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Abstract

Intermolecular interactions involving organic fluze have been the contemporary field
of research in the area of organic solid state ¢steyn While a group of researchers had
refuted the importance of “organic fluorine” in ding crystal structures, others have
provided evidences for in favor of fluorine medditateractions in the solid state. Many
systematic studies have indicated that the “orgfunarine” is capable of offering weak
hydrogen bonds through various supramolecular syrhmostly in the absence of other
stronger hydrogen bonds. Analysis of fluorine mestlainteraction in the presence of
strong hydrogen bonds has not been highlightedetaild Hence a thorough structural
investigation is needed to understand the roleoagénic fluorine” in crystal engineering
of small organic fluorinated molecules having thesgbility of strong hydrogen bond
formation in the solution and in the solid state. filfil this aim, we have synthesized a
series of fluorinated amides using 3-methoxyphearstla acid and fluorinated anilines
and studied their structural properties througlglsircrystal and powder X-ray diffraction
methods. Our results indicated that the “organiumrihe” plays a significant role in
altering the packing characteristics of the moledual building specific crystal lattices

even in the presence of strong hydrogen bond.
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Introduction

Various supramolecular assemblies in gaseouslifjid [2] and solid [3] states of
mater are always governed by the non-covalent anotems between the atoms and
molecules. Molecular recognition through strong areak forces in the solid state lay
the path for supramolecular chemistényd crystal engineering [4p careful control on
strong and weak intermolecular interactions allows to form different molecular
assemblies in the solid state. Among the well-stddintermolecular forces, conventional
hydrogen bonding (X—H---Y, X,Y=F, O, N etc.) offestabilization by 15-40 kcal/mole
and hence is considered to be the most importaetnmolecular force in building and
controlling the crystal structures of various cardal molecules [3, 5]. Other hydrogen
bonds (X—H-:--Y-C where X =0, Nand Y = O, N, $ aliso considered as significant in
crystal engineering as the stabilization energyp@ased with such intermolecular forces
falls in the range of 4-15 kcal/mole [3]. Weaketeimolecular forces having energy less
than 4 kcal/mole include C—H:--- X (X =0, N, S), X-H, (X =C, N, O, S) ant--n
interactions [3]. Intermolecular interactions inviolg halogens have also been recognized
to provide directional preferences in building orgasupramolecular synthons in the
crystal lattice with the stabilization energy <@kmole [6].

Among the halogens, fluorinated organic moleculiesl fwide applications in the
syntheses of drugs, pharmaceutical products, agroidals etc due to its unique
properties [7]. The structural chemistry aspectdlwdrinated organic molecules have
been the theme of contemporary research. Sinc€#febond is stronger than a C-H
bond, majority of the fluorinated compounds are en@sistant to metabolic degradation
and external affects (temperature) than its noariihated analogue [8]. Our recent efforts
and reports from other groups indicate that thermblecular interactions involving one
or more C—F groups in a small molecule offers $igant stabilization to crystal packing
[9]. Although, the intermolecular interactions itviag C—F bond in organic compounds
were historically described in the literature asr{w weak’, ‘van der Waals’ or ‘not so
significantly short’ and hence were not categoriaeabng the crystal engineering tools
for a long time [10], our results contradicts sumeHief. In late 90s and later, groups of
authors have demonstrated the importance of C—Id loonhe solid state chemistry of

small organic molecules [11]. It was demonstratleat tinteractions involving a C-F



group do occur frequently then was predicted aafli@]. During the last decade it has
been demonstrated that fluorine generates diffetgpes of packing patternsia
C-H---F, GF---F, and €F- - 1tinteractions especially in the absence of stroydydgen
bond donors (NH, O-H etc) and acceptors (C=Q}2]. Thalladiet al. identified four
possible types of €H- - F hydrogen bonded synthons (Figure 1) in 1998 [11a]

Figure 1. Types of known €H--F hydrogen bonded synthons. Synthon I, Synthon II,
Synthon Ill and Synthon IV.

Most of the previously reported studies on suchl C-+—-C hydrogen bonds have been
limited to a selection of compounds where potergtabng hydrogen bond donors and
acceptors were absent [9a-d]. The role eF@roup in the presence of strong hydrogen
bonding has been noted before [12] but the aredsneetter understanding and insights.
Chopraet al., [12a)], and Nayaket al., [12b, c] reported crystal structures of a series of
benzanilides having halogen substitution at varfastions (Figure 2).

a
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X1 = X2 =FICI/Br

Figure 2. System of benzanilide studied by Chogrral. [12a], and Nayalet al. [12b, c]

Their structural analyses with the halogenatedzéeifides indicated that although all
the crystal structures were highly stabilized bywteong N-H---O=C hydrogen bond
(forming molecular chain), the packing charactersstvere significantly different based
on the identity (F, Cl and Br) and positioortho-, meta-, para-) of the halogen
substitution on the either rings. They have showmat with the change in the nature and
position of halogen substitution, several differesttuctural features were generated
among the compounds studied by them. Due to theptaaarity of all the molecules, the

scope for fluorine mediated interactions in thestay structures were somewhat limited.



