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Abstract

Parallel, off-set n[ C(=O)N(H)N=C] m(phenyl) interactions are observed in the crystal of (2-
thienyl) CH2CON(H)-N=C(H)Ph, along with more conventional non-covalent interactions. All
notable interactions have been analysed by the calculated Hirshfeld surfaces, NCI plots and
QTAIM analysis. The n[C(=O)N(H)N=C] n(phenyl) interactions, whereby the N(H) atom
lies over the ring centroid and with the N and C atoms on either side of the N(H) atom closely
overlay 1,3-carbon atoms of the phenyl ring, are shown to be attractive. Theory suggests the
energy of association provided the n[C(=O)N(H)N=C] n(phenyl) interaction to the molecular

packing to be about 15 kJ/mol, a value similar to that provided by similarly orientated benzene
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and pyridine rings. A survey of the literature of related structures suggests comparable

interactions occur in approximately 5-6% of crystals where they can potentially occur.

Footnote

1 Electronic supplementary information (ESI) available: HRMS spectrum, diagrams of
analogous [ C=NN(H)C(=0)] n(phenyl) interactions occurring literature crystals along with
full bibliographic details and selected geometric parameters. CCDC 2036031 contains the
supplementary crystallographic data for this paper. For ESI and crystallographic data in CIF or

other electronic format see DOI: 10.1039/d0cexxxxxx

Introduction

Non-covalent interactions involving aromatic rings have enormous implications in
fundamental biological process pertaining, perhaps most prominently, to the structures of
proteins themselves as well as protein-ligand (drug) interactions.!”> In addition, these are of
obvious importance in supramolecular chemistry as this relates to the packing of molecules in
crystals.®”. Recent research on the classical interaction between dimers of benzene molecules
reveals interesting observations concerning the energetics of these contacts. First and foremost,
is the observation of the edge-to-face (or T-shaped) interaction'® is associated with the
maximum (most stabilising) interaction energy of —11.9 kJ/mol.!!. The most stable interaction
energy for parallel alignments of benzene rings, i.e. —11.7 kJ/mol, occurs when the rings are
off-set by 1.5 A; significant interaction energies persist at even greater off-sets.!> The strength
of the arenearene interaction can be manipulated by systematic chemical substitution'>!*
and/or degree of off-set.!>!® It should be noted that aromaticity is not the sole criterion for

stacking interactions. Thus, studies of cyclohexane ‘cyclohexane interactions exhibit

significant interaction energies.!’ Greater stabilising energies are noted when



cyclohexane -arene interactions are considered, energies which are greater than those
associated with benzene benzene interactions;!” the off-set between interacting species is also
a crucial consideration influencing the relative energy.'®!

While not as well-developed as investigations into the various interactions between
arene rings,”’ stacking interactions involving heterocyclic rings also have obvious relevance to
protein-drug interactions.?!?* In terms of theory, it is not surprising that the pyridine molecule
has attracted most attention.>*?> One set of calculations show the T-shaped approach between
two pyridine molecules, i.e. C—H n(pyridine), results in an interaction energy of —14.9 kJ/mol,

being less favourable than stacking interactions (—15.9 kJ/mol).?®

A subsequent study again
highlighted the importance of parallel, off-set interactions between pyridine molecules.?’
Arising from a balance between dispersion and repulsion effects between the interacting
species, substantial attraction is also apparent at large off-set values (4.5 A).?’

Thienyl compounds have found wide uses in the optical and electrical areas,?® as well

as in biological fields.?” Studies into the latter relate to anti-bacterial,*

including anti-
mycobacterial,>! anti-inflammatory”? and anti-cancer activities.*> In continuation of previous
work on the biological activities and structural chemistry of acetohydrazides**¢ led to the
investigation of such derivatives bearing thienyl residues. Thus, four series of 2-
thienyl(CH2),C(=O)N(R)N=C(H)-Ar [n = 0 or 1; R = H or Me] were prepared and tested as
tuberculostatic agents against Mycobacterium tuberculosis H37Rv (ATTC27294)*7*% and
against three cancer cell lines.** The crystal structures of two members of this series have been
described, namely with Ar = 2-HOC¢H4 3 and Ar = 5-nitro-thien-2-y1.*’ It was during these
investigations that the parent compound, 1, Fig. 1, was crystallised. When evaluating the

