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MONONITROFLUORESCEINS IN AQUEOUS MEDIA: ACID-BASE 
EQUILIBRIA, TAUTOMERISM, AND HYDROLYSIS OF DIACETATES

D. V. Kharchenko, S. V. Shekhovtsov, T. A. Cheipesh, N. O. Mchedlov-Petrossyan*
 
V. N. Karazin Kharkiv National University, 
4 Svoboda sq., 61022 Kharkiv, Ukraine
*e-mail: mchedlov@karazin.ua

This article reports equilibrium and kinetic data for three fluorescein dyes containing the nitro 
group in the residue of the phthalic acid, 3'-, 4'-, and 5'-nitrofluorescein, in water and 50 mass % 
aqueous ethanol. These compounds, particularly the recently synthesized 3'-nitrofluorescein, were 
less considered polyprotic acids than many other fluorescein dyes. The dyes behave as diprotic acids, 
which can also be protonated: H3R

+ ⇌ H2R ⇌ HR– ⇌ R2–. The dissociation constants in water and 
50 mass % aqueous ethanol were obtained in buffer solutions of diluted HCl using the spectropho-
tometric method accompanied by a potentiometric determination of pH at an ionic strength of 0.05 
M and 25.0 ± 1 °C. The dye concentrations in the working solutions were, as a rule, within the range 
of (5–10)×10–6 M. The thermodynamic values of the dissociation constants were calculated using the 
Debye–Hückel equation, the second approach, for ionic activity coefficients. The absorption spectra 
in the visible region of the individual molecular and ionic forms were determined for the above-men-
tioned compounds and the ester of 3'-nitrofluorescein. For the last, the dissociation constants were 
determined in aqueous ethanol. Whereas in water the fraction of the zwitterionic tautomer of nitro
fluoresceins increases as compared with the parent compound, in aqueous ethanol, the colorless lac-
tone predominates. The microscopic dissociation constants were determined and their values are in 
line with the influence of the electrophilic nitro group. The alkaline hydrolysis of the nitrofluorescein 
diacetates was investigated in the two aforementioned solvents. The obtained results allowed us to 
single out the rate constants of the two-step kinetics of the hydrolysis of the diacetyl derivatives of 
nitrofluoresceins. 

Keywords: Nitrofluorescein; acid-base dissociation; water-ethanol binary solvent; absorption 
spectra; dissociation constants; tautomerism; diacetylfluorescein; two-step alkaline hydrolysis; rate 
constants.   

INTRODUCTION. This paper continues 
the research of alkaline hydrolysis of diacetyl-
fluorescein [1]. Here, we present the study of 
diacetates of three nitrofluoresceins with the 
NO2 group in the phthalic acid residue in wa-

ter and 50 mass % aqueous ethanol. To better 
understand the kinetic data, we examined the 
acid-base and tautomeric equilibria of these 
nitrofluoresceins and an ester as model com-
pound in the same solvent.
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Scheme 1. The molecular structures of nitrofluoresceins, their diacetates, and esters. 

The dissociation constants of 3'-, 4'-, and 
5'-nitrofluorescein were determined via the 
spectrophotometric method. The hydrolysis of 
fluorescein diacetates and similar esters has 
been numerously studied in the literature [2–
4]. Usually, a rate constant of the total hydro
lysis was determined without dividing it into 
two separate constants of stepwise hydroly-
sis. We have developed an approach based 
on the knowledge of the spectrum of the sin-
gle-charged fluorescein anion, which allowed 
calculating the first and second rate constant 
[1, 5]. Now, we decided to further this proce-
dure by involving nitrofluoresceins. To the best 
of our knowledge, the acid-base and tautomer-
ic equilibria of these dyes in aqueous media 
have not been studied so far. Therefore, a study 
of their protolytic equilibrium in itself is essen-
tial for understanding the behavior of fluores-
cein dyes in solutions. 

The dyes behave as diprotic acids, which 
can also be protonated, Equations (1–3). 

H3R
+ ⇌ H2R + H+,   Ka0          (1)

H2R ⇌ HR– + H+,   Ka1           (2)
HR– ⇌ R2– + H+,    Ka2                    (3)

EXPERIMENT AND DISCUSSION OF 
THE RESULTS. The synthesis of the dyes and 
their diacetates was described in our previous 
publications [6, 7]. Hydrochloric, acetic, phos-

phoric, diethylbarbituric acids and analyti-
cal grade borax were used to create different 
pH values. The standard aqueous solution of 
NaOH was prepared from a saturated solution 
using CO2-free water and kept protected from 
the atmosphere. Besides 96% aqueous ethanol, 
acetonitrile (Sigma-Aldrich, for HPLC, gradi-
ent grade, ⩾ 99.9%) was used to prepare the 
stock solutions of the dyes. The equilibrium 
and kinetic experiments were run on a Hi-
tachi U-2000 spectrophotometer at 25.0±1 °C. 
Because of the limited solubility in water, the 
stock solutions of the dyes were prepared in ace-
tonitrile, adding 0.013 M diazabicyclo[5.4.0]
undec-7-ene, DBU. The dye concentrations in 
the working solutions were within the range 
of (5–10)×10–6 M unless otherwise specified; 
hereafter, 1 M = 1 mole dm–3. The pH values 
were determined using a glass electrode in a 
cell with a liquid junction. The glass electrode 
was calibrated with standard buffer solutions 
(pH 1.68, 4.01, 6.86, and 9.18 at 25 °C). When 
working in 50 mass % ethanol, the instrumen-
tal pH values, pHinstr, were corrected according 
to the literature data: pH = pHinstr – 0.20 [8]. 
The limiting alkaline forms of the dyes were 
obtained in diluted NaOH and, in some cas-
es, with DBU (Merck, for synthesis). For each 
system, the number of solutions with differ-
ent pH was 25 to 32. The CLINP chemometric 
program and wavelengths from 430 to 510 nm 
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with a step of 1 nm were used for calculations 
[7, 9]. The ionic strength I = 0.05 M was main-
tained by sodium chloride of analytical grade. 
In some acidic solutions, e.g., with pH in water 
below 1.3, the ionic strength in HCl solutions 
was higher. The hydrolysis kinetics of fluores-
cein dyes was studied as described previous-
ly [1]. The visible spectra were recorded from 

400 to 600 nm during either 29 or 40 s for fas
ter and slower reactions, respectively. The time 
of adding the buffer was considered as the mo-
ment of beginning the reaction. 

The visible absorption spectra at different 
pH in water and the dependences of absor
bance on pH are exemplified in Figures 1 
and 2, respectively. 

Fig. 1 – The absorption spectra of 3'-nit
rofluorescein in aqueous solutions, 25 °C, at 
different pH values; The dye concentration 
1.08×10–5 M; I = 0.05 M except forsolutions 
with pH < 1.3. The pH values are given in the 
activity scale down to pH 1.3; the concentra-
tion scale (–logarithm of HCl concentration) 
was used below this limit.

Fig. 2 – The dependence of absorbance 
of 3'-nitrofluorescein on pH at wavelengths 
448  nm (1), 470 nm (2), and 501 nm (3); 
25 °C, I = 0.05 M, except the solutions with 
pH below 1.3. 
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The results are presented in Table 1. The 
thermodynamic values of the dissociation con-
stants were calculated using the Debye – Hück-
el equation, the second approach, for ionic ac-
tivity coefficients. The values of activity coef-
ficients in water are 0.822 and 0.457 for single 
and double-charged ions, respectively. The ab-
sorption spectra of the individual equilibrium 

forms of the dyes are presented in Figures 3–5. 
The spectra of the H3R

+ and R2– forms were 
measured directly in 1.0 M HCl and 0.042 M 
NaOH solutions, respectively, while those of 
H2R and HR– were singled out from the expe
rimental data jointly with calculating the dis-
sociation constants.  

Table 1. 
The parameters of ionic equilibria of nitrofluoresceins in water, 25 °C, I = 0.05 Ma,b

Parameter c 3'-Nitrofluorescein d 4'-Nitrofluorescein 5'-Nitrofluorescein

pKa0 1.06±0.01 (0.98) 1.86±0.01 (1.78) 1.87±0.02 (1.79)

pKa1 2.82±0.01 (2.90) 3.66±0.01 (3.74) 3.68±0.02 (3.76)

pKa2 6.28±0.01 (6.54) 6.36±0.01 (6.62) 6.54± 0.01 (6.80)

λmax / ε (H3R
+)×10–3 449 nm /55.72 443 nm /59.73 444 nm /60.29 

λmax /ε (H2R)×10–3 446 nm /43.89 439 nm /23.86 441 nm /26.56

λmax /ε (HR–)×10–3 459 nm /31.44; 
485 nm /29.96

457 nm /34.48 
477 nm /33.44

458 nm /35.21
481 nm /33.84

λmax /ε (R2–)×10–3 501 nm /93.1 497 nm /85.65 499 nm /94.03

α (H2Z
±) ≈ 0.8 0.36 0.43

α (H2Q) >0.01 0.11 0.07

α (H2L) ≈ 0.2 0.53 0.50

pK±,COOH ≈ 1.1 2.22 2.14

pK0,OH —d 2.74 2.93

pK1,COOH — d 2.78 2.60
pK1,Z ≈ 2.7 3.30 3.39

Note. a The pKa values in parenthesis are thermodynamic. bThe molar absorptivities, ε, are expressed in M–1cm–1.
cFor fluorescein, the pKa values are 2.22, 4.37, and 6.55; the thermodynamic values are 2.14, 4.45, and 6.80 [10].  
dIn this case, the data with pH below 1.3 were not used for calculations. 

The spectra of the individual equilibrium 
forms of the dyes are presented in Figure 3. 
They were singled out from the total body of 
spectra by calculating the molar absorptivities 
of the forms H2R and HR– together with the 
dissociation constants, while those of the ions 

H3R
+ and R2– were determined directly at ap-

propriate acidity.  
To explain the obtained data, the detailed 

scheme of the acid-base and tautomeric equi-
librium should be considered (Scheme 2) [10, 
11].
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Fig. 3. The absorption spectra of equilibrium species of 
3’-nitrofluorescein (a), 4’-nitrofluorescein (b), and 5’-nit
rofluorescein (c) in water, 25 °C, I = 0.05 M (NaCl + buffer 
mixture), except the spectra of cations. The spectra of the 
H3R

+ and R2– forms are measured in limiting acidic and al-
kaline solutions, respectively. The spectra of the H2R and 
HR– forms are obtained together with the dissociation con-
stants. 
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Scheme 2 – Ionic and molecular structures of fluorescein in solution. 

It is well known that the absorption spect
ra of the zwitterionic, H2Z

±, and quinonoidal, 
H2Q, tautomers in the visible are similar to 
those of the cation, H3R

+ (structure H3Z
+ in 

Scheme 1) and anion HR– (structure HQ– in 
Scheme 1), respectively [10, 11]. The disso-
ciation of the carboxylic group is known to 
lead only to a slight hypsochromic shift of the 
band. The lactonic tautomer, H2L, is colorless 
due to the sp3-hybridization of the nodal car-
bon atom C9. Using the spectra of the cationic 
and anionic forms instead of the correspond-

ing tautomers of the H2R form, respectively, 
and taking into account the above-mentioned 
slight shift of the absorption maximum resul
ting from the dissociation of the COOH group, 
the fractions α of the latter can be estimated 
(Table 1). In the case of 3'-nitrofluorescein, the 
fraction of the tautomer H2Q is too small to be 
determined accurately. 

Whereas for the unsubstituted fluorescein, 
α (H2Z

±) = 0.22; α (H2Q) = 0.11, and α (H2L) 
= 0.67, the stability of the zwitterionic tautom-
er increases in the case of the nitro derivatives. 
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The apparent reason is the increase in the acid-
ity strength of the NO2 group. The 3', 4', and 
5' positions correspond to the ortho, meta, and 
para positions for the COOH group. The or-
tho effect is so pronounced, that the fractions 
of the quinonoid and lactone tautomers of the 
3'-nitrofluorescein cannot be estimated accu-
rately enough. For the other two dyes the frac-
tions of the zwitterionic and quinonoidal tau-
tomers can be assessed more reliably (Table 1). 
From Scheme 2, Equations (4) and (5) can be 
derived.  

pKa0 = pK±,COOH + log α(H2Z
±) = 

= pK0,OH + log α(H2Q)     (4)

pKa1 = pK1,COOH – log α(H2Q) = 
= pK1,Z – log α(H2Z

±)     (5)

The thermodynamic values of the indi-
ces of the so-called microscopic dissociation 
constants for the unsubstituted fluorescein 
are as follows: pK±,COOH = 2.80; pK0,OH = 3.10; 
pK1,COOH = 3.49; and pK1,Z = 3.79 [10]. The de-
crease in the pK1,COOH values for the 4'-, and 
5'-nitrofluoresceins as compared to the parent 
dye is 0.71 and 0.89, respectively, while for the 
pK±,COOH, the values are 0.58 and 0.66 for the 
same dyes. This corresponds to the meta and 
para effects of the nitro group in the benzoic 
acid and semi-quantitatively agrees with the 
standard values σm = 0.71 and σp = 0.78. 

