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Pyruvic acid alkyl esters attract attention due to their anti-
inflammatory and antioxidant properties,1,2 and their 3-nitro-
substituted analogs can be used as starting compounds for obtaining 
heterocyclic substances modulating intracellular calcium.3 At the 
same time, semicarbazones and hydrazones of carbonyl4,5 and 
α-dicarbonyl compounds6,7 are of interest as drugs and convenient 
substrates in the synthesis of heterocycles.8 A well-known access 
to alkyl pyruvate semicarbazones is represented by the direct 
reaction of pyruvic acid esters with semicarbazide.9 Meantime, 
highly reactive alkyl 3-bromo-3-nitroacrylates10–12 would easily 
form hydrazones in reactions with substituted hydrazines13 while 
nitroguanidine-containing hydrazones alkyl 3-nitropyruvates are 
formed in reactions with 1-amino-2-nitroguanidine.14

In this study, we propose a synthesis of alkyl 3-nitropyruvate 
semicarbazones based on the reaction of alkyl 3-bromo-3-
nitroacrylates 1a,b with semicarbazides (Scheme 1). Bromo
nitroacrylates 1a,b react with semicarbazide (generated from its 

hydrochloride by the action of aqueous NaOH) or with 
4-phenylsemicarbazide in ethanol at room temperature to form 
aza-Michael adducts, alkyl 3-bromo-2-(2-carbamoylhydrazinyl)-
3-nitropropanoates 2a–d, in 31–72% yields (procedures A or C). 
These products were isolated; according to 1H NMR data, they 
are mixtures of two diastereomers in the ratios 2a'/2a'' = 1.3 : 1, 
2b'/2b'' = 1 : 1.3, 2c'/2c'' = 1.1 : 1, 2d'/2d'' = 6.3 : 1 (diastereomers 
with more downfileld signals for the methine protons C2H and 
C3H in the 1H NMR spectra are designated as 2a'–d' in distinction 
to upfield resonating 2a''–d''). Refluxing these substances 2a–d 
in aqueous alcoholic solution in the absence of a base 
(procedure D) results in alkyl 2-(2-carbamoylhydrazinylidene)-
3-nitropropanoates 3a–d in 56–89% yields. Their 1H NMR 
spectra recorded in DMSO-d6 contain a double set of signals of 
all structural fragments, which should indicate their existence as 
E/Z isomer mixtures (the E/Z ratio for 3a was 1 : 3; for 3b, 1 : 4; 
for 3c, 1 : 30; and for 3d, 1 : 11.5; see Scheme 1).
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Semicarbazones of alkyl 3-nitropyruvates were obtained by 
the reaction between alkyl 3-bromo-3-nitroacrylates and 
semicarbazides. The products were formed as E/Z isomer 
mixtures from which some representatives of the individual 
isomers were isolated. The possibility of their isomerization 
was shown.
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Scheme  1  Reagents and conditions: i, H2NC(O)NHNH2·HCl, 1 m NaOH (aq.), EtOH, ~20 °C, 1 h (procedure A); ii, H2NC(O)NHNH2·HCl–AcONa (1 : 1), 
EtOH, ~20 °C, 2 h (procedure B); iii, PhHNC(O)NHNH2, EtOH, ~20 °C, 1 h (procedure C); iv, EtOH–H2O (2 : 1), D, 2.5 h (procedure D); 
v, 1–H2NC(O)NHNH2·HCl–AcONa (1 : 2 : 2.8), EtOH, ~20 °C, 1 h (procedure E).
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Most probably, the initially generated product of HBr 
elimination, nitro enamine A, undergoes an enamine–imine 
tautomeric transformation to form the final semicarbazone (see 
Scheme 1). Quantum-chemical calculations (PBE1PBE/def2-
TZVP) performed for nitro enamine A, E- and Z-isomers of 
semicarbazone 3a argue for the latter being much more 
energetically favorable (by 6.7 and 10.1 kcal mol–1).

The synthesis of semicarbazones 3a,b as a mixture of E- and 
Z-isomers with yields of 90 and 64%, respectively, can also be 
carried out in one pot (procedure E) by keeping a mixture of 
bromonitroacrylates 1a or 1b, semicarbazide hydrochloride, and 
sodium acetate (molar ratio 1 : 2 : 2.8) in ethanol at room 
temperature. Note that the use of an equimolar amount of 
semicarbazide hydrochloride and sodium acetate (exemplified 
by bromonitroacrylate 1b) under these conditions leads to only 
aza-adduct 2b in 58% yield (procedure B). Double 
recrystallization makes it possible to obtain some of E- or 
Z-isomers in individual form.