Therefore, we wanted to induce better flexibilitythe molecule and study the effects of
fluorine mediated interactions in a different serief molecules. In the current
manuscript, we intend to analyze the crystal stmest of eighteen new phenylacetanilides
(Figure 3) containing a methoxy group in the phemylg originating from the
phenylacetic acid and one or two fluorine atomsha phenyl ring originating from
aniline. This molecular framework allows for thegional flexibility of the molecules due
to the incorporation of an additional —gHgroup in the system, thereby increasing the
possibility of occurrence of different fluorine matkd interactions.

|
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X = mono-F or di-F

Figure 3: System of phenyl acetanilide studied

In these structures, the strongH\ --O=C hydrogen bond is expected to be the key
feature and the weaker intermolecular forces sgo-&l---F, GH---O, and €H- - &t are
expected to play a significant role in altering tinelecular conformation and thereby
resulting into structural diversity.

Experimental:

All the starting materials were purchased from Sighidrich and were used without
further purification. All the compounds (Schemewlgre synthesized from their corresponding
aniline and 3-methoxyphenylacetic acid initialljléaving the procedure reported by Nagarajan
et al. [13], and later, on experiencing poor yield of some wf target molecules we followed a
different synthetic procedure for better yield witle use of less hazardous chemicals [14]. 3-
methoxy-phenyl-acetic acida (1.0 eqv), fluorine substituted anilintb (1.10 eqv),N-(3-
Dimethylaminopropyl)N'-ethylcarbodiimide hydrochloride (EDC.HCI) (1.10 wq and
hydroxybenzotriazole (HOBt) (0.50 eqv) were mixead & round bottom flask andN-
methylpyrrolidin-2-one (NMP) solvent was added abm temperature (25 °C) under; N
environment. The reaction mixture was stirred ainmiotemperature for 18 hours. After the

reaction was over, water and ethyl acetate weredddd the mixture was stirred for 15 mins.



The mixture was then allowed to settle in a sepagdtinnel, and the lower agqueous phase was
removed and discarded. The organic phase was wastegdtimes with water and brine solution
to remove the unreacted water-soluble compoundst@athieve better separation of organic
and aqueous layers. Then the organic phase wastsmll over excess anhydrous sodium sulfate
to remove traces of moisture in the organic ph@ken the organic solvent was removed under
reduced pressure on a rotary evaporator to extnactolid target compound. The crude product
was purified by column chromatography using etledtate/hexane mixture as the mobile phase.
All the pure compounds were characterizedtdy*C and**F NMR (400 MHz, Bruker Biospin
Avance-lll NMR spectrometer), FTIR (Perkin EImereSprum 2) and the melting point of all the
compounds were determined by differential scanoaigrimetry (DSC) (Perkin Elmer Diamond
8000 DSC). All the characterization details (NMR, IDSC and PXRD) are provided as
electronic supporting information (ESI).
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Scheme 1
Powder X-ray Diffraction (PXRD) Analysis

PXRD patterns of all the pure compounds were rembrdn a Rigaku Ultima IV
diffractometer using parallel beam geometry equipp#th a Cu — K radiation, 2.5° Primary
and secondary solar slits, 0.5° divergence slih @ mm height limit slit, sample rotation stage
(120 rpm) attachment and DTex Ultra detector. THe tvoltage and current applied were 40 kV
and 40 mA. The data were collected over an araglge 5 to 50° with a scanning speed of 2°
per minute with 0.02° step. The observed PXRD padtehave been compared (using
WINPLOTR [15]) with the simulated PXRD patterns gested from the crystal coordinates
using Mercury.



Crystal Growth, Single Crystal Data Collection, Stucture Solution and Refinement

Single crystals of desired size and quality we@gr by slow evaporation by dissolving
the compound in different solvents like acetone, thaweol, ethanol, ethyl acetate,
dichloromethane, acetonitrile, toluene or a mixtwé solvents such as DCM/hexane,
chloroform/hexane, ethyl acetate/hexane, methaexdiine and acetone/hexane etc.

