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Abstract. The crystal structure analysis of a 2,6-diaryl 4-
piperidone derivative, isolated as a mono-methanblate,
reveals that both theiperidone andhe methanol molecule
lie on a crystallographic mirror plane. A chainémrmation

is found for the piperidoneing with the aryl and methyl
groups in equatorial positions. The most promirfeature

of the molecular packing is the formation of supoéanular
zigzag chains mediated by amine-N—H...O(methanol) and
hydroxyl-O—H...N(amine) hydrogen bonds, i.e. the maeth
nol molecule serves as a bridge between pipericoole-
cules. The molecular structure is compared with teter-
mined in an unsolvatedim and the gas-phase equilibrium
structure, obtained using density-functional the@yT);
differences relate, in the main, to the relatividsitions of
the aryl rings. An analysis of the Hirshfeld seda of the
experimental structures indicates very similartiredacontri-
butions with the notable exception being the cbotion by
O...H/H...O which at 13% in the methanol solvate is
greater than 8% in the unsolvated form.
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I ntroduction

While the intermolecular interactions sustaining/stal
structures are many and varied, hydrogen bondingires
as the mainstay of crystal engineering of the dgaalid-
state [1-4]. Being strong and highly directionabnven-
tional hydrogen bonding can be exploited to ratilgnand
reliably connect molecules into supramolecular aggtes
as demonstrated, for example, in the burgeonind fieco-
crystal formation [5, 6]. With the above in mirids clearly
of fundamental interest when molecules with hydroge
bonding potential crystallise without forming hydem
bonds, as these examples might provide insightthrgaole
of other factors that determine the ultimate crystauc-
ture(s)adoptedby molecules. A notable example when con-
ventional hydrogen bonds might be anticipated Ibetret
observed is the crystal structure of 1,3-diazin2)4¢5,6-tet-
rone (alloxanfig. 139, which features two acidic amide-N—
H atoms and four carbonyl groups. Rather thanfoie
mation of the what might be anticipated amide-N—H(cap-
bonyl) hydrogen bonds, the most prominent interculber
interactions, i.e. points of contact between mdksgare di-
polar C=0-C=0 contacts [7]. Such C=@=0 contacts
have been recognised for some time as being imgortshe
molecular packing of both organic [8] and metalmiga
crystal structures [9]. In the case of alloxan fipbal crys-
tal packing considerations, correlated with thepghaf the
molecule, have been cited as being an overridiotpfan
determining the ultimate molecular packing in thgstal
[10]. Herein, the crystal structure determinaté®,6-bis(4-
fluorophenyl)-3,5-dimethylpiperidin-4-ond-ig. 1b, as its
methanol solvate, is described. The structurd®forganic
molecule has been reported previously in an unsziMarm
[11], and despite the presence of potential dondraccep-
tor hydrogen bonding sites, i.e. amine-N-H and @ayb
C=0, conventionaN—H...O hydrogen bonding was not ob-
served in the molecular packing. The piperidinr&-deriv-
ative has been by investigated by density-functidimeory
(DFT) methods, and the crystal structures of tiheased and
unsolvated forms analysed by Hirshfeld surfaces.

o]

b
I.n

T .

=

@

o

T

(b)
Fig. 1. Chemical structures of (a) 1,3-diazinane-2,4,56met
(alloxan), and (b) 2,6-bis(4-fluorophenyl)-3,5-ditmgpiperidin-4-
one methanol solvatd.(MeOH).
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Piperidin-4-one molecules are well known for thbwr-
apeutic applications and therefore great effodiriscted to-
ward the synthesis and characterisation of newdtves.
Specifically, piperidine derivatives are reportedetxhibit
anti-bacterial [12, 13] anti-fungal, central nergosystem
(CNS) stimulating, depressant and analgesic [14, dri-
tubercular [16], anti-cancer [17, 18] anti-oxidamd anti-
convulsant [19] activities. The significant biologl activi-
ties of piperidin-4-one derivatives are often assed with
the aryl substituents at the positions on eithde sif the
amine group [18, 20]. Thus, the pharmacologicapprties
of potential piperidin-4-one drugs depend on trectigity,
stereochemistry and ring conformations of the camplg,
especially for 2,6-diaryl 4-piperidones [21]. Ttie com-
pound,1.MeOH, was investigated in continuation of earlier
interest on piperidine derivatives [22-24].

Experimental

| nstrumentation

All reagents used for the synthesis were purché&sad Al-
drich and used without further purification. Thegress of
the reaction was monitored by thin layer chromaipby
(TLC) using a mixture of 4:1 n-hexane and ethyltateas
the eluent. ThéH and®*C{*H} NMR (including the'H,*H
COSY) spectra were recorded in CRQolution on a
Bruker-AVANCE Il 400 MHz instrument with internal
TMS as the standard. The melting point was detexthbn
a Metler Toledo melting point apparatus by the opapil-
lary tube method and was uncorrected. Powder Xdiy
fraction (PXRD) data were recorded with a Bruker A$
vance XRD system with Cudd radiation § = 1.5406 A) in
the @ range of 10.0 to 80.0° with a step sizedddd2. The
data acquired on the Bruker system were reformatiéu
PowDLL [25] into a form readable by X'Pert HighSed?lus
[26] to enable a comparison between experimenitlcah
culated (from the CIF) PXRD.

