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The molecular structure and intramolecular motion in N-nitropyrrolidine has
been reinvestigated utilizing a joint electron diffraction/ab initio approach. Both
methods give a C-envelope conformation (E? or its enantiomeric E* form) of
the pyrrolidine ring with pyramidal ring nitrogen and the nitro group bending
in opposite direction to the out-of-plane carbon in the ring. The barrier heights
to inversion at the nitrogen atom in the ring and torsion of the nitro group have
been calculated. Two transition states for pseudorotation both having N-envelope
conformation (E!) of the pyrrolidine ring were detected, one with an equatorial
and the other with an axial arrangement of the nitro group. The inversion at the
ring nitrogen is found to be considerably coupled to pseudorotation of the ring.
The C-C and C-N bond length differences computed at the MP2/6-311 + + G**
level were used as constraints in the electron diffraction analysis. The most
important structural parameters arg (r, distances and r, angles with total
errors): 7(C—-N)pmean 1.485+0.018 A; r(C—C)pean 1.535+0.018 A; r(N-N)
1.376 +0.005 A; r(N-O) 1.2304+0.003 A; r(C-H) 1.111+0.005 A; . C-N-C
112.54+2.2% £ O-N-O 124.6+1.2°; £ H-C-H 111.0+2.8°; puckering ampli-
tude, g,, 10.8+0.6°; pseudorotation phase angle, f, 76.0 +1.6°; angle between
the C-N-C plane and the N-N bond 35.1+2.2°; nitro group torsion 0.2+ 3.4°.

As a building block of many biological systems such as H
proline and furanose, the structure and conformation of H
five-membered rings may play a key role in the under- 11
standing of some processes in which these compounds
participate.! H— C 3
On the other hand, the structure determination of
saturated five-membered ring compounds poses a chal-
lenging problem. Small energy differences between mis-
cellaneous conformers of a five-membered ring cause HT 4
facile changes between various conformations. This / \ C
represents a kind of large-amplitude motion known as H
pseudorotation.? In the case of N-nitropyrrolidine 14
(Fig. 1), if the pseudorotation is described by a pseudo- H
rotation phase angle, and the assumption is made that
the conformation at the ring nitrogen is pyramidal and
does not change with the change of the conformation of

Fig. 1. N-Nitropyrrolidine with the numbering of atoms.

the pyrrolidine ring, then 11 different conformations of
N-nitropyrrolidine may be expected to occur along the
pseudorotation pathway as shown in the inner part of
Fig. 2. The envelope (E) and the half-chair (T) con-
formers alternate and may be denominated as E* or , T,

* To whom correspondence should be addressed.
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respectively.>* The x- and y-indexes represent the atoms
deviating from the plane of the remaining atoms in
the ring.

A previous electron diffraction structure investigation
of N-nitropyrrolidine,® in which three different con-
formers of the molecule were tested, have found the N-
envelope (E!, Fig. 2) conformation with the equatorial
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Fig. 2. Conformations of N-nitropyrrolidine which are expected to occur along the pseudorotation pathway, if nonplanar
conformation at the ring nitrogen and no inversion is assumed (inner part). The computed conformations are presented in

the outer part in the figure.

nitro group to be the most preferable one. This observa-
tion seemed to be supported by earlier electron diffraction
structure analyses of pyrrolidine,® N-chloropyrrolidine
and N-methylpyrrolidine, and ab initio calculations for
these molecules.” N-Cyanopyrrolidine was also found to
have the N-envelope conformation of the pyrrolidine
ring by microwave spectroscopy.® The microwave spectra
of N-formylpyrrolidine were interpreted in terms of a
structure with an N-envelope conformation of the ring.’

However, recent ab initio calculations on N-nitro-
pyrrolidine disagree with this conclusion. On the basis
of the data calculated at the Hartree—Fock level of theory
using a 3-21G basis set the molecule adopts the half-
chair conformation, ;T with a planar ring nitrogen,'®
while the calculations with a 6-31G* basis set pre-
dicted the C-envelope (E3) as the most stable form
using different levels of theory [HF, MP2 and
DFT(Becke3LYP)].1!

Thus we decided to reinvestigate the molecular struc-
ture of N-nitropyrrolidine, utilizing the methods of struc-
ture refinement and conformational analysis based on
the electron diffraction data. Electron diffraction cannot
distinguish small differences between bond lengths and
angles, and its application alone could have given only
limited information about the molecular structure and
intramolecular motion. Therefore we considered it prefer-
able to use the results of ab initio molecular orbital
calculations in the electron diffraction structure analysis.

