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Abstract: The crystal structure analysis of a 2,6-diaryl
4-piperidone derivative, isolated as a mono-methanol
solvate, reveals that both the piperidone and the metha-
nol molecule lie on a crystallographic mirror plane. A
chair conformation is found for the piperidone ring with
the aryl and methyl groups in equatorial positions. The
most prominent feature of the molecular packing is the
formation of supramolecular zigzag chains mediated by
amine-N-H---O(methanol) and hydroxyl-O—H---N(amine)
hydrogen bonds, i.e. the methanol molecule serves as
a bridge between piperidone molecules. The molecu-
lar structure is compared with that determined in an
unsolvated form and the gas-phase equilibrium structure,
obtained using density-functional theory (DFT); differ-
ences relate, in the main, to the relative dispositions of
the aryl rings. An analysis of the Hirshfeld surfaces of the
experimental structures indicates very similar relative
contributions with the notable exception being the con-
tribution by O---H/H---O which at 13.7% in the methanol
solvate is >8.5% in the unsolvated form.
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Introduction

While the intermolecular interactions sustaining crystal
structures are many and varied, hydrogen bonding
remains as the mainstay of crystal engineering of the
organic solid-state [1-4]. Being strong and highly direc-
tional, conventional hydrogen bonding can be exploited
to rationally and reliably connect molecules into supra-
molecular aggregates as demonstrated, e.g. in the bur-
geoning field of co-crystal formation [5, 6]. With the
above in mind, it is clearly of fundamental interest when
molecules with hydrogen bonding potential crystallise
without forming hydrogen bonds, as these examples
might provide insight into the role of other factors that
determine the ultimate crystal structure(s) adopted by
molecules. A notable example when conventional hydro-
gen bonds might be anticipated but are not observed is the
crystal structure of 1,3-diazinane-2,4,5,6-tetrone (alloxan;
Figure 1a), which features two acidic amide-N-H atoms
and four carbonyl groups. Rather than the formation of
the what might be anticipated amide-N-H---O(carbonyl)
hydrogen bonds, the most prominent intermolecular
interactions, i.e. points of contact between molecules, are
dipolar C=0---C=0 contacts [7]. Such C=0---C=0 contacts
have been recognised for some time as being important
in the molecular packing of both organic [8] and metalor-
ganic crystal structures [9]. In the case of alloxan [7],
global crystal packing considerations, correlated with
the shape of the molecule, have been cited as being an
overriding factor in determining the ultimate molecular
packing in the crystal [10]. Herein, the crystal structure
determination of 2,6-bis(4-fluorophenyl)-3,5-dimeth-
ylpiperidin-4-one (Figure 1b), as its methanol solvate,
is described. The structure of the organic molecule has
been reported previously in an unsolvated form [11], and
despite the presence of potential donor and acceptor
hydrogen bonding sites, i.e. amine-N-H and carbonyl-
C=0, conventional N-H::-:O hydrogen bonding was not
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Fig. 1: Chemical structures of (a) 1,3-diazinane-2,4,5,6tetrone
(alloxan), and (b) 2,6-bis(4-fluorophenyl)-3,5-dimethylpiperidin-
4-one methanol solvate (1-MeOH).

observed in the molecular packing. The piperidin-4-one
derivative has been by investigated by density-functional
theory (DFT), and the crystal structures of the solvated
and unsolvated forms analysed by Hirshfeld surfaces.

Piperidin-4-one molecules are well known for their
therapeutic applications and therefore great effort is
directed towards the synthesis and characterisation of
new derivatives. Specifically, piperidine derivatives are
reported to exhibit anti-bacterial [12, 13] anti-fungal,
central nervous system (CNS) stimulating, depressant and
analgesic [14, 15], anti-tubercular [16], anti-cancer [17, 18]
anti-oxidant and anti-convulsant [19] activities. The sig-
nificant biological activities of piperidin-4-one derivatives
are often associated with the aryl substituents at the posi-
tions on either side of the amine group [18, 20]. Thus, the
pharmacological properties of potential piperidin-4-one
drugs depend on the reactivity, stereochemistry and ring
conformations of the compounds, especially for 2,6-diaryl
4-piperidones [21]. The title compound, 1-MeOH, was
investigated in continuation of earlier interest on piperi-
dine derivatives [22-24].

