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Abstract: The conformational land-
scape of the alkaloid anabasine (neoni-
cotine) has been investigated by using
rotational spectroscopy and ab initio
calculations. The results allow a de-
tailed comparison of the structural
properties of the prototype piperidinic
and pyrrolidinic nicotinoids (anabasine
vs. nicotine). Anabasine adopts two
most stable conformations in isolation
conditions, for which we determined
accurate rotational and nuclear quad-
rupole coupling parameters. The pre-
ferred conformations are characterized

by an equatorial pyridine moiety and
additional N-H equatorial stereochem-
istry at the piperidine ring (eq-eq; eq=
equatorial). The two rings of anabasine
are close to a bisecting arrangement,
with the observed conformations differ-
ing by an approximately 180° rotation
of the pyridine subunit, denoted either
syn or anti. The preference of anaba-
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sine for the eq-eq-syn conformation
has been established by relative inten-
sity measurements (syn/anti~5(2)). The
conformational preferences of free
anabasine are directed by a weak
N---H—C hydrogen bond interaction be-
tween the nitrogen lone pair at piperi-
dine and the closest C—H bond in pyri-
dine, with N---H distances ranging from
2.686 (syn) to 2.667 A (anti). Support-
ing ab initio calculations by using MP2
and the recent M05-2X density func-
tional are provided, evaluating the pre-
dictive performance of both methods.
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Introduction

The nicotinoids are alkaloids sharing a two-ring assembly
with a 3-pyridyl methylamine skeleton. The structural proto-
type of pyrrolidinic nicotinoids is nicotine (1-methyl-2-(3-
pyridyl)pyrrolidine), which has been thoroughly investigated
in connection with its role as an agonist of the acetylcholine
receptor (nAChR).!"! Understanding the mechanisms of mo-
lecular recognition in nAChR is crucial for the design of
novel agonists targeting not only nicotine addiction but also
disorders in the central nervous system, such as Alzheimer
or schizophrenia.”

Two pharmacophores have been recognized in acetylcho-
line (ACh), a nonbonding electron pair providing hydrogen
bonding to the receptor and a positively charged nitrogen
center responsible for a cation- interaction.!"*! Ionized nic-
otine mimics ACh, but the N--N distance between the rec-
ognition sites is conformer-dependent. In consequence, the
investigation of the intrinsic conformational preferences in
nicotine is biochemically relevant and has been targeted
with different techniques. The gas electron diffraction was
studied by Konaka who reported two dominant conform-
ers with an equatorial pyridine roughly bisecting pyrrolidine.
The microwave spectrum of nicotine was studied by Lavrich
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and Suenram and revealed the same two conformations.”
Several theoretical calculations have also been reported.[!

Piperidinic nicotinoids can also act as agonists of nAChR.
However, unlike nicotine, the structural information on
these nicotinoids is scarce. X-ray diffraction studies” on the
prototypical anabasine (neonicotine, 2-(3-pyridil)piperidine)
showed consensus on the piperidinic chair motif, but explic-
itly reported a “substantial conformational disparity” con-
cerning the orientation of its pyridine moiety. Since there
were no previous experimental investigations on the intrin-
sic structure of the free molecule the absence of solvent,
matrix, or crystal effects, the question remained unsolved.
Additionally, the structural properties of the free molecule
are crucial to validate the predictive power of theoretical
methods, either molecular mechanics used in large-scale
simulations or the more accurate density functional or ab
initio calculations. For all these reasons we investigated ana-
basine by using Fourier-transform microwave (FTMW) spec-
troscopy in a supersonic jet.®! The use of an adiabatic super-
sonic expansion provides a virtually collisionless environ-
ment, freezing the different conformers in their vibrational
ground states and populating only the lowest rotational
quantum numbers. Furthermore, the inherent high resolu-
tion of microwave spectroscopy (linewidths <10 kHz)
allows the discrimination of all plausible conformers or even
isotopologues, with no other prerequisite than a permanent
dipole moment.

The experiment was assisted by several ab initio calcula-
tions interrogating not only the spectroscopic parameters
relevant for the interpretation of the jet-cooled spectra, but
also the conformational landscape and feasible relaxation
pathways that might reduce the number of detectable spe-
cies by interconversion to lower-energy forms.

Results: Rotational Spectrum and Structure

Assuming that saturated six-membered rings adopt a chair
conformation, the elucidation of the structure of anabasine
requires considering the stereochemistry at the piperidine
nitrogen atom (axial (ax)/equatorial (eq)), the pyridil posi-
tion in piperidine (axial/equatorial), and the rotamerization
of the pyridil ring. If, as observed in nicotine,*® the pyri-
dine ring was attached nearly bisecting piperidine, two pre-
ferred orientations separated by an approximately 180° in-
ternal rotation (syn/anti attending to H2/H2') could be an-
ticipated. In consequence, the 2°=8 conformations of
Scheme 1 could be expected for anabasine and would pro-
duce distinct rotational signatures.

