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The sequential replacement of aromatic H-atoms by F-atoms in

1,6-bis(phenylcarbonate) hexa-2,4-diyne allows access to its

possible iso-energetic ‘‘syn’’, ‘‘gauche’’ and ‘‘anti’’ conformations.

The crystallization of organic molecules depends on several factors
with the molecular conformation being the key component. With
the X-ray crystallographic technique providing an unambiguous
determination of 3D structure in the solid state, conformational
analysis has become facile in molecular crystals. The specific
conformation of a molecule in a crystal results from a delicate
balance of intra and intermolecular forces such as dipole–dipole
interactions, steric (van der Waals) interactions and hydrogen
bonding.1,2 While the interactions within a molecule ensure
conformational locking, the intermolecular interactions provide
tools for crystal engineering, exploiting conformational flexibility
in the molecule. In the literature, there are several examples where
different molecular conformations of a compound have been
obtained by allowing the molecules to assemble in a different
crystallization milieu. Such an ‘experimental conformational scan’
has been conventionally achieved by conformational polymorph-
ism3 and cocrystallization experiments.4 The variability in the
conformation of a molecule may also be brought about by
decorating the surface of a molecule with substituents providing
both electronic and steric influences. In this article, we explore the
utilization of the isosteric (equi-volume) properties of a hydrogen
atom and a fluorine atom in constituting different equi-energetic
molecular conformations of the conformationally flexible mole-
cule, 1,6-bis(phenylcarbonate) hexa-2,4-diyne, 1 (Scheme 1).

The repertoire of a molecule in adopting a specific molecular
conformation decides the efficiency of the intermolecular packing
in the solid state.5 The basic rules governing molecular packing
indicate that molecules with a centre of symmetry prefer to
acquire an inversion centre in the crystal lattice leading to crystal
structures with centrosymmetric space groups.6 In a centrosym-
metric conformation with the molecular dipole moment being
zero, the resulting crystal structure is nearly always centrosym-
metric.7 However, Brock and Dunitz8 demonstrated that centro-
symmetric molecules can even adopt noncentrosymmetric
conformations and pack with a higher crystallographic symmetry
at the expense of noncovalent intermolecular interactions.9 When
present in a non-centric conformation, molecules can arrange so
as to cancel the intermolecular dipoles resulting in a centrosym-
metric organization or they can even afford a polar crystal
packing.7 Interestingly, in the literature, there have been
arguments that a particular conformation is inherent in a
molecule, which is mainly determined by its covalent connectivity
with the intermolecular interactions being just a consequence of
the crystal packing.10 On the contrary, there are several reports
explaining the stabilization of unusual molecular conformations
through molecular aggregation in the solid, liquid and gas
states.11 This issue takes prime importance in cases where the
molecular conformation observed in the crystal structure deviates
significantly from the ideal conformation calculated for the gas
phase or in solution.12

The non-availability of any strong H-bonding pairs makes 1 a
suitable candidate to examine the effect of fluorination on the
resulting molecular conformations in the solid state.13 In its
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Scheme 1 Chemical structures of compounds 1–6 with a general scheme for
their synthesis.
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crystalline form, 1 adopts an unusually folded molecular
conformation with the two diacetylene spaced aryl carbonate
groups oriented in a ‘‘cisoid’’ fashion with the torsion angle, w

being 8.4(1)u (Fig. 1). Molecules with this chiral dissymmetric
conformation pack in the centrosymmetric space group Pccn with
half a molecule in the asymmetric unit (Z = 4).14

Intrigued by the elusive conformation of 1, we carried out a
Cambridge Structural Database (CSD)15 search to obtain an overall
estimate of the different molecular conformations adopted by
such symmetrically disubstituted diacetylenes. The search results
(see ESI3) clearly indicated a preference towards the centrosym-
metric molecular conformation with the torsion angle, w = 180u as
depicted in Fig. 2. This prompted us to probe the gas phase
molecular conformation of 1. Geometry optimization calculations
(Table 1) suggested the most stable conformation to be the
untwisted one with the torsion angle of 77.6u, whereas the
generally preferred ‘‘anti’’ conformation (w = 180u, indicated by
CSD) lies just above this on the energy axis (DESP = 0.08 kcal
mol21, Table 1). Within computational uncertainties, these
conformations can be called iso-energetic. More importantly, the
energy gaps between the crystal conformation (8.4(1)u) and the
conformations mentioned above (77.6u and 180u) are significantly
small (Table 1) indicating the possibility of conformational
flipping upon a slight manipulation at the molecular or
supramolecular levels.