Experimental
Instrumentation

All reagents used for the synthesis were purchased from Aldrich
and used without further purification. The progress of the reaction
was monitored by thin layer chromatography (TLC) using a mixture
of 4:1 n-hexane and ethyl acetate as the eluent. The 'H and “C{'H}
NMR (including the 'H,'H COSY) spectra were recorded in CDCIL,
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solution on a Bruker-AVANCE III 400 MHz instrument with internal
TMS as the standard. The melting point was determined on a Metler
Toledo melting point apparatus by the open capillary tube method
and was uncorrected. Powder X-ray diffraction (PXRD) data were
recorded with a Bruker D8 Advance XRD system with Cu Kol radia-
tion (A =1.5406 A) in the 20 range of 10.0-80.0° with a step size of
0.02°. The data acquired on the Bruker system were reformatted with
PowDLL [25] into a form readable by X’Pert HighScore Plus [26] to
enable a comparison between experimental and calculated (from the
CIF) PXRD.

Synthesis and crystal growth

The synthesis of 2, 6-bis(4-fluorophenyl)-3,5-dimethylpiperidin-
4-one was carried out by following the procedure available in
the literature [27]. A mixture of diethylketone (0.86 g, 0.01 mol),
fluorobenzaldehyde (2.48 g, 0.02 mol) and ammonium acetate
(0.85 g, 0.011 mol) in methanol was refluxed for about 0.5 h. The
reaction mixture was then cooled to room temperature. The product
was filtered and recrystallised from methanol; M. Pt: 388 K. NMR
data: '"H NMR (400 MHz): 8 7.44 (t, ] = 8.0 Hz, 4H), 7.05 (t, ] = 8.0 Hz,
4H), 3.62 (d, ] = 8.0 Hz, 2H at C-2,6), 3.49 (s, 3H; CH, of methanol),
2.75 (t,J = 8.0 Hz, 2H at C-3,5), 2.05 (br s, 1H, NH), 1.40 (br s, 1H, —OH
of methanol), 0.84 (s, 6H, CH, at C-3,5). ®C-NMR (400 MHz): §186.48
(CO), 162.39 (para), 137.74 (ipso), 129.24 (ortho), 115.38 (meta), 68.02
(C-2 and C-6), 52.11 (C3 and C-5), 50.74 (methanol CH,), 10. 41 (CH,
at C3 and C-5) ppm.

Crystal structure determination

Intensity data were measured at 100 K on an Agilent Technolo-
gies SuperNova Dual CCD with an Atlas detector fitted with Mo Ko
radiation. Data processing and absorption correction were accom-
plished with CrysAlis PRO [28]. With the use of SHELXS-97 [29] and
SHELXL-2014/7 [30] programmes integrated into WinGX [31], the
structure was solved by direct methods and refined on F? by full-
matrix least-squares with anisotropic displacement parameters for
all non-hydrogen atoms. The C-bound H atoms were placed on ste-
reochemical grounds and refined in the riding model approximation
with U = 1.2—1.5Ueq(carrier atom). The O- and N-bound H atoms were
refined with O—H = 0.84+0.01 and N-H = 0.88+0.01 A, respectively,
and with U =150, (0) and U, =1.2U,(N). A weighting scheme of
the form w=1/[c*(F?)+(0.038P)*+1.350P] where P=(F?+2F?/3
was employed. Unit cell data, X-ray data collection parameters,
and details of the structure refinement are given in Table 1. The pro-
grammes ORTEP-3 for Windows [31], PLATON [32], QMol [33] and DIA-
MOND [34] were also used in the analysis.

Re-refinement of 1

At the suggestion of the anonymous reviewers of the original sub-
mission, a re-investigation of the location of the amine-H atom in
the literature structure of 1 [11] was undertaken. This advice proved
salutatory. In the literature refinement of 1, the amine-H atom was
placed in an “idealised” position with N-Hin = 0.86 A. In the present
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Tab. 1: Crystallographic data and refinement details for 1-MeOH.?

