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BJIMSTHUE CTEPUUYECKOI'O M OPBUTAJIBHOTI'O B3AUMOJEACTBUIA HA
MOJIEKYJIAPHYIO CTPYKTYPY N-ITPOU3BOJHBIX IIMITEPUIUHA

Kongopmayuonnsie ceoiicmea u monekyaapHas cmpyKkmyp HeKomopoix N-npou3e00HbIx
nunepuouna, cooepycawux zemepoamomsl noozpynn Va u Vla, ovinu uzyuenst memooamu
keanmoeoii xumuu (R, X-nunepuounsi, R=H unu CHs; n=1: X=0 unu S; n=2: X=N unu P). Imu
COCOUHEHUA MOZYM CYUECHB06AMb 8 UOE MpPeX WU Yemblpex KOHPopMepos, OMIuiaroumuxcs
AKCUATILHBIM U/UTTH IK6AMOPUATILHBIM NOJI0MNCEHUEeM, 4 MAKMce 20ui- U MPAaHc- Uil Yuc- u
mpanc- opuenmauueil 3amecmumeneii OMHOCUMENbHO RNUNEPUOUHHO20 Koabua. 1,3-0u-
aKcuaibHoe OMMmMAanNKueanue eiusem Ha AKCUATbHOE/IKeAMOPUATbHOE OOMUHUPOBAHUE, 8 MO
epemsa KaKk opoumanvnoe e3aumooeiicmeue eauaem Ha 20ui-, Yuc- U mpanc- OpueHmayuu 3ame-
cmumeneii. I'ow-3xeamopuanshusie Konghopmepol 601ee cmaduibHbl, yem opyzue opmol & ciiy-
uyasx RyX-nunepuounos, mozoa Kaxk mpanc-yKeamopuaibvhasn popma 6onee cmadbunvna é ciyvae
RO-nunepuounos, u yuc-sxeamopuanvnas — ¢ ciyuae RS-nunepuounos. Inepzemuueckuil oa-
pbep npouecca a3omHoil uHeepcuu ygeauuusaemcs é paoy P—S—N—O.

KiroueBble ciioBa: N-3aMelieHHbIH MUIEPUINH, KBAHTOBO-XHUMHUECKUE pacyeThl, KOH)OpMAIMOHHBIE
CBOIICTBa, OpOUTATBHOE B3aUMOJIEHCTBHE, CTEPUIECKOE OTTAIKMBAHNE
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THE INFLUENCE OF STERIC AND ORBITAL INTEREACTIONS ON MOLECULAR STRUCTURE
IN N-SUBSTITUTED PIPERIDINES

The conformational behavior and molecular structures of several N-substituted piperi-
dines containing heteroatoms of the Va and Vla subgroups were studied by quantum chemical
(QC) calculations (RnX-piperidines, R=H or CHj3; n=1: X=0 or S; n=2: X=N or P). These com-
pounds may exist as three or four conformers differing by axial and/or equatorial positions and
gauche and trans or cis and trans orientation of the substituent relative to the piperidine ring.
The axial/equatorial preference is strongly influenced by the 1,3-diaxial interaction, while mostly
the orbital interaction governs the gauche, cis and trans orientation of the substituent. The
gauche-equatorial conformers are more stable than other forms in case of R,X-piperidines, but
the trans-equatorial form is most stable in the RO-, and cis-equatorial — in the RS-piperidines.
The energy barrier for nitrogen inversion increases in the series P—S—N—Q.

Key words: N-substituted piperidine, quantum chemical calculation, conformational properties, orbital

interaction, steric repulsion

INTRODUCTION

The molecular structures and conformational
behaviors of saturated six-membered rings containing
a heteroatom is an attractive field in chemistry. Steric
repulsions and orbital interactions influence the equi-
librium between axial and equatorial structures and
the orientation of substituents relative to the heterocy-
cles. The conformational properties of saturated het-
erocyclic six-membered rings were reviewed in [1].
The difference in energy between axial and equatorial
conformations in six-membered saturated ring sys-
tems is mainly caused by steric repulsion caused by
1,3-syn-diaxial interactions, which are absent when a
substituent is located in equatorial position. In turn,
the anomeric effect stabilizes an axial form [2-4].

