
Mendeleev Commun., 2023, 33, 653–656

Mendeleev
Communications
Molecular structure of 3,3-pentamethylenediaziridine  
in gas and solution phases

Alexander V. Belyakov,a Vladimir V. Kuznetsov,b Nadezhda S. Kormil’tsina,a Galina S. Shimanskaya,a 
Anatoly N. Rykov,c Andrey S. Dmitrenok,b Yulia V. Novakovskayac and Igor F. Shishkov*c

a	St. Petersburg State Institute of Technology (Technical University), 190013 St. Petersburg, Russian Federation
b	N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 119991 Moscow,  

Russian Federation
c	 Department of Chemistry, M. V. Lomonosov Moscow State University, 119991 Moscow, Russian Federation. 

E-mail: ifshishkov@phys.chem.msu.ru

DOI: 10.1016/j.mencom.2023.09.021
–  653  –© 2023 Mendeleev Communications. Published by ELSEVIER B.V.  
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the  
Russian Academy of Sciences.

Derivatives of diaziridine (diazacyclopropane) have a pronounced 
effect on the central nervous system, exhibiting various types of 
neurotropic activity.1–3 To date, a number of studies have 
identified the antidepressant effects of 1-[2-(3,3-dimethyldia
ziridin-1-yl)ethyl]-3,3-dimethyldiaziridine, known as tetramezine.4,5 
An important field of modern medicinal chemistry is the design 
of drugs based on the combination of several pharmacologically 
active fragments in one molecule.6,7 One of these fragments can 
be cyclohexane, which nowadays plays a significant role in 
pharmacology.8 A number of compounds of the cyclohexane 
family have been successfully tested as antianginal, hypoglycemic 
and anticonvulsant drugs, as well as drugs used in the treatment 
of Parkinson’s disease and epilepsy. Some drugs based on 
cyclohexane, such as Validol, Gabapentin, Cyclamide and Amedin, 
are used in medical practice. In this work, a structural analysis of 
3,3-pentamethylenediaziridine (PMDA) was carried out, which 
involves both diaziridine and cyclohexane fragments and serves 
as the basis for a drug with a confirmed high anxiolytic activity.1 
Insofar as different conformations of a molecule can produce 
different effects and differ in different phases, the investigation 
of the structure of PMDA in both gas and condensed phases by 
gas-phase electron diffraction (GED) and NMR techniques in 
combination with nonempirical simulations is of high demand.

The synthesis and characterization of PMDA was carried out 
according to the techniques outlined in Online Supplementary 
Materials. The structure of an individual PMDA molecule in the gas 
phase was found based on a combination of GED data (Table S1, 
see Online Supplementary Materials) and quantum chemical 
simulations. To obtain relative differences in structural parameters 

in terms of the known additive scheme,9–16 geometry optimization 
was carried out at the CCSD(T)-FC level with the cc-pVTZ 
(hereinafter VTZ) basis set. The composite parameters of the 
best theoretical equilibrium (BTE) structure of the PMDA molecule 
were then calculated as follows:

re[CCSD(T)-AE/wCVQZ] = re[CCSD(T)-FC/VTZ] +  
      + {re(MP2-AE/wCVTZ) – re(MP2-FC/wCVTZ)} +  
      + {re(MP2-FC/VQZ) – re(MP2-FC/VTZ)},	 (1)

where AE and FC denote the all-electron and frozen-core calcula
tions, respectively (Table S2). The accuracy of this method, 
based on the additivity of small relative differences in structural 
parameters, has been repeatedly confirmed.9–17 The normal-
coordinate analysis proved that the structures with point-group 
symmetry C1 correspond to the minima of the potential energy 
surface (PES). MP2 and DFT calculations were carried out using 
the Gaussian 16 (Revision C.01) program,18 and CCSD(T) calcula
tions were performed using the CFOUR program.19 The mean 
amplitudes (uij,h1) and vibrational corrections (rij,e – rij,a) given in 
Table S3, required for GED data analysis, were computed using 
quadratic and cubic force fields in first-order perturbation theory, 
taking into account nonlinear kinematic effects using the SHRINK 
program.20–23 Quadratic and cubic force fields were calculated 
using the B2PLYP functional and the VTZ basis set.

