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The equilibrium molecular structure and conformation of 1,5-diazabicyclo[3.1.0]hexane (DABH) has been
studied by the gas-phase electron-diffraction method at 20 °C and quantum-chemical calculations. Three
possible conformations of DABH were considered: boat, chair, and twist. According to the experimental and
theoretical results, DABH exists exclusively as a boat conformation of Cs symmetry at the temperature of the
experiment. The MP2 calculations predict the stable chair and twist conformations to be 3.8 and 49.5 kcal
mol-1 above the boat form, respectively. The most important semi-experimental geometrical parameters of
DABH (re, Å and ∠ e, deg) are (N1-N5) ) 1.506(13), (N1-C6) ) 1.442(2), (N1-C2) ) 1.469(4), (C2-C3)
) 1.524(7), (C6-N1-C2) ) 114.8(8), (N5-N1-C2) ) 107.7(4), (N1-C2-C3) ) 106.5(9), and
(C2-C3-C4) ) 104.0(10). The natural bond orbital (NBO) analysis has shown that the most important
stabilization factor in the boat conformation is the n(N)f σ*(C-C) anomeric effect. The geometry calculations
and NBO analysis have been performed also for the bicyclohexane molecule.

Introduction

1,5-Diazabicyclo[3.1.0]hexane (DABH, Figure 1) is the
unusual and highly energetic derivative of the diaziridine
because cis-diaziridines are thermodynamically less stable than
the trans-isomers. As mentioned by Gessner et al. in their
computational study,1 the thermodynamical properties of diaz-
iridine derivatives are important for the modeling of high-energy
materials; therefore, the investigation of DABH molecule has
practical importance besides fundamental research.

In principle, the DABH molecule can form boat, chair, twist,
and two half-chair conformations (see Chart 1). The conforma-
tion of a saturated ring depends on the balance between angle
strain and torsional strain around the individual bonds and
transannular interactions.2–5 In the case of the DABH molecule,
which contains nitrogen atoms with lone pairs, orbital interac-
tions (anomeric effects) also influence the ring structure.6 The
conformational behavior of DABH has been studied in the past
both experimentally, mainly by NMR spectroscopy, and theo-
retically. According to the results of 1H and 13C NMR
spectroscopic investigations,7 this molecule has a boat confor-
mation (1a). On the other hand, the data from PE,8,9 IR,10 and
1H NMR9 spectroscopy, as well as results of AM1 calculations,8

led the authors conclude that the DABH molecule possesses
one of the possible half-chair conformations (1c, 1d).

There are no structural data on free DABH molecules in the
literature. To date, only one DABH derivative, 6,6′-bis(1,5-
diazabicyclo[3.1.0]hexane) ((2), see Chart 2), has been studied
by using gas-phase electron diffraction (GED).11 It was shown
that both DABH rings in this molecule have a boat conforma-
tion. Bicyclohexane (BH) is closely related to the DABH as a

parent molecule in which nitrogen atoms are replaced by CH
groups. The GED study12 has showed that BH possesses a boat
conformation. According to the Cambridge Structural Data-
base,13 only a few molecular structures of closely related DABH
derivatives have been determined in the solid state (see Chart
2), namely, 6-phenyl-1,5-diazabicyclo(3.1.0)hexane (3),14 6-(4-
methoxyphenyl)-1,5-diazabicyclo(3.1.0)hexane (4),14 6-(4-chlo-
rophenyl)-1,5-diazabicyclo(3.1.0)hexane (5),15 and already men-
tioned 6,6′-bis(1,5-diazabicyclo(3.1.0)hexane) (2).16 In all these
cases, the DABH moiety has a boat conformation. Despite the
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Figure 1. Atom-numbering scheme for the DABH molecule. The boat
conformation is shown.

CHART 1: Conformations of the DABH Moleculea

a Hydrogen atoms are not shown.
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general usefulness of data on molecular structure in the crystal
phase, they cannot be directly used as a good guide to
conformational preference in a gas phase because of packing
effects.17

The main objective of the work reported in this paper is to
investigate geometrical structure and conformational composi-
tion of DABH by using the GED method augmented by
quantum-chemical calculations and to understand the reasons
of conformational stabilization. In addition, a quantum-chemical
study of BH was performed in order to find out the similarities
and differences between the BH and DABH structures and the
factors of their conformational stabilization. DABH will thus
contribute to the understanding of structure features and
conformational properties of a cis-diaziridines.

Quantum-Chemical and Vibrational Calculations

The major part of quantum-chemical ab initio and density
functional theory (DFT) investigations were performed with the
Gaussian 03 program package18 by using the popular three-
parameter hybrid functional B3LYP19 and MP220 theory with
standard basis sets.

