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SYNOPSIS 

 

The thesis entitled “Understanding the Influence of Fluorine in Crystal 

Packing of Organic Molecules in the Presence and in the Absence of Other 

Strong/Weak Hydrogen Bonds: A Structural Analysis” consists of four chapters. 

Chapters 1 is a brief introduction to the field of intermolecular forces including the 

conventional strong and weak hydrogen bonds, other weaker interactions like CH··· 

and ···, and interactions involving halogens like CH···X, CX···X, and CX··· (X 

= F, Cl, Br). Chapter 2 evaluates the importance of organic fluorine in altering the 

crystal packing in the presence of strong NH···O hydrogen bond in a series of mono and 

di-fluorinated phenylacetamides. Chapter 3 describes the structural features of 

tetrafluoro N-[2-(3-methoxyphenyl)ethyl]benzamide, in the absence of strong NH···O 

hydrogen bond but with the possibility of weak CH···O=C hydrogen bonds. Chapter 4 

depicts the structural variations in tetrafluoro derivatives of diphenyl 

tetrahydroisoquinolines in the absence of strong hydrogen bonds like NH···O hydrogen 

bond and weak hydrogen bonds like CH···O=C.  

The intermolecular interactions are responsible for the state of existence of a compound 

at a given temperature and pressure. A combination of strong and weak intermolecular 

forces is known to dictate the physical properties of various compounds and materials. 

Therefore, the understanding of such forces is necessary to understand the properties of 

materials and compounds. Strong and weak hydrogen bonds are well known in the 

literature and its influence in guiding crystal structure has been established beyond doubt. 

The understanding of the role of weaker interactions in controlling the crystal packing is 

still a gray area in crystal engineering. Especially, the influence of fluorine in in small 

organic molecules in guiding the packing leading to its crystallization has remained 

controversial, though few studies to understand the interactions involving fluorine have 

been made in the past. The systematic analysis of weak interactions involving organic 

fluorine based on three different but related molecular systems of fluorinated organic 

molecules is the theme of this thesis. The selected molecular framework allows us for the 
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evaluation of the effect of the changes of the number and the position of fluorine 

substitution in the aromatic rings on the crystal packing.  Based on this molecular 

structure, we are interested to systematically analyze the much weaker and hence 

considered insignificant intermolecular interactions like CH···F, CF···FC, and 

CF···π etc. A brief introduction to strong and weak interactions is provided in the 

Chapter 1 of this thesis.    

Chapter 2 describes the structural analyses of ten molecules (derivatives of 

phenylacetamide) contain a strong hydrogen bond donor (NH group) and a strong 

hydrogen bond acceptor (O=C group) in addition to one or two CF groups and a OMe 

group (Scheme 1). The role of CF group(s) in altering the crystal structures of these 

molecules in the presence of strong conventional NH···O=C hydrogen bond has been 

illustrated in this chapter. The influence of aromatic fluorine in bringing structural 

variation in these molecules has been highlighted.  

 

Chapter 3 illustrates the structural features arising due to the presence of four CF 

groups in the molecule in the presence of C=O and OMe groups as hydrogen bond 

acceptors without the strong donor like NH group (Scheme 2). These structures 

highlighted the cooperative effects of weak hydrogen bonds (CH···O=C, CH···OMe 

and CH···FC), CH···π and halogen···halogen (CF···FC) interactions. Various 

supramolecular synthons have been identified and rationalized in the thesis.  
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Chapter 4 encompasses the structural variations of tetrafluoro derivatives of diphenyl 

tetrahydroisoquinolines (Scheme 3). These molecules are devoid of any strong hydrogen 

bond donor like NH group and strong hydrogen bond acceptor like a C=O group. 

Therefore, crystal structures of all the compounds are governed majorly by weak 

interactions involving fluorine (CH···FC and CF···FC) and a few weak hydrogen 

bonds like CH···OMe and much weaker CH···π interaction(s). Based on the observed 

structural features an attempt has been made to rationalize the interactions involving 

fluorine in the absence of strong hydrogen bonds in this chapter. 

 

In addition to the above chapters, Appendix contains the structural analyses of 

trifluorinated phenylacetamides and tetrafluorinated bridge-flipped isomeric bis-

benzylidineanilines, which are closely related to the compounds reported in the thesis.   
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Chapter 1 

1.1 Overview of Intermolecular Interactions  

The intermolecular interactions are responsible for physical and chemical 

properties of all the materials in any state of its existence. Intermolecular interactions 

and molecular recognition patterns are important aspects to understand the physical 

properties of mater in the gaseous, liquid and most importantly in the solid state. 

Intermolecular interactions range from very strong (15-40 kcal/mol) to strong 

hydrogen bonds (4-15 kcal/mol), to weak (1-4 kcal/mol) and very weak (<1 kcal/mol) 

hydrogen bonds, interactions involving  systems, and as weak as van der Waals’ 

interactions.1 Very strong hydrogen bonds are known to play a significant role in 

determining the physical properties of molecular compounds. HF exists as liquid at 

ambient temperature due to very strong HFHF hydrogen bonds while HCl is a 

gas under similar conditions due to weaker hydrogen bonds than in HF. Similarly, 

H2O is liquid while H2S is gas at ambient conditions of temperature and pressure as 

the hydrogen bond in water is much stronger than those in H2S. Therefore, the nature 

of hydrogen bond and the stability that is gained by a strong hydrogen bond is the key 

feature in the determination of physical properties of mater.  

Hydrogen bonds were first characterized by Linus Pauling in 1939.2 Though 

the definition of hydrogen bond has been modified,3 the most widely accepted 

definition of hydrogen bond by Pauling2 reads as  

“A hydrogen bond is an interaction that dictates association of a covalently 

bound hydrogen atom with one or more atoms, groups of atoms or molecules into an 
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aggregate structure that is sufficiently stable to make it convenient for the chemist to 

consider it as an independent chemical species.” 

  

 φ 

 

Figure 1.1: (a) Hydrogen bond with one acceptor. (b) Bifurcated hydrogen bond with 

two acceptors. (c) Trifurcated hydrogen bond with three acceptors. 

The group X–H in a hydrogen bond is termed as the hydrogen bond donor and 

the group A–Y is called as an acceptor. The physical parameters D, d and  define the 

geometry of a hydrogen bond (Figure 1.1). In the past, before the advancement in the 

X-ray diffraction techniques, the hydrogen atom position could not be ascertained or 

located by X-ray diffraction data. Therefore, in those days, the parameter ‘D’ was 

used to determine the geometry of hydrogen bonds.4 The parameter d has gained 

importance recently after the advancement in X-ray diffraction data collection 

techniques and in conjunction with neutron diffraction experiments, wherein, it 

became possible to locate the position of H atoms with a reasonable degree of 

accuracy and is more talked about than D. The hydrogen bonds can be of two, three or 

four center hydrogen bonds1 as shown in figure 1.1. These are called 

bifurcated/trifurcated hydrogen bonds. This bifurcation/trifurcation may be observed 

at both the acceptor and donor sites. 

The definition of hydrogen bond has been modified a few times in the past and 

the definition by Pimentel and McClellan5 does not enforce any restriction on the 

nature of the donor and acceptor groups and the definition reads as  

“A hydrogen bond is said to exist when (1) there is evidence of a bond, and (2) 

there is evidence that this bond sterically involves a hydrogen atom already bonded to 

another atom.” 

 As this definition involves van der Waals’ contact within its limit, which is 

also a bond and may involve hydrogen in it this definition needed further 
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modification. Steiner and Saenger redefined hydrogen bond as “Any cohesive 

interaction where H carries a positive charge and A, a negative charge (partial or full) 

and the charge on H is more positive than on X” in 1993.6 

The most recent and widely accepted definition of the hydrogen bond7 reads as  

“'The hydrogen bond is an attractive interaction between a hydrogen atom 

from a molecule or a molecular fragment X–H in which X is more electronegative 

than H, and an atom or a group of atoms in the same or a different molecule, in which 

there is evidence of bond formation.”  

This definition un-restricted about the nature of atoms involved, their strength 

and the evidences of hydrogen bond formation. Therefore, this definition is broad and 

it encompasses different kinds of hydrogen bonds. Hydrogen bonds can be classified 

in many ways, but, in view of physical properties, these can be differentiated in terms 

of their stabilization energies as very strong, strong and weak hydrogen bonds.1 The 

tables 1.4 and 1.5 of the book entitled “The Weak Hydrogen Bond In Structural 

Chemistry and Biology” by Desiraju1 summarized the properties of different kinds of 

hydrogen bonds.  

1.2 Hydrogen Bonds in the Solid State Chemistry 

 Supramolecular assemblies in solution and in the solid state are generally 

guided by various very strong and strong hydrogen bonds (O–H···O, N–H···O, N–

H···N, O–H···N). The highly directional nature and large negative stabilization 

energy make them predictable often.8 These hydrogen bonds are regarded as “strong” 

and “directional” because of higher stabilization energy (4-15 kcal/mol) and the angle 

 (Figure 1.1) becoming close to 180o. Various supramolecular assemblies, also 

termed as synthons by Desiraju, have been designed based on the strength and 

directionality of these strong hydrogen bonds.9 Development of various co-crystals10 

based on these strong hydrogen bonds are known in the literature.11 But, the 

manipulation of supramolecular organization of small organic molecules in a crystals 

lattice through weak hydrogen bonds (C–H···O=C, C–H···O–C, C–H···N, C–H···F–

C etc.) is non-trivial. The uncertainty associated with the various possible modes of 

association of molecules through weak hydrogen bond donors and acceptors results in 

different supramolecular assemblies under various experimental conditions. As the 
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stabilization energy of weak hydrogen bond is generally < 4 kcal/mol, they offer a 

variety of different geometrical possibilities for the formation of supramolecular 

synthons.12 These weak hydrogen bonds are usually electrostatic in nature and are 

directional to some extent based on the acceptor. Due to lower stabilization energy, 

their directionality can be influenced by the availability of other interactions offered 

by some other active functional grope(s) present in the concerned molecule.13 The 

necessity in considering intermolecular interactions through weak and very weak 

hydrogen bonding may seem unimportant, but the cumulative contribution of a large 

number of weak intermolecular interactions in building a crystalline architecture 

cannot be refuted, even though the individual contribution of such interactions may be 

small while calculating the stabilization energy. Hence their influence in altering the 

crystal structures can become useful in various cases. A number of studies have been 

reported in the literature exploring and explaining more about their utilization in the 

field of solid state chemistry. Desiraju in 2002 have classified these interactions as 

weak donor and strong acceptors (C–H···O, P–H···O, C–H···N), strong donors and 

weak acceptors (O–H···F–C, N–H···F–C, O–H···, N–H···), and weak donor and 

weak acceptors C–H···F–C, C–H···Cl–C.14 

The C–H···O hydrogen bonds were first identified by Glasstone12(a) in 1937, 

while studying the reasons for unusual physical properties of the mixture of 

chloroform with acetone. This was illustrated by the directional electrostatic hydrogen 

bond like interactions as shown in the figure 1.2. 

 

Figure 1.2: C–H···O interactions described by Glasstone. This figure has been re-

drawn based on the figure from reference no. 12(a). 

Since then a large number of research groups across the world have explored 

extensively the role of this type of weak interaction in building crystal lattices.12 

Taylor and Kennard12(g) utilized Cambridge Structural Database (CSD)15 to study 

weak hydrogen bonds based on 113 high quality organic crystal structures determined 
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by neutron diffraction. These studies elucidated the evidences for the attractive nature 

of C–H···N, C–H···Cl, C–H···O and C–H···S contacts and termed these as hydrogen 

bonds. The importance of such hydrogen bonds has been illustrated elaborately in the 

recent literature.16 The significance of these hydrogen bonds (C–H···X (X = O, N, S, 

Cl) in supramolecular chemistry,17 crystal engineering18 and in biological systems19 

has been well documented. 

1.3 Weak interactions involving  acceptor 

The weak hydrogen bonds involving strong donor (O–H, N–H etc.) and  

acceptors ( = Ph, C=C, CC) have been illustrated in the past.20 Whether the C–

H··· interactions having a very weak donor like CH group should be designated as 

hydrogen bond or not has been debated in the past.21 It has been demonstrated that C–

H··· interactions have structure directing ability based on the acidity of the proton on 

the C–H group. These interactions are just strong enough to alter or modulate the 

conformation of molecules and packing modes in 3D in the organic solids. The C–

H··· interactions have been systematically investigated by Nishio and Hirota to 

establish its involvement in molecular recognition.22 Nishio demonstrated that the 

influence of C–H··· interactions don’t reduce rapidly with distance unlike the 

hydrogen bonds and their effect is observed much beyond the van der Waals’ radii 

cut-off limit.23 The significance of C–H··· interactions in controlling the shape 

(conformation) and packing of molecules has been highlighted in a review by 

Nishio.24 The important role played by these interaction  to stabilize the peptides is 

also documentd.25 C–H··· interactions is a significant factor in stabilizing the 3D 

structure of proteins,26 in the field of optical and electronic devices,27 supramolecular 

chemistry,28 and drug designing.29 In addition to these C–H··· interactions, instances 

of C–F··· interactions in organic and biological molecules have also been 

demonstrated.30 

1.4 Weak interactions involving halogens  

The C‒X (X = F, Cl, Br or I) bonds are expected to be reasonably polar 

because of the high electronegativity of the halogens. Heavier halogens (Cl, Br and I) 

are reported to form short intermolecular contacts with electron donors as well as 
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electron acceptors.31 The anisotropic distribution of electron density around the C‒X 

bond is thought to be responsible for this feature. Theoretical calculations and 

experimental evidences indicated that the electrostatic potential around heavier 

halogen atoms (Cl, Br, I) is electropositive along the C‒X bond and electronegative in 

its perpendicular direction, while it remains negative everywhere around the C‒F 

bond.32 Therefore, it is expected that an electron acceptor will approach the C‒X (X = 

Cl, Br, I) group in a perpendicular direction to the C‒X bond, and an electron donor 

will interact along the C‒X bond. Hence, halogen will interact with nucleophiles in a 

nearly linear geometry, while interactions with electrophiles will occur in side on 

manner (figure 1.3).33 consequently, these groups (C‒X) should be very good 

acceptors of hydrogen bond in a C–H···X–C interaction in the electrophilic direction 

of C–X bond.33f However, the formation of C–H···Cl hydrogen bonds has always 

been debated,34 while van den Berg and Seddon35 based on CSD analysis have 

indicated the role of C–H···X hydrogen bonds in the crystal packing. 

 

Figure 1.3: Direction for the approach of nucleophile and electrophile in a C–X bond. 

This figure has been re-drawn based on the figure from reference number 33(e). 

The presence of both electron deficient and electron rich sites over the C–X 

bond offers the possibility of interhalogen bonding. Sakurai et al., proposed the 

geometrical categorization of CCl···ClC interactions in 1963 as type I and Type 

II.36 Ramasubbu et al.,37 later characterized the inter halogen interactions of the type 

C–X1···X2–C, into three types based on the two angles θ1 and θ2, where θ1 = C–

X1···X2 and θ2 = X1···X2–C. 

 Type I inter halogen interactions, θ1 or θ2 = 90°,  

 Type II inter halogen interactions, θ1 or θ2 = 180° and 
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 Type III inter halogen interactions, θ1 = θ2 and the two halogen atoms are 

related by crystallographic center of inversion.  

Later Desiraju and Parthasarathy, categorized C–X1···X2–C contacts were in a 

simpler manner into two types38 (figure 1.4) as 

                 

 

Figure 1.4: Different possible geometries through which halo···halo interactions are 

possible. Figure has been re-drawn based on the figure from reference number 37(b). 

 Type I (cis or trans geometry) and  

 Type II (L geometry)  

Recently, Thotadi et al., proposed homohalogen (X···X) contacts to be of 

three types based on their CSD analysis on such contacts.39 Their new classification 

criterion is based on the difference between angles θ1 and θ2, as identified in the 

Figure 1.4. 

 0° ≤ |θ1 – θ2| ≤ 15°  -contacts will be classified as type I,  

 30° ≤ |θ1 – θ2|          -contacts will be classified as type II,  

 15° ≤|θ1 – θ2| ≤ 30°-contacts will be classified as quasi type I/type II 

interactions. 

The X···X interactions involving heavier halogens (X = Cl, Br, I) have 

demonstrated to be significant in crystal engineering.40 The review by Metrangolo et 
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al., published in 2008 described in-depth understanding of halogen bonding 

interaction in terms of energetic and geometric requirements, donor and acceptor 

characteristics, their importance in building various 1D, 2D and 3D architectures to 

form supramolecular assemblies and their importance in material and biological 

Chemistry.40(e)  

Therefore it has been accepted that interactions involving halogens are 

significant in the crystal packing both in the absence as well as in the presence of 

other relatively stronger intermolecular interactions.41  

Among the halogens, apparently, fluorine is reported to behave differently in 

solution and in the solid state. The low polarizability and small size of fluorine 

compared to other halogens is believed to be responsible for this different behaviour. 

While other halogens mostly preferred to interact through C–X1···X2–C interactions 

or R–X···Y (X = Cl, Br, I; Y = O, N, S) halogen bond, but F preferably interacts 

through C–H···F hydrogen bond.42 Hence, the interactions involving F are treated 

separately in the literature. 

1.5 An Outline on Interactions Involving Fluorine  

Fluorine being the most electronegative element in the periodic table, it offers 

strongest hydrogen bonds as is seen in HF. The single bond between C and F is the 

strongest among all such bonds C and any other element. Therefore, the substitution 

of H by F in an organic compound introduces significant changes in its physical 

properties (melting and boiling points, refractive index, surface tension, lipophilicity, 

acidity, basicity etc. to name a few) as well as its chemical reactivity.42 Due to the 

unusual behaviour of F when introduced in a compound, Schlosser42(a) has commented 

about F in his article as: 

“Fluorine leaves nobody indifferent; it inflames emotions be that affections or 

aversions. As a substituent, it is rarely boring, always good for a surprise, but often 

completely unpredictable.” 

 This comment about F is also valid for intermolecular interactions involving F. 

Fluorine bonded to a carbon was termed as ‘organic fluorine’,43 by Dunitz and the 

intermolecular interactions offered by a CF group have remained controversial in the 

literature.41,43 But, it is very important to understand them due to its crucial role not 
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only in the crystal packing, but also in protein-ligand interactions.44 The inherent 

nature of CH···F hydrogen bond makes it important and interesting to explore 

further. Several studies have been done to analyse and understand the impact of 

interactions involving ‘organic fluorine’ in the crystal packing. 

  In a tutorial review, O’Hagan explained the fundamental aspects related to the 

CF bond and explored the rationale for the geometry conformation and reactivity of 

fluorinated organic compounds.45The consequence of high electronegativity of 

fluorine leads to the polarization of the CF bond thereby making it less covalent and 

more electrostatic in nature. This offers relatively large dipole-dipole interaction in 

fluorinated organic compounds and hence these can be interprets as electrostatic 

interactions. But, unexpectedly the polarised CF bond does not have good donor 

ability as the three lone pairs of electrons on fluorine are tightly held because of high 

electronegativity of F. Unlike O and N, the lone pairs of F are reluctant to participate 

in resonance and act as hydrogen bond acceptor. O’Hagan also pointed out in 2008 

that the XH···FC (X = O, N) hydrogen bonds are less frequent and are about 75% 

weaker strength compare to the corresponding XH···XC (X = O, N) hydrogen 

bonds. 

 A tutorial review by Berger et al,. published in 2011 indicated the importance of 

fluorinated organic compounds in the enhancement of various useful properties of 

such materials.33f The author summarised the importance of CF group in the crystal 

engineering in the view of various weak intermolecular interactions like ···F, 

CF···FC, CF···HC, CF···, CF···M+, CF···C=O and anion··· etc. 

 The intermolecular interactions involving fluorine has been in the forefront of 

structural studies since 1990s. Shimoni and Glusker in 1994 through their CSD 

analysis based on a hand full number of crystal structures of fluorinated molecules 

inferred that XH···FC interactions are very weak and hence insignificant, 

compared to the C=O···HX interactions.46 Dunitz and Taylor in 1997 also denied the 

significance of these interactions in crystal packing based on their combined CSD and 

ab-initio studies and claimed that “Organic Fluorine Hardly Ever Accepts Hydrogen 

Bonds”.43(a) Howard et al., at the same time once again used the poorly populated 

CSD had stated that “the predominant CF···HC contacts in the Database appear to 

have very little significance in energy terms and are essentially van der Waals’ 



12 
 

complexes”.47 In 1998, for the first time, CH···FC hydrogen bonds received due 

recognition in crystal packing through the report by Thalladi et al., based on their 

systematic structural study on fluorobenzenes.48 They indicated that the CH···FC 

interactions can be as important as the CH···O or CH···N hydrogen bonds for 

structure directing abilities to pack molecules in a particular array in its crystal 

structure.48 After this, a number of studies have been done on different fluorinated 

model systems like indole derivatives,49 isoquinolines,50 halogenated benzamides,51 

and also with trifluoromethyl  group as a substituent,52 aromatic azo compounds,53 N-

benzylideneanilines54 and many more to elucidate the importance of fluorine mediated 

interactions in crystal packing. Through all these studies, it can be concluded that 

CH···F interactions are weak hydrogen bonds and these can be utilized for building 

a supramolecular architecture. 

 Recently we have conducted a search for XH···FC (X = O, N) hydrogen 

bonds with the H···F distance ranging between 1.8 Å and 2.7 Å and XH···F 

ranging between 90o and 180o using the 2017 edition of the CSD restricted to only 

covalent structures with R factor less than 10%, without disordered molecule, only 

with organic molecules and without polymers.55 The number of such interactions 

involving OH donor has been found to be only 296 (121entries for distance range 

1.8-2.5 Å) while the same involving NH donor is 425 (207 entries for the distance 

range 1.8-2.5 Å). Unlike conventional strong hydrogen bonds, the preference for 

XH···F in case of these interactions are found to be centred between 130o and 160o 

(Figure 1.5) for shorter contacts (d = 1.8-2.5 Å).  

 

(a)                                                                 (b) 

Figure 1.5: (a) Histogram of OH···FC for contacts with d = 1.8-2.5 Å, (b) 

Histogram of NH···FC for contacts with d = 1.8-2.5 Å.  
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Figure 1.6: (a) Histogram of CH···FC for contacts with all CH irrespective of 

the hybridization of the C atom d = 1.8-2.5 Å, (b) Histogram of CH···FC for 

contacts with aromatic CH groups and d = 1.8-2.5 Å. 

 A similar search for CH···FC hydrogen bonds have been also done using 

the same search criteria in the 2017 version of CSD. The number of hits of such 

interactions involving CH groups irrespective of the hybridization of the C atom is 

12157 (3643 entries for d = 1.8-2.5 Å), 6786 entries for aromatic CH groups (1575 

entries for d = 1.8-2.5 Å), and 26 entries with acetylinic CH groups (10 entries for d 

= 1.8-2.5 Å). The histograms provided in the figure 1.6 clearly show that these 

interactions with d = 1.8-2.5 Å indicates the preference for the CH···FC between 

140-160o. These observations probably indicate that the directional preference for 

fluorine mediated hydrogen bonds is centred around  = 150o and fluorine prefers 

aromatic and sp2 hybridised CH groups for the formation of CH···FC hydrogen 

bonds.  

Although the interaction between two heavier halogens is accepted in the 

literature, whether the short F···F contacts are attractive or repulsive in natures and 

whether they are at all significant or not in altering the crystal packing or these are 

merely the result of close packing, is yet to be confirmed. The statistical survey by 

Desiraju and Partasarathy have claimed that X···X interactions are attractive in nature 

except the F···F interactions.38(a) Generally these contacts are considered to be the 

consequence of close packing and hence ignored.56 Choudhury et al. has also 

emphasized the importance of F···F contacts in the structural analysis of a series of 

fluorine substituted Isoquinolines.50(a)-(b) We have also conducted a database search on 

the short CF···FC contacts with the F···F distance ranging between 1.80 Å and 

2.96 Å and CF···F ranging between 90o and 180o using the 2017 edition of the 
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CSD restricted to only covalent structures with R factor less than 10%, excluding the 

disordered molecule, among only organic molecules and without polymers. The 

number of hits of such interactions involving CF groups irrespective of the 

hybridization of the C atom is 4199 (1942 entries for aromatic CF groups). It is 

interesting to note that the number of hits with two angles, namely CF···F (1) and 

F···FC (2) being equal (1 = 2) is only 194 (484 with the criteria 0° ≤ |θ1 – θ2| ≤ 

15°) irrespective of the hybridization of the C atom while 237 entries belong to type II 

based on the criteria 30° ≤ |θ1 – θ2| and 3478 entries belong to quasi Type I/Type II 

(15° ≤ |θ1 – θ2| ≤ 30°). This indicates that the F···F contacts do not prefer to be of the 

type I or type II rather they prefer to form quasi Type I/Type II contacts. This 

observation is exactly opposite in comparison to the report by Thotadi et al.,39 on 

X1···X2 (X1, X2 = Cl, Br, I, X1 = X2 and X1  X2). 

Additionally, fluorinated molecules with aromatic ring are candidates to have 

weak C‒F··· contacts as well. Prasanna and Guru Row has establish the impact of 

C‒F··· interactions in determining the molecular conformation and its role in the 

crystal packing through their CSD analysis in 2000.57  

1.6 Recent developments on fluorine mediated interactions  

 In the past decade, a number of research groups across the globe have 

contributed in the development of the area related to fluorine mediated interactions in 

the solid state. An highlight by Chopra and Guru Row58 and a perspective by 

Chopra59 have summarized the developments in a concise manner. The importance of 

CH···F hydrogen bond has been pointed out by Parsch and Engels in their structural 

investigation of ribonucleic acids in 2002.60 Frohlich et al., concluded from there 

structural comparison of a series of 2-fluoro-2-phenyl cyclopropane derivatives and 

there non fluorinated analogues that the packing of fluorinated molecules where 

through various CH···F hydrogen bond and not only due to the close packing of 

molecules.61 The significance of CH···F hydrogen bond was further demonstrated 

by Lee et.al., Abad et.al., and also by Mehta and Sen.62 Nayak et.al., in 2011 and 

2012 analysed the structural variations in an exhaustive series of halogens (F, Cl, Br 

and I) substituted benzanilides.51(b,c) Although the structure of all the molecules had 

NH···O hydrogen bond in common, the geometry of this hydrogen bond has been 
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found to vary significantly (H···O distance varied from 2.04 Å to 2.68 Å and 

NH···O between 142o and 169o). A variety of space groups (P1, P21, Pc, Pn, 

P21/c, Pna21, P212121, and Pbca) were also observed among these structures. These 

structural variations are the consequence of different weak interactions involving 

halogens (CH···F, CX···X and CX···X′, X, X′ = F, Cl, Br and I). Another 

interesting structural analysis of a series of benzanilides containing one or two CF3 

groups in the molecules by Panini and Chopra in 2012 highlighted the significance of 

the contribution of one or more CH···F hydrogen bond(s) in stabilizing each 

structure in the presence of a strong  NH···O hydrogen bond.52 In addition to 

CH···F and CH···O hydrogen bonds, some of the structures also had one or more 

short CF···F contacts (6 type I, 6 type II and 3 quasi type I/type II). It is not worthy 

that the H···O distance varied between 1.89 Å and 2.31 Å and NH···O varying 

between 138o and 166o in these structures indicating that the weaker interactions 

acting in a cooperative fashion altered the geometry of the  NH···O hydrogen bond, 

which is otherwise highly directional (linear). Panini and Chopra further extended 

their earlier study52(a) in 2013 and analysed structure variations in F/CF3 substituted 

N-phenyl acetamides and N-methyl benzamides through structural and computational 

methods.52(b) They further emphasised that a number of weaker interactions together 

can influence the crystal packing and alter the geometry feature of a strong NH···O 

hydrogen bond. Shukla and Chopra reported the structural variations due to fluorine 

mediated interactions in terms of the hybridization of the C atoms associated with 

CH···FC hydrogen bonds using CSD and a combination of computational 

methods.63 Based on their result they concluded that CH···FC interactions should 

be considered as hydrogen bonds based on Koch and Popelier64 criteria for hydrogen 

bonds.  
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Recent structural analysis on a library of halogenated aromatic imines has 

indicated that in the absence of any strong hydrogen bonds fluorine mediated 

interactions lead the formation of crystalline architecture by a few robust 

supramolecular synthon involving organic fluorine.54 Kaur and Roy Choudhury 

demonstrated that when a non-interactive fluorine is replace by Cl or Br to make a 

new molecule the crystal structure remains unchanged while the replacement of an 

interactive fluorine by Cl or Br completely changes the crystal packing.54(b,c) Four 

most commonly observed supramolecular synthon involving aromatic CH and 

aromatic CF connected by CH···FC hydrogen bonds represented in the figure 1.7. 