Taking into account the equi-volume (isosteric) nature of the H-
and F-atoms and inspired by the peculiarly ‘‘inert’’ behavior of the
‘‘organic’’ fluorine in crystals,13 it was thought that the H/F
isosteric interchange could be exploited to show the predicted
conformations of 1 in crystals. Accordingly, compounds 2, 3, 4, 5
and 6 were designed (Scheme 1); 2, 3 and 4 are ortho, meta and
para monofluorinated analogs of 1, whereas 5 and 6§ are 2,4,6-
trifluro and pentafluoro analogs, respectively. The crystal struc-
tures14 of compounds 2, 3, 4, 5 and 6 indeed exhibited interesting
trends in terms of their molecular conformations (Fig. 3) with the
corresponding energy values (Table 1).

Although both 2 and 4 adopt a similar conformation to that of
1 (w = 8.6(1)u and w = 4.1(1)u, respectively), compound 3, which has
its meta H-atom replaced by an F-atom, adopts an entirely
different ‘‘gauche’’ conformation with w = 85.7(1)u which is closer
to the gas phase optimized structure (77.6u) of 1. Compounds 5
and 6, on the other hand, adopt a well anticipated open ‘‘transoid’’
conformation with w = 180u. Although both 5 and 6 adopt ‘‘anti’’

conformations, they differ significantly with the former being
completely open (extended) and the latter being partially open
(unextended) (Fig. 3(d) and 3(e), respectively).

As the molecular conformations in crystals are primarily
guided through noncovalent interactions,11,12 it is important to
rationalize the genesis of a particular conformation based on the
supramolecular packing features involved. A close inspection of
the isostructural crystal packing of 1, 2 and 4 reveals that the
molecules in the twisted conformation are held together mainly
with (Ph)Cmeta–H…O hydrogen bonds and Csp3–H…p interactions
as shown in Fig. 4. Interestingly, the C–H…O hydrogen bond
formed through the involvement of the meta H-atom (H9) with the
carbonyl oxygen (O2) seems to be an important prerequisite
satisfying the geometry (spatial) requirements for the efficient
packing of the molecules in the twisted conformation. The
replacement of one of the meta H-atoms (participating in the
(Ph)Cmeta–H…O interaction) on the phenyl rings by an F-atom flips
the molecular conformation from ‘‘cisoid’’ to ‘‘gauche’’ whereas,
the further replacement of the 2,4,6 positioned H-atoms and all
five ring H-atoms by F-atoms results in an ideal ‘‘anti’’
conformation of compounds 5 and 6 where the main inter-
molecular interactions are Csp3–H…O and Csp3/sp2–H…F hydrogen
bonds (Fig. S1–S6, ESI3). It is important to note that the trifluoro-
and pentafluoro-substitution on the phenyl ring results in the

Fig. 2 A plot of number of hits versus the torsion angle (Q) for the symmetrically
1,6-disubstituted hexa-2,4-diyne structures with a diacetylene spacer; the
substituent group R ranges from simple methyl groups to bulkier polysub-
stituted groups (total no. of hits = 79).

Table 1 Conformational energy differences in 1, 2, 3, 4, 5 and 6a

Compound

Torsion angle w (u) DE (kcal mol21)

Crystal Opt SP DEOpt DESP DEOpt–SP

1 8.4(1) 77.6 180 20.445 0.080 0.525
2 8.6(1) 99.3 180 20.539 0.021 0.560
3 85.7(1) 104.2 180 20.036 0.470 0.506
4 4.1(1) 9.6 180 20.004 0.204 0.208
5 180 180 9 0 0.416 0.416
6 180 180 9 0 1.340 1.340

a Opt: optimized geometry; SP: single point energies at the given w.
Calculations performed at the b3lyp/6-31++g(d,p) level using
Gaussian 09.16

Fig. 1 The crystal conformation of 1,6-bis(phenylcarbonate) hexa-2,4-diyne.
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increased acidity of the protons and also in the reversal of the
polarity of the ring (p to pF).17 Along with the steric factors, these
effects may also have leading contributions towards the genesis of
the ‘‘anti’’ conformations of compounds 5 and 6.

In conclusion, it is shown that the selective substitution of
H-atoms by F-atoms can be exploited to explore the conforma-
tional landscape of a flexible molecule containing little energy
difference among various conformations. Furthermore, the results
clearly show the unequivocal dominance of the weak intermole-
cular interactions (herein a guiding C–H…O interaction supported
by a surrogate C–H…p interactions)18 in stabilizing unusual
molecular conformations, as opposed to an ideal conformation,
in crystals. A mutual compromise between the molecular
symmetry, the crystallographic site symmetry and the intermole-
cular H-bonds (supramolecular synthons) can conceive, bear and
nurture the so-called ‘‘unusual’’ molecular conformations in the
solid state.

AGD thanks CSIR, New Delhi for SRF. CV thanks CSIR for the
Shyama Prasad Mukherjee (SRF) Fellowship and TNGR thanks
DST, India for the J. C. Bose Fellowship.
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