The corresponding effects for the pK0,OH 
values are 0.36 and 0.17, respectively, and for 
pK1,Z, they are 0.49 and 0.40. Thus, despite the 
absence of conjugation between the benzoic 
and xanthene parts of the fluorescein mole-
cule, the strong electrophilic properties of the 
NO2 group, to some extent, affect the acidity 
of the OH group. Note that in this case, the in-
fluence of the 4'-substitution displays a more 

substantial effect, obviously because it is in 
the para position for the nodal carbon atom. 
It aligns with the electron transmittancein the 
fluorescein molecule, which was earlier stud-
ied in DMSO as a solvent [12]. 

Interestingly, the decrease in the pK1,Z value 
for the 3'-nitrofluorescein, 1.1, is even more 
pronounced. Here, the reason may be the steric 
factor that changes the angle between the two 
parts of the molecule. Note that the decrease 
in the pKa2 value, which corresponds to pK2,OH 
in Scheme 2, is 0.26; 0.18; and 0 for the 3'-; 4'-; 
and 5'-nitrofluorescein, respectively. 

The visible absorption spectra at different 
pH in 50 mass % aqueous ethanol and the de-
pendences of molar absorptivity on pH are 
shown in Figures 4 and 5, respectively. 

Fig. 4 – The absorption spectra of 3'-nitroflu
orescein in 50 mass % aqueous ethanol solutions 
at different pH, 25°C; The dye concentration 
1.31×10–5 M; I = 0.05 M except solutions with pH < 
1.3. The pH values are given in the activity scale 
down to pH 1.3; the concentration scale (–loga-
rithm of HCl concentration) was used below this 
limit.
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Fig. 5 – The dependence of absorbance of 
3'-nitrofluorescein on pH in 50 mass % aque-
ous ethanol at wavelengths 454 nm (1), 470 (2), 
and 508 nm (3); 25 °C, I =0.05 M, except the 
solutions with pH below 1.3. 

In Table 2, the results for the equilibria in 50 
mass % aqueous ethanol are presented. The re
lative permittivity of this solvent at 25 °C is 49.0 
[11]. The thermodynamic values of the disso-
ciation constants were calculated using the De-
bye – Hückel equation, the second approach, 

for ionic activity coefficients. The values of ac-
tivity coefficients in water are 0.69 and 0.23 for 
single and double-charged ions, respectively. 
The spectra of the individual forms of the dyes 
are presented in Figure 6.

Table 2.
The parameters of ionic equilibria of nitrofluoresceins in 50 mass % ethanol, I = 0.05 M a,b

Parameter c 3'-Nitrofluorescein 4'-Nitrofluorescein 5'-Nitrofluorescein
pKa0 0.94±0.005 (0.78) 1.12±0.004 (0.96) 0.92±0.008 (0.76)
pKa1 4.33±0.01 (4.49) 5.26±0.01 (5.42) 5.30±0.01 (5.46)
pKa2 6.97±0.01 (7.44) 7.03±0.01 (7.50) 7.12±0.01 (7.59)
λmax /ε (H3R

+)×10–3 454 nm / 49.39 448 nm / 57.474 449 nm / 58.175

λmax /ε (H2R)×10–3 444 nm / 2.631
479 nm / 1.645

459 nm / 1.183;
489 nm / 1.108

455 nm / 1.482
481 nm / 1.123

λ max/ε (HR–)×10–3 448 nm / 31.519
477 nm / 27.880

457 nm / 34.744;
482 nm / 32.195

459 nm / 38.132;
486 nm / 35.741

λmax /ε (R2–)×10–3 508 nm / 101.03 503 nm / 90.206 506 nm / 111.796
α (H2Z

±) 0.018 — —
α (H2Q) 0.058 0.034 0.035
α (H2L) 0.929 0.966 0.965
pK0,OH 2.02 2.43 2.22
pK1,COOH 3.25 3.95 4.00

Note. aThe pKa values in parenthesis are thermodynamic. b The molar absorptivities, ε, are expressed in M–1cm–1. 
cFor fluorescein, the thermodynamic pKa values are 0.94, 6.82, and 7.66 [11]. 
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Fig. 6. The absorption spectra of equilibrium species of 
3’-nitrofluorescein (a), 4’-nitrofluorescein (b), and 5’-nit
rofluorescein (c) in 50 mass % aqueous ethanol; 25 °C, I = 
0.05 M (NaCl + buffer mixture), except the spectra of cati-
ons. The spectra of the H3R

+ and R2– forms are measured in 
limiting acidic and alkaline solutions, respectively. The spec-
tra of the H2R and HR– forms are obtained together with the 
dissociation constants.
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The most striking difference when moving 
from water to this binary solvent is the drop 
in the molar absorptivity of the neutral form, 
H2R. The apparent reason is the substantial 
shift of the state of the tautomeric equilibrium 
towards the colorless lactone. Following the 
above-described approach, the α  (H2Q) val-
ue was estimated, while no severe signs of the 
zwitterion were observed (Table 2). Only in the 
case of 3'-nitrofluorescein, some signs of the 
presence of H2Z

± were fixed. On the one hand, 
it reflects the instability of the highly polar 
tautomer in the organic environment. On the 
other hand, it proves the marked increase in 
the acidity of the COOH group in the presence 
of the NO2 group in the ortho position, which 
leads to a small yield of H2Z

± in 50  mass  %  
aqueous ethanol. 

The pK0,OH values for 4'-nitro- and 5'-nitro-
fluorescein decrease by 0.31 and 0.71 units, re-
spectively, when going from water to the aque-
ous ethanol, while the pK1,COOH values increase 
by 1.17 and 1.40 units, respectively. Such me-
dium effects are typical for cationic and neut

ral acids, respectively. For fluorescein, these 
changes are –0.69 and +1.89, respectively [11]. 
Further, the difference between pK1,COOH of flu
orescein, and the nitro derivative increases. 
For 4'-nitro- and 5'-nitrofluorescein,these val-
ues are 1.43 and 1.38, respectively. Comparing 
them with the values for an aqueous solution, 
0.71 and 0.89, respectively, one should conclu-
dethat Hammett’s ρ constant increases in non-
aqueous media.  

The pK1,COOH values of the nitro derivatives, 
3.25, 3.95, and 4.00 (Table 2) are pronouncedly 
lower than that of fluorescein (5.38) [11]. This 
should be ascribed to the increase in the Ham-
mett’s constant ρ, which is typical for organic 
solvents [7]. 

To better understand the equilibrium in 
aqueous ethanol, we determined the dissocia-
tion constants of 3'-nitrofluorescein methyl es-
ter (Scheme 3) synthesized previously [6]. The 
solubility of the methyl and ethyl esters in wa-
ter is scarce; therefore the study was performed 
in aqueous ethanol. 

Scheme 3 – Dissociation of methyl ester of 3'-nitrofluorescein in solution. 

The absorption spectra at different pHs are 
shown in Figure 7. The equilibrium param-
eters are presented in Table 3. The pKa0value 
of this dye corresponds to the pK0,OH of the 
parent compound (Table 2); considering the 

accumulation of errors in assessing the lat-
ter, the match can be regarded as satisfactory. 
This pK0,OH of fluorescein and its ethyl ester in  
50 mass % aqueous ethanol are equal to 2.41 
and 2.05, respectively [11]. 
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Fig. 7. The absorption spectra of 3’-nitrofluorescein methyl ester in 50 mass % ethanol, 25 °C, at diffe
rent pH values; I = 0.05 M except for solutions with pH < 1.3. The pH values are given in the activity scale 
down to pH 1.3; the concentration scale (–logarithm of HCl concentration) was used below this limit. 
Bold curves represent absorption spectra of equilibrium species. 

The difference between the pKa1 = 6.59 of the 
methyl ester and pKa2 = 7.44 should be ascribed 
to the influence of the negative charge of the 
carboxylate group on the dissociation of the OH 
group in the resorcinol part, according to the 
Bjerrum – Kirkwood – Westheimer equation 
[7, 11]. So, the difference between the pKa2of 
fluorescein and pKa1 of its ethyl ester is 0.95 [11]. 

The final part of this communication is 
devoted to the kinetics of hydrolysis of the 
diacetyl derivatives of the three nitrofluores-
ceins. The two-step hydrolysis (Scheme 4) was 
described using the pseudo-first-order rate 
constants, k’, at the fixed pH value: k’ = k cOH-.

Table 3 
The parameters of equilibria of 3'-nitro
fluorescein methyl ester (Scheme 3) in 

50 mass % ethanol a,b

pKa0 1.79±0.01 (1.63)

pKa1 6.43±0.02 (6.59)

λmax / ε (H2R
+)×10–3 456 nm / 63.19

λmax / ε (HR)×10–3 462 nm / 33.34
492 nm / 28.34

λmax / ε (R–)×10–3 514 nm / 107.29

Note. aI = 0.05 M . bThe molar absorptivities, ε, are 
expressed in M–1cm–1. 
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Scheme 4 – Alkaline hydrolysis of the diacetyl derivative of nitrofluoresceins. 

The spectral data are typified in Figure 8. 
The normalized spectra demonstrate two types 
of colored forms. The main idea is to equating 
to the absorption spectrum of the AcR– ion to 
that of HR– of the corresponding fluorescein 
dye [1, 5]. The spectrum of the final product of 

hydrolysis, R2–, was already determined above. 
This made it possible to calculate the current 
concentrations of the AcR– and R2– forms at 
each moment. Then, the current concentra-
tions of the colorless (Ac)2R form can be easily 
calculated. 

Fig. 8 – Normalized absorption spectra during the hydrolysis of 4'-nitrofluorescein and in water (a) 
and in 50 mass % aqueous ethanol (b), 25 °C, I = 0.05 M (NaCl + buffer mixture).
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Fig. 9 – Dependences of the molar fractions of (Ac)2R (1), AcR– (2), andR2– (3) of 5'-nitrofluorescein in 
water (a) and in 50 mass % aqueous ethanol (b), 25 °C, I = 0.05 M (NaCl + borate buffer). 

Table 4.
The rate constants of hydrolysis of nitrofluoresceins in solution, 25 °C, I = 0.05 M.

Compound pH k1’, s
–1 k2’, s

–1 k2/k1

Water

Diacetyl fluorescein [1] 9.72 3.5±0.2 4.5±0.3 1.29
Diacetyl 3'-nitrofluorescein 9.67 1.39±0.04 6.72±0.2 4.84
Diacetyl 4'-nitrofluorescein 9.74 4.29±0.13 12.2±0.4 2.85
Diacetyl 5'-nitrofluorescein 9.74 2.44±0.13 9.56±0.5 3.91

50 mass % aqueous ethanol
Diacetyl fluorescein [1] 10.50 13.10±0.4 26.00±0.8 1.98

Diacetyl 3'-nitrofluorescein 10.36 7.16±0.08 27.83±0.3 3.89
Diacetyl 4'-nitrofluorescein 10.38 11.28±0.33 24.69±0.25 2.19
Diacetyl 5'-nitrofluorescein 10.28 8.55±0.19 27.71±0.6 3.24

The dependence of the fractions of the three 
forms on time is demonstrated in Figure 9. The 
results of the kinetic study are presented in Ta-
ble 4.

A comparison of the rate constants for a 
given compound in water and aqueous etha-
nol demonstrates either no significant changes 
or deceleration of the hydrolysis in the sec-
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ond solvent. For all the nitro derivatives, the  
k2/k1 ratio is higher than that for the parent 
dye. However, the reasons are not so clear. 

The influence of the nitro group on the k2’ 
value is similar to that of the Ka2. Although 
there is no conjugation between the two parts 
of the molecule, the electrophilic properties 
of this substituent result in a slight increase in 
both Ka2 and k2’. In water, the pKa2s for fluores-
cein, 3'-, 4'-, and 5'-nitrofluorescein are 6.80, 
6.54, 6.62, and 6.80, respectively, whereas the 
k2’ values after re-calculation to pH 9.74 are 
4.93, 7.89, 12.2, and 9.56 s–1, respectively. In 
50  mass % ethanol, the correspondent pKa2 
values are equal to 7.66, 7.44, 7.50, and 7.59, 
while k2’ = 18.8, 27.83, 25.57, and 33.31 s–1 (at 
pH 10.36). 

The influence of the nitro group on the first 
rate constant is less clear, on the one hand, due 
to the sp3-hybridization of the nodal carbon 
atom C9, and on the other hand, because of 
the lack of the equilibrium constant that can 
be compared with the k1’ rate constant. In any 
case, after reduction to the same pH, the small-
est first rate constant is observed for 3'-nitro 
fluorescein, while the largest one – is for the 
4'- derivative. Note that 4' is the para position 
to the nodal carbon atom. 

