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ABSTRACT

The crystals of bis(4-pyridyl)acetylene are orthorhombic and belong to the space group
Fddd. Solid-state investigation using conventional and Hirshfeld analytical techniques
revealed valuable data and structural diversities that explain the wide gap between
established crystal reports of co-crystals and metal organic frameworks and the pure form of
the title compound. Hirshfeld surface analysis in this wise has proved to be a useful tool in
unravelling complex intermolecular interactions and simplifying them at the 2D and 3D
levels using sub-tools such as fingerprint plots and electrostatic potential surfaces. Both
techniques have shown that the H-Nyyr interactions in the title compound are shorter than
those in its polymorphic counterpart by 0.2 A. The more stable network provided by hetero-
molecular interactions in co-crystals and metal complexes of bis(4-pyridyl)acetylene shed
light on their lengthy existence compared to the less favorable homo-molecular interactions
in pure molecules of bis(4-pyridyl)acetylene.
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1. Introduction

Spacers are essential components of the structural make-
up of chemical compounds [1-5] and one spacer group that has
drawn considerable attention to itself is the monomeric
acetylene spacer. This is in connection to its wide range of
applications in areas that are chemistry-related [6-8]. A
striking peculiarity of acetylene bridge(s) as inclusion units in
polymers, oligomers, dendrimers and related compounds is
their capability to impose linearly conformed shapes on their
hosts, thus enhancing their abilities to complex with metal
ions, combine with other organic ligands or with self in the
solid state. The linearity of the acetylene linkages in turn
conforms on their hosts an all-round rigidity as well as non-
collapsible cavities [6-11]. Other than the fact that the
introduction of an acetylene spacer is an effective method to
mitigate steric strain between two subunits such as the pyridyl
[12] or phenyl derivatives [13], it has played prominent roles
as a building block in generating quite a number of fascinating
crystalline frameworks. For the pyridyl subunits, the
combination of these factors alongside conjugation via
acetylene spacer-inclusion produces fascinating structural,
optical, electronic and magnetic properties which have

applicative potentials in light-emitting diodes (LEDs) [14,15],
organic field-effect transistors [16] and non-linear optics
(NLOs) [16]. The goal of synthetic and coordination chemists
to create structurally interesting metal-organic frameworks
(MOFs) and complexes from bis(4-pyridyl)acetylene (IUPAC
name: 1,2-di(pyridin-4-yl)ethyne, 1), a linear and rigid spacer
possessing terminal pyridine binding sites with cyclically
extended m-conjugation for effective coordination to metal
corner units, was borne out of their fascinating varieties of
molecular features especially their porosities which have
potentials in gas storage and separation, drug delivery and
catalysis [17-19].

Interestingly, a thorough search for close fits to the
aforementioned structural specifications produced a large
number of SciFinder references while the Cambridge
Structural Database (CSD) turned in a total of forty-two
published structures (with available 3D views) including two
recent pure polymorphs with CSD refcodes OLOTUG (1a) [20]
and OLOTUGO3 (1b) [21]. The structure of compound 1
reported here is a re-determination of 1b. It is quite surprising
that there was the long existence of quite a number of
supramolecular-relevant structures [22-26] ranging from
coordination complexes, host-guest inclusion molecules, 1D,
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2D and 3D grid networks and co-crystals with a rich network
of intermolecular interactions [27-36] before the recently
published polymorphs of pure bis(4-pyridyl)acetylene. With
the exclusion of structures 1a and 1b, about twenty-three (23)
of these structures represent different species while the
remaining seventeen (17) stand out as repetition of existing
molecular structures within the same classification. These
events lead to the current intensified interest in the crystal
structure of the parent compound which came into synthetic
limelight before 1980 [37]. As a follow-up, we herein report a
two-step comparative conventional (Mercury) and Hirshfeld
surface analyses between 1 and polymorphic 1a. The first step
investigates the notable effects caused by the disparities in
their internal structural parameters and the second focuses on
the large-scale geometrical similarities and differences for
compound 1 and other 1-containing counterparts.

2. Experimental
2.1. General methods

Trans-4,4’-dipyridylethylene was purchased from Sigma
Aldrich and used without further purification. NMR data was
obtained on a Bruker Avance I 300 MHz spectrometer.