molecular packing in the crystal of 1, a seemingly unusually close separation between the

overlapping planes through the C(=O)N(H)N=C and phenyl residues was detected. Herein, a



crystallographic and extensive computational chemistry study of 1 is described which suggests

the unusual contacts is in fact a stabilising [ C(=O)N(H)N=C] n(phenyl) interaction.
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Fig. 1 Chemical diagram for N'-[(1E)-phenylmethylidene]-2-(thiophen-2-yl)acetohydrazide

(1).

Experimental

Chemicals and instrumentation

Melting points were determined on a Buchi apparatus and are uncorrected. Infrared spectra
were recorded on a Thermo Nicolet Nexus 670 spectrophotometer in KBr. NMR spectra were
recorded on a Bruker Avance 400 machine operating at 400.00 MHz (‘H) and 100.0 MHz
(3C{'H}) in DMSO-ds solution. Thin layer chromatography (TLC) plates, coated with silica
gel, were run in chloroform / methanol mixtures and spots were developed using ultraviolet
light. The HRMS spectrum was measured on a Bruker Compact instrument with an ESI source

and in the positive mode.

Synthesis of N'-[(E/Z)-phenylmethylene]-2-(thien-2-yl)acetohydrazide (1)

Initially, 2-(thien-2-yl)acetohydrazide was prepared. A solution of methyl 2-thienylacetate
(1.0 g, 1.0 equiv.) and hydrazine hydrate (2.8 ml, 1.5 equiv., aqueous solution 55%) in EtOH
(5.0 ml) was stirred for 1 h at 80 °C, then concentrated under reduced pressure. The residue
was successively washed with cold EtOH (2 x 10 ml) and Et;O (2 x 10 ml), and recrystallized
from EtOH as a yellow solid (0.75 g, 75%). M.pt: 90-91 °C. A solution of 2-(thien-2-

yl)acetohydrazide (0.2 g, 1.0 equiv.) and benzaldehyde (1.2 equiv.) in EtOH (2.0 ml) was
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stirred at room temperature until TLC indicated reaction was complete. The reaction mixture
was concentrated under reduced pressure and the residue was washed with cold Et2O (2 % 10
mL) and recrystallised from ethanol. Yield: 0.18 g, 52%; white solid; M.pt: 135-137°C.
HRMS m/z: 267.0556 for Ci13H12N20OS+Na (calcd. 267.0568). The peak at 511.1219 is the

[2M.Na]+ peak; the spectrum is shown in ESIf Figure S1.

Spectroscopic characterisation

IR Amax (cm™'; KBr): 3178 (N-H); 1667 (C=0); 1608 (C=N). 'H NMR (400 MHz; DMSO-ds)
d: 11.63 (0.33H, s, NH, anti-conformer), 11.45 (0.66H, s, NH, syn-conformer), 8.21 (0.33H, s,
C(H)=N, anti-conformer), 8.02 (0.66H, s, C(H)=N, syn-conformer), 7.76—7.36 (5H, m, H-9 to
H-13), 7.35 (1H, dd, J= 5.0 & 1.5 Hz, H-2), 6.99-6.97 (1H, m, H-4), 6.96—6.94 (1H, m, H-3),
4.19 (1.33H, s, CHa, syn-conformer), 3.78 (0.66H, s, CHa, anti-conformer). '3C NMR (100
MHz, DMSO-ds) o: 171.1 (CO, anti-conformer), 165.6.0 (CO, syn-conformer), 147.4
(C(H)=N, anti-conformer), 143.6 (C(H)=N, syn-conformer), 137.2 (C-8), 134.6 (C-1), 130.5,
130.3 & 129.3 (C-9, C-11 & C-13), 127.5, 127.3, 127.2, 126.9 (C-2, C-3, C10 & C12), 124.8

(C-4), 35.3 (C5, syn-conformer), 33.2(CHa, anti-conformer).