Synthesisand crystal growth

The synthesis of 2, 6-bis(4-fluorophenyl)-3,5-dimépiper-
idin-4-one was carried out by following the proceslavail-
able in the literature [27]. A mixture of diethgllone (0.86
g, 0.01 mole), fluorobenzaldehyde (2.48 g, 0.02enahd
ammonium acetate (0.85g, 0.011 mole) in methanslnea
fluxed for about 0.5 h. The reaction mixture waert cooled
to room temperature. The product was filtered imlys-
tallised from methanol; M. Pt: 388 K. NMR datat NMR
(400 MHz): 6 7.44 (t,J = 8.0 Hz, 4H), 7.05 (t) = 8.0 Hz,
4H), 3.62 (dJ = 8.0 Hz, 2H at C-2,6), 3.49 (s, 3H; gbf
methanol), 2.75 (t) = 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, &Hsat
C-3,5). *C-NMR (400 MHz):6 186.48 (CO), 162.3péra),
137.74 {pso), 129.24 ¢rtho), 115.38 fnetg, 68.02 (C-2 and
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C-6), 52.11 (C-3 and C-5), 50.74 (methanolgZHO. 41
(CHsz at C-3 and C-5) ppm.

Crystal structure deter mination

Intensity data were measured at 100 K on an Agilerth-
nologies SuperNova Dual CCD with an Atlas detefitted
with Mo Ka radiation. Data processing and absorption cor-
rection were accomplished with CrysAlis PRO [28)ith
the use of SHELXS-97 [29] and SHELXL-2014/7 [30bpr
grams integrated into WinGX [31], the structure wab/ed

by direct methods and refined &3 by full-matrix least-
squares with anisotropic displacement parametersalio
non-hydrogen atoms. The C-bound H atoms were glane
stereochemical grounds and refined in the ridinglehap-
proximation withUis, = 1.2-1.8J¢carrier atom). The O-
and N-bound H atoms were refined with O—H = 0.8810.
and N-H = 0.88 #0.01 A, respectively, and with, =
1.59Ue(O) andUiso = 1.AJe(N). A weighting scheme of the
formw = 1/[c%(Fo?) + (0.038)? + 1.350P] whereP = (F? +
2F2)/3 wasemployed Unit cell data, X-ray data collection
parameters, and details of the structure refinermengiven

in Table 1. The programs ORTEP-3 for Windows [31],
PLATON [32], QMol [33] and DIAMOND [34] were also
used in the analysis.

Table 1. Crystallographic data and refinement detailslfe OH !

Formula GoH1P2NO,
CHsOH

Formula weight 347.39

Crystal colour, habit Colourless prism

Crystal size/mm 0.18 x 0.19 x 0.23

Crystal system orthorhombic

Space group Pnma

alA 9.2222(5)

b/A 21.1828(10)

c/A 9.0152(6)

VIA3 1761.14(17)

21z’ 4/1

Ddg cm? 1.310

F(000) 736

p(MoKa)/mnr? 0.098

Measured data 11036

0 range/° 3.2-275

Unique data 2070

Rint 0.020

Observed datd & 2.00(1)) | 1747

R, obs. data; all data 0.043; 0.051

Rw, obs. data; all data 0.104; 0.109

1 Supplementary Material: Crystallographic data (edirlg struc-
ture factors) for the structures reported in ttapgr have been de-
posited with the Cambridge Crystallographic Data Geaf sup-
plementary publication no. CCDC-1426295. Copies ofilalviz
material can be obtained free of charge, on apgmitdo CCDC,
12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)3-22
336033 or e-mail: deposit@ccdc.cam.ac.uk). Thefigto/Fc-data
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is available from the author up to one year aftergublication has
appeared.

Re-refinement of 1

At the suggestion of the anonymous reviewers obtiggnal
submission, a re-investigation of the locationh&f &mine-H
atom in the literature structure &f[11] was undertaken.
This advice proved salutatory. In the literatieBnement of
1, the amine-H atom was placed in an “idealised’itpos
with N-H1n = 0.86 A. In the present study the acjioton
was removed and a difference Fourier map calculaiéts
revealed a plausible position for the amine-H atddnre-
strained refinement of this position gave an N—Hdblength
of 0.91(17) andJiso = 0.061(4) A In terms of hydrogen
bonding, this new position gives an indication otay weak
hydrogen bond with the HLi©® separation in the putative
amine-N—H-O(carbonyl) hydrogen bond of 2.593(15) A and
an angle at H1n of 156.9(13)°. However, the N-phsation

is long for an spN-H bond. To be consistent with the re-
finement protocol forl.MeOH, the H1n atom in the new
model forl was refined with N-H = 0.86 +0.01 A and with
Uiso = 1.AJe(N). Details of the molecular packing bfare
presented below. The new model fagyave rise to improve-
ments in key indicators such as Rv; (&l data) = 0.164 cf.
0.212 for the original model, arhax, mn= 0.22, 0.19 e &
cf. 0.52,0.43 e A

