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For the first time, the equilibrium molecular structure and
conformational composition (6 to 8 conformers) of 1,2,3-triethyl-
diaziridine in the gas phase were determined by gas-phase
electron diffraction. Using 1D and 2D *H and 3C NMR spectro-
scopy, it was shown that in a CDCl; solution under normal
conditions on the NMR time scale, the molecule exists only as
one conformer. The enthalpy of formation A¢H g of the studied
molecule in the gas phase was calculated by the method of
atomization reactions and is equal to 92.2+1.7 kJ mol ™.

4

GED + QC + NMR study

A

J
1,2,3-Triethyldiaziridine
(6 to 8 conformers)

Keywords: gas-phase electron diffraction, equilibrium structure, conformational composition, diaziridines, enthalpy of formation,

quantum chemical calculations, gas phase, NMR spectroscopy.

Diaziridines (1,2-diazacyclopropanes) are widely used in both
theoretical and practical fields.12 They are convenient objects for
studying the stereochemistry of nitrogen, since under normal
conditions the nitrogen atoms in monocyclic diaziridines are
chiral.13 The strained diaziridine ring is prone to ring expansion
reactions, resulting in various five- to eight-membered mono- and
bicyclic heteroatomic moieties.>*-11 Diaziridine derivatives exhibit
neurotropic activity, having a direct action on the central nervous
system.213 Important properties of diaziridines are high enthalpy
of formation and low toxicity; therefore, they are of interest as
potential components of liquid rocket propellants to replace toxic
hydrazine derivatives.!* Lone electron pairs, as well as substituents
at the nitrogen atoms of monocyclic diaziridines, are always in the
transposition, which is due to the steric and four-electron destabilizing
interaction of cis-oriented N-substituents and lone pairs.21®
According to ab initio calculations, unsubstituted cis-diaziridine is
destabilized by 29.7-32.6 kJ mol~! compared to its trans-isomer.16

The study of the simplest diaziridine structures, such as
1,2-dimethyl-, 1,2,3-trimethyl- and 1,2-diethyldiaziridines, by
gas-phase electron diffraction (GED) showed that in all molecules
the alkyl groups at nitrogen atoms occupy the trans position7-19
with respect to the ring plane. The GED study of 3-cyclopropyl-
1,2-dimethyldiaziridine,2° supplemented by quantum chemical
(QC) calculations, indicated the stabilization of gauche- and
anti-conformers in a ratio of 1: 1.5 with a conformational energy
barrier of ~25 kJ mol™* due to the presence of a cyclopropyl sub-
stituent at carbon atom in the diaziridine ring. In this communication,
we report our experimental and theoretical results on studying
thestructureofapossibleconformerofthe 1,2,3-triethyldiaziridine
(TEDA) molecule (Figure 1) and obtaining its structural parameters
using gas electron diffraction data and our previously published
QC calculations.?* TEDA is a liquid with bp 59—61°C (15 Torr).

© 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.

This compound, unlike other alkyl-substituted diaziridines, proved
to be an effective substrate in the [3+3]-cycloaddition reaction
with donor—acceptor cyclopropanes, leading to little-known
substituted perhydropyridazines.* The presence of three ethyl
groups in TEDA makes the study of its structure interesting due
to internal rotation and expands the possibilities of practical
application in organic synthesis.

A TEDA sample was synthesized and characterized by 1D 'H
and 13C NMR, 2D NMR (*H-13C HSQC, 'H-13C HMBC and
IH-H gNOESY) and IR spectroscopy (Figures S1-S8 and
Tables S1 and S2, see Online Supplementary Materials) at the
N. D. Zelinsky Institute of Organic Chemistry, RAS. In a CDCl;
solution under normal conditions, only one conformer was found,
corresponding to structure 1c (Figure 2).
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Figure 1 Structure of the TEDA molecule (C, point group symmetry) with
atom numbering. Dihedral rotation angles of ethyl groups are designated as
@1 = C(7)-C(4)-N(1)—-N(2), ¢, = C(8)-C(5)-N(2)-C(3) and p3 = C(9)-
C(6)-C(3)—N(2).
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Figure 2 Structures of eight TEDA conformers corresponding to the minima on PES in coordinates of torsional angles showing rotations of ethyl substituents.
Their content in the gas mixture, calculated by the Gaussian-4 method, is given in parentheses.