Piperidine and its derivatives are ubiquitous
building blocks in the synthesis of organic compounds,
including pharmaceuticals; nevertheless, the conforma-
tional properties of N-substituted piperidines and their
structures are poorly studied. The nitrogen interconver-

sion of several N-substituents was theoretically explored
in [5] at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
level, even though the orientation of the proton in hy-
droxypiperidine was not specified.

This paper continues our systematic study of
the molecular structures and conformational proper-
ties of N-substituted piperidines. In recent publica-
tions, a variety of the conformations and conforma-
tional preferences were described for alkyl-, alkenyl-,
alkynyl- and aryl-piperidine derivatives [6-8]. The
N-substituted piperidines were sorted by three groups,
according to the preference of the substituent’s posi-
tion. We concluded that the hyperconjugation be-
tween the electron lone pair (Lp) on the nitrogen atom
and the n-system of the substituents and steric repul-
sion influence the orientation of substituents relative
to the piperidine ring [6].

In this paper, we represent results of detailed
theoretical calculations performed for N-substituted
piperidines in which the external substituent contains
an electron lone pair. In this case, the orbital interac-

20 H3B. By30B. XumMus u xum. Texnonorus. 2016. T. 59. Bem. 11



W3B. By30B. Xumus u xuM. TexHosorus. 2016. T. 59. Beim. 11

tion between the N atom of the piperidine ring and X
atom of the substituent is expected to affect the con-
formational properties. The following N-substituted
piperidines have been computed in this work: 1-
amino- (H,NPi), 1-(N,N-dimethyl)amino- (Me,NPi),
1-phosphin- (H,PPi), 1-dimethylphosphin- (Me,PPi),
1-hydroxy- (HOPi), 1-methoxy- (MeOPi), 1-thio-
(HSPi) and 1-methylthio-piperidines (MeSPi). The
axial/equatorial equilibrium is shown in Scheme 1.

AE:EAX_EEC[
R=H, CHj; n=1: X=0, S; n=2: X=N, P

Scheme 1
Cxema 1

COMPUTATIONAL DETAILS

A recent benchmark study of DFT methods
confirmed the general success of both M06-2X and
B2PLYP-D in calculating the energies of main-group
molecules [9]. Moreover, the B3LYP-D results of the
monosubstituted cyclohexanes and silacyclohexane,
where an empirical dispersion correction has been
added, are in good agreement with the CCSD(T) re-
sults [4]. Thus, in this paper, geometry and vibrational
calculations were performed with 6-311G** and cc-
pVTZ basic sets by DFT, with the M06-2X and
B3LYP-GD3 functionals, and with the MP2 method
using the Gaussian 09 program package [10].

The potential energy surface (PES) profiles
were obtained by varying the Ca—N-X-Y (X =N, P,
O or S, Y = H or C) dihedral angle with a step of 10°
using DFT-M062X level and the 6-311G** basis set
while optimizing all other geometrical parameters.
For ease of visualization, these PES profiles are plot-
ted as the energy vs. the ¢ dihedral angle (Fig. 1). The
¢ angle is defined as ¢ = 180°—~(Lp—N-X-Y) for X
=0 and S, and as ¢ = Lp—N-X-Lp for X =N, P. The
Lps were placed in the plane bisecting the C-N-C
bond angle of the piperidine ring and the R—X-R
bond angles of substituents with X = N or P atom.
Other PES profile scans, for the nitrogen inversion,
were obtained by optimizing all geometric parameters
at fixed C, "N—-X angle values with a step of 10°, and
calculating at the M06-2X/6-311G** level.

The Natural Bond Orbital (NBO) analyses
[11] were performed at the M06-2X/cc-pVTZ level
using the Gaussian 09 built-in NBO version 3.1 pack-
age to calculate the orbital interactions.

RESULTS AND DISCUSSIONS

Energies

It is well known that the six-membered piper-
idine ring is chair-like in its lowest energy confor-
mations [1, 12]. In these compounds, the substituents,
being attached to the nitrogen atom, may be located in
axial or equatorial positions with reference to the pi-
peridine ring.

In the PES profiles of the compounds H,NPi,
Me,PPi, ROPi and RSPi, four minima were located —
to two axial and two equatorial conformers. Two axial
and one equatorial conformer were located for
Me,NPi, and one axial and two equatorial ones for
H,PPi.