Computational chemistry

The calculations were run using Density-Functiortagory
(DFT) as implemented in the Gaussian code [35].e Th
B3LYP [36, 37] functional and the 6-31+G(2d,2p) ibaset
were employed to relax the geometries of severadidate
conformers. The atomic charges were calculated using the
Bader's QTAIM approach with the aimall program [38]

Results and discussion

Solution characterisation

To aid unambiguous assignment of the NMR datéd, -
COSY spectrum was recorded floMeOH, Fig. 2. The anal-
ysis showed that a doublet&0.84 ppm, integrating for six
protons, coupled with the triplet&®.75 ppm (2H) enabling
the assignment of the latter as being due to thaimepro-
tons at C-3 and C-5, i.e. nuclei carrying the mesiujpstitu-
ents. The signal & 2.75 ppm also coupled with a doublet
atd 3.62 ppm (2H) and so these were assigned as ttiénme
protons at C-2 and C-6, i.e. bearing the aryl gsoup
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Fig. 2. The'H,*H-COSY spectrum of.MeOH, recorded in
CDCl; solution.

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 diagl®
1.40 ppm; these were correlated in the'H-COSY spec-
trum. In the aromatic region, the signabat.44 ppm cou-
pled with the signal & 7.05 ppm (4H). The downfield sig-
nal atd 7.44 ppm was assignedrteetaprotons owing to their
proximity to the electronegative fluorine atom ke para
position enabling the assignment of the sign&l a05 ppm

to theortho protons.

In the3C NMR spectrum, the extreme downfield signal
atd 186.48 ppm is readily assigned to the carbonybaar
Due to the presence of fluoride in the aryl rini ttze aryl
carbons appeared as doublets. The aryl carbdreaiata
position, i.e. directly attached to fluoride, apmehas dou-
blet ats 162.39 ppm with'Jcr= 245 Hz. The signal &t
137.74 ppm also appeared as doublet tWith= 3 Hz, hence
this was assigned to thpso carbon. The doublets at
129.24 and 115.38 ppm, witbce= 10 Hz and witiJcr= 21
Hz, respectively, were assignedottho andmetanuclei, re-
spectively. The downfield signal &68.02 ppm was as-
signed to C-2 and C-6 (bearing aryl rings), whetbas atd
52.11 ppm was assigned to C-3 and C-5 (having rhetioy
stituents). The signal & 10.41 ppm is due to the methyl
nuclei at C-3 and C-5. The methanol carbon appeat&
50.74 ppm. The above assignments, integrationcanud
pling are entirely consistent with the structurewh in Fig.

1. The unambiguous structure determinationl.dieOH
was established by single crystal X-ray crystakiquipny.

Experimental crystal and molecular structures

The molecular structures comprisiigeOH are shown in
Fig. 3 and selected geometric parameters are tedléc Ta-

ble 2. The asymmetric unit comprises half a pgbmme mol-

ecule and half a methanol molecule (crystallisatiolvent),

each of which lies on a crystallographic mirrorra
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Fig. 3. Molecular structures ii.MeOH showing atom la-
belling scheme. The diagram is drawn at the 708baility
level. Unlabelled atoms are related by the symynapera-
tion: x, ¥2-y, z

The piperidone ring has a chair conformation wkib t
aryl and methyl groups occupying equatorial posgioln
this description, all hydrogen atoms occupy axiadifons
with the amine-H atom being directed to the redietween
the aryl groups. Further discussion on the mobecsiruc-
ture ofl in 1.MeOH is found below under “Comparison of
experimentall. MeOH andl with theoreticall”.

The components of the crystal structureldfleOH are
connected by a methanol-O=N(amine) hydrogen bond,
Table 3. The dimeric aggregates are linked by amin
H--O(methanol) hydrogen bonds with the result thatjaag
supramolecular chain along the a-axis is formed, Bg;
thesechains are reinforced by aryl-C=@(methanol) inter-
actions, Table 3. When viewed along the a-axis,dvident
that the connections between molecules are intéongde
chain which appears to be tubular.

(b)
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Fig. 4. Two views of the zigzag supramolecular chain glon
the a-axis ill.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 ahd
green dashed lines, respectively. Hydrogen atomhpar-
ticipating in intermolecular contacts are omitted feasons

of clarity.

The supramolecular chains pack in the three-din@asi
architecture with no specific interactions betwéleam, at
least based on the distance criteria in PLATON [B&]. 5.
However, parallel rings (from symmetry, dihedraden= °0)
approach each other so that C35 atoms are in ptogenity
with the C35-C35 separation being 3.302(2) A; symmetry
operation i: x, -y, 1-z. This contact is discussed further be-
low in the section describing the Hirshfeld surfacelysis.

In this description, there is no apparent roletffiercarbonyl-

O and fluorine atoms in thairectionalsupramolecular ag-
gregation. The carbonyl-O atom sits in a pocket defined by
hydrogen atoms. The two closesti®contacts are intramo-
lecular, i.e. 2 x O1...H3 = 2.61 A, with the next closest
being intermolecular, i.e. 2 x O1...H3 2.66 A; symmetry
operation ii: ¥2%, Y2y, ¥%2z. These four hydrogen atoms de-
fine a trapezoidal plane about the carbonyl-O atath the
remaining contacts, shortest-& separation = 2.89 A (x 2),
being above and below this plane. As for the @athe
F1 atom is located in a pocket of hydrogen atonit) thie
two closest contacts being intramolecular (F34...H335
=2.54 and 2.55 A). The next closest contact . FBI35!