Formula C,,H,F,NO, CH,OH
Formula weight 347.39

Crystal colour, habit Colourless prism
Crystal size/mm 0.18x0.19x0.23
Crystal system

orthorhombic

Space group Pnma
a/A 9.2222(5)
b/A 21.1828(10)
c/A 9.0152(6)
VIR 1761.14(17)
zZ|Z7 4/1
D /g cm= 1.310
F(000) 736
w(Mo Ko)/mm-? 0.098
Measured data 11036
6 range/° 3.2-27.5
Unique data 2070

- 0.020
Observed data [/ > 2.06(/)] 1747
R, obs. data; all data 0.043; 0.051
R,, obs. data; all data 0.104; 0.109

aSupplementary Material: Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-1426295. Copies of available
material can be obtained free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033
or e-mail: deposit@ccdc.cam.ac.uk). The list of Fo/Fc-data is
available from the author up to 1year after the publication has
appeared.

study the acidic proton was removed and a difference Fourier map
calculated. This revealed a plausible position for the amine-H atom.
Unrestrained refinement of this position gave an N-H bond length
of 0.91(17) and U,_ = 0.061(4) A2 In terms of hydrogen bonding, this
new position gives an indication of a very weak hydrogen bond with
the Hin---O separation in the putative amine-N-H---O(carbonyl)
hydrogen bond of 2.593(15) A and an angle at Hin of 156.9(13)°. How-
ever, the N-H separation is long for an sp>-N-H bond. To be con-
sistent with the refinement protocol for 1:MeOH, the Hln atom in
the new model for 1 was refined with N-H = 0.86+0.01 A and with
U= 1.2Ueq(N). Details of the molecular packing of 1 are presented
below. The new model for 1 gave rise to improvements in key indica-
tors such as Rw (F? all data) = 0.164 cf. 0.212 for the original model,

and p =0.22,0.19 e A3 cf. 0.52, 0.43 e A~

‘max, min

Computational chemistry

The calculations were run using Density-Functional Theory (DFT)
as implemented in the Gaussian code [35]. The B3LYP [36, 37] func-
tional and the 6-31+G(2d,2p) basis set were employed to relax the
geometries of several candidate conformers. The atomic charges
were calculated using the Bader’s QTAIM approach with the aimall
programmes [38].
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Results and discussion

Solution characterisation

To aid unambiguous assignment of the NMR data, a 'H,'H-
COSY spectrum was recorded for 1-MeOH, Figure 2. The
analysis showed that a doublet at 6 0.84 ppm, integrat-
ing for six protons, coupled with the triplet at 6 2.75 ppm
(2H) enabling the assignment of the latter as being due
to the methine protons at C-3 and C-5, i.e. nuclei carry-
ing the methyl substituents. The signal at 6 2.75 ppm also
coupled with a doublet at 6 3.62 ppm (2H) and so these
were assigned as the methine protons at C2 and C-6, i.e.
bearing the aryl groups.

The CH, proton of the solvent methanol molecule
appeared as a singlet at § 3.49 ppm and was coupled with
the hydroxy proton of methanol which appeared as a
broad singlet at & 1.40 ppm; these were correlated in the
'H,'H-COSY spectrum. In the aromatic region, the signal
at & 744 ppm coupled with the signal at & 705 ppm (4H).
The downfield signal at 6 744 ppm was assigned to meta
protons owing to their proximity to the electronegative flu-
orine atom at the para position enabling the assignment
of the signal at & 7.05 ppm to the ortho protons.

In the BC NMR spectrum, the extreme downfield signal
at 8 186.48 ppm is readily assigned to the carbonyl carbon.
Due to the presence of fluoride in the aryl ring, all the
aryl carbons appeared as doublets. The aryl carbon at the
para position, i.e. directly attached to fluoride, appeared
as doublet at & 162.39 ppm with ', =245 Hz. The signal
at 6 137.74 ppm also appeared as doublet with 4 . =3 Hz,
hence this was assigned to the ipso carbon. The doublets
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Fig. 2: The 'H,'H-COSY spectrum of 1-MeOH, recorded in CDCL,
solution.
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at & 129.24 and 115.38 ppm, with /=10 Hz and with
’J+ = 21 Hz, respectively, were assigned to ortho and meta
nuclei, respectively. The downfield signal at & 68.02 ppm
was assigned to C2 and C-6 (bearing aryl rings), whereas
that at 8 52.11 ppm was assigned to C-3 and C-5 (having
methyl substituents). The signal at & 10.41 ppm is due to
the methyl nuclei at C-3 and C-5. The methanol carbon
appeared at 6 50.74 ppm. The above assignments, integra-
tion and coupling are entirely consistent with the structure
shown in Figure 1. The unambiguous structure determi-
nation of 1-MeOH was established by single crystal X-ray
crystallography.