Single crystal X-ray diffraction data (Table 1-2)ems collected using a Rigaku
XtaLABmini X-ray diffractometer equipped with Mengu CCD detector with graphite
monochromatic Mo-k radiation £ = 0.71073 A) at 100.0(2) K using scans. The data were
reduced using Crystal Clear suite 2.0 [16] andgp&ce group determination was done using
Olex2 [17]. The crystal structures were solved Bing ShelXL [18] and were refined using
ShelXT[19] through Olex2 suitéAll the hydrogen atoms were geometrically fixed aafined
using the riding model. Absorption correction wasme by multi-scan method. Data collection,
crystal structure solution and refinement detadls dll the compounds are listed in the Table
1(a)-(b). All the packing and interaction diagrahase been generated using Mercury 3.5 [20].
Geometric calculations have been done using PARS[Tgnd PLATON [22].

Computational analysis

The structures of all the molecules were stabilingaistly by strong NHIID=C and
weak C-HIIF-C hydrogen bonds. Intermoleculari@ID hydrogen bonds generally involved
the proton connected tos@ atom of the methoxy group. As theseHIID hydrogen bonds are
considered very weak, their contribution in stalg the crystal structure is insignificant. The
stabilization energy offered by the-NIIID=C and CGHIIF-C hydrogen bonds are calculated
using Gaussian 09 [23] package, MP2 [24] levehebty and 6-31++(d,p) basis set similar to an
earlier report [9d, e]. The single point energyté dimer (without optimization) and the
monomer (without optimization) molecule were ca#tatl using Gaussian09 and the
stabilization energy (Sk§ was computed as Skg= Egimer — 2 X EmonomerStarting from the
experimentally observed geometry of the dimer dedmhonomer respectively in their respective
crystal structures. The Basis set superpositioor §BSSE) was corrected by the counterpoise
method [25]. GaussView [26] was used to visualin® tmolecules during the energy
calculations.



Table 1: Single crystal X-ray diffraction data of ompounds 1c-1 to 1c-5

Identification code lc-1 lc-2 1c-3 lc-4 1lc-5
CCDC Number 1540707 1540709 1540710 1540711 1540712
Formula CisH13FNO, CisH13FoNO, CisH13FNO, CisH13FNO;, CisH13FNO;,
Formula weight 277.26 277.26 277.26 277.26 277.26
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c C2/lc P2,/c
a () 11.6788(17) 10.9903(6) 11.0509(16) 22.3996(16) 5.8400(12)
b (A) 4.8674(7) 4.6917(2) 12.231(3) 4.7464(4) 26.820(5)
c (A 27.251(4) 28.1963(13) 9.4633(17) 25.2796(16) 10.960(2)
80 124.699(9) 118.451(3) 96.740(7) 103.356(4) 131.45(3)
Vv (A3) 1273.6(3) 1278.30(11) 1270.2(4) 2615.0(3) 1286.7(5)
z 4 4 4 8 4
Py (@ Cm_3) 1.446 1.441 1.450 1.409 1.431
Temperature (K) 100.0 100.0 100.0 100.0 100.0
W mm_l 0.116 0.115 0.116 0.113 0.114
2B1min. max O 3.636 to 50.04 3.921t058.26 6.316 to 54.976 3.312t0 56.564 3.038t0 49.8
F(000) 576.0 576.0 576.0 1152.0 576.0
Nmin.max; K min,max; -13,13; -5,4, -31,| -15, 14, -5, 6; -38| -14, 14; -13, 15; -26, 29; -6, 6; -6, 4, -31, 31,
min, max; 32 ,38 -12 ,12 -30, 33 -12, 12
No. of observed 8518 12235 8207 6649 5567
reflections

it 0.0201 0.0539 0.0319 0.0272 0.0486
No. of unique 2242 3454 2892 3235 2189
reflections
R, [I > 20(1)] 0.0366 0.0484 0.0424 0.0447 0.0491
wR, (all data) 0.1037 0.1242 0.1203 0.1122 0.1181
GooF 1.043 1.023 1.035 1.016 1.036
DpraxmifeR” 0.61,-0.28 0.27,-0.25 0.28,-0.26 0.31,-0.36 0.22,-0.29




Table 2: Single crystal X-ray diffraction data of @mpounds 1c-6 to 1¢c-10

Identification code 1c-6 lc-7 1c-9 1lc-10
CCDC Number 1540713 1540714 1540715 1540708
Formula Cy5H13FNO, CisH14FNG, CisH14FNO, Ci5H1sNO,
Formula weight 277.26 259.27 259.27 241.28
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c P2,/c
a(A) 10.989(2) 4.729(3) 5.0169(14) 9.5059(16)
b (A) 12.176(3) 11.406(5) 12.106(4) 10.8524(17)
c (A 9.5202(19) 23.474(12) 20.553(9) 24.154(4)
B () 97.740(12) 93.85(2) 95.217(16) 96.267(7)
v (A3) 1262.3(5) 1263.4(11) 1243.1(8) 2476.9(7)
z 4 4 4 8
b (@cm) 1.459 1.363 1.385 1.294
Temperature (K) 100.0 100.0 100.0 100.0
wmm' 0.117 0.100 0.102 0.086
281min max ) 6.284 to 55.02 6.324 to 55.056 6.732 t0 55.226 6.096 to 50.052
F(000) 576.0 544.0 544.0 1024.0
Nminmax; K minmax -14, 14; -15, 15; -4, 6; -14, 14, -6, 6; -15, 15; -11, 10; -12, 12;
min, max; -12,12 -30, 30 -26, 26 -28, 28
No. of observed 13420 11536 8716 17289
reflections