Experimental and computational procedures

Electron diffraction experiment. Electron diffraction total
intensities obtained in the previous study® were used,
allowing new backgrounds to be drawn for the data from
the two camera distances. A detailed description of the
experimental conditions can be found in Ref. 5. The
experimental and theoretical molecular intensities and
radial distributions obtained in the present analysis for
the single conformer model are shown in Figs. 3 and 4.
The numbering of atoms is presented in Fig. 1.

Ab initio calculations. The ab initio molecular orbital
calculations were carried out using the GAUSSIAN 94
series of programs.!? The standard 6-311+ +G** basis
set!® augmented by diffuse and polarization functions
was used throughout. Initially Hartree-Fock optimiza-
tions were performed for all species.

In order to determine the pseudorotational potential,
11 different conformers of N-nitropyrrolidine along the
pseudorotation pathway, as shown in the inner part of
Fig. 2, served as starting conformations for the ab initio
computations. All parameters were optimized in these
calculations, except for those which preserve the certain
conformation of the pyrrolidine ring. Thus one of the
angles of torsion in the ring was assumed to be zero for
envelope conformations. For the half-chair conforma-
tions we used the z-matrix suggested by Clark,'* allowing
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Fig. 3. Experimental (E) and theoretical (T} molecular intensities and their differences (A) for N-nitropyrrolidine.
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Fig. 4. Experimental (E) and theoretical (T) radial distribu-
tions and their difference (A) for N-nitropyrrolidine.

the ring to be nonequilateral and assuming equal angles
of torsion for two atoms deviating from the plane formed
by the remaining three atoms in the ring. The structures
at the extremal points of the calculated potential energy
curve (Fig. 5) were further fully optimized, and frequency
calculations were performed for these structures to
identify the nature of the points obtained as real minima
(all positive frequencies) or transition states (one negative
frequency), and also provide an estimation of the zero
point vibrational energy. The structures, corresponding
to the extremal points of the potential energy curve,
calculated using the Hartree—Fock approximation, were
then fully optimized at the second-order level of Mgller—
Plesset perturbation theory'® with only valence orbitals
active, i.e. MP2(FC)/6-311+ +G**, to include the effect
of electron correlation into the calculations.

Starting structures of the E*, ,T°> and E’ conformers
with an axial position of the nitro group (see inner part
in Fig. 2) converged to the conformers with its equatorial
arrangement, i.e. to the enantiomeric forms of the E3,
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Fig. 5. Potential energy curve for pseudorotation of the pyrro-
lidine ring in N-nitropyrrolidine computed at the HF/
6-311+ +G** level. Structures optimized at the MP2(FC)/
6-311+ + G** level are indicated by squares. The open dot
and the filled square indicate the transition state D (Fig. 6)
optimized at the HF and MP2 levels, respectively.

,T® and E? conformers, respectively, as shown in the
outer part of the pseudorotation pathway in Fig. 2.
However, the E! conformer with the axial positioning of
the nitro group could be optimized. Its nature was
identified as a transition state.

The transition state for the nitro group torsion was
computed assuming the nitro group to be perpendicular
to the C-N-C plane of the pyrrolidine ring. The obtained
structure was then fully optimized at HF/6-311 + + G**
level. The following frequency calculations confirmed
this structure to be a transition state. It was also further
optimized at the MP2 level of theory with the same
basis set.

The results of the computations are presented in
Table 1 and the optimized structures are shown in Fig. 6.

Structure analysis. The electron diffraction structure
analysis of N-nitropyrrolidine was carried out by the
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E

Fig. 6. Ab initio optimized structures of N-nitropyrrolidine. A
(C_, symmetry), stable form; B (C, symmetry), transition
state to inversion at the ring nitrogen; C, D (all C, symmetry),
transition states to pseudorotation; and E (C, symmetry),
transition state to the nitro group torsion.

least-squares fitting of calculated molecular scattering
intensities to the experimental data, applying conven-
tional single start'® and multi-start Monte Carlo global
optimization technique.!’