CONCLUSIONS. The dissociation constants 
of 3'-, 4'-, and 5'-nitrofluorescein were deter-
mined  in water and 50 mass % aqueous etha
nol. The state of the tautomeric equilibrium of 
the molecular forms of the nitrofluoresceins 
substantially differs from that of the parent 
dye. A feature of the tautomerism of molecular 
forms of dyes is a sharp increase in the pro-
portion of zwitterion and destabilization of the 
colorless lactone compared to un-substituted 
fluorescein. By contrast, the lactone tautomer 
predominates in aqueous ethanol. The influ-

ence of the nitro groups on the rate of hydrol-
ysis is relatively small due to the lack of conju-
gation between the two parts of the molecule. 
Nevertheless, for all the nitro derivatives, the 
k2/k1 ratio is higher than that for the parent dye.
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the Ministry of Education and Science 
of Ukraine, Ukraine, via grant num-
ber 0122U001485 and by the Simons 
Foundation, USA, via grant number 
1030292.
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ГИ, ТАУТОМЕРИЗМ ТА ГІДРОЛІЗ ДІАЦЕТАТІВ
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Харківський національний університет 
імені В. Н. Каразіна, 
пл. Свободи, 4, Харків 61022, Україна
*e-mail: mchedlov@karazin.ua

У статті наведено рівноважні та кінетич-
ні дані для трьох флуоресцеїнових барвни-
ків, що містять нітрогрупу в залишку фта-
левої кислоти, 3'-, 4'- і 5'-нітрофлуоресце
їну, у воді та 50 мас.% водному етанолі. Ці 
сполуки, зокрема нещодавно синтезований 
3'-нітрофлуоресцеїн, вважали менш полі-
протонними кислотами, ніж багато інших 
флуоресцеїнових барвників. Барвники по-
водяться як дипротонні кислоти, які також 
можуть бути протонованими: H3R

+ ⇌ H2R 
⇌ HR– ⇌ R2–. Константи дисоціації у воді 
та 50 мас.% водному етанолі отримували в 
буферних розчинах розведеної HCl за до-
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помогою спектрофотометричного методу 
з потенціометричним визначенням рН за 
іонної сили 0,05 М і 25,0 ±1 °C. Концентрації 
барвників у робочих розчинах, як правило, 
були в межах (5–10)×10–6 М. Термодинаміч-
ні значення констант дисоціації розрахову-
вали за допомогою рівняння Дебая – Хюк-
келя, другий підхід для коефіцієнтів іонної 
активності. Визначено спектри поглинання 
у видимій області окремих молекулярних 
та іонних форм для вищезазначених спо-
лук та складного ефіру 3'-нітрофлюоресце-
їну. Для останнього також визначали кон-
станти дисоціації у водному етанолі. Якщо 
у воді частка цвіттер-іонного таутомерані-
трофлюоресцеїнів збільшується порівняно 
з вихідною сполукою, то у водному етанолі 
переважає безбарвний лактон. Визначено 
мікроскопічні константи дисоціації, зна-
чення яких відповідають впливу електро-
фільної нітрогрупи. Лужний гідроліз діа-
цетатів нітрофлуоресцеїну досліджували у 
двох вищезгаданих розчинниках. Отримані 
результати дозволили виділити константи 
швидкості двостадійної кінетики гідролізу 
діацетил-похідних нітрофлуоресцеїнів.

Ключові слова: нітрофлуоресцеїн, кис-
лотно-основна дисоціація, водно-етаноль-
ний бінарний розчинник, спектри погли-
нання, константи дисоціації, таутомерія, 
двоступінчатий лужний гідроліз, констан-
ти швидкості. 
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The review article presents the results of systematic research by the authors of a number of hetero-
metals and mixed-ligand 1-hydroxyethane-1,1-diphosphonatogermanates, their structure, biological 
and pharmacological properties. It was observed, that hexanuclear cyclic complex anions of the general 
composition [Ge6(µ-OH)6-n(µ-O)n(µ-hedp)6]

(6+n)− were present in the aqueous solutions of investigated 
compounds. At the same time, the composition and charge of the anion in each compound obtained 
in the solid state depends on the nature of the cation. They all have a common hexameric structure, 
with germanium atoms connected in pairs by 1-hydroxyethane-1,1-diphosphonate, hydroxo-, or oxo- 
and hydroxo-bridges. The coordination polyhedron Ge is a curved octahedron with two six-mem-
bered GeO2P2C cycles and an eight-membered bimetallic Ge2O4P2 closing, and each ligand performs 
a tetradentate tris(chelate)-µ-bridging function. The ratio of formed oxo- and hydroxo-bridges and, 
as a result, the charge of the anion varies under the influence of cation parameters and electrosta
tic interactions. Acute and chronic toxicity studies proved the safety of 1-hydroxyethane-1,1-diphos-
phonatogermanates. Complexes show a wide spectrum of pharmacological activity: antihypertensive, 
antiarrhythmic, hepatoprotective, cerebroprotective etc.The pharmacological and biological activities 
of 1-hydroxyethane-1,1-diphosphonatogermanates(IV) are ensured by the combined action of all bio-
logically active components, which do not compete but show synergistic action. It was concluded that 
the preparation of new complexes of germanium(IV) with etidronic acid by chemical modification of 
their composition is a promising area of research in the field of creating coordination compounds with 
a wide range of pharmacological effects.

Keywords: germanium(IV), 1-hydroxyethane-1,1-diphosphonic (etidronic) acid, nitrogen hetero-
cycles, coordination compounds, biological activity.

INTRODUCTION. As a result of years 
of systematic research providedat the Ode-
sa I.I.  Mechnikov National University, the au-
thors have synthesized a wide range of coor-
dination compounds of germanium(IV) and 
implemented a new approach to developing 

biocoordination chemistry of germanium(IV) 
as an independent scientific field. The com-
plexes demonstrated significant advantages 
compared to organic compounds of germa-
nium such as low toxicity, solubility in water 
and environmentally friendly synthetic route.  



20 ISSN 2708-129X. Укр. хім. журн., 2024

STRUCTURE FEATURES AND PHARMACOLOGICAL PROPERTIES OF GERMANIUM(IV) COMPLEXES 
WITH 1-HYDROXYETHANE-1,1-DIPHOSPHONIC ACID.INORGANIC CHEMISTRY

The authors have synthesized germanium(IV) 
coordination compounds with O, P, N-con-
taining chelating organic ligands with physi-
ological activity [1, 2]. It was shown that the 
synergism of germanium and bioligands pro-
vides their pharmacological properties.

The uniqueness of germanium as a com-
plexing agent and biogenic element is most 
clearly demonstrated by the example of 1-hyd
roxyethane-1,1-diphosphonic (etidronic) acid 
(H4hedp), a well-known multifunctional phos-
phonic complex with various valuable proper-
ties used in pharmacy and cosmetology. 

Etidronic acid, due to its specific stereo-
chemistry and mutual interaction of phos-
phonic fragments, is capable of forming both 
monomeric complexes with s-, p-, d-, and 
f-element ions and coordination di-, oligo-, 
and polymers. Compared to other phospho
nic complexing agents, a considerable number 
of coordination compounds of etidronic acid 
with various metals have been synthesized 
and structurally characterized using different 
methods [3–9].

The uniqueness of germanium as a com-
plexing agent and biogenic element is most 
clearly demonstrated by the example of 1-hyd
roxyethane-1,1-diphosphonic (etidronic) acid 
(H4hedp), a well-known multifunctional phos-
phonic complex with various valuable pro
perties used in pharmacy and cosmetology. 
H4hedp belongs to the class of moderately to
xic substances and does not possess sensitizing 
or cumulative properties, which makes it suit-
able for use as a pharmaceutical agent [10–14]. 
The high efficacy of metal coordination com-
pounds with H4hedp has been demonstrated 
in applications for pain relief in cases of bone 
metastases (186Re) and the diagnosis (188Re) of 
bone cancer [15].

The aim of this work is analysis of the array of 
experimental data on the structure, biological 
and pharmacological properties of homo- and 
heterometallic, mixed-ligand 1-hydroxyethane-
1,1-diphosphonatogermanates(IV) and identify 
promising areas of their application.

Structural insights into 1-hydroxyetha- 
ne-1,1-diphosphonatogermanates. Previously 
spectrophotometric measurements have pro
ved that an acidic complex with a molar ra-
tio Ge : ligand = 1:1 exists in solution in the  
GeO2 - H4hedp - H2O system at pH = 2 [16]. 
Subsequently, methods were developed for 
the isolation of germanium(IV) coordination 
compounds with ethidronic acid. It was shown 
that the interaction of germanium dioxide and 
germanium tetrachloride with H4hedp in wa-
ter produces the same X-ray amorphous glassy 
compound. As a result of complexation, hyd
rolysis of germanium tetrachloride is inhibit-
ed. Detailed methods for the synthesis of vari
ous types of 1-hydroxyethane-1,1-diphospho-
natogermanates(IV) are given in [1, 16–18].

The idea of introducing an outer-sphere (exo-) 
ligand into the reaction medium, for example, 
an organic molecule capable of protonation, 
such as nicotinic acid, nicotinamide, piracetam, 
etc., was proposed to obtain crystals [1]. Also, 
alkali and alkaline earth metals were introduced 
and bimetallic complexes were obtained. 

X-ray crystallographic data of complexes with 
nicotinic acid 
(HNic)6[Ge6(µ-OH)6(µ-hedp)6]⋅12H2O, 
magnesium 
[Mg(H2O)6]2H2[Ge6(µ-OH)6(µ-hedp)6]⋅28H2O 
and barium 
Ва3[Ge6(µ-OH)6(µ-hedp)6]·25H2O 
were received.  

It was found that the crystals of the com-
pounds were based on identical hexanuclear 
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cyclic complex anions [Ge6(µ-OH)6(µ-hedp)6]
6− 

(рис. 1) in which six germanium atoms are in-
terconnected by six bridging ligand molecules 
(phosphonium groups are completely deproto-
nated, each of them is connected to different 
germanium atoms), as well as six bridging hyd

roxo-groups. The coordination polyhedron is 
a curved octahedron typical of tetravalent 
germanium. The cations are cations of NicH+ 
protonated on the nitrogen atom of the nico-
tinic acid heterocycle and hexaquacations of 
s-metals.

Fig. 1. Crystal structure of the anion [Ge6(µ-OH)6(µ-hedp)6]
6-[1].

In the structure Ва3[Ge6(µ-OH)6(µ-hedp)6]· 
25H2O the barium atoms are coordinated ex-
clusively by the oxygen atoms of water mole-
cules. However, the significant disorder of all 
Ba2+ cations and some water molecules pre-
vented the precise determination of the crystal 

structure, coordination number and coordina-
tion polyhedron of barium atoms, and the way 
the structural units are packed in the crystal.

The structure of 1-hydroxyethane-1,1-di
phosphonatogermanates(IV) of metals of other 
electronic units was investigated. After obtain-
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ing the structural data of the bimetallic complex 
with zinc, Zn4[Ge6(µ-OH)4(µ-О)2(µ-hedp)6]⋅ 
38Н2О, it was found that there is a change 
in the structure of the hexanuclear anion  
(2 hydroxo-bridges out of 6 are converted to  
oxo-bridges). This structure also contains oc-
tahedral  complex zinc cations with different 
ligand environments: hexaquacations and cati-
ons in which two of the six adjacent (cis) verti-
ces of the zinc octahedron are occupied by the 
terminal ligand atoms of the two hexanuclear 
anions, and the remaining four vertices contain 

oxygen atoms of water molecules (Fig. 2). That is, 
the molecular formula of these compound can 
be written as [Zn4(H2O)18][Ge6(µ-OH)4(µ-О)2 
(µ-Oedph)6]⋅20Н2О.

The complex cations and hexanuclear ani
ons are connected by an extensive network 
of hydrogen bonds through coordinated and 
crystallising water molecules. A single inde-
pendent hydrogen bond is also implemented, 
which directly connects each hexanuclear ani-
on with four neighbouring ones, thus forming 
a polymeric anionic layer.

Fig. 2. Fragment of the domain layer [Zn(2){Ge6(μ-OH)4(μ-O)2(μ-hedp)6}]n in the crystal 
structure of [Zn4(H2O)18][Ge6(µ-OH)4(µ-О)2(µ-Oedph)6]⋅20Н2О.

