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Conformational preferences of substituted, saturated cyclic ketones (piperidones and cyclohexanones) may
deviate from those of their oxygenless analogues. 1-Phenylpiperidin-4-one was found to exist in several forms
differing by not only position (axial or equatorial) of the aryl-substituent but also by a configuration of the
piperidine cycle itself: chair-Eq, chair-Ax and twist (Tw). The ratios of the co-existing species contributions in gas
phase predicted by various quantum chemical calculations were confirmed by synchronous gas-phase electron

diffraction and mass spectrometric experiments carried out for the vapor at 337 K demonstrating a best fit with
the B3LYP-D3/cc-pVTZ combination: Eq:Ax:Tw = 55(13):22(9):23(10) vs. 40:35:25.

1. Introduction

Over the last decade, we published results of a series of studies on the
structure and conformational properties of 1-X-piperidines in gas phase
and solutions [1-7]. In alkylpiperidines, the substituents at the nitrogen
atom adopt almost exclusively equatorial (Eq) positions relative to the
piperidine ring. Less strict ‘equatorial rule’ concerns the substituents
revealing some conjugation involving N atom (phenyl, carbonitrile,
alkenyl, etc.). In addition, a peculiar group may be highlighted in which
the nitrogen bond configuration is planar or nearly planar (formyl,
carbonyl, etc.), so the terms ‘equatorial and axial’ are not applicable.

In particular, the quantum chemical (QC) and gas-phase electron
diffraction (GED) methods applied confirmed an existence of the axial
(Ax) conformer in gas and liquid states for 1-phenyl- and 1-CN-piperi-
dine, up to ca. 10 and 48 mol.%, respectively [1,2].

Even in the parent compound, piperidine, coexistence of the Ax and
Eq species takes place in the gas-phase equilibrium, see, for example
[8,9].

A further search for piperidine derivatives for which a substituent at
nitrogen adopts, essentially or even preferably, an axial position brought
us to 1-X-piperidin-4-one compounds. DFT and MP2 calculations sug-
gested a noticeable equatorial-to-axial shift when 1-CN-and 1-phenyl-
piperidine are changed to their —4-one analogues

moreover, this turned out to be relevant for the parent piperidine as
well, see data below and in ESI. Later on, it was found that upon
‘ketonation’ not only a position of a substituent at the N atom changes

* Corresponding author.

the preference in positioning relative to the piperidine frame, but, in
addition, the six-membered saturated cycle itself tends to inverse to a
structure different from a typical chair form. For example, in [10,11] the
QC and GED studies of 1,4-cyclohexadione discovered a combination of
two types of structures

‘chair-equatorial’ and ‘planar-twist’.

In this study, we represent the results of detailed QC and GED/MS
studies of the structure and conformational properties of 1-phenylpiper-
idin-4-one (1) along with theoretical predictions for related compounds
and of comparisons between piperidine and cyclohexane 1-X derivatives
in contrast to their —4-one counterparts. Molecular structures of the Ax,
Eq and twist (Tw) conformers of 1 are illustrated in Fig. 1.

1.1. Experimental section

GED/MS. 1 gramm of 1 was purchased from ENAMINE LLC at
declared purity of 95 % and then used without further purification.

Synchronous gas-phase electron diffraction and mass spectrometric
(GED/MS) experiments for 1 were carried out on the combined
EMR100/APDM-1 apparatus described earlier [12-15]. The sample of 1
was loaded into molybdenum effusion cell at atmosphere. Detailed
conditions of the GED/MS experiment are listed in Table S1. During all
stages of the cell heating, the effusing vapor was continuously monitored
by cyclic recording mass spectra each ca. 1.5 min. No noticeable change
of the relative ion current was observed throughout the entire experi-
ments. The mass spectra are plotted in Figure S1. The most intensive
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peaks correspond to m/z 176 [M]" and 104 [CcH5-NCH] ™. Lowering the
ionization voltage Uj leads to disappearance of the fragment ions and the
only peak is M™ at U; < 10 V that may witness for a single parent of all
fragment ions, namely 1-phenyl-1-piperidin-4-one 1.