The following electronic configuration was considered in MP2
and B3LYP calculations: [core](5a′)2(6a′)2(3a′′)2(7a′)2(4a′′)2(8a′)2-
(9a′)2(10a′)2(11a′)2(5a′′ )2(12a′)2(13a′)2(6a′′ )2(7a′′ )2(14a′)2(15a′)2-
(8a′′ )2. In order to save computational time, we used a frozen-
core (FC) approximation in MP2, MP4, CISD, and CCSD
methods; that is, six inner shells were excluded from the
correlation calculation. This is a reasonable approximation for
the case of DABH because the Mulliken population analysis21

showed that the electron density of the first six molecular orbitals
is perfectly localized on the inner 1s atomic orbitals of the
corresponding C and N atoms. The energy gap between the last
core and the first valence orbitals (9.9 au) confirmed the validity
of the FC approximation. To check the applicability of the one-
determinant MP2 and B3LYP methods for describing DABH
geometrical and dynamical properties, we performed additional
single-point CISD/cc-pVTZ energy calculation for the boat
conformation by means of PC GAMESS program.22 The
obtained configuration interaction (CISD) wave function cor-
responding to the lowest energy contained the above-described
configuration state function (CSF) with a coefficient of 0.907
(ca. 82%), whereas the coefficients for all other CSFs were less
than 0.05. Thus, the ground electronic state of DABH is well
described by a closed-shell single-determinant wave function.
The MP2 natural occupied orbitals contain ca. 98% electrons
as calculated by the MP2/cc-pVTZ approximation; this value
is somewhat higher than the CISD result.

In a first step, the geometry optimizations of DABH were
performed by the B3LYP and the MP2 methods with small
6-31G(d) basis set by using several nonsymmetric initial
geometries approximately corresponding to all five possible
conformations (see Chart 1). These computations were per-
formed by using standard gradient techniques with tight-

convergence criteria and the UltraFine-Grid option in the case
of DFT calculations. The nature of each stationary point was
checked by analytical calculation of harmonic vibrational
frequencies. It was revealed that both B3LYP and MP2 methods
give only three minima on a potential hypersurface correspond-
ing to the twist conformation (C2 symmetry) and to the boat
and chair (both of Cs symmetry) conformations. The most stable
conformation was the boat one, whereas the MP2 (B3LYP)
relative energies for the chair and twist conformations were
3.78(3.65) and 49.54(48.31) kcal mol-1, respectively. The values
of the most important geometrical parameters for different
conformers of DABH as calculated by the MP2/6-31G(d)
method are summarized in Table 1. For the boat conformation,
we performed additional geometry optimizations within the Cs-
symmetry point group by MP2, MP4(SDQ), and CCSD methods
paired with cc-pVTZ basis set. In order to check the influence
of diffuse functions on the obtained geometrical parameters,
we also performed MP2/aug-cc-pVTZ calculations. The calcu-
lated geometrical parameters of the boat conformer are given
in Table 2.

The molecular structure and conformational stability of BH
were studied by using the MP2 and the B3LYP methods with
the 6-31G(d), 6-31G(d,p), and 6-31G(df,p) basis sets. According
to these calculations, three stable conformations exist for this
compound: boat (Cs), chair (Cs), and twist (C2). The energy
values and geometrical parameters of BH as obtained from MP2/
6-31G(d) calculations are listed in Table 3. Other combinations
of methods and basis sets give similar results.

In the second step, the potential-energy functions for boat-chair
conformational conversion of DABH were calculated by
geometry optimizations at several fixed angles θ with the RHF,
B3LYP, and MP2 methods and the small 6-31G(d) basis set
(see Figure 2). All calculations give global minimum corre-
sponding to the boat conformation. The MP2 potential curve
possess additional minimum corresponding to the chair con-
formation and barrier at θ ≈ 195° and 4.6 kcal mol-1 above
the boat form. The B3LYP potential curve formally has an
additional very shallow minimum and a small barrier of about
0.1 kcal mol-1 above the chair form. In order to obtain a more
reliable potential curve, we have used the MP2 method paired
with a relatively large cc-pVTZ basis set. The obtained curve

CHART 2: Some of the DABH Derivativesa

a Hydrogen atoms are not shown.