int 0.0532 0.0636 0.0658 0.0700
No. of unique 2905 2889 2833 4332
reflections
R, [I > 20())] 0.0478 0.0560 0.0475 0.0594
wWR, (all data) 0.1239 0.1537 0.1213 0.1505
GooF 1.091 1.056 0.986 1.110
Apraxminf€R” 0.30, -0.21 0.27,-0.23 0.30, -0.31 0.21, -0.25

"Crystals oflLc-8 could not be grown and hence structure deternuinatias not possible.




Results and discussions

All the compounds reported in this manuscript cmstaan amide group-CONH-)
therefore all the crystal structures discussedis manuscript exhibit the strong N—-HO=C
hydrogen-bonded chain as a common feature. Allcttrapounds preferred to crystallize in
P2;/c space group except ongcf4) having different unit cell parameters and theerevno

indication of isostructurality in terms of unit tphrameters among these compounds.

Sructure of the compound 2-(3-methoxyphenyl)-N-(2,3-difluorophenyl)acetamide (1c-1):

In the structure of the compoudd-1 (Table 1a and Figure 4a), the strong N-B=C
hydrogen bond is responsible for the formation é-dimensional catameric chain along the
crystallographicb direction (Figure 4b, Table 3) with all the molexsi aligned in parallel
(r111) orientation (Figure 4b). Although there are twlaofine atoms i.e. F1 and F2
corresponding tortho- andpara- positions but none of these fluorine atoms panéited in the
C—H:- F hydrogen bond with any of the available aromatiotons and hence there is no
significant contribution of fluorine in crystal gang. Two parallel molecular chains of strong
N-H-:--O=C hydrogen bonds are itself connected by C4-&2- hydrogen bond (Figure 4c).
Carbonyl oxygen is also participate in the formatmf dimer synthonvia inversion center
symmetry by utilization of C15-H15---0O1 hydrogenndho The shortest F---F distance
(3.002(2)) observed is also beyond the sum of #oe der Waals’ radii of the interacting F
atoms.

(b)
Figure 4. (a) ORTEP of 1 drawn with 50% ellipsoidal probability(b) N1-H1.--O1
Hydrogen bond in one-dimensional catameric changi-axis.



(€)
Figure 4: (c) Two paralleIN1-H1: - -O1 Hydrogen bond chain interconnected by C4-H4---0O2

(d)

hydrogen bond(d) A dimer synthorvia inversion center symmetry by utilization of C15—
H15---01 hydrogen bond.

Table 3: Intermolecular interactions in 1c-1

D-H---A/(A) (O---HYA | DO---AYA | d(H---AYA | OD-H---AP | SYMMETRY SEy0e (kcal/mol)
N1-H1---O1 1.030 2.976(2) 1.97 164 Xy-1,z2 314
C4-H4---02 1.080 3.374(3) 2.38 153 1-%y Mz 5.4
C15-H15---01 1.080 3.380(2) 2.60 129 -x, 1-yz1 7.1

Structure of 2-(3-methoxyphenyl)-N-(2,4-difluorophenyl)acetamide (1c-2)
In the structure of the compourit-2 (Figure 5a) strong hydrogen N1-H1.---O1 bond

propagates along thie axis with all the molecules aligned in parallelt ¢ 1) orientation

(Figure 5b, Table 4) as was seenlml Two parallelN1-H1 - -O1 Hydrogen bond chain

itself interconnected by C4—H4---0O2 hydrogen bé&hebrine atoms were not involved in any
C—H---F hydrogen bond.

Table 4: Intermolecular interactions in 1c-2

D-H---A/(A) | (D---HYA| D(D---A)A| d(H---A)A| OD-H---Alo| SYMMETRY SEo0 (kcal/mol)
N1-H1.--01 1.030 2.806(2) 1.85 154 X,y-1,z2 813
C4-H4---02 1.080 3.510(3) 2.62 139 1-X, ¥hy,z 5.8




(c)
Figure 5: (a) ORTEP of1c-2 drawn with 50% ellipsoidal probabilityb) Strong N1-—

H1.--O1 Hydrogen bond and C2-H2Ar interaction in one-dimensional catameric chain
alongb-axis and bond both are parallé) Two parallelN1-H1: - O1 Hydrogen bond chain
interconnected by C4-H4--- 02 hydrogen bond.