To refine the structural parameters, the following functional 
of the form
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3,3-pentamethylenediaziridine
The equilibrium molecular structure of the 3,3-penta
methylenediaziridine (PMDA) molecule in the gas phase was 
determined by gas-phase electron diffraction in combination 
with quantum chemical calculations up to the CCSD(T)-AE/
cc-pwCVQZ level and estimation of the mean amplitudes 
and anharmonic vibrational corrections using quadratic and 
cubic force fields. 1D and 2D 1H and 13C  NMR spectra of 
PMDA in a CDCl3 solution recorded at different temperatures 
revealed the temperature dependence of the chemical shifts 
of NH protons. Nonempirical simulations of small PMDA 
clusters, carried out at the DFT-B3LYP/6-31++G(2d,p) level, 
enabled us to suggest an interpretation of the NMR data.

Keywords: 3,3-pentamethylenediaziridine, gas-phase electron diffraction, GED, molecular structure, NMR spectra, PMDA clusters. 



Mendeleev Commun., 2023, 33, 653–656

–  654  –

in which sM(s) is a function of molecular intensity,  
s = (4p/l)sin(q/2) with q and l denoting the scattering angle and 
wavelength of the electron beam, respectively, ws is the weight 
function and k is the scale factor, was minimized using the 
R-factor as a criterion. Structure refinement by the least squares 
method was performed using a modified version of the KCED25 
program.24 The weight matrices were diagonal. GED camera 
distance data were taken with weights of 0.5 and 1.0 for short 
and long camera distance, respectively.

Molecular structure of PMDA [Figure 1(a)] is determined by 
11 internuclear distances, 19 bond angles and 20 dihedral angles, 
among which one distance, three bond angles and four dihedral 
angles are the ring closure parameters. Geometric parameters 
and mean least-squares vibrational amplitudes were refined in 
groups with constant differences, starting with theoretical BTE 
and DFT-B2PLYP values, respectively.

In particular, the mean least-squares amplitudes were refined 
in six groups according to specific ranges of the radial distribution 
curve [Figure 1(b)]: 1.0−1.9, 1.9−2.3, 2.3−2.8, 2.8−3.1, 3.1−3.6, 
3.6−4.1 and 4.1–6.0 Å. The internuclear distances were refined 
in two groups, namely, the C/N–H and all other distances. The 
bond angles were set equal to the theoretical BTE values. The 
resulting structural parameters of the lowest energy chair conformer 
of the molecule are listed in Tables 1 and S5, and the correlation 
between the refined parameters is given in Table S4.

To clarify the reasons why only one conformer was detected 
in GED experiments, despite the expected possible variations in 
ring geometry, the PES cross-sections of the PMDA molecule 
were constructed at the DFT level with the B3LYP hybrid 
exchange-correlation functional and the 6-31++G(2d,p) basis 
set. Figure  2(a) shows a two-dimensional cross-section of the 
PES, which corresponds to variations in two opposite dihedral 
angles of the ring. The chair conformers correspond to position 
coordinates in the upper left and lower right corners. The path 
with the lowest energy between the chair conformers is shown in 
Figure  2(b) and corresponds to the transformation of the first 
chair form through the half-chair transition state (TS) into the 
twist form located in the lower left corner in Figure 2(a) and then, 
through the second half-chair transition state, to the second chair 
conformer. For symmetry reasons, there is a mirror path that 
includes another twist form, located in the upper right corner in 
Figure 2(a). The path was calculated using the quadratic synchronous 
transit method, STQN.25,26 As can be seen, the difference in energy 
between the two conformers is about 6 kcal mol−1, and the barrier 
on the path is above 10  kcal mol−1, which explains the actual 
presence of only the chair conformer in the gas phase.