In a recent study of pseudorotation in cyclopentane!®
a short overview of different models of pseudorotation
in terms of puckering amplitude and pseudorotation
phase angle has been presented. A new model, suitable
for constructing any conformer of a five-membered ring,
has also been proposed and tested.!® This model was
also applied for studies of pseudorotation in tetrahydro-
furan and pyrrolidine.* Recognizing that nine parameters
are needed to describe the structure of five-membered
ring uniquely, and utilizing a modified approach com-
pared to that presented in Ref. 4, we described the
geometry of the pyrrolidine ring by five bond lengths,
two bond angles, and two pseudorotation parameters,
the puckering amplitude g, and the pseudorotation phase
angle f.

The equation

o; = go cos|[ f+4n(i — 1)/5]

gives an angle between the vector r; from the origin (O)
of the coordinate system to the ith atom of the ring and
its projection to the xOy coordinate plane as shown in
Fig. 7. The vector r, is located in the xOz coordinate
plane. All the planes containing the successive r; vectors

4,18

i=1,...,5
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Fig. 7. Geometrical definition of the puckering angle «, vector
r, and angle a in the model of the pyrrolidine ring applied in
the electron diffraction analysis.

are perpendicular to the xOy plane and form o; angles
to the xO:z coordinate plane. Once the x; angles have
been calculated for the given values of ¢, and f, nine
adjustable parameters (five r; distances, and four o;
angles) were varied to reproduce the geometry of the
pyrrolidine ring (parameters pf"g, calculated from the
Cartesian coordinates of the atoms) with a given set of
five bond lengths and two bond angles (parameters p;),
i.e. to minimize the functional

S =

i

(P —p;)?

M=

1

Il

The initial values were taken as 1.315A for the ¥
distances, and o; angles were taken as for regular penta-
gon. Figure 7 shows the definition of the o; puckering
angle, the r; distance, and the o; angle. The five bond
lengths, two bond angles and two pseudorotation para-
meters, g, and f, represent a complete set for unique
definition of any conformation of the pyrrolidine ring.
One of the disadvantages of the applied model is that
the envelope and half-chair conformations occur not
exactly every 18° because of the non-equilaterality of the
pyrrolidine ring.

We have also written a program, utilizing the algo-
rithms described above, to calculate the pseudorotation
parameters for a given set of the Cartesian coordinates.
A simple steepest descent gradient optimization routine
was used in the programs to optimize the adjustable
parameters of the model.

The electron diffraction least-squares refinements were
carried out with the following constraints.

All C-H bonds were assumed to have the same length,
and all H-C-H angles to be equal. Each CH, group was
assumed to have local C,, symmetry with one of the
symmetry planes passing through the H-C-H atoms,
and the other being formed by the carbon of the CH,
group and two adjacent atoms in the ring. The geometry



of methylene groups was thus described by the C-H
bond length and the H-C-H bond angle.

The nitro group was assumed to have local C,, sym-
metry. The N-N bond was assumed to be in a plane
passing through the bisector of the C-N-C angle in the
ring and being perpendicular to the C-N-C plane. The
N-N and N-O bond lengths, and the O-N-O bond
angle then described the geometry of the nitro group. A
tilt angle, 1, was used to describe the deviation of the
N-N bond from the line passing through the bisector of
the C-N-C angle in the ring. The angle of the nitro
group torsion, @, was defined to be 90° when one of the
N-O bonds eclipsed the bisector of the C—N-C angle in
the pyrrolidine ring.

At the first stage of the analysis the amplitudes of
vibrations were chosen on the basis of previous electron
diffraction investigation of N-nitropyrrolidine,® and all
the C-C and C-N bonds were assumed to be equal.

Preliminary Monte Carlo calculations with 200 differ-
ent initial geometries, in which different conformations
of the pyrrolidine ring were assumed and all other
parameters refined, revealed that conformations in a
relatively broad interval of pseudorotation phase angle
from 90 to 140° were in a better agreement with the
experimental data, Fig. 8, than the N-envelope conforma-
tion (pseudorotation phase angle equal to 0 or 180°)
found in the previous electron diffraction study.®> Further
calculations with different assumed values of pseudorota-
tion phase angle f in the 90-140° interval and different
initial values of other parameters in the Monte Carlo
optimization routine gave a model with pseudorotation
phase of 104° as having the lowest R-factor. The obtained
model (E* conformation of the pyrrolidine ring)
appeared to be in good agreement with that from the
ab initio calculations.