TABLE 1: Most Important Geometrical Parameters (in
Angstroms and Degrees) of DABH, Relative Energies, and
Degrees of Strain as Calculated by the MP2/6-31G(d)
Method

parameter boat chair twist

(N1-N5) 1.515 1.542 1.581
(C6-N1) 1.452 1.450 1.432
(C2-N1) 1.480 1.486 1.458
(C2-C3) 1.533 1.527 1.576
(N1-C6-N5) 62.9 64.3 67.0
(C6-N1-N5) 58.5 57.9 56.5
(C6-N1-C2) 111.7 112.1 134.7
(N5-N1-C2) 107.0 106.3 93.6
(N1-C2-C3) 108.1 104.9 97.8
(C2-C3-C4) 101.9 102.0 103.4
� 105.4 106.2
θ 153.2 218.1
τa 44.5
∆Ab, deg 44.7 54.2 130.9
∆E, kcal mol-1 0.00 3.78 49.54
∆G, kcal mol-1 0.00 3.46 47.89

a Dihedral angle between the planes formed by atoms
(N1-N5-C6) and (C2-C3-C4). b Degree of strain. See text for
details.
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(see Figure 2) is close to the MP2/6-31G(d) one. Figures S1
and S2 (Supporting Information) show the differences between
geometrical parameters of DABH configurations with a fixed
angle θ and the corresponding parameters of the most stable
boat conformation as calculated by the MP2/cc-pVTZ method.

To gain insight into the conformational properties of the
DABH, a natural bond orbital (NBO) analysis23 was performed
for all three possible conformations by using the B3LYP and
the MP2 methods with the 6-31G(d), 6-31G(d,p), and 6-31G(d-
f,p) basis sets. At the same levels of theory, we also performed
geometry optimization and NBO analysis for the BH molecule
in order to examine the reasons leading to the stabilization of
the boat conformation. The stabilization energies of the orbital
interactions as obtained from NBO analysis by using the
B3LYP/6-31G(d) wave function are presented in Table 4. The
other conbinations of methods and basis sets led to similar
results. The NBO computations were performed by using the
NBO 4.M program24 within the PC GAMESS program package.

In order to better understand the reasons of conformational
preference, we also calculated the ring strain of DABH and BH.
The methods of conventional strain-energy25 calculations, based
on isodesmic models,26 (hyper)homodesmotic models,27–29 and
so forth cannot be applied to explain the energy difference
between several conformers of the same molecule. In our case,
such computations would lead to values directly connected with
the relative heats of formation of the conformers, which in turn,
we want to explain. Instead, we used direct comparison of the
geometrical parameters of the boat, chair, and twist conformers
of DABH and BH with the corresponding parameters in
reference strain-free molecules. The cis-N-methyl,N-ethyl-
diaziridine (Figure 3), cis-1-methyl,2-ethyl-cyclopropane, and
propane molecules were chosen for comparison. For these
molecules, the geometry optimizations were performed at the
same levels of theory as in the case of DABH and BH
molecules. The obtained geometrical parameters are listed in
Table S1 in the Supporting Information. The value of the
reference (C-C-C) angle in the propane molecule is 112.4°,
as calculated by MP2/6-31G(d). The degree of strain for each
conformation was calculated as

∆A)∑ |Ri
conf -Ri

ref| (1)

where the summation is over all absolute values of the
differences between angles in the DABH conformer and the
corresponding ones in the reference molecules. This corresponds
to the well-known Baeyer strain,30 which seems to play the most
significant role in DABH among other types of strain. The
obtained values are presented in Tables 1 and 3.

To provide estimates of the amplitudes of vibrations and the
curvilinear corrections, which are used in the gas-phase electron-
diffraction refinements, the analytical quadratic and numerical

TABLE 2: Most Important Geometrical Parameters of DABH (Boat Conformer) as Determined by the GED Method and
Predicted by Quantum-Chemical Calculationsa

MP2, re,∠ e

parameter (Å, deg) GED, re, ∠ e cc-pVTZ aug-cc-pVTZ MP4(SDQ)/cc-pVTZ, re, ∠ e CCSD/cc-pVTZ, re, ∠ e

N1-N5 1.506(13) 1.513 1.515 1.497 1.496
C6-N1 1.442(2) 1.448 1.449 1.443 1.444
C2-N1 1.469(4) 1.475 1.476 1.475 1.475
C2-C3 1.524(7) 1.530 1.531 1.533 1.533
(C-H)av 1.100(5) 1.087 1.088 1.087 1.087
N5-N1-C2 107.7(4) 106.9 106.9 107.4 107.5
N1-C2-C3 106.5(9)b 108.2 108.1 107.9 109.9
C6-N1-C2 114.8(8)b 111.4 111.5 111.9 111.9
C2-C3-C4 104.0(10)b 101.6 101.8 101.8 101.8
N5-C6-N1 63.0b,c 63.0 63.0 62.5 62.4
� 108.7(9) 106.9 105.1 105.5 105.5
θ 153.5(19) 152.9 152.9 153.8 154.0

a Error limits are estimated total errors, see text and Table 6 for details. b Dependent parameter. c Constrained value because r(N1-N5) and
r(C6-N5) ) r(C6-N1) were refined in one group.

