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Abstract The crystal structures of 1,2-bis(2-
acetamidoethyl)diaziridine and 3,3-diethyldiaziridine have
been determined by single-crystal X-ray diffraction study.
The studied diaziridine molecules have C, total group sym-
metry. The conformation of the studied molecules is similar to
those of other diaziridines. A topological study within the
framework of Bader’s atoms in molecule (AIM) theory was
performed for these molecules, their analogs and related com-
pounds. From AIM and natural bond orbital (NBO) analysis
data, an influence of the intramolecular interaction on chemi-
cal bonds was described and quantified. It was found that the
N-N bond length increases on going from acyclic to cyclic
molecules in accordance with increasing p-character of oy
bonding orbitals. The lengthening of N-N bond lengths in
diaziridine molecules in most cases is accompanied with in-
creasing of the bond ellipticities demonstrating the 7t-
component contribution to these bonds.
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Introduction

For many years, study of molecular structure of diaziridines
(1,2-diazacyclopropanes 1) has been a field of our scientific
interest [1-8], which is caused by high theoretical and practi-
cal significance of this class of compounds. The diaziridine
derivatives are capable of direct action on the central nervous
system, revealing various types of neurotropic activity [9].
Under normal conditions, nitrogen atoms in the diaziridine
ring are chiral, and, therefore, these compounds are conve-
nient subjects for studying the stereochemistry of nitrogen-
containing molecules [10]. In the last decades, diaziridines
have been widely used in the ring-expansion reactions under
the action of electrophilic reagents such as ketenes, isocya-
nates, isothiocyanates [11-15] or dipolarophiles in ionic lig-
uids [16-22]. On the other hand, diaziridines are of interest as
heterocyclic analogs of cyclopropanes 2, possessing a series
of structural and electronic anomalies. In particular, the intra-
molecular C—C bond length in cyclopropane is abnormally
short for cycloalkanes [23]. A known attempt to correlate
the structural behavior of cyclopropane with the existing con-
cept of cycloalkane structure was the Walsh diagram applying
sp’- rather than sp>-hybridized orbitals of carbon to construct
the molecular model of diaziridines 1. Further development of
the Walsh diagram required considering sp*>- and sp°-hybrid-
ized orbitals [24]. Adding nitrogen atoms with atomic ra-
dius, orbital size, and hybridization behavior similar to
those of carbon does not violate the Walsh model and
should not bring about significant differences between
diaziridine and cyclopropane rings in terms of stereo-
chemical behavior; hence, a certain structural analogy
between these molecules should be expected. Thus, some
decrease in the bond lengths between the diaziridine ring
atoms relative to acyclic analogs can be possible.
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In particular it was shown [1-8] (Table 1) that endocyclic
C-N bond length in the diaziridine 1a-h molecules varied from
1.442(2) A in 1b to 1.455(2) A in 1¢ with an average value of
C-N bond length of 1.448 A. These bond lengths are notice-
ably shorter than those in 1,2-dimethyl-1,2-diazetidine 3
(1.481(8) A [25] Ar=0.033 A) or in 1,2-dimethylhydrazine
4 (1.463(5) A [26], Ar=0.015 A). These data may be com-
pared with the C-C bond lengths in cyclopropane 2
(1.510(1) A [23]), cyclobutane (1.552 A [27],
Ar = 0.042 A), and n-butane (1.531(2) A [28],
Ar = 0.021 A) (Table 1). Meanwhile, the N-N bond length
of diaziridines [1-8] can vary from 1.503(2) A in 1f to
1.545(7) A in 1d with an average value of 1.517 A, »(N-N)
parameters are significantly greater than similar ones in 1,2-
dimethyl-1,2-diazetidine 3 (1.427(7) A, Ar=0.090 A) and in
1,2-dimethylhydrazine 4 (1.419(11) A, Ar = 0.098 A). The
more significant decrease of the C-C bond length, 1.454 A
[27], in the molecule of bicyclohexane 7 compared with cy-
clopropane 2 (1.510(1) A, Ar=0.056 A) was not observed for
N-N bond length in diaziridines 1b (1.506(13) A) and 1a
(1.514(6) A, Ar=0.008 A). The C-N and N-N bond lengths
from the most published experimental studies are summarized
in Table 1.