Following model calculations of the rotational constants
(A, B, C) for the plausible structures, a survey of the micro-
wave spectrum immediately identified the intense lines of
the most abundant conformation. The spectrum was as-
signed on the basis of a series of u, R-branch (J+1+J) rota-
tional transitions appearing at (B+ C)~990 MHz intervals,
characteristic of near-prolate asymmetric rotors. A set of ad-
ditional y, transitions was assigned later, finally covering an-
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Scheme 1. Plausible conformations of anabasine.

gular momentum quantum numbers J=3-19. In further fre-
quency scans the weaker transitions of a second conformer
could be positively identified, for which transitions with g,
and u, selection rules (/=3-13) were measured similarly.
No other conformations were detected in the jet-cooled ex-
pansion.

As exemplified in Figure 1, all transitions exhibit very
complex hyperfine patterns, typically splitting each transi-
tion into nine more intense components spread less than
500 kHz, which would not be resolvable with any kind of vi-
brational or electronic spectroscopies. The hyperfine effects
were accounted for in terms of the interaction between the
electric quadrupole of the two "N (I=1) nuclei and the mo-
lecular electric field gradient, coupling the nuclear spins to
the overall rotation (I=1I,+1I,, F=I+J)."'! As shown in

[te) ~
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JKa‘ K¢ «J Ka”,Ke'™ \L i, 3
6 5 o | ©
34$ 923 © Sl o
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Figure 1. The 654<5,; rotational transition of eq-eq-syn anabasine illus-
trates the complex hyperfine patterns arising from the two-nuclei N nu-
clear quadrupole coupling (hyperfine components labelled as I',F—
I'.F'; I=1,+1I,, F=I+J) . All component lines appear as a doublet
from the Doppler Effect.
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Table 1, the analysis of the observed transitions by using the
Watson’s semirigid rotor Hamiltonian!"! (S-reduction) ren-
dered accurate rotational and centrifugal distortion con-

former matched very well with the predictions for the eq-
eq-anti species, calculated 3.1 kImol ' above the global min-
imum. The observation of two conformations in anabasine is

Table 1. Rotational parameters of anabasine and comparison with the ab initio predictions by using MP2 and

DFT theory (M05-2X functional).

consistent with the large inter-
conversion barrier
(181 kJmol™") predicted ab
initio in Figure 2, which ex-

Experiment Theory MP2 [M05-2X] :
eq-eq-syn eq-eq-anti eq-eq-syn eq-eq-anti cludes a conformational relaxa-
A [MHz] 2523.91921(18)1 2505.84766(32) 2520.1 [2545.6] 25013 [2529.6] {on between these CO‘?formerS
B [MHZ] 505.16717(16) 509.00907(15) 504.8 [508.9] 507.7[5103] in the seeded expansion. All
C [MHz] 485.22787(12) 486.45464 (14) 487.24 [489.4] 489.5 [492.8] other anabasine conformations
D, [kHz] 0.012569(50) 0.01363(42) 0.010 [0.011] 0011 [0013]  were predicted to be much
Dy [kHz] 0.0897(12) 0.0741(15) 0.089 [0.087] 0.082 [0.085] . .
Dy [kHz] 0.075(12) 0.127(16) 0.070 [0.078] 0086 [0.085]  igher in enerey (>13 (MP2)
d, [Hz] ~1.15(10) 0.00¢! —0.59[0.74] —029[-025] Or >9kImol” (M05-2X) in
d, [Hz] —2.664(47) —3.270(82) —1.76[-1.97] —1.98[-2.56] Tables S3-S4 of the Supporting
. Information) and unequivocally
NI discarded on the basis of the ro-
Yan [MHz] ~0.9731(48) 0.764(10) ~0.96[—1.10] 0.83 [0.84] o ol and nucl drumol
Aoy [MHz] —0.331(26) —1.552(33) —0.37[-0.39] —149[-147) tationaland nuclear quadrupole
e [MHz] 1.305(26) 0.788(33) 1.32 [1.50] 0.66 [0.63] coupling parameters, both ex-
“N1 tremely sensitive to the molecu-
Yon [MHZ] 2.46198(43) 2.4920(93) 2.49 [2.69] 248267 lar geometry. The population
oo [MHz] 0.403(24) 0.254(31) 0.15 [0.42] 010[022] S e estimated as
e [MHzZ] —2.865(24) —2.746(31) —2.64[-3.11] —2.58[~2.89] ] :
eq-eq-syn/eq-eq-anti~5(2) by
|ua| [D] 221 [2.25] 1.52 [1.55] using relative intensity meas-
|| [D] 1.05 [1.07] 216[2.13]  uyrements!'? and the theoretical
:Mcl [F[]D] (2)431; {gzﬂ égg Egg dipole moments of Table 1. The
fror B o preference of anabasine for the
NI 124 106 eq-eq-syn conformation is con-
o [kHz] 1.7 2.0 sistent with the ab initio Gibbs
AE [k mol-1]9 00 31127] free energy difference of
mol]* . . X 1
AG [ mol ] 00 To[s  3OKImol! (MP2) at 333K