Vibrational corrections and starting geometries and vibrational am-
plitudes for the GED data refinement were derived by the Vibmodule
[16] program using a nonlinear relation between Cartesian and internal
coordinates on the basis of the B3LYP-D3/cc-pVTZ calculations.

UNEX program package [17] was applied for least-squares procedure
of fitting the experimental molecular scattering intensities sM(s), Eq.S1.
Convergence of the refinement was based on minimization of the so
called agreement factor Ry, Eq. S2. For details of the refinement schemes
see GED analysis section.

1.2. Computational details

Gaussian09 [18] program was used for the structure optimization
and computing of harmonic vibrations. The calculations were performed
with use of DFT (B3LYP-D3 with the density functional dispersion
correction [19] and M06-2X [20]) and second-order perturbation theory
(MP2) combined with 6-311G** and cc-pVTZ basis sets.

A preliminary exploration of possible conformations of 1 was per-
formed by CREST [21,22] program with GFN2-xTB method.

The molecular models were visualized by means of the Chemcraft
program [23].

The influence of temperature on the conformer abundance in the gas
phase of 1 was assessed by calculating the Gibbs energies with a default
option in the Gaussian program at interval 100-1000 K with a step of
100 K using DFT approaches. The potential energy surface (PES) profiles
of 1 were scanned for the phenyl group rotation, nitrogen and ring
inversions.

2. Results and discussions
2.1. QC structures and conformational preferences

Conformers search. The CREST program localized the following
structures

chair forms (two axial (Ax) and two equatorial (Eq) with different
rotational position of the Ph-group each), one twist (Tw) form, one boat
with Phay position and two twisted-boat forms.

In the next step, the further search for the conformers, and calcula-
tion of their geometric and vibrational parameters were performed by
using the Gaussian09 program package.

Of those structures found in the previous step, the following ones
(chair-Eq with orthogonal orientation of the cycles, twisted-boat and
boat) appeared to be not minima but intermediate forms on the PES
profiles, see below.

According to DFT calculations, the chair conformers with Ax and Eq

e

Eq
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positions of the phenyl-substituent as well as the Tw form were
confirmed to be real minima by DFT and MP2 approaches. Their relative
concentrations in the gas phase at 298 K as predicted by different
combinations of method/basis set are listed in Table S2. The chair-forms
balance tends to shift towards the Ax conformer in the series B3LYP-D3
— M06-2X — MP2 regardless the basis set, from 1:1 to 2:1.

The Tw conformer is predicted to give an essential contribution by
DFT methods, up to 22 mol.%, highest by B3LYP-D3/cc-pVTZ, with a
favor of the Dunning basis set. At the same time, the MP2 approach
manifests for the Tw form to be noticeably unfavorable, ~ 3 kcal/mol
above the Ax form, that corresponds to an abundance of < 1%.

It is worth noting that from DFT the Tw conformer is close to the
symmetry of Cy and the fragment C7NC4O is linear, Fig. 1

the fragment at the nitrogen atom NC2C6C?7 is flat. On the contrary,
the perturbation theory yielded in different arrangement of the latter

it is pyramidal which corresponds, in this case, to the sp>configura-
tion of the nitrogen atom rather than the sp? by DFT.

Selected geometric parameters along with conformer contributions
of 1, derived from quantum chemical calculations with cc-pVTZ basis set
and by GED experiment, are compiled in Table 1. A full version of the
Table can be found in the ESI, Tables S1-S4.

All the QC calculations converged at a close-to-planar phenyl ring,
with deviations not exceeding 1°, and out-of-plane angles for hydrogen
atoms within 3° (the largest are for those in the ortho-position).

In comparison with the geometry of the oxygen-free analogues, 1-
phenylpiperidine [1], there is an increase of the lengths of the C2-C3
and C5-C6 bonds and of dihedral angles and a slight decrease of other
bonds and the CNC angle inside the piperidine cycle.