Coordination compounds with lanthanides 
are coordination polymers. The X-ray diffrac-
tion study of three heterometallic coordina-

tion polymers of general formula {Ln2[LnGe6 
(μ-hedp)6(μ-O)3(μ-OH)3(H2O)4]·xH2O}n (Ln = 
Nd, x ∼ 26; Er, x ∼ 24; Tm, x ∼ 20) is perfor
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med. The basis element of structures is a hexa
nuclear complex anion [Ge6(μ-hedp)6(μ-O)3 
(μ-OH)3]

9−, in which bridging hydroxo- and 
oxo-ligands are statistically disordered with 
equal probability. Hexameric units are con-
nected by Ln1(H2O)4 fragments into a frame-
work (fig. 3). In structures are channels accom-

modating disordered lanthanide atoms and 
water molecules. The complete disordering of 
lanthanide atoms in the channels and the al-
most complete disordering of water molecules 
coordinating them do not allow us to deter-
mine the actualhydrate composition of com-
plexes.

Fig. 3. Fragment of thestructure of {Nd2[NdGe6(μ-hedp)6(μ-O)3(μ-OH)3(H2O)4]·26H2O}n.

The next step was the introduction of ad-
ditional ligands (1,10-phenanthroline, phen; 
2,2’-bipyridine, bipy) and the preparation of 
different-ligand and heterometal complexes 
with 3d metals. The result demonstrated the 
presence of the hexanuclear anion [Ge6(µ-OH)6 
(µ-hedp)6]

6- (fig. 1) in the obtained compounds. 
However, there is a diversity in the structure of 
cations depending on the d-metal.

Complexes with structure [{Co(рhen)3}2 
{Co(рhen)(H2O)4}2][{Ge(μ-OH)(μ-hedp)}6Cl2], 

[{Cu(рhen)2(H2O)}2(Hрhen)2][Ge(μ-OH)
(μ-hedp)]6∙20H2O were synthesized byusing 
the initial chlorides of 3d metals. According 
to X-ray diffraction data, these compound-
sare cation–anion type complexes in which 
the anions are represented by [Ge6(μ-OH)6 
(μ-hedp)6]

6– (in the case of Co-complex two 
additional Cl– ions too), while the cations are 
[Co(phen)3]

2+,[Co(phen)(H2O)4]
2+in Co-com-

plex (fig. 4) and [Cu(phen)2(H2O)]2+, Hphen+ 
in Cu-complex (fig. 5). 
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(a)                                                                                    (b)
Fig. 4. Molecular structure of cations [Co(phen)3]

2+ (a) and [Co(phen)(H2O)4]
2+ (b).

 (a)                                                                                   (b)
Fig. 5. Molecular structure of cations [Cu(phen)2(H2O)]2+ (a) and Hphen+ (b).

In the crystals of compounds the cations, 
anions, andwater molecules are combined by 
numerous intermolecular hydrogen bonds, 
giving rise to a 3D network (fig. 6).

A distinction of these coordination com-
pounds from the previously studied 1-hydrox-
yethane-1,1-diphosphonatogermanates(IV) 
[1] is the formation of supramolecular assem-

blies based on simple and complex cations and 
anions, which mutually counterbalance their 
charges. This is caused by both the replace-
ment of Co2+ by Cu2+ and the incorporation 
of 1,10-phenanthroline, which can function 
simultaneously as a bidentate chelating ligand 
and an outer-sphere cation in the Hp hen+ 
monoprotonated form.
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(a)                                                                                   (b)
Fig. 6. Crystal structure of compounds [{Co(рhen)3}2{Co(рhen)(H2O)4}2][{Ge(μ-OH)(μ-hedp)}6Cl2] (a) 

and [{Cu(рhen)2(H2O)}2(Hрhen)2][Ge(μ-OH)(μ-hedp)]6∙20H2O (b).

The developed synthesis methods allowed 
us to obtain Ge(IV)-3d-metals coordination 
compounds with 1-hydroxyethane-1,1-diphos-
phonic acid and 2,2’-bipyridine. Complexes 
are characterized by the methods of elemental 
analysis, IR-spectroscopy, thermogravimetric 
analysis. It was established that the obtained 
compounds to the cation-anion type. They 
consist of the hexanuclear cyclic anions [Ge6 
(μ-OH)4(μ-O)2(μ-hedp)6]

8-, complex cations 
[M(bipy)3]

2+ (М = Co, Ni), [Cu(H2O)(bipy)2]
2+ 

(Fig. 7) and crystallization water molecules. In 

the cation of complexes with Co(II) and Ni(II) 
the octahedral coordination polyhedron of the 
3d-metals formed by the six nitrogen atoms of 
three 2,2´-bipyridine. The coordination num-
ber of Cu atoms is five, and the polyhedron is 
formed by the four nitrogen atoms of two mole-
cules of 2,2´-bipyridine and the oxygen atom of 
the water molecule. The synthesized complex-
es correspond to the formulas [M(bipy)3]4[Ge6 
(μ-OH)4(μ-O)2(μ-hedp)6]⋅nН2О (М = Co, n = 
20; Ni, n = 12), [Cu(H2O)(bipy)2]4[Ge6(μ-OH)4 
(μ-O)2(μ-hedp)6]⋅14Н2O [18].

Fig. 7. Scheme of structures of cations [M(bipy)3]
2+, [Cu(H2O)(bipy)2]

2+.

 7 

polyhedron is formed by the four nitrogen atoms of two molecules of 2,2´-bipyridine and the 
oxygen atom of the water molecule. The synthesized complexes correspond to the formulas 
[M(bipy)3]4[Ge6(μ-OH)4(μ-O)2(μ-hedp)6]nН2О (М = Co, n = 20; Ni, n = 12), 
[Cu(H2O)(bipy)2]4[Ge6(μ-OH)4(μ-O)2(μ-hedp)6]14Н2O [18]. 

 

 
Fig. 7. Scheme of structures of cations [M(bipy)3]2+, [Cu(H2O)(bipy)2]2+. 

 
Pharmacological and biological activity of 1-hydroxyethane-1,1-diphosphonatogermanates(IV). 

The pharmacological activity of a number of 1-hydroxyethane-1,1-
diphosphonatogermanates(IV), which according to the results of acute toxicity testing are classified 
as low-toxic, was investigated [19–22]. 

The specific effect of complexes with nicotinic acid and magnesium on the cardiovascular 
system was established on the model of arrhythmia caused by intraperitoneal administration of 
aconitine alkaloid to rats. The antiarrhythmic effect was found, and it was more pronounced in the 
complex with magnesium [23–25]. 

In acute cerebral ischemia caused by carotid artery occlusion, 1-hydroxyethane-1,1-
diphosphonatogermanates(IV) with piracetam has a pronounced anti-ischemic effect and is also 
characterised by high absorption and elimination rate constants in the body [26]. 

A high hepatoprotective effect of the complex with nicotinic acid was also determined; it 
prevents changes in total cholesterol, phospholipids and maintains the qualitative and quantitative 
composition of phospholipid fractions at the level of control values in erythrocyte membranes and 
in the liver [27].  

Studies of the in vitro interferonogenic activity of these compounds on a fibroblast cell 
culture line showed that the complex with nicotinic acid induces interferon, and at a concentration 
of 25 to 100 μg/ml leads to a 100% delay in the cytopathic effect of vesicular stomatitis virus in cell 
culture, which is superior to the comparison drugs. 

In the model of endotoxemia of post-traumatic genesis (which can occur, for example, in 
peritonitis), the detoxifying effect of the complex with magnesium was shown, which is expressed 
in a decrease in the level of medium-weight molecules in the blood serum – a universal marker of 
endogenous intoxication and lipid peroxidation products in the liver homogenate, i.e. the degree of 
damage to cellular and subcellular membranes [28].  

The screening for hepatoprotective activity among compounds with 3d-metals revealed that 
the administration of the complex with copper resulted in a significantly lower increase in the 
activity of cytolysis and cholestasis enzymes than in untreated animals with hepatitis. The 
compound also reduced bilirubin levels in blood serum and liver tissue. Importantly, it has low 
toxicity with different types of administration: oral, intraperitoneal and subcutaneous [29–30]. 

It was studied the effect of mixed-ligand complexes of Ge(IV) – Co(II) (Ni(II), Cu(II)) with 
1-hydroxyethane-1,1-diphosphonic acid and 2,2′-bipyridine on the activity of elastase and 
fibrinogenase isolated from Bacillus sp. IMV B-7883. It has shown that complexes Co(II) and  
Ni(II) inhibited the activity of elastase by 54 and 71% respectively, while complex Cu(II) enhanced 
it by 30%. All three complexes have a stimulating effect on fibrinogenase activity in more than 50% 
[18]. 

CONCLUSION. As a result of systematic studies of the structure of a number of mixed-ligand 
1-hydroxyethane-1,1-diphosphonatogermanates(IV) with different metals, it was observed, that 

N
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Pharmacological and biological activity of 
1-hydroxyethane-1,1-diphosphonatogermana
tes(IV).

The pharmacological activity of a number 
of 1-hydroxyethane-1,1-diphosphonatogerma
nates(IV), which according to the results of 
acute toxicity testing are classified as low-toxic, 
was investigated [19–22].

The specific effect of complexes with nico-
tinic acid and magnesium on the cardiovascular 
system was established on the model of arrhyth-
mia caused by intraperitoneal administration of 
aconitine alkaloid to rats. The antiarrhythmic 
effect was found, and it was more pronounced 
in the complex with magnesium [23–25].

In acute cerebral ischemia caused by carotid 
artery occlusion, 1-hydroxyethane-1,1-diphos-
phonatogermanates(IV) with piracetam has 
a pronounced anti-ischemic effect and is also 
characterised by high absorption and elimina-
tion rate constants in the body [26].

A high hepatoprotective effect of the com-
plex with nicotinic acid was also determined; it 
prevents changes in total cholesterol, phospho-
lipids and maintains the qualitative and quan-
titative composition of phospholipid fractions 
at the level of control values in erythrocyte 
membranes and in the liver [27]. 

Studies of the in vitro interferonogenic ac-
tivity of these compounds on a fibroblast cell 
culture line showed that the complex with nic-
otinic acid induces interferon, and at a concen-
tration of 25 to 100 μg/ml leads to a 100% delay 
in the cytopathic effect of vesicular stomatitis 
virus in cell culture, which is superior to the 
comparison drugs.

In the model of endotoxemia of post-trau-
matic genesis (which can occur, for example, 
in peritonitis), the detoxifying effect of the 
complex with magnesium was shown, which is 

expressed in a decrease in the level of medi-
um-weight molecules in the blood serum – a 
universal marker of endogenous intoxication 
and lipid peroxidation products in the liver ho-
mogenate, i.e. the degree of damage to cellular 
and subcellular membranes [28]. 

The screening for hepatoprotective activity 
among compounds with 3d-metals revealed 
that the administration of the complex with 
copper resulted in a significantly lower in-
crease in the activity of cytolysis and cholesta-
sis enzymes than in untreated animals with 
hepatitis. The compound also reduced bili
rubin levels in blood serum and liver tissue. 
Importantly, it has low toxicity with different 
types of administration: oral, intraperitoneal 
and subcutaneous [29–30].

It was studied the effect of mixed-ligand 
complexes of Ge(IV) – Co(II) (Ni(II), Cu(II)) 
with 1-hydroxyethane-1,1-diphosphonic acid 
and 2,2′-bipyridine on the activity of elastase 
and fibrinogenase isolated from Bacillus sp. 
IMV B-7883. It has shown that complex-
es Co(II) and  Ni(II) inhibited the activity of 
elastase by 54 and 71% respectively, while 
complex Cu(II) enhanced it by 30%. All three 
complexes have a stimulating effect on fibrino-
genase activity in more than 50% [18].

CONCLUSION. As a result of systematic stu
dies of the structure of a number of mixed-li
gand 1-hydroxyethane-1,1-diphosphonatoger
manates(IV) with different metals, it was ob-
served, that hexanuclear cyclic complex ani-
ons of the general composition [Ge6(µ-OH)6-n 
(µ-O)n(µ-hedp)6]

(6+n)− were present in the aque-
ous solutions of investigated compounds. 

At the same time, the composition and 
charge of the anion in each compound obta
ined in the solid state depends on the nature of 
the cation (fig. 8).
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Fig. 8. Synthetic route and structures of different types 
of 1-hydroxyethane-1,1-diphosphonatogermanates. 
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hexanuclear cyclic complex anions of the general composition [Ge6(-OH)6-n(-O)n(-hedp)6](6+n) 
were present in the aqueous solutions of investigated compounds.  

At the same time, the composition and charge of the anion in each compound obtained in the 
solid state depends on the nature of the cation (fig. 8). 

 

 
 

Fig. 8. Synthetic route and structures of different types of 1-hydroxyethane-1,1-
diphosphonatogermanates.  