Experimental crystal and molecular
structures

The molecular structures comprising 1-MeOH are shown
in Figure 3 and selected geometric parameters are col-
lected in Table 2. The asymmetric unit comprises half
a piperidone molecule and half a methanol molecule

do1

Fig. 3: Molecular structures in 1-MeOH showing atom labelling
scheme. The diagram is drawn at the 70% probability level.
Unlabelled atoms are related by the symmetry operation: x, Y2 -y, z.

DE GRUYTER

(crystallisation solvent), each of which lies on a crystal-
lographic mirror plane.

The piperidone ring has a chair conformation with the
aryl and methyl groups occupying equatorial positions. In
this description, all hydrogen atoms occupy axial posi-
tions with the amine-H atom being directed to the region
between the aryl groups. Further discussion on the molec-
ular structure of 1in 1-MeOH is found below under “Com-
parison of experimental 1:-MeOH and 1 with theoretical 1”.

The components of the crystal structure of 1-MeOH
are connected by a methanol-O-H---N(amine) hydro-
gen bond, Table 3. The dimeric aggregates are linked by
amine-N-H---O(methanol) hydrogen bonds with the result
that a zigzag supramolecular chain along the a-axis is
formed, Figure 4a; these chains are reinforced by aryl-C—
H---O(methanol) interactions, Table 3. When viewed along
the a-axis, it is evident that the connections between mole-
cules are internal to the chain which appears to be tubular.

The supramolecular chains pack in the three-
dimensional architecture with no specific interactions
between them, at least based on the distance criteria in
PLATON [32], Figure 5. However, parallel rings (from sym-
metry, dihedral angle=0°) approach each other so that
C35 atoms are in close proximity with the C35---C35! sepa-
ration being 3.302(2) A; symmetry operation i: —x, -y,
1-z. This contact is discussed further below in the section
describing the Hirshfeld surface analysis. In this descrip-
tion, there is no apparent role for the carbonyl-O and fluo-
rine atoms in the directional supramolecular aggregation.
The carbonyl-O atom sits in a pocket defined by hydrogen
atoms. The two closest O---H contacts are intramolecular,
i.e. 2x 01---H2'3=2.61 A, with the next closest being inter-
molecular, i.e. 2x01---H3i=2.66 A; symmetry operation
ii: ¥24+x, Y2—-y, Y2—2z. These four hydrogen atoms define
a trapezoidal plane about the carbonyl-O atom with the
remaining contacts, shortest O---H separation = 2.89 A (x2),
being above and below this plane. As for the O1 atom, the F1

Tab. 2: Summary of intermolecular interactions (A-H---B; A, °) operating in the crystal structures of 1-MeOH and 1 [11].2

A H B A-H H---B A---B A-H---B Symmetry operation
1-MeOH

02 H2o0 N1 0.845(12) 1.936(12) 2.781(2) 180(3) XV, z

N1 Hin 02 0.877(15) 2.201(16) 3.056(2) 164.5(16) Yo+ X, Yoy, 1Y2-2

(32 H32 02 0.95 2.49 3.3692(17) 153 Yo+ X, Yoy, 1Y2-2
1

N1 Hin 01 0.875(11) 2.626(10) 3.4494(17) 157.1(13) 1+x,y,2

C11 H8 01 0.93 2.49 3.400(3) 165 1-x,-y,2-z

C18 H17 F1 0.93 2.54 3.197(3) 128 2-x,-y,1-z

C12 H12c Cg(C6-C11) 0.96 2.97 3.822(2) 149 -14+x,y,2

2Cg corresponds to the ring centroid of the specified atoms.
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Tab. 3: Summary of key geometric parameters (A, °) for 1:-MeOH, 1 and energy minimised 1.