Also, in the case of MP2, the C; symmetry group is observed for the
Ax conformer of 1. As a result, the hydrogen atom in the ortho-position
of the phenyl ring and the hydrogen bound to the a-carbon atom of the
piperidine fragment get closer to each other. The mutual positions of the
rings in the case of Eq provide a longest distance between the hydrogen
atoms in these positions.

One may also note that the piperidine cycle is somewhat large when
the phenyl group is attached in the Ax position - the intracycle bonds are
in general longer by up to 0.015 A.

As follows from the DFT calculations, the conformer ratios are ex-
pected to be substantially affected by temperature. The fraction of Tw
species increases while the Eq:Ax ratio is almost unchanged as the
temperature raise, see Figure S2.

3. Phenyl-group rotation.

The PES profile of the phenyl group rotation was undertaken in order
to estimate the barrier heights. In the case of Ax, the rotation is almost
barrierless when turning in the range of ca. -25 to + 25° of the ¢ angle,

but it is above 5 kcal/mol to pass through the orthogonal orientation, see
Fig. 2. Thus, a Cs symmetry of the equilibrium configuration may also be

e

Tw

Fig. 1. Molecular models and atoms numbering of the three most favorable conformers of 1-phenylpiperidin-4-one 1.
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Table 1
Selected geometric parameters” (;\ and degrees), total AE and free Gibbs AG relative energies (kcal/mol) and contributions X (mol.%) of the conformers of 1.
B3LYP-D3/cc-pVTZ M06-2X/cc-pVTZ MP2/cc-pVTZ GED"
Eq Ax Tw Eq Ax Tw Eq Ax Tw Eq Ax Tw

NC2 1.465 1.455 1.456 1.462 1.453 1.452 1.464 1.456 1.456 1.467(3) 1.457(3) 1.459 (3)
C2C3 1.533 1.547 1.529 1.527 1.540 1.525 1.527 1.539 1.526 1.536(4) 1.550(4) 1.532(4)
C3C4 1.514 1.516 1.515 1.510 1.514 1.512 1.509 1.512 1.510 1.517(4) 1.520(4) 1.518(4)
C4C5 1.514 1.516 1.515 1.510 1.513 1.512 1.509 1.512 1.512 1.517(4) 1.519(4) 1.518(4)
C5C6 1.536 1.546 1.529 1.530 1.539 1.525 1.529 1.539 1.522 1.539(4) 1.550(4) 1.531(4)
C6N 1.456 1.460 1.457 1.452 1.456 1.452 1.453 1.456 1.449 1.458(3) 1.462(3) 1.459(3)
C40 1.209 1.210 1.207 1.204 1.205 1.203 1.218 1.219 1.216 1.210(5) 1.211(5) 1.209(5)
NC7 1.413 1.405 1.386 1.414 1.417 1.382 1.416 1.405 1.385 1.415(3) 1.407(3) 1.387(3)
C7C8 1.403 1.405 1.408 1.399 1.402 1.404 1.403 1.407 1.407 1.405(3) 1.407(3) 1.410(3)
C7C12 1.399 1.406 1.408 1.394 1.403 1.404 1.400 1.407 1.408 1.401(3) 1.408(3) 1.410(3)
NC2C3 111.1 112.3 111.5 110.8 111.7 110.9 110.5 111.3 111.2 112.2(4) 113.3(4) 111.5¢
C2C3C4 111.0 110.3 112.5 110.4 109.8 112.0 109.8 109.3 111.5 111.0(11) 110.4(11) 109.7(2)
NC6C5 110.6 111.4 111.5 110.4 111.0 111.0 109.9 111.3 110.1 111.7(4) 112.4(4) 111.5¢
C6C5C4 111.9 110.7 112.5 111.3 109.9 112.0 110.5 109.3 111.8 111.9(11) 110.8 (11) 110.0(2)
C2NC6 1119 110.2 118.5 111.5 109.7 119.0 110.7 109.0 118.3 112.9(4) 111.2(4) 118.5¢
C3C40 123.0 122.7 123.1 123.0 122.5 123.0 123.1 122.7 123.3 122.6(19) 122.5(19) 120.2(4)
NC2C3C4 53.1 53.1 56.5 54.1 53.9 56.9 55.2 55.6 56.8 51.6(10) 51.7(10) 56.4"
NC6C5C4 —-52.3 —53.8 56.5 —-53.2 —-54.9 56.8 —55.1 —55.5 58.9 —50.8(10) —52.3(10) 57.3°
C8C7NC2 —57.6 4.0 17.2 —59.4 11.2 16.8 —62.0 25.1 26.0 —55 (8) 1(23) 62 (13)
@ 34.9 15.3 16.3 34.8 10.3 14.9 35.6 1.3 15.5 33 (8)° 18(23) © 56 (13) ©
2(«CNQ) 346.1 349.0 360.0 343.1 346.4 360.0 340.1 343.2 357.6 346.3 ¢ 349.2 ¢ 355.5 ¢
AE + ZPE 0 0.19 1.04 0 0.16 1.08 0.10 0 -
AGagog 0 0.09 0.38 0.22 0 0.67 0.39 0 -
AGs37 0 0.09 0.31 0.23 0 0.61 - - - - 0.61 0.58
X208, % 42 36 22 34 50 16 34 66 0
X337, % 40 35 25 33 48 19 - - 55(13) 22(9) 23(10)

