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SYNTHESIS AND BIOACTIVITY OF BRASSINOSTEROID BORATES

Abstract. A regioselective synthesis of boric acid esters derived from 24-epibrassinolide and 24-epicastasterone has been
developed. The esterification proceeds under mild conditions with high efficiency, yielding the corresponding 22,23-borates
of steroidal phytohormones as the sole products. Their plant growth-stimulating activity was evaluated using spring wheat
(Triticum aestivum L.) as a model system. The compounds were applied via seed soaking in solutions at concentrations of 10~
and 10~ M for 24 hours. Germination rates were assessed after 7 days, while seedling height, root length, and fresh weight
of both seedlings and roots were measured 10 days after the start of the treatment. The synthesized conjugates were found
to enhance seed germination and stimulate the growth of above-ground parts (by 10—15 % relative to the control), as well as
increase biomass accumulation (by 13-23 %) and root weight (by 8-22 %). These novel brassinosteroid derivatives (borates)
exhibited higher plant growth-stimulating activity than the native hormones themselves.
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CHUHTE3 1 BUOJIOTHNYECKASA AKTUBHOCTb BOPATOB BPACCUHOCTEPOUJ1OB

AnHoTanus. Pa3zpaboTaH peruoceneKTHBHBIH CHHTE3 3(QHUpPOB OOpPHOH KHCIOTHI Ha OCHOBE 24-3mMHuOpaccHHONMIA
1 24-3nuKacractepoHa. Peakuns srepuduKanny NpOTEKaeT B MATKUX YCIOBUSAX C BHICOKMM BBIXOIOM, IIPHBOJIS K 00pa3oBa-
HMIO COOTBETCTBYIOIIMX 22,23-00paToOB CTEPOUAHBIX (PUTOrOPMOHOB B KaUeCTBE €IMHCTBEHHBIX NPOAYKTOB. VX pocTocTH-
MYJINPYIOIIasi aKTUBHOCTB OblIa OLIEHEHA C UCHOJIb30BaHUEM ApoBOil mmenus! (Triticum aestivum L.) B KauecTBe MOIENb-
HO# cucTeMbl. COGIMHEHHS BHOCHITH TTyTEM 3aMauHBAHUS CEMSIH B PACTBOPAX ¢ KoHIeHTpamusamu 107 u 10 M B TeueHne
24 4. BexoxkecTb OLEHMBAIK 4epe3 7 JIHEH, a BBICOTY IPOPOCTKOB, JUIMHY KOPHEH M CHIPYIO MAacCy Kak MPOPOCTKOB, TaK
M KOpHel usMepsiin yepes 10 nHeid mocne Havyana oOpaboTku. b0 0OHApYKEHO, YTO CHHTE3MPOBAHHbBIE KOHBIOTATHI 110-
BBIIIAIOT BCXOXKECTh CEMSIH M CTUMYIHUPYIOT POCT HaA3eMHBIX dyacTeil (Ha 10—15 % 1o OTHOIIEHHIO K KOHTPOIIIO), a TaKxkKe
YBEJINYHUBAIOT HaKorIeHne buomaccsl (Ha 13-23 %) u maccy kopHeit (Ha 822 %). DTH HOBbIE TPOU3BOAHBIE OPACCHHOCTEPO-
1J10B (00paThl) MPOSBHIIN 00JIEe BEICOKYIO POCTOCTHMYJIHPYIOILYI0 AKTUBHOCTD, YeM CAMH HATHBHBIC TOPMOHBI.

KiroueBble cjioBa: OpacCUHOCTEPOUIbI, 24-3MMOpacCUHONN ], 24-31IHKacTacTepPOH, O0paThl, CUHTE3, Triticum aestivum,
BCXOXKECTb CEMSH, POCTOCTUMYJIMPYIOLIasi aKTHBHOCTh

Jast imtupoBanns. CuHTe3 1 OMoIOrnyeckast akTHBHOCTH 6opaToB OpaccuHocTeponnioB / B. A. Xpumnau, B. H. Kaobun-
ckuit, P. IT. JIutBunoBckast [u ap.] / Hoxnaasl HanponaneHoii akagemun Hayk benapycu. — 2026. — T. 70, Ne 2. — C. 135-140.
https://doi.org/10.29235/1561-8323-2026-70-2-135-140