 
They all have a common hexameric structure, with germanium atoms connected in pairs by 

1-hydroxyethane-1,1-diphosphonate, hydroxo-, or oxo- and hydroxo-bridges. The coordination 
polyhedron Ge is a curved octahedron with two six-membered GeO2P2C cycles and an eight-
membered bimetallic Ge2O4P2 closing, and each ligand performs a tetradentate tris(chelate)--
bridging function. The ratio of formed oxo- and hydroxo-bridges and, as a result, the charge of the 
anion varies under the influence of cation parameters and electrostatic interactions. However, the 
structure of complex anions is quite stable and is not destroyed even by interactions with complex 
cations.    

Most obtained compounds refer to the cation-anion type with various cations (protonated 
organic molecules, hexaaqua-, bipyridine-, and phenanthroline metal cations). In the structure of 
lanthanide compounds complex hexanuclear anions [Ge6(-OH)3(-O)3(-hedp)6]9 and Ln(H2O)4 
fragments are combined into a 3D-framework.  

The pharmacological and biological activities of 1-hydroxyethane-1,1-
diphosphonatogermanates(IV) are ensured by the combined action of all biologically active 
components, which do not compete but show synergistic action.  

In view of the above, it can be concluded that the preparation of new complexes of 
germanium(IV) with etidronicacid by chemical modification of their composition is a promising 
area of research in the field of creating coordination compounds with a wide range of 
pharmacological effects. 

 GeO2 + Н4hedp

900C, H2O

+ L,              pH 4
+ MHCO3,   pH 5
+ M’CO3,     pH 3.5 or 5
+ M’’Cl2 + phen (ethanol)

+ M’’(CH3COO)2   pH 3.5
+ M’’(CH3COO)2 + bipy 
             (ethanol)

+ Ln(CH3COO)3, pH 4

An = Ge6(µ-OH)4(µ-O)2(µ-hedp)6
8-

[M’’(H2O)6]4[An]
[Co/Ni(bipy)3]4[An]
[Cu(bipy)2(H2O)]4[An]

{Ln2[Ln(H2O)4Ge6(µ-OH)3(µ-O)3(µ-hedp)6]}n

[Ge6(µ-OH)6-n(µ-O)n(µ-hedp)6](6+n)- (in solution)

L= nicotinic acid, niacinamide, isoniazid, imidazole, piracetam; 
M = Na, K; M’ = Mg, Ca, Sr, Ba; M’’ = Co(II), Ni(II), Cu(II), Zn; Ln = Nd(III), Er(III), Tm(III); 

bipy – 2,2’-bipyridine; phen – 1,10-phenanthroline; *all compounds are hydrates

An = Ge6(µ-OH)6(µ-hedp)6
6-

(HL)6[An]*,  M6[An]
[M’(H2O)6]2H2[An]
[M’(H2O)6]3[An]
[{Co(рhen)3}2{Co(рhen)(H2O)4}2][AnCl2]
[{Cu(рhen)2(H2O)}2(Hрhen)2][An]

They all have a common hexameric struc-
ture, with germanium atoms connected in 
pairs by 1-hydroxyethane-1,1-diphosphonate, 
hydroxo-, or oxo- and hydroxo-bridges. The 
coordination polyhedron Ge is a curved oc-
tahedron with two six-membered GeO2P2C 
cycles and an eight-membered bimetallic 
Ge2O4P2 closing, and each ligand performs a 
tetradentate tris(chelate)-µ-bridging function. 
The ratio of formed oxo- and hydroxo-bridges 
and, as a result, the charge of the anion varies 
under the influence of cation parameters and 
electrostatic interactions. However, the struc-
ture of complex anions is quite stable and is not 

destroyed even by interactions with complex 
cations.   

Most obtained compounds refer to the ca
tion-anion type with various cations (proto-
nated organic molecules, hexaaqua-, bipyri-
dine-, and phenanthroline metal cations). In 
the structure of lanthanide compounds com-
plex hexanuclear anions [Ge6(µ-OH)3(µ-O)3 
(µ-hedp)6]

9− and Ln(H2O)4 fragments are com-
bined into a 3D-framework. 

The pharmacological and biological acti
vities of 1-hydroxyethane-1,1-diphosphonato-
germanates(IV) are ensured by the combined 
action of all biologically active components, 
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which do not compete but show synergistic  
action. 

In view of the above, it can be concluded 
that the preparation of new complexes of ger-
manium(IV) with etidronicacid by chemical 
modification of their composition is a prom-
ising area of research in the field of creating 
coordination compounds with a wide range of 
pharmacological effects.

This work was done according to the 
theme “Chemical construction of or-
gano-inorganic ensembles of coordi-
nating, supramolecular, polymeric na-
ture for use as new materials and phar-
maceuticals”, No state registration: 
0122U201403, 2022-2026.

ОСОБЛИВОСТІ БУДОВИ ТА ФАРМАКОЛОГІЧНІ 
ВЛАСТИВОСТІ КОМПЛЕКСІВ ГЕРМАНІЮ(IV) 
З 1-ГІДРОКСИЕТАН-1,1-ДИФОСФОНОВОЮ 
КИСЛОТОЮ

О. Марцинко1, І. Сейфулліна1, 
О. Фінік2, К. Цимбалюк1,2
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провулок Удільний, 1, м. Одеса 65009, Україна
e-mail: lborn@ukr.net

В оглядовій статті представлено резуль-
тати систематичних досліджень авторів 
низки гетерометалів і різнолігандних 1-гід
роксиетан-1,1-дифосфонатогерманатів, їх
ньої структури, біологічних і фармаколо-
гічних властивостей. Встановлено, що у 
водних розчинах досліджуваних сполук 

присутні шестиядерні циклічні комплекс
ні аніони загального складу [Ge6(µ-OH)6-n 
(µ-O)n(µ-hedp)6]

(6+n)−. При цьому склад і 
заряд аніона в кожній сполуці, отрима-
ній в твердому стані, залежить від при-
роди катіона. Усі вони мають спільну гек-
самерну структуру аніона, в якій атомами 
германію попарно з’єднані 1-гідроксие-
тан-1,1-дифосфонатними, гідроксо- або 
оксо- та гідроксомістками. Координацій-
ний поліедр Ge є викривленим октаедром 
з двома шестичленними циклами GeO2P2C 
та восьмичленним біметалічним циклом 
Ge2O4P2, кожен ліганд виконує тетрадентат-
нутрис(хелатну)-µ-місткову функцію. Спів-
відношення утворених оксо- і гідроксоміст-
ків і, як наслідок, заряд аніона змінюється 
під впливом параметрів катіонів і електро-
статичних взаємодій. Дослідження гострої 
та хронічної токсичності довели безпеч-
ність 1-гідроксиетан-1,1-дифосфонатогер-
манатів. Комплекси виявляють широкий 
спектр фармакологічної дії: антигіпертен-
зивну, антиаритмічну, гепатопротекторну, 
церебропротекторну та ін. Фармакологіч-
на та біологічна активність 1-гідроксие-
тан-1,1-дифосфонатогерманатів(IV) забез-
печується спільною дією всіх біологічно 
активних компонентів, які не конкурують, 
а виявляють синергічний ефект. Зроблено 
висновок, що отримання нових комплек-
сів германію(IV) з етидроновою кислотою 
шляхом хімічної модифікації їхнього скла-
ду є перспективним напрямком досліджень 
у галузі створення координаційних сполук 
із широким спектром фармакологічної дії.

Ключові слова: германій(IV), 1-гідрок
сиетан-1,1-дифосфонова (етидронова) кис-
лота, нітрогенвмісні гетероцикли, коорди-
наційні сполуки, біологічна активність.
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INTRODUCTION. Amino acids are funda-
mental to the development of life as they are 
the building blocks of proteins, which perform 
a vast array of functions within living orga
nisms  [1]. Proteins are involved in virtually 
every cellular process, including enzymatic ca-
talysis, structural support, transport, commu-
nication, and immune response. Without ami-
no acids, the complex molecules necessary for 
life as we know it would notexist [2–18]. They 
play a crucial role in maintaining the structure 
and function of cells, tissues, and organs, mak-
ing them essential for growth, repair, and ove
rall health [19–32].

In the modern pharmaceutical industry, 
amino acids are invaluable due to their versa-
tility and their influence on drug design and 
development. Tailor-made amino acids (AAs) 
[33] can be incorporated into drugs to enhance 
their efficacy, stability, and specificity. By ma-
nipulating the structure of amino acids, phar-
maceutical researchers can design drugs that 
precisely target specific biological pathways, 
reduce side effects, and improve patient out-
comes [34–41]. Additionally, amino acids are 
used in the synthesis of peptide-based drugs, 
which are increasingly important in treating a 
range of conditions from cancer to metabolic 
disorders [42–48]. Their role in the pharma-
ceutical industry underscores the profound 
impact of amino acids not only on life itself but 
also on the advancement of medical science 
and therapeutics [49–51].

Another trend in the design of modern 
pharmaceuticals is a selective incorporation 
of fluorine atoms or/and fluorine-containing 
groups [52–63]. Thus, fluorine plays a crucial 
role in modern drug design due to its unique 
chemical properties, such as high electrone

gativity, small atomic size, and ability to form 
stable bonds. These properties allow fluorine 
to enhance the potency, selectivity, metabolic 
stability, and pharmacokinetics of drugs. In-
corporating fluorine into drug molecules can 
improve their efficacy and reduce side effects, 
making them more effective therapeutic agents 
[64–69].

Fluorine-containing amino acids are parti
cularly valuable in drug design because they 
combine the benefits of fluorine with the 
structural versatility of amino acids [70–74]. 
These tailor-made amino acids can be used to 
fine-tune the activity and pharmacokinetics 
of drug candidates, leading to more targeted 
and efficient treatments. The synthesis of tai-
lor-made fluorinated α- [75–100] and β-amino 
acids [101–121] has been one of the areas of 
intense research activity in the last 20+ years 
[122–143]. The selective introduction of fluo-
rine into bioactive compounds has become a 
mature strategy in drug development, result-
ing in numerous FDA-approved fluorinated 
drugs [64, 66–69].

Overall, the incorporation of fluorine and 
amino acids into pharmaceuticals represents 
a significant advancement in the field of me-
dicinal chemistry, offering new opportunities 
for the development of more effective and saf-
er drugs. In the present article, we profile five 
newly FDA-approved (2024) small-molecule 
pharmaceuticals (Figure 1) that contain fluo-
rine and a residue of an amino acid or its de-
rivative. These include: Voydeya® (danicopan) 
1, Ojemda® (tovorafenib) 2, Itovebi®(inavolis-
ib) 3, Scemblix® (asciminib) 4, and Revuforj® 
(revumenib) 5. For each drug, we discuss the 
discovery, therapeutic areas of application, and 
detailed chemical synthesis.
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Fig. 1. Chemical structures of new pharmaceutical drugs 1-5 containing fluorine (marked in red) 
and a residue of an amino acid or its derivative (marked in blue). 

discovery, therapeutic areas of application, and detailed chemical synthesis. 
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Fig. 1. Chemical structures of new pharmaceutical drugs 1-5 containing fluorine (marked in red) 
and a residue of an amino acid or its derivative (marked in blue).  
 
Voydeya® (Danicopan) (1) 

Danicopan, marketed under the name Voydeya®, is a drug derived from 
γ-fluorine-substituted proline. The FDA approved this compound on March 29, 2024. 
Developed by Alexion Pharmaceuticals, a subsidiary of AstraZeneca, this drug targets 
rare diseases, with Alexion being renowned for their expertise in orphan drugs [144]. 
Cyclic amino acids, such as those used in this compound, are particularly important in 
drug design because they are more sterically constrained than their linear counterparts 
[145,146]. Adding fluorine [147] or CF3 groups [148–150] on five-membered rings 
further restricts the range of accessible conformations, enabling the fine-tuning of 
biological properties. The introduction of a fluorine atom into the 
pyrrolidine-2-carboxamide framework, as compared to non-fluorinated analogs like 
compounds 6 and 7 (Figure 2), significantly boosts activity, achieving an IC50 of 0.027 
μM. This modification demonstrates exceptional potency and underscores the 
compound's potential to surpass other molecules in its class [151,152]. 
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stituted proline. The FDA approved this com-
pound on March 29, 2024. Developed by Alexi
on Pharmaceuticals, a subsidiary of AstraZene-
ca, this drug targets rare diseases, with Alexion 
being renowned for their expertise in orphan 
drugs [144]. Cyclic amino acids, such as those 
used in this compound, are particularly impor-
tant in drug design because they are more steri-
cally constrained than their linear counterparts 

[145, 146]. Adding fluorine [147] or CF3 groups 
[148–150] on five-membered rings further re-
stricts the range of accessible conformations, 
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and underscores the compound’s potential to 
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Fig. 2. Structures of Voydeya® (Danicopan) 1 and its fluorine-free analogs 6 and 7.  
 