@ equilibrium r. (QC) and ‘geometrically consistent’ r,; = r, + Ar (GED) internuclear distances, where r, is vibrationally averaged distance and Ar is vibrational

correction (see Experimental section).

b values in parentheses for the GED data are full errors estimated as 6(rp;) = [62:a1e+(2.5615)

%1%, where Gycale = 0.002r and oy is a standard deviation in least-squares

refinement for internuclear distances and as 3015 for angles and vibration amplitudes. For the conformers contribution, a Hamilton criterion [24] was applied to
estimate the uncertainty, see Fig. 6. The place-values are such that the last digit of the uncertainty lines up with the last digit of the nominal value.

¢ ¢ describes the rotational orientation of the phenyl group relative to the piperidine cycle ¢ = (90 — 0), where 0 is an angle C8C7NX X is a dummy atom placed such
as the N...X line bisects the C2NC6 valence angle. If ¢ = 90', the cycles are orthogonal. The uncertainties for the GED values for ¢ were adopted as that of C8C7NC2;

d fixed parameter;
¢ dependent parameter.

—a— Eq M06-2X/cc-pVTZ
—o— Ax M06-2X/cc-pVTZ
—o— Eq MP2(Full)/6-311G**
—Oo— Ax MP2(Full)/6-311G**

AE, kcal/mol

¢, deg.

Fig. 2. PES profile of the phenyl group rotation in Ax and Eq conformers at
MO06-2X/cc-pVTZ and MP2(Full)/6-311G** levels, see footnotes in Table 1 for
the definition of the ¢ angle.

considered for this conformer. The barriers for Eq are approx. 2 kcal/
mol for both ¢ = 0 and 90° orientations. From the MP2 scans, the sit-
uation is, in general, the same except the lower barriers near ¢ = 90°.

The structure of piperidine cycle demonstrates minor distortions
from its chair shape throughout the phenyl group rotation.

It is to be noted, that the scans are similar to those for the ‘oxygen-
less’ analog, 1-phenyl-piperidine, studied earlier [1].

Nitrogen inversion. This type of the intramolecular inversion to
switch between the Ax and Eq positions of substituents at the nitrogen

atom is most energetically preferable for piperidines, as was shown in
our earlier papers mentioned in the Introduction section. The nitrogen
inversion PES profile for the compound under study 1 was explored by a
scan at fixed C7NC4 angle (which is actually an inclination angle of the
phenyl group) with a step of 5°, Fig. 3. The barrier is not high and varies
from 1.5 to 3.2 kcal/mol, the latter is from the MP2 calculations. Those
results are much like those of 1-phenylpiperidine [1].