X-ray crystallography

Intensity data for a colourless crystal of 1 (0.08 x 0.10 x 0.60 mm) were measured at 100 K on
a Bruker-Nonius FR591 rotating anode fitted with a rotating anode; MoKa radiation (A =
0.71073 A) so that data completeness was made at Omax = 25.2°. The data processing employed
COLLECT* and DENZO,* and the absorption correction, based on multiple scans, was
accomplished with SADABS.** The structure was solved by direct methods* and the
refinement was by full-matrix least squares on F? with anisotropic displacement parameters for

all non-hydrogen atoms.*> The C-bound hydrogen atoms were placed on stereochemical



grounds and refined with fixed geometries while the N-bound hydrogen atom was located from
a difference map and refined with N-H = 0.88+0.01 A. A weighting scheme of the form w =
1/[6*(Fo?) + (0.049P)* + 3.244P] where P = (Fo,* + 2F.*)/3 was introduced in the refinement.
Owing to poor agreement, one reflection, i.e. (1 1 0), was omitted from the final cycles of
refinement. The programs WinGX,*¢ ORTEP-3 for Windows,*’ PLATON*” and DIAMOND*
were also used in the study.

Crystal data for 1 at 100 K: C13H12N2O S, M =244.31, monoclinic, C2/c, a=21.7010(7)
A, b=6.17372) A, c=20.5621(7) A, p=120.251(1)°, V' =2379.68(14) A®, Z=8, Dx = 1.364
g cm?, u=0.256 mm', no. reflections measured = 14482, no. unique reflections = 2733, no.

reflections with 7> 26(/) = 2135, R (obs. data) = 0.042, Ry (all data) =0.111.

Computations

The geometry optimisation of 1 was performed at the Becke Three-parameter Lee-Yang-Parr
Hybrid Functionals B3LYP*/Def2TZVP>%! level of theory through Gaussian16°? using the
experimental coordinates as the input. The Hirshfeld surface analysis was performed using
Crystal Explorer 17 (ref. >*) based on the methods reported in the literature.>* The dnorm map
was obtained by calculating the normalised distances from the contact points on the surface to
the nearest nucleus inside (d;) or outside (d.) the surface upon the adjustment of all X—H bond
length to their neutron-derived values.”> The molecular electrostatic potential map (MEP) was
obtained by mapping the electrostatic potential over the Hirshfeld surface using the Becke
Three-parameter Lee-Yang-Parr Hybrid Functionals B3LYP* with the 6-31G(d,p) basis
set’>>7 while the intermolecular interaction energies were calculated using the dispersion
corrected CE-B3LYP/6-31G(d,p) model;>® both sets of calculations o were executed through
the Tonto quantum modelling package®® integrated in Crystal Explorer 17.> The natural

bonding orbital®®®! (NBO) analysis, at the B3LYP*/Def2TZVP>*! level of theory was



calculated with Gaussian16.%> The combined quantum theory of atoms in molecules (QTAIM)
and non-covalent interaction plot (NCIPLOT) were performed with the Multiwfn program®

63-65 a5 well as the visualisation index derived

based on topological analysis of electron densities
from the reduced density gradient.®%” The resulting isosurfaces were visualised using the

VMD molecular Graphics Viewer.%®

Results and discussion

Compound 1 was synthesised from the 1:1 condensation reaction between 2-(thien-2-
yl)acetohydrazide and benzaldehyde. The notable feature of the spectroscopic analysis is the
appearance in DMSO-dg solution of both syn- and anti-dispositions for the amide C(=O)-NH
residue; the molecule adopts an E-configuration about the imine-C=N bond. This is manifested
primarily in the appearance of distinct resonances for the amine-H, imine-C(H)=N and
methylene-H protons in the 'H NMR, and for the carbonyl-, imine- and methylene-C nuclei in
the >*C{'H} NMR. The integration of the relevant 'H NMR proton resonances indicates the
most prominent conformer for 1 is the one with the syn-disposition of the amide residue, in a
2:1 ratio. These observations are consistent with previous NMR spectral and theoretical studies
of acetohydrazides, RC(=O)N(H)N=CHR', which indicate in solution that they generally exist