The number of such synthon found in the 2017 edition of CSD is mentioned in the 

figure 1.7. 

Based on the literature reports available on fluorine mediated interaction and 

our interest to understand the interaction involving organic fluorine in both presence 

and in the absence of strong hydrogen bonds and its implications in biological activity 

we intended to synthesise a series of fluorinated isoquinoline derivatives using the 

reaction scheme (figure 1.8) reported by Nagarajan et al.65 
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 Following this scheme we synthesis a series of mono and difluorinated amides (2), 

tetrafluorinated amides (4) and tetrafluorinated tetrahydroisoquinolines (6) and their 

corresponding non fluorinated analogues. The mono and difluorinated amides (1) 

enabled us to evaluate the intermolecular interactions involving fluorine in the 

presence of strong hydrogen bond while the structural analysis of tetrafluorinated 

amides (4) provided scope for such analysis in the absence of strong hydrogen bonds 

buy with the possibility of other weaker hydrogen bonds involving the C=O group. 

The third library of molecules (6) offered a platform to understand fluorine mediate 

interaction in the absence of other intermolecular interactions involving oxygen. All 

the secondary amines formed by the reduction of 1 were dense liquid and hence their 

structural analyses were not attempted. It is noteworthy that some of the final products 

of this scheme as synthesized by Nagarajan et al., were found to have anti-

implantation activity in rats. Therefore, we also expect that some of the final products 

containing four fluorine atoms could have similar biological importance. The 

synthetic strategies reported by Nagarajan et al., were appropriately modified to 

achieve better yield of some of the compounds reported in this thesis. These 

modifications will be discussed in the respective chapters. 
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1.7 Foreword 

The non-covalent interactions directly influence the crystal nucleation and 

growth through molecular recognition. To design a targeted supramolecular assembly 

in the solid state, one needs to gain knowledge about these intermolecular non-

covalent interactions. With rich literature reports on the significance of weak 

hydrogen bonds in building desired crystalline lattice it is still not possible to predict 

the result of a crystallization experiment to an extent, where one may achieve definite 

control over these intermolecular interactions. Therefore there are lot more to explore 

in this area. We are specifically enthusiastic to explore the guiding ability of fluorine 

to control and alter the packing of molecules in the crystal lattice because of its 

importance in pharmaceutical industries. As discussed in the earlier sections in detail, 

organic fluorine participates in the formation of various intermolecular interactions 

through a number of supramolecular synthons. Even though a number of systematic 

studies on fluorine substituted organic molecules have overflown the scientific 

literature, a complete understanding of the structure directing role of fluorine is yet to 

be achieved.    

To improve the current understanding of fluorine mediated interactions in 

small organic molecules, a systematic study has been performed on model systems in 

the following chapters. The selected models serve as to gain insights into the fluorine 

mediated interactions both in the presence and in the absence of other strong and 

weak hydrogen bonds. Additionally, these systems also enable us to analyse the effect 

of the variation in the number and positions of the F atom on the selected molecular 

systems on the crystal packing. The interactions involving fluorine in these crystal 

structures have been found to be of utmost importance.  

Chapter 2 elucidates the structural analyses of ten derivatives of phenylacetamide 

containing a strong hydrogen bond donor (NH 

group) and a strong hydrogen bond acceptor 

(O=C group) in addition to one or two CF 

groups and a OMe group (Scheme 1.1). The 

significance of CF group(s) in directing the 

crystal structures of these molecules in the presence of strong conventional 

NH···O=C hydrogen bond has been documented in this chapter. The influence of 
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aromatic fluorine in introducing structural variation in these molecules has been 

highlighted.  

Chapter 3 highlight the structural features arising due to the presence of four CF 

groups in the molecule in the presence of C=O and OMe 

groups as hydrogen bond acceptors without the strong 

donor like NH group (Scheme 1.2). These structures 

demonstrated the cooperative effects of weak hydrogen 

bonds (CH···O=C, CH···OMe and CH···FC), 

CH···π and halogen···halogen (CF···FC) interactions. 

Various supramolecular synthons have been identified and rationalized in this chapter.  

Chapter 4 demonstrates the structural variations of tetrafluoro derivatives of diphenyl 

tetrahydroisoquinolines (Scheme 1.3). These molecules 

do not have strong hydrogen bond donor like NH group 

and strong hydrogen bond acceptor like a C=O group. 

Therefore, structural feature of all the compounds are 

governed mainly by weak intermolecular interactions 

involving fluorine (CH···FC and CF···FC) and a 

few weak hydrogen bonds like CH···OMe and much weaker CH···π interaction(s). 

Based on the observed structural features an attempt has been made to rationalize the 

role of fluorine in the absence of strong hydrogen bonds in this chapter. 
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Understanding of the Role of Weak C–H···F 

Hydrogen Bond(s) in the Presence of Strong 

Hydrogen Bond in a Series of Fluorinated 2-(3-

methoxyphenyl)-N-phenylacetamide Derivatives 
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Chapter 2 

2.1 Introduction 

 The understanding of different intermolecular interactions involving fluorine 

in small organic molecules has been the theme of contemporary research both in 

the presence and in the absence of other strong/weak interactions.46-54 The 

structural analysis of halogenated benzamides has been extensively studied by a 

couple of research groups in last few years. Chopra and Row in their structural 

comparison of four halogen (F/Cl) substituted benzamides noted that the 

combination of strong OH···O and NH···O hydrogen bonds leads the crystal 

structure thereby resulting into isostructural pair for fluoro and chloro derivatives 

containing a –OH group in the molecule. When the OH group is replaced with a 

CH3 group, the weaker interactions involving F and Cl became important in 

altering the 3D packing of molecules thereby leading to two different structures 

(P21/n vs C2/c).67 It was indicated that F prefers CH···F hydrogen bond while Cl 

prefers CCl···Cl interaction. Chopra and Row in their report in 2008 further 

emphasized that the crystal structures of a series of mono/di-fluorinated 

benzamides were mostly guided by the strong NH···O=C hydrogen bond and 

minor structural variations were observed due to the varying positions of the F 

atom.68 Nayak et al., in their structural analyses in 2011 and 2012 demonstrated 

that the halogen-mediated interactions can play a significant role in packing of 

halogenated molecules containing strong hydrogen bond donor and acceptor 

groups thereby leading to structural variation in molecules, which are otherwise 

isomeric in nature.51(b,c) Panini and Chopra thereafter in 2012 and 2013 extended 
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the structural analyses of fluorinated benzamides to structural analysis of –CF3 

substituted benzamides.64,52 In another study by Chopra et al., on the structural 

variation of fluoro anilines, significance of weak CH···F hydrogen bond in the 

preference to the classical NH···N hydrogen bond was highlighted.67 In this 

chapter we would like to demonstrate the influence of weak intermolecular 

interactions offered by organic fluorine in the presence of NH···O=C hydrogen 

bond through a detailed structural analysis of a series of fluorinated 

phenylacetamide. This target molecule contains one additional –CH2– group, 

which offers conformational flexibility to the molecule and we believe that this 

additional flexibility may result into and enhancement of fluorine mediated 

interactions thereby lead to a larger variety of crystal structures of a series of 

isomeric molecules.  

2.2 Experimental   

2.2.1 Synthesis and Characterization 

All the starting materials were purchased from Sigma-Aldrich and were used 

without further purification. All the compounds (Scheme 2.2.1) were synthesized 

from their corresponding aniline and 3-methoxyphenylacetic acid initially following 

the procedure reported by Nagarajan et al.,65 and later based on poor yield of some of 

our target molecule we followed a different synthetic procedure for better yield with 

the use of less hazardous chemicals.68 3-methoxy-phenyl-acetic acid 2a (1.0 

equivalent), fluorine substituted aniline 2b (1.10 equivalent), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) (1.10 molar 

equivalent) and hydroxybenzotriazole (HOBt) (0.50 equivalent) were mixed in a 

round bottom flask and N-methylpyrrolidin-2-one (NMP) solvent was added at room 

temperature (25 ˚C) under N2 environment. The reaction mixture was stirred at room 

temperature for 18 hours. After the reaction was over, water and ethyl acetate were 

added and mixture was stirred for 15 mins. The mixture was allowed to settle in a 

separating funnel, and the lower aqueous phase was removed and discarded. The 

organic phase was washed a few times with water and brine solution to remove the 

unreacted water-soluble compounds and to achieve better separation of organic and 
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aqueous layers. Then the organic phase was collected over excess anhydrous sodium 

sulfate to remove traces of moisture in the organic phase. Then the organic solvent 

was removed under reduced pressure on a rotary evaporator to extract the solid target 

compound. The crude product was purified by column chromatography using ethyl 

acetate/hexane mixture as the mobile phase. All the pure compounds were 

characterized by 1H, 13C and 19F NMR (400 MHz, Bruker Biospin Avance-III NMR 

spectrometer), FTIR (Perkin Elmer Spectrum 2) and the melting point of all the 

compounds were determined by differential scanning calorimetry (DSC) (Perkin 

Elmer Diamond 8000 DSC). All the characterization details (NMR, IR, DSC and 

PXRD) are provided as electronic supporting information (ESI) in the enclosed CD. 

Representative characterization data is reported here for immediate reference. 

 

Scheme 2.2.1 
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1H - NMR Spectra of 2c-1 (400 MHz, CDCl3) : δ (ppm) =  3.78 (s, 3H), 3.85 (s, 

2H), 6.86 - 6.96 (m, 4H), 7.02 – 7.08 (m, 1H), 7.36 (t, 1H), 7.47(s, 1H), 8.07 (t, 1H). 

 

 

13C- NMR Spectra of 2c-1 ( 125 MHz, CDCl3) : δ (ppm) =  169.01, 160.28, 151.40, 

151.29, 148.95, 48.84, 135.27, 130.48, 127.94, 127.93, 127.87, 127.86, 124.17, 

124.12, 124.10, 124.05, 121.67, 16.62, 116.58, 115.05, 113.44, 112.16, 112.00,  

55.31, 44.92. 
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19F- NMR Spectra of 2c-1 (376 MHz, CDCl3): δ (ppm) = -155.43 (d, 1F), -138.11 

(d, 1F) 

 

FT-IR Spectrum of 2c-1 

2.2.2 Structural Study 

2.2.2.1 Powder X-ray Diffraction (PXRD) Analysis 

PXRD patterns of all the pure compounds were recorded on a Rigaku Ultima 

IV diffractometer using parallel beam geometry equipped with a Cu – K radiation, 

2.5° Primary and secondary solar slits, 0.5° divergence slit with 10 mm height limit 

slit, sample rotation stage (120 rpm) attachment and DTex Ultra detector. The tube 

voltage and current applied were 40 kV and 40 mA.  The data were collected over an 
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angle range 5 to 50° with a scanning speed of 2° per minute with 0.02° step. The 

observed PXRD patterns have been compared (using WINPLOTR) with the simulated 

PXRD patterns generated from the crystal coordinates using Mercury.  

2.2.2.2 Crystal Growth, Single Crystal Data Collection, Structure Solution and 

Refinement 

Single crystals of desired size and quality were grown by slow evaporation by 

dissolving compound in different solvents like acetone, methanol, ethanol, ethyl 

acetate, dichloromethane, acetonitrile, toluene or a mixture of solvents such as 

DCM/hexane, chloroform/hexane, ethyl acetate/hexane, methanol/hexane and 

acetone/hexane etc. 

Single crystal X-ray diffraction data were collected using a Rigaku 

XtaLABmini X-ray diffractometer equipped with Mercury CCD detector with 

graphite monochromated Mo-Kα radiation (λ=0.71073 Å) at 100.0(2)K using ω scans. 

The data were reduced using Crystal Clear suite 2.0.69 and the space group 

determination was done using Olex2.70 The crystal structures were solved by using 

SHELXS9771 or SHELXT72 and were refined using SHELXL9771 through Olex2 

suite. All the hydrogen atoms were geometrically fixed and refined using the riding 

model. Absorption correction was done by Multi-scan method. Data collection, 

crystal structure solution and refinement details for all the compounds are listed in the 

Table 2.2.1-2.2.2.  All the packing and interaction diagrams have been generated 

using Mercury 3.5.73 Geometric calculations have been done using PARST74 and 

PLATON.75 
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Table 2.2.1: Single crystal X-ray diffraction data of compounds 2c-1 to 2c-5 

Identification code 2c-1 2c-2 2c-3 2c-4 2c-5 

CCDC Number 1540707 1540709 1540710 1540711 1540712 

Formula C15H13F2NO2 C15H13F2NO2 C15H13F2NO2 C15H13F2NO2 C15H13F2NO2 

Formula weight 277.26 277.26 277.26 277.26 277.26 

Temperature (K) 100.0 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/c C2/c P21/c 

a (Å) 11.6788(17) 10.9903(6) 11.0509(16) 22.3996(16) 5.8400(12) 

b (Å) 4.8674(7) 4.6917(2) 12.231(3) 4.7464(4) 26.820(5) 

c (Å) 27.251(4) 28.1963(13) 9.4633(17) 25.2796(16) 10.960(2) 

α (
o
) 90 90 90 90 90 

β (
o
) 124.699(9) 118.451(3) 96.740(7) 103.356(4) 131.45(3) 

γ (
o
) 90 90 90 90 90 

V (Å
3
) 1273.6(3) 1278.30(11) 1270.2(4) 2615.0(3) 1286.7(5) 

Z 4 4 4 8 4 

Z′ 1 1 1 2 1 

ρ
calc

 (g cm
-3

) 1.446 1.441 1.450 1.409 1.431 

/ mm
-1

 0.116 0.115 0.116 0.113 0.114 

2min,max (
o
) 3.636 - 50.04 3.92 - 58.26 6.316 - 54.97 3.312 - 56.56 3.038 - 50.08 

F(000) 576 576 576 1152 576 

hmin,max; k min,max; l 

min,max; 

-13, 13; -5,  

4; -31, 32 

-15, 14; -5, 

6;-38 ,38 

-14, 14; -13, 

15; -12 ,12 

-26, 29; -6, 

6; -30, 33 

-6, 4; -31, 

31; -12, 12 

No. of observed 

reflections 
8518 12235 8207 6649 5567 

R
int

 0.0201 0.0539 0.0319 0.0272 0.0486 

No. of unique 

reflections 
2242 3454 2892 3235 2189 

R
1
 [I > 2(I)] 0.0366 0.0484 0.0424 0.0447 0.0491 

wR
2
 (all data) 0.1037 0.1242 0.1203 0.1122 0.1181 

GooF 1.043 1.023 1.035 1.016 1.036 

ρmax,min/eÅ
-3

 0.61, -0.28 0.27, -0.25 0.28, -0.26 0.31, -0.36 0.22, -0.29 
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Table 2.2.2: Single crystal X-ray diffraction data of compounds 2c-6 to 2c-10 

Identification code  2c-6 2c-7 2c-9 2c-10 

CCDC Number 1540713 1540714 1540715 1540708 

Formula  C15H13F2NO2 C15H14FNO2 C15H14FNO2 C15H15NO2 

Formula weight  277.26 259.26 259.26 241.26 

Crystal system  Monoclinic Monoclinic Monoclinic Monoclinic 

Space group  P21/c P21/c P21/c P21/c 

a (Å)  10.989(2) 4.729(3) 5.0169(14) 9.5059(16) 

b (Å)  12.176(3) 11.406(5) 12.106(4) 10.8524(17) 

c (Å)  9.5202(19) 23.474(12) 20.553(9) 24.154(4) 

α (
o
)  90 90 90 90 

β (
o
)  97.740(12) 93.85(2) 95.217(16) 96.267(7) 

γ (
o
)  90 90 90 90 

V (Å
3
)  1262.3(5) 1263.4(11) 1243.1(8) 2476.9(7) 

Z  4 4 4 8 

Z′ 1 1 1 2 

ρ
calc

 (g cm
-3

)  1.459 1.363 1.385 1.294 

Temperature (K)  100.0 100.0 100.0 100.0 

/ mm
-1

  0.117 0.100 0.102 0.086 

2min,max (
o
)  6.284 - 55.02 6.324 - 55.056 6.732 - 55.226 6.096 - 50.052 

F(000)  576 544 544 1024 

hmin,max; k min,max; l 

min,max;  

-14, 14; -15,  

15; -12, 12 

-4, 6; -14,  

14; -30, 30 

-6, 6; -15,  

15; -26, 26 

-11, 10; -12,  

12; -28, 28 

No. of observed 

reflections  

13420 11536 8716 17289 

R
int

 0.0532 0.0636 0.0658 0.0700 

No. of unique 

reflections 
2905 2889 2833 4332 

R
1
 [I > 2(I)] 0.0478 0.0560 0.0475 0.0594 

wR
2
 (all data) 0.1239 0.1537 0.1213 0.1505 

GooF 1.091 1.056 0.986 1.110 

ρmax,min/eÅ
-3

 0.30, -0.21 0.27, -0.23 0.30, -0.31 0.21, -0.25 
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2.3 Results 

2-(3-methoxyphenyl)-N-(2,3-difluorophenyl)acetamide (2c-1):  Compound 2c-1 

was crystallized in monoclinic centrosymmetric P21/c space group with Z = 4 (Table 

2.2.1 and Figure 2.3.1a). In this series, all the compounds have amide group 

therefore that all the crystal structures discussed in this chapter exhibit the strong N–

H···O=C hydrogen-bonded chain as a common feature. This strong hydrogen bond 

is responsible for making one-dimensional catameric chain along the 

crystallographic b direction (Figure 2.3.1b) with all the molecule aligned in parallel 

() orientation in 2c-1. Although there are two fluorine atoms i.e. F1 and F2 

corresponding to ortho- and para- positions but none of these fluorine atoms 

participated in the C–H···F hydrogen bond and hence there is no significant 

contribution of fluorine in crystal packing. It is noteworthy that the experimental 

powder X-ray diffraction (PXRD) pattern (Figure 2.3.1c) recorded on purified crude 

product 2c-1 does not exactly match with the PXRD pattern simulated using 

Mercury package from the CIF of the single crystal data. It may have a different 

polymorph in the crude product.  

  

(a)      (b) 

Figure 2.3.1: (a) ORTEP of 1 drawn with 50% ellipsoidal probability, (b) N1–

H1···O1 Hydrogen bond in one-dimensional catameric chain along b-axis. 

Table 2.3.1: Intermolecular interactions in 2c-1                                    

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.976(2) 1.97 164 x, y-1, z 

C4–H4···O2  1.080 3.374(3) 2.38 153 1-x, y-½,  3/2 -z 

C15–H15···O1 1.080 3.380(2) 2.60 129 - x, 1- y,  1- z 
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Figure 2.3.1: (c) Comparison of experimental and Simulated PXRD patterns of 2c-1.  

2-(3-methoxyphenyl)-N-(2,4-difluorophenyl)acetamide (2c-2): This compound 

was crystallized in the centrosymmetric monoclinic space group P21/c with Z = 4 

(Figure 2.3.2a). In this amide compound, strong hydrogen N1–H1···O1 bond 

propagates along the b axis with all molecule aligned in parallel () 

orientation. Fluorine atoms were not involved in any C–H···F hydrogen bond. The 

experimental PXRD pattern is found to match with the simulated PXRD pattern from 

the CIF of the single crystal structure solution indicating that the raw material and 

the recrystallized phases were same (Figure 2.3.2c). 

Table 2.3.2: Intermolecular interactions in 2c-2 

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.806(2) 1.85 154 x, y - 1, z 

C4–H4···O2  1.080 3.510(3) 2.62 139 1 - x, ½ - y, 3/2 -z 

C2–H2B···O2  1.080 3.377(2) 2.67 122 1 - x, y - ½, 3/2 -z 

  

(a)                                                                      (b) 

 Figure 2.3.2: (a) ORTEP of 2c-2 drawn with 50% ellipsoidal probability, (b) 

Strong N1–H1···O1 Hydrogen bond and C2–H2A···π interaction in one-

dimensional catameric chain along b-axis and bond both are parallel.    
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Figure 2.3.2: (c) Comparison of experimental and simulated PXRD patterns of 2c-2.  

N-(2,5-dichlorophenyl)-3-methoxyphenylacetamide (2c-3): Compound 2c-3 was 

crystallized in monoclinic centrosymmetric P21/c space group with Z = 4 (Figure 

2.3.3a). In crystal structure mainly three type of interactions have been found-(1) 

N–H···O, (2) C-H···O and (3) C–H···F hydrogen bonds. Strong N–H···O 

hydrogen bond is responsible for making one-dimensional infinite catameric chain 

with molecules arranged in anti-parallel () orientation along the 

crystallographic c direction (Figure 2.3.3b). The experimental PXRD pattern of 2c-3 is 

found to match with the simulated PXRD pattern from the CIF of the single crystal 

structure solution indicating that the raw material and the recrystallized phases 

were same (Figure 2.3.3c). 

 

(a)       (b) 

 Figure 2.3: (a) ORTEP of 2c-3 drawn with 50% ellipsoidal probability, (b) Strong 

N1–H1···O1 Hydrogen bond generating one-dimensional alternate antiperiplanar 

infinite catameric chain along c-axis. 

Ortho-fluorine (F1) of amine ring is found to act as a bifurcated acceptor. The 

hydrogen bond involving C13–H13···F1 and C7–H7···F2 leads to the formation 2-
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dimentional net-like structure (Figure 2.3.3c). Further, through C12–H12···F1 

hydrogen bond, centrosymmetric dimers have been identified. These dimers are 

once again connected to each other by C7–H7···F2 hydrogen bond forming a 

ribbon-like structure (Figure 2.3.3d).  

      

(c)                                                                   (d) 

Figure 2.3.3: (c) a 2-dimentional sheet-like structure (d) head to head  8-membered 

supramolecular synthon in which aromatic C–H···F interactions are involved (a 

dimer form). 

Table 2.3.3: Intermolecular interactions in 2c-3 

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.876(1) 1.87 166 x,  ½ -y ,  ½ +z 

C2–H2A···O1  1.080 3.236(2) 2.32 142 x,  ½ -y,  ½+z 

C7–H7···F2  1.080 3.294(2) 2.56 124 x, y -1,  z 

C12–H12···F1 1.080 3.380(2) 2.46 143 1-x, 1-y, 2-z 

C13–H13···F1 1.080 3.602(2) 2.53 170 1-x,  ½+y,  3 2⁄ −z 

 

Figure 2.3.3: (e) Comparison of experimental and simulated PXRD patterns of 2c-3.  
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2-(3-methoxyphenyl)-N-(2,6-difluorophenyl)acetamide (2c-4): The compound 

(2c-4) crystallizes in the centrosymmetric monoclinic space group C2/c   with Z = 

4. Needless to mention that all the crystal structures discussed in this series exhibits 

the strong N–H···O hydrogen-bonded chains as a common feature. Here the 

molecules are found to form catameric chain along the b direction involving N1–

H1···O1 hydrogen bond (Figure 2.3.4a). Weak C2–H2···π interactions (2.88 Å), 

like in 2c-2, are also observed here.   

  

(a)                                                                                 (b)

        

(c)       (d) 

Figure 2.3.4: (a) ORTEP of 2c-4 drawn with 50% ellipsoidal probability, (b) 

Strong N1–H1···O1 Hydrogen bond and aromatic C–H···π interactions both 

parallel generating one-dimensional infinite catameric chain along b-axis. (c) Two 

different type of homo synthon via inversion center by utilization of C–H···O 

hydrogen bond and creating a tap like structure. (d) C12–H12···F1 hydrogen bond 

that generate 8-member non-planar supramolecular synthon.  

Both ortho- hydrogens of the methoxyphenyl ring are individually involved in two 

different C–H···O hydrogen bonds via inversion center. The carbonyl oxygen is 

the acceptor in one hydrogen bond while the oxygen of the methoxy group in 

another is acting as the acceptor thereby generating a ribbon-like structure (Figure 

2.3.4c). The m-hydrogen (H12) of the aniline ring forms a dimer through C–H···F 

hydrogen bond involving F1, and that second fluorine (F2) does not participate in 

any type of interactions (Figure 2.3.4d). The experimental PXRD pattern of 2c-4 is 
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found to match with the simulated PXRD pattern from the CIF of the single crystal 

structure solution indicating that the raw material and the recrystallized phases 

were same (Figure 2.3.4e). 

 

Figure 2.3.4: (e) Comparison of experimental and simulated PXRD patterns of 2c-4. 

Table 2.3.4: Intermolecular interactions in 2c-4 

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.767(2) 1.75 167 x, 1+y, z 

C8–H8···O1  1.080 3.417(2) 2.58 134 ½ -x,  ½ -y,  1+z 

C4–H4···O2  1.080 3.598(2) 2.56 160 1-x, 1-y, 1-z 

C12–H12···F1 1.080 3.384(2) 2.65 125 1-x,  y, 3/2 - z 

C2–H2B···π 1.080 3.499 2.92 118 x, y -1, z 

 2-(3-methoxyphenyl)-N-(3,4-difluorophenyl)acetamide (2c-5): This compound 

crystallizes in the centrosymmetric monoclinic space group P21/c with Z = 4 (Figure 

2.3.5a). Unlike other amides discussed above, the carbonyl oxygen is found to act as a 

bifurcated acceptor (Figure 2.3.5b). In addition to the bifurcated hydrogen bonds (N1–

H7···O1 and C8–H8···O1), weak C7–H7···F1 hydrogen bonds are also identified in 

the same synthon (Fig. 2.5b). Herein the molecules are arranged in the opposite 

directions (). The experimental PXRD pattern of 2c-5 is found to match with 

the simulated PXRD pattern from the CIF of the single crystal structure solution 

indicating that the raw material and the recrystallized phases were same (Figure 

2.3.5c). 
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(a)               (b) 

Figure 2.3.5: (a) ORTEP of 2c-5 drawn with 50% ellipsoidal probability, (b) Strong 

N1–H1···O1 Hydrogen bond along with weak C7–H7···F1 and C8–H8···O1 

hydrogen bonds in one dimensional catameric chain type structure.  

Table 2.3.5: Intermolecular interactions in 2c-5 

D–H···A/(Å) (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.828(3) 1.89 152 x-1, 1/2-y, z-1/2 

C8–H8···O1  1.080 3.531(3) 2.58 147 x-1, 1/2-y, z-1/2 

C14–H14···O2  1.080 3.307(3) 2.34 148 x-2, 1/2-y, z-1/2 

C7–H7···F1 1.080 3.624(3) 2.68 145 x-1, 1/2-y, z-1/2 

    

 

Figure 2.3.5: (c) Comparison of experimental and simulated PXRD patterns of 2c-5.  
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2-(3-methoxyphenyl)-N-(3,5-difluorophenyl)acetamide (2c-6): This compound 

(Figure 2.3.6a) crystallized in the P21/c space group with Z = 4.  Similar molecular 

chains involving N1–H1···O1, C2–H2A···O1 and C8–H8···F1 hydrogen bonds have 

been identified in 2c-6 just as was seen in 2c-5 (Figure 2.3.6b). The molecules in this 

chain are arrange in opposite directions () like 2c-3 and 2c-4. Like the 

compound 2c-3, this molecule also forms a symmetrical 8-membered dimer by the 

utilization of C15–H15···F2 hydrogen bonds (Figure 2.3.6c). The experimental PXRD 

pattern of 2c-6 is found to match with the simulated PXRD pattern from the CIF of the 

single crystal structure solution indicating that the raw material and the recrystallized 

phases were same (Figure 2.3.6d). 

Table 2.3.6: Intermolecular interactions in 2c-6 

D–H···A/(Å) (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1 1.030 2.879(2) 1.89 161 x,  ½ -y,  ½ +z 

C2–H2A···O1 1.080 3.282(2) 2.39 139 x,  ½ -y,  ½ +z 

C8–H8···F1 1.080 3.455(2) 2.52 145 x,  ½ -y,  ½ +z 

C7–H7···F1 1.080 3.358(2) 2.61 125 x,  y-1, z 

C15–H15···F2 1.080 3.448(2) 2.40 163 1-x, 1-y, 2-z 

          

(a)                                                                    (b) 

 

(c) 

Figure 2.3.6: (a) ORTEP of 2c-6 drawn with 50% ellipsoidal probability, (b): 

Strong N–H···O hydrogen bond and weak C8–H8···F1 hydrogen bond involved in 

formation of one-dimensional band like structure in crystal packing. (c) Inversion 

center related 8-member head to head supramolecular homo synthon.  
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Figure 2.3.6: (d) Comparison of experimental and simulated PXRD patterns of 2c-6.  

2-(3-methoxyphenyl)-N-(2,-fluorophenyl)acetamide (2c-7): This mono-fluorinated 

acetamide (2c-7) crystallizes in the centrosymmetric monoclinic space group P21/c 

with Z = 4. Amide functional group facilitates the formation of strong N–H···O 

hydrogen bond along a axis forming an infinite chain. Due to this strong hydrogen 

bond molecules packed parallel () via translational symmetry only (fig2.3.7a)   

    

(a)      (b) 

 Figure 2.3.7: (a) ORTEP of 2c-7 drawn with 50% ellipsoidal probability, (b) A 

symmetrical one-dimensional linear chain of strong N1–H1···O1 hydrogen bond 

along a-axis. 