The structure at C7NC4 angle of ca. 155° was confirmed to represent
a transition state (TS) as possessing the only imaginary frequency of 68i
cm ! (M06-2X/6-311G** with a keyword “TS”) the vibrational mode of

—=— B3LYP-D3/cc-pVTZ
6 —e— M06-2X/cc-pVTZ
+— MP2/6-311G**

54 °
— 4 T
o
g
= 34
Q
-
4 2]

1 .

O .

80 100 120 140 160 180 200 220
C7NC4, deg.

Fig. 3. PES of the nitrogen inversion of 1.
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which tends the TS structure to transform to the Ax or Eq conformer.

The’unsmooth’ range at ca. 110 to 130° derived from M06-2X/cc-
pVTZ and MP2/6-311G** combinations is caused by a jump of the
phenyl group in the course of the nitrogen inversion when scanning the
Ax to TS structures because the hydrogens of the two cycles got too close
to each other.

Ring inversion. The third conformer, Tw, localized in this work for
1 may switch from the Ax and Eq forms only by another type of inver-
sion — via the piperidine cycle transformation, usually called ‘ring
inversion’. To find the specific way of the Eq-Tw-Eq inversion, the scans
by two dihedral angles NC2C3C4 and NC6C5C4 with a step of 10°was
performed. A projection of the PES profile is plotted in Fig. 4. The barrier
for the Eq-Tw-Eq inversion is 4.0 kcal/mol (M06-2X/cc-pVTZ). An
attempt to start the ring inversion from the Ax form caused an abrupt
transformation to the Eq conformation before reaching the Tw
structure.

3.1. GED analysis

Experimental scattering intensities were fitted by theoretical struc-
tures refined by least-squares procedure realized within the UNEX pro-
gram [17].

Vibrational corrections, starting geometries and vibrational ampli-
tudes for the Ax, Eq and Tw conformers were taken from the results of
B3LYP-D3/cc-pVTZ calculations, see also the Experimental section for
details.

The following parameters (group of parameters) were taken as in-
dependent variables to describe the molecular models

(a) r(C-C) in the phenyl group and r(C-N)

(b) r(C-C) in piperidine cycle

(¢) r(C-H) and r(C = O)

(d) valence angles in the chair piperidine cycle

(e) valence angles in the twist piperidine cycle

(f) C-C-H and other angles characterizing the hydrogens position

(g) dihedral angles NC2C3C4, C8C7NC2, C3C2NC6 and C5C6NC2.

Combinations of geometric parameters within a group means that
the differences within the group are adopted from the QC calculations
and were not refined at the least-squares procedure.

The parameters belonging to the group (f) as well as NC2C3C4 in Tw,
C3C4(0)C5 (almost planar, i.e. 178-180°) and C2NC7 were fixed.

For the refinement, the vibration amplitudes were combined in 8
groups according to their internuclear distance to the specific bands at
the radial distribution (see Fig. 5): 0-1.30, 1.30-1.70, 1.70-2.68,

AE, kcal/mol

NC6C5C4

COOO—=—==NDNNWLWLHAERNNNNNNNII
Sanbivine—Easbanbivine—kasonbivine

-60 -40 -20 0 20 40 60
NC2C3C4

Fig. 4. The projection of the PES profile of the ring inversion of 1 — the relative
energy plotted against the dihedral angles NC2C3C4 and NC6C5C4 with a step
of 10° by M06-2X/cc-pVTZ.
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2.68-3.15, 3.15-3.53, 3.53-4.00, 4.00-4.55, 4.55-10.00 10\;

ratios within the groups were kept equal to the theoretical values.

A sequence of the following stages was applied in the refinement
scheme

1) scale factors

2) bond distances (a) and (b)

3) all bond distances, all valence and dihedral angles except fixed
ones

4) vibrational amplitudes

5) all mentioned geometric parameters along with the vibrational
amplitudes and conformers contributions.