Parameter 1-MeOH 1 Energy minimised 1
C1-01 1.214(2) 1.2094(18) 1.22
C3-N1 1.4756(16); 1.4756(16) 1.4605(17); 1.4623(17) 1.46; 1.46
C2-C1-01 122.08(8); 122.08(8) 121.92(14); 122.12(14) 122.2;122.2
c2-C1-C2 115.83(16) 115.96(12) 115.5
C3-N1-C3i 111.55(15) 112.16(11) 115.9
N1-C3-C2 111.85(12); 111.85(12) 108.44(11);112.11(11) 113.6; 113.7
01-C1-C2-C3 -126.61(18);126.61(18) -130.06(15); 129.19(16) -121.0; 121.0
01-C1-C2-C2’ -2.6(2); 2.6(2) -3.0(2); 3.0(2) 4.0; -4.0

N1-C3-C31-C32
N1-C3-C31-C36
C2-C2-C3-N1
C2'-C2-C3-C31
(2-C3-C31-C32
C2-C3-C31-C36
(C31-C36)/(C31-C36)
(€2,€3,€2,C37)/(C31-C36)

Symmetry operation i:

-62.98(17); 62.98(17)
115.64(15); ~115.64(15)
-177.93(12);177.93(12)
58.47(16); —58.47(16)
62.02(17); -62.02(17)
-119.36(14); 119.36(14)
70.22(4)

75.17(7); 75.17(7)

X YV2-y,z

-50.00(16); 50.60(17) -71.6;71.6
135.29(13); -131.15(14) 106.6; -106.7
179.55(13); -178.92(14) -174.9;174.9

56.42(17); -56.67(19) 59.9; -59.9

70.96(16); -70.17(17) 55.9; -56.0
-103.76(15); 108.09(16) -125.9;125.8

50.36(5) 75.3
81.38(6); 82.16(6) 71.5;71.6

(b)

Fig. 4: Two views of the zigzag supramolecular chain along the
a-axis in 1-MeOH: (a) viewed normal to the mirror plane, and (b)
viewed along the a-axis. The methanol-O—H---N(amine), amine-N-

H---O(methanol) and aryl-C-H---O(methanol) interactions are shown

as orange, blue and green dashed lines, respectively. Hydrogen
atoms not participating in intermolecular contacts are omitted for
reasons of clarity.

(,.

Atk
AT

T

31.

Fig. 5: Aview in projection down the c-axis of the unit cell

contents for 1-MeOH. The methanol-O—-H---N(amine), amine-N-
H---O(methanol) and aryl-C—H---O(methanol) interactions are shown
as orange, blue and green dashed lines, respectively.
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atom is located in a pocket of hydrogen atoms, with the two
closest contacts being intramolecular (F34---H33, H35 = 2.54
and 2.55 A). The next closest contact is F34---H351 =272 A
(symmetry operation iii: -¥2—x, -y, V2+2).

A comment is in order on the relative importance/
strength of the interactions involving the carbonyl-O1 atom
and the methine-H3 atom on the one hand, and between
the methanol-O2 and aryl-H32 atoms on the other hand.
All being equal, it might be anticipated that the O1.--H3
interaction would be stronger than the 01---H32 contact
as the methine-H3 atom would be expected to be more
acidic, owing to its proximity to the amine-N1 atom, than
the aryl-H32 atom. This is confirmed by the calculated pKa
values of 45.0 (H3) and 46.9 (H32), as well as the Bader
QTAIM charges, i.e. —0.0295 and zero, respectively. There-
fore, it is assumed that steric pressures are responsible for
the apparently weaker O1:--H3 interactions.

Comparison of experimental 1-MeOH and
1 with theoretical 1

As mentioned in the Introduction, there is a precedent for
the structure of 1-MeOH, namely the unsolvated form 1 [11].
Salient geometric parameters for 1 in 1-MeOH are collated
in Table 3. The molecule of 1 was also subjected to energy-
minimisation calculations. The energy-minimised struc-
ture is illustrated in the overlay diagram shown in Figure 6
and geometric parameters for this are also included in
Table 3. Several starting geometries were employed and it
is noteworthy that the equilibrium molecular geometry is
more stable, by 5.6 kcal/mol, than the conformer in which
the nitrogen electron pair is aligned parallel to the aryl
rings, possibly because of steric hindrance. Qualitatively,
the molecular structures of the organic molecules in
1-MeOH and energy-minimised 1 closely match each other,
and differ from 1 observed in the unsolvated form [11].