[a] Rotational constants (A, B, C); Watson’s quartic centrifugal distortion constants (D), Dy, Dy, d,, d,); Nu-
clear quadrupole coupling tensor elements (x4 «, f=a, b, c) for the pyridine and piperidine N atoms and
electric dipole moment components (u,, a.=a, b, ¢c; 1 D~3.336x10> Cm) referred to the principal inertial
axis. [b] Number of transitions (N) and rms deviation (o) of the fit. [c] Relative energies with respect to the
global minimum (zero-point-energy corrected) and Gibbs free energies at 333 K and 1 atm. [d] Standard error

in parentheses in units of the last digit. [e] Fixed to zero.

stants and the nuclear quadrupole coupling parameters for
the two observed conformers of anabasine. Off-diagonal nu-
clear quadrupole coupling contributions were not required
to fit the observed transitions to experimental accuracy (o<
2 kHz). The set of measured rotational transitions and resid-
uals is given in the Supporting Information as Tables S1 and
S2.

An unequivocal conformational assignment was estab-
lished by comparison of the experimental rotational con-
stants and the nuclear quadrupole coupling parameters with
their ab initio modeled values (also shown in Table 1). The
ab initio calculations suggested that the eq-eq-syn (global
minimum) and eq-eq-anti conformations in Scheme 1 would
correspond to the most stable structures of anabasine. Ac-
cordingly, we found a very good agreement between the ex-
perimental parameters of the most populated conformer
and those predicted for the global minimum eq-eq-syn. Sim-
ilarly, the parameters determined for the less abundant con-
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corresponding to an equilibrium
population ratio of 3.4:1.

The intensity of the spectrum
prevented at this moment the
analysis of minor isotopic spe-
natural

cies in abundance.

T
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Figure 2. The ab initio (MP2/6-311++ G(d,p)) potential curve for inter-
conversion between the eq-eq-syn (global minimum) and eq-eq-anti con-
formers of anabasine.
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However, relevant structural information can be extracted
from the rotational constants of the parent eq-eq-syn and
eq-eq-anti species. To this purpose, we fitted three structural
parameters defining the orientation of the pyridine ring
while keeping the rest of the molecule at the MP2 ab initio
predicted configuration (the MO05-2X behavior in Table 1
was clearly less dependable in terms of the rotational and
hyperfine parameters). The most significant structural fea-
tures observed in Figure 3 include a tilt of approximately

Figure 3. Intrinsic conformations of free anabasine detected by rotational
spectroscopy: eq-eq-syn (top) and eq-eq-anti (bottom).

16-17° of the pyridine plane with respect to the ideal syn or
anti configurations (C2'-C3’-C2-C3=-103.1° in eq-eq-syn or
+77.2° in eq-eq-anti). The two observed conformers differ
practically in a 180° rotamerization, and the distances be-
tween the two nitrogen nuclei N---N range from 4.750 (eq-
eq-syn) to 4.233 A (eq-eq-anti). The effective structures are
reported in Table 2 and reproduce the observed ground-
state rotational constants below 1 MHz.

Discussion

We present the first experimental study of a piperidinic nic-
otinoid with rotational resolution, resolving its complicated
nuclear quadrupole coupling hyperfine effects and establish-
ing its intrinsic conformational and spectroscopic properties
in the ground state. The preference of the planar pyridine
ring towards an orientation equatorial to the piperidine
chair is unequivocally confirmed, together with the equatori-
al N-methyl stereochemistry of piperidine. The rotameriza-
tion of pyridine results in two most stable syn/anti confor-
mations for the free molecule, virtually identical in the ori-
entation of the pyridine ring. The deviation of the observed
conformers with respect to the ideal syn/anti orientation of
16-17° is noticeable, most probably reflecting a weak N---H—
C hydrogen bond interaction between the nitrogen lone pair
of piperidine and the closest hydrogen atom in pyridine,
either H4' (syn) or H2' (anti). The N--H distances of 2.686
(syn) or 2.667 A (anti) are within the 2.5-2.7 A range for
these weak interactions.!'>'*!]
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Table 2. Effective structures of anabasine in the gas phase. The fitted pa-
rameters are shown in bold, with the rest of the structural parameters
constrained to the MP2/6-3114++4G(d,p) near-equilibrium ab initio
values. The values in parenthesis show the starting ab initio values. Nota-
tion after Figure 3 (hydrogen atoms omitted).