Structure of N-(2,5-dichlorophenyl)-3-methoxyphenylacetamide (1c-3)

Compoundlc-3 (Figure 6a) mainly displays three types of intéoas have been found, N—
H--O, C-H - O and C-H-F hydrogen bonds. Strong N—+D hydrogen bond is responsible
for the formation of one-dimensional infinite catme chain with molecules arranged in anti-

parallel ¢ ¢ 1 | 1 1) orientation along the crystallographudirection (Figure 6b, Table 5).

Figure 6: (a) ORTEP of1c-3 drawn with 50% ellipsoidal probabilityb) Strong N1-—
H1.-O1 Hydrogen bond generating one-dimensional alternantiperiplanar infinite

catameric chain alongaxis.



Ortho-fluorine (F1) of amine ring is found to act asitutrated acceptor. The hydrogen bond
involving C13-H13-F1 and C7-H+7 F2 leads to the formation 2-dimentional net-like
structure (Figure 6c¢). Further, through C12—-HI21 hydrogen bond, centrosymmetric dimers
have been identified. These dimers are once againected to each other by C7-H¥2

hydrogen bond forming a ribbon-like structure (Fey6d).
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Figure 6: (c) a 2-dimentional sheet-like structuréd) head to head 8-membered

supramolecular synthon in which aromatic C—H interactions are involved (a dimer form).

Table 5: Intermolecular interactions in 1c-3

D-H---A/A) | (D---HYA| DO---AYA| d(H---AYA| OD=H---AP | SYMMETRY SE, 00 (kcal/mol)
N1-H1...01 1.030 2.876(1) 1.87 166

X, Y-y, Yo +z -12.1
C2-H2A.---01 1.080 3.236(2) 2.32 142
C7-H7-.-F2 1.080 3.294(2) 256 124 xy-1, z 1.3
C12-H12---F1| 1.080 3.380(2) 2.46 143 1-x, 1-y, -2+2 2.7
C13-H13---F1| 1.080 3.602(2) 253 170 1%, y+ Bz 2.8

Sructure of 2-(3-methoxyphenyl)-N-(2,6-difluorophenyl)acetamide (1c-4)
The molecules of the compoufd-4 (Figure 7a) are found to form catameric chain gltre
b direction involving N1-H1--O1 hydrogen bond (Figure 7b, Table 6) in paraltel 1(1)

orientation. Weak C2—H2x interactions (2.88 A), are also observed heréig molecular

chain (Figure 7b).




(c)

dj
Figure 7: (a) ORTEP of1c-4 drawn with 50% ellipsoidal probabilityjb) Strong N1-

H1--O1 Hydrogen bond and aromatic C—-k interactions both parallel generating one-

dimensional infinite catameric chain alob@xis.(c) Two different type of homo synthoma

inversion center by utilization of C-HO hydrogen bond and creating a tap like struci(ae.

C12-H12.F1 hydrogen bond that generate 8-member non-pfargamolecular synthon.

Both ortho- hydrogens of the methoxyphenyl ring are indivituatvolved in two different

C—-H-- O hydrogen bondsia inversion center. The carbonyl oxygen is the aimeip one

hydrogen bond while the oxygen of the methoxy groupnother is acting as the acceptor

thereby generating a ribbon-like structure (Figdcg. Them-hydrogen (H12) of the aniline
ring forms a dimer through a very weak G-IF hydrogen bond{C12-H12---F1 = 12%

involving F1, and that second fluorine (F2) does participate in any type of interactions

(Figure 7d).

Table 6: Intermolecular interactions in 1c-4

D-H---Al(RA) | (---HYA | DD---AYA| d(H---AYA| OD-H---AP | SYMMETRY SEqoe (Kcal/mol)
N1-H1---01 1.030 2.767(2) 1.75 167 x, 1+y,
-13.8
C2-H2B:-n 1.080 3.499 2.92 118 x,y-1,z
C8-H8.--01 1.080 3.417(2) 2.58 134 Yo x, Yo-y, 14z 6.7
C4-H4---02 1.080 3.598(2) 2.56 160 1-x, 1-y, 1-z 3.1
Cl2-H12---F1| 1.080 3.384(2) 2.65 125 1-x, Y-z 2.4




Sructure of 2-(3-methoxyphenyl)-N-(3,4-difluorophenyl)acetamide (1c-5)
This compoundLc-5 (Figure 8a), unlike other amides discussed abibnecarbonyl oxygen is

found to act as a bifurcated acceptor (Figure 8abld 7). In addition to the bifurcated
hydrogen bonds (N1-H70O1 and C8-H8 O1), weak C7-H+- F1 hydrogen bonds are also
identified in the same synthon (Figure 8b). Herthi@ molecules are arranged in the opposite
directions (1 1111). A zig-zag molecular chains are formed by C14—H1@2 hydrogen

bond offered by methoxy oxygen \Geglide symmetry (Figure 8c).

