Fig. 2. IR spectra of the starting phosphonate and its Cu(ll) coordination compound (yellow — parent phosphonate;

red — Cu(ll) complex).

For the Cu(ll)PipOP complex, an additional band
was detected at 661 cm™, characteristic of vibra-
tions of the Cu—N bond, indicating the participation
of the nitrogen atom of the piperidine moiety in the
coordination. Thus, this ligand exhibits a mixed N,O
coordination mode, while the other ligands coordi-
nate exclusively through the oxygen atoms of the
phosphoryl group (Fig. 3).

HO .
H,CO
P% N—C2H4OC2H5
3 ~~ 0= P/ (CH;CO0),
N
C,HsOCH \ OCHj;

Fig. 3. The proposed structure of the complex with
mixed N,O coordination mode.

The combined thermal and spectroscopic data
clearly confirm the formation of new coordination
compounds with different binding modes depend-
ing on the ligand structure. The structural features
of the synthesized complexes are of particular inter-
est for their biological activity, since the coordina-
tion environment of the copper ion and the nature
of the organic ligand directly influence the physi-
cochemical properties of the compounds and their
interactions with biological systems. The results
establish a relationship between biological activity
and the structure of the organic ligand.

Evaluation of the effects of the synthesized com-
pounds on wheat seed germination showed that
most of the studied oxyphosphonates and their
copper complexes stimulated seedling growth rela-
tive to the control (Fig. 4). Seed germination energy
was 100% for all samples except the water control
and CHOP, for which it was 97%.

In terms of shoot length, the Cu(ll)PipOP com-
plex demonstrated the greatest effect (15.26 cm),
exceeding the control value (12.86 cm) by 18.7%.

Eurasian Chemico-Technological Journal 28 (2026) 163-170
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Fig. 4. Graph of results of tests on germination of wheat seeds with synthesized compounds.

Fig. 5. Microbial contamination of test samples.

A slightly smaller, but still significant, stimulating
effect was demonstrated by Cu(ll)APhOP (14.75
cm) and APhOP (14.20 cm). It is noteworthy that
in the ligand-complex series, an increase in shoot
length is observed for all pairs upon moving to the
copper complex, indicating an enhancement of the
growth-promoting effect upon copper ion salts co-
ordination.

Regarding root length, the most pronounced ef-
fect was observed for Cu(ll)APhOP (14.00 cm), corre-
sponding to a 74.8% increase relative to the control
and representing the highest value among all sam-
ples studied. High root length values were also re-

corded for APhOP (11.20 cm) and Cu(ll)PipOP (8.90
c¢m). Meanwhile, the AcOP (6.58 cm) and PipOP (6.08
cm) ligands exhibited root lengths lower than that
of the control, whereas their corresponding copper
complexes showed substantial improvement to 8.12
cm and 8.90 cm, respectively.

The results for the microflora index are particu-
larly noteworthy (Figs. 4 and 5). The control sample
(H,0) showed a moderate level of microbial con-
tamination (++), while the free AcOP ligand showed
a high level (+++), indicating a lack of antimicrobial
properties and, conversely, the potential for creat-
ing a favorable environment for microbial growth.

Eurasian Chemico-Technological Journal 28 (2026) 163-170
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In contrast, all three copper complexes — Cu(Il)AcOP,
Cu(I1)APhOP, and Cu(ll)PipOP, demonstrated a com-
plete absence of microbial contamination, while the
corresponding free ligands were characterized by
contamination at levels of "+" and "++." The Cu(ll)
CHOP complex also showed a reduction in microbial
load to "+" compared to "++" for the CHOP ligand.
Thus, the coordination of the Cu(ll) ion with oxy-
phosphonate ligands leads to a marked suppression
of microbial contamination of seeds, which is an in-
dependent and practically significant result of this
study.

The observed antimicrobial effect of the copper
complexesis consistent with the well-known biocidal
properties of Cu(ll) ions, which are realized through
the generation of reactive oxygen species, disrup-
tion of the integrity of microbial cell membranes,
and inhibition of pathogen enzymatic systems [3,
4]. Reduced microbial contamination of seeds likely
creates more favorable conditions for germination
and root development, thereby indirectly contrib-
uting to the observed growth-promoting effect of
the complexes. Thus, the stimulating effect of the
synthesized copper complexes is due to a combina-
tion of factors: the participation of Cu(ll) ions in the
regulation of plant enzyme systems, modification of
the physicochemical properties of the ligand during
coordination, and pronounced suppression of mi-
crobial infection of seeds.

Coordination of the Cu(ll) ion consistently en-
hances the growth-promoting effect of oxyphospho-
nate ligands in all pairs studied, indicating synergism
between the metal and the organic ligand. Further-
more, the Cu(ll)AcOP, Cu(ll)APhOP, and Cu(1l)PipOP
complexes completely suppressed microbial infec-
tion of seeds, creating additional favorable condi-
tions for germination. The biological activity of the
compounds is determined by the combination of
the ligand structure, the physiological role of Cu(ll),
and changes in physicochemical properties during
complexation.

4. Conclusion

In this study, coordination compounds of Cu(ll)
with oxyphosphonate ligands of various structures
were synthesized in ethanol using ultrasonic acti-
vation in yields of 72—87%. Complex formation was
confirmed by IR spectroscopy and thermal analy-
sis. A shift of the v(P=0) band by 3-39 cm™ toward
lower frequencies indicates coordination via the
oxygen atom of the phosphoryl group. An addition-
al N,O-type coordination was established for Cu(ll)

PipOP (the Cu—N band at 661 cm™). The change in
melting point upon moving from the ligands to the
complexes confirms the rearrangement of the crys-
tal structure.

Biological testing showed that the synthesized
compounds stimulate wheat seed germination. The
most pronounced effect was observed for com-
pounds with aromatic and heterocyclic fragments.
Root length for Cu(ll)APhOP exceeded the control
by 74.8%, and shoot length for Cu(ll)PipOP exceed-
ed the control by 18.7%. In all ligand-complex pairs,
copper ion coordination consistently enhanced the
growth-promoting effect. Furthermore, the Cu(ll)
AcOP, Cu(ll)APhOP, and Cu(ll)PipOP complexes
completely suppressed microbial contamination of
seeds.

These results indicate that the biological activity
of the compounds is determined by ligand structure,
the physiological role of Cu(ll) in plant metabolism,
and changes in physicochemical properties accom-
panying complex formation. The synthesized com-
pounds are promising candidates for further inves-
tigation and potential application in agrochemistry.
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