Earlier, X-ray diffraction studies of diaziridine structures
were performed only in a few cases (e.g., for compounds 1le,
f, g, h, Table 1), because most of the diaziridine derivatives are
liquids. For experimental determination of the structures of
several liquid diaziridines (e.g., compounds 1a-d, Table 1),
electron diffraction was applied. Therefore, gaining new ex-
perimental data about structure of diaziridines is important for
deeper insight into the previously elucidated features of
diaziridine ring structure, in particular, increasing the N-N
bond length and decreasing the C-N bond length in compari-
son with related structures.

To shed light upon the possible reasons of structural
peculiarities of the diaziridine ring, in this article we
determined the structures of two new diaziridines (1,2-
bis(2-acetamidoethyl)diaziridine 1i and 3,3-
diethyldiaziridine 1j) by X-ray diffraction analysis.
Considering the obtained data, we performed a compar-
ative study of the endocyclic bond lengths, hybridiza-
tion of the N-N bonding orbital (on.n) and nitrogen
lone pairs n(N), atomic charges, orbital interaction ener-
gy stabilization, and ellipticity of the N-N and C-N
bonds by means of quantum chemical calculations for
diaziridines 1a-j and their structural analogs 3 and 4.

Experimental section
The commercially available reagents were purchased from

ACROS catalog and were not further purified. IR spectra were
recorded on a UR-20 spectrometer in KBr pellets, '"H NMR

@ Springer

and >C NMR spectra were recorded on a Bruker AM-300
spectrometer (300 and 75.47 MHz, respectively). Thin layer
chromatography (TLC) was performed on Silufol-254-UV
plates by spraying 3% solutions of diphenylamine in acetone,
followed by heating the plate. The eluent (CHCl3) was washed
twice with an equal volume of 25% aqueous NH; and dried
over K,COj3. The melting point was determined on a
GALLENKAMP device manufactured by Sanyo. Single crys-
tal X-ray diffraction experiments were carried out on a Bruker
APEX II CCD diffractometer. The crystals were kept at 100 K
during data collection. The molecular structure was solved by
charge flipping method with the olex2.solve structure solution
program [30] incorporated in Olex2 [31] and refined from
least-squares minimization with the XL refinement package
[32]. Mass spectra were recorded on a Bruker micrOTOF II
instrument using electrospray ionization (ESI). 1,2-(2-
Acetamidoethyl)diaziridine 1i was synthesized according to
known technique [33]. The physicochemical characteristics
of compound 1i were close to those published previously
[34]. 3,3-Diethyldiaziridine 1j was prepared by a method re-
ported in [35-37].

1,2-Bis(2-Acetamidoethyl)diaziridine 1i. A solution of
tert-BuOCI (11.1 ml, 0.1 mol) in 20 ml of CHCI; was added
dropwise at =5 to 0 °C with vigorous stirring to 2-
acetamidoethylamine (17.6 g, 0.2 mol) in 100 ml of CHCl;,
and finely ground potassium carbonate (27.6 g 0.2 mol) was
added to the reaction mixture. Then paraformaldehyde (3.0 g,
0.1 mol) was added with stirring at 5-10 °C. Stirring was
continued for 12 h at 20-22 °C. The inorganic precipitate
was filtered off and washed with CHCl; (3 x 50 ml) and the
solvent was removed on a rotary evaporator. Diaziridine 1i
was isolated by column chromatography on silica gel,
L = 40-100 mm with CHCI; as the eluent, washed with an
equal volume of 25% aqueous NH3, and dried with potassium
carbonate.

3,3-Diethyldiaziridine 1j. Ammonia (17 g, 1.0 mol) as a
25% aqueous solution and 3-pentanone (diethyl ketone)
(8.6 g, 0.1 mol) were added to 100 ml of methanol at -15 °C
with vigorous stirring. Then 96% hydroxylamine-O-sulfonic
acid (HASA) (11.8 g, 0.1 mol) was added in small portions
(about 0.05 g) at—20 to—15 °C over a period of 30 min and the
reaction mixture was stirred under the same conditions for 2 h.
The precipitate was separated and washed with methanol
(3 x 20 ml), the solvent was removed on a rotary evaporator,
diaziridine 1j was extracted from the residue with hot ether
(3 x 50 ml), the solvent was evaporated, and the final residue
was recrystallized from acetone.