TABLE 3: Most Important Geometrical Parameters (in
Angstroms and Degrees) of BH, Relative Energies, and
Degrees of Strain as Calculated by the MP2/6-31G(d)
Method

parameter boat chair twist

(C1-C5) 1.511 1.515 1.524
(C1-C6) 1.506 1.504 1.511
(C1-C2) 1.517 1.526 1.516
(C2-C3) 1.540 1.539 1.589
(C1-C6-C5) 60.2 60.4 60.6
(C6-C1-C5) 59.9 59.8 59.7
(C6-C1-C2) 117.4 117.2 144.6
(C5-C1-C2) 107.9 107.7 99.7
(C1-C2-C3) 104.5 104.4 98.6
(C2-C3-C4) 105.0 105.0 106.8
� 111.8 111.7
θ 148.7 212.5
τa 37.0
∆Ab, deg 60.3 61.7 127.3
∆E, kcal mol-1 0.00 3.65 56.54
∆G , kcal mol-1 0.00 3.26 55.65

a Dihedral angle between the planes formed by atoms
(C1-C5-C6) and (C2-C3-C4). b Degree of strain. See text for
details.

Figure 2. Potential functions of boat-chair conformational conversion
ofDABH.θ is theanglebetween theplanes formedby(C2-N1-N5-C4)
and (C2-C3-C4) groups of atoms. Vertical bars indicate positions of
the minima of the MP2/cc-pVTZ curve.
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cubic force fields were calculated for the boat, chair, and twist
conformations of DABH by the MP2/6-31G(d) and B3LYP/6-
31G(df,p) methods. The boat conformer of this molecule belongs
to the Cs symmetry and has 36 fundamental modes distributed
as 21A′ + 15A′′ . The obtained harmonic vibrational frequencies,

IR intensities, and Raman scattering activities and the ap-
proximate descriptions of the corresponding normal modes of
the boat conformer are given in Table S2 in the Supporting
Information. The B3LYP method produces generally lower
values of the vibrational frequencies than does MP2 with the
exception of ring deformation and twisting modes ν35 and ν36.
The mode ν21 with the lowest frequency of about 248 (B3LYP)
and 275 (MP2) cm-1 corresponds to the ring puckering
vibration. The calculations of shrinkage corrections ∆(re - ra)
to the equilibrium geometry and the mean-square amplitudes
of vibrations lh1 were performed by using the SHRINK
program.31–34

Experimental Section

The DABH was synthesized and purified according to the
methods described earlier.15,35,36 Its purity was determined by
iodometric titration to be more than 99%. The electron diffrac-
tion patterns were recorded by using the EG-100 M apparatus
at the Moscow State University. The details of the experiment
are presented in Table 5. The optical densities were obtained
by using a calibrated Epson PERFECTION 4870 PHOTO
scanner. The intensity curves were obtained by applying the
method described elsewhere.37 The sector function and electron
wavelengths were estimated by using CCl4 diffraction patterns,
recorded along with the substance under investigation, by
following a recently developed method.38 The total intensity
curves and background lines are shown in Figure S3 in the
Supporting Information. The quality of experimental data was
estimated by means of experimental R factors (Rexp)39 (see Table
5) for long and short camera distances.

Structural Analysis

Models of DABH. The structural analysis was performed
by using the UNEX 1.5 program.40 The three static models of
the boat, chair, and twist conformers were tested. The geometry
of each conformer was defined in a form of z-matrix. The Cs

symmetry was assumed for the boat and chair models, and the
C2 symmetry was assumed for the twist model. In all the models,
the following independent geometrical parameters were con-
sidered (see Figure 1): r(N1-N5), r(N1-C6), r(N5-C6),
r(N1-C2), r(N5-C4), r(C2-C3), r(C3-C4), r(C6-H7),
r(C6-H8), r(C4-H9), r(C4-H10), r(C3-H11), r(C3-H12),
r(C2-H13), r(C2-H14), ∠ (N1-N5-C4), ∠ (N5-N1-C2),
several ∠ (C-C-H), and∠ (N-C-H) and also � and θ dihedral
angles in the cases of boat and chair conformers. Because of
the symmetry constraints and in order to avoid strong correla-
tions, some of the geometrical parameters were separated into
the following groups: (1) (N1-N5), four (C-N), and two
(C-C) distances; (2) all (C-H) distances; and (3) two (N-N-C)

TABLE 4: Most Important Orbital Interaction Energies
(kcal mol-1) for the Boat, Chair, and Twist Conformers of
DABH (X ) N) and BH (X ) C) as Derived from B3LYP/
6-31G(d) wavefunctionsa