Simultaneously with  the strong hydrogen bond, 4 molecules are connected by 

weak C–H···O hydrogen bonds and generate a tetramer in which  methoxy oxygen 

behave as a bifurcated acceptor and this tetrameric unit propagates in a direction 

perpendicular to the strong hydrogen bond i.e. in the b direction (Fig2.3.7c). In 

addition, the ortho- fluorine and meta- hydrogen participates in the formation of a 

centrosymmetric dimer through C12–H12···F1 hydrogen bond (Fig. 2.3.7d). The 

experimental PXRD pattern of 2c-7 is found to match with the simulated PXRD pattern 
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from the CIF of the single crystal structure solution indicating that the raw material 

and the recrystallized phases were same (Figure 2.3.7e). 

       

(c)      (d) 

Figure 2.3.7: (c) A tetramer synthon unit held by bifurcated C–H···O hydrogen bond, 

(d) Inversion center related 8-member head to head supramolecular homo synthon via 

C12–H12···F1 hydrogen bond. 

Table 2.3.7: Intermolecular interactions in 2c-7 

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.856(3) 1.86 164 1-x,  y, z 

C13–H13···O2  1.080 3.585(3) 2.62 149 x,  ½ -y,  ½ +z 

C7–H7···O2  1.080 3.609(3) 2.53 174 2-x,  ½ +y,  ½ -z 

C12–H12···F1  1.080 3.393(3) 2.50 140 1-x, -y, 1-z 

C14–H14···O1 1.080 3.604(3) 2.70 142 2-x, 1-y, 1-z 

 

Figure 2.3.7: (e) Comparison of experimental and simulated PXRD patterns of 2c-7.  

2-(3-methoxyphenyl)-N-(4,-fluorophenyl)acetamide (2c-9): The space group of this 

compound (2c-9) is P21/c with Z = 4 (Figure 2.3.8a). Strong N–H···O hydrogen bond 

is the guiding feature in packing and is found to propagate along a-axis (Figure 
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2.3.8b). Two molecules are found to form a head-to-tail dimer through C8–H8···F1 

hydrogen (Figure 2.3.8c). Since fluorine behaves as a bifurcated acceptor here, it also 

forms a zig-zag chain by C4–H4···F1 hydrogen bond by c-glide (Figure 2.3.8d). The 

experimental PXRD pattern of 2c-vii is found to match with the simulated PXRD 

pattern from the CIF of the single crystal structure solution indicating that the raw 

material and the recrystallized phases were same (Figure 2.3.8e). 

           

(a)                                                                           (b) 

    

(c)                                                                       (d) 

Figure 2.3.8: (a) ORTEP of 2c-9 drawn with 50% ellipsoidal probability, (b) A 

symmetrical one-dimensional linear chain of strong N1–H1···O1 hydrogen bond 

along a-axis. (c) Inversion center related dimer synthon through the C8–H8···F1 

hydrogen bond (d) C4–H4···F1 hydrogen bond in zig-zag chain. 

Table 2.3.8: Intermolecular interactions in 2c-9 

D–H···A/(Å)  (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O1  1.030 2.897(2) 1.94 154 1+x, y, z 

C12–H12···O1  1.080 3.531(2) 2.60 144 1-x, 1-y, 1-z 

C14–H14···O2  1.080 3.631(2) 2.64 152 1+x,  3/2 - y, ½ -z 

C4–H4···F1  1.080 3.367(2) 2.29 175 x,  3/2 - y, ½ +z 

C8–H8···F1 1.080 3.380(2) 2.38 154 2-x, 1-y, 1-z 
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Figure 2.3.8: (e) Comparison of experimental and simulated PXRD patterns of 2c-9. 

 

2-(3-methoxyphenyl)-N-phenylacetamide (2c-10): The compound 2c-10 

crystallizes in the centrosymmetric monoclinic space group P21/c with Z = 8 (Z′= 2) 

(Figure 2.3.9a). Two molecules (A and B) in the asymmetric differ in conformation. 

The torsion angle between the –CONH group and the –NPh ring are 54o and 33o 

respectively. These two crystallographically independent molecules are connected 

by strong N–H···O hydrogen bond and weak aromatic C–H···π interactions (Figure 

2.3.9b). Interestingly, the two molecules of the asymmetric unit pack in the lattice by 

···A···B···A···B···A···B··· fashion through strong N–H···O hydrogen bonds 

(Figure 2.3.9c). This is a unique feature, which was not observed in any of the 

fluorinated molecules discussed before. 

        
(a) 

   
(b)       (c) 

Figure 2.3.9: (a) ORTEP of 2c-10 drawn with 40% ellipsoidal probability, (b) 

Two molecules in one asymmetric unit (Z'=2) which are symmetry independent 

with different torsion angle and connected by strong hydrogen bond. (c) Strong 
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hydrogen bonded chain involving N1–H1···O3 hydrogen bond (within asymmetric 

unit) and N2–H2···O1 hydrogen bond (by translational symmetry). 

Table 2.3.9: Intermolecular interactions in 2c-10 

D–H···A/(Å) (D···H)/Å D(D···A)/Å d(H···A)/Å D–H···A/o SYMMETRY 

N1–H1···O3 1.030 2.855(3) 1.83 173 x, y, z 

N2–H2···O1 1.030 2.861(3) 1.88 158 x-1, y, z 

C6–H6···O1 1.080 3.473(3) 2.49 150 2-x,  ½ +y,  ½ -z 

C7–H7···O2 1.080 3.573(3) 2.50 170 2-x,  ½ +y,  ½ -z 

C13–H13···O2 1.080 3.430(3) 2.48 146 x,  ½ -y,  ½ +z 

C28–H28···O4 1.080 3.472(3) 2.47 154 x,  ½ -y,  ½ +z 

C22–H22···O4 1.080 3.467(3) 2.40 168 1-x,  ½ +y,  ½ -z 

C27–H27···O3 1.080 3.520(3) 2.59 143 1-x,  1-y, 1-z 

The experimental PXRD pattern of 2c-10 is found to match with the simulated PXRD 

pattern from the CIF of the single crystal structure solution indicating that the raw 

material and the recrystallized phases were same (Figure 2.3.9d). 

 

Figure 2.3.9: (d) Comparison of experimental and simulated PXRD patterns of 2c-10.  

2.4 Discussion 

 All the structures reported above indicate that strong NH···O=C hydrogen 

bond generally governs the crystal structures of these amides in cooperation with 

weaker CH···FC hydrogen bonds and CH···(Cg) interactions. It is well-known in 

the literature that the amide linkage can result into two types of hydrogen bonded 

synthons, namely dimer and chain (Scheme 2.4.1).  
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Amide Dimer      Amide Chain 

Scheme 2.4.1 

A recent search in the database (CSD, 2017) revels that among the structures 

reported in the latest version of CSD that there are 3742 hits having the dimer synthon 

and 7712 hits having the chain synthon. The dimers are mostly formed in cases where 

the amide is a part of a ring or having CONHR moiety with R = H, CH3, C2H5 

groups. The formation of chain is preferred for molecules having two bulky groups 

attached to either side of the CONH group as is the condition in the structures 

reported herein. From the crystal data tables (Table 2.2.1 and Table 2.2.2), it is 

evident that the non-fluorinated analogue (2c-10) has the lowest density (1.295 g/cm3) 

compared to the corresponding fluorinated analogues. The density of the difluorinated 

molecules are in the range between 1.459 g/cm3 and 1.409 g/cm3, while that for the 

two mono-fluorinated compounds are 1.385 g/cm3 and 1.363 g/cm3. This indicates 

that the incorporation of fluorine in the molecule produces better packing and hence 

higher density of the compounds. The interesting feature of this hydrogen bonded 

structure reported in this chapter is that the weaker CH···FC hydrogen bonds are 

forcing the molecules to pack differently [ directions of molecules compared to 

 direction of the molecules] in the lattice. Because of such alteration, the unit 

cell parameters of these compounds are different though the space groups of all the 

structures (except one) were same (P21/c). It is interesting to observe that these 

compounds did not display polymorphism although there were possibilities of 

different molecular arrangements keeping the strong hydrogen bond unaltered. The 

molecular conformation of the compounds reported here are significantly different 

(Table 2.4.1). The orientations of the aromatic rings (C3-C8 and C10-C15) are 

significantly different in these 9 molecules thereby allowing the fluorine atoms to get 

involved in different CH···FC hydrogen bonds. 

 Supramolecular synthons involving 8 members (Scheme 2.4.1) forming a 

dimer through a pair of CH···FC hydrogen bonds have been a common feature in 

these structures. These dimers have been found to be interconnected to each other by 



45 
 

another CH···FC hydrogen bonds just like the known cases with strong hydrogen 

bonds involving carboxylic acid dimers. Therefore, it is evident that “organic 

fluorine” is also capable of acting as hydrogen bond acceptor and can behave in the 

same manner like other good hydrogen bond acceptors. 

Table 2.4.1: Torsion angle in (o) of the crystal structures 

Compounds Torsion Angle  

C4-C3-C2-C1 

Torsion Angle 

C3-C2-C1-O1 

Torsion Angle 

O1-C1-N1-C10 

Torsion Angle 

C11-C10-N1-C1 

2c-1 -70 1 5 137 

2c-2 -97 -3 2 140 

2c-3 -74 32 6 -157 

2c-4 -86 -13 -1 57 

2c-5 104 -69 0 -28 

2c-6 -74 26 4 25 

2c-7 98 -20 2 -125 

2c-9 -113 14 -2 -31 

2c-10 103 -25 3 33 

2.5: Conclusions 

 The structural analysis of this series of fluorinated 2-(3-methoxyphenyl)-N-

phenylacetamide derivatives invokes that although the structures of all these 

compounds are mostly controlled by strong hydrogen bonds, several weaker hydrogen 

bonds together are responsible for altering the molecular packing in the lattice. 

Different weak CH···FC hydrogen bonds and CH···(Cg) interactions together 

immensely influence the crystal structures of these molecules. While strong hydrogen 

bonds are responsible for the formation of one dimensional molecular chain, the 

weaker hydrogen bonds involving “organic fluorine” are seen to form chains, dimers, 

tetramers etc. in the crystal lattice. It is also shown that the presence of several weaker 

interactions has resulted into different unit cell dimensions for these molecules though 

the unit cell volume remain similar. Therefore, it may be concluded that the influence 

of many weak hydrogen bonds involving “organic fluorine”, which was earlier 

neglected by Dunitz,43 Glusker46 and Howard,47 is highly significant in altering the 

crystalline architecture even in the presence of strong hydrogen bonds. 
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Chapter 3 

Intermolecular Interactions Involving C–H···F 

Hydrogen Bond(s) and C–H···F–C Interactions in the 

Absence of Strong Hydrogen Bond in a Series of 

tetra-Fluorinated N-[2-(3-methoxyphenyl)ethyl]-N-

phenylbenzamide Derivatives 
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Chapter 3 

3.1 Introduction 

 It has been demonstrated in the Chapter 2 that the fluorine mediated 

interactions can alter crystal packing in the case of compounds having the possibility 

of strong hydrogen bond involving a hydrogen bond acceptor carbonyl group (>C=O) 

and a strong hydrogen bond donor like –N–H group in the cases of the fluorinated 

phenylacetamides. In this Chapter we would focus on the structural aspects of 36 

newly synthesized tetrafluorinated N-[2-(3-methoxyphenyl)ethyl]-N-

phenylbenzamide derivatives and the corresponding non-fluorinated analogue. These 

compounds were synthesized from the amides (2c-1 to 2c-10) by a synthetic protocol 

reported in the experimental section 3.2. We have conducted a search in the CSD for 

compounds having Ph–CONR1R2 (R1, R2 = alkyl or aryl) functionality and a 

fluorophenyl ring. Among the compounds matching these criteria, we identified few 

acyclic amides which need to be addressed appropriately. Kato et al., in 2008 reported 

the evidences of polymorphism, pseudopolymorphism, and solid to solid structural 

transition in 1,2-bis-(N-4-fluorobenzoyl)-(N-methylamino)benzene where they 

observed total 11 pseudopolymorphs crystallized from different solvents.76 They 

reported that the form III on heating lost solvent molecules near 60 oC and then on 

further heating was converted to Form I, which on further heating was transformed to 

form II beyond 160 oC. Similarly, the Form X was converted to Form I on heating 

beyond 60 oC and on further hearing, Form II was observed beyond 150 oC. 

Interestingly, the authors did not emphasise on the crystal packing and weak 

interactions that were present in these different forms (pseudopolymorphs and 
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polymorphs). We noted that the weak interactions involving the fluorine atom were 

mostly with the protons on the –CH3 group present in the molecule or with the sp3 

protons present in the solvent molecules; rarely the C–H···F hydrogen bond involved 

aromatic protons in these structures. None of these structures indicated the existence 

of C–F···F interaction. All the structures of various pseudopolymorphs were found to 

be stabilized by C–H···O=C hydrogen bonds involving the aromatic C–H groups and 

in some cases the C–H groups from the solvent molecules. This report motivated us to 

investigate further on similar molecules with larger number of fluorine substitutions 

keeping the central functional group (Ph–CONR1R2) unchanged. Therefore, we 

synthesized a series of tetrafluorinated N-[2-(3-methoxyphenyl)ethyl]-N-

phenylbenzamide derivatives and studied their structural features related to “organic 

fluorine” 

3.2 Experimental   

3.2.1 Synthesis and Characterization 

The synthesis of compound 4a was carried out in two steps starting with 2a as per the 

scheme 3.2.1. Synthesis of amine (3c) from the amide (2c) were done by Nagarajan et 

al., by using LiAlH4 as reducing agent in a mixture of dry ether and dioxane but the 

reaction was reported to continue overnight with maximum yield of 84% with 

fluorinated 2c. The same procedure was tried for our substrates and we experienced 

poor yield and long-time (48-72 hrs) for reaction to reach maximum yield of 70-75%. 

Therefore, we adopted a different method for this reaction.76(a) In 100ml dry round 

bottom flask, substituted phenylacetamide (2c) (1.0 equiv) and NaBH4 (2.3 equiv) 

were added. In another 50 ml round bottom flask, I2 (1.0 equiv) was taken. In both the 

round bottom flask, 30 ml dry tetrahydrofuran (THF) was added. Then the I2 solution 

in THF was taken out using syringe and added dropwise to the other round bottom 

flask having the substituted phenylacetamide and NaBH4 in THF. The controlled 

addition was done at 0oC for 2.5 h. After addition of each drop of I2 solution, the 

reaction mixture showed slightly yellow colour but it disappeared immediately. After 

complete addition, the reaction mixture was refluxed at 80oC for 10 hrs. After 

completion of the reaction, the reaction mixture was cooled to 0oC and excess hydride 

was quenched by carefully addition of 3N HCl at 0oC until effervescence stopped. 

Then the reaction mixture was refluxed for 1 hr at 80oC to ensure the complete 

quenching of excess hydride. Then the reaction mixture was treated with 6N NaOH 

solution. The basic nature of the reaction mixture was checked using pH paper. Then 
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the workup was done with the ethyl acetate, brine solution and dried over sodium 

sulphate. The solvent was removed using rota-evaporator and the crude product was 

purified by column chromatography on basic alumina as the stationary phase and 2% 

ethyl acetate in hexane as the mobile phase. All the products (3c) were found to be 

dense liquid. All the amines (3c) were characterized by 1H, 13C and 19F NMR 

spectroscopy.  Representative spectra are provided in the figures below and all the 

spectrum are enclosed in the ESI. 

Synthesis of 4a: This step of synthesis was carried out following the method reported 

by Nagarajan et al., using the fluorinated benzoyl chloride as a reactant instead of the 

corresponding benzoic acid and 1,2-dichloroethane (DCE) instead of going through 

hazardous protocol using thionyl chloride and benzene solvent.76(b) In a 100ml dry 

round bottom flask, 3c (1.0 equiv) was taken and 1,2-dichloroethane (DCE) solvent 

was added. The N2 gas was purged to create inert atmosphere. In another 50 ml round 

bottom flask, difluorobenzoyl chloride (1.8 equiv) was taken under N2 atmosphere 

and 20 ml of DCE solvent was added. Then the benzoyl chloride solution was added 

dropwise to the secondary amine solution using cannula at 0oC. Then the reaction 

mixture was refluxed at 100 oC for 4 hrs. After the completion of the reaction, work-

up was done using DCM and brine solution and the crude products were dried over 

sodium sulphate. The crude product was purified by column chromatography using 

basic alumina as the stationary phase and 4-6% ethyl acetate in hexane as the 

stationary phase. All these amides (4a) were characterized by 1H, 13C and 19F NMR 

spectroscopy. Representative spectra are provided in the figures below and all the 

spectrum are enclosed in the ESI.  
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Scheme 3.2.1 
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NMR 

 

1H - NMR Spectra of 4a-2 (400 MHz, CDCl3) : δ (ppm) =  3.00 (d, 2H), 3.81 (s, 3H), 4.10 (d, 2H), 

6.605 (dt, 1H), 6.71-6.84 (m, 5H), 6.92 (dt, 1H), 7.01-7.07 (m, 1H), 7.20-7.24 (m, 1H), 7.36 (q, 1H). 

 

13C spectra of 4a-2, (125 MHz, CDCl3): δ (ppm) =   117.06, 116.89, 114.36, 112.17, 112.09, 111.73, 

111.70, 111.51, 111.48, 104.19, 103.93, 103.68, 59.70, 55.27, 55.21, 51.10, 33.87 
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19F- NMR Spectra of 4a-2 (376 MHz, CDCl3): δ (ppm) =  -143.34 (q, 1F), -135.49 (d, 1F), -108.76 

(q, 1F), -106.15 (d, 1F) 

FT-IR 

 

FT-IR of the compound 4a-2 

3.2.2 Structural Study: 

All the crystal structures were determined using the same diffractometer and the same 

procedure reported in the Chapter 2. The compounds 4a-1, 4a-2, 4a-3, 4a-6, 4a-14, 

4a-21, 4a-24, 4a-26, 4a-29 and 4a-32 could not be crystallized for structure 

determination. The structures of some of these compounds (4a) were found to have 
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disorder in the orientation of the fluorinated phenyl rings by the rotation of the 

fluorophenyl ring about the C‒C or C‒N bonds. This disorder was modelled using the 

methodology described below.  

 

Scheme 3.2.2 

Crystallographic Modelling of Disorder 

All the data have collected at 100K. The compounds 4a-9, 4a-10, 4a-17, 4a-25 and 

4a-27 were found to be disordered structure. The positional disorder has been found 

due rotation of phenyl ring around C‒C or C‒N bonds in the molecule. These 

compounds were refined with 0.5 occupancy using PART command in SHELXL97. 

Thermal parameters of the atoms of the two parts, which belong to the same chemical 

environment, were constrained to be equal by EADP command in SHELXL 97. All 

the disordered structures have only one molecule in the asymmetric unit (Z′ = 1). In 

case of the compounds 4a-9 (occupancy 0.87:0.13) and 4a-10 (occupancy 0.87:0.13) 

have the disorder in the phenyl ring A around C‒N bond, while in the structure 4a-17 

(occupancy 0.94:0.06) disorder have been found in the B phenyl ring around C‒C 

bond. Both the phenyl rings A as well as B have observed the disordered structure at 

100K data in the case of 4a-25 (occupancy 0.84:0.16 for both ring) and 4a-27 

(occupancy 0.95:0.05 for both ring) (Scheme 3.2.1). Refinement of these compounds 

was done for two independent positions, namely A and B (‘A’ for higher occupancy 

and ‘B’ for lower occupancy). For refinement, the positions of carbon atom in 

benzene ring for A and B were kept fixed using EXYZ command in SHELXL97. For 

the atoms at the same position, thermal parameters were also constrained to be equal 

using EADP command in SHELXL97. All hydrogen atoms were then positioned 

geometrically and refined using a riding model with Uiso(H) = 1.2 Ueq(C,N). Except 

fluorine all other atoms in the minor conformer were refined isotopically and the 

thermal parameter of all the carbon atoms was constrained to the same value using 

EADP command in SHELXL97.  
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Table 3.2.2.1: Single crystal X-ray diffraction data of compounds 4a-4 to 4a-11 

Identification code 4a-4 4a-5 4a-7 4a-8 4a-9 4a-11 

CCDC No 1456822 1456823 1477818 1456811 1456814 1456813 

Formula C
22

H
17

F
4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 

Formula weight 403.36 403.36 403.36 403.36 403.36 403.36 

Temperature (K) 100.0 100.0 100.0 100.0 100.0 100.0 

Crystal system Triclinic Orthorhombic Monoclinic Monoclinic Orthorhombic Monoclinic 

Space group P1 P2
1
2

1
2

1
 P21/c P21 Pbca P21 

a (Å) 7.0928(7) 6.791(2) 8.3192(14) 11.2206(18) 19.630(4) 11.3092(16) 

b (Å) 11.30560(10) 14.041(4) 22.270(4) 6.7281(8) 12.640(3) 6.6176(8) 

c (Å) 12.4136(10) 19.036(4) 20.451(3) 12.6609(19) 15.195(3) 12.6738(18) 

α (
o
) 70.18(3) 90 90 90 90 90 

β (
o
) 84.28(4) 90 97.292(8) 100.742(8) 90 100.290(7) 

γ (
o
) 75.44(4) 90 90 90 90 90 

V (Å
3
) 906.29(12) 1815.1(9) 3758.2(11) 939.1(2) 3770.1(14) 933.2(2) 

Z 2 4 8 2 8 2 

Z′ 1 2 2 1 1 1 

ρ
calc

 (g cm
-3

) 1.478 1.476 1.426 1.427 1.421 1.435 

/ mm
-1

 0.122 0.122 0.118 0.118 0.118 0.119 

F(000) 416 832 1664 416 1664 416 

2min,max(o) 6.06-55.12 6.37-54.99 6.15-55.01 6.55-54.94 6.45-54.98 6.53-54.90 

hmin,max; kmin,max; 

lmin,max 

-9, 9; -14, 

14; -15, 16 

-8, 8; -18,  

18; -24, 24 

-10, 10; -28, 

28; -26, 18 

-14, 14; -8,  

8; -16, 16 

-25, 25; -16, 

16; -19, 19 

-14, 14; -8, 

8; -16, 16 

Total no. of 

reflections 
9347 18705 23733 10161 33909 10071 

R
int

 0.0365 0.0437 0.0641 0.0559 0.0660 0.0255 

No. of unique 

reflections 
4137 4138 8571 4283 4309 4262 

R
1
 [I > 2(I)] 0.0398, 0.0376 0.0573 0.0479 0.0631 0.0387 

wR
2
 (all data) 0.1089 0.0981 0.1604 0.1338 0.1775 0.1003 

GooF 1.004 1.027 1.046 1.058 1.122 1.061 

ρmax,min/eÅ-3 0.30/-0.25 0.24/-0.17 0.45/-0.29 0.39/-0.22 0.44/-0.29 0.33/-0.19 
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Table 3.2.2.2: Single crystal X-ray diffraction data of compounds 4a-10 to 4a-16 

Identification code 4a-10 4a-12 4a-13 4a-15 4a-16 

CCDC No 1456812 1477817 1456815 1456804 1477815 

Formula C
22

H
17

F
4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 

Formula weight 403.36 403.36 403.36 403.36 403.36 

Temperature (K) 100.0 100.0 100.0 100.0 100.0 

Crystal system Orthorhombic Monoclinic Triclinic Triclinic Triclinic 

Space group P212121 P21/c P1 P1 P1 

a (Å) 7.848(4) 14.054(3) 8.649(4) 8.661(3) 6.532(3) 

b (Å) 12.908(5) 18.823(4) 8.883(3) 10.069(3) 8.694(4) 

c (Å) 18.874(10) 15.625(4) 12.316(5) 11.400(3) 16.808(6) 

α (
o
) 90 90 91.08(2) 93.191(12) 94.99(2) 

β (
o
) 90 115.509(8) 99.57(3) 100.573(9) 95.95(2) 

γ (
o
) 90 90 97.112(17) 106.933(7) 97.04(2) 

V (Å
3
) 1912.1(15) 3730.3(14) 925.1(7) 928.6(4) 937.3(7) 

Z 4 8 2 2 2 

Z 1 2 1 1 1 

ρ
calc

 (g cm
-3

) 1.401 1.436 1.448 1.443 1.429 

/ mm
-1

 0.116 0.119 0.120 0.119 0.118 

F(000) 832 1664 416 416 416 

2min,max(o) 6.08 - 55.03 6.17 - 54.99 6.23 - 54.92 6.29 - 55.00 6.33 - 55.06 

hmin,max; kmin,max; 

lmin,max 

-10, 9; -16, 

16; -23, 24 

-18, 17; -24,  

24; -20, 20 

-11, 11; -11,  

11; -15, 15 

-11,11; -13;  

13, -14, 14 

-8, 8; -11,  

11; -21, 21 

Total no. of 

reflections 
12786 33281 9945 10018 10231 

R
int

 0.0398 0.0697 0.0358 0.0297 0.0485 

No. of unique 

reflections 
4390 8508 4197 4253 4284 

R
1
 [I > 2(I)] 0.0431 0.0655 0.0409 0.0437 0.0528 

wR
2
 (all data) 0.1072 0.1665 0.1052 0.1241 0.1447 

GooF 1.062 1.065 0.965 1.046 1.069 

ρmax,min/eÅ-3 0.18/-0.18 0.55/-0.30 0.26/-0.29 0.32/-0.22 0.30/-0.23 
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Table 3.2.2.3: Single crystal X-ray diffraction data of compounds 4a-17 to 4a-23 

Identification code 4a-17 4a-18 4a-19 4a-20 4a-22 4a-23 

CCDC No 1477814 1456807 1477816 1456805 1477813 1456798 

Formula C
22

H
17

F
4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 

Formula weight 403.36 403.36 403.36 403.36 403.36 403.36 

Temperature (K) 100.0 100.0 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic Orthorhombic 

Space group P21/c P21/c P21/c Pbca P21/c Pbca 

a (Å) 7.699(8) 7.686(3) 10.3595(15) 12.5050(16) 9.550(3) 12.646(2) 

b (Å) 14.711(14) 14.586(4) 12.9485(16) 15.2686(19) 8.6078(19) 15.169(2) 

c (Å) 19.52(2) 19.627(5) 14.705(2) 19.352(2) 25.576(7) 19.467(4) 

α (
o
) 90 90 90 90 90 90 

β (
o
) 123.47(4) 123.051(10) 106.947(6) 90 116.066(13) 90 

γ (
o
) 90 90 90 90 90 90 

V (Å
3
) 1844(3) 1844.2(10) 1886.9(5) 3695.0(8) 1888.6(8) 3734.4(11) 

Z 4 4 4 8 4 8 

Z 1 1 1 1 1 1 

ρ
calc

 (g cm
-3

) 1.453 1.453 1.420 1.450 1.419 1.435 

/ mm
-1

 0.120 0.120 0.117 0.120 0.117 0.119 

F(000) 832 832 832 1664 832 1664 

2min,max(o) 6.06 - 55.06 6.07 - 55.01 6.05 - 55.01 6.52 - 54.98 6.38 - 55.02 6.44 - 54.96 

hmin,max; kmin,max; 

lmin,max 

-10, 10; -19, 

19; -25, 25 

-9, 9; -18, 18; 

-25, 25 

-13, 13; -16, 

16; -19, 19 

-6, 16; -17, 

19; -25, 24 

-12, 12; -10, 

11; -29, 29 

-12, 16; -19, 

17; -25, 25 

Total no. of 

reflections 
19561 19614 19122 12628 17647 24357 

R
int

 0.0482 0.0459 0.0388 0.0814 0.0446 0.0451 

No. of unique 

reflections 
4214 4207 4313 4227 4320 4271 

R
1
 [I > 2(I)] 0.0502 0.0446 0.0484 0.0649 0.0491 0.0550 

wR
2
 (all data) 0.1515 0.1258 0.1346 0.1659 0.1257 0.1461 

GooF 1.081 1.051 1.073 1.073 1.067 1.104 

ρmax,min/eÅ-3 0.86/-0.28 0.36/-0.27 0.32/-0.23 0.28/-0.28 0.28/-0.23 0.56/-0.26 
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Table 3.2.2.4: Single crystal X-ray diffraction data of compounds 4a-25 to 4a-33 

Identification code 4a-25 4a-27 4a-28 4a-30 4a-31 4a-33 

CCDC No 1456799 1456800 1456801 1456802 1456792 1456793 

Formula C
22

H
17

F
4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 

Formula weight 403.36 403.36 403.36 403.36 403.36 403.36 

Temperature (K) 100.0 100.0 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Monoclinic Orthorhombic Triclinic Triclinic Monoclinic 