Experimental and theoretical molecular scattering intensities sM(s)
and radial distributions f(r) are drawn in Fig. 5 (a) and (b), respectively.
Refinement schemes in which only one of the conformers was supposed
to contribute to the diffraction patterns were tested, the plotted differ-
ences “Exp. — Theor.” demonstrate worse fits to the experiment (see
colored lines at the bottom of Fig. 5 (b)) than in the case of all three
conformers (black line). Moreover, those schemes was tested with fixed
quantum chemical structures, see Figure S3.

Refined geometrical parameters and vibrational amplitudes are in
good agreement with their theoretical analogs, Table 1 and Table S3. As
we noted above, the rotation of the phenyl group in the Ax conformer is
almost barrierless when turning around the equilibrium orientation in
the range of ca. -25 to + 25° (Fig. 2) — this has showed up in a larger, as
compared to that of Eq, uncertainty in the least-squares refinement, see
Table 1.

As for the conformer contributions, in the gas phase 1 the Tw form
exist in amounts comparable with the Ax and Eq species — the refine-
ment of the conformers ratio converged at 55(13):22(9):23(3), the given
errors are three times least-squares standard deviations. It is worth to
mention that the radial distribution functions of theoretical structures
from B3LYP-D3/cc-pVTZ approach of Eq and Tw forms are poorly
distinguishable, see Figure S3 which is a complicating factor in the least-
squares procedure.

In the next step, the conformer ratio was localized by scanning at
fixed contributions with refined structures

the only variables were the scale factors. The steps were taken 10°
but 5° closer to the minimum of the agreement factor R¢. The results are
plotted in Fig. 6. The region marked in gray corresponds to the error
limit estimated by the Hamilton’s criterion [24] at 0.05 significance
level with a coefficient R/Rpi, = 1.05. Since this approach resulted in
larger uncertainties than those derived from the structure refinement,
we chose the former for the recommended values, i.e. Eq

Ax:Tw = 55(13)

22(9)

23(10) mol.%.

As was mentioned above, the vibrational corrections as well starting
geometric parameters and vibrational amplitudes were taken from the
B3LYP-D3/cc-pVTZ calculations. In order to check a reliability of this
approach, we also performed a GED data least-squares analysis with the
same scheme but using restraints based on the MP2/6-311G** and M06-
2X/cc-pVTZ data. The refinement converged at very close geometric and
vibrational parameters as well as conformer ratios.

3.2. Related compounds

A series of QC calculations was performed for other 1-substituted
saturated six-membered cycles with and without oxygen atom bound
to a carbon atom C4 in order to check a possibility of the twist form to
exist in the gas phase as well as an effect of the O-substitution on the
axial-equatorial ratio. Results of the calculations at B3LYP-D3/6-311G**
level are listed in Table 2.

Introduction of oxygen into the 4th position of 1-X-substituted
cyclohexane or piperidine leads to a noticeable stabilization of chair-
Ax relative to chair-Eq conformer

the B3LYP-D3/6-311G** combination predicts the ratio Ax:Eq to
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---------- EXP EXP
— THEOR —  THEOR
— Ax
LD —Eq
— Tw
SD
Af(r)
AsM(s) —
——
0 5 10 15 20 25 30 O 2 4 6 8 10

s, A’
(a)

(b)

Fig. 5. Experimental and theoretical molecular scattering intensities sM(s) (a) and radial distribution curves f(r) (b). Differences “Exp. — Theor.” are given at the
bottom for the optimized contributions (black line) as well as for individual conformers (colored lines).

Fig. 6. Agreement factor R¢ vs. conformers contribution (mol. %), see also text
above for details. The red spot corresponds to the minimal R¢ = 4.46 %.

increase (in piperidines) from ca. 0.7 to 0.9 in the parent, 0.1 t0 0.9 X =
Ph, 0.5t0 1.3 X =CN, 1.4 to 3.7 X = pyridine and (in cyclohexanes) from
ca. 0.7 to 2.2 X = CN, but not much of change in X-Ph. The latter exists
exclusively as a chair-Eq structure.