The configuration of the semicarbazones was determined 
based on the 1H–1H NOESY experiments (variable mixing time 
t 1, 1.5, 2 s). For the E-3a isomer, cross peaks of the signals for 
the CH2NO2 protons (d 5.61 ppm) and NH (d 10.96 ppm) groups 
are observed. In turn, for Z-3b isomer such cross peaks of the 
signals for CH2NO2 protons (d 5.43 ppm) and NH (d 11.32 ppm) 
groups are absent (see Online Supplementary Materials).

It turned out that at room temperature in a DMSO-d6 solution 
individual compounds E-3a and Z-3b would undergo 
isomerization forming mixtures of the corresponding E- and 
Z-isomers. It is known that the E-isomer of methyl pyruvate 
semicarbazone is converted to the Z-isomer under irradiation 
(l 254 nm, exposure for 2 days),15 while N-acylhydrazones of 
methyl pyruvate undergo partial isomerization (E ® Z) when 
heated to 30–40 °C for several hours.16 The study of the 
isomerization of E-3a and Z-3b in a DMSO-d6 solution (0.217 m) 
controlled by 1H NMR spectroscopy shows that their 
isomerization processes are slightly different (see Online 
Supplementary Materials). Thus, already after 0.5 h, the solution 
of Z-3b contains ~1% of the E-isomer, while E-3a still remains 
individual. However, the equilibrium of both processes completes 
after ~105 h (the fraction of the Z-isomer for 3a reaches 37.5%, 
the fraction of the E-isomer for Z-3b approaches 55%).

As noted above, quantum-chemical calculations for the 
individual E- and Z-isomers of 3a indicate that isomer Z-3a is 
more favorable in the isolated state (for the calculation methods, 
see refs. 17–22). Its antipode E-3a is 3.8 kcal mol–1 less energy-
efficient. Additional stabilization of Z-3a can be achieved due to 
the presence of an intramolecular hydrogen bond N–H∙∙∙O (N∙∙∙O 
2.655 Å) leading to a planar six-membered cycle, while in case 
of E-3a an intramolecular hydrogen bond is incorporated into a 
seven-membered cycle and is much longer (N∙∙∙O 2.878 Å, see 
Online Supplementary Materials). The topological analysis of 
the electron density distribution function, followed by the 
evaluation of interactions based on the semi-quantitative 
Espinosa–Lecomte correlation,23 showed that the energy of the 
intramolecular hydrogen bond in Z-3a and E-3a is 3.7 and 
8.9 kcal mol–1, respectively.

At the same time, when considering the stability of the E- and 
Z-isomers of 3a in solution, it should be taken into account that 
the E-3a (4.97 D) isomer exceeds Z-3a (3.3 D) in terms of the 
dipole moment. Based on this, the high polarity of DMSO-d6 
could lead to a decrease in the energy difference; however, taking 
into account nonspecific solvation (SCRF = PCM) in quantum-
chemical calculations, only slight changes in the difference in 
the energies of Z-3b and E-3b are found, which amount to 
~3.45 kcal mol–1. In view of the observed difference in the ratio 
of E- and Z-isomers for 3a and 3b in solution, additional 

quantum-chemical calculations taking into account the specific 
solvation for 3b showed that the Z-isomer is more favorable, and 
the difference in energy (3.21 kcal mol–1) is only slightly 
different from 3a.

The structure of isolated individual isomers of semicarbazones 
E-3a, Z-3b, and Z-3d was studied by X-ray diffraction analysis 
(Figure 1).† It turned out that the intramolecular hydrogen bond 
in the E-3a crystal supposed from quantum-chemical calculations 
does not actually occur, since the molecules are probably 
involved in the formation of intermolecular hydrogen bonds 
leading to a change in their conformations. On the contrary, an 
intramolecular hydrogen bond is realized in the Z-3b crystal; 
however, due to the presence of intermolecular interactions, the 
distance between the proton donor and acceptor in the crystal is 
longer (2.750 Å) than that derived from the calculation. To 
estimate the hydrogen bond energy in the Z-3b crystal, we used 
the invariom model26 which allowed us to obtain a pseudostatic 
electron density function using tabulated multipole parameters 
for certain types of atoms and functional groups. Based on the 
obtained electron density function, we carried out its topological 
analysis and estimated the energy in the framework of the 
Espinosa–Lecomte correlation, which turned out to be 
~3 kcal mol–1 less than in the isolated state. Thus, taking into 
account the real solvation of a molecule in solution, its 
stabilization by intramolecular hydrogen bond can be 
significantly less than in an isolated state. Thus, the evaluation of 
the strength of the intramolecular hydrogen bond in Z-3b for an 