The GED experiment was carried out in the Laboratory of
Electron Diffraction of Molecules of M. V. Lomonosov Moscow
State University. Experimental conditions, equipment and the
resulting experimental curves of the total electron scattering
intensity are given in Figure S9 and Tables S3-S5.

Previously, the intramolecular potential energy surface (PES)
was analyzed as a function of the dihedral rotation angles of
ethyl groups, E(p4, 92, 3), where the dihedral angles are defined
as 1 = C(7)-C(4)-N(1)-N(2), ¢, =C(8)-C(5)-N(2)-C(3)
and ¢4 = C(9)—C(6)-C(3)-N(1) (see Figure 1).2* Briefly, the
positions of minima on the PES and the equilibrium geometric
parameters of the lowest energy conformations were refined in
the MP2/cc-pVTZ approximation.?223 As a result, eight TEDA
conformations with C; symmetry corresponding to these minima
were found (see Figure 2). The differences in energy did not
exceed 7 kJ mol~t. Based on the MP2/cc-pVTZ calculations, the
lowest energy conformation has structure 1a. This conformation
was taken as the global minimum.

In this work, we performed a structural analysis of the GED data
in terms of the intramolecular PES parameters: the equilibrium
internuclear distances r, at the PES minima and the quadratic and

SM(s)

5 10 15 20 25
sIA-
Figure 3 Experimental (o) and theoretical (-) molecular intensities sM(s)

for TEDA and differences A = sM™eo’(s) — sM&®(s) for (1) long and (2) short
camera distances.

cubic force constants. This approach allows for a direct comparison
of experimental and calculated data. The equilibrium geometric
parameters of the conformers obtained by QC calculations are
given in Table 1. They were taken as the starting parameters of the
molecular model indicated below. Based on the calculated quadratic
and cubic force constants, harmonic and anharmonic corrections
were calculated in determining the experimental equilibrium
parameters of the TEDA molecule.

In order to perform the structural analysis, molecular models
consisting of a finite set of low-energy stationary points were
chosen to describe the molecular structure of TEDA as accurately
as possible. As shown earlier, eight minima can be distinguished
on the PES, corresponding to the lowest energy conformations.
Therefore, mixtures of 8, 6 and 4 conformers were chosen as
reference points to construct static (semi-rigid) molecular models.
The criterion for selecting the number of conformers was the
range of energies (6.8, 2.3 and 1.2 kJ mol™) counted from the
global minimum, which were calculated in the MP2/cc-pVTZ
approximation (Table S6).

For structural analysis, we used the equilibrium geometric
parameters of all conformers and their quadratic and cubic force
fields calculated by the MP2/cc-pVTZ method. These data, together
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Figure 4 Experimental (o) and theoretical (-) radial distribution curves f(r)
and difference curve A for the TEDA molecule. Vertical bars show the
distribution of intramolecular distances between heavy atoms. CH,, is the
average length of all C—H bonds. Atom numbering is shown in the inset.
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Table 1 Equilibrium geometric parameters of TEDA,2 obtained from the
analysis of GED data and QC calculations.?

Bond lengths/A Bond angles/deg

MP2/

CC-pVTZP Paramete MP2/

a,Cc d
' GED cc-pvTZP

Parameterd¢ GEDd

N(L)-N(2)A 1.484(17)1.496
C(4)-N(1)B 1.439(6) 1.464
C(5)-N(2)B 1.440(6) 1.464
C(3)-N(1)B 1.429(6) 1.451
C(3)-C(6)C 1.499(6) 1.502
C(4)-C(7)° 1.514(6) 1.516
C(5)-C(8)¢ 1.513(6) 1.515