The twist form is not inherent for the six-membered cyclic com-
pounds constructed from C and N atoms but in some rare cases like for X
= pyridine and phenyl its contribution becomes essential, above 20%,
upon 4-oxygen substitution.

A case of doubly oxygen-substituted six-membered cycle was studied
in [10] and [11] by QC and GED and resulted in a coexistence of two
forms — a chair with both planar CC(=O0)C fragments and twist

the latter is dominating, Table 2.

Different factors, such as the configuration of the carbonyl group and
an inclusion of the heteroatoms, are responsible, to that or another
extent, for the ‘shifts’ in the conformational favor. A twist form, a sig-
nificant contribution of which to the conformational equilibrium
appeared to be a sort of a feature of the present work, was also as pre-
dicted by theory as well as observed in the experiments for different six-
membered cyclic compounds with endo- and exo-heteroatoms (O, S, N,
etc.), see, for instance, [25-30]. The planarity of the CC(—=O)C fragment,
in contrast to piramidality of, for example, CS(=O)C group, may

Table 2
Conformational composition at 298 K of the related compounds calculated at
B3LYP-D3/6-311G**.

Compound Equatorial Axial Twist
Piperidine 61.8 38.2 0.0
Piperidin-4-one 51.2 48.7 0.1
1-Phenylpiperidine 86.8 12.6 0.6
1-Phenylpiperidin-4-one 41.9 36.2 21.9
Phenylcyclohexane 99.7 0.3 0.0
1-Phenylcyclohexanone-4 98.4 1.1 0.5
CN-cyclohexane 59.8 40.2 0.0
1-CN-cyclohexanone-4 31.5 68.2 0.3
1-CN-piperidine 67.7 32.3 0.0
1-CN-piperidin-4-one 41.1 55.2 3.6
1-Pyridino-piperidine 41.3 58.0 0.6
1-Pyridino-piperidin-4-one 16.2 60.2 23.6
1,4-cyclohexanedione QC

298 K, this work 17 @ 83
435 K, B3LYP/cc-pVTZ"” 38 62
GED, 435 K 24(10) 76(10)
GED, 383K © 30(9) 70(9)

® _ Neither Eq, nor Ax but a chair with both planar CC(—0)C fragments.
® _Ref. [10].
© _Ref. [11].

possibly play a crucial role in the twist form stabilization.
4. Conclusions

Analysis of the conformational preferences in the six-membered
saturated cyclic compounds in comparison with their ketones revealed
a noticeable difference, to a higher extent for piperidines rather than
cyclohexanes. Most notable are the cases of 1-X-piperidin-4-one de-
rivatives with the substituents X = Ph, CN or Py, due probably to pe-
culiarities of their interaction with the nitrogen lone pair. The chair-axial
conformer becomes more stable and may even dominate over the chair-
equatorial form. Moreover, a twist structure of the cycle (piperidine or
cyclohexane) appears in the keto-derivatives.

The ratios of the co-existing species contributions in the gas phase of
1 predicted by various quantum chemical calculations were confirmed
by GED/MS and are in good agreement with the B3LYP-D3/cc-pVTZ
combination

Eq:Ax:Tw = 55(13):22(9):23(10) vs. 40:35:25. The MP2 and M06-2X
approaches overestimate the abundance of the Ax form by 2 to 3 times.

The nitrogen atom bond configuration in 1, see the line marked as
2(«£CNC) in Table 1, shows a pyramidality increasing by approx. 3° from
Ax to Eq. On the other hand, the sum of the valence angles at N in the
twist form is very close to 360° witnessing for sp? hybridization unlike
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the sp® in the chairs. The MP2 method predicts it to be slightly pyra-
midal, 357° and it is to be noted that the GED analysis with the B3LYP-
D3/cc-pVTZ restraints (see above) converged, nevertheless, at 355.5°.
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