Introduction. Phytohormonal steroids (brassinosteroids, BS) are widespread in nature — they are
characteristic of all, or the vast majority, of plant species and are known as natural plant hormones with
growth-stimulating and adaptogenic effects [1]. Boron is one of the most important trace elements neces-
sary for optimal plant development [2]. It is essential for cell division, protein synthesis, photosynthesis,
as well as successful flowering and fruiting. It also increases resistance to diseases, drought, and frost.
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In our previous work [3], it was shown that the modification of steroid phytohormones with acids
of various structures (5-aminolevulinic, indole-3-acetic, salicylic, succinic, sulfuric) leads to ester deriva-
tives that, in terms of growth-stimulating activity, are generally not inferior to, and even exceed, the
original brassinosteroids. It should be particularly noted that the BS modified with acids performed well
in experiments studying the protection of plants from various stressors. For instance, the auxin derivative
has a positive effect on the growth and development of Arabidopsis thaliana and Triticum aestivum
plants under salt stress conditions [4]. The synthesized 2-monosalicylates of BS had a positive effect
on plant resistance to various types of stress: heat and salt stress [5—7], and biotic stress (stressor — the
phytopathogenic fungus Helminthosporium teres Sacc.) [8; 9]. The tetrahemisuccinate of 24-epibras-
sinolide mitigates the negative effects of salt stress (150 mM NaCl) on rapeseed plants [10].

It seemed of interest to investigate the growth-stimulating activity of compounds that would contain
a brassinosteroid moiety and a boron component. The aim of the present work is to synthesize boron derivatives
of 24-epibrassinolide (EBI) and 24-epicastasterone (EBk) and to study their growth-stimulating activity.

Experimental. NMR spectra were recorded on a Bruker BioSpin AVANCE 500 spectrometer (500 MHz)
in C;D,N. 'H and C chemical shifts were referred to residual C;HN (8 8.74 ppm) and C;DN
(0 150.35), respectively. Epicastasterone (1) and epibrassinolide (2) were synthesized in the Laboratory
of Steroid Chemistry of the Institute of Bioorganic Chemistry of the National Academy of Sciences
of Belarus according to published procedures [11]. The progress of the reactions was monitored by TLC
on Merck 60 F,s, plates. The purification of the synthesized compounds was carried out by column
chromatography on Merck 60 silica gel (0.063—0.2 mm).

(22R,23R,24R)-20,30,22,23-Tetrahydroxy-24-methyl-5a-cholestan-6-one 22,23-borate (3). To a solu-
tion of epicastasterone (1) (100 mg, 0.22 mmol) in tetrahydrofuran (2 mL), boric acid (14 mg, 0.22 mmol)
was added. The mixture was stirred at room temperature for 15 min, then solvent was evaporated
in vacuo. The residue was chromatographed on SiO, (eluent: chloroform—ethanol =30 : 1 — 10 : 1)
to give ester 3 (101 mg, 95 %) as an amorphous solid. NMR data are shown in Table.

'H and "*C NMR spectroscopic data for 3*>*

Position 5,C 5, H
1 41.7 2.05m
2 69.0 4.09 ddd (11.6, 5.2, 2.9)
3 69.5 4.46 q (3.0)
4 28.4 2.02m;2.34m
5 52.0 3.16 dd (12.6, 3.2)
6 2124
7 474 2.02m;2.38 m
8 38.3 1.76 m
9 57.0 1.16 m
10 434
11 22.0 1.25m; 1.6l m
12 40.0 1.11 m; 1.90 m
13 43.1
14 543 1.35m
15 24.6 1.04 m; 1.48 m
16 28.7 1.37 m; 2.09 m
17 53.4 1.75m
18 12.4 0.66 s
19 14.3 0.85s
20 42.5 1.45m
21 12.5 1.13 d (6.6)
22 82.3 433d@4.7)
23 81.6 3.97.dd (9.1, 4.8)
24 45.4 1.60 m
25 28.0 2.26 pd (6.9, 3.7)
26 21.7 0.91.d (6.9
27 17.0 0.91 d (6.9)
28 9.7 0.75 d (6.8)

N o tes:*—NMR chemical shifts (8) are from spectra obtained

in CsDsN solution; b assigned by DEPT, COSY, NOESY, HSQC,
and HMBC experiments; © —J values (in Hz) in parentheses.