C(4)-N(1)-N(2)F 110.7(14) 110.4
C(5)-N(2)—N(1)F 109.7(14) 109.0
C(3)-N(1)-C(4)F 118.5(10) 117.0
C(6)-C(3)-N(1) 125.6® 12538
C(7)-C(4)-N(1)® 111.2(11) 109.1
C(8)-C(5)-N(2)® 111.8(11) 110.1
H(10)-C(3)-N(2)"115.8(30) 115.8
C(6)-C(9)C 1.522(6) 1.526 C-C-H,/'f 109.6(20) —
C-H,PT  1.092(11) — C(3)-C(6)-C(9)’ 112.5(11) 109.6

a Atom numbering is given in Figure 1. ® Reference 21. ¢ Parameters denoted
by the same superscript A—J were combined into one group with differences
fixed at the QC level. The parameters with superscripts A—I form independent

groups. 9Values in parentheses are three times the standard deviation.
eThe value was fixed at the QC level. f Average value.

with experimental data, make it possible to study the equilibrium
structure and internal rotations in a nonrigid TEDA molecule in terms of
intramolecular PES. This approach has been used to study the
structure of nitrogen-containing organic molecules (e.g., orotic
acid®), diaziridine derivatives (e.g., tetramezine®) and molecules
with large amplitude motions (e.g., 3-nitrostyrene). Structural
analysis was implemented in the Symm/Disp/Eldiff/Large
software package.?6-28

Theoretical and experimental curves sM(s) are presented in
Figure 3. They are obtained as a result of structural analysis and
are characterized by the disagreement factor R; (see below). Radial
distribution curves f(r) depicting the positions of intramolecular
internuclear distance terms are shown in Figure 4.

The static molecular model constructed for each of these eight
conformers was described by nine groups of independent and
three groups of dependent parameters. These groups were formed
based on the similarity of parameters of the same physical nature
and with slight differences in their magnitudes. The geometric
parameters of the molecules calculated by QC methods were also
considered in order to prevent large correlations between parameters
within groups (Table S8).

Next, to determine the relative content of conformers in the
mixture (see Figure 2) under normal conditions using the Boltzmann
distribution, the Gibbs free energies of all conformers were
calculated by the Gaussian-4 method?® (see Table S6). This method
takes into account zero-point energy and thermal corrections when
calculating the energy of a molecule. Gaussian 09 (Revision C.01)
was used for QC calculations.®® Also by this method, using the
technique of atomization reactions, the enthalpy of formation of
TEDA (AfH 365 = 92.2+1.7 kJ mol™2) was calculated.

The minimum disagreement factors R¢ between the theoretical
and experimental curves SM(s) were 5.0, 4.7 and 4.6 for mixtures of
eight (structures 1a—h), six (structures 1a—f) and four (structures
la—d) conformers, respectively. Those are quite satisfactory values
for such a non-rigid molecule; each of the conformers has three
large amplitude motions with low frequencies less than 100 cm™,
confirmed by MP2/cc-pVTZ calculations (Table S7).

Further, the equilibrium geometric parameters r, were optimized.
Comparing the obtained experimental data, we found that all
relevant geometric parameters for heavy atoms do not differ
significantly among all conformers (no more than 0.008 A for bond
lengths and no more than 2° for bond angles). Noticeable differences
appear only for nonbonding internuclear distances corresponding
to the arrangement of the ethyl fragments. The main equilibrium
parameters averaged for all conformers are given in Table 1.

All other equilibrium (r.) and thermally averaged (r, r,) distances,
vibrational corrections and mean amplitudes (u) for internuclear
distances in all conformers are collected in Tables S9-S16.