= 2.72 A (symmetry operation iii: -%--y, ¥%+7).

A comment is in order on the relative im-
portance/strength of the interactions involving ¢aebonyl-
01 atom and the methine-H3 atom on the one hamtbean
tween the methanol-O2 and aryl-H32 atoms on theroth
hand. All being equal, it might be anticipated tttiae
01-H3 interaction would be stronger than the-®GIB2 con-
tact as the methine-H3 atom would be expected tmdre
acidic, owing to its proximity to the amine-N1 atgttman the
aryl-H32 atom. This is confirmed by the calculapédh val-
ues of 45.0 (H3) and 46.9 (H32), as well as theeBad
QTAIM charges, i.e. -0.0295 and zero, respectivélijiere-
fore, it is assumed that steric pressures are nsiigle for the
apparently weaker OH3 interactions.
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Fig. 5. A view in projection down the c-axis of the uodll
contents for1.MeOH. The methanol-O—H...N(amine),
amine-N—H...O(methanol) and aryl-C—H...O(methanol) in-
teractions are shown as orange, blue and greewedidisks,
respectively.

Comparison of experimental 1.MeOH and 1
with theoretical 1

As mentioned in the Introduction, there is a precgdor the
structure of1l.MeOH, namely the unsolvated forin[11].
Salient geometric parameters fbin 1.MeOH are collated
in Table 3. The molecule dfwas also subjected to energy
minimisation calculations. Thenergy-minimisedtructure
is illustrated in the overlay diagram shown in FBgand ge-
ometric parameters for this are also included ipld 8. Sev-
eral starting geometries were employed and it isworthy
that the equilibrium molecular geometry is morebkaby
5.6 kcal/mol, than the conformer in which the rgea elec-
tron pair is aligned parallel to the aryl ringsspibly because
of steric hindrance. Qualitatively, the molecuéuctures
of the organic molecules ihMeOH and energyninimised
1 closely match each other, and differ frarabserved in the
unsolvated form [11].
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Table 2. Summary of intermolecular interactions (A-H...B;%Apperating in the crystal structuresidfleOH and1 [11].

A H B A-H H...B A..B A-H...B Symmetry opera
tion
1.MeOH
02 H2o0 N1 0.845(12) 1.936(12) 2.781(2) 180(3) XY, Z
N1 Hln 02 0.877(15) 2.201(16) 3.056(2) 164.5(16) +x¥%-y, 1¥%-z
C32 H32 02 0.95 2.49 3.3692(17 153 Yot+X, Yo-y, 1Y2-2
1
N1 Hln o1 0.875(11) 2.626(10) 3.4494(17 157.1(13) 1+x,y,z
Cc11 H8 o1 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 -1+x,y, z
1 Cg corresponds to the ring centroid of the spedifitoms.
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Fig. 6. Overlay diagram of the molecular structured af

1.MeOH (red image)l (blue) and energy minimisetl

(green). The molecules have been overlapped sthihaen-
tral rings are coincident.

From the data included in Table 3, it is appareat there
is agreement between key bond lengths and anglelving
the heteroatoms in the ring with differences ugon the
C3-N1-C3angle betweeh in 1.MeOH and the energy min-
imised1, and up to 5° in the N1-C3—-C2 angled iand en-
ergy minimisedl. As might be expected, considerably more
variability is noted in the torsion angle data Higihting the
flexibility in the molecule, in particular pertaimg to the rel-
ative dispositions of the aryl rings. In partiayldifferences
up to 30° are noted in the N@3-C31-C32/C36 torsion an-
gles. These adjustments allow for the differehedral an-
gles between the aryl rings which vary from a narro
50.36(5% in 1 to a wide 75.3° in the energy optimised struc-
ture of1.

Molecular packing in unsolvated 1

As the original report [11] of the crystal struetusfl (un-
solvated) contained only scant details of the suptacular
association sustaining the crystal structure, aendatailed
description is now given. Geometric data for thentified
intermolecular interactions are collected in TahleThe key
difference in the molecular packing of unsolvafedom-
pared withl.MeOH is the participation of both the carbonyl-
O and F atoms in directional intermolecular intéacs.
Conversely, no specific role for the amine-N-H at@m
noted. Thus, aryl-C—HO(carbonyl) interactions, occurring
about a centre of inversion, lead to a 14-membered
{...OCsH}, synthon. These are connected by aryl-CFH
interactions, also about a centre of inversiorditegto a 24-
membered {...FENC4H}, synthon,as well as very weak
methyl-C—H-1(aryl) contacts This association has the re-
sult that supramolecular layers are formed in ttwplane,
Fig. 7. No directional intermolecular interactionstween
the layers are noted, Fig. 8.
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Table 3. Summary of key geometric parameters (A, ©)ifdleOH, 1 and energy minimisetl