The structures with torsion angle ¢ = 0° are
so-called cis conformers (c—Eq and c—Ax), torsion
angles of ¢ = 70-100° are the gauche conformers (g—
Eq and g—AXx), and ¢ = 170-180° are trans conform-
ers (tr—Eq and tr—AXx). The molecular structures of cis
and trans conformers of X=N or O, H,PPi and HSPi
are of C, symmetry equilibrium structure, and the
gauche conformers of C; symmetry. For MeSPi, the
cis conformers have C, symmetry, and the trans con-
former are C, for both axial and equatorial forms. In
the case of Me,PPi, the tr-Eq conformer has Cs
symmetry, while the tr-Ax form is C;. Relative total
electron energies and free Gibbs energies along with
predicted conformer contributions at 298 K are sum-
marized in Tables 1 and 2.

The gauche forms of the compounds with
X=N or P are more stable than the trans ones due to
the steric repulsion between the two terminal groups
(H or CHjy) of substituents and the hydrogen atoms in
the a-positions of piperidine ring.

The strong repulsion leads to the disappear-
ance of the tr-Eq conformer of compound Me,NPi
and the tr-Ax conformer of compound H,PPi. The
AE = Eac—Egq values are 2.4-3.1, 4.2-5.4, 0.8-1.5 and
0,3-1.0 kcal/mol for H,NPi, Me,NPi, H,PPi and
Me,PPi, respectively, where, Eq and Ax are the most
stable equatorial and axial forms, see Table 1. Except
for the Me,PPi, the AG values are close to the total
electron energy differences. In the case of Me,PPi,
the AG value is 0.8-1.0 and 1.3 kcal/mol from the
DFT and MP2/6-311G** calculations, respectively.

As follows from the QC calculations for
H,NPi and Me;NPi, these compounds are expected to
exist in form of the g-Eq conformer in gas phase at
the room temperature. In the case of R,P-piperidine,
the long P—N distance, see Table 3, decreases the 1,3-
diaxial repulsion, which may lead to the existence of
the g-Ax conformer with a contribution of 12-21%
(DFT) and 5-10%(MP2).
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Fig. 1. Lowest pathway for axial and equatorial conformers by rotating the substituent around N—X bond calculated at M06-2X/6-
311G** level; see Computational details for the ¢ angle definition
Puc. 1. [1lyTn MUHAMATBHOHN SHEPTHH JUTS AKCHABHBIX U KBATOPHATBEHBIX KOH()OPMEPOB MPH BPAIICHUU 3aMECTUTENST BOKPYT CBsI3H N—X,
paccuntanHbie MeTogoM M06-2X/6-311G**; cm. paszen JleTanu pacyeToB AJis ONPEASNICHHs yriia @
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Table 1
Relative total electron energy, free Gibbs energy (kcal/mol) of conformers of compounds with N and P atoms in the
substituent
Tabnuya 1. OTHOCHTEIBbHAS MOJIHAS YJICKTPOHHAsI JHeprus, cBo0oaHas YHeprusa I'mé6ca (kxaa/MoJb) KOH(pOpMe-
POB coeMHenHii, conepxkamux arombl N u P B 3amecrurede

AE AG(298K)
Conformer gEq | trEq | gAx | trAx | gEq ]| tr-Eq | g-Ax | tr-Ax
H,NPi
B3LYP-GD3 0 3.3-34 2.6-2.7 5.6-5.9 0 2.8-3.0 2.7-2.9 5.2-5.4
MO06-2X 0 3.0-3.1 2.4-2.7 5.0-5.5 0 2.9-3.0 2.6-2.8 4.8-5.0
MP2 0 2.4-2.7 2.9-3.1 4.9-5.2 0 2.4 3.1 4.7
Me,NPi
B3LYP-GD3 0 — 4.2-4.4 7.3-7.4 0 — 4.3-4.5 7.8-7.8
MO06-2X 0 — 4.5-4.8 6.0-6.1 0 — 4.5-4.8 6.6-6.7
MP2 0 — 5.4 5.1 0 — 5.6 5.8
H,PPi
B3LYP-GD3 0 5.2-5.4 0.9-1.0 — 0 4.9-5.0 1.1-1.2 —
MO06-2X 0 49-5.1 0.8-0.9 — 0 4.5-45 0.8-0.9 —
MP2 0 4.8-5.1 1.2-1.5 — 0 4.6 1.7 —
Me,PPi
B3LYP-GD3 0 3.9-4.0 0.3-0.4 5.6-5.7 0 4.2-4.2 0.8-0.9 5.8-5.9
MO06-2X 0 3.2-3.2 0.3-0.4 4.9-4.9 0 3.5-3.6 0.8-1.0 4.9-4.9
MP2 0 2.8-2.9 0.8-1.0 4.8-5.1 0 3.0 1.3 5.1