Computational Methods

Quantum chemical calculations were based on the B3LYP
hybrid potential of the density functional theory (DFT) and
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Table 1 The C-N and N-N endocycle bond lengths experimentally determined for diaziridine derivatives molecules and structurally related
compounds
Molecule (N-N), A #(C-N), A Method
N-Me
1 I 1.514(6 1.448(2
a <N_Me (6) 2) GED, [5]
N
1b <I|\I> 1.506(13) 1.442(2) GED. [7]
Ic Iﬁ} 1.522(7) 1.455(7)
N : . GED, [8]
1d <ITI>< 1.512(7) ¢ 1.444(7) ¢
N 1.545(7) 1.443(7) " GED, [8]
H—N N—H
le | | 1.512(2 1.445(2 .
Me—‘N><N—Me (2) (2) X-Ray, [2]
Me—N N—Me
1f | | 1.503(2 1.454(2 .
Mt~ T Noae @ ) X-Ray, [6]
N N 1.517(2) 1.449(2) X-Ray, [1
Ig |y y. 1]
N N 1.511(2) 1.452(2) GED, [4]
1h ©—<Iﬁj 1.528(2) 1.452(2)
N . . X-Ray, [3]
N-Me
3 I 1.427(7 1.481(8 MW+GED, [25
R (M) (8) [25]
4 MeHN-NHMe 1.419(11) 1.463(5) X-Ray, [26]
r(C-C), A
2 /\ 1.510(1) GED, [23]
1
7 3 <\:> 1.454° 1515 MW+GED, [27]
2
5 ] 1.552(1) GED, [28]
P
6 (n-butane) 1.531(2) GED, [29]
“Bond lengths of boat

b char-conformer
“The values of (C;-C,) bond length

dr(Cl—C3) and 7(C,-C3) bond lengths. Me-group corresponds to methyl group CH;

the second-order perturbation MP2 theory with the 6-311+
G(2df,p) split-valence basis sets and Dunning’s cc-pVTZ ba-
sis set. The geometry of the molecules was calculated for the
most predominant conformation. Geometry optimizations, vi-
brational frequency calculations and natural bond orbital
(NBO) analysis were carried out with the Gaussian 03 pro-
gram [38]. The geometry optimizations were performed at the

MP2/cc-pVTZ level and the DFT/B3LYP/6-311+G(2df,p) ap-
proach. Vibrational frequencies at the B3LYP/6-311+G(2df,p)
level of theory were used to characterize the stationary points
as minima. Atomic charges at the B3LYP/6-311+G(2df,p)
level were obtained using natural bond orbital analysis. The
QTAIM computations were done with the AIMAIl program
package [39].
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Results and Discussion

First X-ray diffraction study of compounds 1i and 1j was
performed.

Crystals of 1i (CoH gN4O,, M = 214.27) are monoclinic:
space group C2/c (no. 15), a = 7.2491(6) A, b = 6.6460(5) A,
c=23.106Q2) A, =90.317(2)°, V= 1113.19(16) A®, Z = 4,
T =100 K, p(MoKx) = 0.093 mm™', D = 1.279 glem’,
3840 reflections measured (3.52° < 20 < 60.06°), 1603
unique (Ripe = 0.0220, Rgjgma = 0.0301) which were used in
all calculations. The final R; was 0.0399 (>2 o(I)) and wR,
was 0.1074 (all data).

Crystals of 1j (CsH;,N,, M'=100.17 g/mol) are tetragonal:
space group P4,bc (no. 106), a = 8.1506(6) A,
c=18.726(2) A, V =1244.01(19) A, Z=8, T =100 K,
i(MoKx) = 0.067 mm™, D = 1.070 g/em?, 11,801 reflec-
tions measured (4.36° < 20 < 57.98°), 1654 unique
(Rint = 0.0302, Ryigma = 0.0204) which were used in all calcu-
lations. The final R, was 0.0467 (>2 o(I)) and wR, was 0.1257
(all data). The crystal structures of 1i and 1j were deposited in
Cambridge Crystallographic Data Centre (CCDC numbers are
1509186 and 1509187, respectively).

Figures 1 and 2 show a general view of molecules 1i
and 1j in a crystal phase investigated by X-ray diffrac-
tion. The molecules have a second order rotational sym-
metry axis (C, total symmetry group) passing through
the middle of the N-N bond and ring carbon atom. It is
known for diaziridine compounds that the alkyl substit-
uents at the nitrogen atom occupy the trans-position
relative to the ring plane.