Space group P21/c P21/c P212121 P ̅1 P1 P21/c 

a (Å) 12.511(4) 12.9586(15) 8.1631(14) 8.062(4) 7.1119(11) 14.7833(15) 

b (Å) 8.430(3) 7.8587(7) 12.524(2) 9.592(5) 9.5666(9) 8.5522(7) 

c (Å) 18.189(5) 19.129(2) 18.705(3) 13.231(6) 14.8367(18) 24.482(2) 

α (
o
) 90 90 90 103.535(19) 83.93(3) 90 

β (
o
) 102.301(12) 105.267(4) 90 91.312(6) 76.68(3) 143.319(4) 

γ (
o
) 90 90 90 108.621(17) 73.34(3) 90 

V (Å
3
) 1874.2(11) 1879.3(4) 1912.3(6) 937.4(8) 940.2(3) 1849.0(3) 

Z 4 4 4 2 2 4 

Z 1 1 1 1 1 1 

ρ
calc

 (g cm
-3

) 1.430 1.426 1.401 1.429 1.425 1.449 

/ mm
-1

 0.118 0.118 0.116 0.118 0.118 0.120 

F(000) 832 832 832 416 416 832 

2min,max(o) 6.04 - 50.05 6.124 - 50.03 6.344 - 54.972 6.258 - 55.12 6.12 - 55.03 6.63 - 55.06 

hmin,max; kmin,max; 

lmin,max 

-14,14; -10, 

10; -21, 21 

-10, 10; -19, 

19; -21, 21 

-10, 16; -16, 

18; -24, 24 

-10, 10; -12, 

12; -17, 17 

-9, 9; -12, 

12; -19, 19 

-19, 19; -11, 

10; -31,31 

Total no. of 

reflections 
9821 9776 19334 10119 9627 12159 

R
int

 0.0502 0.0285 0.0629 0.0290 0.0389 0.0494 

No. of unique 

reflections 
3289 3301 4232 4302 4290 4223 

R
1
 [I > 2(I)] 0.0507 0.0414 0.0941 0.0391 0.0445 0.0391 

wR
2
 (all data) 0.1431 0.1161 0.2645 0.1117 0.1301 0.1087 

GooF 1.052 1.072 1.155 1.070 1.077 1.062 

ρmax,min/eÅ-3 0.30/-0.31 0.23/-0.24 0.89/-0.33 0.30/-0.24 0.37/-0.27 0.36/-0.27 
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Table 3.2.2.5: Single crystal X-ray diffraction data of compounds 4a-34 to 4a-37 

Identification code 4a-34 4a-35 4a-36 4a-37 

CCDC No 1456794 1477819 1456796 1456795 

Formula C
22

H
17

F
4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

17
F

4
NO

2
 C

22
H

21
NO

2
 

Formula weight 403.36 403.36 403.36 331.40 

Temperature (K) 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Space group P21/c P1 P21/c C2/c 

a (Å) 15.170(5) 9.21160(10) 13.4004(19) 17.640(4) 

b (Å) 8.022(2) 9.7778(15) 8.4135(10) 9.1027(14) 

c (Å) 15.485(5) 12.026(2) 26.011(3) 22.797(4) 

α (
o
) 90 89.67(5) 90 90 

β (
o
) 90.823(16) 78.40(5) 138.825(4) 103.211(6) 

γ (
o
) 90 62.05(3) 90 90 

V (Å
3
) 1884.2(10) 932.3(3) 1930.7(4) 3563.6(11) 

Z 4 2 4 8 

Z 1 1 1 1 

ρ
calc

 (g cm
-3

) 1.422 1.437 1.388 1.235 

/ mm
-1

 0.118 0.119 0.115 0.079 

F(000) 832 416 832 1408 

2min,max(o) 6.304 - 55.144 6.51 - 50.03 6.46 - 54.96 6.56 - 55 

hmin,max; 

kmin,max;lmin,max 

-14 ,14; -10,  

10; -21, 21 

-19, 19; -11,  

10; -31, 31 

-17, 17; -10,  

10; -32, 33 

-22, 22; -11,  

11; -29, 29 

Total no. of 

reflections 
19677 8176 12686 17533 

R
int

 0.1278 0.0896 0.0421 0.0565 

No. of unique 

reflections 
4304 3286 4387 4065 

R
1
 [I > 2(I)] 0.0821 0.0505 0.0418 0.0404 

wR
2
 (all data) 0.2140 0.1396 0.1207 0.1084 

GooF 1.069 0.922 1.065 1.068 

ρmax,min/eÅ-3 0.31/-0.27 0.46/-0.29 0.29/-0.25 0.24/-0.20 
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3.3 Results  

N-(2,3-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

4): The compound 4a-4 adopted triclinic centrosymmetric P ̅1 space group with Z = 2 

and Z' =1 (Figure 3.3.1a). As these compounds, do not have any N‒H bond like the 

molecules reported in the chapter 2, there is no possibility of formation of strong 

hydrogen bonds in the crystal lattice. Only weak hydrogen bonds like C‒H···F, C‒

H···O, and C–H···π interactions are observed in crystal packing. Out of the four 

fluorine substitutions, two fluorine atoms (F1 and F2) on the B ring, are 

simultaneously involved in weak C19–H19···F1 and C1–H1A···F2 hydrogen bonds 

(Table 3.3.1). These C‒H···F hydrogen bonds are found to make one dimensional 

infinite catameric chain along the crystallographic a direction through the 

translational lattice symmetry (Figure 3.3.1b). It is noteworthy that one of these 

hydrogen bonds involves hydrogen atom attached to a sp3 hybridized carbon. 

   

                          (a)       (b) 

Figure 3.3.1: (a) ORTEP of 4a-4 drawn with 50% probability ellipsoid, (b) 

Formation of one dimensional infinite catameric chain along the crystallographic a 

direction through C‒H···F hydrogen bonds.     

In addition, m- hydrogen (H21) of the B ring and o- hydrogen (H15) of the A ring are 

simultaneously involved in a weak C–H···π interaction with the common centroid of 

the C ring and thus generates an infinite chain (Figure 3.3.1c). Further the p- 

hydrogen (H13) of the A ring and the centroid of the B ring also forms weak C13–

H13···π interaction across the inversion centre and produces a dimer in the crystal 

lattice (Figure 3.3.1d). In this series of the compounds, all the molecules have a 

carbonyl functional group and this carbonyl group can offer weak C–H···O=C 

hydrogen bonds. In this molecule, this hydrogen bond is propagating as 1D chain in 

the x- direction and this one-dimensional chain is also supported by C19–H19···F1 

hydrogen bonds (Figure 3.3.1e). In this crystal structure F···F contact have also been 



62 
 

observed. This F···F contact simultaneously exist in type-1(θ1= θ2=89 o) and quasi 

type-I/type-II (θ1=89 o and θ2=116 o) via inversion centre (Figure 3.3.1f). The 

experimental PXRD pattern of 4a-4 matches with the corresponding simulated PXRD 

pattern. 

    

                               (c)      (d) 

Figure 3.3.1: (c) Molecular chain via C–H···π interaction up to infinite chain length 

(d) Formation of a centrosymmetric dimer by C13–H13···π interaction.     

      

(e) 

  

(f) 

Figure 3.3.1: (e) Weak C–H···O and C–H···F hydrogen bonds both are propagating 

in the same direction along x- axis. (f) F3 and F4 are simultaneously forming Type -I 

(θ1 = θ2 = 89o) and quasi type-I/type-II (θ1 = 89 o and θ2 = 116 o) via C–F···F‒C 

interaction across the inversion centre. 
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Table 3.3.1: Intermolecular interactions in 4a-4 

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C1–H1A···F2  1.080 3.266(2) 2.32 146 x + 1, y, z 

C19–H19···F1  1.080 3.370(2) 2.60 127 x - 1, y, z 

C19–H19···O1 1.080 3.456(2) 2.43 158 x - 1, y, z 

C13–H13···π (CgB) 1.080 3.680(2) 2.81 152 3 - x, - y,1 - z 

C15–H15···π (CgB) 1.080 3.660(2) 2.81 150 1 + x, y, z 

C21–H21···π (CgC) 1.080 3.472(2) 2.57 158 1 + x, y - 1, z 

C11–F3···F3‒C11 
1.349(1), 

1.349(1) 
3.917(2) 2.897(1) 89, 89 2 - x, - y, 1 - z 

C11–F3···F4‒C12 
1.349(1), 

1.355(1) 
4.135(2) 2.839(1) 116, 90 2 - x, - y, 1 - z 

 

 

Figure 3.3.1: (g) Comparison of experimental and simulated PXRD patterns of 4a-4 

N-(2,3-difluorophenyl)-34-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

5): The compound 4a-5 (Figure 3.3.2a) crystallized in chiral P212121 space group with 

Z = 4. Three out of four fluorine atoms of this molecules are involved in C–H···F 

hydrogen bonds in the crystal lattice. One of the two F atoms of the A ring (F1) and 

one F atom of the B ring (F4) are found to form two different bifurcated C–H···F–C 

hydrogen bonds (Table 3.3.2). The molecules form a helical chain through 21 screw 
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operation along the b-axis involving bifurcated C–H···F–C hydrogen bonds (C2–

H2A···F1 and C4–H4···F1) (Figure 3.3.2b). Similarly, another chain of molecule is 

formed through bifurcated C–H···F–C hydrogen bonds involving F4 (C6–H6···F4 

and C7–H7···F4) through 21 screw along the c- axis (Figure 3.3.2c). Further, the third 

fluorine (F2) also forms molecular chain involving C14–H14···F2 hydrogen bonds 

through 21 screw along the b- direction (Figure 3.3.2.d). In addition, catameric chain 

of dimers through weak C–H···π [C1–H1B···π(CgB) and C15–H15···π(CgB)] 

interaction is also observed (Figure 3.3.2e). The experimental PXRD pattern of 4a-5 

matches with the corresponding simulated PXRD pattern (Figure 3.3.2f). 

 
(a) 

Figure 3.3.2: (a) ORTEP of 4a-5 drawn with 50% ellipsoidal probability. 

      
(b)    

 

(c) 

Figure 3.3.2: (b) (F1) interacts with the bifurcated way with H4 and H2A and 

generate a long one dimensional infinite chain along b-axis.  (c) 21 screw related 

one dimensional wave like pattern propagating along c- axis through the bifurcated 

C–H···F hydrogen bonds. 
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Table 3.3.2: Intermolecular interactions in 4a-5 

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2A···F1  1.080 3.390(3) 2.39 153 -x, ½ + y, ½ - z 

C4–H4···F1 1.080 3.516(3) 2.56 147 -x, ½ + y, ½ - z 

C6–H6···F4  1.080 3.202(3) 2.49 122 3/2 - x, 1 - y, ½ + z 

C7–H7···F4 1.080 3.246(3) 2.66 122 3/2 -x, 1-y, ½+z 

C14–H14···F2 1.080 3.175(3) 2.42 126 -x - 1, y + ½, ½ - z 

C1–H1B···π (CgB) 1.080 3.728(3) 2.88 147 1 + x, y, z 

C15–H15···π (CgB) 1.080 3.583(3) 2.73 153 x - 1, y, z 

  

                                 (d)      (e) 

Figure 3.3.2: (d) screw (21) related C14–H14···F2 hydrogen bond creates a 1D zig-

zag pattern along crystallographic b-axis. (e) A dimer formation by weak C1–

H1B···π and C15–H15···π interactions. 

 

Figure 3.3.2: (f) Comparison of experimental and simulated PXRD patterns of 4a-5   
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N-(2,4-difluorophenyl)-2,3-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

7):This molecule 4a-7 was found to crystallize in P21/c space group and the 

asymmetric unit contained two molecules (Z = 4, Z' = 2), namely molecule A and 

molecule B (Figure 3.3.3a). These two molecules which are symmetry independent 

are itself connected by C20–H20A···F4B and C20A–H20A···O1A hydrogen bonds 

(Figure 3.3.3b) and this asymmetric dimer interacts with another asymmetric dimer 

via C14B–H14B···F1B and C14A–H14A···O2B hydrogen bonds and thereby creates 

a tetrameric unit (Table 3.3.3). This tetramer unit is further translating by C7B–

H7B···O2A hydrogen bond along the crystallographic b- direction and creates a 3D 

structure (Figure 3.3.3c).  

 

(a)        (b)  

 

(c) 

Figure 3.3.3: (a) ORTEP of 4a-7 drawn with 50% ellipsoidal probability. There are 

two molecules in the asymmetric unit (b) Two molecules which are symmetry 

independent are itself connected by C20–H20A···F4B and C20–H20A···O1A 

hydrogen bonds (c) Two tetramer units, formed by two dimers of symmetry 

independent molecules by C14B–H14B···F1B and C14A–H14A···O2B hydrogen 

bonds are connected to form molecular network through C7B–H7B···O2A hydrogen 

bond. 
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Table 3.3.3: Intermolecular interactions in 4a-7 

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C1B–H1BA···F3A  1.080 3.557(2) 2.56 152 1 - x, ½ + y, 3/2 - z 

C20A–H20A···F4B 1.080 3.351(2) 2.45 140 1 + x, y, z 

C2A–H2AB···F4A  1.080 3.603(2) 2.58 159 1 + x, y, z 

C14B–H14B···F1B 1.080 3.221(2) 2.29 143 1 - x, 1 - y, 1 - z 

C20B–H20B···O1A 1.080 3.423(2) 2.35 175 x, y, z 

C7B–H7B···O2A 1.080 3.320(2) 2.26 167 x, y + 1, z 

C14A–H14A···O2B 1.080 3.471(3) 2.48 152 1 - x, 1 - y, 1 – z 

C15A–H15A···π (CgC) 1.080 3.603(2) 2.8 143 x, ½ - y, z - ½  

C22A–H22A···π (CgC′) 1.080 3.590(2) 2.7 154 x, y, z 

C22B–H22B···π (CgC) 1.080 3.627(2) 2.77 154 x, y, z 

Individual molecule of the asymmetric unit also forms C15A–H15A···(CgC) and 

C22A–H22A···π(CgC′) interactions, which offers additional stabilisation of the 

crystal structure (Figure 3.3.3e and 3.3.3f). The experimental PXRD pattern of 4a-7 

matches with the corresponding simulated PXRD pattern (Figure 3.1.2g). 

   

                                          (e)                                                                 (f) 

Figure 3.3.3: (e) A dimer form by C–H···π interaction of one of the molecules of 

asymmetric unit (f) Inversion centre related dimer synthon by C–H···π interaction of 

another molecules of asymmetric unit. 
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Figure 3.3.3: (g) Comparison of experimental and simulated PXRD patterns of 4a-7 

N-(2,4-difluorophenyl)-2,4-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide(4a-

8)  and  

N-(2,4-difluorophenyl)-3,4-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

11): The compounds 4a-8 (Figure 3.3.4a) and 4a-11 (Figure 3.3.5a) are found to be 

isostructural and were crystallised in monoclinic chiral P21 space group. Their unit 

cell similarity index ( = 0.0007) indicates that the crystals structures truly 

isostructural. In the both compounds, the p-F of the A ring and o-F of the B ring are 

found to generate identical type of interactions in the crystal lattice. While the p-F of 

the A ring is involved in the formation of C4–H4···F4 hydrogen bond, the methoxy 

group present in the C ring is also involved in the formation of C12–H12···O2 

hydrogen bond thereby resulting in the formation of dimer in both the crystal 

structures (Figure 3.3.4b and Figure 3.3.5b) (Table 3.3.4 and Table 3.3.5).   

Table 3.3.4: Intermolecular interactions in 4a-8 

D–B···A/ D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F4 1.080 3.496(3) 2.49 154 1 - x, ½ + y, 1 - z 

C19–H19···F3 1.080 3.353(4) 2.59 127 - x,  y- ½, 1 - z 

C19–H19···F1 1.080 3.403(4) 2.38 157 - x, y - ½, 1 - z 

C12–H12···O2 1.080 3.356(3) 2.41 174 1 - x, y - ½, 1 - y 

C15–H15···π(CgC) 1.080 3.520(3) 2.72 142 x, y - 1, z 
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(a)                                                          (b) 

 

                (c)                                                                           (d) 

Figure 3.3.4: (a) ORTEP of 4a-8 drawn with 50% ellipsoidal probability. (b) 

Molecular dimer through C–H···F and C–H···O hydrogen bond through the 21 

symmetry in 4a-8. (c) zig-zag pattern by C19–H19···F1 hydrogen bond in 4a-8. (d) 

Formation of C15–H15···π interaction in 4a-8. 

Table 3.3.5: Intermolecular interactions in 4a-11 

D–B···A/  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F4  1.080 3.463(3) 2.47 152 1 - x, ½ + y, 1 - z 

C18–H18···F1 1.080 3.330(3) 2.37 147 2 - x, ½ + y, 1 - z 

C12–H12···O2 1.080 3.345(3) 2.42 175 1 - x, y + ½, 1 - z 

C15–H15···π (CgC) 1.080 3.497(2) 2.69 146 x, y - 1, z 

C19–F1···F3–C11 
1.344(3) 

1.341(3) 
4.004(4) 2.864(2) 

110  

88 
- x, y - ½, 1 - z 

 



70 
 

      

(a)       (b)

   

(c)      (d) 

Figure 3.3.5: (a) ORTEP of 4a-11 drawn with 50% ellipsoidal probability. (b) 

Molecular dimer through C–H···F and C–H···O hydrogen bond through the 21 

symmetry in 4a-11. (c) zig-zag pattern by C18–H18···F1 hydrogen bond in 4a-11 

respectively. (d) Formation of C15–H15···π(CgC) interaction in 4a-11. 

Similarly, o-F of the B ring participates in C–H···F hydrogen bond (C19–

H19···F1 and C18–H18···F1) via 21 screw symmetry thereby making one 

dimensional tape like structure in the direction of b- direction (Figure 3.1.4a and 

Figure 3.3.5c). Along with these C–H···F hydrogen bonds, C15–H15···π interaction 

is also observed in the both the crystal structures involving the  cloud of the C ring 

(Figure 3.3.4d and 3.3.5d). It is noteworthy that the C19–H19···F3 hydrogen bond 

observed in 4a-8 is absent in 4a-11 as the position of H19 (in 4a-8) is occupied by 

F1 (in 4a-11). Therefore, a new weak C19–F1···F3–C11 contact is generated 

between F3 and F1 atoms, but this difference did not result in any major difference 

in the crystal packing. The experimental PXRD pattern of 4a-5 and 4a-11 is 

matching with the corresponding simulated PXRD pattern (Figure 3.3.4e and Figure 

3.3.5e). 
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Figure 3.3.4: (e) Comparison of experimental and simulated PXRD patterns of 4a-8 

 

Figure 3.3.5: (e) Comparison of experimental and simulated PXRD patterns of 4a-11 

N-(2,4-difluorophenyl)-2,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

9): The compound 4a-9 was found to crystallize in orthorhombic centrosymmetric 

Pbca space group with Z = 8 and Z′ = 1 (Figure 3.3.6a). The A ring of this compound 

is disordered about the N1–C10 bond leading to the positioning of the o-F on either 

side at X : Y ratio thereby, although this disorder is not resulting into different 

interactions offered by the o-F atom on the A ring. The p-F on the A ring contributes 

in the formation of C20–H20···F4 hydrogen bond and generates a zig-zag catameric 
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chain like structure along the crystallographic c- direction (Table 3.3.6). In addition to 

the C–H···F hydrogen bond, the oxygen of the carbonyl group also participates in 

C6–H6···O1 hydrogen bond formation and hence the combination of both C–H···F 

and C–H···O hydrogen bonds generates two-dimensional sheet like structure (Figure 

3.3.6b). Similarly, the m-F of the B ring offers C8–H8···F2 hydrogen bond to form a 

chain along the c- direction (Figure 3.3.6c). Additionally, weak C14A–H14A···π(CgC) 

interactions have also been identified in this structure (Figure 3.3.6d).  The 

experimental PXRD pattern of 4a-9 matches with the corresponding simulated PXRD pattern 

(Figure 3.3.6e).                                   

Table 3.3.6: Intermolecular interactions in 4a-9 

D–B···A/  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C1–H1B···F4  1.080 3.633(2) 2.60 160 ½ - x, ½ + y, z 

C8–H8···F2 1.080 3.326(2) 2.33 153 x, ½ - y, z - ½  

C2–H2B···F2 1.080 3.530(2) 2.65 139 x, ½ - y, z - ½ 

C20–H20···F4 1.080 3.313(2) 2.39 143 ½ - x, - y, ½ + z 

C14A–H14A···π(CgC) 1.080 3.500(2) 2.67 149 ½ - x, y - ½, z 

C14B–H14B···π(CgC) 1.080 3.500(2) 2.67 149 ½ - x, y -½, z 

C22–H22···π(CgC) 1.080 3.597(2) 2.74 153 1 - x, 1 - y, 1 - z 

 

(a) 

Figure 3.3.6: (a) ORTEP of 4a-9 drawn with 50% ellipsoidal probability. 
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(b) 

 

(c) 

                    

                                              (d)                                                             (e) 

Figure 3.3.6: (b) combination of both C–H···F and C–H···O hydrogen bond 

generating two-dimensional sheet like structure. (c) C8–H8···F2 hydrogen bond 

creates a 1D chain like structure. (d) A dimer formation by C14–H14A···π (CgC) 

interaction. (e) A dimer formation by C14–H14A···π interaction. (f) A dimer 

formation by C22–H22···π (CgC) interaction. 
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N-(2,4-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

10): The compound 4a-10 is found to crystallize in orthorhombic chiral P212121 space 

group with Z = 4 (Figure 3.3.7a). One o-F (F1) of the B ring acts as a bifurcated 

acceptor to form C8–H8···F1 and C20–H20···F1 hydrogen bonds (Figure 3.3.7b) 

(Table 3.3.1). Additionally, the weak C20–H20···F hydrogen bond also results in the 

formation of a dimer (Figure 3.3.7b). It is noteworthy that the C20–H20 acts as 

bifurcated donor forming C20–H20···F1 and C20–H20···F4 hydrogen bonds 

simultaneously propagating in crystallographic a- direction via 21 symmetry thereby 

making a ribbon like structure. This chain is further supported by the weak C12A–

H12A···O1 hydrogen bonds involving the carbonyl group (Figure 3.3.7c).  The 

disordered o-F of the A ring interacts further with through C14A–H14A···F3A 

hydrogen bond (Figure 3.3.7d). The experimental PXRD pattern of 4a-10 matches with the 

corresponding simulated PXRD pattern (Figure 3.3.7e). 

Table 3.3.7: Intermolecular interactions in 4a-10  

D–B···A/  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F3B 1.080 3.614(1) 2.57 162 1 - x, y - ½, ½ - z 

C8–H8···F1 1.080 3.343(3) 2.56 129 1 - x, y - ½, ½ - z 

C14A–H14A···F3A 1.080 3.306(4) 2.60 123 - x, ½ + y, ½ - z 

C20–H20···F4 1.080 3.484(4) 2.52 148 ½ + x, 3/2 - y, - z 

  

(a)                                                                (b) 

Figure 3.3.7: (a) ORTEP of 4a-10 drawn with 50% ellipsoidal probability (b) C–F 

group act as a bifurcated acceptor with H8 and H20 hydrogen.  
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(c)                                         (d) 

Figure 3.3.7: (c) Formation of one dimensional ribbon like structure through the 

C–H···F hydrogen bond. (d) One dimensional zig-zag chain up to infinite length 

along y-axis. 

 

 

Figure 3.3.7: (e) Comparison of experimental and simulated PXRD patterns of 4a-

10 

N-(2,4-difluorophenyl)-3,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-12): This molecule was found to crystallize in P21/c space group and the 

asymmetric unit contained two molecules (molecule A and molecule B) with 

different molecular conformations (Figure 3.3.8a). These two molecules are 

connected by C‒F···F‒C contact (Figure 3.3.8b). The o-F of the A ring of the 

molecule A of asymmetric unit and m-F of the B ring of a symmetry related 

molecule A are simultaneously involved in C–H···F hydrogen bond utilizing C4B–

H4B donor of another symmetry related molecule B (Figure 3.3.8c) (Table 3.3.8). 

Further, another short type II F···F contact has also observed between the p-F of 
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the A with m-F of the B ring generating a homo dimer (between two symmetry 

related molecule A) through the inversion centre (Figure 3.3.8d).  

The molecule B utilises the p-fluorine of A ring to form centrosymmetric 

C14B–H14B···F4B hydrogen bonded dimer with a symmetry related molecule B. 

These dimers are interconnected by utilizing C12–H12B···O1B hydrogen bond 

involving the C=O group (Figure 3.3.8e). The experimental PXRD pattern of 4a-12 

matches with the corresponding simulated PXRD pattern (Figure 3.3.8f). 

 

(a) 

 

(b)        (c) 

    

(d)      (e) 

Figure 3.3.8: (a) ORTEP of 4a-12 drawn with 50% ellipsoidal probability. There 

are two molecules in one asymmetric unit. (b) A symmetry independent F···F 

contact between two molecules (A and B) within the asymmetric unit. (c) Bifurcated 

C–H···F hydrogen bonds involving three symmetry related molecules (d) A type II 

F···F short contact generating a homo dimer across the inversion centre. (e) C–H···F 
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hydrogen bonded dimers of molecule B are connected to each other through weak 

C–H···O hydrogen bonds involving C=O group. 

Table 3.3.8: Intermolecular interactions in 4a-12 

D–B···A/  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4A–H4A···F1B  1.080 3.668(3) 2.63 162 1 - x, 1 - y, 1 - z 

C22A–H22A···F2B 1.080 3.525(4) 2.66 137 1 - x, 1 - y, 1 - z 

C20A–H20A···F3A 1.080 3.573(3) 2.68 140 2 - x, ½ + y, 3/2 - z 

C4B–H4B···F1A 1.080 3.250(4) 2.48 128 2 - x, 1 - y, 1 - z 

C4B–H4B···F3A 1.080 3.347(3) 2.45 140 x, ½ - y, - ½ + z 

C1B–H1BA···F3A 1.080 3.576(4) 2.51 168 x, ½ - y, - ½ + z 

C14B–H14B···F4B 1.080 3.519(3) 2.57 146 1 - x, - y, 1 - z 

C14B–H14B···F1B 1.080 3.406(3) 2.62 129 1 - x, - ½ + y, ½ - z 

 

Figure3.3.8:(f) Comparison of experimental and simulated PXRD patterns of 4a-12 

N-(2,5-difluorophenyl)-2,3-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-13):   This compound crystallizes in the triclinic P1̅ space group (Figure 3.3.9a). 

Out of four F atoms, only F4 participated in the formation of a dimer involving 

C4H4···F4 hydrogen bonds (Table 3.3.9). These dimers are interconnected by 

C6H6···O2 hydrogen bonds (Figure 3.3.9b).  Additionally, CH···O hydrogen 

bonds involving the C=O group is found to generate a chain of molecules along the 
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crystallographic a-direction (Figure 3.3.9c). The experimental PXRD pattern of 4a-

13 is matching with the corresponding simulated PXRD pattern (Figure 3.3.9d). 

 

(a)                    (b) 

 

(c) 

Figure 3.3.9: (a) ORTEP of 4a-13 drawn with 50% ellipsoidal probability. (b) 

Formation of molecular network through by dimers (through C4H4···F4) 

connected by C6H6···O2 hydrogen bonds. (c) A one dimensional molecular chain 

via C13H13···O1 hydrogen bonds.  

 

(d) 

Figure 3.3.9: (d) Comparison of experimental and simulated PXRD patterns of 4a-

13 
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Table 3.3.: Intermolecular interactions in 4a-13 

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F4 1.080 3.430(2) 2.48 146 1 - x, - y, 1 - z 

C13–H13···O1 1.080 3.073(2) 2.38 120 x, y - 1, z 

N-(2,5-difluorophenyl)-2,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-15): The compound 4a-15 adopted triclinic centrosymmetric P ̅1 space group 

with Z = 2 and Z' =1 (Figure 3.3.10a). Like in S-AD-2-23, in this molecule also only 

o-F (F3) of the A ring offered C12H12···F3 hydrogen bonds, which generated 

homo dimer synthon across the inversion centre (Figure 3.3.10b) (Table 3.3.10). 

These dimers are interconnected along the crystallographic a- direction by the 

utilisation of C12H12···O1 hydrogen bond involving the carbonyl group (Figure 

3.3.10c). Along with these CH···F hydrogen bonds, the  cloud of C ring interacts 

with the H2A hydrogen leading to the C2–H2A···π(CgC) interaction in the crystal 

structure (Figure 3.3.10d). 