Eventually, the initial amplitudes were calculated util-
izing the force field from the ab initio HF/6-311 + + G**
computations. The force constant matrix for the N-
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Fig. 8. Results of the Monte Carlo calculations with different
starting geometries and different assumed conformations of
the pyrrolidine ring in the initial stages of the structure
analysis.
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nitropyrrolidine, obtained in Cartesian coordinates, was
transformed to the local symmetry coordinates.!® The
data obtained were used to calculate vibrational ampli-
tudes and perpendicular corrections. The calculated
amplitudes of vibrations were further included into
the refinements, and refined in groups, constraining the
differences between amplitudes within a group to the
calculated values. The differences between the C—C bonds
and between the C-N bonds were also introduced from
the MP2/6-311+ +G** ab initio calculations for the
conformation at the minimum of the potential energy.
This has improved the agreement between the calculated
and experimental intensities, but did not influence the
main parameters of the molecule.

Introduction of shrinkage corrections, computed at
HF/6-311+ +G** level, into the refinements did not
improve the agreement between the calculated and
experimental data. The parameters of the molecule were
not influenced within their experimental errors when
shrinkage corrections were used or excluded. These cor-
rections are based on small amplitude vibrations, but
according to the results of the ab initio vibrational
analysis presented in Table 2 there are several low fre-
quencies, and therefore such an assumption may be
incorrect. Furthermore, lacking experimental vibrational
spectra, no comparison could be made with experimental
data. Thus these corrections were not used in the final
refinement.

The resulting E*-envelope conformation as given in
Table 1 was then converted to its enantiomeric E*-envel-
ope form, which was used in the final refinement. The
results of the least-squares refinements are presented in
Table 3. A correlation matrix with absolute values greater
than 0.6 is shown in Table 4.

Attempts were also made to take into account large
amplitude motion in the molecule. Because the barrier
to internal rotation of the nitro group in the molecule
appeared considerably higher than the barriers to
inversion and pseudorotation from the results of ab
initio calculation, it is possible, at least as a good
approximation, to consider pseudorotation and inversion

Table 2. Vibrational frequencies (cm™') computed at the
HF/6-311+ + G** level for the stable conformer (A) of N-
nitropyrrolidine.

85.3 1006.5 1569.3
140.7 1055.8 1614.1
154.6 1110.0 1626.8
264.4 1240.5 1647.7
283.8 1282.3 1662.9
472.4 1298.5 1754.6
606.0 1345.9 3185.4
667.2 1347.8 3186.7
791.1 1370.8 3190.3
889.9 1396.2 3207.3
912.4 1442.9 32415
939.8 1474.9 3247.8
949.8 1492.4 32725
973.0 1508.1 3275.8

317



BORISENKO ET AL.

Table 3. Results of electron diffraction least-squares refine-
ments? of N-nitropyrrolidine.

Table 4. Correlation matrix elements with absolute values
greater than 0.6 for N-nitropyrrolidine.

Group?