At the same time, NMR experiments (for details, see Online 
Supplementary Materials) revealed an interesting peculiarity of 
PMDA in CDCl3 solution. 1H NMR spectra were recorded at 
several temperatures, and as the temperature changed, a 
noticeable upfield shift in the signals of N-bonded H(19) and 
H(20) protons was observed. This shift occured from 1.536 ppm 
at 298 K to 1.533  ppm at 302  K and further to 1.484  ppm at 
323 K with a simultaneous change in the signal shape (Figures S3, 
S4, S6 and S7, see Online Supplementary Materials). The 
1H chemical shift is a sensitive parameter associated with both 
conformational changes in molecules and changes caused by 
intermolecular interactions, accompanied by a change in the 
electron density distribution around particular nuclei. Taking 
into account that PMDA molecules form continuous sequences 
of H-bonds in the crystal structure,27 aggregation due to the 
formation of H-bonds is quite possible in the liquid phase as 
well. Therefore, the temperature-dependent changes mentioned 
above may be due to both factors.

To elucidate the nature of intermolecular interactions of PMDA 
molecules, a series of quantum chemical simulations of small 
PMDA clusters at the DFT-B3LYP/6-31++G(d,p) level was carried 
out using the Firefly program package,28 and the results were 
visualized using the Chemcraft software.29 Only structures with 
the lowest energy among those identified in optimization runs are 
considered below. The stability of the clusters was judged on the 
basis of estimates of the vertical (DEv) and adiabatic (DEad) 
dissociation energies obtained as follows:
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Figure  1  (a) Structure of a PMDA molecule with atom numbering. 
(b) Experimental ( ) and calculated (–) radial distribution functions f (r) of 
PMDA and their difference (D) estimated by subtracting the theoretical 
values from the experimental ones.

Table  1  Main equilibrium structural parameters of the chair conformer of 
the PMDA molecule.