Note: ® The intervals are given for the computations with 6-311G** and cc-pVTZ basis sets
Ipumeyanue: * InTepBasbl 3HaYEHUIH IPUBEIEHBI IS pacdeTa ¢ 6asucHbpIMU Habopamu 6-311G** u cc-pVTZ

Table 2
Relative total electron energy, free Gibbs energy (kcal/mol) of conformers of the compounds with O and S atoms in
the substituent
Taobnuya 2. OTHOCUTEIbHAS MOJIHAS JIEKTPOHHAS JHEePrusi, cBo0oaHas dHeprust ['nddca (kxan/mMoJib) KoHpopme-
POB coeuHeHUil, conep:kammux atomMbl O u S B 3amecTuTeIE

AE AG(298K)
Conformer tr-Eq | cEq | trAx | cAx tr-Eq | cEq | trAx | cAx
HOPI
B3LYP-GD3 0 1.7-18 | 1.1-14 4.6-4.7 0 1.7-19 | 1.2-16 4.6
M06-2X 0 15-18 | 0.9-14 4.4-4.5 0 1.7-20 | 1.2-15 4.9-5.0
MP2 0 19-21 | 1.4-1.6 5.3-54 0 2.0-2.2 | 1.5-1.8 5.4-55
MeOPi
B3LYP-GD3 0 5.1-56 | 1.1-14 10.7-11.0 0 54-58 | 1.1-15 10.7-10.9
M06-2X 0 4.6-53 | 0.9-1.3 10.9-11.2 0 54-57 | 11-14 11.0-11.2
MP2 0 5.6-6.3 | 1.2-1.5 | 12.8-13.3 0 6.5 14 12.6
HSPi
B3LYP-GD3 2,6-2,7 0 3.3-34 1.7-1.9 2.5-2.6 0 3.4-3.5 2.0-2.1
M06-2X 2,4-2,6 0 2.9-3.2 1.8-1.9 2.5-2.7 0 2.8-3.1 2.0-2.2
MP2 2,4-2,6 0 3.4-3.5 2.2-2.7 2.2 0 3.6 2.9
MeSPi
B3LYP-GD3 1,0-1,2 0 1.8-1.9 2.4-2.5 0.6-0.7 0 1.6-1.7 2.5-2.7
M06-2X 1,2-1,3 0 1.7-1.8 3.1-3.2 0.9-1.0 0 2.0-2.1 3.0-3.2
MP2 0,7-9 0 1.6-1.7 3.6-4.0 0.2 0 15 3.9

For the compounds with a P atom substituent,  the sophistication of the basis set increases the AE =
the MP2 method predicts the axial form to be less =Ea—Egq values.
favorable when compared with the DFT method. On In the case of O or S heteroatoms in a substit-
the other hand, an opposite tendency was found for uent, the gauche form becomes a transition structure
1-alkenyl- and 1-phenylpiperidines [6, 8]. In addition, between the cis and trans conformers due to interac-
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tion between the Lp on the nitrogen atom of the piperi-
dine ring and the two Lps on the heteroatom of the
substituents. Note that in the case of methoxycyclohex-
ane and N-ethylpiperidine, in which such interactions
are absents, the gauche form is most stable [2, 3, 6].

Because of steric repulsion, the trans forms of
the compounds with an oxygen atom substituent are
more stable than the cis forms. The AE = EaEg
values are from 0.9 to 1.6 kcal/mol for both ROPI
compounds, and the contribution of the axial con-
formers is 3-11%. The calculations show that the sub-
stitution of the hydrogen atom in the hydroxyl group
by a methyl group has no influence on the energy dif-
ference between the two trans forms, axial and equa-
torial, see Fig.1 and Table 2. However, this substitu-
tion considerably decreases the stability of the cis
conformers. Therefore the energy of the c-Ax con-
former of MeOPi is less stable, by 11.0-13.3
kcal/mol, than tr-Eq. For these compounds, HOPI
and MeOPi, the MP2/6-311G** method also predicts
a smaller contribution of the axial conformers, com-
pared with the DFT/6-311G** results. Changing to
more sophisticated basis sets also increases the AE
and AG values between tr-Eq and tr-Ax forms.