Parameter 1.MeOH 1 Energy minimised
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-O01 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-C3 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 -62.98(17); 62.98(17) | -50.00(16); 50.60(17) | -71.6; 71.6
N1-C3-C31-C36 115.64(15); -115.64(15) 135.29(13); -131.15(14) 106.6; -106.7
C2-C2-C3-N1 -177.93(12); 177.93(12) 179.55(13); -178.92(14) -174.9; 174.9
C2-C2-C3-C31 58.47(16); -58.47(16) | 56.42(17); -56.67(19) | 59.9; -59.9
C2-C3-C31-C32 62.02(17); -62.02(17) | 70.96(16); -70.17(17) | 55.9; -56.0
C2-C3-C31-C36 -119.36(14); 119.36(14) -103.76(15); 108.09(16} -125.9; 125.8
(C31-C36)/(C31-C36) 70.22(4) 50.36(5) 75.3
(C2,c3,c2C3)/(C31- 75.17(7); 75.17(7) 81.38(6); 82.16(6) 71.5;71.6

C36)

Symmetry operation i: X, ¥2-y, 2
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Fig. 7. Aview of the supramolecular layeri{unsolvated).
The aryl-C—H-O(carbonyl), aryl-C-HF and methyl-C—
H-m(aryl) (largely obscured) interactions are showroas
ange, blue and purple dashed lines, respectively.

Fig. 8. A view in projection down the a-axis of the ucil
contents forl (unsolvated). The aryl-C—H-O(carbonyl),
aryl-C—H-F and methyl-C—Hraryl) (largely obscured) in-
teractions are shown as orange, blue and purpledaines,
respectively.One layer is highlighted in space filling mode.

The crystal packing indices (packing efficiency)reve
calculated [32] fod.MeOH andl, and were 69.8 and &85,
respectively. Clearly, the inclusion of the solverethanol
molecules inl.MeOH reduces the amount of free space in
the crystal structure. It is noteworthy that caysifl were
obtained from its ethanol solution [11]. This ntigimply
that the volume increase from a methanol to amelhaol-
ecule cannot be accommodated efficiently in theoktygt-
ical crystal structure af.EtOH.
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Hirshfeld surface analysis of 1 in the methanol
solvate and unsolvated forms

Hirshfeld surface analysis provides a facile waplataining
information about the presence of intermoleculaerinc-
tions operating in the molecular packing of a gis&mcture.
The interactions within crystal structures can seduto iden-
tify the similarities and differences between clgselated
structures, e.g. polymorphs. The interactionsbEaconven-
iently quantified by inspecting the Hirshfeld swda and
2D-fingerprint (FP) plots39]. The donors and acceptors can
be highlighted similarly by mapping the Hirshfeldrisices
with dnorm The Hirshfeld surfaces mapped withd d and
electrostatic potential, and the 2D fingerprinttplpresented
herein forl.MeOH andl (unsolvated) were generated using
Crystal Explorer40Q].

The comparison of Hirshfeld surfaces computed lier t

1.MeOH andl (unsolvated) successfully explain the role of
the bridging methanol molecules, through convetidry-
drogen bonds, in the former. The different shapés
Hirshfeld surfaces mapped withogh for 1.MeOH andl, Fig.
9, are clear indications of the presence of difietgpe of
intermolecular interactions operating in their isjpve crys-
tal structures. The bright-red spots, used toipteldnor and
acceptor atoms in the structures, are locatedffareint at-
oms in the structures thereby identifying the dbotion of
different intermolecular interactions.

The bright-red spots near amine-N1 and methanoh®©2
the Hirshfeld surface calculated fbiMeOH, Fig. 9a, is the
result of potential O—HN, N—H-O and C-HO intermolec-
ular interactions, each involving the methanol-Gnat The
appearance of a faint red-spot at the symmetrye|&€35
atoms, with a 1.4 % contribution to the overallghiield sur-
face ofl.MeOH, also show the presence of short interatomic
C35-C35 contact between layers, as mentioned above.

The faint-red spots observed at the carbonyl-O1 and F1
atoms on the Hirshfeld surface bfFig. 9b, are due to the
presence intermolecular C+=B and C-HF interactions.
The faint-red spots on the surface near aryl hyaincgtoms
and the benzene ring also indicates the presentie @—
H-= interaction.

(@)
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Fig. 9. Two views each of the Hirshfeld surfaces mappest @horm
for (a) 1.MeOH, and (b}l (unsolvated), highlighting the locations
where significant intermolecular interactions goparent.

The overall FP plots corresponding to the percentag
contributions from various non-bonded contacts sdr@wn
in Fig. 10, and the breakdown FP plots for tHeH,
O-H/H-O, F-H/H-F andC-H/H--C interactions are shown
in Fig. 11. In addition, the FP plots delineated intaHcon-
tacts forl.MeOH, and NH/H-N contacts fod (unsolvated)
are included in Fig. 12.

ds de

| Eull Fingerprint Plot | L | Full Fingerprint Plot d
A 05 10 14 18 22 26 A 06 10 1a 18 22 26

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

The FP plot ofl.MeOH corresponding to-@®/H--O con-
tacts, with a separation # &~ 2.1 A and a pair of superim-
posed spikes with an overall 34 contribution to the sur-
faceindicate the involvement of methanol-oxygen in fodr
gen bonding interactions. Specifically, the grpeimts with
the spikes atd+ de ~ 2.7 A correspond to intermolecular
aryl-C—H-O(methanol) interactions and the region contain-
ing blue points, having spikes atidd. ~ 2.2 A, is due to the
amine-N—-H-O(methanol) hydrogen bonds. The intermolec-
ular methanol-O—HN(amine) hydrogen bond is viewed as a
sharp spike id+ d ~ 1.9 A in the FP plot corresponding to
N-H/H-N contacts. The corresponding FP ploelineated
into O~H/H-O contactdor 1 shows a pair of comparatively
sharp and long spikes, with ¢ dt ~ 2.3 A and an 8.%
contribution, arising from the presence of intereaoilar C—
H-O interactions.