2.2. Synthesis of compound 1

Bis-(4-pyridyl)ethylene (5.00 g, 27 mmol) was dissolved in
50.00 mL of concentrated HBr at 0 °C. 5.00 mL of bromine was
added in drops while stirring was ongoing resulting
immediately in an orange precipitate. After the addition of all
the bromine, the reaction mixture was subjected to heat at 120
°C with mild stirring for 1 hour. It was then cooled to 0 °C and
the perbrominated orange solid obtained was isolated by
filtration. It is then converted to the white dibromide by
treatment with 2 M NaOH. For the final dehydrobromination, a
suspension of the dibromide in 20.00 mL of hot tertiary
butanol is given in small quantities to a boiling solution of
sodium (1.40 g, 61 mmol) in 150.00 mL of absolute tertiary
butanol. This mixture is refluxed for 30 minutes and then
evaporated to about 80.00 mL. Excess butanolate in the
solution was destroyed by adding about 10.00 mL of water.
The solvent is then evaporated under reduced pressure to give
a white precipitate. The white precipitate was extracted with
ether three times and the ether solution is again evaporated to
dryness leaving behind an orange precipitate. Recrystallizing
the crude product from heptane afforded 3.63 g (75 %) of pure
compound 1. 1H NMR (300 MHz, CDCls, §, ppm): 8.63 (d, 4H, ] =
6 Hz, Ar-H (-N)), 7.41 (d, 4H, ] = 6 Hz, Ar-H). M.p.: 113-116 °C
(Literature melting point = 114 °C [37]) (Figure 1).

Figure 1. Molecular structure of compound 1.
2.3. Single crystal X-ray crystallography

Selected crystal obtained via slow cooling from heptane
was mounted in Paratone™ on the ends of a thin glass
capillary and cooled on the goniometer head to -100 °C with
the Bruker low-temperature accessory attached to the APEX-II
diffractometer. MoKa radiation (A = 0.71073 A) was used for
the diffraction experiment. Multi-scan absorption corrections
were applied to the data sets and structures were solved using
SHELX-M or SHELX-S, and refinements were conducted with
full-matrix least-squares on F2 using SHELXTL 6.14 [38]. All
hydrogen atoms were located on a difference map. C-bound H

atoms were treated as riding, with C-H = 0.95 A and Ui, =
1.2Ueq (C) for aromatic H atoms [39]. Crystal Data for C12HsN2
(M =180.20 g/mol): orthorhombic, space group Fddd (no. 70),
a= 9.5534(10) &, b= 12.6764(13) A, c= 15.8145(17) 4, V=
1915.2(3) A3, Z= 8, T= 173.15K, p(MoKa) = 0.076 mm-,
Dcalc = 1.250 g/cm3, 6353 reflections measured (5.928° < 20 <
54.642°), 542 unique (Rint = 0.0191, Rsigma = 0.0082) which
were used in all calculations. The final R1 was 0.0360 (I >
20(1)) and wR2 was 0.1128 (all data). The crystal structure of
compound 1 was analyzed using Mercury software [40]
versions 3.1 and 4.0.0 and CrystalExplorer 17.5 [41]. The full
crystal data have been deposited with the Cambridge
Structural Database under CCDC 1971473.

3. Results and discussion
3.1. 1H NMR spectroscopy

A deuterated chloroform sample solution of compound 1
was studied by 'H NMR spectroscopy. Significant changes in
chemical shifts were observed in compound 1 (para-
substituted pyridine) compared to pyridine and some of its
derivatives. For example, the § 8.63 and 7.41 ppm observed
for it in CDCIs for the ortho and meta protons respectively had
shifted via shielding effect to the range of 6 8.60-8.62 ppm and
6 7.28-7.29 ppm for pyridine in the same solvent [42,43]. In
1,4-bis(4-pyridyl)butadiyne, the ortho and meta protons are
shielded by the diacetylene units, thus resonating at even
lower chemical shifts of § 8.45 and 7.25 ppm [44]. In all, these
reported data depict that the effect of substituents on the
chemical shifts compared to pyridine and other pyridyl-
containing compounds are substantial but not unusual.

3.2. Solid-state structure description

Crystals of compound 1 suitable for X-ray diffraction
experiment were grown by slow cooling and evaporation from
heptane. It crystallizes orthorhombically in the Fddd space
group just like 1b [21]. This runs as an alignment of three
perpendicular regular 2-fold axes with one axis running
through the central triple bond and the pyridyl N atoms, the
second and third run perpendicularly to the first and to each
other but above and below the plane of the molecule (Table 1,
Figure 2a). With eight (8) molecules per unit cell, it sits on a
special position with 222 site symmetry fitting the unique one-
quarter of the molecule into the asymmetric unit. Despite
being isomorphous, single crystals of 1 and 1b were grown by
slow cooling and evaporation from high boiling non-polar
heptane and toluene, respectively. Also, their crystal data were
collected at 173 and 100 K, respectively. It is rare to have such
a large disparity in the displacement ellipsoids relative to
change in temperature from 173 to 100 K while collecting
crystal data. Hence the improved 1b is the reflection of very
weak localization of free bis(4-pyridyl)acetylene in its lattice.