Bond d/Åa Bond angles ∠ /deg Dihedral angles ∠ /deg

C(1)–C(2) 1.505 C(1)–C(2)–C(3) 110.1 C(1)–C(2)–C(3)–C(4)     54.4

C(2)–C(3) 1.528 C(2)–C(3)–C(4) 111.1 C(2)–C(3)–C(4)–C(5)   –56.6

C(3)–C(4) 1.526 C(3)–C(4)–C(5) 111.0 C(3)–C(4)–C(5)–C(6)     56.7

C(4)–C(5) 1.526 C(4)–C(5)–C(6)b 110.7 C(1)–C(6)–C(5)–C(4)   –54.8

C(5)–C(6) 1.527 C(1)–C(6)–C(5)b 110.3 C(2)–C(1)–C(6)–C(5)b     55.0

C(1)–C(6) 1.505 C(2)–C(1)–C(6)b 114.2 C(3)–C(2)–C(1)–C(6)b   –54.7

C(1)–N(7) 1.440 C(2)–C(1)–N(7) 120.5 C(3)–C(2)–C(1)–N(7)   160.1

N(7)–N(8) 1.511 C(3)–C(2)–H(9) 110.9 C(2)–C(1)–N(7)–N(8) –104.0

C(1)–N(8)b 1.446 C(3)–C(2)–H(10) 109.8 C(4)–C(3)–C(2)–H(9)   175.1

(C–H)av 1.121 C(4)–C(3)–H(11) 109.3 C(4)–C(3)–C(2)–H(10)   –65.5

(N–H)av 1.047 C(4)–C(3)–H(12) 110.5 C(5)–C(4)–C(3)–H(11)     63.2

C(5)–C(4)–H(13) 110.2 C(5)–C(4)–C(3)–H(12) –179.1

C(5)–C(4)–H(14) 109.1 C(6)–C(5)–C(4)–H(13)   179.0

C(6)–C(5)–H(15) 110.1 C(6)–C(5)–C(4)–H(14)   –63.8

C(6)–C(5)–H(16) 109.3 C(1)–C(6)–C(5)–H(15) –177.4

C(1)–C(6)–H(17) 108.5 C(1)–C(6)–C(5)–H(16)     65.4

C(1)–C(6)–H(18) 109.2 C(2)–C(1)–C(6)–H(17)   –65.0

C(1)–N(7)–H(19) 108.3 C(2)–C(1)–C(6)–H(18)   178.4

C(1)–N(8)–H(20) 108.3 C(2)–C(1)–N(7)–H(19)     –9.5

C(2)–C(1)–N(8)–H(20) –152.6

a The R-factor is 5.0%. For the two groups of refined internuclear distances (see 
text), the standard deviations 3s of LS refinement is 0.006 Å. The numbering 
of atoms is shown in Figure 1(a). b Ring closure parameters.
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Figure  2  (a) 2D and (b) 1D cross-sections of the PES of PMDA along the 
coordinates of dihedral angles C(1)–C(2)–C(3)–C(4) (X) and C(1)–C(6)– 
C(5)–C(4) (Y), corresponding to the chair–twist–chair transformation.
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where E(PMDAn) and E(PMDA) are the total adiabatic energies 
of the PMDAn cluster and the PMDA monomer in their optimal 
configurations, respectively, E'k (PMDA) is the energy of the k-th 
monomer in its configuration in the corresponding cluster, and 
BSSE is the standard basis set superposition error.

Molecules that oppose each other in two adjacent sequences 
of hydrogen bonds in the crystal structure,27 when considered as 
an individual dimer, can readily form a closed H-bonded ring 
[Figure 3(a)]. Such double N–H···N bridges between two molecules, 
along with sequences of N–H···N bonds connecting several 
molecules into structural rings, are also present in larger clusters 
[Figure  3(b)–(d)]. The estimated values DEad and DEv of the 
dissociation energy of small clusters (Table 2) show that the bonds 
themselves are relatively strong, namely, the mean H-bond energy 
is at least 5.6–5.8 kcal mol−1 and increases with the number of 
molecules in the cluster, or in other words, with an increase in 
the number of H-bonds, combined into continuous sequences. 
Such energies are high enough to ensure the aggregation of 
molecules in a CDCl3 solution. At the same time, the vertical and 
adiabatic energies are very close, which means that the perturbation 
of individual molecules upon such aggregation is not as substantial. 
Furthermore, the energies themselves are comparable to or even 
slightly higher than the energy difference between the two 
conformers (chair and twist) of PMDA. Such closeness of energy 
characteristics shows that for a conformational change of a 
certain molecule, approximately the same energy is sufficient 
that is released during the formation of a hydrogen bond. Since 
both processes can be closely localized and, therefore, proceed 
simultaneously, there may be a certain conjugation between them.

The conformational transformation can be facilitated to a certain 
extent by an increase in temperature due to the activation of low-
frequency distortion and twisting vibrations. Taking into account 
that aggregation is driven by hydrophilic interactions, and penta
methylene fragments of molecules form an outer coating of the 
central H-bonded part of cluster structures, it is quite possible that 
conformational transformations inside the fragments can proceed 
without noticeable perturbation of the next neighboring intermolecular 
contacts. The latter may affect only relatively weak dispersion 
interactions between methylene groups belonging to the same or 
different neighboring molecules. If we additionally take into 
account the relative weakening of H-bonds with increasing 
temperature, then it easily follows that both processes can contribute 
to the observed temperature dependences of the chemical shifts 
of NH protons.

Thus, 3,3-pentamethylenediaziridine molecule, whose equilibrium 
structure parameters in the gas phase were determined on the 
basis of GED data, is a very interesting particle, since the energy 
difference between its chair and twist conformations nearly 
coincides with the mean energy of hydrogen bonds between 
molecules in their clusters. On the one hand, the peculiarities of 
H-bonding qualitatively account for the temperature dependence 
of the NMR chemical shifts of NH protons. On the other hand, 
the closeness of energies indicated above, along with a minor 
perturbation of the hydrophobic parts of molecules upon their 
aggregation, can make the chair–twist conformational transforma
tion, which does not occur in the gas phase, quite possible in a 
liquid. This interesting aspect deserves special attention and will 
be studied in more detail in the near future.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.09.021.
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