The pair of spikes observed in the FP plots delatca
into F-H/H~F contacts forl.MeOH and1 with respective
spikes at g+ & ~ 2.8 A and 2.6 A, Fig. 12, show a similar
influence of non-bonded-H/HF contacts on the molecular
packing.

The C-H/H-C interatomic contacts in the structure of
1 have, comparatively, a greater contribution toshfield
surface than inl.MeOH with the respective values being
16.8% and 141 %. The appearande the FP plot®f a thin
edge forl.MeOH, and a broaeving for 1, together with
above quantitative values, confirm the presenamarfe in-
teractions involving €H/HC contacts irl compared with
1.MeOH. Finally, the HH contacts, i.e. dispersive contacts,
have the highest percentage contribution to thetfld sur-
face area in each crystal structure with valued&®#® and
50.9% for 1.MeOH andl, respectivelyindicating a slightly
greater contribution of HH interatomic contacts id cf.
1.MeOH. The crystal structure df.MeOH features HH
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contacts withd; = de = 1.3 A whereas inl, d = d. = 12 A.

The presence af singlespike in the FP plot df is due to a
short interatomic HH contact (H2H2 = 2.36 A; symmetry
operation 1-x, -y, 1-zandalso confirms a slightly greater
contribution of HH interatomic contact&n 1. The HH
contacts inl.MeOH arise as a result of a head on approach
while in 1, these are more or less due to a side-ways ap-
proach.Finally, a small contribution to the Hirshfeld sacé

of 1, i.e. 2.7%, is made by weakF contacts beyond the
sum of the van der Waals radii of fluoride as mestid in

the arrowhead in Fig. 12; no such contacts werechédr

1.MeOH.

a; d.

24 26

22 22

18 18

14 14

10 1.0

(@) *° H.H 482 d %% H.H508% d

A 0.6 1.0 14 1.8 2.2 2.6 A a6 1.0 1.4 1.8 22 2.6
de d5

26 26

{b) *° c.HH..0 137 % d " o.HH.0 85% d
A 06 1.4 14 18 22 26 A 06 1.0 14 1.8 22 16
e | | G | |
26 26

140 10
{c) *° F.Hm.F 211 % d " FLHH.F 19.1% d
A 06 1.0 14 18 22 28 A 0.6 1.0 14 18 22 2.6
« - i =
26 748

(d) 08 G HH..C 14.1 % d ™ Cc.HH.C 168% d
A a6 1.0 1.4 1.8 22 26 A 06 1.0 1.4 1.8 22 26

Fig. 11. A comparison of 2D-fingerprint plots fa&tMeOH
(left-hand column) and (right-hand column) delineated to
show @) H-H, (b) O-H/H-O, ) FHMH-F and ()
C-H/H-C interactions.

The relative contributions of various intermolecula
contacts to the Hirshfeld surface arealiMeOH and1 is
represented graphically in Fig3.1 From this, it is evident
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that despite the presence of different modes afesuplecu-
lar association in the two structures, to a fipgir@ximation,
the relative contributions are the same.

d. A

26 26

22 22

18 18

4 ; g 14

" /y

“SINH 13% d ™ EFazrw d
A 086 1.0 1.4 1.8 22 26 A 0.6 1.0 1.4 1.8 22 286

Fig. 12. 2D-fingerprint plots forl.MeOH (left-hand col-
umn) andl (right-hand column) delineated to showa) (
N-H/H-N and p) F-F interactions, respectively.

® H.H

® F.H/H.F

 C.H/H.C

) 141 5 0.H/H..0

m others

0% 20% 40% 60% 80% 100%

Fig. 13. Relative contributions of various intermolecular
contacts to the Hirshfeld surface area inl(d)eOH and (b)
1

Conclusions

The molecular structure of the title 2,6-diaryl gbgridone
derivative has been determined as its 1:1 methsolohte,
1.MeOH, and compared to a previously described wasedl
form, 1, obtained from its ethanol solution [11], as wal
the equilibrium structure calculated using den8ityetional
theory (DFT). While the molecular conformationghe ex-
perimental and theoretical structures are similame flexi-
bility in the relative orientations of the aryl gais apparent.
Amine-N—-H-O(carbony) hydrogen bonds are not observed
in either crystal structurenost likely owing to steric hin-
drance. The presence of solvated methanblNteOH ena-
bles the formation of bridges between molecules hyia
droxyl-O—H-N(amine) and amine-N—-HO(methanol) hy-
drogen bonding. Presumably, despite the confoomati
flexibility in the molecule, a larger ethanol malée cannot
be accommodated in a putative crystal structurgé.BfOH
as this would result in less efficient moleculackiag. An
analysis of the Hirshfeld surfaceslirMeOH andl showed

Author Title File Name
T. Suresh, V. Vijayakumar, L.Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-@itiylpiperidin- 72S.docx
Jyothish Kumar, S. Sarveswari4-one methanol solvate

M. M. Jotani, A. Otero-de-la-

Roza, Y. S. Tan and E. R. T.