The N-N bond length in 1,2-bis(2-acetamidoethyl)diaziridine
molecule 1i was found to be 0.089(7) and 0.097(11) A larger
than that in 1,2-dimethyl-1,2-diazetidine 3 and 1,2-dimethylhy-
drazine 4, respectively. The endocyclic C-N bond length in 1i is
0.023(8) A shorter than that in molecule 3, and in comparison
with molecule 4 it seems to be unchanged within experimental
accuracy (Table 2). The N-N bond length in compound 1j is

Fig. 1 General view of 1,2-bis(2-acetamidoethyl)diaziridine molecule 1i
in crystal. Atoms are represented by thermal displacement ellipsoids
(p = 50%). The symmetry independent part is marked by labeled atoms

@ Springer

Fig.2 General view of molecule 1j in crystal. Atoms are represented by
thermal displacement ellipsoids (p = 50%). The symmetry independent
part is marked by labeled atoms

0.097(7) A longer than that in 1,2-dimethyl-1,2-diazetidine 3
and 0.105(11) A longer than N-N bond length in 1,2-dimethyl-
hydrazine 4. The endocyclic C-N bond length in 1j is shortened
with respect to this bond length in the molecules of 1,2-dimethyl-
1,2-diazetidine 3 (A = 0.027(8) A) and 1,2-dimethylhydrazine 4
(A =0.009(5) A). Thus, the endocyclic bond lengths in 1i and 1j
show the same trend that was observed in the previous studies
(see Table 1).

The crystals of 1,2-bis(2-acetamidoethyl)diaziridine 1i
and 3,3-diethyldiaziridine 1j were found to have layered
structure in the 001 direction (Fig. 3). The molecules
are held in the layers by means of hydrogen bonds
between the nitrogen (1j) or oxygen (1i) lone pair of
one molecule and the NH-group hydrogen atom of the
second molecule (the N-—-O distance is 2.868(1) A in 1i,
and the N--N distance is 3.148(1) A in 1j, Fig. 4). In
1i, the crystal layers are connected to each other by
CH---O intermolecular interactions between the CHj;
groups and oxygen atoms of the acetyl groups (the
C-0O distance is 3.654(2) A). In the crystals of 3,3-
diethyldiaziridine 1j, there are weak H-H interactions.

The theoretical N-N and C-N bond lengths of 1a-j,
3 and 4 molecules were determined by quantum chem-
ical calculations. The results are given in Table 3 and
supplemented with experimental data for same values.
Experimental endocyclic bond lengths in diaziridines
la-j were found to be close to the calculated values.
The MP2/cc-pVTZ approach appears to be slightly bet-
ter in predicting the endocyclic N-N and C-N bond
lengths. According to the MP2/cc-pVTZ results, the
N-N bond lengths change from 1.488 to 1.522 A (ex-
cept for 1d), and the C-N bond lengths vary in the
1.441 + 1.460 A range. For 1,2-dimethyl-1,2-diazetidine
3, the N-N and C-N bond lengths are similar, 1.488
and 1.481 A, respectively, but the calculated N-N bond
length proved to be considerably longer than the exper-
imental one.
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Table2  The main bond lengths (d/A), bond angles (w°) and torsion angles (¢°) in 1,2-bis(2-acetamidoethyl)diaziridine 1i and 3,3-diethyldiaziridine

1j molecules

Bond lengths d/A Bond angles w° Torsion angles @°
1,2-bis(2-acetamidoethyl)diaziridine 1i
NI-N1? 1.5161(18) C2-N1-N1?* 109.38(9) N1'-N1-C2-C3 -99.90(8)
NI-C1 1.4581(15) C1-N1-N1?* 58.67(5) NI1-C2-C3-N2 -177.73(8)
NI1-C2 1.4642(13) CI1-N1-C2 113.34(7) C4-N2-C3-C2 162.58(9)
02-C4 1.2397(13) C4-N2-C3 121.66(9) C2-N1-C1-N1* 99.24(10)
N2-C4 1.3399(14) 02-C4-N2 122.47(10) C1-N1-C2-C3 -163.26(8)
N2-C3 1.4511(13) 02-C4-C5 121.02(10) C3-N2-C4-02 -3.05(16)
C4-C5 1.5013(14) N2-C4-C5 116.51(9) C3-N2-C4-C5 177.63(9)
C2-C3 1.5181(15) NI1-C2-C3 108.39(8)
CI-N1? 1.4581(15) N1-C1-N1* 62.65(9)
N2-C3-C2 110.43(8)
3,3-diethyldiaziridine 1j
NI-N1° 1.522(2) CI-NI-N° 58.40(6) NIP-N1-C1-C2 104.08(10)
NI-C1 1.452(2) N1-C1-N1° 63.20(11) N1°-N1-C1-C2° -110.61(9)
CI-N® 1.452(2) NI1-C1-C2 118.00(6) N1°-C1-C2-C3 -86.59(12)
Cl1-C2 1.5134(14) N1°-C1-C2 113.79(6) NI-C1-C2-C3 -157.71(10)
C2-C3 1.5206(16) C2-C1-C2° 118.36(13) C2°-C1-C2-C3 58.58(8)
NI1A-N1A° 1.523(2) CI1-C2-C3 113.19(8) N1A°-N1A-C1A-C2A° 110.65(9)
NI1A-CIA 1.455(2) N1A®NI1A-CIA-C2A -104.04(9)
NIA-CIA-C2A-C3A -80.32(13)
N1A-C1A-C2A-C3A -151.38(9)
C2A°-C1A-C2A-C3A 65.35(11)
11-X,+Y,3/2-Z
b X,1-YAZ
C1-X,1-Y+Z