Voydeya, an oral complement factor D inhibitor, serves as an add-on therapy to 
the complement C5 inhibitors Ravulizumab and Eculizumab for treating extravascular 
hemolysis (EVH) in adults with paroxysmal nocturnal hemoglobinuria (PNH) 
[153,154]. PNH is a rare condition where the immune system's complement attacks red 
and white blood cells and platelets, leading to intravascular hemolysis and a heightened 
risk of thrombosis and organ damage. Although C5 inhibitors are the primary treatment, 
some patients still experience residual extravascular hemolysis and anemia [155]. 
Danicopan received its initial approval in Japan on January 18, 2024, for treating adults 
with PNH in combination with C5 inhibitors [156]. On February 23, 2024, the 
European Medicines Agency also recommended its market authorization for patients 
with residual hemolytic anemia despite C5 inhibition therapy [157]. 

The synthesis of Voydeya® (Danicopan) was developed by Alexion 
Pharmaceuticals [158–160]. This process starts with the creation of several key 
intermediates. As outlined in Scheme 1, 5-bromo-1H-indazole-3-carbonitrile 8 reacts 
with methyl magnesium bromide forming an imine magnesium salt intermediate. This 
intermediate is then hydrolyzed with acid treatment at pH 5 to produce ketone 9. 
Following this, a Michael addition is carried out, yielding the ester 10 with an 81% 
yield. 
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Scheme 1. Synthesis of key intermediate 10.  
 

The synthesis of another important compound 13, is detailed in Scheme 2. 
Boc-protected fluoropyrrolidine 11 undergoes amide alkylation using Ghosez reagent 
and diisopropylethylamine (DIPEA) [161]. This is followed by deprotection of the 
amino group, resulting in the precursor 13. 

Fig. 2. Structures of Voydeya® (Danicopan) 1 and its fluorine-free analogs 6 and 7. 
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Voydeya, an oral complement factor D in-
hibitor, serves as an add-on therapy to the 
complement C5 inhibitors Ravulizumab and 
Eculizumab for treating extravascular hemoly
sis (EVH) in adults with paroxysmal noctur-
nal hemoglobinuria (PNH) [153,154]. PNH is 
a rare condition where the immune system’s 
complement attacks red and white blood cells 
and platelets, leading to intravascular hemo
lysis and a heightened risk of thrombosis and 
organ damage. Although C5 inhibitors are the 
primary treatment, some patients still expe-
rience residual extravascular hemolysis and 
anemia [155]. Danicopan received its initial 
approval in Japan on January 18, 2024, for 
treating adults with PNH in combination with 

C5 inhibitors [156]. On February 23, 2024, the 
European Medicines Agency also recommend-
ed its market authorization for patients with 
residual hemolytic anemia despite C5 inhibi-
tion therapy [157].

The synthesis of Voydeya® (Danicopan) was 
developed by Alexion Pharmaceuticals [158–
160]. This process starts with the creation 
of several key intermediates. As outlined in 
Scheme 1, 5-bromo-1H-indazole-3-carboni-
trile 8 reacts with methyl magnesium bromide 
forming an imine magnesium salt intermedi-
ate. This intermediate is then hydrolyzed with 
acid treatment at pH 5 to produce ketone 9. 
Following this, a Michael addition is carried 
out, yielding the ester 10 with an 81% yield.
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The synthesis of another important compound 13, is detailed in Scheme 2. 
Boc-protected fluoropyrrolidine 11 undergoes amide alkylation using Ghosez reagent 
and diisopropylethylamine (DIPEA) [161]. This is followed by deprotection of the 
amino group, resulting in the precursor 13. 
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pound 13, is detailed in Scheme 2. Boc-pro-
tected fluoropyrrolidine 11 undergoes amide 
alkylation using Ghosez reagent and diisopro-
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in the precursor 13.
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Scheme 2. Synthesis of key intermediate 13.  
 

The assembly of Danicopan's structure using key compounds 10 and 13 is 
detailed in Scheme 3. Initially, bromide 10 reacts with 14, forming intermediate 15. 
This is followed by a Suzuki – Miyaura coupling reaction with compound 16 in the 
presence of a palladium catalyst and a base, resulting in ester 17. Ester hydrolysis with 
trifluoroacetic acid (TFA) then produces carboxylic acid 18 in quantitative yield. 
Finally, a coupling reaction with fluoro-proline derivative 13 leads to the synthesis of 
Voydeya® (Danicopan) (1). 
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Scheme 3. Synthesis of Danicopan1.  

 
Ojemda® (Tovorafenib) (2) 

Tovorafenib, branded as Ojemda® (2), is an aromatic trifluoromethyl-containing 
complex structure developed by Day One Biopharmaceuticals Inc (California, USA) 
under a license agreement with Takeda Oncology (Massachusetts, USA). This drug, 
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The assembly of Danicopan’s structure us-
ing key compounds 10 and 13 is detailed in 
Scheme 3. Initially, bromide 10 reacts with 
14, forming intermediate 15. This is followed 
by a Suzuki – Miyaura coupling reaction with 
compound 16 in the presence of a palladium 

catalyst and a base, resulting in ester 17. Es-
ter hydrolysis with trifluoroacetic acid (TFA) 
then produces carboxylic acid 18 in quanti-
tative yield. Finally, a coupling reaction with 
fluoro-proline derivative 13 leads to the syn-
thesis of Voydeya® (Danicopan) (1).

 
Scheme 2. Synthesis of key intermediate 13.  
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Voydeya® (Danicopan) (1). 
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Scheme 3. Synthesis of Danicopan1.  

 
Ojemda® (Tovorafenib) (2) 

Tovorafenib, branded as Ojemda® (2), is an aromatic trifluoromethyl-containing 
complex structure developed by Day One Biopharmaceuticals Inc (California, USA) 
under a license agreement with Takeda Oncology (Massachusetts, USA). This drug, 

Scheme 3. Synthesis of Danicopan1. 

Ojemda® (Tovorafenib) (2)
Tovorafenib, branded as Ojemda® (2), is an 

aromatic trifluoromethyl-containing complex 
structure developed by Day One Biopharma-
ceuticals Inc (California, USA) under a license 
agreement with Takeda Oncology (Massachu-

setts, USA). This drug, also known as DAY101, 
is a targeted therapy for cancers with RAF al-
terations, including pediatric low-grade gli-
oma [162–164]. Tovorafenib2 has shown the 
most effective inhibitory activity against RAF 
kinases like BRAF and CRAF when compared 
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to non-fluorinated analogs, such as 19 (Fi
gure  3) [165, 166]. It received FDA approval 
on April 23, 2024. Ojemda is an oral kinase in-
hibitor that targets mutant BRAF V600E, wild-
type BRAF, and wild-type CRAF kinases. It is 
intended for patients aged 6 months and older 
with relapsed or refractory pediatric low-grade 
glioma (pLGG) harboring BRAF fusions, re-

arrangements, or V600 mutations [167, 168]. 
This accelerated approval was granted based 
on clinical responses and the duration of re-
sponse observed in the phase 2 FIREFLY-1 
trial (NCT04775485; PNOC026) [169]. The 
recommended dose is 380 mg/m² taken orally 
once weekly (maximum 600 mg) until disease 
progression or unacceptable toxicity [170].

Fig. 3. Structures of Tovorafenib2 and its non-fluorinated analog 19. 

also known as DAY101, is a targeted therapy for cancers with RAF alterations, 
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Scheme 4 outlines the synthesis of Ojemda® (Tovorafenib) [171]. The process 
begins with the reaction of thiazole 20 with compound 21 using oxalyl chloride as the 
activating reagent, yielding target amide 22 with a 96% yield. Compound 22 is then 
mixed with ethanol, 1.1 equivalents of diphenylmethanamine23, and acetic acid in a 
flask equipped with a Dean–Stark trap, and the mixture is refluxed for 6.5 hours. After 
cooling and stirring for 1 hour, Schiff base 24 is obtained with an 87% yield. Next, 
compound 24 is dissolved in dichloromethane and combined with [Ir (cod)2] BArF and 
(S)-Monophos, then placed in an autoclave. Hydrogen is introduced, and the mixture is 
heated to 50°C and stirred for 24 hours, resulting in compound 25. Acetonitrile and 
water are added, followed by 1.1 equivalents of N-bromosuccinimide, and the reaction 
proceeds at room temperature for 18 hours to generate the corresponding free amino 
compound in situ. Optical resolution [172] is performed using (S)-mandelic acid, 
yielding crystallized product 26 with a 75% yield. Subsequent purification involving 
2.0 equivalents of sodium bicarbonate and activated carbon in a water–acetonitrile 
mixture produces compound 27. Finally, intermediate 27 is coupled with 
6-amino-5-chloropyrimidine-4-carboxylic acid 28 under EDC/t-BuOH conditions, 
resulting in Ojemda® (Tovorafenib) 2 with an 88% yield [171]. 

Scheme 4 outlines the synthesis of Ojemda® 
(Tovorafenib) [171]. The process begins with 
the reaction of thiazole 20 with compound 
21 using oxalyl chloride as the activating re-
agent, yielding target amide 22 with a 96% 
yield. Compound 22 is then mixed with eth-
anol, 1.1 equivalents of diphenylmethanami
ne 23, and acetic acid in a flask equipped with 
a Dean–Stark trap, and the mixture is refluxed 
for 6.5 hours. After cooling and stirring for 1 
hour, Schiff base 24 is obtained with an 87% 
yield. Next, compound 24 is dissolved in di-
chloromethane and combined with [Ir (cod)2] 
BArF and (S)-Monophos, then placed in an 
autoclave. Hydrogen is introduced, and the 
mixture is heated to 50°C and stirred for 24 
hours, resulting in compound 25. Acetonitrile 
and water are added, followed by 1.1 equiva-
lents of N-bromosuccinimide, and the reaction 
proceeds at room temperature for 18 hours 
to generate the corresponding free amino 

compound in situ. Optical resolution [172] is 
performed using (S)-mandelic acid, yielding 
crystallized product 26 with a 75% yield. Sub-
sequent purification involving 2.0 equivalents 
of sodium bicarbonate and activated carbon 
in a water–acetonitrile mixture produces com-
pound 27. Finally, intermediate 27 is coupled 
with 6-amino-5-chloropyrimidine-4-carbo
xylic acid 28 under EDC/t-BuOH conditions, 
resulting in Ojemda® (Tovorafenib) 2 with an 
88% yield [171].

Itovebi® (inavolisib)(3)
Inavolisib, marketed under the brand name 

Itovebi®, has been approved by the FDA for 
treating locally advanced or metastatic breast 
cancer [173]. It functions as an inhibitor of the 
phosphatidylinositol-4,5-bisphosphate 3-kina
se (PI3K) pathway, representing a new gene
ration of inhibitors with an improved toxicity 
profile compared to the previously approved 
inhibitor alpelisib [174, 175].
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Scheme 4. Synthesis of Ojemda® (Tovorafenib) 2.
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Itovebi® (inavolisib)(3) 
Inavolisib, marketed under the brand name Itovebi®, has been approved by the 

FDA for treating locally advanced or metastatic breast cancer [173]. It functions as an 
inhibitor of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway, 
representing a new generation of inhibitors with an improved toxicity profile compared 
to the previously approved inhibitor alpelisib [174,175]. 
PI3K enzymes play a crucial role in cell growth and differentiation, consisting of 
regulatory and catalytic subunits [176]. There are four isoforms: PI3Kα, PI3Kβ, PI3Kγ, 
and PI3Kδ. PI3Kα is most closely linked to tumorigenesis due to mutations and 
amplifications in the PIK3CA gene encoding the p110α unit [177,178]. Approximately 
one-third of breast cancer cases exhibit such pathway disorders [179], which are 
considered poor prognostic factors [173].Therefore, selective inhibitors of PI3Kα, 
which do not induce side effects by blocking other PI3K isoforms, are highly desirable 
[180]. Inavolisib demonstrates an enzyme inhibitory concentration (IC50) of 0.034 nM 
for PI3Kα, 100 nM for PI3Kβ, 18 nM for PI3Kγ, and 12 nM for PI3Kδ, indicating a 
more than 350-fold selectivity for PI3Kα [181]. Additionally, inavolisib promotes the 
degradation of the mutated p110α subunit [182]. 

It is note worthy that the introduction of a trifluoromethyl group in compound 29 
(Figure 4), which has a PI3Kα IC50 of 0.095 nM and a PI3Kδ/PI3Kα ratio of 171, 
resulted in less selectivity towards the α isoform compared to the difluoromethyl group 
in compound 3 (PI3Kα IC50 of 0.034 nM and a PI3Kδ/PI3Kα ratio of 361) [183]. 

