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Abstract—Quantum chemical calculations by the density functional theory method at the B3LYP/6-311++G**
level have shown that 5-nitro-5-methyl-1,2,3,4-tetramethoxycarbonylcyclopentadiene (1) and 5-nitro-2-methyl-
1,3,4,5-tetramethoxycarbonylcyclopentadiene (2) undergo interconversion by consecutive 1,5-sigmatropic shifts
via the formation of an unstable isomer, 5-nitro-1-methyl-2,3,4,5- tetramethoxycarbonylcyclopentadiene (3),
rather than through the NMR-detected 1,3-shift of the nitro group over the cyclopentadiene ring perimeter.
According to calculations in the gas phase, isomer 3 is by ΔEZPE of 3.6 kcal/mol less stable than isomer 1, while the

activation barrier of the stepwise 1 → 2 process is 24.5 kcal/mol, which agrees well with NMR data ( , chlo-
robenzene, 26.5 kcal/mol).

DOI: 10.1134/S0012500818040067

≠Δ 25CG
NO2Me 5
Me
5

Acid-catalyzed rearrangements of derivatives of N-
nitroaniline, N-nitroindazoles, triazoles, imidazoles,
carbazoles, and aromatic nitro compounds including
irreversible shifts of nitro group are widely used in
organic synthesis [1]. The examples of reversible nitro
group shifts are very few in number and are limited to
migrations in the systems of substituted cyclopenta-
dienes and benzenonium ions [2–5]. Similar structur-
ally f lexible cyclopolyenes can be considered as proto-
types of molecular rotor motors due to reversible cir-
cular migrations of organoelement groups over the
ring perimeter [6–10].

Experimental data on the migrations of nitro group
in the ring of substituted cyclopentadienes provide no
possibility to establish their exact mechanisms, which
can be associated with 1,3- and 1,5-sigmatropic shifts
of nitro group or dissociation via intermediate forma-
tion of a tight ion pair.

In this work, we studied possible reaction routes for
nitro group migrations in the methyltetramethoxycar-
bonylcyclopentadiene system in the gas phase to
establish the noted mechanisms by means of density
functional theory (DFT) B3LYP/6-311++G(d,p) cal-
culations.
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Isomeric 5-nitro-5-methyl-1,2,3,4-tetramethoxy-
carbonylcyclopentadiene (1) and 5-nitro-2-methyl-
1,3,4,5-tetramethoxycarbonylcyclopentadiene (2,
Scheme 1) were synthesized by us previously [2] in a
0.55 : 0.45 ratio by the nitration of the corresponding
cyclopentadiene with concentrated nitric acid in ace-
tic anhydride at –50°C and were separated by low-
temperature crystallization, while their crystal struc-
ture was proved by X-ray diffraction analysis.

We found by 1H NMR that isomers 1 and 2
undergo interconversion in chlorobenzene at 80°C
reaching the equilibrium ratio 1 : 2 = 0.85 : 0.15 in sev-
eral minutes with activation barriers  26.5 (1 → 2)
and 25.4 (2 → 1) kcal/mol (Scheme 1).

According to 1H NMR, the interconversion of iso-
mers 1 and 2 occurs as a 1,3-shift of nitro group along
the cyclopentadiene ring perimeter (Scheme 1). This
process may be a result of the alternative rearrange-
ment mechanism caused by consecutive 1,5-sigma-
tropic shifts of nitro group with intermediate forma-

≠Δ 25CG
3

Scheme 1.
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Scheme 2.
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tion of a less stable isomer, 5-nitro-1-methyl-2,3,4,5-
tetramethoxycarbonylcyclopentadiene (3) (Scheme 2).

Quantum chemical calculations were performed by
the DFT method [15] with the three-parameter
B3LYP potential with the split-valence basis set 6-
311++G(d,p) in the gas phase using the Gaussian-09
software package. All stationary points were identified
by calculation of the Hessian matrix. Charges on
atoms were calculated by the NBO scheme.
Table 1. Total (Etotal) and relative energies of ground state
structures 1–3 and transition states of sigmatropic shifts of
nitro group TS4–TS6 calculated by the B3LYP/6-
311++G(d,p) method in the gas phase

Etotal is the total energy, 1 au = 627.5095 kcal/mol; ΔEZPE is the
relative energy corrected for the zero point energy; ω1, cm–1 is the
lowest harmonic vibrational frequency or the value of the sole imagi-
nary harmonic vibrational frequency; EZPE = –1349.50911 (1).