Electronic property calculations

The overall electronic picture of the diaziridine derivatives
was evaluated by analysis from NBO method and AIM theory.
The numerical results obtained by the B3LYP/6-311+G(2df,p)

Fig. 3 Layered structure in 1i
(left) and 1j (right) crystals, view
along b axis. Atoms are repre-

sented by spheres

approximation are presented in Tables 4—7. The resulting
NBO Lewis structure showed that the bonding oy orbital
of the endocyclic bond was composed of p-rich nitrogen hy-

brids. As can be seen from Table 4, the highest value of sp

8.81

was computed in the case of most abundant chair-conformer
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Fig. 4 Hydrogen bonds in 1i
(left) and 1j (right) crystals.
Atoms are represented by thermal
displacement ellipsoids

(p = 50%). Only NH hydrogen
atoms are represented

of 3,3-dimethyl-1,5-diazabicyclo[3.1.0]hexane 1d, the same
compound was found to contain the longest experimental
N-N bond length. Since the nitrogen atoms in 1,2-dimethyl-
hydrazine 4 do not form a diaziridine ring, the NBO analysis
determined the o(N-N) bonding orbital to consist of nitrogen
with nearly sp® hybridization. The calculated hybridization of
the lone pairs #(N) for diaziridines 1a-j was in the range of

sp'3% = sp %, sp*® for 1,2-dimethyl-1,2-diazetidine 3 and

5\

/ | ”‘& p?
| he

s

o
o

K
e

o

V4

the maximum value of sp*** was found for acyclic 1,2—di-
methylhydrazine 4.

Like other cyclic compounds with high angle strain, for
example, cyclopropane or aziridine, the studied diaziridines
retain bond angles of about 60°, which is possible due to re-
hybridization resulting in increasing p-character of the bond.
Indeed, for diaziridines compared with acyclic N-N com-

pounds, NBO analysis confirms the decrease in the p-

Table 3 Calculated and experimental endocyclic N-N and C-N bond lengths (A) of the diaziridines molecules 1a-j and of structural analogs 3, 4
Compound ] N-N bond length (A) C-N endocyclic bond length (A)
Symmetry) ~ Chemical formula B3LYP/6- MP2/cc-pVTZ  Exp. (Table 1) B3LYP/6-3114G(2dfp) ~ MP2/ce-pVTZ  Exp. (Table 1
311+G(2dEp)
N-M
1a (C2) < Me 1.480 1.488 1.514(6) 1.440 1.445 1.448(2)
(¢
1b (Cs) <I|\I> 1.505 1.513 1.506(13) 1.444 1.448 1.442(2)
N
Ie (Cs) ><111:> 1.508 1.522 1.522(7) 1.455 1.456 1.455(7)
N 1.516¢ 1.512(7)° 1.447° 1.444(7)°
1d (Cs) <l >< 1.504 1.548" 1.545(7)" 1.445 1.446" 1.443(7)"
1.437 1.441
IR >< 1.486 1.493 1.440 1.460
Te(Cl) Me—N 1.496 1.504 1.5122) 1.457* 1.449* 1.445(2)
1.446* 1.443%
1.443 1.461
N—-Me
o >< I 1.496 1.502 1.436 1.462
11(ChH Me—N 1,500 1,509 1.5032) 1.446* 1.464* 1.454Q2)
1.452% 1.464%
N N 1.521 1.544 1.517(2) 1.443 1.446 1.449(2)
1g(Cs) CII\1>_<1'\1:> 1,506 1518 1511(2) 1.445% 1.448% 1.452(2)
1.488° 5 1.452¢ »
N
gi)(cs’ Cs, ©—< i j 1.506" igﬂ 1.528(2) 1.449° 1'3451431/1 160° 1.452(2)
N 1.499¢ : 1.441/1.454° Aaall.
18 (C1 < NT(CH)NHAC 1.489 1.498 1.5161(18 1.439 1.445 1.4581(15
i1 RPN . . 5161(18) . , 4581(15)
1§ (C2) Ei XE:: 1.503 1.517 1.524(2) 1.450 1.450 1.454(2)
N-Me
3(C2) Er'\I-Me 1.485 1.488 1.427(7) 1.481 1.481 1.481(8)/1.471(7)
4(C1) MeHN-NHMe 1.423 1.427 1.419(11) 1.457 1.456 1.463(5)