Parameter r, / i j Xij
Independent parameters AN;-C,) AC,~Cs) —0.9568
N,-C, 1.479(9) 0.055(2) i £ Cs-N4-C, —0.8309
C,-C3 1.527(9) 0.057 i f 0.8168
ACC1® 0.008" IN;,=Cy) 0.8298
Agczd 0.008: AC,-C3) £ Cs-N1-C, 0.7874
ACN® 0.008 q 0.6451
Cs-N,-C, 112.5(11) 1‘0 -0.8217
N;-Cp-Cs 102.6(9) IIN;-C,) —0.8295
% 10.8(3) f % —0.8656
f 76.08) i} HN;=C,) 0.7133
C-H 1.105(2) 0.078(1) ii _ e
r(N-N) /. H-C-H 0.6458
H-C-H 111.0(14)
. £ Cs-N4~C, KN4-Cy) —0.6775
N-N 1.374(2) 0.048 i N ¢ HC 2N " oeote
N-O 1.229(1) 0.041 ii N 3 6 )
“N- /. 0-N-O AN, ---05) 0.8597
O-N-0 124.6(6)
Dependent parameters’
g3:g4 ]ggg gggg : separately from the internal rotation. The opposite con-
N: —C55 1.487 0.055 ; sideration of the internal rotation without pseudorotation
(C=C)rmoan 1.533(9) and inversion would be incorrect. However, the inversion
(C~N)mean 1.483(9) and pseudorotation can not be separated. The impossibil-
g2:g3:g4 1852”8; ity of taking into account all the types of intramolecular
Co-CaNy 102.6(5) motions makes an application of the dynamic model
C,-N;-Ng 117.1(6) rather approximate. These attempts were abandoned,
N1-C2-C3-Cy4 324.8(11) since application of the potential function simulating the
g;’gi'g“ﬁf 3257.,1&9.); form shown in Fig. 5 did not improve the agreement and
" — 5T o . . .
C4-Cs—N;—C, 2.1(4) did not lead to a particular result in regard to the
Cs-N,-C,—C4 21.1(11) energetic of the intramolecular motion.
Cy-"Cy 2.390(18) 0.069(3) iii
CpCs 2.466(8) 0.064 ii
Cz "N 2.434(5) 0.067 i Results and discussion
Cy -0y 3.5628(5) 0.078 iv
Cy--Og 2.665(7) 0.095 iii Concerning the results of the ab initio computations,
g3 ﬁ-" ggigﬂg; 88?2 ::: introduction of the electron correlation into the calcula-
CZ o N; 3.620(9) 0.077(3) iv tions causes considerable changes to some bond lengths
Cy--- 0y 4.489(8) 0.067(8) v and bond and torsional angles. The most pronounced
gs 88 g-;;g(éo) 88;2“ N vi variations for the stable conformation of N-nitro-
S Soe .09 iy pyrrolidine (column A, Table 1) are manifested in the
Co -0y 4.013(15) 0.079 Vi lengthening of the C—N bonds by 0.01 A, N-N and N-O
C, " Og 4.369(14) 0.095 v bonds by up to 0.05 A. The conformation of the pyrrolid-
ES gs %gg;tg; gggg ::: ine ring shifts toward the pure Cg-envelope, as the
Ce O, 3.536(5) 0.080 v Cs-N,—C,-C; angle becomes closer to zero by 3.7° as
Nqg--- Oy 2.229(4) 0.056(3) vii compared to the Hartree—Fock results. The pyramidality
ng"'th i-;gg(@ 0.052 vii of the ring nitrogen also markedly increases with inclu-
-ractor . o

ar, distances (in A) and angles (in °) with least-squares
standard deviations parenthesized in units of the last digit
corresponding to the E3 envelope form. °Groups of ampli-
tudes of closely spaced distances contributing to the same
peak on the experimental radial distribution curve. ‘ACC1=
HC3-C,4)—HC,-C3). 9ACC2=rC,~Cs)—rCy,-C3). °ACN=
HCs=N1)—rN;-C,). "Assumed from the results of the ab
initio MP2/6-311+ + G** calculations. 9Deviation of the N-N
bond from the bisector of the C-N-C angle in the direction
opposite to that of the C; out-of-plane atom in the ring.
hAngle of the nitro group torsion, see text. ‘The C---H,
O:--H, N*-*H and H---H distances are not shown. The
vibrational amplitudes forthe C---H, O-*-H, N--- H distances
were also included into the group refinement scheme.
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sion of the electron correlation.

Some bond lengths in N-nitropyrrolidine undergo con-
siderable modification along the pseudorotation path-
way. According to the MP2/6-311+ + G** calculations,
the most pronounced change can be found in the
lengthening of the C;—C, bond by 0.016 A and shortening
of the N-N bond by 0.036 A when going from the E*
conformer (C, Fig.6) with the pseudorotation phase
angle zero to the ,T° conformer (B, Fig. 6) with the
pseudorotation phase angle equal to 90° (Table 1). The
shortening of the N-N bond length seems to accompany
the decrease of the pyramidality of the ring nitrogen.
The deviation of sum of the angle around the ring



nitrogen from 360° decreases from 20.8 to 0.0° when
going from transition state C, Fig. 6, to transition state
B, Fig. 6. This can be attributed to the larger conjugation
of the lone electron pair of the ring nitrogen with the
electron density of the N-N bond. The same trends are
discernible in the results of the calculation at the
Hartree-Fock level with the changes being more
moderate.