PI3K enzymes play a crucial role in cell 
growth and differentiation, consisting of reg-
ulatory and catalytic subunits [176]. There 
are four isoforms: PI3Kα, PI3Kβ, PI3Kγ, and 
PI3Kδ. PI3Kα is most closely linked to tum-
origenesis due to mutations and amplifications 
in the PIK3CA gene encoding the p110α unit 
[177, 178]. Approximately one-third of breast 
cancer cases exhibit such pathway disorders 
[179], which are considered poor prognostic 

factors [173].Therefore, selective inhibitors 
of PI3Kα, which do not induce side effects by 
blocking other PI3K isoforms, are highly desi
rable [180]. Inavolisib demonstrates an enzyme 
inhibitory concentration (IC50) of 0.034 nM for 
PI3Kα, 100 nM for PI3Kβ, 18 nM for PI3Kγ, 
and 12 nM for PI3Kδ, indicating a more than 
350-fold selectivity for PI3Kα [181]. Additio
nally, inavolisib promotes the degradation of 
the mutated p110α subunit [182].
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It is note worthy that the introduction of 
a trifluoromethyl group in compound 29 (Fi
gure 4), which has a PI3Kα IC50 of 0.095 nM 
and a PI3Kδ/PI3Kα ratio of 171, resulted in 

less selectivity towards the α isoform compared 
to the difluoromethyl group in compound 3 
(PI3Kα IC50 of 0.034 nM and a PI3Kδ/PI3Kα 
ratio of 361) [183].

 
Fig. 4. Structures of Itovebi® (inavolisib)3 and its CF3-containing analog 29.  
 

Chemically, inavolisib features a benzoxazepine oxazolidinone core, an alanine 
amide moiety, and an amino alcohol derived from difluoroalanine. This difluoroalanine 
derivative is particularly favored by PI3Kα, enhancing the selectivity for this isoform. 
The precise interactions of inavolisib with its target are facilitated by hydrogen bonds 
from the amide and amino groups of the alanine fragment. Additionally, the 
difluoromethyl group of inavolisib interacts with the hydroxyl group of Ser774 within 
the p110α pocket [181]. Thus, fluorination plays a crucial role in the unique 
effectiveness of this next-generation PI3Kα inhibitor. 
The synthetic route to prepare inavolisib (Scheme 5) starts with 
1,2:5,6-bis-O-(1-methylethylidene)-D-mannitol 30, which serves as a source for the 
desired stereochemical configuration [183]. Sodium periodate (NaIO4) in hot water is 
added to silica, forming a powder. This mixture is then combined with compound 30 
dissolved indichloromethane (DCM) and stirred at room temperature for 1 hour, 
producing carbaldehyde 31. To the cooled carbaldehyde 31 solution in DCM, 
diethylaminosulfur trifluoride (DAST) is added dropwise and stirred at room 
temperature for 3 hours, yielding (R)-4-difluoromethyl-2,2-dimethyl [1,3] dioxolane 32. 
This intermediate is dissolved in methanol (MeOH), and hydrochloric acid (HCl) in 
dioxane is added, stirring at room temperature for 30 minutes. The acetal is cleaved to 
form the respective diol. After work-up, the residue is dissolved in DCM, followed by 
the addition of tert-butyldimethylsilyl chloride(TBDMS), Et3N, and catalytic amounts 
of 4-Dimethylaminopyridine(DMAP). Compound 33 was obtained after stirring for 1 
hour at room temperature. Following this, trifluoromethanesulfonic anhydride (Tf2O) 
was added dropwise to a solution of 33 and pyridine in DCM. The temperature was 
maintained at -20°C for 20 minutes, then brought to 0°C for 1 hour while stirring. After 
extraction and work-up, the residue was dissolved in DMF, and sodium azide (NaN3) 
was added, stirring for 2 hours at room temperature to produce intermediate 34. The 
azide was then reduced using palladium hydroxide on carbon (Pd-OH/C) under 
hydrogen (H2) by stirring for 16 hours in ethyl acetate (EtOAc) and MeOH, yielding 
primary amine 35. This product was dissolved in MeOH and stirred in a solution of HCl 
(in dioxane) for 2 hours at room temperature to remove the protective group. After 
work-up, the crude product was dissolved in toluene and aqueous potassium hydroxide 
(KOH) at 0°C. Phosgene (COCl2) was added gradually, followed by stirring for 1 hour 
to obtain (S)-4-difluoromethyloxazolidin-2-one 36. This was combined with 
9-bromo-2-iodo-5,6-dihydrobenzo[f]imidazo[1,2-d][1,4]-oxazepane 37, copper acetate 
monohydrate (Cu(OAc)2·H2O), 3,4,7,8-tetramethyl-1,10-phenanthroline (TMPhen), 

Fig. 4. Structures of Itovebi® (inavolisib)3 and its CF3-containing analog 29. 

Chemically, inavolisib features a benzox-
azepine oxazolidinone core, an alanine amide 
moiety, and an amino alcohol derived from di-
fluoroalanine. This difluoroalanine derivative 
is particularly favored by PI3Kα, enhancing 
the selectivity for this isoform. The precise in-
teractions of inavolisib with its target are facil-
itated by hydrogen bonds from the amide and 
amino groups of the alanine fragment. Addi-
tionally, the difluoromethyl group of inavolisib 
interacts with the hydroxyl group of Ser774 wi
thin the p110α pocket [181]. Thus, fluorination 
plays a crucial role in the unique effectiveness 
of this next-generation PI3Kα inhibitor.

The synthetic route to prepare inavolisib 
(Scheme 5) starts with 1,2:5,6-bis-O-(1-methy
lethylidene)-D-mannitol 30, which serves as a 
source for the desired stereochemical configu-
ration [183]. Sodium periodate (NaIO4) in hot 
water is added to silica, forming a powder. This 
mixture is then combined with compound 
30 dissolved indichloromethane (DCM) and 
stirred at room temperature for 1 hour, pro-
ducing carbaldehyde 31. To the cooled car-

baldehyde 31 solution in DCM, diethylamin-
osulfur trifluoride (DAST) is added dropwise 
and stirred at room temperature for 3 hours, 
yielding (R)-4-difluoromethyl-2,2-dimethyl 
[1,3] dioxolane 32. This intermediate is dis-
solved in methanol (MeOH), and hydrochlo-
ric acid (HCl) in dioxane is added, stirring at 
room temperature for 30 minutes. The acetal 
is cleaved to form the respective diol. After 
work-up, the residue is dissolved in DCM, fol-
lowed by the addition of tert-butyldimethyl-
silyl chloride(TBDMS), Et3N, and catalytic 
amounts of 4-Dimethylaminopyridine(DM-
AP). Compound 33 was obtained after stirring 
for 1 hour at room temperature. Following this, 
trifluoromethanesulfonic anhydride (Tf2O) was 
added dropwise to a solution of 33 and pyri-
dine in DCM. The temperature was maintained 
at -20 °C for 20 minutes, then brought to 0 °C 
for 1 hour while stirring. After extraction and 
work-up, the residue was dissolved in DMF, and 
sodium azide (NaN3) was added, stirring for 2 
hours at room temperature to produce inter-
mediate 34. The azide was then reduced using 
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palladium hydroxide on carbon (Pd-OH/C) 
under hydrogen (H2) by stirring for 16 hours in 
ethyl acetate (EtOAc) and MeOH, yielding pri-
mary amine 35. This product was dissolved in 
MeOH and stirred in a solution of HCl (in diox-
ane) for 2 hours at room temperature to remove 
the protective group. After work-up, the crude 
product was dissolved in toluene and aqueous 
potassium hydroxide (KOH) at 0°C. Phosgene 
(COCl2) was added gradually, followed by stir-
ring for 1 hour to obtain (S)-4-difluoromethy-
loxazolidin-2-one 36. This was combined with 
9-bromo-2-iodo-5,6-dihydrobenzo[f]imida-
zo[1,2-d][1,4]-oxazepane 37, copper acetate 
monohydrate (Cu(OAc)2·H2O), 3,4,7,8-tetram
ethyl-1,10-phenanthroline (TMPhen), and ce-

sium carbonate (Cs2CO3) in dioxane. The mix-
ture was heated to 100  °C for 18 hours under 
an argon (Ar) atmosphere, resulting in com-
pound 38. The reagent 37 can be obtained as 
described in the literature [184]. Compound 
38 was then suspended in dimethyl sulfoxide 
(DMSO) with L-alanine, cuprous iodide (CuI), 
and potassium phosphate tribasic (K3PO4), and 
heated at 100  °C for 2 hours. After cooling to 
room temperature, DMSO, ammonium chlo-
ride (NH4Cl), and Et3N were added. To this 
suspension, 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]-pyridinium 3-oxide 
hexafluorophosphate (HATU) was added drop-
wise and stirred at room temperature for 1 hour. 
Finally, inavolisib3 was obtained [183].

Scheme 5. Synthesis of Itovebi® (inavolisib) 3.

and cesium carbonate (Cs2CO3) in dioxane. The mixture was heated to 100°C for 18 
hours under an argon (Ar) atmosphere, resulting in compound 38. The reagent 37 can 
be obtained as described in the literature [184]. Compound 38 was then suspended in 
dimethyl sulfoxide (DMSO) with L-alanine, cuprous iodide (CuI), and potassium 
phosphate tribasic (K3PO4), and heated at 100°C for 2 hours. After cooling to room 
temperature, DMSO, ammonium chloride (NH4Cl), and Et3N were added. To this 
suspension, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-pyridinium 
3-oxide hexafluorophosphate (HATU) was added dropwise and stirred at room 
temperature for 1 hour. Finally, inavolisib3 was obtained [183]. 
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Scheme 5. Synthesis of Itovebi® (inavolisib) 3. 
 
Scemblix® (asciminib)(4) 

Asciminib is an efficacious, small-molecule, orally bioavailable, and a selective 
allosteric inhibitor discovered and developed by Novartis for the treatment of 
hematologic malignancies, including Philadelphia chromosome-positive (Ph+) chronic 
myeloid leukemia (CML) [185,186]. In October 2021, the U.S. FDA approved 
Scemblix® for two distinct indications in CML [185]. In vitro anticancer activity tests 
against MV411 (ATCC) and K562 (ATCC) leukemia cells demonstrated that asciminib 
exhibited potent inhibitory activity, with cellular IC50 values of 8.65 μmol/L for K562 
and 0.32 μmol/L for MY411. However, its structurally similar analog, compound 39 
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Scemblix® (asciminib)(4)
Asciminib is an efficacious, small-molecule, 

orally bioavailable, and a selective allosteric in-
hibitor discovered and developed by Novartis 
for the treatment of hematologic malignancies, 
including Philadelphia chromosome-posi-
tive (Ph+) chronic myeloid leukemia (CML) 
[185,186]. In October 2021, the U.S. FDA ap-
proved Scemblix® for two distinct indications 
in CML [185]. In vitro anticancer activity tests 

against MV411 (ATCC) and K562 (ATCC) 
leukemia cells demonstrated that asciminib 
exhibited potent inhibitory activity, with cel-
lular IC50 values of 8.65 μmol/L for K562 and 
0.32 μmol/L for MY411. However, its structur-
ally similar analog, compound 39 (Figure 5), 
showed moderate activity against the leukemia 
cell lines (K562 IC50 > 30 μmol/L and MY411 
IC50 > 30 μmol/L). 

Fig. 5. Structures of Scemblix® (asciminib) 4 and its fluorine-free analog 39. 

(Figure 5), showed moderate activity against the leukemia cell lines (K562 IC50> 30 
μmol/L and MY411 IC50> 30 μmol/L).  
 

 

 
Fig. 5. Structures of Scemblix® (asciminib) 4 and its fluorine-free analog 39.  
 

This study indicated that the CF2Cl group in the asciminib structure is crucial for 
inducing inactive conformations. Additionally, the pyrazole ring in its structure reduces 
hERG toxicity [186,187]. As an allosteric inhibitor targeting ABL1, asciminib binds to 
the myristoyl pocket of ABL1 to inhibit BCR-ABL1 activity, differing from 
competitive inhibitors that target the ATP-binding site, such as imatinib, dasatinib, and 
nilotinib, which are associated with risks of resistance and site mutations [188–191]. 
Due to its unique allosteric regulatory mechanism, asciminib not only inhibits 
wild-type ABL1 kinase but also exhibits high activity against the T315I-mutated ABL1, 
significantly reducing the potential off-target effects of ATP-binding site inhibitors. In 
October 2024, the U.S. FDA granted accelerated approval to asciminib for the 
treatment of newly diagnosed adult patients with Philadelphia chromosome-positive 
chronic myeloid leukemia in chronic phase (Ph+ CML-CP) [192]. 