69-72

mainly or solely as mixtures of syn- and anti-conformers. Computational chemistry

calculations on representative molecules show the syn-isomer is more stable, e.g.
HC(=O)N(H)N=CH(2-pyridyl) (5.06 kJ/mol) and PhC(=O)N(H)N=CH(2-pyridyl) (15.28
kJ/mol) by relatively little energy.”> The absence, or very low proportions, of forms involving
the Z-conformer about the imine-C=N bond is a consequence of steric hindrance. The NMR

study conducted on 1 follows these general findings.

Molecular structure



The experimental molecular structure of 1 is shown in Fig. 2. In keeping with the spectroscopic
study, the configuration about the imine-C=N bond is E, and the disposition of the amide group
is syn. The molecule is twisted about the C5-C6 bond as seen in the C1-C5—-C6-N1 torsion
angle of -90.79(19)°, indicative of a -syn-clinal (-sc) conformation, and in the dihedral angle
of 86.82(11)° formed between the aromatic rings, indicative of a near to perpendicular
orientation. The central residue comprising the O1, N1, N2, C6 and C7 atoms is effectively
planar, exhibiting a r.m.s. deviation of 0.0105 A with a maximum deviation of 0.0179(12) A
for the N1 atom; the appended methylene-C5 atom lies 0.098(5) A out of the plane to the same
side as the N1 atom, and the phenyl-C8 atom lies 0.067(3) A to the other side. The crucial
bond lengths are summarised in Table 1: these are suggestive of delocalisation of n-electron

density of the planar, central residue.
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Fig. 2 The molecular structure of 1 showing atom-labelling scheme and displacement

parameters at the 50% probability level.

Table 1 Key geometric parameters (A, °) for the experimental (X-ray) and geometry optimised
structures of 1
Parameter X-ray Optimised

NI1-N2 1.378(2) 1.351



C6-01 1.236(2) 1.214

C6-N1 1.351(2) 1.378
C7-N2 1.282(2) 1.279
0O1-C6-N1 120.41(16) 119.4
01-C6-C5 120.98(16) 123.0
N1-C6-C5 118.50(16) 117.6
N2-N1-C5 121.20(15) 124.4
NI1-N2-C7 115.29(15) 117.7
O1,N1,N2,C5,C7/S1,C1-C4 80.97(11) 70.1
O1,N1,N2,C5,C7/C8-C13 5.9(2) 3.0
S1,C1-C4/C8-C13 86.82(5) 73.1

The geometry optimised structure for 1 was also calculated; selected derived geometric
parameters are collated in Table 1. There is a close concordance between the molecules as
illustrated in Fig. 3 with relatively minor differences in conformation. It is instructive to
evaluate differences in the key bond lengths within the central C(=O)N(H)N=C residue, most
notably the shortening of the NI-N2 and C6-O1 bonds in the optimised molecule with a
concomitant lengthening of the C6-—N1 bond, consistent with reduced delocalisation of =-

electron density over the residue in the gas-phase.



Fig. 3 Overlay diagram for the experimental (black image) and geometry-optimised (green

image) structures of 1.

Molecular packing

In addition to conventional hydrogen bonding, a number of other non-covalent interactions
were identified in the crystal of 1, based on an analysis conducted on the geometric criteria
assumed in PLATON.*” The syn-disposition of the amide-H and carbonyl-O atoms facilitates
the formation of an eight-membered {--*OCNH}, synthon via amide-N-H---O(amide)
hydrogen bonding. Directional interactions between the dimeric aggregates within the three-
dimensional architecture include thien-2-yl-C—H---O(amide), thien-2-yl-C—H:--w(phenyl),
methylene-C—H: - -(thien-2-yl) and phenyl-C- - -n(thien-2-yl) interactions; a view of the unit-

cell contents is given in Fig. 3(a).