1a [20] on the other hand crystallizes in the monoclinic
space group C2/m and possesses parallel and mirror planes
that run through the ring side and the triple bond via the two
pyridyl nitrogen atoms. These planes are perpendicular to the
2-fold screw and proper rotation axes whose inversion points
are located on the mirror planes. It has two molecules per unit
cell fitting one-quarter of the molecule into the asymmetric
unit (Figure 2b). Its crystal data were collected at a
temperature of 133 K, somewhat intermediate between 173
and 100 K.

The pyridyl rings in structure 1 are twisted out of their
planes forming a dihedral angle of 51.86° in comparison to
those of 1a which are planar with zero dihedral angle (Figure
3a, 3b). Pyridyl ring twists are experienced by 1-containing
structures (Table 2) 2 [45], 3 [46], 4 [47], 10 [25], 16 [46], 32
[23],33 [47], 34-39 [52], 40 [53] and 1b [21] (Figure 4).
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Table 1. Geometric parameters for compound 1.

Atoms Lengths [A] Atoms Angles [°] Atoms Torsions [°]
N(1)-C(1) 1.3298(14) C(1)-N(1)-C(1)t 116.30(13) C(1)-N(1)-C(1)r-C(2)* 0.34(8)
C(1)-C(2) 1.3819(16) N(1)-C(1)-C(2) 124.30(11) N(1)-C(1)-C(2)-C(3) -0.66(15)
C(1)-H(1) 0.9500 N(1)-C(1)-H(1) 117.9 C(1)-C(2)-C(3)-C(2)! 0.30(7)
C(2)-C(3) 1.3885(14) C(2)-C(1)-H(1) 117.9 C(1)-C(2)-C(3)-C(4) -179.70(7)
C(2)-H(2) 0.9500 C(1)-C(2)-C(3) 118.68(10)
C(3)-C(4) 1.438(2) C(1)-C(2)-H(2) 120.7
C(4)-C(4)? 1.189(3) C(3)-C(2)-H(2) 120.7

C(2)-C(3)-C(2)! 117.74(13)

C(2)-C(3)-C(4) 121.13(7)

C(3)-C(4)-C(4)? 180.0

Symmetry codes: (1) -x+1/4, -y+1/4, z; (2) x, -y+1/4, -z+5/4.

(b)

Figure 2. Alignments of the symmetry elements in 1 (a) and 1a (b) with symmetry components: Mirror planes (light blue), Glide planes (purple), 2-fold and

proper rotation axes (green), Inversion centers (yellow).

meani€2 C1 N C1C2 C3

")

Figure 3. Dihedral angles of the two pyridyl planes in 1 (a) and 1a (b).

Compounds 32 (which contains both free and coordinated
molecules of compound 1 in the presence of nitrate anions)
and 3 (which contains free molecules of 1 in the presence of
coordinative ligands and ethanol solvates) experienced
greater planar twist of ~79 and 66.67° while others were very
low except for 32’s 51.66°, 40’s 51.31° and 1b’s 48.12 °which
were somewhat close to 1's 51.86°. These structures were
considered regardless of their levels of disorder. Thirty-two
other structures resemble 1a with zero dihedral angles (Table
2). The twist in 1 and linearity of the plane in 1a can be
accounted for from their fundamental Wyckoff sites and the
molecular symmetries affiliated to them. In 1 in Wyckoff
position 8a with site symmetry 222, linearity is imposed on

the Npyr-Cexo-C=C-Cexo-Npyr plane with allowance for the
heterocyclic pyridine rings to twist about that same plane by
the same amount. On the contrary, 1a possesses a molecular
site symmetry of 2/m in the Wyckoff site position 2c. This does
result in the alignment of the pyridine rings perpendicularly to
the mirror plane which contains the Cexo-C=C-Cexo axis thus
permitting no allowance for the pyridine rings to twist. The
out-of-plane twists in the structure of 1 and its ten (10)
counterparts could also be attributed to the level of
unsymmetrical tilt experienced by the pyridyl rings as well as
a phenomenon associated with the degree of conformational
mobility in the molecule.
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REFCODE C-C (A) C=C (A) ZC-N-C () Dihedral (°) Site symmetry