In compounds with different endocyclic C-N bonds, all C-N bond lengths were shown

*The values for the second diaziridine cycle
“Bond lengths of boat

b char

¢ h-chair conformer, respectively

@ Springer
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Table 4 Hybridization of the N-N bonding orbital (on.) and lone electronic pair of nitrogen atom n(N) in diaziridines 1a-j, 1,2-dimethyl-1,2-
diazetidine 3 and 1,2-dimethylhydrazine 4 computed from B3LYP/6-311+G(2df,p) approach

6(N-N)

n(N)

Compound/ Molecule
Symmetry
N-Me
la (C2
a(C2) <I|\I-Me
N
1b (C
(Cs) <
N
1c (C I
¢ (Cs) ><N>
N
1d (Cs) <ﬂ1><
le (C1) H—N N—H
| >—<]
Me—N N—-Me
1f (C1) Me—N N-M
| >—<] ¢
Me—N N—Me
N N
1g (C |
g (Cs) =<\

0.707(sp”"*)N+0.707(sp”"*)N
0.707(sp”*)N+0.707(sp">*)N
0.707(sp” " N+0.707(sp” )N

0.707(sp**")N +0.707(sp**"HN

0.708(sp* )N + 0.707(sp***)N
0.702(sp* )N + 0.712(sp” )N *

0.709(sp® "N + 0.705(sp* )N
0.705(sp® )N + 0.710(sp® )N *

0.707(sp” )N + 0.707(sp”**)N
0.707(sp”**)N + 0.707(sp” *)N *

0.707(sp" N + 0.707(sp” >N

n(N)= (sp' "IN
n(N)= (sp" *)N

n(N)= (sp N
n(N)= (sp"“IN

n(N)=(sp"*)N
n(N)=(sp" )N
n(N)= (sp!*)N*
n(N)= (sp'**)N*

n(N)=(sp! )N
n(N)= (sp"*)N
n(N)= (sp *)N*
n(N)= (sp”*)N*

n(N)= (sp' SN
n(N)= (sp" N

n(N)= (sp"*)N

1h (Cs) ®—<ED

N— (CHz)zNHAC

lch <I|\I—(CH2)2NHAC
1§ (€2 <N
T
4(CD MeHN-NHMe

0.707(sp" N + 0.707(sp” >N

0.707(sp* PN + 0.707(sp**N

0.707(sp™")N+0.707(sp**")N

0.819(sp>**)N+0.708(sp™**)N

n(N)= (sp"")N
n(N)= (sp"*)N

n(N)= (sp* "N

n(N)= (sp* N
n(N)= (sp* N

“The values for the second diaziridine cycle

hybridization for the lone pair of nitrogen and then increase in
the p-component for the N-N bond. The dependence of the N-
N bond lengths in diaziridines 1a-j on the hybridization of N-
N bonding orbital (ony) in these molecules is presented in
Fig. 5. As can be seen from Fig. 5, increasing the N-N bond
lengths on going from acyclic to cyclic molecules is correlated
with increasing the p-character of the oy bonding orbitals.
The atomic charges calculated by the NBO method for N and
C atoms of diaziridines 1a-j together with data for 3 and 4 are
given in Table 5. Among diaziridines, the highest negative charge
on the N atoms was found for 1j in which the N-N bond is

somewhat longer than in other diaziridines. Another set of atomic
charges was obtained from QTAIM analysis of the B3LYP/6-
311+G(2df,p) molecular wave functions. For most of the atomic
charges, the tendencies calculated using this approach show re-
semblance to NBO data. We noted that the scatter of NBO charge
values of diaziridines was more pronounced than that determined
by the AIM theory. The N atomic charge in diaziridine com-
pounds changed insignificantly in contrast to the carbon atomic
charge. In the case of 1,2-dimethyl-1,2-diazetidine 3 and 1,2—
dimethylhydrazine 4, the C atomic charge is calculated to be
markedly different from those in diaziridines that we study.
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9 7 g(N-N)spY
o i ®1d