 

(a)                                                (b) 

 

(c)                                                          (d) 

Figure 3.2.4: (a) ORTEP of 4a-15 drawn with 50% ellipsoidal probability. (b) 

CH···F hydrogen bonded dimer across center of symmetry. (c) CH···F hydrogen 

bonded dimers are interconnected by CH···O hydrogen bonds (d) Weak C–H···π 

(CgC) interaction in the crystal structure 
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Table 3.3.10: Intermolecular interactions in 4a-15 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C12–H12···F3 1.080 3.418(2) 2.56 136 2 - x, 1 - y, 1 - z 

C2–H2A···π (CgC) 1.080 3.520(1) 2.79 132 1 - x, - y, 1 - z 

C12H12···O1 1.080 3.076(2) 2.20 137 x+1, y, z 

 

Figure 3.3.10: (e) The experimental and simulated PXRD patterns of 4a-15.  

N-(2,5-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-16): The compound 4a-16 adopted triclinic centrosymmetric P ̅1 space group 

with Z = 2 and Z' =1 (Figure 3.3.11a). The carbonyl oxygen acts as a bifurcated 

acceptor and forms C12H12···O1 and C19H19···O1 hydrogen bonds (Figure 

3.3.11b) (Table 3.3.11). Among the four fluorine atoms, only one fluorine (F1) 

participated in the formation of a dimer by the utilisation of C21H21···F1 

hydrogen bond through the inversion centre. These dimmers have been found to be 

interconnected by another symmetrical dimer through CH···O hydrogen bonds 

involving H4 and O2 through another inversion centre (Figure 3.3.11c). The 

experimental PXRD pattern of 4a-16 is matching with the corresponding simulated 

PXRD pattern (Figure 3.3.11d).  
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(a)                                                                (b) 

 

(c) 

Figure 3.3.11: (a) ORTEP of 4a-16 drawn with 50% ellipsoidal probability. (b) 

Carbonyl oxygen acting as a bifurcated acceptor (c) A molecular network by 

interlinked C12H12···F1 and C4H4···O2 hydrogen bonded dimers.  

Table 3.3.11: Intermolecular interactions in 4a-16 

D–H···A/(Å)  (D···H)  D(D···A )  d(H···A )  D–H···A/o  SYMMETRY  

C21–H21···F1 1.080 3.381(3) 2.47 142 1-x, 1-y, 2-z 

C4–H4···O2 1.080 3.612(3) 2.54 174 -x, 1-y, 1- z 

C19–H19···O1 1.080 3.286(3) 2.40 139 x+1, y, z 

C12–H12···O1 1.080 3.019(3) 2.29 123 x, y-1, z 

 

Figure 3.3.11: (d) Comparison of experimental and simulated PXRD patterns of 4a-

16 
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N-(2,5-difluorophenyl)-3,4-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide – 

(4a-17)  and N-(2,5-difluorophenyl)-3,5-difluoro-N-[2-(3-

methoxyphenyl)ethyl]benzamide (4a-18): The crystal structure of 4a-17 and 4a-18 

are found to be isostructural. Their unit cell similarity index () is 0.001. Both the 

molecules are crystallised in centrosymmetric monoclinic P21/c space group with Z 

= 4 and Z' = 1 (Figure 3.3.12a and 3.3.13a). In both the compounds, C=O group acts 

as a bifurcated acceptor with p-H of the A ring through c- glide and o-H of the C 

ring by 21 screw symmetry to form CH···O hydrogen bonds (Table 3.3.12 and 

Table 3.3.13). Two donor molecules and two acceptor molecules thereby formed a 

cyclic tetramer unit (Figure 3.3.12b and 3.3.13b). Similarly, CH···F hydrogen 

bonds are found to form dimers involving H21 and F2 in both the compounds. These 

dimers are further linked to another dimer involving a pair of CH···F hydrogen 

bonds involving H8 and F4 in both the compounds (Figure 3.3.12c and 3.3.13c). 

Three fluorine atoms of 4a-17 were involved in the formation of F···F contacts, 

where F3 interacts with both F1 and F2 of the B ring and creates a cyclic dimer 

synthon via inversion centre (Figure 3.3.12d). Whereas, in the crystal structure of 

4a-18, only two fluorine atoms i.e. F1 and F3 participated in the formation of F···F 

contacts through the inversion centre and generated a dimer synthon (Figure 

3.3.13d). These dimers are again interconnected by another dimer, formed by the 

combination of CH···F and CH···O hydrogen bonds. Along with these hydrogen 

bonds and F···F contacts, C–H···π interactions are also identified in these two 

structures (Figure 3.3.12e and 3.3.13e). The experimental PXRD pattern of 4a-18 

matches with the corresponding simulated PXRD pattern (Figure 3.3.13f). 

Table 3.3.12: Intermolecular interactions in 4a-17 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C8–H8···F4 1.080 3.386(3) 2.39 153 - x, 2 - y, 1 - z 

C21A–H21A···F2 1.080 3.401(3) 2.56 134 - x - 1, 1 - y, 1 - z 

C21B–H21A···F2 1.080 3.401(3) 2.56 134 - x - 1, 1 - y, 1 - z 

C19–F1···F3–C11 
1.349(2) 

1.348(2) 
4.403(4) 2.884(4) 

121  

92 
2 - x, 1 - y, 1 - z 

C20–F2···F3–C11 
1.339(2) 

1.348(2) 
4.733(5) 2.828(4) 

124  

148 
2 - x, 1 - y, 1 - z 

C15–H15···π (Cgc) 1.080 3.407(4) 2.53 158 1 + x, y, z 
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Table 3.3.13: Intermolecular interactions in 4a-18 

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C8–H8···F4  1.080 3.396(2) 2.39 154 2 - x, 2 - y, 1 - z 

C15–H15···π (CgC) 1.080 3.423(2) 2.54 158 x - 1, y, z 

C19–F1···F3–C11 
1.3529(16) 

1.3508(16) 
4.270(2) 2.819(2) 

117  

90 
1 + x, y, z 

 

(a)                        (b) 

 

(c) 

    

(d)       (e) 

Figure 3.3.12: (a) ORTEP of 4a-17 drawn with 50% ellipsoidal probability. (b) 

Two donor molecules and two acceptor molecules making an inversion centre 

related cyclic tetramer unit by CH···O hydrogen bonds. (c) CH···F hydrogen 

bonded dimers are interconnected by pairs of CH···F hydrogen bonds forming 3D 

molecular network. (d) A pair of bifurcated F···F contacts forming dimer. (e) C15–

H15···π(CgC) interaction holding the molecules in a chain. 
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(a)                        (b) 

 

(c) 

 

(d)       (e) 

Figure: 3.3.13: (a) ORTEP of 4a-18 drawn with 50% ellipsoidal probability. (b) 

Two donor molecules and two acceptor molecules making an inversion centre 

related cyclic tetramer unit by CH···O hydrogen bonds. (c) CH···F hydrogen 

bonded dimers are interconnected by pairs of CH···F hydrogen bonds forming 3D 

molecular network. (d) A pair of F···F contacts forming dimer. (e) C15–H15···π 

(CgC) interaction holding the molecules in a chain. 
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Figure: 3.3.13: (f) Comparison of experimental and simulated PXRD patterns of 4a-

18 

N-(2,6-difluorophenyl)-2,3-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-19):  This compound crystallizes in the centrosymmetric monoclinic P21/c space 

group with Z = 4 and Z' = 1 (Figure 3.3.14a). In this crystal structure, only one 

fluorine i.e. o-F of the B ring participates in CH···F hydrogen bond and forms one 

dimension chains in the crystal lattice of by the utilization of c-glide (Figure 

3.3.14b) (Table 3.3.14).  

      

                                     (a)                                                  (b) 

Figure 3.3.14: (a) ORTEP of 4a-19 drawn with 50% ellipsoidal probability. (b) A 

zig-zag one dimension chains have been found through C12H12···F1 hydrogen 

bonds in the crystal lattice of by the utilization of c glide. 

                                     

  



86 
 

Table 3.3.14: Intermolecular interactions in 4a-19 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C12–H12···F1  1.080 3.362(2) 2.57 129 1 - x, y - ½, ½ - z 

C14–H14··· π (CgC) 1.080 3.385(2) 2.69 132 1 - x, ½ + y, ½ - z 

Like the previous structure, the  cloud of the C ring interacts with the H14 

hydrogen leading to the C14H14···π(CgC) interaction in the lattice which further 

stabilises the crystal structure. 

 

(c) 

Figure 3.3.14: (c)  cloud of methoxy phenyl ring involved in C–H···π(CgC) 

interaction. 

N-(2,6-difluorophenyl)-2,4-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-20) and N-(2,6-difluorophenyl)-3,4-difluoro-N-[2-(3-

methoxyphenyl)ethyl]benzamide (4a-23): 4a-20 and 4a-23 are found to be 

isostructural with unit cell similarity index 0.003 crystallized in orthorhombic Pbca 

space group with Z = 8 (Figure 3.3.15a and 3.3.16a). In both the compounds, p-F 

(F2) of the B ring and p-H (H13) of the A ring form C13H13···F2 hydrogen bond 

by the utilization of two consecutive glide planes thereby generating a 21 symmetry 

parallel to b-axis (Figure 3.3.15b and 3.3.16b) (Table 3.3.15 and Table 3.3.16). The 

F atoms on the A ring do not offer any interactions in both the compounds.                                                                                

In addition to similar CH···F hydrogen bonds, both the O atoms of both the 

molecules were also found to play a role in forming weak C19H19···O1 and 

C14H14···O2 hydrogen bonds. These CH···O hydrogen bonds generates a 

tetrameric unit, which is further extended involving the same hydrogen bonds to 

form a molecular stacking along crystallographic a- direction (Figure 3.3.15b and 

3.3.16b).  
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Additionally, CH···π interactions have also been identified in these two 

structures which provides additional stability to the crystal lattice (Figure 3.3.15a 

and 3.3.16c). Both the fluorine atoms of the B ring of 4a-23 were involved in 

CH···F hydrogen bonds while in 4a-20, only one fluorine was involved in CH···F 

hydrogen bond. This is due to the change in the position of fluorine substituent in 

4a-23.  The m-F of the B ring of 4a-23 interacts with the H8 through b-glide to make 

a zig-zag catameric chain pattern along the b-axis (Figure 3.3.15d). The 

experimental PXRD pattern of 4a-20 and 4a-23 match with the corresponding 

simulated PXRD pattern (Figure 3.3.15f and Figure 3.3.16e). 

  

(a)                           (b)  

 

(c) 

 

(d)      (e) 

Figure 3.3.15: (a) ORTEP of 4a-20 drawn with 50% ellipsoidal probability. (b) C13-

H13···F2 hydrogen bond generating a zig-zag catameric chain like structure along the 

crystallographic b-axis. (c) C19H19···O1 and C14H14···O2 hydrogen bonds 

generating a molecular stacking through tetramer formation. (d) A zig-zag pattern has 

been found only in 4a-20. (e) CH···π (Cgc) interactions in 4a-20. 
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Table 3.3.15: Intermolecular interactions in 4a-20 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C13–H13···F2 1.080 3.306(4) 2.46 134 1 - x, ½ +  y, ½ - z 

C22–H22···π (CgC) 1.080 3.470(3) 2.64 147 1 - x, 1 - y, 1 - z 

Table 3.3.16: Intermolecular interactions in 4a-23 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C8–H8···F1 1.080 3.324(2) 2.36 148 ½ - x, ½ + y, z 

C13–H13···F2 1.080 3.359(2) 2.44 142 1 - x, ½ + y, ½ - z 

C18–H18···π (CgC) 1.080 3.584(2) 2.74 151 1 - x, - y, - z 

  

(a)                           (b)  

 

(c)                           (d)  

Figure 3.3.5: (a) ORTEP of 4a-23 drawn with 50% ellipsoidal probability. (b) C13-

H13···F2 hydrogen bond generating a zig-zag catameric chain like structure along the 

crystallographic b-axis. (c) C19H19···O1 and C14H14···O2 hydrogen bonds 

generating a molecular stacking through tetramer formation. (d) CH···π (CgC) 

interactions in 4a-23. 
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Figure 3.3.15: (f) Comparison of experimental and simulated PXRD patterns of 4a-

20 

 

 

Figure 3.3.16: (e) Comparison of experimental and simulated PXRD pattern of 4a-23 

N-(2,6-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-22): This compound (Figure 3.3.17a) crystallizes in monoclinic P21/c space 

group. Only one fluorine is involved in the CH···F hydrogen bond formation by 

the utilization of translational symmetry. Molecular ribbons have been found to form 

through cooperative involvement C13H13···F1 and C14H14···O1 hydrogen 
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bonds along the b-direction (Figure 3.3.17b) (Table 3.3.17). Further, translational 

related C12H12···O2 hydrogen bond through the oxygen of the methoxy group is 

responsible for producing one dimensional molecular chain in the lattice (Figure 

3.3.17c).                                        

Table 3.3.17: Intermolecular interactions in 4a-22 

D–B···A  D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C13–H13···F1 1.080 3.562(2) 2.58 150 x, 1 + y, z 

C14–H14···O2 1.080 3.282(2) 2.39 139 x - 1, y + 1, z 

C12–H12···O1 1.080 3.167(2) 2.39 128 x, y + 1, z 

  

(a)                                             (b) 

 

(c) 

Figure 3.3.17: (a) ORTEP of 4a-22 drawn with 50% ellipsoidal probability. (b) 

C13H13···F1 and C14H14···O1 hydrogen bonds together forms molecular ribbon 

in the crystallographic b-direction. (c) C12H12···O2 hydrogen bonded chain 

involving the oxygen of the methoxy group. 

N-(3,4-difluorophenyl)-2,3-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

25):    This compound crystallizes in the centrosymmetric monoclinic P21/c space 

group with Z = 4 and Z' = 1. Both A ring and B ring of this compound have static 

disorder about the C10(A/B)‒N1 and C16‒C17(A/B) bonds respectively (Figure 

3.3.18a) (Table 3.3.18). Therefore, the fluorine atoms at the o- position and the m-

position found to be on both the sides of the aromatic ring while the p-F remaining at 

the same position. Out of four fluorine atoms (including disorder), only one fluorine 



91 
 

(m-F) of the B ring is involved in CH···F hydrogen bond generating a zig-zag 

catameric chain like structure along the crystallographic b-direction by the utilization 

of 21 symmetry (Figure 3.3.18b). 

Table 3.3.18: Intermolecular interactions in 4a-25 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C14A–H14A···F2A 1.080 3.349(3) 2.54 131 - x, y - ½, ½ - z 

C11A–H11A···O1 1.080 3.204(3) 2.22 151 1 - x, y - ½, ½ - z 

C18A–F1A···F3A–C12A 
1.293(3) 

1.331(2) 
4.965(3) 2.632(2) 

138 

 152 
x, y - 1, z 

  

                                  (a)                                               (b) 

Figure: 3.3.18: (a) ORTEP of 4a-25 drawn with 50% ellipsoidal probability. (b) 

Generation of a molecular chain along the b-direction involving CH···F hydrogen 

bond. 

The m-F (F3A) of the A ring and the o-F (F1A) of the B ring are found to share a 

short quasi Type I / Type II C‒F···F‒C contact forming a chain along the b-direction 

(Figure 3.3.18c). In addition to the CH···F hydrogen bond and F···F contact, the 

oxygen of the carbonyl group also participates through C11AH11A···O1 hydrogen 

bond generating molecular chain via 21 symmetry along the b-direction (Figure 

3.3.18d). The experimental PXRD pattern of 4a-25 is matching with the 

corresponding simulated PXRD pattern (Figure 3.3.18e). 
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                                  (c)                                              (d) 

Figure 3.3.18: (c) Quasi Type I / Type II C‒F···F‒C contact leading to the 

formation of one dimensional catameric chain along b-axis. (d) C11AH11A···O1 

hydrogen bond producing a molecular chain along the b-axis. 

 

Figure: 3.3.18: (e) Comparison of experimental and simulated PXRD patterns of 

4a-25 

N-(3,4-difluorophenyl)-2,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-27): This compound crystallizes in the monoclinic centrosymmetric P21/c space 

group with Z = 4 and Z' = 1. Both A ring and B ring of this compound have static 

disorder about the C10(A/B)‒N1 and C16‒C17(A/B) bonds respectively (Figure 

3.3.19a) as in the earlier case. Out of four fluorine atoms, three fluorine atoms 

appear in two positions each in the asymmetric unit due to this disorder while p-F of 

the A ring remained at the same position. C14AH14A···F1A hydrogen bond via 

translation symmetry along b-axis creates one dimensional chain involving o-F 

(F1A) of the B ring (Figure 3.3.19b) (Table 3.3.19).  
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                        (a)                                                                           (b) 

Figure 3.3.19: (a) ORTEP of 4a-27 drawn with 50% ellipsoidal probability. (b) 

C14AH14A···F1A hydrogen bonded molecular chain through translational 

symmetry along the b-axis. 

The fluorine atom F3A present at the m-position of the A ring, acts as a 

bifurcated acceptor with the H19A and H20A to form weak CH···F hydrogen 

bonds thereby resulting into the formation of a cyclic tetramer unit by utilisation of 

screw (21) symmetry (Figure 3.3.19c). This tetramer unit further interconnected by 

another tetramer unit through CH···F and CH···O hydrogen bonds. The 

experimental PXRD pattern of 4a-27 matches with the corresponding simulated 

PXRD pattern (Figure 3.3.19d). 

 

(c) 

Figure 3.3.19: (c) One tetramer unit through bifurcated acceptor units involving 

CH···F hydrogen bonds. 
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Table 3.3.19: Intermolecular interactions in 4a-27 

D–B···A  D–B/Å D(D···A)/Å d(B···A )/Å D–B···A/o SYMMETRY 

C14A–H14A···F1A 1.080 3.332(2) 2.47 136 x, y - 1, z 

C19A–H19A···F3A 1.080 3.326(2) 2.38 145 2 - x, ½ + y, 3/2 - z 

C20A–H20A···F3A 1.080 3.537(2) 2.49 162 x, ½ - y, ½ + z 

 

Figure 3.3.19: (d) Comparison of experimental and simulated PXRD patterns of 4a-

27 

N-(3,4-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-28): This compound 4a-28 crystallizes in the orthorhombic non- 

centrosymmetric  P212121 space group with Z = 4 and Z' = 1 (Figure 3.3.20a). In this 

compound, one o-F of the B ring and carbonyl oxygen have been found to form 

head-to-tail dimer through simultaneously C8H8···F2 and C11H11···O1 

hydrogen bonds respectively (Figure 3.3.20b) (Table 3.3.20). The molecules which 

are involved in such kind of anti-periplanar dimers are related to each other 21 screw 

along b-axis and are propagating as one dimensional ribbon type structure along the 

b-direction.  
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(a)                                          (b) 

Figure 3.3.20: (a) ORTEP of 4a-28 drawn with 50% ellipsoidal probability. (b) 

Anti-parallel molecular dimers are related to each other by 21 screw along b-axis and 

propagating in one dimensional ribbon type structure. 

Additionally, the p-F (F4) of the A ring with the p-H (H20) of the B ring are 

also involved in the formation of CH···F hydrogen bond while the carbonyl 

oxygen atom is involved in CH···O hydrogen bond with H14. This combination of 

two weak hydrogen bonding interaction is responsible for the formation of a ladder 

type structure along a-axis (Figure 3.3.20c). The experimental PXRD pattern of 4a-

28 is in agreement with the corresponding simulated PXRD pattern (Figure 3.3.20d). 

 

(c) 

Figure 3.3.20: (c) Combination of C14H14···O1 and C20H20···F4 hydrogen 

bonds generating a ladder type structure along the x-axis. 
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Figure 3.3.20: (d) Comparison of experimental and simulated PXRD patterns of 4a-

28                          

Table 3.3.20: Intermolecular interactions in 4a-28 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C8–H8···F2 1.080 3.263(7) 2.58 120 1 - x, y - ½, 3/2 – z 

C20–H20···F4 1.080 3.436(9) 2.49 146 x -  ½, 3/2 - y, 2 - z 

C11H11···O1 1.080 3.235(8) 2.40 133 1 - x, ½ + y, 3/2 - z 

N-(3,4-difluorophenyl)-3,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-30):  This compound crystallizes in the triclinic P1 space group (Figure 

3.3.21a). Two fluorine atoms (F2 and F3) located at the m-positions participate in 

CH···F hydrogen bonds formation. A pair of C4H4···F3 hydrogen bonds are 

involved in the formation of a cyclic head-to-tail dimer through the inversion centre 

(Figure 3.3.21b) (Table 3.3.21). These dimers are further interconnected by 

C6H6···F2 hydrogen bonds (Figure 3.3.21b). Carbonyl oxygen is also contributed 

in the packing through C14H14···O1 hydrogen bonds by forming a molecular 

chain in the lattice (Figure 3.3.21c). The experimental PXRD pattern of 4a-30 

matches with the corresponding simulated PXRD pattern (Figure 3.3.21d). 
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(a)                                                         (b) 

 
(c) 

Figure 3.3.21: (a) ORTEP of 4a-30 drawn with 50% ellipsoidal probability. (b) 

Molecular ribbon involving chains of dimers through CH···F hydrogen bonds. (c) 

CH···O hydrogen bond in polymeric chain type structure. 

Table 3.3.21: Intermolecular interactions in 4a-30 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F3 1.080 3.477(2) 2.45 159 2 - x, 1 - y, 1 - z 

C6–H6···F2 1.080 3.465(2) 2.44 158 x - 1, y - 1, z - 1 

C14–H14···O1 1.080 3.289(2) 2.257 159 x+1, y, z 

 

 

Figure 3.3.21: (d) Comparison of experimental and simulated PXRD patterns of 4a-

30 
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N-(3,5-difluorophenyl)-2,3-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-31): This compound crystallizes in the triclinic centrosymmetric P1 space 

group with Z = 2 (Figure 3.3.22a). Two fluorine atoms (F4 and F2) are involved in 

CH···F hydrogen bonds. C22H22···F4 hydrogen bond formed by the m-F of the 

A ring and o-H of the B ring propagates in the linear fashion by the translation 

symmetry in the crystallographic b-direction (Figure 3.3.22b) (Table 3.3.22). A 

head-to-tail dimer is formed by the involvement of C11H11···F2 hydrogen bonds 

across the inversion centre (Figure 3.3.22c). These dimers are interconnected by 

another pair of C22H22···F4 hydrogen bonds leading to the formation of ladder 

type structure (Figure 3.3.22d). 

Table 3.3.22: Intermolecular interactions in 4a-31 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C22–H22···F4  1.080 3.161(2) 2.42 125 x - 1, 1 + y, z 

C11–H11···F2 1.080 3.376(2) 2.38 152 1 - x, 1 - y, - z 

 

(a)                        (b) 

 

(c) 

Figure 3.3.22: (a) ORTEP of 4a-31 drawn with 50% ellipsoidal probability. (b) A 

linear chain type structure by the using of C22H22···F4 hydrogen bond up to 

infinite length. (c) An inversion centre related dimer through the C11H11···F2 

hydrogen bonds. 
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(d) 

 Figure 3.3.22: (d) A ladder type structure involving both C22H22···F4 and 

C11H11···F2 hydrogen bonds. 

 

In addition to CH···F hydrogen bonds, carbonyl oxygen is also involved in 

weak CH···O hydrogen bonds with the acidic p-H of the A ring to form one 

dimensional chain along the b-axis (Figure 3.3.22e). The experimental PXRD 

pattern of 4a-31 is matching with the corresponding simulated PXRD pattern 

(Figure 3.3.22f). 

(e) 

Figure 3.3.22: (e) A one dimensional linear chain through C13H13···O1 hydrogen 

bonds. 
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Figure 3.3.22: (f) Comparison of experimental and simulated PXRD patterns of 4a-

31 

N-(3,5-difluorophenyl)-2,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

33): This compound 4a-33 crystallizes in the monoclinic centrosymmetric P21/c space 

group with Z = 4 and Z' = 1(Figure 3.3.23a). In this crystal structure the packing is 

only involving fluorine atoms available in the B ring. C13H13···F3 hydrogen bonds 

generated head-to-tail dimer through the inversion centre (Table 3.3.23). These 

dimers are further interconnected to another dimer by C20H20···O2 hydrogen bonds 

creating a ladder type structure (Figure 3.3.23b). Further the o-F (F1) of the B ring 

forms hydrogen bond using 21 symmetry with the o-H of another molecule to form a 

dimer (Figure 3.3.23c). The experimental PXRD pattern of 4a-33 matches with the 

corresponding simulated PXRD pattern (Figure 3.3.23d). 

Table 3.4.23: Intermolecular interactions in 4a-33 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C13–H13···F2 1.080 3.416(1) 2.55 137 - x, - y, - z 

C22–H22···F1 1.080 3.551(1) 2.58 150 1 - x, y - ½, ½ - z 

C15–H15···O1 1.080 3.370(2) 2.45 142 1 - x, y - ½, ½ - z 

C20–H20···O2 1.080 3.362(3) 2.31 165 x - 1, y, z 
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(a) 

 

(b) 

 

(c)  

Figure 3.3.23: (a) ORTEP of 33 drawn with 50% ellipsoidal probability. (b) A 

ladder type molecular arrangement by utilization of C13H13···F2 and 

C20H20···O2 hydrogen bonds which are perpendicular to each other. (c) A screw 

(21) related dimer via C22H22···F1 and C15H15···O1 hydrogen bonds. 
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Figure 3.3.23: (d) Comparison of experimental and simulated PXRD patterns of 4a-

33 

N-(3,5-difluorophenyl)-2,6-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

34): This compound crystallizes in the monoclinic centrosymmetric P21/c space group 

with Z = 4 and Z' = 1(Figure 3.3.24a). Out of four fluorine atoms, only m-F (F3) of 

the A ring and p-H (H6) of the C ring are involved in the formation of C6H6···F3 

hydrogen bond through 21 symmetry (Figure 3.3.24b) (Table 3.3.24). The carbonyl 

oxygen is also involved in weak C20H20···O1 hydrogen bond, which runs in a 

direction perpendicular to the CH···F hydrogen bond, and hence the combination of 

these two bonds generated a ladder type structure in the lattice (Figure 3.3.24b). 

       

(a)                                                                                              (b) 

Figure 3.3.24: (a) ORTEP of 4a-34 drawn with 50% ellipsoidal probability. (b) 

C6H6···F3 and C20H20···O1 hydrogen bonds, which are perpendicular to each 

other, leading to the formation a ladder type molecular arrangement.  
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Table 3.3.24: Intermolecular interactions in 4a-34 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C6–H6···F3 1.080 3.334(4) 2.63 122 1 - x, ½ + y, 3/2 - z 

C20–H20···O1 1.080 3.172(4) 2.34 133 x, y - 1, z 

N-(3,5-difluorophenyl)-3,4-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide 

(4a-35):  This compound 4a-35 crystallizes in the triclinic centrosymmetric P1 

space group with Z = 2 (Figure 3.3.25a). Fluorine mediated C4H4···F1 hydrogen 

bonds and carbonyl oxygen mediated C18H18···O1 hydrogen bonds generate a 

centrosymmetric dimer (Figure 3.3.25b) (Table 3.3.25). Further, the carbonyl 

oxygen participates in another hydrogen bond (C7H7···O1), which propagates in 

the linear fashion by the translation symmetry forming an infinite chain (Figure 

3.3.25c).  

         

(a)                                                                (b) 

 

(c) 

Figure 3.3.25: (a) ORTEP of 4a-35 drawn with 50% ellipsoidal probability. (b) A 

centrosymmetric dimer synthon by C4H4···F1 and C18H18···O1 hydrogen 

bonds. (c) A linear chain generated by carbonyl oxygen as a C7H7···O1 hydrogen 

bonds. 

Interestingly F1 of the B ring and F4 of the A ring are found to form 

C4F1···F4C type I contact where θ1 = 105 o and θ2 = 108 o, which propagates 

along the crystallographic a- direction via translational symmetry (Figure 3.3.25d). 
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In addition to these weak interactions, C–H···π mediated dimers also contribute in 

the stabilization of the crystal packing (Figure 3.3.25e). The experimental PXRD 

pattern of 4a-35 matches with the corresponding simulated PXRD pattern (Figure 

3.3.25f). 

    

                           (d)                                                                                (e) 

Figure 3.3.25: (d) A linear chain of one dimensional halogen-halogen F1···F4 

contact type-I via the translational symmetry. (e) A centrosymmetric dimer 

formation by C13–H13···π (CgB) interaction. 