DABH BH

parameters boat chair twist boat chair twist

n(X1) f σ*(C2-C3) 4.02 1.15 1.05
n(X1) f σ*(C4-X5) 2.08 1.90 <0.05
n(X1) f σ*(C2-H13) <0.05 1.57 7.00
n(X1) f σ*(C2-H14) 1.13 1.69 0.62
n(X1) f σ*(C6-H7) 3.62 3.61 7.89
n(X1) f σ*(C6-H8) 1.51 1.44 2.71
σ(X1-X5) f σ*(C2-C3) 0.53 0.76 1.80 0.44 0.55 1.52
σ(X1-X5) f σ*(X1-C6) 4.02 4.18 7.27 5.30 5.44 8.51
σ(X1-X5) f σ*(C2-H13) 2.13 1.23 <0.05 2.60 1.47 0.06
σ(X1-X5) f σ*(C2-H14) <0.05 0.27 3.64 <0.05 0.28 3.87
σ(X1-X5) f σ*(C6-H7) 3.36 2.88 2.63 5.25 4.54 3.58
σ(X1-X5) f σ*(C6-H8) 1.93 2.20 2.63 1.83 2.13 3.58
σ(C2-H13) f σ*(C3-C4) 1.41 <0.05 0.09 1.84 <0.05 0.18
σ(C2-H13) f σ*(X1-X5) 3.32 1.16 <0.05 2.19 0.88 <0.05
σ(C2-H13) f σ*(C3-H12) 0.19 1.97 1.30 0.08 1.79 1.14
σ(C2-H14) f σ*(X1-C6) 3.70 2.16 2.34 4.09 2.08 2.20
σ(C2-H14) f σ*(C3-H11) 2.10 0.14 0.23 2.04 0.10 0.21
σ(C2-H14) f σ*(C3-C4) <0.05 1.70 1.17 <0.05 1.81 1.28
σ(C2-C3) f σ*(X1-X5) 0.55 1.19 1.13 0.45 0.86 0.85
σ(C2-C3) f σ*(C4-H9) 1.84 0.12 0.94 1.61 0.12 0.75
σ(C2-C3) f σ*(C4-H10) 0.19 1.87 0.26 0.11 1.59 0.28
σ(C2-C3) f σ*(C4-X5) 1.23 1.09 0.98 0.37 0.39 0.34
σ(C3-H11) f σ*(C2-H14) 1.81 0.09 0.33 2.09 0.07 0.29
σ(C3-H11) f σ*(C2-X1) <0.05 2.06 1.02 <0.05 1.69 1.08
σ(C3-H11) f σ*(C4-X5) <0.05 2.06 <0.05 <0.05 1.69 0.16
σ(C3-H12) f σ*(C2-H13) 0.20 2.27 1.24 0.07 2.13 1.18
σ(C3-H12) f σ*(C2-X1) 1.94 <0.05 <0.05 1.70 <0.05 0.16
σ(C3-H12) f σ*(C4-X5) 1.94 <0.05 1.02 1.70 <0.05 1.08
∆Etot,b kcal mol-1 0.00 3.65 48.31 0.0 3.18 53.71

∆Edel,c kcal mol-1 32.22 23.48 20.73 21.68 19.75 19.17

∆Edel,d kcal mol-1 15.27 4.18 3.45

∆Edel,e kcal mol-1 20.62 19.23 40.62

a Estimated energies by second-order perturbation theory analysis
of Kohn-Sham matrix in NBO basis. Only symmetry-unique
interactions are presented. n is the lone electron pair, σ is the bond
orbital, and σ* is the antibonding orbital. The numeration for BH is
the same as that for DABH. b Relative values of total energy.
c Energy change by deletion of σ*(C2-C3) and σ*(C3-C4)
antibonding orbitals. d Energy change by deletion of the off-diagonal
elements of Kohn-Sham matrix in NBO basis, corresponding to the
n(N1) f σ*(C2-C3) and n(N5) f σ*(C3-C4) interactions.
e Energy effect of deletion of n(N1) f σ*(C2-C3), n(N5) f
σ*(C3-C4), n(N1) f σ*(C2-H13), n(N1) f σ*(C2-H14), n(N5)
f σ*(C4-H9), and n(N5) f σ*(C4-H10) interactions.

Figure 3. Atom numbering scheme for the cis-N-methyl,N-ethyl-
diaziridine molecule.