Fig. 6: Overlay diagram of the molecular structures of 1in 1-MeOH
(red image), 1 (blue) and energy minimised 1 (green). The molecules
have been overlapped so that the central rings are coincident.
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From the data included in Table 3, it is apparent that
there is agreement between key bond lengths and angles
involving the heteroatoms in the ring with differences up
to 4° in the C3—-N1-C3! angle between 1 in 1-:MeOH and the
energy minimised 1, and up to 5° in the N1-C3-C2 angles
in 1 and energy minimised 1. As might be expected, con-
siderably more variability is noted in the torsion angle
data highlighting the flexibility in the molecule, in par-
ticular pertaining to the relative dispositions of the aryl
rings. In particular, differences up to 30° are noted in the
N1-C3-C31-C32/C36 torsion angles. These adjustments
allow for the different dihedral angles between the aryl
rings which vary from a narrow 50.36(5)° in 1 to a wide
75.3° in the energy optimised structure of 1.

Molecular packing in unsolvated 1

As the original report [11] of the crystal structure of 1
(unsolvated) contained only scant details of the supra-
molecular association sustaining the crystal structure, a
more detailed description is now given. Geometric data
for the identified intermolecular interactions are collected
in Table 2. The key difference in the molecular packing of
unsolvated 1 compared with 1-MeOH is the participation
of both the carbonyl-O and F atoms in directional inter-
molecular interactions. Conversely, no specific role for the
amine-N-H atom is noted. Thus, aryl-C-H---O(carbonyl)
interactions, occurring about a centre of inversion, lead to
al4-membered {---OC.H}, synthon. These are connected by
aryl-C-H---F interactions, also about a centre of inversion,
leading to a 24-membered {---FC.NC, H}, synthon, as well
as very weak methyl-C—H---nt(aryl) contacts. This associa-
tion has the result that supramolecular layers are formed
in the ac-plane, Figure 7. No directional intermolecular
interactions between the layers are noted, Figure 8.

The crystal packing indices (packing efficiency) were
calculated [32] for 1-MeOH and 1, and were 69.8 and 66.3%,
respectively. Clearly, the inclusion of the solvent methanol
molecules in 1:MeOH reduces the amount of free space
in the crystal structure. It is noteworthy that crystals of 1
were obtained from its ethanol solution [11]. This might
imply that the volume increase from a methanol to an
ethanol molecule cannot be accommodated efficiently in
the hypothetical crystal structure of 1-EtOH.

Hirshfeld surface analysis of 1in the
methanol solvate and unsolvated forms

Hirshfeld surface analysis provides a facile way of obtain-
ing information about the presence of intermolecular
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Fig. 7: Aview of the supramolecular layer in 1 (unsolvated). The
aryl-C-H---O(carbonyl), aryl-C-H---F and methyl-C-H---(aryl) (largely
obscured) interactions are shown as orange, blue and purple
dashed lines, respectively.

Fig. 8: Aview in projection down the a-axis of the unit cell contents
for 1 (unsolvated). The aryl-C—H---O(carbonyl), aryl-C-H---F and
methyl-C-H---n(aryl) (largely obscured) interactions are shown as
orange, blue and purple dashed lines, respectively. One layer is
highlighted in space filling mode.
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interactions operating in the molecular packing of a
given structure. The interactions within crystal structures
can be used to identify the similarities and differences
between closely related structures, e.g. polymorphs. The
interactions can be conveniently quantified by inspect-
ing the Hirshfeld surfaces and 2D-fingerprint (FP) plots
[39]. The donors and acceptors can be highlighted simi-
larly by mapping the Hirshfeld surfaces with d . The
Hirshfeld surfaces mapped with d _, d_ and electro-
static potential, and the 2D fingerprint plots presented
herein for 1-MeOH and 1 (unsolvated) were generated
using Crystal Explorer [40].