†	 Crystals of compounds 3a were obtained from MeOH, and crystals of 
compounds 3b and 3d from EtOH by slow solutions evaporation.
	 Crystal data for 3a. C5H8N4O5, M = 204.15, monoclinic, space 
group  P21/n (no. 14), 120(2) K, a = 8.0712(9), b = 7.4649(8) and 
c = 14.5531(15) Å, a = 90°, b = 99.506(2)°, g = 90°, Z = 4, 
V = 864.79(16) Å3, dcalc = 1.568 mg mm–3, F(000) = 424.0. A single 
crystal with dimensions 0.32 × 0.18 × 0.17 mm was selected and 
intensities of 9589 reflections were measured using a Bruker D8 Quest 
with Photon III detector diffractometer [w-scans, m(MoKa) = 0.140 mm–1, 
2qmax = 58°]. After merging of equivalents and absorption correction, 
2286 unique reflections (Rint = 0.024) were used for the structure solution 
and refinement. Final R factors: R1 = 0.0328 [reflections with I > 2s(I )], 
wR2 = 0.0850 (all reflections), GOOF = 1.054.
	 Crystal data for 3b. C6H10N4O5, M = 218.17, monoclinic, space 
group  P21/n (no. 14), 120.15 K, a = 12.4559(11), b = 4.6090(4) and 
c = 16.7955(15) Å, a = 90°, b = 99.660(2)°, g = 90°, Z = 4, 
V = 950.55(15) Å3, dcalc = 1.525 mg mm–3, F(000) = 456.4. A single 
crystal with dimensions 0.32 × 0.25 × 0.18 mm was selected and 
intensities of 11846 reflections were measured using a Bruker D8 Quest 
with Photon III detector diffractometer [w-scans, m(MoKa) = 0.133 mm–1, 
2qmax = 61°]. After merging of equivalents and absorption correction, 
2873 unique reflections (Rint = 0.033) were used for the structure solution 
and refinement. Final R factors: R1 = 0.0380 [reflections with I > 2s(I )], 
wR2 = 0.0973 (all reflections), GOOF = 1.044.
	 Crystal data for 3d. C12H14N4O5, M = 294.27, triclinic, space group 
P1

–
 (no. 2), 110(2) K, a = 6.6733(5), b = 7.8870(7) and c = 14.5043(12) Å, 

a = 90°, b =80.112(3)°, g = 90°, Z = 2, V = 681.19(10) Å3, 
dcalc = 1.435 mg mm–3, F(000) = 308.0. A single crystal with dimensions 
0.16 × 0.14 × 0.12 mm was selected and intensities of 10048 reflections 
were measured using a Bruker D8 Quest with Photon III detector 
diffractometer [w-scans, m(MoKa) = 0.114 mm–1, 2qmax = 58°]. After 
merging of equivalents and absorption correction, 3612 unique reflections 
(Rint = 0.0479) were used for the structure solution and refinement. Final 
R factors: R1 = 0.0523 [reflections with I > 2s(I )], wR2 = 0.1266 (all 
reflections), GOOF = 1.058.
	 Semi-empirical corrections for absorption were performed in the 
SADABS program.24 The structure was solved by the direct method 
using the SHELXT software package.25

	 CCDC 1881853 (for 3a), 1881854 (for 3b) and 2260564 (for 3d) 
contain the supplementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge Crystallographic 
Data Centre via http://www.ccdc.cam.ac.uk.
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associate with one DMSO molecule showed the formation of the 
amino group of the bifurcate hydrogen bond by protons and, as a 
result, the weakening of the intramolecular hydrogen bond 
(N∙∙∙O 2.770Å, energy 4.8 kcal mol–1, see Online Supplementary 
Materials).

Thus, the obtained results of X-ray diffraction studies and 
quantum-chemical calculations indicate that the stabilization of 
the Z-isomer observed in the isolated state in the cases of 3a and 
3b can be significantly leveled due to the weakening of the 
intramolecular hydrogen bond. The observed differences in the 
isomerization dynamics of 3a and 3b is the consequence of 
moving from methyl group in 3a to ethyl one in 3b, which is 
enough to affect the interaction with solvate molecules. 

In summary, varying the conditions for the reaction of alkyl 
3-bromo-3-nitroacrylates with semicarbazides makes it possible 
to obtain both aza-Michael adducts in the form of a mixture of 
diastereoisomers and semicarbazones of alkyl 3-nitropyruvates 
in the form of a mixture of E- and Z-isomers, one of which in 
each case can be isolated by recrystallization.

This study was performed as part of a state assignment with 
financial support from the Ministry of Education of the Russian 
Federation (grant no. VRFY-2023-0003).

Physicochemical studies were carried out using the equipment 
of the Center for Collective Use ‘Physical and chemical methods 
for the study of nitro compounds, coordination, biologically 
active substances and nanostructured materials’ of the 
Interdisciplinary Resource Center for Collective Use ‘Modern 
physical and chemical methods for the formation and study of 
materials for the needs of industry, science and education’ of 
Herzen State Pedagogical University of Russia.
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Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.09.042.
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Figure  1  Perspective views of (a) compound 3a, (b) compound 3b, and 
(c) compound 3d according to X-ray data.
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