Joxknanel HanmonanbHo# akanemun Hayk benapycu. 2026. T. 70, Ne 2. C. 135-140 137

(22R,23R,24R)-20,30,22,23-Tetrahydroxy-B-homo-7-oxa-24-methyl-5a-cholestan-6-one
22,23-borate (4). The title compound was synthesized starting from epibrassinolide (2) and boric acid
in 93 % yield as an amorphous solid according to the procedure described for the preparation of 3. 'H
NMR (500 MHz, C;DsN) 6 4.37 (p, J =2.4 Hz, 1H), 4.23 (d, J = 4.7 Hz, 1H), 4.09 — 3.93 (m, 3H), 3.88
(dd,J=9.1,4.7 Hz, 1H), 3.80 (q, /= 7.0 Hz, 1H), 3.55 (dd, J = 12.2, 4.4 Hz, 1H), 2.45 (ddd, J= 14.5, 12.0,
2.2 Hz, 1H), 2.25 (dt, J= 14.9, 4.2 Hz, 1H), 2.17 (pd, J= 6.9, 3.8 Hz, 1H), 2.07 (d, J = 8.3 Hz, 2H), 1.99
(dtd, /=129, 9.5, 6.0 Hz, 1H), 1.02 (d, J = 6.5 Hz, 3H), 0.98 (s, 3H), 0.83 (d, J = 6.9 Hz, 6H), 0.67 (d,
J=6.8 Hz, 3H), 0.56 (s, 3H). "C NMR (126 MHz, CsD{N) & 177.2, 82.2, 81.5, 70.7, 69.2, 68.9, 58.7, 53.3,
51.7,45.3,43.2,43.0, 42.4, 42.2, 40.1 (x2), 39.0, 33.6, 28.6, 27.9,25.4,22.9, 21.6, 16.9, 16.4, 12.4, 12.1, 9.7.

Biological studies. Spring wheat (7riticum aestivum) of the Belarusian variety Madonna was chosen
as the object of the study. In laboratory experiments, seeds were soaked in solutions of phytohormonal
steroids and their borates (solutions of 10~ and 10~ M were used). Water was used as a control. 50 seeds
were placed in a Petri dish and filled with 10 ml of the corresponding solution. After 18 hours, the
solutions were drained, and the dried seeds were placed in Petri dishes on filter paper moistened with
distilled water. The seeds were germinated in a thermostat at 20 °C, and then under an LED lamp (red-
blue light) DBP-03-14-820 with a power of 14 W, with constant moistening of the bed with distilled
water. The experiments were performed in 4-fold replication. According to GOST 12038-84, germination
was assessed after 7 days and after 10 days, measurements of sprout height and root length, as well as
fresh weight of sprouts and roots of control and experimental variants, were taken. The figures show the
mean values and their standard deviations. The significance of differences was calculated using Student’s
t-test. Differences are considered significant at p < 0.05.

Results and Discussion. Epicastasterone and epibrassinolide each contain two vicinal diol groups,
each of which can, in principle, react with derivatives of boric acid to form corresponding cyclic borates
(boronates). Thus, the reaction of methylboronic acid with brassinosteroids leads to 2,3,22,23-
bis(methylboronates), which have been widely used in the analysis of this group of phytohormones [12].
A similar reaction with boric acid proceeds regioselectively at the diol group of the side chain, which we
utilized for the synthesis of steroidal C-22 aldehydes [13]. In that case, the intermediately formed boric
acid derivatives were not isolated. In the present work, the 22,23-borates of epicastasterone and epibras-
sinolide have been isolated in pure form for the first time with the aim of studying their biological
activity. Both compounds were obtained in nearly quantitative yields by reacting equimolar amounts
of epicastasterone (1) or epibrassinolide (2) with boric acid in tetrahydrofuran (Fig. 1). A complete assign-
ment of the signals in the NMR spectrum was made for compound 3. The presence of signals at & 4.09

Fig. 1. Synthesis of 22,23-borates 3 and 4
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% 100 - (ddd, J = 11.6, 5.2, 2.9 Hz) and o 4.46 (q,
98 J = 3.0 Hz), corresponding to the methine
96 protons at C-2 and C-3 respectively, confirms
94 the correctness of the structural assignment,
92 since similar signals are present in the spectrum
90 of the starting epicastasterone (1).