The synthesis of asciminib 4 has been documented by several groups [186, 193, 
194]. One efficient method, illustrated in Scheme 6, begins with 
5-bromo-6-chloronicotinic acid 40 as the starting material [186]. Chlorination of 
5-bromo-6-chloronicotinic acid 40 using thionyl chloride in the presence of DMF in 
toluene at 80 °C produces acid chloride 41. This intermediate then undergoes insitu 
condensation with 4-(chlorodifluoromethoxy)aniline 42 in the presence of DIPEA in 
THF at room temperature, forming amide 43 with a 77% yield. Next, compound 43 is 
reacted with (R)-pyrrolidin-3-ol 44 in the presence of DIPEA and isopropanol at 140 °C 
for 1 hour, producing derivative 45 with a 92% yield. Compound 45 is then subjected to 
a standard Suzuki – Miyaura coupling reaction with the protected 
(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-5-yl)boronic acid pinacol ester 46, resulting 
in compound 47. Finally, the protecting group is removed at 10 °C in the presence of 
trifluoroacetic acid in DCM, yielding the target product, asciminib 4, with a 77% yield. 
 

This study indicated that the CF2Cl group in 
the asciminib structure is crucial for inducing 
inactive conformations. Additionally, the pyra-
zole ring in its structure reduces hERG toxicity 
[186, 187]. As an allosteric inhibitor targeting 
ABL1, asciminib binds to the myristoyl pocket 
of ABL1 to inhibit BCR-ABL1 activity, differ-
ing from competitive inhibitors that target the 
ATP-binding site, such as imatinib, dasatinib, 
and nilotinib, which are associated with risks of 
resistance and site mutations [188–191]. Due 
to its unique allosteric regulatory mechanism, 
asciminib not only inhibits wild-type ABL1 ki-
nase but also exhibits high activity against the 
T315I-mutated ABL1, significantly reducing 
the potential off-target effects of ATP-binding 
site inhibitors. In October 2024, the U.S. FDA 
granted accelerated approval to asciminib for 
the treatment of newly diagnosed adult pa-

tients with Philadelphia chromosome-positive 
chronic myeloid leukemia in chronic phase 
(Ph+ CML-CP) [192].

The synthesis of asciminib 4 has been docu-
mented by several groups [186, 193, 194]. One 
efficient method, illustrated in Scheme 6, be-
gins with 5-bromo-6-chloronicotinic acid 40 
as the starting material [186]. Chlorination of 
5-bromo-6-chloronicotinic acid 40 using thio-
nyl chloride in the presence of DMF in toluene 
at 80 °C produces acid chloride 41. This inter-
mediate then undergoes insitu condensation 
with 4-(chlorodifluoromethoxy)aniline 42 in 
the presence of DIPEA in THF at room tem-
perature, forming amide 43 with a 77% yield. 
Next, compound 43 is reacted with (R)-pyrro-
lidin-3-ol 44 in the presence of DIPEA and iso-
propanol at 140 °C for 1 hour, producing deriv-
ative 45 with a 92% yield. Compound 45 is then 
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subjected to a standard Suzuki – Miyaura cou-
pling reaction with the protected (1-(tetrahyd
ro-2H-pyran-2-yl)-1H-pyrazol-5-yl)boronic 
acid pinacol ester 46, resulting in compound 

47. Finally, the protecting group is removed at 
10 °C in the presence of trifluoroacetic acid in 
DCM, yielding the target product, asciminib 4, 
with a 77% yield.

Scheme 6. Synthesis of Scemblix® (asciminib) 4.
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Scheme 6. Synthesis of Scemblix® (asciminib) 4. 
 

Revuforj® (revumenib)(5) 
Revumenib, an orally administered and first-in-class menin inhibitor developed 

by Syndax Pharmaceuticals, received FDA approval in November 2024 for the 
treatment of patients with relapsed or refractory (R/R) acute leukemia harboring lysine 
methyltransferase 2A (KMT2A) gene translocations [195, 196]. Before this approval, 
revumenib was granted orphan drug designation by the FDA for the treatment of acute 
myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), and acute 
undifferentiated leukemia (ALAL), as well as by the European Commission for the 
treatment of AML [197]. 

This novel drug disrupts the interaction between menin and KMT2A fusion 
proteins, which are key drivers of leukemogenesis [195,198]. By inhibiting this 
interaction, revumenib helps restore normal gene expression, effectively halting cancer 
cell proliferation and promoting cell differentiation. 

In cellular experiments, revumenib demonstrated an IC50 of 10–20 nmol/L for 
inhibiting Menin-MLL, whereas its structurally similar compounds 48 and 49 (Figure 6) 
showed poorer inhibitory activity with IC50 values for Menin-MLL exceeding 20 
nmol/L. The superior inhibitory activity of revumenib5against Menin-MLL may be 
attributed to the fluorine atom in its structure [199]. 
 

Revuforj® (revumenib)(5)
Revumenib, an orally administered and first-

in-class menin inhibitor developed by Syndax 
Pharmaceuticals, received FDA approval in No-
vember 2024 for the treatment of patients with 
relapsed or refractory (R/R) acute leukemia 
harboring lysine methyltransferase 2A (KM-
T2A) gene translocations [195, 196]. Before this 
approval, revumenib was granted orphan drug 
designation by the FDA for the treatment of 
acute myeloid leukemia (AML), acute lympho
blastic leukemia (ALL), and acute undifferenti-
ated leukemia (ALAL), as well as by the Europe-
an Commission for the treatment of AML [197].

This novel drug disrupts the interaction 

between menin and KMT2A fusion proteins, 
which are key drivers of leukemogenesis 
[195,198]. By inhibiting this interaction, revu-
menib helps restore normal gene expression, 
effectively halting cancer cell proliferation and 
promoting cell differentiation.

In cellular experiments, revumenib demon
strated an IC50 of 10–20 nmol/L for inhibiting 
Menin-MLL, whereas its structurally simi-
lar compounds 48 and 49 (Figure 6) showed 
poorer inhibitory activity with IC50 values for 
Menin-MLL exceeding 20 nmol/L. The supe-
rior inhibitory activity of revumenib 5 against 
Menin-MLL may be attributed to the fluorine 
atom in its structure [199].
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Fig. 6. Structures of Revuforj® (revumenib) 5 and its fluorine-free analogs 48 and 49. 
 

Clinical trials have shown promising results. When used as monotherapy for 
relapsed or refractory AML, revumenib 5 demonstrated significant efficacy, 
particularly in cases with nucleophosmin 1 (NPM1) mutations. This approval marks a 
significant advancement in the field of leukemia treatment, offering new hope for 
patients with limited therapeutic options [200, 201]. 

The synthetic route for the preparation of revumenib (5) is outlined in Scheme 7, 
starting with 2-bromo-4-fluorophenol 50 as the initial material [202]. Compound 50 
underwent a substitution reaction with ethyl 2-bromoacetate in the presence of K2CO3, 
yielding compound 51 with an 86% yield. Compound 51 was first reacted in anhydrous 
THF, using ethyl formate and NaH as reagents. It then underwent a cyclization 
condensation reaction with thiourea at 90°C, resulting in the pyrimidinone compound 
52 with a 54% yield. 
 

Fig. 6. Structures of Revuforj® (revumenib) 5 and its fluorine-free analogs 48 and 49.

Clinical trials have shown promising re-
sults. When used as monotherapy for relapsed 
or refractory AML, revumenib 5 demonstrated 
significant efficacy, particularly in cases with 
nucleophosmin 1 (NPM1) mutations. This ap-
proval marks a significant advancement in the 
field of leukemia treatment, offering new hope 
for patients with limited therapeutic options 
[200, 201].

The synthetic route for the preparation of 
revumenib (5) is outlined in Scheme 7, start-
ing with 2-bromo-4-fluorophenol 50 as the in-
itial material [202]. Compound 50 underwent 
a substitution reaction with ethyl 2-bromoace
tate in the presence of K2CO3, yielding com-
pound 51 with an 86% yield. Compound 51 
was first reacted in anhydrous THF, using ethyl 
formate and NaH as reagents. It then under-
went a cyclization condensation reaction with 
thiourea at 90°C, resulting in the pyrimidinone 
compound 52 with a 54% yield.

Subsequently, compound 52 was subject-

ed to a desulfurization reduction reaction in 
the presence of Raney Ni, yielding compound 
53 with a 99% yield. Compound 53 was then 
reacted with CO and methanol under the ca-
talysis of Pd(dppf)Cl2, affording compound 
54 with a 45% yield. In the presence of SOCl2, 
compound 54 underwent a substitution reac-
tion, resulting in derivative55 with a 57% yield. 
Ester 55 was then reacted with bicyclic pro
perly protected diamine 56 in the presence of 
TEA, using isopropanol as the solvent, to yield 
compound 57 with a 77% yield. Precursor 57 
first underwent a hydrolysis reaction in the 
presence of LiOH, followed by an amidation 
reaction with amine 58 in the presence of BOP, 
yielding product 59 with a 70% yield. Deriva-
tive 59 was first deprotected of its Boc-protect-
ing group in the presence of TEA and DCM as 
solvents. It subsequently reacted with activa
ted cyclic amino alcohol 60 in the presence of 
K2CO3, KI, and NMP, giving rise torevumenib 
5 with a 37% yield [202].
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Scheme 7. Synthesis of Revuforj® (revumenib) 5.
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Scheme 7. Synthesis of Revuforj® (revumenib) 5. 
 

Subsequently, compound 52 was subjected to a desulfurization reduction reaction 
in the presence of Raney Ni, yielding compound 53 with a 99% yield. Compound 53 
was then reacted with CO and methanol under the catalysis of Pd(dppf)Cl2, affording 
compound 54 with a 45% yield. In the presence of SOCl2, compound 54 underwent a 
substitution reaction, resulting in derivative55 with a 57% yield. Ester 55 was then 
reacted with bicyclic properly protected diamine 56 in the presence of TEA, using 
isopropanol as the solvent, to yield compound 57 with a 77% yield. Precursor 57 first 
underwent a hydrolysis reaction in the presence of LiOH, followed by an amidation 
reaction with amine 58 in the presence of BOP, yielding product 59 with a 70% yield. 
Derivative 59 was first deprotected of its Boc-protecting group in the presence of TEA 
and DCM as solvents. It subsequently reacted with activated cyclic amino alcohol 60 in 
the presence of K2CO3, KI, and NMP, giving rise torevumenib 5 with a 37% yield 
[202]. 

CONCLUSIONS. This year’s crop of FDA-approved small-molecule drugs 
containing fluorine and amino acid residues consists of five pharmaceuticals: Voydeya® 
(danicopan) 1, Ojemda® (tovorafenib) 2, Itovebi® (inavolisib) 3, Scemblix® (asciminib) 
4, and Revuforj® (revumenib) 5. Four of these drugs (2-5) were developed to fight 
various types of cancer, while danicopan (1) was approved for the treatment of a rare 

CONCLUSIONS. This year’s crop of FDA-
approved small-molecule drugs containing 
fluorine and amino acid residues consists of 
five pharmaceuticals: Voydeya® (danicopan) 1, 
Ojemda® (tovorafenib) 2, Itovebi® (inavolisib) 3, 
Scemblix® (asciminib) 4, and Revuforj® (revu-
menib) 5. Four of these drugs (2-5) were de-
veloped to fight various types of cancer, while 
danicopan (1) was approved for the treatment 
of a rare form of blood disease.

The tailor-made amino acidsinclude 3-sub-
stituted proline (1), alanine (2, 3), and amino 
acid-derived cyclic amino alcohols (3, 4) and 
diamines (5). The types of fluorination are rep-
resented by cyclic CHF (1), hetero-aromatic 
CF3 (2), aliphatic CHF2 group (3), aromatic 
CClF2-O group (4), and aromatic fluorine (5). 

An important trend observed in new small-
molecule pharmaceuticals, and this group of 
drugs in particular, is that all five compounds 
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under discussion are chiral, possessing one 
(2, 3) or two (1, 3, 4) stereogenic carbons. 
Considering the FDA requirements for chiral 
drugs, continuous advances in the asymmetric 
synthesis and characterization of chiral fluo-
rine-containing compounds are of great im-
portance. In this regard, particular attention 
should be given to the phenomenon of the 
self-disproportionation of enantiomers (SDE), 
a non-linear behavior of enantiomerically en-
riched compounds [203–205]. The SDE pro
perties of chiral drugs, especially those con-

taining fluorine [206–208] and/or AA residues 
[209–211], are a critical public safety issue, re-
quiring additional scrutiny in evaluating their 
enantiomeric purity [212–215].
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У статті розглянуто п’ять нових пре-
паратів, схвалених FDA, що містять фтор 
і фрагменти амінокислот або їхніх похід-
них. До цих лікарських засобів належать: 
Voydeya® (danicopan), Ojemda® (tovorafenib), 
Itovebi® (inavolisib), Scemblix® (asciminib) та 
Revuforj® (revumenib). Описано відкриття 
кожного препарату, терапевтичне застосу-
вання та детальний хімічний синтез.

Ключові слова: фтор, спеціально ство-
рені амінокислоти, фармацевтичні препа-
рати, дизайн ліків, синтез, біоактивність.
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