[a]

eq-eq-syn eq-eq-anti

o o

r(N;—Cy) 1.467 1.466
r(Cs—Cs) 1.526 1.526
r(Cs—C,) 1.531 1.531
r(C,—Cs) 1.531 1.531
r(C;—C,) 1.534 1.534
r(C—Gy) 1.505 1.506
r(G—C) 1.402 1.406
r(C,/—Ny) 1.345 1.345
r(N,—Cy") 1.345 1.346
r(Cs—Cy') 1.400 1.399
r(Cs—Cy) 1.396 1.397
<(Cs-C¢N)) 109.35 109.28
<(Cy-Cs5-Cy) 110.11 110.11
<(C5-C4-Cy) 110.26 110.31
<(C-C5-Cy) 110.68 110.63
<(Gy-Cy-Gy) 113.68(111.24) 111.56(111.32)
<(G)-CG4-Cy) 121.93(120.98) 122.9(120.68)
<(N/-G-Gy) 124.54 124.19
<(C¢-N/-Cy) 116.67 116.97
<(C5-C¢-Ny) 123.57 123.61
<(C/-C5-C¢) 118.89 118.58
7(C4-Cs5-C¢-N)) 57.91 57.90
7(C5-C4-Cs5-Cy) —54.12 —54.06
7(C,-C5-C4-Cs) 54.17 54.11
7(Cy-C,-C5-Cy) —178.39 —178.67
7(Cy-Cy-C,-Cy) —103.14(—104.51) 77.18(74.17)
7(C/-G,/-C4-C,) 177.05 —178.38
7(C-C,-C,)-Cy) 1.74 0.28
7(C5-C¢-C/-C) —1.07 —0.40
7(C/-C5-C4-Cy) 0.00 0.22

[a] Bond lengths [A], valence angles [°], and dihedrals [°] are denoted r,
<, and 7, respectively.

The observed conformations of anabasine can be rational-
ized in terms of the structure of related compounds. The
preference of the chaired piperidine moiety for a N-H equa-
torial conformation is well established, as observed for the
isolated molecule in piperidine,'® tropinone,'” and 1-
methyl-4-piperidinone." This preference was attributed in
piperidine to the delocalization of the nitrogen lone pair
and steric effects.'”) In our conformational search, the most
stable N-H axial conformations (ax-eq in Scheme 1) were
found at relative energies of 9 (MO05)-13 kJmol™ (MP2)
over the global minimum, so they are depopulated in the ex-
pansion. The conformational properties of six-membered
two-ring assemblies were examined in a classical work of
Eliel on phenylcyclohexanes.”*! Generally speaking a cy-
clohexane attached to a sp>-hybridized group would tend to
adopt a relative orientation with the substituent nearly per-
pendicular to the bisector plane of cyclohexane.”” However,
for phenylcyclohexane the perpendicular axial phenyl im-
poses large steric constraints between its ortho hydrogen
atoms and the adjacent equatorial hydrogen atoms in cyclo-
hexane, which are avoided in the bisecting equatorial con-
formation. The similarities™?"! between piperidine and cy-
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clohexane make this explanation valid for anabasine also.
The modulating role of the weak N--H—C intramolecular
hydrogen bond in anabasine is supported by contrasting ab
initio predictions on phenylcyclohexane in Tables S5-S6 (see
the Supporting Information), which suggests an ideal bisect-
ing orientation for the equatorial molecule. Whereas intra-
molecular hydrogen bonding is often masked in crystal
structures, it is revealed as a decisive interaction in multiple
biological molecules observed under isolation conditions,
such as amino acids.” Interestingly, Eliel noticed that the
introduction of a methyl group in 1-methyl-1-phenylcyclo-
hexane would reverse the conformational equilibrium from
bisecting equatorial to perpendicular axial, that is, rotating
approximately 90° the orientation of the phenyl group.””
The conformational search of anabasine also showed that
the axial pyridine conformations (ax-ax and eq-ax) exhibits
a near-perpendicular aromatic ring, but their large relative
energies >13 (MP2)-12 kImol™' (M05-X2) in Table S4 (see
the Supporting Information) make them undetectable.