Table 3.3.25: Intermolecular interactions in 4a-35 

D–B···A  D–B/Å D(D···A)/Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F1 1.080 3.274(3) 2.21 167 - x, 1 - y, 1 - z 

C18–H18···O1 1.080 3.346(4) 2.45 140 - x, 1 - y, 1 - z 

C7–H7···O1 1.080 3.241(3) 2.26 151 1 + x, y - 1, z 

C13–H13···π (CgB) 1.080 3.678(3) 2.78 163 1 - x,1 - y, - z 

C19–F1···F4–C12 
1.348(3) 

1.376(3) 
4.335(5) 2.743(2) 

105 

108 
x - 1, y, z 

 

Figure 3.3.25: (f) Comparison of experimental and simulated PXRD patterns of 4a-

35 
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N-(3,5-difluorophenyl)-3,5-difluoro-N-[2-(3-methoxyphenyl)ethyl]benzamide (4a-

36): This compound 4a-36 crystallizes in the monoclinic centrosymmetric P21/c space 

group with Z = 4 and Z' = 1 (Figure 3.3.26a). Two fluorine atoms (F1 and F4) are 

involved in weak interaction. The F1 of the B ring and o-H of the C ring are 

interconnected by C8H8···F1 hydrogen bonds through the c-glide symmetry along 

the a-direction and generates one dimensional ribbon like structure (Figure 3.3.26b) 

(Table 3.3.26). Similarly, F4 of the A ring forms weak C13H13···F4 hydrogen bond 

through the screw 21 symmetry and creates a zig-zag chain like structure along the b-

direction (Figure 3.3.26c). When these two hydrogen-bonded atoms are plotted, it 

generates a tetramer unit across the inversion centre in the crystal structure (Figure 

3.3.26d). Additionally, type-I F···F contact have also been observed to form a dimer 

across a centre of symmetry (Figure 3.3.26e). The experimental PXRD pattern of 4a-

36 is matching with the corresponding simulated PXRD pattern (Figure 3.3.26f).                                        

  
 

(a)                                                                   (b) 

 

(c)      (d)                                                                                                  

       

Figure 3.3.26: (a) ORTEP of 4a-36 drawn with 50% ellipsoidal probability. (b) c- 

glide related one dimensional ribbon like structure by C8H8···F1 hydrogen bond. (c) 

Molecular chain generated by C13H13···F4 hydrogen bonds along the b-direction 

through screw 21 operation. (d) A tetrameric unit around the inversion centre, formed 

because of the combination of C8H8···F1(c-glide) and C13H13···F4 (screw) 

hydrogen bonds.   
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 (e) 

Figure 3.3.26: (e) A dimer form of halogen-halogen bond type-I F2···F2 contact. 

Table 3.3.26: Intermolecular interactions in 4a-36 

D–B···A  D–B/Å D(D···A)/Å d(B···A )/Å D–B···A/o SYMMETRY 

C8–H8···F1 1.080 3.450(3) 2.57 138 x + 1, 3/2 - y, ½ + z 

C13–H13···F4 1.080 3.414(2) 2.42 153 2 - x, ½ + y, ½ - z 

C19–F2···F2–C19 1.357(1) 4.016(3) 2.938(1) 90 1 - x, - y, 1 - z 

 

Figure 3.5.3: (f) Comparison of experimental and simulated PXRD patterns of 4a-36 

N-[2-(3-methoxyphenyl)ethyl]-N-phenylbenzamide (4a-37): This compound 4a-37 

crystallized in monoclinic centrosymmetric C2/c space group with Z = 8 and Z′ = 1 

(Figure 3.3.27a). This non-fluorinated analogue doesn’t have possibility of formation 

of C–H···F hydrogen bonds in the crystal structure. Therefore, the molecules are 

packed by C–H···O=C hydrogen bonds. The carbonyl Oxygen behave as a bifurcated 

acceptor for C7–H7···O1 and C18–H18··· O1 hydrogen bonds. One of the C18–

H18···O1 hydrogen bond involve in the formation of dimer synthon by the utilization 
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of inversion centre symmetry (Figure 3.3.27b). Another one C7–H7···O1 hydrogen 

bond works as a linker between above two dimers and hence creates a tetramer unit in 

the entire crystal structure (Figure 3.3.27c). Methoxy group takes part in the C12–

H12···O2 hydrogen bonds which leads to the formation of dimer motif via inversion 

centre (Figure 3.3.27d). No C–H··· interaction have been observed. 

                

(a) (b) 

          

(c)                                                                                     (d) 

Figure 3.3.27: (a) ORTEP of 4a-37 drawn with 50% ellipsoidal probability. (b) An 

inversion centre related dimer synthon through the C18H18···O1 hydrogen bonds. 

(c) A tetramer unit by the combination of two dimer motif via C7–H7···O1 

hydrogen bond. (d) A centrosymmetric dimer motif by C12H12···O2 hydrogen 

bonds. 

Table 3.3.27: Intermolecular interactions in 4a-37 

D–B···A  D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C7–H7···O1 1.080 3.377(1) 2.48 139 x, 1 + y, z 

C18–H18··· O1 1.080 3.331(2) 2.59   125 1/2 - x, 3/2 - y, 1 - z 

C12–H12··· O2 1.080 3.441(2) 2.58 137 1/2 - x, 5/2 - y, 1 - z 

The experimental PXRD pattern of 4a-37 is matching with the corresponding 

simulated PXRD pattern (Figure 3.3.27e).  
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Figure 3.3.27: (e) Comparison of experimental and simulated PXRD patterns of 4a-

37 

3.4 Discussion 

 The structural descriptions of these compound revel that the molecules are 

generally packed through CHFC and CHO=C hydrogen bonds and weak 

CH(Cg) interactions involving different supramolecular synthons. From the 

crystal data tables (Table 3.2.2.1 to Table 3.2.2.5), we noted that the non-fluorinated 

analogue (4a-37) has the lowest density (1.235 g/cm3) compared to the corresponding 

fluorinated analogues. Interestingly, this molecule has density lower than 2c-10, 

which is the non-fluorinated analogue reported in the Chapter 2. The densities of the 

tetrafluorinated molecules reported in this chapter are in the range between 1.478 

g/cm3 and 1.388 g/cm3. This once again clearly indicates that the incorporation of 

fluorine in the molecule produces better packing and hence higher density of the 

compounds. The important feature of these structures is that the correspondence of the 

experimental PXRD pattern with the simulated PXRD patterns of all compound 

thereby eliminating the probability of polymorphism in these molecules. Several 

crystallization experiments (both at RT and at 4oC) using various solvents (both polar 

(chloroform, dichloromethane, acetonitrile) and non-polar (carbon tetrachloride, 

toluene), protic (methanol, ethanol) and aprotic (dicholoromethane, chloroform, 

acetonitrile, ethyl acetate)) and solvent mixtures (dichloromethane and hexane, ethyle 

acetate and hexane) for crystal growth resulted into only one form for each 

compound. These observations infer that these compounds (solutes) do not interact 
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with the solvent molecules using strong intermolecular forces and hence they 

crystallize without any the incorporation of solvent of crystallization to a particular 

crystalline form for each of the compounds based on the intermolecular interactions 

viable between the solute molecules.    

 The crystal structures are generally stabilized by several weak CHFC 

hydrogen bonds. A statistical summary of these hydrogen bonds (Table 3.4.1) 

indicates that the molecules are packed in the lattice through many CHFC 

hydrogen bonds, which are centred around the HF distance ranging between 2.4 and 

2.6Å and the CHF centred between 130o and 160o. Similar trends were observed 

by computational analyses of these weak hydrogen bonds involving simpler model 

systems of ethylene, fluoroethylene and difluoroethylene based systems recently.12n It 

is also evident from the Table 3.4.1 that the frequency of occurrence of CHFC 

hydrogen bonds in these molecules is much larger than that for CHO=C hydrogen 

bonds, indicating that the four different CF groups present in each molecule 

provided favourable platform for the formation of various supramolecular synthons 

involving CHFC hydrogen bonds rather than formation of CHO=C hydrogen 

bonds in the lattice. 

Table 3.4.1: Statistical Summary of C‒H···F and C‒H···O hydrogen bonds 

H···F Distance 

Range 

Number of C‒H···F 

hydrogen bonds 

Angle Range 

C‒H···F 

Number of C‒H···F 

hydrogen bonds 

2.2≥d>2.0Å 0 130≥>120.0 12 

2.3≥d>2.2Å 2 140≥>130.0 13 

2.4≥d>2.3Å 11 150≥>140.0 14 

2.5≥d>2.4Å 17 160≥>150.0 14 

2.6≥d>2.5Å 22 170≥>160.0 5 

2.7≥d>2.6Å 7 180≥>170.0 0 

H···O Distance 

Range 

Number of C‒H···O 

hydrogen bonds 

Angle Range 

C‒H···O 

Number of C‒H···O 

hydrogen bonds 

2.2≥d>2.0Å 0 130≥>120.0 1 

2.3≥d>2.2Å 3 140≥>130.0 4 

2.4≥d>2.3Å 7 150≥>140.0 1 

2.5≥d>2.4Å 6 160≥>150.0 4 

2.6≥d>2.5Å 0 170≥>160.0 2 

2.7≥d>2.6Å 0 180≥>170.0 3 

Several structures displayed various types (namely Type I, Type II and quasi 

Type-I/Type-II) of intermolecular CFFC contacts as well. It has always been 

debated that the CFFC contacts generally symmetry driven (generally across an 
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inversion centre), unfavourable and hence destabilizing in nature. But, in our study, 

we have encountered symmetry independent type II CFFC contact in the 

asymmetric unit of 4a-12, where two molecules of the asymmetric unit were 

connected by weak CFFC contact. We have observed that the weak CFFC 

contacts were responsible for the formation of molecular dimer across the inversion 

point through bifurcated CFFC contacts in 4a-17 (Figure 3.3.12d). It is 

noteworthy that the F3F1A contact is between an ordered and disordered 

fluorophenyl ring, with the preferential orientation (higher occupancy, 96:6) of the 

disordered fluorophenyl ring (containing F1A) towards the formation of F3F1A 

contact in lieu of F3H19A hydrogen bonding. The isostructural 4a-18 also displays 

the same features through the formation of CFFC contact between the same pair 

of phenyl rings; which are not disordered in this case and unequivocally accept the 

CFFC contact. A detailed analysis of these molecules through experimental 

charge density measurements would elucidate the strength and nature of these weak 

interactions, characterized here through the distance and angle criteria. 

3.5 Conclusion 

   From the above structural analysis, it may be concluded that the weak 

CHFC hydrogen bonds in association with CFFC contacts and weak 

CHO=C hydrogen bonds and other weaker interactions involving the  systems are 

efficient to generate various supramleccular assemblies, just like the strong hydrogen 

bonds, and are proficient to pack large, flexible and unsymmetrical organic molecules 

in a dense crystal lattice. CHFC hydrogen bonds, just like strong hydrogen bonds, 

can form various supramolecular synthons and maintain the same synthon in different 

organic molecules. Therefore, the contribution of “organic fluorine” in directing and 

building crystalline architecture cannot be ignored.    
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Chapter 4 
4.1 Introduction 

In this chapter, would discuss the structural features observed in a series of 

fluorinated diphenyl-tetrahydroisoquinoline derivatives based on our findings 

reported in the earlier chapters. Diphenyl-tetrahydroisoquinoline derivatives are 

known since long for their antiimplantation activity in rats reported by Nagarajan et 

al.65 A series of compounds were synthesized, spectroscopically characterized and 

biological property was evaluated by Nagarajan et al. Based on their observation it 

was clear that the fluorinated molecules among all others with various substitutions 

showed remarkable antiimplantation activity in rats. Later, Choudhury et al.,50(a) 

reported the structural analysis of some of the compounds synthesized by Nagarajan 

et al. Their initial reports indicated that the fluorine mediated weak intermolecular 

interactions were responsible for their crystal packing and they emphasized that the 

interaction involving fluorine might be responsible for the biological activity of the 

folurinated diphenyl tetrahydroisoquinoline. Later Choudhury and Guru Row reported 

structural analysis of few more novel molecules belonging to the same molecular 

skeleton with two fluorine substitutions on two different phenyl rings and showed that 

the incorporation of second fluorine atom in the molecule resulted into a wider range 

of structural variations and several fluorine mediated supramolecular synthons were 

evident.50(b,d) A competition between C‒H···F hydrogen bond and weak C‒F···F‒C 

interactions resulted into the static disorder in two compounds among fifteen 

mono/difluorinated diphenyl tetrahydroisoquinolines reported by Choudhury and 

Guru Row.50(b,d) These observations led us to investigate the structural features, that 

may result due to a variety of fluorine mediated interactions, of a series of 

tetrafluorinated diphenyl tetrahydroisoquinoline derivatives (Compounds 6c, Scheme 

4.1), where we intend to incorporate two fluorine atoms in each of the two phenyl 

rings of the mother compound.     
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4.2 Experimental   

4.2.1 Synthesis and Characterization: 

The synthesis of compound 6c was carried out in two steps starting with 4a 

following the reaction scheme 4.1.  

Synthesis of 5b: In 100 ml dry round bottom flask, substituted secondary amide (4a) 

(1.0 equiv), 0.1 ml conc. HCl and POCl3 were added and the reaction mixture was 

refluxed for 4 hrs by using of anhydrous calcium chloride as a guard tube fitted in the 

condenser. After the completion of the reaction, excess POCl3 was removed 

completely by high vacuum fitted with liquid nitrogen trap. The solid crude product 

was a chloride salt (5b) which was dark brown in colour. Then this solid salt was 

directly used for the next step, without any further purification.  

Synthesis of 6c: Dry methanol and NaBH4 (2.2 equiv) were added the flask 

containing the chloride salt 5c. Then reaction mixture was refluxed for 2 hrs. Then the 

reaction mixture was cooled to 0 oC and water was added to decompose the excess 

NaBH4. The product (6c) was precipitated, filtered and dried. The crude product was 

purified by column chromatography using basic alumina as the stationary phase and 

2-3% ethyl acetate in hexane as the mobile phase. Most of the products were found to 

be solid upon purification, but some of them were dense liquid at the room 

temperature. All the products (6c) were characterized by 1H, 13C and 19F NMR, 

differential scanning calorimetry (DSC), PXRD and FTIR spectroscopy. 

Representative spectra are provided in the figures below and all the spectrum are 

enclosed in the ESI. 
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Scheme 4.1 
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NMR 

 

1H - NMR Spectra of 6c-1, (400 MHz, CDCl3) : δ (ppm) =  2.97 – 3.11 (m, 2H), 3.35 – 3.41 (m, 1H), 

3.52-3.59 (m, 1H), 3.01 (s, 3H),  6.07 (d, 1H), 6.65-6.69 (m, 1H), 6.73-6.93 (m, 7H), 6.96-7.03 (m, 

1H). 

 

 

13C spectra of 6c-1, (125 MHz, CDCl3): δ (ppm) =   140.35, 140.30, 140.28, 136.23, 132.55, 132.44, 

129.12, 127.69, 125.27, 125.24, 125.21, 123.55, 123.50, 123.48, 123.44, 123.25, 123.20, 123.17, 

123.12, 117.00, 116.06, 115.89, 113.19, 112.86, 111.08, 110.90, 56.27, 55.24, 45.62, 45.59, 28.978 
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19F- NMR Spectra of 6c-1, (376 MHz, CDCl3): δ (ppm) =   -147.56 (d,1F), -143.33 (d, 1F), -138.50 

(d, 1F), -138.22 (d, 1F). 

 

FT-IR spectra of 6c-1 

4.2.2 Structural Study: 

All the crystal structures were determined using the same diffractometer and 

the same procedure reported in the Chapter 2 and Chapter 3. Only one crystal 

structure was found to have disorder in the orientation of the fluorinated phenyl rings 

by the rotation of the fluorophenyl ring about the C‒C bond. This disorder was 

modelled using the methodology described below. The crystallographic data including 

the details of data collection, structure solution and refinement are listed in the Table 

4.1-4.4. The phenyl ring attached to the N atoms is termed as the “A ring”, the phenyl 
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ring connected to the C=O group is termed as the “B ring” and the 3rd phenyl ring 

containing the –OMe groups is termed as the “C ring” in the structural descriptions in 

this chapter (Scheme 4.2).  

 

Scheme 4.2 

Crystallographic Modelling of Disorder 

All the data sets were recorded at 100K. Only one compound (6c-23) was 

found to be disordered. The positional disorder has been found due 180o rotation of 

phenyl ring (B ring) around C‒C bonds in the molecule. The ratio of the occupancy of 

fluorophenyl ring B is 0.6557: 0.3443. This disorder was modelled using the same 

methodology which is already described in the previous chapter 3.  

 

 

 

  



119 
 

Table 4.2.2.1: Single crystal X-ray diffraction data of 6c-1 to 6c-6 

Identification 

code 
6c-1 6c-2 6c-3 6c-4 6c-5 6c-6 

CCDC No 1540717 1540721 1540725 1540731 1540732 1540733 

Formula C
22

H
17

F
4
NO C

22
H

17
F

4
NO C

22
H

17
F

4
NO C

22
H

17
F

4
NO C

22
H

17
F

4
NO C

22
H

17
F

4
NO 

Formula 

weight 
387.37 387.37 387.37 387.37 387.37 387.37 

Temperature 

(K) 
100.0 100.0 100.0 100.0 100.0 100.0 

Crystal 

system 
Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P2
1
 P2

1
/c P2

1
/c P2

1
 P2

1
/c C2/c 

a (Å) 8.210(4) 9.705(3) 9.642(2) 8.317(3) 13.3660(13) 22.323(8) 

b (Å) 6.330(2) 13.476(3) 13.292(2) 6.0774(19) 11.6008(10) 13.499(5) 

c (Å) 17.277(9) 13.843(4) 13.931(3) 17.513(6) 30.052(3) 11.828(5) 

α (
o
) 90 90 90 90 90 90 

β (
o
) 102.410(19) 101.162(11) 99.890(9) 103.095(13) 130.787(3) 98.459(17) 

γ (
o
) 90 90 90 90 90 90 

V (Å
3
) 876.9(7) 1776.3(8) 1758.9(6) 862.2(5) 3528.1(6) 3526(2) 

Z 2 4 4 2 8 8 

Z' 1 1 1 1 2 1 

ρ
calc

 (g cm
-3

) 1.467 1.449 1.463 1.492 1.459 1.460 

/ mm
-1

 0.119 0.117 0.119 0.121 0.118 0.118 

2θ (˚) ranges 

for data 

collection 

6.08 - 55.01 6.00 - 55.00 6.14 - 50.04 6.10 - 55.02 6.32 - 50.05 6.04 - 54.94 

F(000) 400 800 800 400 1600 1600 

Index ranges 
-10, 10; -8, 

8; -22, 22 

-12, 12; -17, 

17; -16, 17 

-11, 11; -15, 

15; -16, 16 

-10, 10; -7, 

7; -22 ,22 

-15, 15; -13, 

12; -35, 35 

-28, 28; -17, 

17; -15, 13 

No. of 

reflections 

collected 

9368 11924 14416 8616 18749 10335 

R
int

 0.0433 0.0575 0.0290 0.0828 0.0396 0.0774 

No. of unique 

reflections 
4001 4040 3089 3898 6207 4010 

R
1
 [I > 2(I)] 0.0513 0.0485 0.0372 0.0449 0.406 0.0572 

wR
2
 (all 

data) 
0.1440 0.1280 0.1063 0.1220 0.1052 0.1392 

GooF 1.125 1.066 1.110 1.052 1.051 0.955 

Largest diff. 

Peak/Hole/e 

Å
-3

 

0.40, -0.27 0.30, -0.22 0.27, -0.24 0.41, -0.29 0.22, -0.22 0.28, -0.31 
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Table: 4.2.2.2: Single crystal X-ray diffraction data of 6c-7 to 6c-16 

Identification 

code 
6c-7 6c-8 6c-9 6c-13 6c-16 

CCDC No 1540734 1540735 1540736 1540718 1540719 

Formula C22H17F4NO C22H17F4NO C22H17F4NO C22H17F4NO C22H17F4NO 

Formula weight 387.37 387.37 387.37 387.37 387.37 

Temperature 

(K) 
100.0 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Monoclinic 

Space group C2/c Pca21 P21/c C2/c Pc 

a (Å) 36.448(11) 16.559(2) 9.445(6) 36.079(4) 17.468(3) 

b (Å) 6.1171(18) 17.595(2) 21.293(11) 6.2372(6) 6.2025(10) 

c (Å) 16.087(4) 6.1048(9) 9.590(6) 16.051(2) 16.338(3) 

α (
o
) 90 90 90 90 90 

β (
o
) 102.193(7) 90 112.96(2) 104.627(6) 92.208(9) 

γ (
o
) 90 90 90 90 90 

V (Å
3
) 3505.8(17) 1778.7(4) 1775.9(18) 3495.0(7) 1768.9(5) 

Z 8 4 4 8 4 

Z' 1 1 1 1 2 

ρ
calc

 (g cm
-3

) 1.468 1.446 1.449 1.472 1.455 

/ mm
-1

 0.119 0.117 0.118 0.119 0.118 

F(000) 1600 800 800 1600 800 

2θ (˚) ranges for 

data collection 
6.09 - 54.91 6.76 - 54.97 6.05 - 50.05 6.08 - 54.99 6.57 - 50.05 

Index ranges 
-46, 46; -7, 

7; -20, 20 

-21, 20; -22, 

22; -7, 7 

-11, 11; -25, 

25; -11, 10 

-45, 46; -8, 8; 

-20, 20 

-20, 20; -7, 7; 

-15, 19 

Total reflections 11505 15664 9543 11954 9932 

R
int

 0.0596 0.0411 0.0617 0.0765 0.0468 

No. of unique 

reflections 
3977 4061 3113 3975 5388 

R
1
 [I > 2(I)] 0.0524 0.0438 0.0717 0.0431 0.1040 

wR
2
 (all data) 0.1454 0.1058 0.2162 0.1145 0.2353 

GooF 1.048 1.073 1.080 1.045 1.042 

Largest diff. 

Peak/Hole/e Å
-3

 
0.34, -0.24 0.27, -0.22 0.60, -0.36 0.25, -0.27 1.08, -0.34 
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Table: 4.2.2.3: Single crystal X-ray diffraction data of 6c-19 to 6c-30 

 

 

 

 

 

 

Identification 

code 
6c-19 6c-21 6c-23 6c-25 6c-30 

CCDC No 1540720 1540722 1540723 1540724 1540726 

Formula C22H17F4NO C22H17F4NO C22H17F4NO C22H17F4NO C22H17F4NO 

Formula weight 387.37 387.37 387.37 387.37 387.36 

Temperature 

(K) 
100.0 100.0 100.0 100.0 100.0 

Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic 

Space group P21/c Pn Pbca P21/c P21/c 

a (Å) 18.194(6) 7.6714(11) 16.643(3) 12.287(2) 12.947(3) 

b (Å) 6.147(2) 7.1287(9) 6.1042(10) 11.3169(16) 10.4113(18) 

c (Å) 16.182(5) 16.428(2) 35.217(7) 22.191(4) 22.590(5) 

α (
o
) 90 90 90 90 90 

β (
o
) 104.903(11) 100.298(6) 90 145.954(6) 145.306(10) 

γ (
o
) 90 90 90 90 90 

V (Å
3
) 1749.0(10) 883.9(2) 3577.8(11) 1727.5(5) 1733.2(7) 

Z 4 2 8 4 4 

Z' 1 1 1 1 1 

ρ
calc

 (g cm
-3

) 1.471 1.455 1.438 1.489 1.484 

/ mm
-1

 0.119 0.118 0.117 0.121 0.120 

F(000) 800 400 1600 800 800 

2θ (˚) ranges for 

data collection 
6.22 - 55.05 6.25 - 50.05 6.74 - 55.00 6.56 - 50.04 6.34 - 54.97 

Index ranges 
-23, 23; -6, 7; 

-20, 21 

-9, 9; -8; 8;  

-19; 19 

-19, 21; -7, 7; 

-45, 45 

-12, 14; -13, 

13; -26, 26 

-16, 16; -13, 

13; -29, 29 

Total reflections 11916 4823 22278 9203 18101 

R
int

 0.0662 0.0340 0.1343 0.0293 0.0272 

No. of unique 

reflections 
3963 2621 4056 3048 3967 

R
1
 [I > 2(I)] 0.0658 0.0386 0.0935 0.0402 0.0404 

wR
2
(all data) 0.1916 0.0949 0.2660 0.1060 0.1141 

GooF 1.072 1.098 1.140 1.048 1.053 

Largest diff. 

Peak/Hole/e Å
-3

 
0.38, -0.38 0.19, -0.18 0.52/-0.30 0.25, -0.26 0.31, -0.24 
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Table 4.2.2.4: Single crystal X-ray diffraction data of 6c-31 to 6c-37 

  

Identification 

code 
6c-31 6c-33 6c-34 6c-37 

CCDC No 1540727 1540728 1540729 1540730 

Formula C22H17F4NO C22H17F4NO C22H17F4NO C
22

H
21

NO 

Formula weight 387.38 387.38 387.38 315.40 

Temperature 

(K) 
100.0 100.0 100.0 100.0 

Crystal system Triclinic Triclinic Monoclinic Monoclinic 

Space group P1 P1 P21/c Pbca 

a (Å) 11.13700(10) 10.6975(7) 11.322(2) 10.3744(14) 

b (Å) 11.8983(2) 13.2186(4) 12.437(2) 16.379(2) 

c (Å) 15.127 13.6339(2) 20.012(3) 19.851(3) 

α (
o
) 73.675(12) 68.667(14) 90 90 

β (
o
) 71.730(13) 80.428(18) 140.922(8) 90 

γ (
o
) 72.936(11) 81.09(2) 90 90 

V (Å
3
) 1779.8(2) 1761.4(2) 1776.3(5) 3373.2(8) 

Z 4 4 4 8 

Z' 2 2 1 1 

ρ
calc

 (g cm
-3

) 1.446 1.461 1.448 1.242 

/ mm
-1

 0.117 0.118 0.117 0.075 

F(000) 800 800 800 1344 

2θ (˚) ranges for 

data collection 
6.14 - 54.99 6.16 - 55.01 6.46 - 55.04 4.10 - 50.36 

Index ranges 
-14, 14; -15, 

15; -19, 19 

-13, 13; -17, 

17; -17, 17 

-14, 14; -16, 

16; -25, 25 

-11, 12; -19, 

19; -23, 23 

Total reflections 18292 18147 17876 16968 

R
int

 0.0264 0.0276 0.0480 0.0415 

No. of unique 

reflections 
8136 8043 4065 3014 

R
1
 [I > 2(I)] 0.0427 0.0407 0.0549 0.0359 

wR
2
(all data) 0.1186 0.1070 0.1459 0.0891 

GooF 1.047 1.045 1.076 1.017 

Largest diff. 

Peak/Hole/e Å
-3

 
0.29, -0.23 0.29, -0.23 0.44, -0.27 0.18, -0.19 
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4.3: Results: 

N-(2,3-difluorophenyl)-1-(2,3-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline(6c-1) and N-(2,3-difluorophenyl)-1-(2,6-

difluorophenyl)-6-methoxy-1,2,3,4-tetrahydroisoquinoline(6c-4):  

The compounds 6c-1 (Figure 4.3.1a) and 6c-4 (Figure 4.3.2a) are found to be 

isostructural with the unit cell similarity index  = 0.0028 and were crystallised in 

monoclinic chiral P21 space group with Z = 2 and Z' =1. None of the compounds in 

this series have any N‒H bond like the molecules reported in chapter 2. Therefore, 

there is no possibility of formation of strong hydrogen bonds in the crystal lattice. 