For the RSPi compounds the tendencies are
somewhat different comparing with ROPIs. In the case
of HSPi, the cis forms are more stable than trans, and
the c-Ax is less stable than c-Eq AE = 1.7-2.7 and
AG = 2.0-2.9 kcal/mol. Note that in the case of HSPI,
increasing the sophistication of the basis set decreases
the AE value, but increases the AG value.

For MeSPi, the c-Eq conformer is more stable
than tr-Eq, but the c-Ax form is less stable than tr-Ax
due to strong steric repulsion; both equatorial conform-
ers are more stable than axial ones. It is obvious from
the calculations that the substitution of the hydrogen
atom in the SH group by a methyl group considerably
decreases the stability of the c-Ax conformer, due to an
increased 1,3-diaxial repulsion. At the same time, the
orbital interaction stabilizes cis forms in cases of these
compounds, see section NBO analysis.

The concentration of axial conformers does
not exceed 5% in the both RSPi compounds.

Nitrogen inversion

The energy barriers for the nitrogen inversion
process from the Eq form to the Ax form via a planar
nitrogen bond configuration of all compounds calcu-
lated at M06-2X/6-311G** level increase in the series
P—S—N—O, see Table 3.

The donor property of the methyl group de-
creases the energy barrier. Comparing with R,NPi,
the longer R—P bond distance in R,PPi decreases
these values. A similar situation was found for ROPI

and RSPi. In spite of the close R—X bond distances in
R,NPi and ROPI, the interaction between the two
Lps on the oxygen atom and the Lp on the nitrogen
atom of the piperidine ring nevertheless leads to a
higher barrier in ROPi. Thus, the donor properties
and the long R—X bond distance decrease the energy
barrier, but the Lp-Lp interaction increases this value.

Table 3
The energy barriers, kcal/mol, of nitrogen inversion of
all compounds calculated at M06-2X/6-311G** level
Tabauya 3. JHeprernyeckue 6apbepbl, KKaJI/M0JIb,
npouecca a30THON HHBEPCUH BCeX COeIMHEHMI, pac-
cuuTaHubie MmerogoM M06-2X/6-311G**

Compound H,NPi | Me,NPi | H,PPi | Me,PPi
g-Eg—g-Ax 9.8 7.4 2.0 0.6
Compound HOPi | MeOPi | HSPi | MeSPi
c-Eq—tr-Ax 13.7 9.3 5.7 4.3
tr-Eq—c-Ax 16.6 15.2 3.7 2.9

Geometry and NBO analysis

Selected geometric parameters, natural charg-
es and the second-order perturbation energies E(2)
(donor-acceptor) of the most stable Eq and Ax con-
formers of all compounds calculated at the MO6-
2X/cc-pVTZ level are given in Table 4.

As follows from the calculations, the substitu-
tion of a hydrogen atom by a methyl group slightly
changes the N-X bond distances and natural charges
on the nitrogen atom of the piperidine ring. At the
same time, this substitution considerably decreases
the electron density on the X atoms. Comparing the
molecular parameters of the both conformers of all
compounds, except for Me,NPi, H,PPi and Me,PPi,
one can see that the endocyclic C,—N bond distances
in g-Ax are somewhat longer than those in the g-Eq
conformer, by 0.003-0.006 A. In the case of Me,PPi,
the endocyclic C,—N bond distances in g-Ax are
shorter than those in g-Eqg. The difference between
the two C,—N bond distances within the same con-
former of compounds with nitrogen or phosphor at-
oms does not exceed 0.004 A.