Figure 8: (a) ORTEP oflc-5drawn with 50% ellipsoidal probabilityp) Strong N1-H1.-O1
Hydrogen bond along with weak C7-H¥1 and C8-H8 Ol hydrogen bonds in one
dimensional catameric chain type structfo}.A zig-zag molecular chain offered by methoxy
oxygen viac-glide symmetry.



Table 7: Intermolecular interactions in 1¢c-5

D-H---A/(R) (D---HYA | D(D---AYA| dH---AYA| OD-H---AP SYMMETRY SEgoe (kcal/mol)
N1-H1---01 1.030 2.828(3) 1.88 152
C8-H8.--01 1.080 3.531(3) 2.58 147 x-1, Y-y, z*, -13.3
C7-H7---F1 1.080 3.624(3) 2.68 145

C14-H14---02 1.080 3.307(3) 2.34 148 x-2, Y% 2, -2.9

Sructure of 2-(3-methoxyphenyl)-N-(3,5-difluorophenyl)acetamide (1c-6)

Compoundlc-6 (Figure 9a) also has molecular chains involving-N1.- O1, C2-H2A- 01
and C8-H8- F1 hydrogen bonds just as was seefidsb (Figure 9b, Table 8) though the unit
cell parameters are different ftoc-5 and1c-6 The molecules in this chain are arranged in the
opposite directionst(l 11 11) like 1c-3and1c-4 Like the compound.c-3 this molecule also
forms a symmetrical 8-membered dimer by the utiwaof C15-H15--F2 hydrogen bonds
(Figure 9c). The F1 group also involved in the fation of molecular chain by C7-H7F1

hydrogen bondsia translational symmetry alorgaxis (Figure 9d).

(a) (b)

(€)
Figure 9: (a) ORTEP oflc-6 drawn with 50% ellipsoidal probabilityp): Strong N-H--O
hydrogen bond and weak C8-H&1 hydrogen bond involved in formation of one-
dimensional band like structure in crystal packif@yInversion center related 8-member head

to head supramolecular homo synthon.




Table 8: Intermolecular interactions in 1c-6

D-H---A/(A) (---HYA | DD---AYA| d(H---AYA| OD-H---AP | SYMMETRY SE, s (kcal/mol)
N1-H1..-01 1.030 2.879(2) 1.89 161
C2-H2A..-01 1.080 3.282(2) 2.39 139 X, Y2y, Y4z -13.7
C8-H8:--F1 1.080 3.455(2) 2.52 145
C7-H7---F1 1.080 3.358(2) 2.61 125 X, y-1,z -1.3
C15-H15---F2 1.080 3.448(2) 2.40 163 1-x, 1-y, 2-2 -2.9

Figure 9: (d) A molecular chain by C7-H7-F1 hydrogen bondga translational symmetry

alongb-axis.
Sructure of 2-(3-methoxyphenyl)-N-(2,-fluorophenyl)acetamide (1c-7)
This mono-fluorinated acetamidéd.ct7) (Figure 10a) also displays strong N-KD

hydrogen bond along tha axis forming an infinite chain with molecules padkin parallel

(11 1) orientationvia translational symmetry only (Figure 10b, Table 9).

e

.-

e

H1

{3

Figure 10: (a) ORTEP oflc-7 drawn with 50% ellipsoidal probabilityb) A symmetrical one-
dimensional linear chain of strong N1-HD1 hydrogen bond along a-axis.

Simultaneously with the strong hydrogen bond, 4emudes are connected by weak C—B

hydrogen bonds and generate a tetramer in whicthargtoxygen behave as a bifurcated




acceptor and this tetrameric unit propagates iirextion perpendicular to the strong hydrogen
bond i.e. in theb direction (Figure 10c). In addition, thetlo- fluorine andmeta- hydrogen
participates in the formation of a centrosymme&imembered dimer through C12-H1E1
hydrogen bond (Figure 10d).

{r

(c)
Figure 10: (c) A tetramer synthon unit held by bifurcated C—- hydrogen bondd) Inversion
center related 8-member head to head supramoldoutan synthon via C12-H12F1
hydrogen bond.