88 1 A key factor explaining the high regio-
86 1 selectivity of this reaction may be the differing
84 A stabilities of the 2,3- and 22,23-boronate esters.
82 1 The stability of cis-diol borates is known
80 - to depend critically on the orientation of the OH

12 3 4 5 6 7 8 9 .
groups [14]. In our case it leads to the unex-

Fig. 2. Effect of phytohormonal steroids and their conjugates with pected result where boric acid condenses
boric acid on the germination of spring wheat seeds: / —control,  exclusively with the 22,23 cis-diol of the side
water; 2 - EBI, 107 M; 3~ EBL})OJ M; 4~ EBK, 10_:ME chain, even though these hydroxyl groups are

5 - EBk, 107 M; 6_b°r?9te 4,107 M; 7_b°r'il7te 4,107 M; known to be less reactive than those of the

8 —borate 3, 10~ M; 9 —borate 3, 107" M .
A-ring [1].

Fig. 2 presents data on the effect of phytohormonal steroids and their conjugates with boric acid
on the germination of spring wheat seeds. The obtained results demonstrate a significant effectiveness
of the conjugates, with the highest activity observed at the lower concentration of 10 ° M. It is noteworthy
that the effect of the boron-containing BS derivatives is generally more effective not only compared
to the control, but also compared to the effect of the individual BS.

210 H 120 -
200 A 100 A
190 A 20 -

| g |

EISO E 60
170 A 40
160 A 20 -
150 + 0 A
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
a b

Fig. 3. Effect of phytohormonal steroids and their conjugates with boric acid on sprout height (a) and root length ()
of spring wheat: I — control, water; 2— EBI, 10° M; 3 —EBI, 107 M; 4 — EBk, 10 M; 5 — EBk, 107" M; 6 — borate 4, 107 M;
7 —borate 4, 10" M; 8 — borate 3, 10~ M; 9 — borate 3, 107 M
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Fig. 4. Effect of phytohormonal steroids and their conjugates with boric acid on the fresh weight of spring wheat sprouts (m)
and roots (0): 1 — control, water; 2 — EBI, 10°° M; 3 — EBI, 10" M; 4 — EBk, 10° M; 5 — EBk, 107 M; 6 — borate 4, 10™° M;
7 —borate 4, 10”7 M; 8 — borate 3, 10 M; 9 — borate 3, 10" M
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The results of the effect of the synthesized compounds on the morphometric parameters of wheat
seedlings are shown in Fig. 3. The sprout height increased by 11 % compared to the control in the case
of 24-epibrassinolide borate (4) and by 10—15 % with the application of 24-epicastasterone borate (3),
while the root length increased only at a concentration of 10~ M, and some inhibition of growth was
observed at a concentration of 10”7 M.

Fresh weight parameters (Fig. 4) for both sprouts and roots at the studied concentrations significantly
exceeded the control variant — the increase for sprouts amounted to 113—123 %, and for roots, 108—
122 %. These values for the borates were also higher than those obtained using the individual BS in all
cases (except for EBI at a concentration of 10”7 M).

Conclusions. Synthesis of boric acid esters with 24-epibrassinolide and 24-epicastasterone was
carried out, and their growth-stimulating effect on spring wheat plants (7riticum aestivum L.) of the
variety Madonna was studied for the first time. It was found that the obtained conjugates of brassino-
steroids with boric acid exhibit notable growth-stimulating activity, exceeding that of the control in terms
of growth parameters (seed germination, sprout and root length, weight of above-ground parts and roots).
For all parameters, the concentration of 10~ M proved to be the most effective.
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