The striking differences between the free molecule and
the crystal structures illustrate the importance of the gas-
phase studies. The few known anabasinium salts”! studied to
date revealed only a single conformer (except in the O-O'-
diethylphosphorothioate®), and the relative orientation be-
tween the two rings is widely changing in the crystal (i.e.,
differences of up to 33° in C,-C;'-C,-C; for eq-eq-syn or 44°
for eq-eq-anti conformations). Further arguments would re-
quire the investigation of additional structures of anabasine,
in particular, that of its crystal neutral form, which is avail-
able for nicotine®! but unknown for anabasine. However,
our new data confirm that the claim about “conformational
disparity” in this molecule deduced from the X-ray diffrac-
tion data is purely a crystal packing effect.

Conversely, our study of the free molecule emphasizes the
similarities with nicotine. In both compounds the eq-eq-syn
conformation gives rise to the most stable conformer and
the relative energy with the eq-eq-anti species is comparable
(MP2: 3.1 in Table 1 vs. 2.4 kJmol™ in nicotine). Further-
more, both the orientation between the two rings (MP2: C,'-
C;-C,-C5=-107.7/72.3° in nicotine) and the N--N distances
(MP2: 4.800/4.242 A in nicotine) are similar in the two mol-
ecules. In conclusion, the structural homology of anabasine
and nicotine is confirmed from the study of the free mole-
cules in the gas phase.

The experiment and the theoretical data generally com-
pare satisfactory for this molecule, but the inferior behavior
of the computationally effective M05-2X?" empirical func-
tional in this molecule with respect to the conventional MP2
approach is worth noting. The need for accurate DFT meth-
ods suitable for the investigation of large biomolecular sys-
tems will probably require not only assessment with other
reference theoretical methods,”® but also contrasting with
rotational experiments, which provide an ultimate bench-
mark for molecular structure.

This work calls for additional high-resolution structural
studies on anabasine and other nicotinoids, which are poorly
covered in the literature. Additionally, it illustrates the value

www.chemeurj.org
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of rotational data and the benefits of modern microwave
spectroscopy techniques, which are extending to larger sys-
tems and offer a valuable insight into the molecular proper-
ties, structure, and dynamics of biological building blocks.

Experimental Section

Experimental methods: The rotational spectrum was surveyed in the
region of 6-26 GHz with the FTMW!! spectrometer in Hannover.
Briefly, the sample is probed in a supersonic jet expansion expanded into
a Fabry-Pérot microwave resonator, by using short (us) excitation pulses
at microwave frequencies. The exciting radiation brings the molecular en-
semble into coherence, inducing a macroscopic polarization. The subse-
quent transient spontaneous emission or free-induced-decay is then de-
tected in the MW region, downconverted to the radiofrequency region
and digitized in the time-domain. Finally, a Fourier transformation yields
the frequency-domain spectrum, from which the resonance frequencies
of the rotational transitions are measured. The collinear arrangement of
the supersonic jet and the resonator axis results in an instrumental Dop-
pler doubling, with the rest frequencies corresponding to the average fre-
quency of the two Doppler components. The accuracy of the frequency
measurements is below 3 kHz. Transitions separated by more than typi-
cally 6 kHz are resolvable.

Anabasine is a liquid at room temperature (m.p. 9°C), so it was vapor-
ized in a heating nozzle®™ under mild conditions (60°C) and diluted in a
current of neon used as a carrier gas (stagnation pressures of ca. 2 bar).

Computational methods: Several ab initio calculations implemented in
Gausssian 03! were tested in this work. In particular, we compared the
results of frozen-core second-order Moller—Plesset (MP2) perturbation
theory and density functional theory, by using the recent Truhlar’s M05—
2X functional® in combination with a standard triple-C 6-311 4+ G(d,p)
basis set. M05-2X is a highly-parametrized meta-hybrid empirical func-
tional developed to account for dispersion interactions, which are often
relevant in biological molecules. The ab initio calculations included a
search of the conformational space of anabasine, the identification of the
stationary points on the potential energy surface, and the calculation of
the rotational and hyperfine parameters of the title compound. In a later
stage, the relaxation path between the two most stable conformations of
the molecule was investigated. The analysis of the vibrational frequencies
used the two theoretical methods in the harmonic approximation. The
centrifugal distortion constants were estimated from the harmonic force
field. Finally, to compare anabasine with nicotine and phenylcyclohexane,
the conformations of these molecules were fully optimised by using the
same theoretical methods used for anabasine.
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