Table 2 presents for comparison the main geometric parameters
obtained in the GED experiment for TEDA 1 and other similar
monocyclic diaziridine derivatives, namely, 1,2,3-trimethyl-
diaziridine (1,2,3-TMDA) 2, 1,2-diethyldiaziridine (1,2-DEDA)'®
3 and meso-tetramezine® 4.

t

E
Et N/Et Me N/Me H N/
Hoo\ \
Et Ho Me Hooy

1 2 3
" ANA
|\/|e>¢ll\17 \ N Me

H
4

As can be seen, the data of the GED experiment (see Table 1)
are in good agreement with the calculated ones,?* except for the values
of the bond lengths C(3)—N(1), C(4)—N(1) and C(5)—N(2): the
experimental values are 0.020-0.025 A less than the corresponding
calculated values obtained in the MP2/cc-pVVTZ approximation.
Since the published data for related molecules mostly refer not to
the equilibrium geometry (parameters r,), but to the thermally
averaged parameters r, or ryy, various vibrational corrections should
be taken into account. Table 2 presents the ry parameters for the
TEDA molecule. Comparing the obtained values of thermally
averaged parameters for TEDA with those for 1,2,3-TMDA,
1,2-DEDA and tetramezine molecules similar in structure, one
can note slight differences in endocyclic N-C, and exocyclic
N-C, bonds, butwithin three standard deviations, these parameters
do not differ statistically. However, the length of the endocyclic
N—Cyyc bond in TEDA is shorter than in 3-methyldiaziridine®®
[1.489(9) A] by 0.04 A. If we consider the ratio of N-N bond
lengths in these molecules, we can see the opposite trend:
1.444(13) A in 3-methyldiaziridine vs. 1.496(17) A in TEDA.
Apparently, this effect is due to steric interactions of ethyl
substituents. On the contrary, the N-N bond length in TEDA is
somewhat shorter than in tetramezine. The interaction of electron
orbitals ny ;) = 6¢s)-c(9) here probably plays a key role.

Since the TEDA molecule is asymmetric, the exocyclic bond
angles C(3)—N(1)-C(4) and C(3)—N(2)—C(5) differ slightly in

Table 2 Experimental thermally averaged geometric parameters of some
alkyl-substituted diaziridines: TEDA 1, 1,2,3-TMDA 2, 1,2-DEDA 3 and
meso-tetramezine 4.

iaziridi a _ b _ ¢meso-

Diaziridine ~ TEDA®* 1,2,3-TMDA 1,2-DEDA! Tetramezined
Bond lengths/A

Parameter rg Mg/fh h1 Iy

N-N 1.496(17) 1.479(15)/1.480(15) 1.492(5) 1.526(9)

N-Cgy 1.435(6)9 1.450(15)/1.448(15)9 1.446(4) 1.442(3)9

N=-Cy" 1.449(6)° 1.461(18)/1.462(24)9 1.459(6)¢ 1.451(3)
Bond angles/deg

N-C-N 62.8 61.5(9) 62.1 63.8'

Cye—N—Cy"1118.5(11) 117.7(15) 114.7(6) 118.0(2)

115.1(11)

aThis work. PReference 17. °Reference 18. 9Reference 3. ©Averaged
values for 8 conformers. fThe C,, atom belongs to the diaziridine cycle.
9 Average value. " The C,;, atom belongs to the alkyl substituent. ' Calculated
from refined Cartesian coordinates. ! Taken from MP2/cc-pVTZ calculations.
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values, about 3°, but are somewhat close in magnitude to the
corresponding angles in the compared molecules (see Table 2).
Thus, for the first time, the equilibrium geometric parameters
and the conformational composition of the TEDA molecule in
the gas phase were experimentally determined by the GED
method. The enthalpy of formation of the TEDA molecule
A¢H %95 = 92.2+1.7 kJ mol~* was also calculated for the first time,
corrected for its conformational composition for a mixture of eight
conformers. It should be noted that the R value was minimal for
amixture of four conformers 1a—d and equaled 4.6, but in this case,
the remaining four conformers 1e—h, the total content of which
is about 25%, are excluded from consideration, which is not
entirely correct. Therefore, based on rather close and relatively
low values of the disagreement factor R, it can be assumed that,
under normal conditions, the TEDA molecule in the gas phase
probably exists as a mixture of 6—8 conformers. The exact
determination of all eight conformers is at the limit of sensitivity
of the GED method and cannot be carried out unambiguously.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.06.024.
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