TABLE 5: Conditions of the Gas-Phase Electron Diffraction
Experiment

parameter
short camera

distance
long camera

distance

nozzle-to-film distance, mm 193.8 362.2
accelerating voltage, kV 60.0 60.0
electron beam, µA 1.0 1.2
temperature, K 293.0 293.0
residual gas pressure, Torr 2.0 × 10-5 4.0 × 10-5

electron wavelength, Å 0.049930 0.497741
used s range, Å-1 7.2-34.0 4.0-18.6
number of inflection pointsa 3 2
Rexp, % 5.5 5.4

a Number of inflection points on a background line.
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angles. The differences between the parameter values within
one group were fixed to the values resulting from the MP2/cc-
pVTZ calculations (see Table 2). All other independent geo-
metrical parameters were fixed to the MP2/cc-pVTZ values.
Grouping the similar mean-square amplitudes together was
performed for each model independently to avoid strong
correlations. The starting values for all geometrical parameters
were taken from the MP2/cc-pVTZ calculations. In the structural
analysis, we tested two sets of mean-square amplitudes and
curvilinear corrections as calculated from the B3LYP/6-
31G(df,p) and the MP2/6-31G(d) quadratic and cubic force
fields. For both sets, we obtained virtually identical agreement
with the experimental intensities after parameter refinements.
The final results were obtained by using the MP2/6-31G(d) force
field. The total structural R factors (Rstr) after parameter
refinements for the boat, chair, and twist models were 5.0, 9.7,
and 14.1%, respectively. Taking this into account and consider-
ing the relative energy values, we concluded that the boat
conformer exists exclusively in a gas phase at temperatures of
about 300 K. We did not try to refine the mixture of boat and
chair conformers because the refinement of the most stable boat
conformer has led to a satisfactory agreement between the
experimental and calculated molecular intensities.

The experimental and theoretical molecular-intensity curves
of the boat conformer along with the difference curves are shown
in Figure 4. The resulting experimental geometrical parameters
for the boat conformer together with the theoretically predicted
values are given in Table 2. Table S3 in the Supporting
Information shows the theoretical and experimental mean-square
amplitudes. The largest correlations were mainly between some
vibrational amplitudes (l), dihedral angles, and scale factors of
the sM(s) curves. The values for the correlation coefficients
related to the pairs �/lb, la/SS, and �/θ were -0.81, 0.74, and
-0.72, respectively. SS is the scale factor of the sM(s) curve
from short nozzle-to-plate distance. For the definition of the
grouped vibrational amplitudes la-lb, see Table S3 in the
Supporting Information. Radial distribution functions (Figure
5) were obtained by the sin-Fourier inversion of the experimental
and theoretical sM(s) curves multiplied by exp(-0.00064s2).

Reliability of Results. The values of experimental factors
Rexp (see Table 5), which indicate the reproducibility of the GED
experimental data, can be used as a reference for assessing the
relative values of the structural factors Rstr. By comparing Rstr

and Rexp values with each other, we distinguish three different
cases: (i) Rstr . Rexp means that the applied theoretical model
is inappropriate and does not reproduce the experimental data,
(ii) Rstr , Rexp means that the model reproduces experimental
data unreliably, leading to questionable results, and (iii) Rstr ≈
Rexp indicates the reliability of the considered model. The latter
case is applicable to the model of boat conformer where the
Rstr values of 3.1 and 6.4% for the long and short camera
distances, respectively, are close to the corresponding Rexp values
of 5.4 and 5.5%.

TABLE 6: Values of the Parameter Errors from Different
Sources

parameter,
Å, deg 3σc Serr

d ∆const
e ∆vib

f ∆bgl
g ∆dyn

h ∆tot
I

N1-N5 0.0009 0.0015 0.0133 0.0008 0.0004 0.0004 0.013
C6-N1 0.0009 0.0014 0.0014 0.0008 0.0004 0.0000 0.002
C2-N1 0.0009 0.0015 0.0036 0.0008 0.0004 0.0002 0.004
C2-C3 0.0009 0.0015 0.0065 0.0008 0.0004 0.0004 0.007
(C-H)av 0.0043 0.0010 0.0037 0.0002 0.0002 -0.0002 0.005
N5-N1-C2 0.47 0.0 0.23 0.06 0.17 0.04 0.4
N1-C2-C3 1.16 0.0 0.39 0.09 0.53 -0.01 0.9
C6-N1-C2 0.99 0.0 0.56 0.35 0.57 -0.04 0.8
C2-C3-C4 1.39 0.0 0.67 0.19 0.50 0.13 1.0
�(CNN) 1.14 0.0 0.59 0.42 0.58 0.07 0.9
θ(CCC) 1.57 0.0 1.72 0.86 0.54 1.00 1.9
11a 0.0016 0.0005 0.0007 0.0001 0.0001 0.0013