8 .
7 4
6 1 diaziridines 1a-j
5 4
4

o 4 MeHN-NHMe r(N-N), A
3 T T r r
1.415 1.445 1.475 1.505 1.535

Fig. 5 Hybridization of the oyn.y bonding orbital depending on bond
length for studied compounds

Detailed analysis of the orbital interactions derived
from NBO theory did not show any obvious differences
in the stabilization energies of diaziridines versus acyclic
compounds containing the N-N bond. Anomeric effect

observed due to n(N) and o*(C-H) and/or o*(C-C) inter-
actions is still the dominant factor in stabilization of both
1,2-dimethyl-1,2-diazetidine 3, 1,2—dimethylhydrazine 4,
and diaziridines 1a-j. In compounds with diaziridine
rings, along with the interactions related to the anomeric
effect, large stabilization energy comes from interactions
between orbitals of the diaziridine moiety, namely o(C-
N) — 0*(N-N) and o(N-N) — o*(C-N). Their values are
shown in Table 6. Owing to the presence of the amide
bond in compound 1i, the molecule is mainly stabilized
by the strong n(N) — o*(C = O) interaction, while the
0(N-N) — 0*(C-N) stabilization energy is about 4 kcal/
mol, like in other diaziridines. The o(C = C) —
o*(C = C) interaction is most pronounced in compound
1h because of the aromatic phenyl group.

As follows from the AIM analysis, one characteristic
that distinguishes the electronic structure of diaziridines
from that of other compounds at the bond critical point

Table 5 Natural atomic charges (q) as obtained from NBO and atomic charges from QTAIM analysis

N charge C charge
Substance NBO | QTAIM NBO | QTAIM
1a <NMe 0375 -0.630 -0.024 0.466
N-Me
N
1b < -0.370 -0.602 -0.026 0.456
D
N
1c ><1'\1> -0.366 -0.623 0.273 0.500
N
1d <1'\1>< -0.361 0.616 -0.009 0.480
H-N N-H -0.351 -0.600
e Me—m” <y -0.490 0.622 0.093 0.474
¢ e 0357+ -0.609* 0.106* 0.501*
0,463+ 0.618%*
_ _ -0.354 0.61
1 xe_i>—<lﬁ Ve 0370 0629 N s
¢ N=Me -0.347* -0.615* ' '
L0355 0,627+
N N -0.354 -0.615 0.104 0.494
lg CIQXI'\ID 0.361% 0.618* 0.125* 0.512%
N
1h ©—<I.\Ij -0.364 -0.626 0.139 0.493
N—(CH,),NHAc
i <u -0. -0.643* -0. :
1i N (i NHAC 0.382 0.643 0.013 0.479
Et__N-H
1j -0.500 -0.645 0.263 0.497
! B SN-H
N-M
3 R -0.390 0.628 0.177 0.264
N-Me
-0.506 0.359 0.278
! MeHN-NHMe 10501 0639 0375 0.294
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Table 6 Orbital interaction with the maximum value of the energy stabilization E in kcal/mol for the studied substances predicted from NBO
analysis by B3LYP/6-311+G(2df,p) approach

Molecule N-N E®, kcal/mol
N-Me
1a (C2) <Uon n(N) —c*(C-H) 4.59
B\ (§
1b (Cs) <E:> 6(N-N)—G*(C-N) 3.87
N
1c (Cs) 1113 6(C-H)—c*(C-N) 5.94
N
1d(Cs) <ﬂr>< 6(N-N)—o*(C-N) 4.06
H-N N—-H 5.50
le (C1) I > l n(N) —c*(C-H) '
Me—N _<N—Me 5.22
Me—N N—Me 5.85
1 (C1 > | n(N) —»c*(C-H
D Me—N _<N—Me @) —e*(CH) 5.86
N N
1g (Cs) < II\I>_<I|\I:> 6(N-N)—c*(C-N) 44
N _ _
1h (Cs) @&j 5(C=C)—c*(C=C) 21.13
N—(CH,),NHA
1i (C2) <I‘\I—E CngNH Az n(N)—6*(C=0) 65.33
. Et_ _N-H
1j (C2) Et><1'\1—H 6(N-N)—c*(C-N) 4.82
-M
3(C2) [E Me n(N) —c*(C-H) 6.28
\%
4(Cl) MeHN-NHMe n(N) —c*(C-H) 7.36

is the bond ellipticity parameter. This value shows a
significant difference between the diaziridine ring and
acyclic compounds with N-N single bond. The bond
ellipticity parameter € values are presented in Table 7
for diaziridines la-j including data for compounds 3
and 4.