Tiekink

Date
30.10.2017

Page
17 (21)



that to a first approximation, similar contributsto the sur-
faces by the various interactions are apparent thittgreat-
est difference seen in the relative contributiong b
OH/H -0, i.e. 137% in 1.MeOH and &% in 1, reflecting
the conventional hydrogen bonding in the former.

Acknowledgments. The VIT University is thanked for providing
facilities. The authors also grateful to SIF-ChemgisVIT Univer-

sity, for providing the NMR and X-ray diffractomet@®XRD) fa-
cilities. AOR thanks the Spanish Malta/Consolidetiative (no.
CSD2007-00045) and Alberta Innovates Technology restu
(AITF) for funding. The authors also express their gratitude to the
anonymous reviewers, specifically for their sugigesto re-evalu-
ate the literature structure.

References

[1] G. R. Desiraju, Crystal Engineering: The DesidgrOoganic
Solids, Elsevier, Amsterdarh989.

[2] M. C. Etter,Acc. Chem. Re4990, 23, 120.

[3] G. R. Desiraju and T. Steiner, The Weak HydroBemd in
Structural Chemistry and Biology, Oxford UniversRyess,
Oxford, 1999.

[4] G. R. Desiraju,). Am. Chem. So2013, 135, 9952.

[5] T. Shattock, K. K. Arora, P. Vishweshwar, M.Zaworotko,
Cryst. Growth Des2008, 8, 4533.

[6] C. Aakerdy,Acta Crystallogr. B2015, 71, 387.

[71 W. Bolton,Acta Crystallogr1964, 17, 147.

[8] F. H. Allen, C. A. Baalham, J. P. M. Lommerseddh R.
Raithby,Acta Crystallogr B, 1998, 54, 320.

[9] M. V. Campion, |. Haiduc, E. R. T. Tiekink, Kristallogr. —
Cryst. Mat 2013, 228, 187.

[10] J. D. Dunitz, W. B. Schweize€rystEngComni2007, 9, 266.

[11] D. Gayathri, D. Velmurugan, G. Aridoss, S. Kab, K. Ra-
vikumar,Acta Cryst. £2008, 64, 0429.

[12] C. Ramalingam, Y. T. Park, S. Kabildgyr. J. Med. Chem
2006, 41, 683.

[13] G. Aridoss, S. Amirthaganesan, Y. Y. JeoBgorg. Med.
Chem Lett2010, 20, 2242.

[14] N. Rameshkumar, A. Veena, R. llavarasan, M. &diP.
Shanmugapandiyan, S. K. SridhBipl. Pharm. Bull 2003,
26, 188.

[15] S. Balasubramanian, G. Aridoss, P. ParthibarR&nalin-
gam, S. KabilanBiol. Pharm. Bull 2006, 29, 125.

[16] G. Aridoss, S. Amirthaganesan, N. Ashok KundarT. Kim,
K. T.Lim, S. Kabilan, Y. T. Jeon@ioorg. Med. Chem. Lett
2008, 18, 6542.

[17] B. lleana, V. Dobre, I. Niculescu-Duvaz, Prakt. Chem
1985, 327, 667.

[18] M. Bazzaro, K. A. Ravi, R. M. Mohana Krishna, I€saenko,
S. Kumar, B. Karanam, Z. Lin, R. |. Vogel, R. GavidH,
Destro, V. Ferretti, R. B. S. Roden, S. R. KhaArMed. Chem
2011, 54, 449.

[19] S. Rastigi, H. Rastogindian J. Chem2010, 49, 547.

[20] I. G. Mobio, A. T. Soldatenkov , V. O. Fedrdw, A. Ageev,
N. D. Sergeeva, S. Lin, E. E. Stashenko, N. S.tBkos, E.
|. AndreevaKhim. Farm. Zh1989, 23, 421.

Author Title File Name
T. Suresh, V. Vijayakumar, L.Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-@itiylpiperidin- 72S.docx
Jyothish Kumar, S. Sarveswari4-one methanol solvate

M. M. Jotani, A. Otero-de-la-

Roza, Y. S. Tan and E. R. T.

Tiekink

Date
30.10.2017

Page
18 (21)



[21]
[22]
(23]
[24]
[25]
[26]

[27]
(28]

[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]
[37]
(38]
(39

[40]

A. Casy, J. Coates, C. Rostrdn Pharm. Pharmacoll976,
28, 106.

V. Vijayakumar, M. Sundaravadivelu, S. Perunhdag. Re-
son. Chem2001, 39, 101.

G. L. Balaji, V. Vijayakumar, K. RajeshArab. J. Chem
2012, doi:10.1016/j.arabjc.2011.12.011.

K. Rajesh, B. Palakshi Reddy, V. VijayakumbHtirason.
Sonochen012, 19, 522.

N. Kourkoumelis, PowDLL. ICDD Annual Spring Miegs
(Ed. Lisa O'Neill), Powder Diffraction, 28 (201337-148.
X’Pert HighScore Plus. PANalytical B.V. Almel@he Neth-
erlands2009.