12a 0.0034 0.0006 0.0014 0.0001 0.0008 0.0025

13a 0.0111 0.0005 0.0100 0.0064 0.0038 0.0119

14a 0.0188 0.0008 0.0984 0.0142 0.0002 0.0990

∆Rstr
b, % 0.08 0.03 1.6

a Corresponding groups of mean-square amplitudes from Table
S3 in the Supporting Information. b Largest deviation of the total
structural R factor. c 3-fold mean-square deviation as obtained from
least-squares analysis. d Scale error calculated as Serr ) kp, where p
is the parameter value and k is 0.001 for distances and 0.01 for
amplitudes. Scale error is zero for angles. e Effects of different
geometrical constraints. Calculated as the largest absolute deviations
of the final parameter values (see Tables 2 and S3 in the Supporting
Information) and those which were obtained by using geometrical
constraints from MP2/aug-cc-pVTZ, MP4(SDQ)/cc-pVTZ, and
CCSD/cc-pVTZ calculations. f Effects of using different sets of
mean-square amplitudes and shrinkage correction, calculated in the
same manner as ∆const by using additional set of amplitudes and
corrections as calculated from B3LYP/6-31G(df,p) quadratic and
cubic force fields. g Effects of increasing and decreasing the
flexibility of backgrounds by changing the number of inflection
points on a background spline function. h Effect of dynamical
averaging of the geometrical parameters, calculated as the difference
of the equilibrium and average values of the geometrical parameters
along the potential curve obtained in MP2/cc-pVTZ computations.
Average values were estimated as pav ) ∑[p(θ) exp(-V(θ)/RT)]/
∑[exp(-V(θ)/RT], where p(θ) and V(θ) are the optimized parameter
value and potential energy of the structure with a fixed angle θ; the
summations were performed for 130.0° e θ e 200.0° with steps of
10.0°. I Total errors calculated as ∆tot ) (3(σ)2 + (Serr)2 +
(max{∆const,∆vib,∆bgl,|∆dyn|})2)1/2.

Figure 4. Molecular-intensity curves of DABH molecules and
corresponding difference curves.

Figure 5. Experimental (open circles) and theoretical (full line) radial-
distribution curves for DABH (boat conformer). Vertical bars indicate
interatomic distances. The difference curves for all models are given
at the bottom.
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The common practice in GED structural studies is to calculate
the total errors of the parameters as a superposition of standard
deviations obtained from least-squares analysis and the so-called
scale error.41 In order to increase the significance level, the
obtained values are additionally multiplied by a some factor in
the range 2.0-3.0. It is believed that the true parameter values
lie in a ranges given by the obtained uncertainties with a
significance level of 95-99%. However, there are many other
sources of errors which are rarely examined in a structural
studies but can strongly influence the obtained results. In this
work, we have made an attempt to estimate some of them: (i)
effect of quantum-chemical constraints, (ii) errors from mean-
square amplitudes and shrinkage corrections, (iii) effect of the
different ways for background subtraction, and (iv) errors of
using a static model for molecular-scattering intensity. Table 6
summarizes the results of error analyses, which include the
various effects of changing conditions of the structural refine-
ment. Note that the Rstr values were nearly unchanged upon
such tests. It is clearly seen that in this particular study, the
largest errors originated from using quantum-chemical con-
straints and the smallest ones from using a static model.

Discussion

DABH and BH Conformations. One of the most interesting
feature of the DABH is its conformational properties. According
to the results of our GED structural analysis, DABH exists as
the boat conformation at temperatures of about 300 K. The total
structural R factors of the chair and twist conformations are
significantly larger, and thus, they can be sorted out. The high
total-energy values for these conformers support the results of
the structural analysis. The conformational preference of DABH
is mainly determined by ring strain and orbital interactions.
According to our calculations (see Table 1), the twist form is
far more strained (∆A ) 130.9) than the boat (∆A ) 44.7) and
chair (∆A ) 54.2 degrees) ones. This fact explains the very
high relative energy with respect to the boat and chair
conformations. The same conclusion can be made for the twist
conformer of BH (see Table 3). However, the scheme applied
in this work for ring-strain estimation is very approximative,
and the difference between ∆A values for the boat and chair
forms can hardly be used to explain the occurrence of the boat
form rather than the chair form. The ∆A values for the boat
and chair conformations of BH are even closer to each other
than in the case of DABH. On the other hand, the energy
difference between the boat and chair conformers can be
rationalized on the basis of NBO analysis. Table 4 summarizes
the results of NBO analysis for all conformations of both DABH
and BH. Among all the interactions, the most important ones
for DABH are n(N1)f σ*(C2-C3) and n(N5)f σ*(C3-C4)
(see Figure 6), which are known as anomeric effects. The
second-order perturbation theory analysis of a Kohn-Sham
matrix in the NBO basis predicts stabilization energies of 4.02
and 1.15 kcal mol-1 for each n(N) f σ*(C-C) interaction in
the boat and chair conformations, respectively. The exact energy
effects of electronic delocalization with participation of σ*(C-C)
antibonding orbitals are calculated to be 32.22, 23.48, and 20.73
kcal mol-1 (see Table 4) for the boat, chair, and twist
conformations, respectively. This is a good indication that the
σ*(C-C) orbitals play an important role in the stabilization of
the DABH conformations. The deletion energy of a specific n(N)
f σ*(C-C) interaction is found to be 15.27 kcal mol-1 in the
boat form but only 4.18 kcal mol-1 in the chair form, thus
contributing strongly to stabilizing the boat conformation. This
is in agreement with our hypothesis that the n(N) f σ*(C-C)