The bond ellipticity values calculated at the bond
critical points show the 7-component contribution to
the selected bonds. There are some differences between
the ellipticities of endo- and exocyclic C—N bonds.
Diaziridines 1a-j are affected by the electron delocaliza-
tion. The 1,2-dimethyl-1,2-diazetidine 3 and 1,2-dimeth-
ylhydrazine 4 have a different type of N-N bond, which
can be reflected in shortening of the N-N bond length.

It should be noted that in spite of the direct depen-
dence of the hybridization degree of on.n bonding or-
bital from the N-N bond length (Fig. 5), a strong

correlation between the N-N bond length and its ellip-
ticity for the studied compound 1a-j, 3 and 4 was not
obtained (Table 7 and Fig. 6). Nevertheless, the length-
ening of N-N bond on going from acyclic to cyclic
molecules is accompanied with increasing bond elliptic-
ity. Among diaziridines 1a-j, there is also the trend to
increasing bond ellipticity with elongation bond length
excepting diaziridine 1d, which shows the smallest val-
ue ¢ from all studied diaziridines 1a-j, but is still sig-
nificantly higher than for non-diaziridine compounds 3
and 4.

Conclusion

In summary, experimental X-ray diffraction analysis of
1,2-bis(2-acetamidoethyl)diaziridine and 3,3-
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Table 7 The bond ellipticities € = [A;/A,-1] of N-N and C—N bonds in comparison with acyclic C—N bond ellipticities computed from AIM analysis

Substance N-N(cyclic) N-C(cyclic) N-C(acyclic)
1 N-M
A <3 e 0.378 0.218 0.019
N-Me
1b N
<l 0.436 0.267 0.017
D
1c N
| 0.398 0.251 0.027
D
1d N
<I{I>< 0.237 0.274 0.262
le
0.318
H=N N_H 0.376 024¢ 0.014
| | 0.395 ' 0.018
Me—N><N—Me 0.262
0.279
1f 0.246 0.006
Me—N N-M 0.384 0.243 0.007
> 0.372 0.218 0.008
Me—N N-Me 0.267 0.006
1g N N
< 1'\1>—<1'\13 0.434 0.264 0.017
0.501 0.255 0.013
1h N
®—< | 0.410 0.260 0.012
N
1i N—(CH,),NHAc
<l ) . )
N—(CEb ), NHAC 0.397 0.273 0.013
1j Et__N-H
0.439 0.283 -
B N-H
3 N-M
o e 0.099 0.034 0.038
N-Me
4 MeHN-NHMe 0.006 - 0.060/0.062

diethyldiaziridine was performed, and it was found that
the C—N and N-N bond lengths in these compounds were
close to the values previously found experimentally for
other diaziridines. The N-N endocyclic bond lengths were
longer than the N-N bond lengths in 1,2-
dimethyldiazetidine and 1,2-dimethylhydrazine, whereas
C-N endocyclic bond lengths were shorter in comparison
with these compounds.

To understand the reasons for the peculiarity of the
diaziridine ring structure, an AIM/NBO analysis of the intra-
molecular interaction effects on the chemical bonds for
diaziridines 1a-j and related compounds 3 and 4 was carried
out and quantified. A direct dependence of elongation of the
N-N bond diaziridine 1a-j molecules and the p-character
of the on.ny bonding orbital was found. The similar direct
dependence of the N-N bond ellipticity for diaziridines 1a-
j from the N—N bond length was not revealed, but the

@ Springer

increasing of the N-N bond ellipticity had a tendency to
occur with the increasing of N-N bond length.

05
0.45 -1 1g 1

Ba lige ® 1h
035
03
025
02

0.15 3 E !

0.1 -

diaziridines 1a-j

0.05

4 MeHN-NHMe
0 * :

1400 1420 1440 1460 1.480 1500 1.520 1.540 1.560
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Fig. 6 The N-N bond ellipticity depending on bond length for studied
compounds
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