Only weak hydrogen bonds like C‒H···F, C‒H···O, and C–H···π interactions are 

possible in crystal packing of these molecules. In both the compounds 6c-1 and 6c-4, 

the o-F (F1) of the A ring participates in the C2H2A···F1 hydrogen bond by the 

utilization of translational symmetry and generates a long one-dimensional chain 

parallel to the b-axis (Figure 4.3.1b and 4.3.2b) (Table 4.3.1 and 4.3.2). The F2 

atoms on the A ring do not offer any interactions in both the compounds. In both the 

compounds, the Fluorine F3 on the B ring and F1, are simultaneously involved in 

weak C14–H14···F3 and C2–H2A···F1 hydrogen bonds and creates tetramer and 

trimer unit by 21 symmetry operation (Figure 4.3.1c and 4.3.2c). Screw (21) 

symmetry related methoxy oxygens are also involved in weak C7–H7···O1 

hydrogen bond with the support of C2–H2A···F1 hydrogen bonds (Figure 4.3.1d 

and 4.3.2d). In this isostructural compounds, p-hydrogen (H20) of the B ring makes 

C20–H20···π(CgA) interaction, which further stabilizes the crystal packing (Figure 

4.3.1e and 4.3.2e). It is noteworthy that one of these hydrogen bonds (C2–

H2A···F1) involves hydrogen atom attached to a sp3 hybridized carbon. The 

experimental PXRD patterns of 6c-1 and 6c-4 are matching with the corresponding 

simulated PXRD patterns (Figure 4.3.1f and 4.3.2f)  

Table 4.3.1: Intermolecular interactions in 6c-1  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F1  1.080 3.006(4) 2.22 128 x, y-1, z 

C14–H14···F3  1.080 3.374(4) 2.65 124 1-x, y-½, -z 

C7–H7···O1 1.080 3.456(5) 2.56 140 2-x, +y, 1-z 

C20–H20···π (CgA) 1.080 3.490(4) 2.76 134 1+x, y, z 
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(a) 

 

(b)                                                                  (c) 

 

(d)                                                         (e) 

Figure 4.3.1: (a) ORTEP of 6c-1 drawn with 50% ellipsoidal probability. (b) C2-H2B···F1 

hydrogen bond generating a 1D catameric chain like structure along the crystallographic b-

axis. (c) C2-H2B···F1 and C14–H14···F3 hydrogen bonds are generating a tetramer 

unit by 21 symmetry. (d) A trimer formation offering by methoxy oxygen as a weak 

C7–H7···O1 hydrogen bond by the supporting of C2-H2B···F1 hydrogen bond. (e) A 

C20H20···π(CgA) interactions. 
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Figure 4.3.1: (f) Comparison of experimental and simulated PXRD patterns of 6c-1 

 

Table 4.3.2: Intermolecular interactions in 6c-4  

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2A···F1 1.080 3.001(3) 2.15 134 x, y+1, z 

C14–H14···F3  1.080 3.354(3) 2.67 121 1-x, y+½, 2-z 

C15–H15···F3  1.080 3.358(3) 2.65 122 1-x, ½+y, 2-z 

C7–H7···F4 1.080 3.657(3) 2.64 157 x, y-1, z 

C7–H7···O1 1.080 3.490(3) 2.67 133 -x, y-½, 1-z 

C20–H20···π (CgA) 1.080 3.533(3) 2.79 136 1+x, y, z 
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(a)                                                                          (b) 

 

(c) 

 

(d)                                                                                   (e) 

Figure 4.3.2: (a) ORTEP of 6c-4 drawn with 50% ellipsoidal probability. (b) Two parallel 

weak C2-H2B···F1 and C7-H7···F4 hydrogen bond generating a 1D catameric chain like 

structure along the crystallographic b-axis. (c)All the three fluorine (F1, F3 and F4) are 

involved in weak C-H···F hydrogen bonds and generating a trimer unit by 21 symmetry. 

F3 act as a bifurcated acceptor. (d) A trimer formation offering by methoxy oxygen as 

a weak C7–H7···O1 hydrogen bond by the supporting of C2-H2B···F1 hydrogen bond. 

(e) Chain through C20H20···π(CgA) interactions. 
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Figure 4.3.2: (f) Comparison of experimental and simulated PXRD patterns of 6c-4 

N-(2,3-difluorophenyl)-1-(2,4-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-2) and N-(2,3-difluorophenyl)-1-(2,5-

difluorophenyl)-6-methoxy-1,2,3,4-tetrahydroisoquinoline (6c-3):  

The crystal structure of 6c-2 (Figure 4.3.3a) and 6c-3 (Figure 4.3.4a) are found to be 

isostructural with unit cell similarity index  = 0.0043. Both the compounds are 

crystallised in centrosymmetric monoclinic P21/c space group with Z = 4 and Z' = 1 

(Figure 4.3.3a and 4.3.4a). In both the compounds, (F1) of the A ring and H6 of the 

C ring involved in the weak C6–H6···F1 hydrogen bond, which leads to the 

formation of the cyclic dimer via the inversion center (Figure 4.1.3b and 4.1.4b) 

(Table 4.3.3 and 4.4.4). In the molecule 6c-2, F4 of the B ring and H21 involved in 

the formation of the homo dimer synthon by the inversion center and this dimer is 

further interconnected with another dimer involving a pair of CH···F hydrogen 

bonds involving H3A and F2 (Figure 4.3.3c). Whereas, in the crystal structure of 6c-

3, F2 and H3A take part in the formation of hydrogen bond by one unit translational 

symmetry along the a-axis (Figure 4.3.4c). Similarly, CH···F hydrogen bonds are 

found to form a linear 1D chain along y-axis involving H2 and F3 in both the 

compounds (Figure 4.3.3d and 4.3.4d). The methoxy oxygen in both are also 

involved in C14H14···O1 hydrogen bonds forming a 1D chain in the crystal 

packing (Figure 4.3.3e and 4.3.4e). Along with these CH···F and CH···O 

hydrogen bonds, the  cloud of C ring interacts with the H16 hydrogen leading to 
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the C16–H16···π(CgC) interaction in the crystal structure (Figure 4.3.3f and 4.3.4f). 

The experimental PXRD patterns of 6c-2 and 6c-3 are matching with the 

corresponding simulated PXRD patterns (Figure 4.3.1f and 4.3.4f)  

        

 (a)                                                                          (b)

           

(c)                                                                                   (d) 

 

(e) 

 

(f) 

Figure 4.3.3: (a) ORTEP of 6c-2 drawn with 50% ellipsoidal probability. (b) An 

inversion center related cyclic dimer synthon by the utilization of C6–H6···F1 

hydrogen bond. (c) A tetramer unit formation by the combination of C21–H21···F4 

and C3–H3A···F2 hydrogen bonds. (d)  One dimensional linear chain of weak C2–

H2A···F3 hydrogen bond. (e) A C14H14···O1 hydrogen bond as a linear 1D 
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chain in the crystal packing. (f) The C16–H16···π(CgC) interaction in the crystal 

structure  

Table 4.3.3: Intermolecular interactions in 6c-2  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C6–H6···F1  1.080 3.500(2) 2.49 155 -x, 2-y, 1-z 

C3–H3A···F2 1.080 3.337(2) 2.62 123 x-1, y, z 

C2–H2A···F3  1.080 3.279(2) 2.28   153 -x, y-½, ½-z 

C21–H21···F4 1.080 3.450(2) 2.41 162 -x-1, 2-y, -z 

C14–H14···O1 1.080 3.393(2) 2.59 131 x+1, 3/2-y, z-½ 

C16–H16···π (Cgc) 1.080 3.540(2) 2.71 146 x, ½-y,  ½+z 

 

 

Figure 4.3.3: (g) Comparison of experimental and simulated PXRD patterns of 6c-2 
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(a)                                                                               (b) 

 

(c)                                                                        (f) 

 

(d) 

 

(e) 

Figure 4.3.4: (a) ORTEP of 6c-3 drawn with 50% ellipsoidal probability. (b) An inversion 

center related cyclic dimer synthon by the utilization of C6–H6···F1 hydrogen bond. (c) 

A dimer form in which F2 act as a bifurcated acceptor for the C22–H22···F2 and 

C3–H3B···F2 hydrogen bonds. (d)  One dimensional linear chain of weak C2–

H2A···F3 hydrogen bond. (e) A C14H14···O1 hydrogen bonds as a linear 1D 

chain in the crystal packing. (f) The C16–H16···π(CgC) interaction in the crystal 

structure. 
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Table 4.3.4: Intermolecular interactions in 6c-3  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C6–H6···F1 1.080 3.482(2) 2.43 165 1-x, -y, 1-z 

C3–H3B···F2 1.080 3.360(2) 2.65 123 x-1, y, z 

C22–H22···F2 1.080 3.643(2) 2.67 149 x-1, y, z 

C2–H2B···F3  1.080 3.233(2) 2.39 134 1-x, y+½, ½-z 

C14–H14···O1 1.080 3.333(2) 2.56 128 x+1, ½-y, z-½ 

C16–H16···π (CgC) 1.080 3.566(2) 2.74 146 x, ½-y, z - ½ 

 

Figure 4.3.4: (g) Comparison of experimental and simulated PXRD patterns of 6c-3 

N-(2,3-difluorophenyl)-1-(3,4-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-5): This molecule 6c-5 was found to crystallize in P21/c 

space group and the asymmetric unit contained two molecules (Z = 4, Z' = 2) (Figure 

4.3.5a) (Table 4.3.5). This asymmetric dimer interacts individually with another 

asymmetric dimer via C18–H18···F3 and C36–H36···F3 hydrogen bonds through 

the inversion center and thereby creates a tetrameric unit (Figure 4.3.5b). Here F3 

acts as a bifurcated acceptor for the C18–H18···F3 and C36–H36···F3 hydrogen 

bonds. Further F5 of both the molecules of the asymmetric unit individually 

participates in C22–H22···F5 hydrogen bond by the inversion center and thereby 

creates a dimer moiety (Figure 4.3.5c). Methoxy oxygen of one molecule of the 

asymmetric unit is also involved in the weak C26–H26···O2 hydrogen bond through 
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the inversion center (Figure 4.3.5d). Each molecule of the asymmetric unit also 

stabilized by C21–H21··· π and C43–H43··· π interaction in the crystal structure 

(Figure 4.3.5e). The experimental PXRD pattern of 6c-5 is matching with the 

corresponding simulated PXRD pattern (Figure 4.3.5f). 

             

(a)                                                                  (b) 

 

(c)                                                                   (d) 

 

(e) 

Figure 4.3.5: (a) ORTEP of 6c-5 drawn with 50% ellipsoidal probability. (b) Inversion 

center related dimer of asymmetric dimer via C18–H18···F3 and C36–H36···F3 

hydrogen bonds. (c) Formation of a dimer unit by weak C22–H22···F5 hydrogen 

bond. (d) A cyclic dimer synthon offered by C26–H26···O2 hydrogen bond 

through the inversion center. (e) C21–H21··· π and C43–H43··· π interaction in the 

crystal packing. 
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Table 4.3.5: Intermolecular interactions in 6c-5  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C36–H36···F3  1.080 3.312(2) 2.54 128 1-x, 1-y, 1-z 

C18–H18···F3 1.080 3.440(2) 2.54 141 1-x, -y, 1-z 

C22–H22···F5  1.080 3.415(2) 2.40 157 -x, y-½, ½-z 

C26–H26···O2 1.080 3.546(2) 2.67 138 -x, 1-y, -z 

C21–H21···π (CgC) 1.080 3.659(3) 2.82 148 x -1, y, z 

C43–H43··· π (CgC) 1.080 3.446(3) 2.56 156 x, y, z 

 

 

Figure 4.3.5: (f) Comparison of experimental and simulated PXRD patterns of 6c-5 

N-(2,3-difluorophenyl)-1-(3,5-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-6): The compound 6c-6 was found to crystallize in 

monoclinic centrosymmetric C2/c space group with Z = 8 (Figure 4.3.6a). Out of 

the four fluorines, three fluorine atoms are involved in the C–H···F hydrogen 

bonds (Table 4.3.6). The o-F on the A ring (F1) contributes to the formation of C3–

H3B···F1 by head to tail hydrogen bond and generates a zig-zag catameric chain 

like structure through the c-glide along the crystallographic c- direction (Figure 

4.3.6b). Similarly m-F on the A (F2) ring forms the C15–H15···F2 hydrogen bond 

and generates 1-D zig-zag chain along the c-direction (Figure 4.3.6c). F3 of the B 

ring and H1 of the sp3 chiral carbon are interconnected by the C1–H1···F3 
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hydrogen bond through the inversion center (Figure 4.3.6d). F3 behaves as a 

bifurcated acceptor for C18–H18···F3 hydrogen bond as well. Along with the C–

H···F hydrogen bonds, methoxy group also participates in the C14–H14···O1 

hydrogen bond to form a 1-D chain in the y-direction by the utilization of 

translational symmetry (Figure 4.3.6e). The experimental PXRD pattern of 6c-6 is 

matching with the corresponding simulated PXRD patterns (Figure 4.3.6f). 

 

(a)                                                                            (b) 

 

(c)                                                                           (d) 

 

(e) 

Figure 4.3.6: (a) ORTEP of 6c-6 drawn with 50% ellipsoidal probability. (b) C3–

H3B···F1 hydrogen bond leading to the formation of the zig-zag chai. (c) Another 

zig-zag chain by C15–H15···F2 hydrogen bond by c-glide symmetry. (d) 

Bifurcated C1–H1···F3 and C18–H18···F3 hydrogen bond via inversion center. (e) 

One dimensional linear chain of the C14–H14···O1 hydrogen bond by translational 

symmetry. 
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Table 4.3.6: Intermolecular interactions in 6c-6  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C3–H3B···F1  1.080 3.571(3) 2.55 158 x, 1-y, z+½ 

C15–H15···F2 1.080 3.496(3) 2.48 157 x, -y, z+½ 

C1–H1···F3  1.080 3.378(3) 2.45 143 3/2-x, ½-y, 1-z 

C18–H18···F3 1.080 3.335(3) 2.46 138   3/2-x, y+½, 3/2-z 

C14–H14···O1 1.080 3.502(3) 2.58 143 x, y-1, z 

 

Figure 4.3.6: (f) Comparison of experimental and simulated PXRD patterns of 6c-6 

N-(2,4-difluorophenyl)-1-(2,3-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-7) and N-(2,5-difluorophenyl)-1-(2,3-

difluorophenyl)-6-methoxy-1,2,3,4-tetrahydroisoquinoline (6c-13): The crystal of 

6c-7 (Figure 4.3.7a) and 6c-13 (Figure 4.3.8a) are found to be isostructural with the 

unit cell similarity index  = 0.0047. Both the compounds adopted centrosymmetric 

monoclinic C2/c space group with Z = 8 and Z' = 1 (Figure 4.3.7a and 4.3.8a). In 

both the structures, (F1) of the A ring and F3 of the B ring simultaneously involved 

in the weak C2–H2A···F1 and C16–H16···F3 hydrogen bonds leading to the 

formation of the one-dimensional ribbon-like structure by the translational symmetry 

along the b-direction (Figure 4.3.7b and 4.3.8b) (Table 4.3.7 and Table 4.3.8). F4 of 

B ring and H13 involved (C13H13···F4) in formation of the cyclic dimer by the 

inversion center, which are further interconnected by another weak C–H···F 

hydrogen bond in a particular direction (Figure 4.3.7c and 4.3.8c) in both the 
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structures. Similar to CH···F hydrogen bonds, methoxy groups are also involved in 

weak C22H22···O1 and C21H21···O1 hydrogen bonds as a bifurcated acceptor 

and creates a dimer (Figure 4.3.7d and 4.3.8d). Along with these CH···F and 

CH···O hydrogen bonds, the  cloud of C ring interacts with the H20 of the B ring 

leading to the C20–H20···π(CgA) interaction in the crystal structure (Figure 4.3.7e 

and 4.3.8e). In addition to these, C15–F2···F4–C19 interaction results in to a head-

to-trail dimer across the inversion center in the compound 6c-13 (Figure 4.3.8f). The 

experimental PXRD pattern of 6c-7 is in agreement with the corresponding 

simulated PXRD pattern (Figure 4.3.7f) but experimental PXRD pattern of 6c-13 is 

not matching with the corresponding simulated PXRD pattern (Figure 4.3.8g) 

indicating the possibility of a second polymorph of 6c-13. 

       

(a)                                                                          (b) 

 

(c)                                                                                   (d) 

Figure 4.3.7: (a) ORTEP of 6c-7 drawn with 50% ellipsoidal probability. (b) A 1-D ribbon-

like structure in which parallel C2–H2A···F1 and C16–H16···F3 hydrogen bonds are 

involved. (c) A cyclic dimer by the utilization of the C13H13···F4 hydrogen bond 

through inversion center. (d) C20–H20···π(CgA) interaction in the crystal structure. 

 

(e) 

Figuire 4.3.7: (e) methoxy group acts as a bifurcated acceptor for weak 

C22H22···O1 and C21H21···O1 hydrogen bonds. 
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(a)                                                                             (b) 

   

(c)                                                                                     (d) 

 

(e)                                                                                           (f) 

Figure 4.3.8: (a) ORTEP of 6c-13 drawn with 50% ellipsoidal probability. (b) A 1-D 

ribbon-like structure in which parallel C2–H2A···F1 and C16–H16···F3 hydrogen bonds 

are involved. (c) A cyclic dimer by the utilization of the C13H13···F4 hydrogen 

bond through inversion center. (d) C20–H20···π(CgA) interaction in the crystal 

structure. (e) methoxy oxygen act as a bifurcated acceptor for weak C22H22···O1 

and C21H21···O1 hydrogen bonds.(f) C15–F2···F4–C19 contact via inversion 

center. 

Table 4.3.7: Intermolecular interactions in 6c-7  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2A···F1  1.080 3.519(2) 2.50 156 x, y-1, z 

C16–H16···F3  1.080 3.269(2) 2.26 156 x, y-1, z 

C13–H13···F4 1.080 3.412(3) 2.62 130 x, 2-y, z-½ 

C22–H22···O1 1.080 3.332(2) 2.61 123   3/2-x, y-½, 3/2-z 

C20–H20···π (CgA) 1.080 3.486(2) 2.60 156 x, 2-y, ½+z 
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Table 4.3.8: Intermolecular interactions in 6c-13  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2A···F1  1.080 3.408(1) 2.43 150 x, y-1, z 

C16–H16···F3  1.080 3.289(2) 2.24 163 x, y-1, z 

C13–H13···F4 1.080 3.146(2) 2.40 125 1-x, 2-y, 1-z 

C21–H21···O1 1.080 3.345(2) 2.67 120 ½-x, y-½, ½-z 

C22–H22···O1 1.080 3.345(2) 2.67 120 ½-x, y-½, ½-z 

C15–F2···F4–C19 
1.354(2) 

1.347(1) 
4.104 2.902(1) 

130 

88 
-x, -y, -z 

C20–H20···π (CgA) 1.080 3.652(1) 2.79 152 x, -y,  ½+z 

 

 

Figure 4.3.7: (f) Comparison of experimental and simulated PXRD patterns of 6c-7 



139 
 

 

Figure 4.3.8: (g) Comparison of experimental and simulated PXRD patterns of 6c-13 

N-(2,4-difluorophenyl)-1-(2,4-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-8): The compound 6c-8 adopted orthorhombic Pca21 

space group with Z = 4 and Z' = 1 (Figure 4.3.9a). The o-F on both A and B rings 

contribute to the formation of C2–H2B···F1and C16–H16···F3 hydrogen bond and 

generate a linear catameric chain like structure along the crystallographic c-

direction (Figure 4.3.9b) (Table 4.3.9). Another anti-parallel linear chain further 

interconnects this linear chain by C21–H21···O1 hydrogen bond through the 21 

symmetry (Figure 4.3.9c). Again dimer of this chain is also connected by another 

molecule by C19–H19···F2 hydrogen bonds through the a-glide symmetry and 

creates a trimer unit (Figure 4.3.9d). In this crystal structure, F···F contact and C–

H···π interaction have not been observed. The experimental PXRD pattern of 6c-8 

is matching with the corresponding simulated PXRD pattern (Figure 4.3.9e). 

Table 4.3.9: Intermolecular interactions in 6c-8  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F1  1.080 3.188(3) 2.20 152 x, +y, z+1 

C19–H19···F2  1.080 3.321(4) 2.47 135 1-x, -y, z-½ 

C16–H16···F3 1.080 3.533(4) 2.46 175 x, y, z+1 

C21–H21···O1 1.080 3.347(4) 2.61 125 1-x, 1-y, z+½ 
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(a)                                                            (b) 

    

(c)                                                                                    (d) 

Figure 4.3.9: (a) ORTEP of 6c-8 drawn with 50% ellipsoidal probability. (b) A 1-

dimensional linear chain by two parallel C2–H2B···F1and C16–H16···F3 

hydrogen bond. (c) Two chains which are anti-parallel are interconnected by C21–

H21···O1 hydrogen bond (d) A trimer unit in which three fluorines F1, F2 and F3 

are involved in C2–H2B···F1, C19–H19···F2 and C16–H16···F3 hydrogen bonds 

respectively.  

 

Figure 4.3.9: (e) Comparison of experimental and simulated PXRD patterns of 6c-8 
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N-(2,4-difluorophenyl)-1-(2,5-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-9): The compound 6c-9 crystallized in 

centrosymmetric monoclinic P21/c space group with Z = 4 and Z' = 1 (Figure 

4.3.10a). The o-F on both A and B ring contributes to the formation of C6–

H6···F1and C13–H13···F3 hydrogen bond and generate a linear catameric 

molecular chain like structure along the crystallographic c- direction (Figure 

4.3.10b) (Table 4.3.10). The F4 of the B ring acts as a bifurcated acceptor for both 

H4 and H15 to form C4–H4···F4 and C15–H15···F4 hydrogen bonds respectively. 

C4–H4···F4 hydrogen bond is utilized to form the dimer through inversion center 

while C15–H15···F4 hydrogen bond is utilized to propagate the dimer along the 

crystallographic c-direction through c-glide symmetry (Figure 4.3.10c). In addition 

to the C–H···F hydrogen bonds, methoxy group is also involved in the weak C20–

H20···O1 hydrogen bond leading to the formation of one-dimensional molecular 

zig-zag chain via screw (21) operation (Figure 4.3.10d). In this crystal structure 

C19–H19···π (CgA) have also been observed, which further stabilizes the crystal 

packing (Figure 4.3.10e). No F···F contact have been observed in this case. The 

experimental PXRD pattern of 6c-9 is not matching with the corresponding 

simulated PXRD pattern indicating the possibility of different polymorphs of this 

compound (Figure 4.3.10f).  

Table 4.3.10: Intermolecular interactions in 6c-9  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C6–H6···F1  1.080 3.332(4) 2.54 129 x, y, z-1 

C13–H13···F3 1.080 3.279(4) 2.26 156 x, y, z+1 

C4–H4···F4  1.080 3.393(4) 2.36 159 -x, 1-y, 1-z 

C15–H15···F4 1.080 3.597(4) 2.54 166 x+1, 3/2-y, z+½ 

C20–H20···O1 1.080 3.314(4) 2.42 139 -x, y+½, ½-z 

C19–H19···π (CgA) 1.080 3.395(4) 2.79 123 x, ½-y, ½+z 
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(a)                                                                                 (b) 

 

(c) 

          

(d)                                                                                             (e) 

Figure 4.3.10: (a) ORTEP of 6c-9 drawn with 50% ellipsoidal probability. (b) A 1-D 

molecular zig-zag chain by the utilization of C6–H6···F1and C13–H13···F3 hydrogen 

bonds. (c) Propagation of the dimer unit along c-direction through C15–H15···F4 

hydrogen bond. (d) A zig-zag molecular chain generated by weak C20–H20···O1 

hydrogen bond. (e) A C19–H19···π (CgA) interaction. 
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Figure 4.3.10: (f) Comparison of experimental and simulated PXRD patterns of 6c-

9 

N-(2,5-difluorophenyl)-1-(2,6-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-16): This molecule 6c-16 crystallized in monoclinic Pc 

space group two molecules (Z = 4, Z' = 2) in the asymmetric unit, namely molecule A 

and molecule B (Figure 4.3.11a). These two symmetry independent molecules with 

different molecular conformation are connected by C4–H4···F8 hydrogen bonds 

(Figure 4.3.11b) (Table 4.3.11). The molecule A of the asymmetric unit interacts with 

another “A” molecule via C2–H2B···F1, C7–H7···F3 and C16–H16···F4 hydrogen 

bonds through the translational symmetry and thereby creates one-dimensional tape 

like structure along the b-direction (Figure 4.3.11c). The molecule B of the 

asymmetric unit also interacts with another B molecule via C24–H24B···F5, C38–

H38···F7 and C29–H29···F8 hydrogen bonds through the translational symmetry and 

thereby creating a tape like structure along the b-direction (Figure 4.3.11d). Further 

the molecule A of asymmetric unit interconnected by the molecule B of another 

asymmetric unit through the C26–H26···F3 and C25–H25···O1 hydrogen bonds by 

utilization of c-glide (Figure 4.3.11e). The C20–H20···π and C42–H42···π interaction 

also has been observed (Figure 4.3.11f). The experimental PXRD pattern of 6c-16 is 

in agreement with the corresponding simulated PXRD patterns (Figure 4.3.11g). 
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(a)         (b) 

 

(c) 

 

(d) 

 

(e)                                                                                      (f) 

Figure 4.3.11: (a) ORTEP of 6c-16 drawn with 50% ellipsoidal probability. (b) 

Symmetry independent two molecules of the asymmetric unit which is 

interconnected by C4-H4···F8 hydrogen. (c) 1-D tap like structure through C2–

H2B···F1, C7–H7···F3 and C16–H16···F4 hydrogen bonds. (d) Another 1-D tap 

like structure through via C24–H24B···F5, C38–H38···F7 and C29–H29···F8 

hydrogen bonds hydrogen bonds. (e) A dimer unit via c-glide symmetry. (f) Both 

molecules A and B are formed C–H···π interaction. 
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Table 4.3.11: Intermolecular interactions in 6c-16  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C4–H4···F8 1.080 4.40(1) 2.66 134 - 

C16–H16···F4  1.080 3.233(1) 2.22 156 x, y-1, z 

C29–H29···F8  1.080 3.570(9) 2.57 153 x, y-1, z 

C2–H2B···F1 1.080 3.586(1) 2.63 148 x, y-1, z 

C24–H24B···F5 1.080 3.586(1) 2.65 145 x, y+1, z 

C38–H38···F7 1.080 3.250(1) 2.25 153 x, y+1, z 

C7–H7···F3 1.080 3.590(9) 2.58 156 x, y+1, z 

C26–H26···F3 1.080 3.568(1) 2.63 145 x, 1-y, ½+z 

C25–H25···O1 1.080 3.542(1) 2.64 140 x, 1-y, z+½ 

C20–H20···π (CgA) 1.080 3.656(9) 2.79 152 x, 1-y, z-½ 

C42–H42···π (CgA) 1.080 3.715(1) 2.82 158 x, 1-y, z -½ 

 

 

Figure 4.3.11: (g) Comparison of experimental and simulated PXRD patterns of 

6c-16 

N-(2,6-difluorophenyl)-1-(2,3-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-19): This molecule 6c-19 crystallized in monoclinic 

centrosymmetric P21/c space group with (Z = 4, Z' = 1) (Figure 4.3.12a). In this 

structure only two fluorines i.e. F2 and F4 are involved in weak hydrogen bonds. The 

m-F (F4) of the B ring involves c-glide to form C13–H13···F4 hydrogen bond and 
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generates a linear catameric molecular chain like structure along the crystallographic 

c-direction (Figure 4.3.12b) (Table 4.3.12). Similarly o-F (F2) of the A ring is 

interconnected by aliphatic H2B of the another molecule through the C2–H2B···F2 

hydrogen bond by the utilisation of translational symmetry and creates 1-D linear 

chain. These linear chains are further interconnected by another parallel linear chain 

by bifurcated C21–H21···O1 and C7–H7···O1 hydrogen bonds, which involves the 

methoxy group (Figure 4.3.12c). Along with C–H···O hydrogen bonds, short F1···F3 

contact, and C20–H20···π interaction (Figure 4.3.12e) have been observed. The 

F1···F3 contact is generated by translational symmetry along b-direction (Figure 

4.3.12d). The experimental PXRD pattern of 6c-19 is matching with the 

corresponding simulated PXRD pattern (Figure 4.3.12f). 

Table 4.3.12: Intermolecular interactions in 6c-19  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F2  1.080 3.270(3) 2.31 147 x, y-1, z 

C13–H13···F4  1.080 3.260(3) 2.38 137 x, 3/2-y, z-½ 

C21–H21···O1 1.080 3.376(3) 2.63 126 1-x, y-½, 3/2-z 

C7–H7···O1 1.080 3.411(3) 2.63 129 1-x, y+1/2, 3/2-z 

C16–F1···F3–C18 
1.358(3) 

1.345(3) 
3.290(4) 2.66 

166 

159 
x, 1+y, z 

C20–H20···π (CgA) 1.080 3.581(3) 2.69 162 x, 3/2-y, z -½ 

 

 

(a) (b) 

Figure 4.3.12: (a) ORTEP of 6c-19 drawn with 50% ellipsoidal probability. (b) 1-

D linear chain of C13–H13···F4 hydrogen bond. 
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(c) 

 

(d)                                                                           (e) 

Figure 4.3.12: (c) The C13–H13···F4 hydrogen bond containing two parallel chain 

interpenetrated by bifurcated C21–H21···O1 and C7–H7···O1 hydrogen bond. (d) A 

linear chain generated by F1···F3 contact through translational symmetry. (e) A c-

glide related C20–H20···π interaction. 