The barrier to inversion at the ring nitrogen, i.e. the
energy difference between the transition state B and the
stable conformation A, Fig. 6, appeared to be very low,
0.3kIJmol™! from the HF/6-311+ +G** calculations
(column B, Table 1). Correction for the zero point vibra-
tional energy even diminishes this barrier (Table 1),
shifting the minimum of the potential energy curve to
the B conformation (Fig. 6). The barrier to inversion
is higher, 3.7kJmol™!, according to the MP2/
6-311+ +G** calculations. The barriers to pseudo-
rotation, AE=E.—E,, and nitro group torsion, AE=
Eg—E,, appeared lower when the electron correlation
was included in the calculations (6.9 vs. 7.9, and 43.8 vs.
55.0kJ mol ™!, as compared to the calculations at the
HF level, respectively). Previous calculations on N-nitro-
pyrrolidine using a 3-21G basis set and applying molec-
ular orbital’® and local density function theory?® have
resulted in 59.0 and 76.1 kJ mol™! barrier to the nitro
group torsion, respectively. The transition state D, Fig. 6,
was computed to have lower energy at the MP2 level
compared to that calculated at the HF level (43.8 vs.
55.0 kI mol™1).

The potential energy curve for pseudorotation of pyr-
rolidine ring in the molecule is computed to be symmetric
with respect to the pseudorotation phase angle of 90° as
shown in Fig. 5. This is an unexpected, but quite reason-
able result. According to the ab initio calculations the
pyramidality of the ring nitrogen is linked to the con-
formation of the pyrrolidine ring. The transition state
for inversion at the ring nitrogen (B, Fig. 6) has the C,
symmetry and 4T conformation of the ring with the
pseudorotation phase angle equal to 90° with a slightly
twisted nitro group. Owing to the symmetry of the
conformer B the conformations with the pseudorotation
phase angle from zero to 90° should be equal to those
with the pseudorotation phase angle from 180 to 90°.
Consequently, the pseudorotation potential energy curve
emerged symmetric with respect to 90°. Two transition
states C and D having an E' conformation of the
pyrrolidine ring, and an equatorial and axial arrangement
of the nitro group, respectively, were optimized (Fig. 6).
Both of them have C, symmetry. Apparently the trans-
ition state D does not lie in the cross-section of the
multidimentional potential energy space of N-nitro-
pyrrolidine shown in Fig. 5, but may well be reached
through other dimensions of the space. On the other
hand, potential energy curves calculated for N-chloro-
pyrrolidine” and N-methylpyrrolidine” are not symmetric
suggesting that no inversion occurs at the ring nitrogen
along the computed pseudorotation pathway in the mole-
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cules. The D form (Fig. 6) has not been reported in the
previous ab initio calculations on N-nitropyrrolidine.'!

Bond lengths and bond angles from the joint electron
diffraction/ab initio investigation of the molecular struc-
ture of N-nitropyrrolidine with estimated total errors are
presented in Table 5.

A comparison of the main parameters obtained in the
present electron diffraction study with those from the
previous investigation on N-nitropyrrolidine and similar
molecules is presented in Table 6. Bond lengths and bond
angles of the pyrrolidine ring are in agreement with those
obtained in the previous electron diffraction study of the
molecule, taking into account their experimental errors.

The conformation of the ring (Cs-envelope, E?)
obtained in the present study differs, however, from that
reported in the previous work (N;-envelope, EY),
although the C-envelope form was not tested in the
preceding investigation.” The C;-envelope conformation
of the ring is in good agreement with the present results
of the ab initio calculations. Assumption of the N-
envelope conformation of the ring and the bond length
differences from ab initio MP2/6-311+ + G** calcula-
tions for the corresponding conformer in the electron
diffraction refinement led to an increase of the R-factor
to 5.09% vs. 4.35% obtained for the C;-envelope form.
The C-envelope conformations rather than the N-envel-
ope were preferable even in the initial stages of the
structure analysis (Fig. 8).

Pyrrolidine was found to have an axial N-envelope
conformation with eclipsed C—H bonds at the ring central
C-C bond.*?' If we assume that the conformation of
the pyrrolidine ring is determined by relative torsional
moments about C-N and C-C bonds, then the o-n

Table 5. Bond lengths (rg, in A), pseudorotation parameters,
bond angles, and angles of torsion (r, in °) of N-nitro-
pyrrolidine® with estimated total errors? from the electron
diffraction analysis incorporating constraints from ab initio
MO calculations®.