In H,NPi and H,PPi, the ¢ angle in g-AX is
larger than that in g-Eq by 8°. However, in Me,NPi
and Me,PPi, the ¢ angles in both gauche conformers,
axial and equatorial, are almost identical. The N-N
bond distance in the g-Eq form is longer than the one
in g-Ax, due to steric repulsion between the substitu-
ents and CH, groups in a-positions of the piperidine
ring. Because of the higher orbital interaction energy
E(2) Lp(N)—6*(N-Cye), the N-N bonds in the g-Ax
form of Me,NPi is shorter than in H,NPi. For H,PPi
and Me,PPi, the N-P bond in the equatorial conform-
er is up to 0.012 A longer than in the axial form. The
NBO analysis shows that the differences AEgax -
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eq(2) Lp(N)—Ry*(P) are 0.90 and 1.86 kcal/mol for
H,PPi and Me,PPi, respectively. Thus, the orbital
interaction between the Lp on the nitrogen atom of
the piperidine ring and the Rydberg orbital of the P
atom decreases the energy difference AE = Eax-Egq,
and, therefore, stabilizes the axial conformer.

For the compounds with an oxygen atom, the
N-O bond distance in the tr-Ax conformer is 0.005-
0.006 A longer than in tr-Eq, while the O-H (or O-Cy)
bonds in both, axial and equatorial forms are identi-
cal. The orbital interaction energies E(2) (Lp(N)—
6*(O—H/Cys)) in both trans forms are equal, so that in the
ROPI compounds the steric repulsion plays an important
role in the axial/equatorial orientation of the substituents.

For HSPi, the orbital interaction energies
EQ2) (Lp(N)—c*(S—H)) in the cis forms are higher
than in the trans forms, which stabilizes the cis orien-
tation. A similar situation was found for the equatorial
conformers of MeSPi. The 1,3-diaxial repulsion in
axial forms of MeSPi destabilizes the c-Ax conform-
er, making it less stable than tr-Ax, despite higher
energy E(2) (Lp(N)—6*(S—Cye)) in c-Ax than in tr-
Ax. The N-S bond distance in the c-Eq conformer of
MeSPi is 0.02 A shorter than in tr-Ax. However, due
to orbital interaction between Lp on the nitrogen atom
of the piperidine ring and S-Cy, bond in c-Eq, the
latter is 0.01 A longer than in tr-Ax.

Table 4

Theoretical geometric parameters, natural charge and energy E(2) (donor-acceptor) of the most stable Eq and Ax
conformers of all compounds calculated at M06-2X/cc-pVTZ level
Tabnuya. 4. TeopeTuyeckne reoMeTpuiecKkue NapaMeTpbl, HATypaJbHble 3apsiibl U 3Heprus E(2) (1oHop-akuenrTop)

Hau0oJs1ee CTA0WIBHBIX IKBATOPUAIBbHBIX H AKCHAJIBHBIX KOH(OPMepoOB BcexX COeAMHEeHN I, pacCYUTAHHbIE METOAOM
M06-2X/cc-pVTZ

Compound H,NPi Me,NPi H,PPi Me,PPi
Conformer g-Eq | gAx | g-Eq | g-Ax | g-Eq | g-Ax | g-Eq | g-Ax
Bond distance (A) and dihedral angle o (°)

N-C 1.456 1.461 1.454 1.454 1.463 1.461 1.460 1.456
N-C,, 1.457 1.463 1.459 1.459 1.459 1.460 1.457 1.455
N—-X 1.419 1.422 1421 1.414 1.713 1.705 1.715 1.703
X—H/Cye 1.023 1.018 1.455 1.456 1.432 1.429 1.855 1.854

0] 80 88 86 87 75 83 86 86

Natural charge
N —0.306 | —0.309 | —0.330 | —0.332 | —0.764 | —0.766 | —0.795 | —0.797
X —0.657 | —0.672 | —0.305 | —0.307 | 0.540 0.531 1.008 1.007
H or Cye 0.346 0.347 | —-0.408 | —0.401 | —0.081 | —0.081 | —0.943 | —0.943
Energy E(2) (donor-acceptor) (kcal/mol)

Lp(N)—Ry*(X) — — — — 442 | 532 | 332 | 518

7.56 7.54 10.10 10.45 8.09 8.53 8.00 8.38

Lp(N)—0™(X-H/Cye) 236 | 315 | 160 | 284 | 261 | 436 | 423 | 6.02

Lp(X)—c*(N-C,) 8.41 8.89 10.02 11.03 6.36 7.47 7.87 8.94

Compound HOPi MeOPi HSPi MeSPi
Conformer tr-Eq | tr-Ax | tr-Eq | tr-Ax | c-Eq | c-Ax | c-Eq | tr-Ax
Bond distance (A) and dihedral angle ¢ (°)