1a. OLOTUG [20] 1.439* 1.199* 116.3* 0.00 2/mt

1b.OLOTUGO3 [21]  1.444* 1.192* 116.9% 48.12 222t

2. QETMUY [45] 1.428 (3) [1.44-1.42] 1.195 (3) [1.20-1.19] 116.5 (2) [117.0-116.0] 7.11 i
1.434 (3) [1.44-1.43] 116.6 (2) [117.1-116.1]

3. FOTKEG [46] 1.431 (3) [1.44-1.42] 1.197 (3) [1.20-1.19] 117.3 (2) [117.8-116.8] 29.91 2/m
1.433 (3) [1.44-1.43] 117.3 (2) [117.8-116.8]
1.435 (3) [1.44-1.43] 1.197 (3) [1.20-1.19] 116.9 (3) [117.7-116.1] 24.39 2/m
1.434 (3) [1.44-1.43] 117.2 (2) [117.7-116.7]
1.435 (3) [1.44-1.43] 1.202 (3) [1.21-1.19] 117.1(2) [117.6-116.6] 66.67 2/m
1.431 (3) [1.44-1.42] 117.2 (3) [118.0-116.4]
1.429 (3) [1.44-1.42] 1.200 (3) [1.21-1.19] 117.4 (2) [118.0-116.9] 17.28 2/m
1.432 (3) [1.44-1.42] 117.4 (2) [118.0-116.9]

4. LOTFEH [47] 1.436 (4) [1.45-1.43] 1.195 (3) [1.21-1.18] 117.5 (2) [118.0-117.0] 32.80 mm2
1.439 (4) [1.45-1.43] 118.2 (2) [118.7-117.7]
1.442 (4) [1.45-1.43] 1.194 (4) [1.20-1.18] 117.2 (2) [117.7-116.7] 41.68 mm2
1.438 (4) [1.45-1.43] 117.0 (3) [117.8-116.2]

5. CAHLON [34] 1.435 (3) [1.45-1.43] 1.187 (3) [1.19-1.18] 117.46* 0.00 2/m
1.435 (3) [1.45-1.43] 117.5 (3) [118.3-116.7]

6. RUXMED [24] 1.4366* 1.192* 116.02* 0.00 i
1.437 (2) [1.44-1.43] 116.0 (2) [116.5-115.5]

7.SUXVUC [48] 1.429 (8) [1.45-1.41] 1.198* 118.1 (6) [119.6-116.6] 0.00 2/m
1.4292* 118.08*

8. TACZII [22] 1.434 (3) [1.44-1.43] 1.198* 116.0 (2) [116.5-115.5] 0.00 2/m
1.4343* 116.05*

9. TICROO [36] 1.436 (3) [1.44-1.43] 1.187* 115.9 (2) [116.4-115.4] 0.00 i
1.4357* 115.93*

10. VERKUZ [25] 1.429 (7) [1.45-1.41] 1.191 (8) [1.21-1.17] 116.3 (5) [117.6-115.0] 14.41 2/m
1.436 (7) [1.45-1.42] 116.5 (5) [117.8-115.2]

11. XISFEN [49] 1.445 (4) [1.46-1.43] 1.174 (5) [1.19-1.16] 116.5 (3) [117.3-115.7] 0.00 i

12. AQOTIK [26] 1.45% 1.16* 120% 0.00 224

13. FOJGOC [50] 1.432 (3) [1.44-1.42] 1.195 (3) [1.20-1.19] 116.3 (2) [116.8-115.8] 0.00 1

14. FOTJEF [46] 1.438 (3) [1.45-1.43] 1.197 (3) [1.20-1.19] 116.9 (2) [117.4-116.4] 0.00 2/m

15. FOTJI] [46] 1.435 (3) [1.44-1.43] 1.197 (3) [1.20-1.19] 117.4 (2) [117.9-116.9] 0.00 2/m
1.439 (3) [1.45-1.43] 117.2 (2) [117.7-116.7]

16. FOTKIK [46] 1.427 (4) [1.44-1.42] 1.199 (4) [1.21-1.19] 117.2 (2) [117.7-116.7] 12.70 1
1.427 (4) [1.44-1.42] 116.6 (2) [117.1-116.1]
1.425 (3) [1.43-1.42] 1.200 (4) [1.21-1.19] 117.6 (2) [118.1-117.1] 20.55 i
1.428 (4) [1.44-1.42] 116.6 (2) [117.1-116.1]