Table 2 A summary of the geometric parameters (A, °) characterising the key interatomic
contacts (A—H'B) in the crystal of 1
Contact H---B A--B A-H--'B Symmetry

operation
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1Ya-x, -Y2-y, 1-z

2.851(2) 175(2)

1.98(2)

NI1-Hln---O1

x, 1+y, z

148

3.277(2)

243

C2-H2---01

Yatx, Va-y, Yotz

137

3.531(2)

2.78

C4-H4---Cg(C8-C13)

1YVa-x, -Yaty, 175-2

147

3.564(2)

2.69

C5-H5b---Cg(S1,C1-C4)

1%5-x, 1/2-y, 1-z

177

3.766(2)

2.82

C9-H9--Cg(S1,C1-C4)




Fig. 4 Images of the molecular packing in 1: (a) a view of the unit-cell contents in projection
down the b-axis, (b) view of the supramolecular aggregation along the a-axis and (c) a detailed

view of the overlay of the C(=O)N(H)N=C and phenyl residues.

Of particular interest in the packing are the interactions along the a-axis. As shown in
Fig. 3(b), apparent in this direction are thien-2-yl-C—H---O(amide) and phenyl-C- - -m(thien-2-
yl) interactions as well as the seemingly parallel orientation of the phenyl rings. However,
rather than close mn(phenyl)---m(phenyl) contacts, more prominent are ostensible
n[C(=O)N(H)N=C]- - -n(phenyl) interactions as highlighted in Fig. 3(c). Here, the amide-N
atom lies plumb to the ring centroid of the phenyl ring with the N---Cg(phenyl) separation =
3.27 A, compared with a van der Waals separation of 3.45 A being the sum of the van der
Waals radius of nitrogen (1.55 A)”* and a phenyl ring (1.90 A).”> Also notable is that the imine-
C and amide-C atoms of the C(=O)N(H)N=C fragment lie over 1,3-C atoms of the phenyl ring
with C---C separations of 3.295(3) and 3.347(2) A, respectively. The dihedral angle between
the C2N20 and phenyl residues is 5.73(10)°. The cited geometric parameters resemble those
that might be observed in a regular parallel, off-set m(phenyl)- - -n(phenyl) interaction and forms
the primary focus of subsequent investigations. It is noted the angles about the N1 atom sum
to 359.9° consistent with conjugation through the C(=O)N(H)N=C residue, mentioned above,
and is suggestive the presence of a significant n-hole on the nitrogen atom.”®”® Finally, as the
N1 atom sits atop of the phenyl ring centroid, the off-set between the n-systems is close to 1.39

A, being the separation between the ring centroid and atom C11.

Hirshfeld surface analysis
The Hirshfeld surface analysis was performed to understand more fully the nature of

supramolecular interactions present in the crystal. As shown in Fig. 5, the dnorm mapping
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reveals there are several close contacts with contact distances shorter than the sum of van der
Waals radii (XvdW) as indicated by the presence of red spots on the mapped surface. The most
intense red spots arise from the amine-H1n---O1(amide) hydrogen bond with the dnorm contact
distance of 1.85 A being significantly shorter than the ZvdW radii by about 0.77 A,*’ Table 3.
Other red spots are attributed to thien-2-yl-H2---O1(carbonyl), amide-C6---C13(phenyl) and
methylene-H5b- --C2(thien-2-yl) contacts with their intensity being proportional to A|dnorm —

TvdW| of 0.287, 0.105 and 0.040 A, respectively.