N;-C, 1.481+0.018  C3-C4~Cs 105.2+2.0
Co—Cs 1.524+0.018  C,~Cs-N, 102.6+1.0
Cs-Ca 1.537+0.018  C-N-N 117.1+£1.2
CaCs 1.537+0.018  N,;-C,~C3-C,  324.8+2.2
Cs—N, 1.489+0.018  C,-C3-C,4~Cs 37.7+18
N-N 1.376+0.005 C3-C4~Cs-N;  335.4+1.0
N-O 1.230+0.003  C,~Cs-N;-C, 214038
C-H 1.11140.005  C5-N;—C,-C; 21.1+2.2
H-C-H 111.0+2.8 % 10.8+0.6
0-N-0 124.6+1.2 f 76.0+1.6
Cs-N.=C,  1125+2.2 2 36.1+2.2
N;-C,~C;  102.6+1.8 0° 0.2+3.4
C,~Cs-C,  102.6+2.0

2Single conformer model. bTotal errors were calculated using
the expression Gy = 2[ofs+(0.001n0%]1"2 for the bond
lengths and Gy = 20,5 for the angles. °The constraints
included the differences between the C,—Cj, C3-C,4 and C4-Cs
bond lengths, and the difference between the N,-C, and
Cs-N, bond lengths. “Deviation of the N-N bond from the
bisector of the C-N-C angle in the direction opposite to that
of the C; out-of-plane atom in the ring. °Angle of the nitro
group torsion, see text.
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Table 6. Comparison of the parameters? of N-nitropyrrolidine with other similar molecules.

N-Nitropyrrolidine N--Nitropyrrolidine?  Pyrrolidine® N-Chloropyrrolidine?  N-Methylpyrrolidine®
(present work)
(C-N)mean 1.485(13) 1.477(8) 1.471(10) 1.478(5) 1.457(3)
(C-C)mean 1.5635(13) 1.534(5) 1.545(8) 1.543(3) 1.547(4)
Cs-N4-C, 112.5(16) 110.3(14) 105.2(35) 108.0(8) 107.4(17)
N.-C-C3 102.6(13) 99.6(4) 104.6
C-H 1.111(4) 1.098(8) 1.096(4) 1.093(4) 1.116(3)
H-C-H 111.0(20) 108.6(68) 106.0(18) 105.3(22) 113.8(27)
N-N 1.376(4) 1.363(4)
N-O 1.230(3) 1.225(2)
O-N-0 124.6(9) 126.3(19)
Conformation  E® E'(eq) E'(ax) E'(eq +ax) E'leq)
° 35.1(15) 39.9
of 0.2(24) 16.8(16)

“Electron diffraction r, distances and r, angles with total errors in units of the last digit in parenthesis. °Ref. 5. °Ref. 6. The rq
distances were calculated from the data presented in the reference. “Ref. 7. The r, distances were calculated from the data
presented in the reference. °Deviation of the N-N bond from the bisector of the C-N-C angle in the direction opposite to that
of the C; tip atom in the ring in the present model. fAngle of the nitro group torsion, see text.
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Fig. 8. Results of the Monte Carlo calculations with different
starting geometries and different assumed conformations of
the pyrrolidine ring in the initial stages of the structure
analysis.

interaction of the nitrogen lone electron pair with the
adjacent C-N bonds is probably an important reason
for the observed N-envelope conformation of the pyrroli-
dine itself. This interaction may increase the barrier to
torsion about the C-N bonds so that the eclipsed con-
formation of the central C—C bond in the N-envelope
form is maintained. Introduction of the strong electron
withdrawing substituent as a nitro group increases the
sp? character of the hybridization of the ring nitrogen.
This can be discerned in the large barrier to torsion of
the nitro group and the low barrier to inversion as found
by the ab initio calculations. As a consequence of the
electron-withdrawing effect the barrier to torsion about
the C-N bonds may decrease, allowing the ring central
C-C bond to decrease the strain of the eclipsed con-
formation about this bond leading to the C-envelope
form of the ring. The possible 6—r interaction through
the nearly anti C,~Cs—N;—Ng fragment in the C-envelope
form, which has a torsional angle of 192°, manifests itself
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by a shortening of the Cs-N; and C,-Cs bonds as
compared to the C,—N, and C,—C; bonds in the gauche-
like C;-C,-N;-N, fragment according to the ab initio
MP2,6-311+ + G** calculations.

The N-N bond in N-nitropyrrolidine obtained in the
present work is slightly longer than that found previously,
but it agrees well with the N-N bond length in dimethyl-
nitramine, 1.382(3).2?

In contrast to the previous investigation the nitro
group has virtually no twist about N-N bond in the
present model. This also conforms with the results of the
ab initio calculations, which indicated a rather high
barrier to the nitro group torsion in the molecule.
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