Table 9: Intermolecular interactions in 1c-7

D-H---AI(R) (D---H)/A D(MD---A)YA| d(H---AYA | OD-H---Alo| SYMMETRY SEyo0 (kcal/mol)
N1-H1.--O1 1.030 2.856(3) 1.86 164 1x, v,z -14.0
C13-H13.--02 1.080 3.585(3) 2.62 149 X, Ya-y, Va+z 2.2
C7-H7---02 1.080 3.609(3) 2.53 174 2-X, Yaty, Yok -4.1
C12-H12.--F1 1.080 3.393(3) 2.50 140 1-x, -y, 1-z -1.8

Structure of 2-(3-methoxyphenyl)-N-(4,-fluor ophenyl)acetamide (1c-9)
CompoundLc-9 (Figure 11a) packdga strong N-H--O hydrogen bond propagating aloagxis

(Figure 11b, Table 10). Two molecules are foundaiwn a head-to-tail dimer through C8-

H8: - F1 hydrogen bond (Figure 11c). Since the fluoriabdves as a bifurcated acceptor here, it

also forms a zig-zag chain by C4—-H4#1 hydrogen bond by c-glide (Figure 11d).
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Figure 11: (a) ORTEP oflc-9drawn with 50% ellipsoidal probabilityb) A symmetrical one-
dimensional linear chain of strong N1-HD1 hydrogen bond along a-ax{s) Inversion center
related dimer synthon through the C8-HB1 hydrogen bon¢d) C4-H4 - F1 hydrogen bond in

zig-zag chain.

Table 10: Intermolecular interactions in 1c-9

D-H---A/(R) | (D---HYA| D@®D---AYA | d(H---AYA| OD-H---AP SYMMETRY SE,00 (kcal/mol)
N1-H1---O1 1.030 2.897(2) 1.94 154 1+x, Y, z -13.6
C12-H12---01| 1.080 3.531(2) 2.60 144 1-x, 1-y, 1-z -4.5
C14-H14---02| 1.080 3.631(2) 2.60 152 1+RUp-y, ¥ -z -1.3
C4-H4.--F1 1.080 3.367(2) 2.29 175 R0y, Yo +z -1.4
C8-H8---F1 1.080 3.380(2) 2.38 154 2-x, 1-y, 1-z -5.9

Sructure of 2-(3-methoxyphenyl)-N-phenylacetamide (1c-10):

The non-fluorinated compoundic-10 (Figure 12a) has two molecules (A and B) in the

asymmetric unit and they differ in their confornoati The torsion angle between the —-CGNH

group and the —NPh ring are 54nd 33 respectively. These two crystallographically

independent molecules are connected by strong- NeHhydrogen bond and weak aromatic C—

H- -« interactions (Figure 12b, Table 11). Interestinghe two molecules of the asymmetric
unit pack in the lattice by-A--B--A--B--‘A--B--. fashion through strong N-HO
hydrogen bonds (Figure 12c). This is a unique featwhich was not observed in any of the

fluorinated molecules discussed before.




Table 11: Intermolecular interactions in 1¢c-10

D-H---A/(A) (D---HYA | D(D---A)YA| d(H---AYA| OD-H.--AP SYMMETRY SEyos (kcal/mol)
N1-H1.--03 1.030 2.855(3) 1.83 173 X, Y, Z -14.5
N2-H2---01 1.030 2.861(3) 1.88 158 x-1,y, z -14.1
C6-H6---01 1.080 3.473(3) 2.49 150
2-X, Yo+y, Y2-z -4.4
C7-H7---02 1.080 3.573(3) 2.50 170
C13-H13..-02 1.080 3.430(3) 2.48 146 X, Va-y, Va+1 2.0
C28-H28.--04 1.080 3.472(3) 2.47 154 X, Ya-y, Ya+1 0.4
C22-H22.--04 1.080 3.467(3) 2.40 168 1-X, Ya+y, % -4.0
C27-H27---03 1.080 3.520(3) 2.59 143 1-x, 1y, 1-z -6.7

(e)

H22

\

(d)

Figure 12: (a) ORTEP oflc-10drawn with 40% ellipsoidal probability with atonumbering

scheme(b) two molecules of the asymmetric unit with differesinformations are connected

by strong hydrogen bond and weak C-— interactions,(c) weak hydrogen bonded dimer

involving C—H - O hydrogen bond bonds through carbonyl and metigoayps, (d) C—H O




hydrogen bond bonded chain involving methoxy grqep,C—H - O hydrogen bond bonded
motif through carbonyl and methoxy groups.

All the structures reported above indicate thabrsy N-H-.-O=C hydrogen bond
generally governs the crystal structures of thesmles in cooperation with weaker-g8-:--FC
and C-H---O hydrogen bonds and-ig- - T(C,) interactions. It is well-known in the literature

that the amide linkage can result into two typebyafrogen bonded synthons, namely dimer and
chain (Scheme 2).