Structure Etotal, au ΔEZPE, 
kcal/mol

ω1, cm–1

1 –1349.80181 0 31
1A –1349.79968 1.3 19
2 –1349.79842 1.6 18
3 –1349.79546 3.6 29

TS4 –1349.76723 19.7 –273
TS5 –1349.75892 24.5 –323
TS6 –1349.76440 21.4 –244
According to quantum chemical calculations in the
gas phase, isomers 1–3 correspond to minima on the
potential energy surface (PES). Isomers 1 and 2 are
very close in stability (ΔEZPE = 1.6 kcal/mol), while
isomer 3 is less stable than 1 at ΔEZPE = 3.6 kcal/mol
(Table 1, Fig. 1, Scheme 2), which explains the lack of
signals of isomer 3 in 1H NMR spectra of nitrometh-
yltetramethoxycarbonylcyclopentadiene owing to its
low equilibrium content. The calculated geometrical
parameters of structure 2 correspond to X-ray diffrac-
tion data [2]. 5-Nitro-5-methyl-1,2,3,4-tetrame-
thoxycarbonylcyclopentadiene in the solid state has
structure 1A (Table 1, Fig. 1), which differs from 1 by
the values of torsion angles of methoxycarbonyl sub-
stituents due to molecule packing effects in crystal,
structure 1A being energetically less favorable than 1 at
ΔEZPE = 1.3 kcal/mol.

Transition states TS4–TS6 of symmetry C1 corre-
sponding to interconversions of isomers 1–3 through
1,5-sigmatropic shifts of the nitro group along the
five-membered ring perimeter are localized on the
reaction PES (Scheme 2, Fig. 2). Bond lengths
between the migrating nitrogen atom and the carbon
atoms of the five-membered ring in TS4–TS6 are
within 2.226–2.304 Å. The values of total charges on
the nitro group (0e in TS4; 0.009e in TS5; and 0.017e
in TS6) indicate the lack of charge separation between
the migrant and the system, which is typical for sigma-
tropic shifts.

Transition states corresponding to 1,3-sigmatropic
shifts of the nitro group and the dissociation process
DOKLADY CHEMISTRY  Vol. 479  Part 2  2018



REVERSIBLE MIGRATIONS OF NITRO GROUP 55

Fig. 1. B3LYP/6-311++G(d,p) geometrical parameters and charges (marked by italic) for ground state structures 1–3 and 1A in
the gas phase. Hereinafter, bond distances are given in angstroms. X-ray diffraction data for 1A and 2 are shown in parentheses
like in [2].
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were not revealed on the PES, which indicates that
these rearrangement mechanisms are impracticable.

The calculated energy barriers for the reversible
consecutive 1,5-sigmatropic shifts of the nitro group
along the five-membered ring perimeter are within

 16.1–22.9 kcal/mol (Table 1, Scheme 3).
Scheme 3 displays the energy profile of nitro group

migrations over the methyltetramethoxycarbonylcy-
clopentadiene ring perimeter 1  TS4  3 
TS5  2  TS6  2'  TS5'  3'  TS4'  1
resulting in interconversion of isomers 1 and 2 through
the formation of intermediate isomer 3.

The experimental temperature-dependent 1H
NMR spectra of nitrocyclopentadienes 1 and 2 [2]
reflect the overall process of consecutive 1,5-shifts of

≠Δ ZPEE
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nitro group; therefore, the energy difference between
the most stable isomer 1 and the highest-energy TS5
corresponds to the activation barrier of the stepwise
1 → 2 process and constitutes 24.5 kcal/mol according
to calculations in the gas phase. Calculation data agree
well with the 1H NMR experiment for compounds 1

and 2 (1 → 2, , chlorobenzene, 26.5 kcal/mol)
and confirm the mechanism of 1,5-sigmatropic shifts
of nitro group by Scheme 2 in accordance with the
orbital symmetry conservation rules.

It is worth noting that, in cyclopolyene systems, the
migrations of nitrogen-centered groups—aryldiazo
group, iso(thio, seleno)cyanate groups, amidinyl
groups, and N-phthalimido groups—proceed by dis-

≠Δ 25CG
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Fig. 2. B3LYP/6-311++G(d,p) geometrical parameters and charges (marked by italic) for transition state structures TS4–TS6
for 1,5-shifts of nitro group in the gas phase. 
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sociation–recombination mechanisms via formation
of tight ion pairs or 3,3-sigmatropic shift [11–14].
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