anomeric effect is the most significant among other stabilization
factors in the boat conformation. However, from these values,
it is also evident that there are other stabilization interactions
which favor the chair conformation by 7.44 kcal mol-1 in total.
These are mostly n(N1)f σ*(C2-H13), n(N1)f σ*(C2-H14),
n(N5)f σ*(C4-H9), and n(N5)f σ*(C4-H10) interactions,
as can be seen from the last row in Table 4. The picture of
orbital interactions in BH is more complicated than that in
DABH. It is hardly possible to distinguish one or two most
important interactions leading to the preference of the boat
conformation.

DABH Geometrical Parameters. Table 7 compares impor-
tant skeletal parameters of DABH with those in some related
molecules studied in both gas and crystal phase. It is also
interesting to compare the obtained geometrical parameters with
the corresponding ones in trans-N,N-dimethyldiaziridine (DMDA,
6) and 1,2-dimethylhydrazine (DMH, 7) molecules (see Chart
3). The parameters of these molecules are also presented in
Table 7. The N-N bond length in the DABH is significantly
larger than that in the DMH by 0.077 Å and close to the values
in other DABH derivatives, in both gas and crystal phase. As
expected, the geometry of DMH does not follow the general
trends in diaziridines. It is interesting to note that the N-N bond
length in DABH, which is a cis-diaziridine derivative, is very
close to the corresponding value in the trans-DMDA. Thus, the
N-N bond is not sensible to the cis-trans isomerization.
However, as predicted by quantum-chemical calculations, its
length may strongly depend on the ring conformation (see Table
1 and Figure S1 in the Supporting Information). All C-N
distances in DABH are in very good agreement with the
corresponding parameters in all other listed molecules except
in DMH. In contrast, the C-C bonds diverge more significantly
than the C-N bonds. The experimental C-H bond lengths are
ill-conditioned parameters and seem to be somewhat overesti-
mated. All angles in DABH are in accordance with those in
the gas-phase structure of Bis-DABH (2) and solid-state
structures of several DABH derivatives.

Reliability of Quantum-Chemical Methods. In general, the
DFT and MP2 calculations provide correct results, indicating
the boat conformation as the most stable. Both of these methods
also predict very high energy twist conformation. In contrast
to DFT, the MP2 method predicts the chair conformation to be
3.8 kcal mol-1 above the boat form. According to GED
structural analysis, there is no evidence that the chair conforma-
tion exists in a gas phase at temperatures of about 300 K.
However, this fact neither confirms nor contradicts the result
of MP2 calculations because the population of the chair
conformation would be very low at the temperature of the GED
experiment (0.26%) to be reliably determined.

Figure 6. Natural orbitals, lone pair n(N1) (a) and antibond σ*(C2-C3)
(b) as produced by NBO analysis by using the wave function from the
B3LYP/6-31G(d) calculation.
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The experimental geometrical parameters of DABH can be
directly compared (see Table 2) with those from theoretical
calculations because of the applied ∆(re - ra) corrections in
the GED structural analysis. All parameters agree well between
each other; however, the MP4 and CCSD methods give shorter
N-N bonds than the MP2 method. The MP4(SDQ) and CCSD
geometries are very close to each other. It is of interest to note
that the augmented diffuse functions do not influence signifi-
cantly the resulting geometrical parameters because the MP2
method produces very similar structures when paired with the
cc-pVTZ and aug-cc-pVTZ basis sets.

Conclusions

A complete investigation of the gas-phase molecular structure
of DABH was carried out by using the electron-diffraction
technique complemented by theoretical methods. The experi-
mental data shows that this molecule has a boat conformer. This
is in agreement with quantum-chemical calculations which,
however, predict two more stable conformations, chair and twist,
with relative energies of about 3.8 and 50 kcal mol-1 above
the boat form, respectively. These conformations are unobserv-
able at the temperature of our GED experiment. The twist
conformation is far more strained than the boat and chair ones.
The NBO analysis has shown that the boat conformation is
mostly stabilized by the anomeric n(N)f σ*(C-C) interactions.
There is good agreement between the geometry obtained in our
GED investigation and the one calculated by the MP2, MP4,
and CCSD methods.
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