The comparison of Hirshfeld surfaces computed for
the 1:MeOH and 1 (unsolvated) successfully explain the
role of the bridging methanol molecules, through conven-
tional hydrogen bonds, in the former. The different shapes
of Hirshfeld surfaces mapped with d __ for 1-MeOH and
1, Figure 9, are clear indications of the presence of differ-
ent type of intermolecular interactions operating in their
respective crystal structures. The bright-red spots, used
to predict donor and acceptor atoms in the structures,
are located at different atoms in the structures thereby
identifying the contribution of different intermolecular
interactions.

The bright-red spots near amine-N1 and methanol-02
on the Hirshfeld surface calculated for 1-MeOH, Figure 9a,
is the result of potential O-H---N, N-H---O and C-H---O
intermolecular interactions, each involving the meth-
anol-O atom. The appearance of a faint red-spot at the
symmetry related C35 atoms, with a 1.4% contribution to

(b)

Fig. 9: Two views each of the Hirshfeld surfaces mapped overd
for (a) 1:MeOH, and (b) 1 (unsolvated), highlighting the locations
where significant intermolecular interactions are apparent.
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the overall Hirshfeld surface of 1-MeOH, also show the & I I I T 1T 1] &I T T T 11]
presence of short interatomic C35---C35 contact between 2 T ] 2
layers, as mentioned above. 22 ' 22
The faint-red spots observed at the carbonyl-O1 and 1 18
F1 atoms on the Hirshfeld surface of 1, Figure 9b, are 14 14
due to the presence intermolecular C-H:--:O and C-H:--F 70 10
interactions. The faint-red spots on the surface near aryl (@) | 2 o wllllL a
hydrogen atoms and the benzene ring also indicates the A 06 10 14 18 22 26 A 06 10 14 18 22 126
presence of the C-H---w interaction. d . %
The overall FP plots corresponding to the percent- = i
age contributions from various non-bonded contacts are = 2
shown in Figure 10, and the breakdown FP plots for the 18 18
H---H, O---H/H---O, F---H/H.--F and C---H/H---C interactions 14 14
are shown in Figure 11. In addition, the FP plots delineated 10 10
into F---F contacts for 1-MeOH, and N---H/H---N contacts for (b) *|oArio 7% 4 “loamoesa .
1 (unsolvated) are included in Figure 12. Ao 1o e ws 22 26 A0 10 14 18 22 26
The FP plot of 1-MeOH corresponding to O---H/H---O % ] . A
contacts, with a separation d +d ~2.1 A and a pair of “ [] I
superimposed spikes with an overall 13.7% contribution = 22
to the surface indicate the involvement of methanol-oxy- b 8
gen in hydrogen bonding interactions. Specifically, the 14 14
green points with the spikes at d,+d ~2.7 A correspond 10 10
to intermolecular aryl-C-H---O(methanol) interactions © > INEEEN 4 “FRRFETE a
and the region containing blue points, having spikes at Ave 104 s 22 28 A os To 14 s 2226
d+d, ~ 2.2A,is dueto the amine-N—H---O(methanol) hydro- . 5 . By

gen bonds. The intermolecular methanol-O—-H---N(amine)
hydrogen bond is viewed as a sharp spike d, +d,~1.9 Ain
the FP plot corresponding to N---H/H---N contacts. The cor-

responding FP plot delineated into O---H/H---O contacts 1 : , ""

for 1 shows a pair of comparatively sharp and long spikes, 10 1 |

with d,+d_~2.3 A and an 8.5% contribution, arising from  (d) ® c.sm.c 1% d  °c.HH.C 168% d
the presence of intermolecular C-H---O interactions. Aee ne e e e AE W Oa e E

. The pair of spikes observed in the FP plots 'delineated Fig. 11: A comparison of 2D-fingerprint plots for 1-MeOH (left-hand
into F---H/H:--F contacts for 1-MeOH and 1 with respec-  column) and 1 (right-hand column) delineated to show (a) H--H, (b)
tive spikes at d,+d_~2.8 A and 2.6 A, Figure 11, show a  0---H/H---0, (c) F---H/H---F and (d) C--H/H---C interactions.

e NN Il e

26 26

22 22

18 18

14 14

10 10

06 |-ttt 06 !
Full Fingerprint Plot a: Full Fingerprint Plot a

A 06 10 14 18 22 26 A 06 10 14 18 22 26

Fig. 10: Full 2D-fingerprint plots for (left-hand) 1-MeOH, and (right-hand) 1.