C. R. Noller, V. BaliahJ. Am. Chem. So&948, 70, 3853.
Agilent TechnologiesCrysAlisPra Santa Clara, CA, USA.
2014.

G. M. SheldrickActa Crystallogr A 2008, 64, 112.

G. M. SheldrickActa Crystallogr C 2015, 71, 3.

L. J. FarrugiaJ. Appl. Crystallogr2012, 45, 849.

A. L. Spek,Acta Crystallogr. D2009, 65, 148.

J. Gans, D. Shalloway, Mol. Graph. Model2001, 19, 557.
DIAMOND, Visual Crystal Structure InformationyStem,
Version 3.1, CRYSTAL IMPACT, Postfach 1251, D-53002,
2006.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, [&. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. BarBne,
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricatoli,
H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zhedg L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukdda,
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. &ital.
Nakai, T. Vreven, J. A. Montgomery Jr., J. E. Pedf. Ogli-
aro, M. J. Bearpark, J. Heyd, E. N. Brothers, K. NdK, V.
N. Staroverov, R. Kobayashi, J. Normand, K. Raghasach
A. P.Rendell, J. C. Burant, S. S. lyengar, J. TomsCossi,
N. Rega, N. J. Millam, M. Klene, J. E. Knox, J. BoS§s, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.t-Stra
mann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomall.
Ochterski, R. L. Martin, K. Morokuma, V. G. ZakrzewsG.
A. Voth, P. Salvador, J. J. Dannenberg, S. Dapp#ciD.
Daniels, O. Farkas, J. B. Foresman, J. V. Orti€jdslowski
and D. J. Fox, Gaussian 09, Revision A.1, Gaussian,
Wallingford, CT, USA2009.

A. D. BeckeJ. Chem. Phy«1993, 98, 5648.

C. Lee, W. Yang, R. G. PafPhys. Rev. B988, 37, 785.
AIMAII (Version 16.01.09), Todd A. Keith, TK @stmill
Software, Overland Park KS, US2)16.

A. L. Rohl, M. Moret, W. Kaminsky, K. Claborn, J.Macki-
non, B. KahrCryst. Growth Des2008, 8, 4517.

S. K. Wolff, D. J. Grimwood, J. J. McKinnon, M. Jurner,
D. Jayatilaka, M. A. Spackman, Crystal Explorer @ien
3.1), University of Western AustralidD12.

Author Title File Name
T. Suresh, V. Vijayakumar, L.Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-@itiylpiperidin- 72S.docx
Jyothish Kumar, S. Sarveswari4-one methanol solvate

M. M. Jotani, A. Otero-de-la-

Roza, Y. S. Tan and E. R. T.

Tiekink

Date
30.10.2017

Page
19 (21)



Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-
dimethylpiperidin-4-one methanol solvate

T. Suresh!' V. Vijayakumar' L. Jyothish Kumal,S. Sarveswalti Mukesh M. Jotarll, A. Otero-de-la-Roz#, Yee Seng Tahand Edward R. T. Tiekink*
"'VIT University, Centre for Organic and Medicinah&nistry, Vellore, Tamil Nadu 632014, India

' Orchid Chemicals & Pharmaceuticals Ltd, R&D Cen@kennai 600119, India

" Bhavan's Sheth R. A. College of Science, DepartmRhysics, Ahmedabad, Gujarat 380001, India

V' National Research Council of Canada, Nationaitlitstfor Nanotechnology, 11421 Saskatchewan Digkmonton, Alberta,

Canada T6G 2M9

V' Sunway University, Research Centre for Crystalltaterials, Faculty of Science and Technology, 47Bandar Sunway, Selangor Darul Ehsan, Malaysia

rrxEx SUPPLEMENTARY MATERIAL *x*x**

Author Title File Name Date Page

T. Suresh, V. Vijayakumar, L.Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-@itylpiperidin- 72S.docx 30.10.2017 20 (21)
Jyothish Kumar, S. Sarveswari4-one methanol solvate

M. M. Jotani, A. Otero-de-la-

Roza, Y. S. Tan and E. R. T.

Tiekink



Counts
30000-5e%RD

20000

1000007 h

30000772s

20000+

10000+

{
o J ‘n_}JN\_JL\,._,_uL.J . A s ,

* l?’(z)sition [°2Thei§} (Copper (Cufj)0
Figure S1. Experimental (red trace) and simulated based ositigte crystal structure (blue trace) PXRD pagdonl.MeOH. These show that
the single crystal data reported hereinfdieOH match the structure of the bulk material.

50

Author Title File Name Date Page

T. Suresh, V. Vijayakumar, L.Hydrogen bonding in 2,6-bis(4-fluorophenyl)-3,5-@itylpiperidin- 72S.docx 30.10.2017 21 (21)
Jyothish Kumar, S. Sarveswari4-one methanol solvate

M. M. Jotani, A. Otero-de-la-

Roza, Y. S. Tan and E. R. T.

Tiekink