H—NH / \ .
Amide Dimer Amide Chain
Scheme 2

A recent search in the database (CSD, 2017) rélwatsamong the structures reported in
the latest version of CSD that there are 3742Hatsng the dimer synthon and 7712 hits having
the chain synthon. The dimers are mostly formedases where the amide is a part of a ring or
having—CONHR moiety with R = H;-CHjs, —C;Hs groups. The formation of chain is preferred
for molecules having two bulky groups attacheditbee side of the-CONH- group as is also
observed in the structures reported herein. Franctiiistal data tables (Table 1 and Table 2), it
is evident that the non-fluorinated analogue-{0Q has the lowest density (1.295 gfym
compared to the corresponding fluorinated analaglies density of the difluorinated molecules
are in the range between 1.459 gl¢max) and 1.409 g/ct{min), while that for the two mono-
fluorinated compounds are 1.385 gfcand 1.363 g/cth Although the structure of 1c-10 is
stabilized by strong MH---O=C hydrogen bond in combination with many wé&a---O
hydrogen bonds, the corresponding fluorinated nudésc pack better in the lattice thereby
resulting into higher density of the compounds. Thest striking feature of these hydrogen
bonded structures reported in this manuscriptas titre weaker €H- - - FC hydrogen bonds are
forcing the molecules to pack differently1[t + directions of molecules comparedtot | 1!
direction of the molecules] in the lattice. Becan$such alteration, the unit cell parameters of

these compounds are different though the spacepgrotiall the structures (except one) were



same P24/c). It is interesting to observe that these compsudid not display polymorphism
although there were possibilities of different nwoler arrangements keeping the strong
hydrogen bond unaltered. The molecular conformatbrthe compounds reported here are
significantly different (Table 12). The orientat®of the aromatic rings (C3-C8 and C10-C15)
are significantly different in these 9 moleculegrdby allowing the fluorine atoms to get
involved in different GH- - - C hydrogen bonds.

Table 12: Torsion angle in f) of the crystal structures

Compounds Torsion Angle Torsion Angle Torsion Angle Torsion Angle
C4-C3-C2-C1 C3-C2-C1-01 01-C1-N1-C10 C11-C10-N1-C1

lc-1 -70 1 5 137
1lc-2 -97 -3 2 140
1c-3 -74 32 6 -157
1lc-4 -86 -13 -1 57

1lc-5 104 -69 0 28
1c-6 -74 26 4 25

1c-7 98 -20 2 -125
1c-9 -113 14 -2 31
1c-10 103 -25 3 33

In addition to GH---FC hydrogen bonds, many-&---O hydrogen bonds involving
both C=0 and —OCHgroups have been observed in these structuresstébdization energy
offered by G-H---O=C hydrogen bonds are higher than those dfteyeC-H- - - OCH hydrogen
bonds, which are comparable to those offered by1-C-FC hydrogen bonds in general.
Supramolecular synthons involving 8 members (Sch2jmerming a dimer through a pair of
C-H---FC hydrogen bonds have been a common feature ie 8tasctures. These dimers have
been found to be interconnected to each other bthan G-H- - - FC hydrogen bonds just like
the known cases with strong hydrogen bonds invghdgarboxylic acid dimers. Therefore, it is
evident that “organic fluorine” is also capable aifting as hydrogen bond acceptor and can
behave in the same manner like other good hydrbgex acceptors. It is noteworthy that the
PXRD patterns, simulated from the single crystata}-diffraction data using Mercury, were
found to match with the experimental PXRD patterthe compound concerned, indicating that
the bulk phase and the single crystals studied wame. The comparison of the experimental
and simulated PXRD patterns are provided in th@astimg information.



Conclusions

The structural analysis of this series of fluorath 2-(3-methoxyphenyl)-N-
phenylacetamide derivatives invokes that although structures of all these compounds are
generated by strong hydrogen bonds, several wégkieogen bonds together are responsible for
altering the molecular packing in the lattice. Bi#fnt weak €H---FC hydrogen bonds
immensely influences the crystal structures of ¢hewlecules and €H-- T(Cy) interactions
together. While strong hydrogen bonds are resptngdr the formation of one dimensional
molecular chains, the weaker hydrogen bonds inmglviorganic fluorine” are seen to form
chains, dimers, tetrameetc. in the crystal lattice. It is also noted that hresence of several
weaker interactions has resulted into different gell dimensions for these molecules though
the unit cell volume remains similar. Thereforemiay be concluded that the influence of many
weak hydrogen bonds involving “organic fluorine”hh was earlier neglected by Glusker
[10a], Dunitz [10c,d],and Howard [10b], is highly significant in alteriniipe crystalline

architecture even in the presence of other strodgaseak hydrogen bonds.
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