T. Suresh et al.: Hydrogen bonding in a piperidin-4-one =——— 9

DE GRUYTER
a b
de de
26 26
22 22,
18 18
14 Py 14
1.0 f { 1.0
08 N H 13% dl *S[F.F2r% d
A 0.6 1.0 1.4 1.8 2.2 2.6 A 0.6 1.0 1.4 1.8 2.2 2.6

Fig. 12: 2D-fingerprint plots for 1-MeOH (left-hand column) and 1 (right-hand column) delineated to show (a) N---H/H---N and (b) F---F interac-

tions, respectively.

similar influence of non-bonded F---H/H---F contacts on
the molecular packing.

The C---H/H---C interatomic contacts in the structure
of 1 have, comparatively, a greater contribution to Hirsh-
feld surface than in 1-MeOH with the respective values
being 16.8% and 14.1%. The appearance in the FP plots of
a thin edge for 1-MeOH, and a broad wing for 1, together
with above quantitative values, confirm the presence of
more interactions involving C---H/H---C contacts in 1 com-
pared with 1:MeOH. Finally, the H---H contacts, i.e. disper-
sive contacts, have the highest percentage contribution
to the Hirshfeld surface area in each crystal structure
with values of 48.2 and 50.9% for 1:MeOH and 1, respec-
tively, indicating a slightly greater contribution of H---H
interatomic contacts in 1 cf. 1:MeOH. The crystal struc-
ture of 1-MeOH features H---H contacts withd, =d_=1.3 A
whereasin1,d =d =12 A. The presence of a single spike
in the FP plot of 1 is due to a short interatomic H---H
contact (H2---H2=2.36 A; symmetry operation 1-x, -y,
1-z) and also confirms a slightly greater contribution
of H---H interatomic contacts in 1. The H::-H contacts in
1-MeOH arise as a result of a head on approach while in
1, these are more or less due to a side-ways approach.
Finally, a small contribution to the Hirshfeld surface of 1,
i.e. 2.7%, is made by weak F---F contacts beyond the sum
of the van der Waals radii of fluoride as manifested in the
arrowhead in Figure 12; no such contacts were noted for
1-MeOH.

The relative contributions of various intermolecu-
lar contacts to the Hirshfeld surface area in 1:-MeOH and
1 is represented graphically in Figure 13. From this, it is
evident that despite the presence of different modes of
supramolecular association in the two structures, to a first
approximation, the relative contributions are the same.

b) ® H.H
® F.H/H.F
u C..H/H..C
@ ® O..H/H..0
w others
0% 26% 4(")% 60'% 80% 1 Ob%

Fig. 13: Relative contributions of various intermolecular contacts to
the Hirshfeld surface area in (a) 1-MeOH and (b) 1.

Conclusions

The molecular structure of the title 2,6-diaryl 4-piperi-
done derivative has been determined as its 1:1 methanol
solvate, 1-MeOH, and compared to a previously described
unsolvated form, 1, obtained from its ethanol solution
[11], as well as the equilibrium structure calculated using
density-functional theory (DFT). While the molecu-
lar conformations in the experimental and theoretical
structures are similar, some flexibility in the relative
orientations of the aryl rings is apparent. Amine-N-
H::-O(carbony) hydrogen bonds are not observed in either
crystal structure, most likely owing to steric hindrance.
The presence of solvated methanol in 1-MeOH enables
the formation of bridges between molecules via hydroxyl-
O-H---N(amine) and amine-N-H---O(methanol) hydro-
gen bonding. Presumably, despite the conformational
flexibility in the molecule, a larger ethanol molecule
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cannot be accommodated in a putative crystal structure
of 1-EtOH as this would result in less efficient molecular
packing. An analysis of the Hirshfeld surfaces in 1:MeOH
and 1 showed that to a first approximation, similar con-
tributions to the surfaces by the various interactions are
apparent with the greatest difference seen in the relative
contributions by O---H/H---0, i.e. 13.7% in 1-MeOH and
8.5% in 1, reflecting the conventional hydrogen bonding
in the former.
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