N-C, 1.459 1.464 1.458 1.464 1.462 1.465 1.461 1.466
N-X 1.426 1.432 1.422 1.427 1.696 1.693 1.695 1.713
X—H/Cye 0.960 0.960 1.410 1.410 1.358 1.357 1.817 1.806

0] 180 180 180 180 0 0 0 180

Natural charge
N -0.179 | -0.174 | -0.191 | -0.186 | —0.607 | —0.611 | —0.626 | —0.626
X —0.608 | —-0.626 | —0.430 | —0.447 | 0.184 0.178 0.396 0.344
H or Cye 0.466 0.469 | —0.207 | —0.204 | 0.063 0.063 | —0.755 | -0.711
Energy E(2) (donor-acceptor) (kcal/mol)

Lp(N)—Ry*(X) 0.71 0.60 0.96 0.79 4.85 5.85 4.85 5.12
LNo (X HICw) | 164 | 163 | - | - | £3L | 1000 [ 988 [ 563

Lp(X)— 6*(N-C) 335 | 356 | 328 | 350 | 302 | 428 | 423 | 383

Note: 2 — the trans forms of HSPi; ° — for tr-Eq; ¢ — for c-Ax

Tpumeuanue: * — tparc-opmer HSPI; ® — s tr-Eq; © — st c-Ax
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CONCLUSION

In this study, the molecular structure and con-
formational properties of the several N-substituted
piperidines containing heteroatoms X of the Va and
Vla subgroups of the type of CsHyoN-X-R,, where
R =Hor Me, and n =1 or 2, were investigated by QC
calculations.

These compounds may exist as three or four
conformers differing by axial and/or equatorial posi-
tions and relative (gauche and trans or cis and trans)
orientation of the piperidine ring and the substituent.

The 1,3-diaxial interaction strongly influences
on axial/equatorial orientations. At the same time, the
orbital interaction Lp(N)—c*(X-R) influences the
relative gauche, cis and trans orientation of the substit-
uent. For these compounds, the first of the two factors
is stronger, making the equatorial forms more stable.

In all cases, except Me2PPi and MeSPi, the
MP2 method predicts higher AE and AG values (axial—

equatorial) compared to the DFT results. Increasing the
sophistication of the basis set, from 6-311G** to cc-
pVTZ, resulted in a lower contribution of the axial form.

According to the calculations, for the com-
pounds containing N or P atoms, the g-Eq conformers
are more stable than the other forms; the torsion an-
gles are ¢ = 80-86° for H2NPi, Me2NPi and Me2PPi
and ¢ = 75° for H2PPi. Except for the R,PPI, the en-
ergy difference between the most stable gauche-axial
and gauche-equatorial conformers exceeds 2,4
kcal/mol, and, therefore, the contribution of the g-Eq
conformer is ca. 100%.

In the case of compounds containing atoms of

the Vla subgroup, the compounds with heteroatoms
O and S demonstrate the opposite tendency: the tr-Eq
form is more stable than c-Eq in HOPi and MeOPi,
but is less stable in HSPi and MeSPi. The NBO anal-
ysis shows that the orbital interaction between the Lp
on the nitrogen atom in the piperidine ring and o*(S—
R) stabilizes the cis form. The contribution of axial
conformer is 4-11, 1-4, 7-14 and 3-5%, for the HOPI,
HSPi, MeOPi and MeSPi, respectively.

The energy barrier for the nitrogen inversion
process from the equatorial to the axial conformer
increases in the series P>S—N—O.

ACKNOWLEDGMENTS

The financial support of this work by the Rus-
sian Foundation for Basic Research (Grant 14-03-
00923) is greatly acknowledged. PMW acknowledges
support by the National Science Foundation, grant
number CBET-1336105.

10.

11.

12.

REFERENCES

Kleinpeter E. Conformational analysis of saturated hetero-
cyclic six-membered rings. Heterocycl. Chem. 2004. V. 86.
P. 41-127. DOI: 10.1016/S0065-2725(03)86002-6.