17. GIKQEZ [51] 1.435 (2) [1.44-1.43] 1.193 (2) [1.20-1.19] 116.5 (2) [117.0-116.0] 0.00 2/m

18. GIKQEZ01 [51] 1.432 (2) [1.44-1.43] 1.196 (2) [1.20-1.19] 116.3 (2) [116.8-115.8] 0.00 2/m

19. GIKQEZ02 [51] 1.438 (2) [1.44-1.43] 1.190 (2) [1.20-1.18] 116.3 (2) [116.8-115.9] 0.00 2/m

20. GIKQEZ03 [51] 1.436 (3) [1.44-1.43] 1.189 (3) [1.20-1.18] 116.3 (2) [116.8-115.9] 0.00 2/m

21. GIKQEZ04 [51] 1.435 (3) [1.44-1.43] 1.190 (3) [1.20-1.18] 116.6 (2) [117.1-116.1] 0.00 2/m

22. GIKREA [51] 1.426* 1.207* 117.6% 0.00 222

23. GIKREAO1 [51] 1.437* 1.189* 117.7% 0.00 222

24. GIKREA02 [51] 1.436* 1.188* 117.8% 0.00 222

25. GIKREAO03 [51] 1.435* 1.186* 117.4% 0.00 222

26. GIKREA04 [51] 1.440* 1.182* 117.6% 0.00 222

27. GIKSEB [51] 1.436 (8) [1.46-1.42] 1.180 (8) [1.20-1.16] 115.9 (4) [116.9-114.9] 0.00 i
1.430 (8) [1.45-1.41] 1.199 (8) [1.22-1.18] 116.6 (4) [117.6-115.6] 0.00

28. GIKSEBO1 [51] 1.433 (8) [1.45-1.41] 1.194 (8) [1.21-1.17] 116.3 (5) [117.6-115.0] 0.00 1
1.442 (8) [1.46-1.42] 1.183 (8) [1.20-1.16] 115.4 (5) [116.7-114.1] 0.00

29. GIKSEBO02 [51] 1.436 (8) [1.46-1.42] 1.189 (8) [1.21-1.17] 115.1 (5) [116.4-113.8] 0.00 i
1.426 (8) [1.45-1.41] 1.193 (8) [1.21-1.17] 116.6 (5) [117.9-115.3] 0.00

30. GIKSEBO03 [51] 1.436 (4) [1.45-1.43] 1.183 (4) [1.19-1.17] 115.8 (3) [116.6-115.0] 0.00 1
1.440 (5) [1.45-1.43] 1.181 (5) [1.19-1.17] 115.9 (3) [116.7-115.1] 0.00

31. GIKSEB04 [51] 1.439 (5) [1.45-1.43] 1.184 (5) [1.20-1.17] 116.1 (3) [116.9-115.3] 0.00 i
1.436 (5) [1.45-1.42] 1.179 (4) [1.19-1.17] 115.4 (3) [116.2-114.6) 0.00

32.JITQEI [23] 1.45 (2) [1.50-1.40] 1.16 (2) [1.21-1.11] 117 (1) [118-116] 51.66 223

117 (2) [119-115]
1.43* 1.15% 117% 78.98 223
1.48* 120*
1.42 (3) [1.50-1.34] 1.19 (3) 117 (1) [118-116] 79.00 223
1.45 (3) [1.53-1.37] [1.27-1.11] 117 (1) [118-116]
1.43 (3) [1.51-1.35] 1.22 (3) [1.30-1.14] 117 (1) [118-116] 0.00 223
118 (1) [119-117]

1.45 (3) [1.53-1.37] 1.17 (3) [1.25-1.09] 119 (2) [121-117] 41.86 223

33. LOTFAD [47] 1.436 (3) [1.44-1.43] 1.200 (3) [1.21-1.19] 117.0 (2) [117.5-116.5] 12.99 2/m
1.434 (3) [1.44-1.43]

34. MESXOA [52] 1.432 (2) [1.44-1.43] 1.194 (2) [1.20-1.19] 117 (1) [118-116] 9.13 1
1.433 (2) [1.44-1.43] 116.9 (1) [117.2-116.6]

35.MESX0AO01 [52]  1.434 (2) [1.44-1.43] 1.191 (2) [1.20-1.19] 117 (1) [118-116] 9.03 1
1.433 (2) [1.44-1.43] 116.8 (1) [117.1-116.5]

36. MESX0AO02 [52]  1.435 (2) [1.44-1.43] 1.193 (2) [1.20-1.19] 116.7 (1) [117.0-116.4] 8.91 i
1.435 (2) [1.44-1.43]

37.MESX0AO03 [52]  1.434 (2) [1.44-1.43] 1.190 (2) [1.20-1.18] 116.6 (1) [116.9-116.3] 8.75 1
1.435 (2) [1.44-1.43] 116.5 (1) [116.8-116.2]

38. MESX0A04 [52]  1.432 (3) [1.44-1.42] 1.189 (3) [1.20-1.18] 116.8 (2) [117.3-116.3] 8.62 i

[

1.433 (2) [1.44-1.43]

116.7 (1) [117.0-116.4]
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Table 2. Continued.