 

Figure 4.3.12: (f) Comparison of experimental and simulated PXRD patterns of 6c-

19 
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N-(2,6-difluorophenyl)-1-(2,5-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-21):  The compound 6c-21 was found to crystallize in 

non-centrosymmetric monoclinic Pn space group with Z = 2 and Z' = 1 (Figure 

4.3.13a). Both the o-F on the A and B rings contribute to the formation of bifurcated 

C3–H3A···F1 and C3–H3A···F3 hydrogen bonds, which generate a linear catameric 

molecular chain like structure by utilization of the translational symmetry along the 

crystallographic b-direction (Figure 4.3.13b) (Table 4.3.13). The m-F (F4) on B ring 

is interlinked by a neighbor molecule through C4–H4···F4 hydrogen bond by 

utilization of the n-glide leading to the formation of wave like structure (Figure 

4.3.13c).  Along with fluorine, oxygen is also involved in the C19–H19···O1 

hydrogen bond, which contributes in the crystal packing as a zig-zag one-dimensional 

molecular chain as well (Figure 4.3.13d).  In this crystal structure, the F···F contact 

and C–H···π interaction have not been observed. The experimental PXRD pattern of 

6c-21 is in agreement with the corresponding simulated PXRD pattern (Figure 

4.3.13e). 

Table 4.3.13: Intermolecular interactions in 6c-21  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C3–H3A···F3  1.080 3.437(4) 2.63 132 x, y-1, z 

C3–H3A···F1 1.080 3.236(4) 2.52 123 x, y-1, z 

C4–H4···F4  1.080 3.536(4) 2.59 146 x-½, -y, z-½ 

C19–H19···O1 1.080 3.294(5) 2.57 123 x-½, 1-y, z+½ 

 

 

(a)                                                                     (b) 

Figure 4.3.13: (a) ORTEP of 6c-21 drawn with 50% ellipsoidal probability. (b) 

Bifurcated 1-D linear chain of C3–H3A···F1and C3–H3A···F3 hydrogen bond. 
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(c) 

 

(d) 

 Figure 4.3.13: (c) The C4–H4···F4 hydrogen bonded n-glide symmetry generates 

a wavy like structure. (d) The one-dimensional molecular chain offered by O1 in 

the C19–H19···O1 hydrogen bond.  

 

Figure 4.3.13: (e) Comparison of experimental and simulated PXRD patterns of  6c-

21 

N-(2,6-difluorophenyl)-1-(3,4-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-23): The compound 6c-23 was found to crystallize in 

centrosymmetric monoclinic Pbca space group with Z = 8 and Z' = 1 (Figure 

4.3.14a). This molecule has a static disordered structure in the B ring by the ratio 

of 0.65:0.35. The m-F (F3A) of part 1 of the B ring and H13 of the A ring involved 
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in the C13–H13···F3A hydrogen bond in such a way that it creates an inversion 

center in the dimer synthon (Figure 4.3.14b) (Table 4.3.14). The both o-F on the A 

ring simultaneously takes part in the C2–H2B···F1 and C18A–H18A···F2 

hydrogen bonds, which are parallel to each other along the b-direction by using 

translational symmetry (Figure 4.3.14c). In addition to C–H···F hydrogen bonds, 

F3 and F4 are also involved in C19–F3···F4–C20 contact by the utilization of b-

glide symmetry, which creates one-dimensional molecular zig-zag chain along the 

b-direction (Figure 4.3.14d). Methoxy group is also involved in the C22A–

H22A···O1 weak hydrogen bond, which also contributes to stabilize the crystal 

packing (Figure 4.3.14e). The experimental PXRD pattern of 6c-21 matches with 

the corresponding simulated PXRD pattern (Figure 4.3.14f). 

 

(a)                                                                   (b) 

 

(c) 

 

(d)                                                                              (e) 

Figure 4.3.14: (a) ORTEP of 6c-23 drawn with 50% ellipsoidal probability. (b) 

An inversion center related dimer synthon formation by C13–H13···F3A hydrogen 

bond. (c) Two parallel C2–H2B···F1and C18A–H18A···F2 hydrogen bond 
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propagating along the y-axis. (d) A molecular zig-zag chain of F3···F4 contact. (e) 

A C22A–H22A···O1 weak hydrogen bond.  

Table 4.3.14: Intermolecular interactions in 6c-23  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F1  1.080 3.297(4) 2.28 157 x, y-1, z 

C18A–H18A···F2 1.080 3.323(4) 2.27 163 x, y+1, z 

C13–H13···F3A  1.080 3.274(5) 2.48 130 1-x, 1-y, 1-z 

C22B–H22B···O1 1.080 3.416(4) 2.66 127 1-x, y-½, ½-z 

C19–F3···F4–C20 
1.307(5) 

1.367(5) 
4.356(2) 2.649(4) 

101 

157 
-½-x, -½+y, z 

 

 

Figure 4.3.14: (f) Comparison of experimental and simulated PXRD patterns of 

6c-23 

N-(3,4-difluorophenyl)-1-(2,3-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-25) and N-(3,4-difluorophenyl)-1-(3,5-

difluorophenyl)-6-methoxy-1,2,3,4-tetrahydroisoquinoline (6c-30): The crystal 

structure of 6c-25 (Figure 4.3.15a) and 6c-30 (Figure 4.3.16a) are found to be 

isostructural with the unit cell similarity index  = 0.0034. Both the molecules are 

crystallized in centrosymmetric monoclinic P21/c space group with Z = 4 and Z' = 1. 

In both the compounds, (F2) of the A ring act as a bifurcated acceptor with H20 and 

H16 in C20–H20···F2 and C16–H16···F2 hydrogen bond respectively (Table 4.3.15 

and Table 4.3.16). The bifurcated C20–H20···F2 hydrogen bond participates in the 
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formation of symmetrical dimer synthon through the inversion center and this dimer 

synthon further interconnected by another molecule by two hydrogen bonds, one 

with bifurcated C16–H16···F2 hydrogen bond and another one through  C21–

H21···F3 hydrogen bond utilizing the c-glide operation (Figure 4.3.15b). But in the 

compound 6c-30, this symmetrical dimer interconnected by another molecule by 

four hydrogen bonds, which are offered by the F3 as a trifurcated C7–H7···F3, C22–

H22···F3 and C1–H1···F3 hydrogen bond and bifurcated C16–H16···F2 hydrogen 

bond via c-glide symmetry (Figure 4.3.16b). In this isostructural compound, a 

bifurcated F···F contact also have been observedinvolving C21–F4···F4–C21 and 

C21–F4···F1–C13 leading to the formation of one-dimensional ribbon-like structure 

(Figure 4.3.15c) and (Figure 4.3.16c). Since in the 6c-30 structure the position of the 

F2 group changes from ortho to meta position, so one additional C20–H20···F4 

hydrogen bond is incorporated, which leads to the formation of homo dimer synthon 

by inversion center (Figure 4.3.16d). Further, C2–H2B···π interaction is also 

identified in this structure (Figure 4.3.16e). The experimental PXRD pattern of 6c-

25 and 6c-30 are in agreement with the corresponding simulated PXRD patterns 

(Figure 4.3.15d and Figure 4.3.16f). 

 

(a)                                                                                  (b) 

 

(c) 

Figure 4.3.15: (a) ORTEP of 6c-25 drawn with 50% ellipsoidal probability. (b) An 

inversion center related symmetrical dimer synthon formation by one of the 
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bifurcated C20–H20···F2 hydrogen bond. (c) C21–F4···F4–C21 and C21–F4···F1–

C13 contact which leads to the formation of one-dimensional ribbon-like structure. 

Table 4.3.15: Intermolecular interactions in 6c-25  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C16–H16···F2  1.080 3.156(3) 2.23 142 -x, y+½, 3/2-z 

C20–H20···F2 1.080 3.226(2) 2.50 123 1-x, 1-y, 2-z 

C21–H21···F3 1.080 3.617(2) 2.63 152 x+1, 3/2-y, z+½ 

C13–F1···F4–C19 
1.3487(19) 

1.3506(19) 
5.049(2) 2.882(1) 

136 

126 
x, 1+y, z 

 

Figure 4.3.15: (d) Comparison of experimental and simulated PXRD patterns of 6c-

25 

  

(a)                   (b) 

Figure 4.3.16: (a) ORTEP of 6c-30 drawn with 50% ellipsoidal probability. (b) An 

inversion center related symmetrical dimer synthon formation by one of the 

bifurcated C20–H20···F2 hydrogen bond. 
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(c) 

    

(d)                                                                                    (e) 

Figure 4.3.16: (c) C21–F4···F4–C21 and C21–F4···F1–C13 contact which leads to 

the formation of one-dimensional ribbon-like structure. (d) An inversion center 

related head to head homo dimer synthon by C20–H20···F4 hydrogen bond. (e)  A 

C2–H2B···π (CgB) interaction has been observed in 6c-30 structure. 

 

Figure 4.3.16: (f) Comparison of experimental and simulated PXRD patterns of 6c-

30 

 



155 
 

Table 4.3.16: Intermolecular interactions in 6c-30  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C7–H7···F3  1.080 3.528(3) 2.59 145 x-1, 3/2-y, z-½ 

C22–H22···F3  1.080 3.415(2) 2.39 158 x-1, 3/2-y, z-½ 

C1–H1···F3 1.080 3.633(2) 2.70 145 x-1, 3/2-y, z-½ 

C16–H16···F2 1.080 3.154(3) 2.43 123 -x, y+½, ½-z 

C20–H20···F2 1.080 3.351(2) 2.45 140 1-x, 1-y, 1-z 

C20–H20···F4 1.080 3.389(2) 2.54 135 1-x, 2-y, 1-z 

C13–F1···F4–C21 
1.348(1) 

1.351(1) 
4.198(2) 2.871(1) 

109 

93 
x, y -1, z 

C2–H2B···π (CgB) 1.080 3.659(2) 2.80 148 1-x, y-½, ½-z 

 N-(3,5-difluorophenyl)-1-(2,3-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-31): This molecule (6c-31) was found to crystallizes in 

triclinic centrosymmetric P-1 space group and the asymmetric unit contained two 

molecules (Z = 4, Z' = 2), namely molecule A and molecule B (Figure 4.3.17a and 

Figure 4.3.17b). These two symmetry independent molecules have different molecular 

conformations. The molecule A of asymmetric unit interacts with another molecule 

“A” via C14–H14···F1, and C16–H16···F2 hydrogen bonds through the inversion 

center thereby forming two eight-membered dimer synthons (Figure 4.3.17c) (Table 

4.3.17). Further the same asymmetric molecule A is interlinked by another molecule 

of A by C6–H6···F3 hydrogen bond through inversion center creating a dimer unit, 

which propagates in a particular direction (Figure 4.3.17d).  The molecule B of the 

asymmetric unit also interacts with two molecule B via inversion center related as a 

bifurcated C23–H23···F5, C38–H38···F5 hydrogen bonds and with the molecule A 

via translation symmetry through C25–H25A···F4 hydrogen bond along the a-

direction (Figure 4.3.17e). Both the molecules of the asymmetric unit offer different 

F···F contacts. The molecule A of asymmetric unit is linked to another molecule A 

through the C15–F2···F3–C18 contact across an inversion centre forming a dimer 

unit, and this dimer unit is further interconnected by another dimer unit by utilization 

of C13–F1···F4–C19 contact through another inversion centre. Hence the 

combination of both the C15–F2···F3–C18 and C13–F1···F4–C19 contacts creates 1-

D tape like structure along the a-direction (Figure 4.3.17f).  Similarly, B molecule of 

the asymmetric unit also generates 1-D tape like structure by the combination of the 
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bifurcated C37–F5···F7–C40 and C35–F6···F7–C40 contacts along the a-direction 

(Figure 4.3.17g). The experimental PXRD pattern of 6c-31 is matching with the 

corresponding simulated PXRD pattern (Figure 4.3.17h). 

 

(a) 

 

(b)       (c) 

 

 (d) 

Figure 4.3.17: (a) ORTEP of 6c-31 drawn with 50% ellipsoidal probability. (b) 

Eight members double dimer synthon which offered by molecule A of the 

asymmetric unit. (c) Another dimer unit of molecule A by C6–H6···F3 hydrogen 

bond via again inversion center. (d) Inversion center related bifurcated C23–

H23···F5 and C38–H38···F5 hydrogen bond which offered by the molecule B of 

the asymmetric unit. 
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(e) 

 

(f) 

Figure 4.3.17: (e) Combination of C15–F2···F3–C18 and C13–F1···F4–C19 

contacts leading to the formation of 1-D tape like the structure of molecule A along 

a-direction. (f) The B molecule of the asymmetric unit also generates 1-D tape like 

structure by C37–F5···F7–C40 and C35–F6···F7–C40 contact.  

 

Figure 4.3.17: (g) Comparison of experimental and simulated PXRD patterns of 6c-

31 
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Table 4.3.17: Intermolecular interactions in 6c-31  

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C38–H38···F5  1.080 3.304(2) 2.38 142 1 - x, 2 - y, - z 

C23–H23···F5  1.080 3.464(2) 2.60 136 1 - x, 2 - y, - z 

C16–H16···F2 1.080 3.336(2) 2.44 139 - x, - y, 1 - z 

C14–H14···F1 1.080 3.476(2) 2.43 163 1 - x, - y, 1 - z 

C25–H25A···F4 1.080 3.467(2) 2.52 146 x + 1, y, z 

C6–H6···F3 1.080 3.608(2) 2.58 159 - x - 1, 1 - y, 1 - z 

C13–F1···F4–C19 
1.362(1) 

1.352(1) 
5.185(2) 2.921(13) 

140 

131 
1 - x, 1 - y, 1 - z   

C15–F2···F3–C18 
1.363(1) 

1.357(1) 
4.277(2) 2.950(1) 

127 

85 
- x, 2 - y, 1 - z 

C37–F5···F7–C40 
1.363(1) 

1.350(1) 
3.977(2) 2.804(15) 

120 

90 
1 - x, 2 - y, - z 

C35–F6···F7–C40 
1.364(1) 

1.350(1) 
4.953(2) 2.889(15) 

134 

137 
x - 1, y, z 

 

N-(3,5-difluorophenyl)-1-(2,5-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-33): This molecule 6c-33 adopted triclinic 

centrosymmetric P-1 space group, and the asymmetric unit contained two molecules 

(Z = 4, Z' = 2), namely molecule A and molecule B (Figure 4.3.18a). These two 

symmetry independent molecules are connected by weak C29–H29···F4 hydrogen 

bond. The molecule A of asymmetric unit interacts with another molecule A via C2–

H2B···F1 hydrogen bond through the inversion center and this dimer further 

interconnected at both sides by C36–H36···F2 and C23–H23···F3 hydrogen bonds 

thereby creating 1-D molecular chain (Figure 4.3.18b). The molecule B of the 

asymmetric unit also interacts with a molecule A through C41–H41···F2 and C19–

H19···F5 hydrogen bonds via translation symmetry and creates a dimer. This dimer is 

further connected to another dimer by C14–H14···F6 hydrogen bond to form a 

molecular chain along the a-direction (Figure 4.3.18c). Simultaneously the molecule 

B is also involved in the formation of homo dimer by head-to-head contact through 

the inversion center by C34–H34···F5 hydrogen bond (Figure 4.3.18d). The 

molecules are connected by the F···F contact (Figure 4.3.18e) as well.  The molecule 

A of asymmetric unit interacts with the molecule B through the C13–F2···F7–C40 

and C21–F4···F8–C43 contacts, which leads to the formation of a (Figure 4.3.18e).  
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   (a)                                                                       (b) 

 

(c) 

 

(d)                                                                   (e) 

Figure 4.3.18: (a) ORTEP of 6c-33 drawn with 50% ellipsoidal probability. (b) 

An inversion center related symmetrical dimer which propagates in both direction 

by another C36–H36···F2 and C23–H23···F3 hydrogen bond. (c) A propagation of 

dimer unit by C14–H14···F6 hydrogen bond along the a-direction. (d) Inversion 

center related C34–H34···F5 and hydrogen bond which offered by the molecule B 

of the asymmetric unit. (e) The combination of C13–F2···F7–C40 and C21–

F4···F8–C43 contact leading to the formation of dimer form.  
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Table 4.3.18: Intermolecular interactions in 6c-33  

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C2–H2B···F1 1.080 3.965(2) 2.56 121 - 

C34–H34···F5  1.080 3.472(2) 2.64 133 2 - x, - y, 1 - z 

C36–H36···F2  1.080 3.202(2) 2.36 133 1 - x, - y, 1 - z 

C23–H23···F3 1.080 3.624(2) 2.63 152 1 - x, - y, 1 - z 

C14–H14···F6 1.080 3.314(2) 2.45 137 x - 1, y + 1, z - 1 

C41–H41···F2 1.080 3.195(2) 2.41 128 x + 1, y, z 

C21–F4···F8–C43 
1.363(1) 

1.363(1) 
3.527(2) 2.841(1) 

106  

96 
- x, 1 - y, 1 - z 

C13–F2···F7–C40 
1.363(1) 

1.362(1) 
4.395(2) 2.841(1) 

145 

101 
- x,1 - y, 1 - z 

N-(3,5-difluorophenyl)-1-(2,6-difluorophenyl)-6-methoxy-1,2,3,4-

tetrahydroisoquinoline (6c-34): The molecule 6c-34 adopted monoclinic P21/c space 

group with Z = 4 and Z' = 1 (Figure 4.3.19a). F2 of the A ring acts as a bifurcated 

acceptor to form C3–H3B···F2 and C21–H21···F2 hydrogen bonds and offer 

stabilization to the crystal packing (Figure 4.3.19b) (Table 4.3.19). The C3–H3B···F2 

hydrogen bond is also supported by C14–H14···O1 hydrogen bond to make a zig-zag 

molecular chain by utilization of c-glide along the c-direction (Figure 4.3.19c). 

Further the  cloud of the C ring interacts with the H1 hydrogen leading to the C1–

H1···π(CgC) interaction in the crystal structure (Figure 4.3.19d). The experimental 

PXRD pattern of 6c-34 matcches with the corresponding simulated PXRD pattern 

(Figure 4.3.19e). 

Table 4.3.19: Intermolecular interactions in 6c-34  

D–B···A D–B/Å D(D···A )/ Å d(B···A )/Å D–B···A/o SYMMETRY 

C3–H3B···F2  1.080 3.470(4) 2.64 133 x, ½ - y, z - ½ 

C14–H14···F1  1.080 3.427(5) 2.69 125 1 - x, - y, 1 - z 

C21–H21···F2 1.080 3.239(4) 2.42 132 1 - x, 1 - y, 1 - z 

C14–H14···O1 1.080 3.377(3) 2.67 123 x, ½ - y, z + ½ 

C1–H1··· π (CgC) 1.080 3.629(2) 2.71 154 2 - x, 1 - y, 1 - z 
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(a)                                                                   (b) 

 

(c)                                                                               (d) 

Figure 4.3.19: (a) ORTEP of 6c-34 drawn with 50% ellipsoidal probability. (b) An 

inversion center related symmetrical dimer of C21–H21···F2 hydrogen bond. (c) 

The combination of CH···F and CH···O hydrogen bonds which leads to the 

formation of the 1-D molecular chain. (d) A C1–H1···π (CgC) interaction. 

 

Figure 4.3.19: (e) Comparison of experimental and simulated PXRD patterns of 6c-

34. 

N-phenyl-1-phenyl-6-methoxy-1,2,3,4-tetrahydroisoquinoline (6c-37): The 

molecule 6c-37 adopted centrosymmetric monoclinic Pbca space group with Z = 8 

and Z' = 1 (Figure 4.3.20a). This molecule does not have any fluorine atom so there 

is no possibility of C–H···F hydrogen bonds. Only the methoxy group acts as a 
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bifurcated acceptor for weak hydrogen bonds involving H19 of the B ring (C19–

H19···O1 hydrogen bond) via the b-glide leading to the formation of wave like 

structure along the b-direction (Figure 4.3.20b) (Table 4.3.20) and with H15 of the A 

ring (C15–H15···O1 hydrogen bond) through b-glide and creates one-dimensional 

zig-zag molecular chain along the b-direction (Figure 4.3.20c). Both C19–H19···O1 

and C15–H15···O1 hydrogen bonds are parallel to each other. Along with the C–

H···O hydrogen bond, C7–H7··· π(CgA) interaction have also been observed in in 

this crystal structure (Figure 4.3.20d). The experimental PXRD pattern of 6c-37 

matches with the corresponding simulated PXRD patterns (Figure 4.3.20e). 

     

(a)                                                                              (b) 

 

(c)                                       (d) 

Figure 4.3.20: (a) ORTEP of 6c-37 drawn with 50% ellipsoidal probability. (b) A 

wave like structure offered by C19–H19···O1 hydrogen bond. (c) C15–H15···O1 

hydrogen bond leads to the formation of 1-D zig-zag molecular chai. (d) C7–

H7···π(CgC) interaction. 

Table 4.3.20: Intermolecular interactions in 6c-37  

D–B···A D–B/Å D(D···A )/Å d(B···A )/Å D–B···A/o SYMMETRY 

C15–H15···O1 1.080 3.270(2) 2.41 135 ½ - x, y - ½, z 

C19–H19···O1 1.080 3.508(2) 2.47 161 3/2 - x, y - ½, z 

C7–H7··· π (CgA) 1.080 3.3345(16) 2.48 150 x - ½, y, ½ - z 
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Figure 4.3.20: (e) Comparison of experimental and simulated PXRD patterns of 6c-37 

4.4 Discussion 

 The structures of the tetrafluorinated isoquinoline derivatives reported in this 

chapter display a library of supramolecular assemblies involving mostly the C‒F 

group, which were historically refuted in stabilizing the crystal structures. It is noted 

that the crystal density of the non-fluorinated analogue (6c-37) is the lowest (1.242 

g/cm3, like that of 4a-37) among all the compounds reported here. The density of the 

fluorinated molecules is found to be between 1.438 g/cm3 and 1.492 g/cm3, 

comparable to those found for compounds reported in the Chapter 3.   

 As all these isoquinoline based compounds do not have any strong hydrogen 

bonding sites, the interaction of these molecules with all types of solvents is through 

very weak van der Waal’s interactions and hence, the solute-solvent interaction in 

solution is not strong enough to yield different structural variations when these 

compounds are crystallized from various solvents. Therefore, we did not encounter 

any polymorphism in these compounds. Fluorine mediated interactions are 

responsible for building different crystalline architecture in these molecules. The 

structures of these compounds revealed that the aromatic CF acceptor groups not 

only form hydrogen bonds with aromatic CH donors, but also form hydrogen 

bonds with CH2 groups present in the molecule. Aromatic fluorine is seen to form 

dimers through the 8 membered synthon (I) and through 5 membered synthon (II)  

involving bifurcated  CF acceptor and in one case a bifurcated CH donor (III) 
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(Figure 4.4.1). The synthon (I) has been the most common in all the structures 

reported in this thesis and the other two synthons have also been observed 

frequently.  

 

                     (I)                (II)                  (III) 

Figure 4.4.1: Supramolecular dimer synthons involving CF groups  

The Table 4.4.1 lists a statistical summary of weak hydrogen bonds observed 

in this chapter. This table indicates that the fluorine mediated interactions 

preferentially lie between 120-150o for the C‒H···F and the H···F distance ranges 

from 2.2-2.7 Å. It is also evident from this table that the frequency of fluorine 

mediated interaction is more than those involving the methoxy group.  

Table 4.4.1: Statistical Summary of C‒H···F and C‒H···O hydrogen bonds 

H···F Distance 

Range 

Number of C‒H···F 

hydrogen bonds 

Angle Range 

C‒H···F 

Number of C‒H···F 

hydrogen bonds 

2.2≥d>2.0Å 0 130≥>120.0 17 

2.3≥d>2.2Å 10 140≥>130.0 16 

2.4≥d>2.3Å 8 150≥>140.0 14 

2.5≥d>2.4Å 18 160≥>150.0 20 

2.6≥d>2.5Å 16 170≥>160.0 6 

2.7≥d>2.6Å 20 180≥>170.0 1 

H···O Distance 

Range 

Number of C‒H···O 

hydrogen bonds 

Angle Range 

C‒H···O 

Number of C‒H···O 

hydrogen bonds 

2.2≥d>2.0Å 0 130≥>120.0 9 

2.3≥d>2.2Å 0 140≥>130.0 7 

2.4≥d>2.3Å 0 150≥>140.0 1 

2.5≥d>2.4Å 3 160≥>150.0 0 

2.6≥d>2.5Å 5 170≥>160.0 1 

2.7≥d>2.6Å 10 180≥>170.0 0 

 It is evident from the structural analysis that the position of CF group in an 

aromatic ring does not have any particular preference for the formation of a 

particular synthon but the change in the position of the CF group from ortho- to 

meta- or from meta- to para- maintains the same supramolecular synthon as is seen 

in many cases. In addition to the formation of weak C‒H···F hydrogen bond, the 

molecules have been seen to offer plenty of C‒F···F‒C interactions in the structure 
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of many molecules. A careful investigation of these C‒F···F‒C interactions indicate 

that these interactions can also be classified as one of Type I, Type II or quasi Type 

I/Type II, just like the same was done for other C‒X···X‒C (X = Cl, Br and I) 

interactions by Thodadi et al.39 It is also noted that the C‒F···F‒C interactions can 

also be bifurcated in nature and hence. This observation indirectly indicates that the 

electron density distribution around the F atom in a CF bond is non-uniformly 

distributed; hence there are electron rich and electron deficient regions, which can 

either donate or accept electrons simultaneously from another similar CF group. 

This can only be established by an accurate experimental charge density analysis of 

these molecules, which is beyond the scope of the current thesis.  

 We have also compared these tetrafluorinated compounds with their di and 

mono fluorinated analogues reported earlier.50a,b,d It was observed that the 

compounds having the fluorine substitution at the ortho- position of the phenyl ring 

(A or B ring) had intramolecular C‒H···F‒C hydrogen bond. If the F atom was 

present at the ortho- position in the A ring then the C‒H···F‒C hydrogen bond was 

found involving either C1‒H1 and/or C2‒H2(A/B) forming a six membered 

intramolecular hydrogen bond thereby restricting the rotation of N1‒C11 bond. On 

the other hand, if the F atom was present at the ortho- position in the B ring then the 

C‒H···F‒C hydrogen bond was found involving either C1‒H1 and/or C7‒H7 and/or 

C2‒H2(A/B) forming a five or seven membered intramolecular hydrogen bond 

thereby restricting the rotation of C1‒C17 bond. The same trend has been observed 

in the molecules reported in this chapter. For the compounds having F at the ortho- 

position of the A or B ring, the corresponding intramolecular hydrogen bond was 

inevitable and hence the rotation of the A or B ring was restricted for those 

molecules about the N1‒C11/C1‒C17 bond (Figure 4.4.2).   

   

(a)        (b)      (c)  

Figure 4.4.2: Representative molecules having intramolecular C‒H···F‒C hydrogen 

bond(s) (a) 6c-1, (b) 6c-4, (c) 6c-33. 
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The compounds containing the fluorine at the meta- position only in the 

earlier reported structures indicated the appearance of disorder in the fluorophenyl 

ring about the N1‒C11 bond or the C1‒C17 bond. This disorder was earlier 

attributed to the competition between the weak C‒H···F‒C hydrogen bond and C‒

F···F‒C interaction. In our current study, if the molecule has a F atom at the ortho- 

position then the corresponding fluorophenyl ring is conformationally locked and 

hence the fluorine at the meta- position either enjoies C‒H···F‒C hydrogen bond or 

opts for C‒F···F‒C interaction. But, if the A or B ring is not conformationally 

locked by the intramolecular hydrogen bond and there is F atom at the meta- 

position of the A or B ring then the said disorder becomes possible due to the free 

rotation of A/B ring about N1‒C11 bond and/or the C1‒C17 bond. In reality, this 

has been observed in only structure (6c-23). A careful observation of other such 

molecules revel that the fluorine at the meta- position of the A ring in 6c-25 and 6c-

30 is responsible for the formation of C‒F···F‒C interaction. In other similar 

compounds show the preference of the fluorine at the meta- position for C‒H···F‒C 

hydrogen bond against the possible C‒F···F‒C interaction. 

The reported mono or difluoro analogues containing fluorine at the para- 

position were found to offer either C‒H···F‒C hydrogen bond and/or C‒F···F‒C 

interaction. In the structures reported here we observed that the fluorine at the para- 

position either formed C‒H···F‒C hydrogen bond or not participated in any 

intermolecular interaction.  

4.5 Conclusion 

 The structural analyses of the fluorinated isoquinoline derivative have been 

carried out at low temperature (100.0K) to analyse the weak intermolecular 

interactions involving organic fluorine in these molecules. Some of the purified 

compounds were found to be dense liquid and hence their structural study could not 

be conducted. The compounds, which produced good quality crystals were 

structurally studied. Some of the molecules have shown static orientational disorder 

of the fluorophenyl ring(s) but none of them resulted into polymorphism. All the 

molecules were packed in 3D lattices with different unit cell parameters and in a 

variety of space groups. The packing of these molecules was guided by weak 

intermolecular interactions involving fluorine, thereby generating different 
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supramolecular architecture through three different supramolecular synthons in 

addition to a simple CHFC hydrogen bond between the two molecules. C‒

F···F‒C interactions of all the types were found to play a significant role in the 

packing.        
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