Weldon AJ., Vickrey T.L., Tschumper G.S. Intrinsic con-
formational preferences of substituted cyclohexanes and tetra-
hydropyrans evaluated at the CCSD (T) complete basis set limit:
implications for the anomeric effect. J. Phys. Chem. A. 2005.
V. 109. N 48. P. 11073-11079. DOI: 10.1021/jp0550311.
Weldon A.J., Tschumper G.S. Intrinsic conformational
preferences of and an anomeric-like effect in 1-substituted si-
lacyclohexanes. Int. J. Quant. Chem. 2007. V. 107. N 12.
P. 2261-2265. DOI: 10.1002/qua.21336.

Bjornsson R., Arnason I. Conformational properties of six-
membered heterocycles: accurate relative energy differences
with DFT, the importance of dispersion interactions and sili-
con substitution effects. Phys. Chem. Chem. Phys. 2009. V. 11.
N 39. P. 8689-8697. DOI: 10.1039/B910016D.

Naderi F., Khodabandeh M.H., Rezaeianpour S. Energet-
ical and structural investigation for equatorial/axial conver-
sion of different substituents on piperidine and phos-
phorinane: A theoretical study. J. Phys. Theor. Chem. 2015.
V.11. N 4. P. 207-214.

Tran D. Phien, Shlykov S.A. N-substituted alkyl- and non-
alkylpiperidines: equatorial, axial or intermediate confor-
mations?. Comput. Theor. Chem. 2016. V. 1087. P. 26-35.
DOI: 10.1016/j.comptc.2016.04.025.

Shlykov S.A., Tran D. Phien, Gao Y., Weber P.M. Molec-
ular structure and conformational properties of N-cyclohe-
xylpiperidine as studied by gas-phase electron diffraction,
mass spectrometry, IR spectroscopy and quantum chemical
calculations. Struct. Chem. 2015. V. 26. N 5. P. 1501-1512.
DOI: 10.1007/s11224-015-0602-z.

Shlykov S.A., Tran D. Phien, Gao Y., Weber P.M. Structure
and conformational behavior of N-phenylpiperidine studied by
gas-phase electron diffraction and quantum chemical calculations.
J. Mol. Struct. 2016. DOI: 10.1016/j.molstruc.2016.06.048.
Korth M., Grimme S. “Mindless” DFT benchmarking. J.
Chem. Theory and Comput. 2009. V. 5(4). P. 993-1003.
DOI: 10.1021/ct800511q.

Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E., Robb
M.A., Cheeseman J.R., Montgomery J.A., Jr., Vreven T., Kudin
K.N., Burant J.C., Millam J.M., lyengar S.S., Tomasi J., Barone
V., Mennucci B., Cossi M., Scalmani G., Rega N., Petersson
G.A,, Nakatsuji H., Hada M., Ehara M., Toyota K., Fukuda R.,
Hasegawa J., Ishida M., Nakajima T., Honda Y., Kitao O,
Nakai H., Klene M., Li X., Knox J.E., Hratchian H.P., Cross
J.B., Adamo C., Jaramillo J., Gomperts R., Stratmann R.E.,
Yazyev O., Austin A.J., Cammi R., Pomelli C., Ochterski J.W.,
Ayala P.Y., Morokuma K., Voth G.A,, Salvador P., Dannen-
berg J.J., Zakrzewski V.G., Dapprich S., Daniels A.D., Strain
M.C., Farkas O., Malick D.K., Rabuck A.D., Raghavachari K.,
Foresman J.B., Ortiz J.V., Cui Q., Baboul A.G., Clifford S.,
Cioslowski J., Stefanov B.B., Liu G., Liashenko A., Piskorz P.,
Komaromi I., Martin R. L., Fox D.J., Keith T., Al-Laham M.A.,
Peng C.Y., Nanayakkara A., Challacombe M., Gill PM.W.,,
Johnson B., Chen W., Wong M.W., Gonzalez C., Pople J.A.
Gaussian 09. Revision D.01 Gaussian, Inc. Pittsburgh PA. 2009.
Glendening E.D., Reed A.E., Carpenter J.E., Weinhold F.
NBO. Version 3.1.

Riddell F.G. The Conformational Analysis of Heterocyclic
Compounds. London: Academic Press. 1980.

Ilocmynuna 6 peoaxyuio (Received) 18.07.2016
Ipunsima k onybnuxosanuio (Accepted) 03.10.2016

26 H3B. By30B. XumMus u xum. Texnonorus. 2016. T. 59. Bem. 11