REFCODE c-C () c=C () ZC-N-C (°) Dihedral (°) Site symmetry
39. MESXOAO5 [52]  1.432 (3) [1.44-1.42] 1.190 (3) [1.20-1.18] 116.8 (1) [117.1-116.5] 8.50 1
1.433 (2) [1.44-1.43] 116.7 (2) [117.2-116.2]
40. MUYLID [53] 1.445* 1.179* 117.1 51.31 2/m
1.442*
41. ROTHIT [54] 1.432 (3) [1.44-1.43] 1.194 (4) [1.20-1.18] 115.9 (2) [116.4-115.4] 0.00 2/m

* Crystallographic values without standard deviations.

t The only two species that formed C-H.....N interactions. HA = 2.707 A for OLOTUG and H--A = 2.474 A for OLOTUGO3.

Mean and standard deviation of lengths and angles of structures with dihedral angles > 0: C-C = 1.45 (3)-1.42 (2) A, C=C = 1.21 (3)-1.17 (3) A and LC-N-C =
117.7 (8)-116.4 (6)°.

OLOTUG OLOTUGO3 CAHLON
o

<
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~
jj “
. \
<
.1 FOIGOK -
()
¢ © ] <
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GIKSEB
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TICROO *—-t
VERKUZ :’ } i
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Figure 4. Co-crystals and metal complexes containing compound 1 (Solvates have been omitted for clarity).
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TX

©

Figure 5. Packing motifs of structures 1 (a, b) and 1a (c) showing the 2D array of repeated dimeric pairs antiparallel-displaced monomeric units (a) connected
by edge-to-edge py:C-H ""Npyr supramolecular synthons (b) and the close to planar layers formed from corrugated ribbons of intermolecular interactions (c)
revealing the close proximity of monomeric units necessary for the interaction of non-attractive atoms such as H and Cr of the pyridyl periphery.

The dihedral angle of 1 lies close to the median of the all
the compound 1 spacers (66.67°) [46] and (41.68°) [47] in two
hydrogen-bonded supramolecular frameworks which show
the structure of 1 to replicate a similar but rare tilting
phenomenon compared to the co-crystals while co-planarity
between the pyridyl rings in 1 and its co-crystal-containing
molecules are inconsistent. Remarkably, these tilts necessitate
the attainment of a close-packed arrangement that is expected
to be energetically and sterically optimized as well as having
modulational flexibility (Figure 5, Table 2). The centroid-
centroid distances of the antiparallel-displaced monomers are
4.327 and 3.684 A in 1 and 1b, respectively. Moreover, none of
the bis(4-pyridyl)acetylene in co-crystals and metal complexes
reported in literature was able to self-assemble via Cpyr-H***Npyr
hydrogen bond interactions (Table 2). An obvious reason for
this occurrence is that the Cpy-H-Npyr hydrogen bond
interacttions in structures 1 and 1a are formed in the absence
of Lewis acid/base interaction due to the high purity of the
polymorphs. Therefore, they can bind only weakly with each
other producing contacts with varying strengths and number.
The co-crystals and metal complexes on the contrary have a
very strong ability to form short contacts between the pyridyl
N donor and a wide list of acceptors. These make the major
intermolecular contacts in them to be hetero-molecular in
nature thus highlighting the clue to the favored formation of
quite a number of these species long before the crystal
structures of 1a and 1b were reported.

In structure 1, the exocyclic C-C bond lengths of 1.438 (2)
A and the bond angles of 116.3 (1)° at the pyridyl nitrogen
atoms closely agree with those of structure 1a as well as being

symmetrical about the 1,2-positions of the acetylene spacer.
Structure 1 possesses a C=C bond of length 1.189 (2) A while
1a’s 1.199 A is longer. The length of the exocyclic C-C bond is
in good agreement with those of diarylalkynes [55]. The trio of
the exocyclic C-C (1.4379 (2) &), C=C (1.1890 (1) A) bonds and
the bond angle at the pyridyl nitrogen (116.30°) in structure 1
all statistically fall within experimental uncertainty based on
99 % confidence level for twenty-one structures with dihedral
angles greater than zero (1.45 (3)-1.42 (2) 4, 1.21 (3)-1.17 (3)
A and 117.7 (8)-116.4 (6)°, respectively) (Table 2). The bond
angle of 116.3 (1)° at the pyridyl nitrogen is typical of
unprotonated/unmethylated pyridine N and possibly that of
1a. Structures 1 and 1a share very close exocyclic C-C bond
lengths (1.4379 (2) and 1.439 (3) A) and CNC bond angles of
116.30°.

The packing motifs of 1 from conventional visualization
(Figure 5a, 5b) reveal a 2D arrangement portraying repeated
dimeric pairs containing antiparallel-displaced monomeric
units wherein each dimeric pair in the 2D array is connected
by edge-to-edge “Cmeta-H--*Npyr” supramolecular synthons: D---A
=3.378 (1) A; H-+A = 2.4722 (7) A; D-HA = 159.42 (7)° and a
periodic face-to-face stacking that is predictive of mm
interactions in space. 1a on the other hand forms slightly
planar layers formed from grooved ribbon via hydrogen bond
interactions. (Figure 5c) The interlayer distance of 3.399 A
falls within the range of interplanar distances of 3.3-3.6 A
established and reported for 1w interactions in planar rings
especially pyridine and other aromatic ring containing systems
[56].
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(d)

Figure 6. The Hirshfeld surface of 1 and 1a mapped on (a) an ESP surface (a, ¢) showing the negative and positive ESP regions indicative of proton acceptor
and donor potentials, respectively (b) dnorm (b, d) showing four red hotspots identifying Cpyr-meta-H*"Npyr contacts in 1 and eight symmetrically distributed red
hotspots attributed to Cpyr-ortho-H*Npyr HBIs that are shorter than the summation of the van der Waals radii of nearest neighbor atoms.

The C-Hortho*Npyr hydrogen bond interactions (HBIs) in 1a
has values of DA = 3.558 A; H--A = 2.707 A; D-HA = 149.5".
This HBI is slightly weaker than that for 1 which pinpoints the
positive effect of the ring twists in 1’s pyridine in favouring
shorter Cmeta-H-**Npyr in the supramolecular assembly. The
H--A values of 1, 1a and 1b’s Cpyr-H-*Npyr on a general scale are
shorter than the sum of the van der Waals radii of 2.75 A
[57,58]. On the other hand, structure 1’s is shorter than those
of co-crystals of acetylene with aromatic azacycles (2.554-2.66
A) [59] but slightly longer than 2.43 A (limit of experimental
error based on the 99% confidence level) reported for polar
assemblies of 2,6-diethynylpyridine.[60] The ZCpyr-H-**Npyr of
159.42 (7)° is higher than 1a’s 149.5° as well as 147.41°
reported for 1,4-bis(4-pyridyl)butadiyne whose lower value
could be attributed to extensive conjugation [44]. The D-H---A
for 1 lies within the range 159 = 6 < 180° relative to reports of
Okhita and co-workers and Kirchner and co-workers [59,60].

The Hirshfeld surface (HS) of 1 mapped over a 3D electro-
static potential (ESP) surface (Figure 6a) at the Tonto-sourced
B3LYP/cc-pVTZ level of theory in the range -0.0669 au (red)
through 0.0 (white) to 0.0632 au (blue) showed that the
intense red, negative ESP regions indicative of hydrogen
acceptors are located on the pyridyl N while another less
intense red ESP region hovers over the C=C bond; reflecting
the presence of m electrons. These features are also present in
the ESP surface of 1b at the same level of theory but in the
range -0.0722 to 0.0418 au. Intense blue, positive ESP regions
indicative of hydrogen donors are located on the meta- and
ortho-hydrogen atoms for 1 and 1a, respectively thus
corroborating the earlier information on Cmeta-H-*Npyr and
Cortho-H-**Npyr HBIs (Figure 6¢).

Structure 1’s HS colored by dnorm (Figure 6b) reveals four
red hotspots that are shorter than the summation of the van
der Waals radii of nearest neighboring atoms. Two are located
over the pyridyl N and the other two over the meta C-H bonds
of the rings. By generating external fragments, four Cpyr-meta-
H-Npyr hydrogen bond interactions with di..n = 2.348 A and
ZC-Hpyr-meta*Npyr = 158.27° were identified. While the conven-
tional visualization via Mercury viewer caught only the Cpyr-
meta-H-*Npyr hydrogen bond interactions, Hirshfeld via dnorm
surfaces was able to identify and quantify Cpyr-meta-H+*H-Cpyr-
ortho (di-1= 2.883 A, £Cpyrmeta-H-H = 122.48°, £Cpyr-ortho-H-+H =

77.480, Zprr»meta‘H'"H = 113.060, Zprr-ortho'H"'H= 85.570,
Zprr-meta'H'"Hz 122.48°, Zprr-ortho'H'"Hz 85.570), prr-meta'
HeCr (di-cn= 2.851 A, ZCpyr-meta-HCr = 131.65°) Cr-Cr and
CrN contacts. These corroborate the contacts H--H, H-Cy,
CrCr, CrN and H-N which had reciprocal contacts
occupying surface areas of 41.0, 22.7, 14.5, 0.3 and 21.5%,
respectively.

Figure 6d is the HS of structure 1a coloured by dnorm and it
reveals eight hotspots that are symmetrically distributed over

2.593 & and ZCpyr-ortho-H*Npyr = 134.33-147.97 °. The du-n of
1a are longer and weaker than those of 1 and the bond angles
of the latter are closer to linearity than those of the former.
Aside the HBIs identified by the conventional Mercury viewer,
Hirshfeld via dnorm mappings identified and quantified Cpyr-meta-
H-+H-Cpyr-meta (dn--1 = 2.385 A, ZCpyr-meta-HH = 151.68 °, ZCpyr-
meta-H-*H = 146.54 °. These are in alignment with N---H and
H--H contacts with reciprocal surface areas of 16.9 and 36.9 %.
Other contacts such as N--N, C--N, C--H and C--C are present
with reciprocal surface areas of 0.3, 3.6, 36.3 and 5.9%. Based
on the foregoing, CrystalExplorer has shown the excellent
advantage it has over the conventional structure viewer
application in unraveling indistinct atom---atom interactions.

This work projects structures 1 and 1a as containing a
pyridine moiety with a strong tendency to self-assemble
laterally to form 1D and 2D layers via edge-to-edge Cpyr-
H-~Npyr and edge-to-face Cpyr-meta-H--Tt interactions while the
face-to-face m--m stacking between the layers result in a stable
3D network. This is the order of crystal lattices with pyridyl
aromatic scaffolds decorated with complementary donor (D =
Caromatic-H) and acceptor (A = Npyriay1) motifs. It was noticed that
both conventional and Hirshfeld analyses showed 1 to have
shorter and stronger H-~Npy bonds than 1a by 0.2 A. One
factor that could be responsible for this is the advantage
offered by the twist in 1. The non-covalent attractive forces
between D and A bring individual 1 and 1a monomers in each
layer to closer proximity resulting in much closer distances
between non-attractive hydrogen atoms (~40-41% H--H),
non-attractive hydrogen atoms and carbon atoms (~23-36%
H--Cx) and between aromatic carbon atoms (~10-15% Cr:Cx)
on the pyridyl periphery (Figures 5 and 6).

2020 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.11.1.6-14.1946



Shotonwa and Boeré / European Journal of Chemistry 11 (1) (2020) 6-14 13

PR

d i

U6 U 10 T2 T4 16 T8 Z0 ZZ 74

TU TZ T4 15 T8 20 T

di

UE UF 10 T2 T8 16 T T

(b)

Figure 7. (i) H-Cx: wings on FPs, (ii) Cr'Cr: hot points distributed in di-de region of FPs, (iii) N--H: wings located between spikes and external wings and (iv)
H-+H: mandibular splitting of the non-bonding contacts located between spikes or antennae for 1 (a) and 1a (b).

The remarkable rigidity of the acetylene spacer in 1
afforded rigid topologies rather than wavy-layered
architectures seen in 1a and reported for some solid-state
investigation of aza-heterocycles [61]. Figure 7 are fingerprint
plots (FPs) highlighting the dominating contacts in 1 (Figure
7a) and 1a (Figure 7b). These plots are simplified 2D
representation of complex intermolecular interactions and
their information using unique colour plots called fingerprints
of those interactions (wings, spikes, mandibular splittings,
etc). 2D fingerprint plots herein provide a discernible
summary of the number of combinations of external and
internal distances (di and de) across the surfaces of 1 and 1a.
So, they do not only show what intermolecular interaction is
present, but also the relative area of the surface covered by
individual interaction (reciprocal surface area mentioned
earlier for diverse contacts).

4. Conclusion

Crystal structures of a number of co-crystals and metal
complexes of bis(4-pyridyl)acetylene have been reported
decades before the valid crystalline reports of pure bis(4-
pyridyl)acetylene were known. Solid-state studies via
conventional and Hirshfeld analytical techniques have proved

to provide valuable answers to these occurrences. The
existence of the pure forms of bis(4-pyridyl)acetylene are less
favorable compared to the co-crystals and metal complexes
(metal organic frameworks and the likes); a case of the
network stabilities afforded by homo- and hetero-molecular
intermolecular contacts respectively.
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