Fig. 5 Two views of the Hirshfeld surface for 1 mapped over dnorm Within the range -0.0518 to

1.0300 arbitrary units.
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Table 3 A summary of the dnorm contact distances for interactions present in the crystal of 1 as
computed through an analysis of the calculated Hirshfeld surface. The X—H distances have

been adjusted to their neutron values

Intermolecular  Distance (A)  ZvdW (A) Aldhorm — XvdW| Symmetry

Contact (A) Operation
N1-Hln---O1  1.85 2.61 0.77 1Ya-x, -Y2-y, 1-z
C2-H2---01 2.32 2.61 0.29 x, 1+y, z
C6---C13 3.30 3.40 0.11 x, 1+y, z
C5-H5b---C2  2.75 2.79 0.04 1Y5-x, -Yaty, 175-z

The C6 atom in the acetohydrazide fragment [O1=C6—N1(H1n)-N2=C7] and C13 in
the phenyl ring (C8-C13) of the symmetry related molecule (see Table 3) has been identified
on the calculated Hirshfeld surface. While the adjacent the N1---Cg(phenyl) and N2---C11
contacts do not appear, the putative n[ C(=O)N(H)N=C]- - -n(phenyl) interaction is supported by
shape the complementarity revealed through the Hirshfeld surface mapped over the curvedness

property between the two overlapped fragments, as highlighted in Fig. 6.
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Fig. 6. The Hirshfeld surface for 1 mapped with curvedness for the phenyl ring (C8-C13) (top)
and acetylhydrazide residue [O1=C6—NI1(HIn)-N2=C7], highlighting the shape

complementarity between the two molecular fragments.

Computational chemistry
In an attempt to establish further proof for the n[ C(=O)N(H)N=C] n(phenyl) interaction in the
crystal of 1, several computational methods including NBO (Natural Bond Order) analysis,
MEP (Molecular Electrostatic Mapping) mapping, QTAIM (Quantum Theory of Atoms In
Molecules) and NCI (Non-Covalent Interaction) plot calculations were employed to study the
close contacts between the atoms of the interacting acetohydrazide and phenyl fragments.
Initially, an NBO analysis was conducted for the optimised molecule (see above) to
verify the conjugation along the O1=C6-N1(H1n)-N2=C7 fragment with results presented in
Table 4. Through the calculation of the hybrid composition of the corresponding NBO’s for
the acetohydrazide fragment, the expected sp® hybridisation is clearly evident for the O1, C6
and C7 atoms. Of interest is the composition of the of orbitals for the nominally sp>-N1 and
sp>-N2 atoms. The calculations show clear evidence of sp*-character about N1 in the bonds it
forms with N2 and C1. Complementing this are deviations from sp?-character in the bonds
formed between the N2 atom and each of N1 and C7. The obtained results indicate the
molecule exhibits significant conjugation along the heteroatoms of the O1=C6—N1(HIn)—

N2=C7 fragment.

Table 4 The hybrid composition of natural bonding orbitals within the O1=C6-N1(H1n)—

N2=C7 fragment

X-Y X Y
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Overall % s % p Overall % s % p

occupancy occupancy

(%) (o)
O1=C6 | 63.6 39.4 60.0 36.4 343 65.7
N1-Cé6 62.4 37.4 62.3 37.6 30.3 69.6
NI-N2 |[533 333 66.6 46.7 24.4 75.2
N2=C7 |59.3 41.6 57.9 40.7 34.2 65.7

Despite the restricted flow of electrons along the conjugated bond, MEP mapping
shows this phenomenon does not significantly affect the interaction between the
acetohydrazide residue and phenyl ring, as these structural fragments exhibit complementary
(opposite) electrostatic potential charges that leads to attraction between them, as illustrated in

Fig. 7.

: Cg:-0.0061 a.u.
N1: +0.?109 a.u. N2: 400124 a.u. g

C6: +0.0100 a.u. C€13: -0.0053 a.u.

-0.0341 a.u. +0.1063 a.u.

Fig. 7 The two views of the MEP map calculated for 1, showing the electrostatic potential

charges of the interacting atoms in the O1=C6—N1(H1n)-N2=C7 and phenyl ring fragments.

The NCI plot and QTAIM analysis further justifies the existence of the conjugated

n[C(=O)N(H)N=C]---m(phenyl) interaction. Referring to Fig. 8, there is a considerable large,
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localised green domain appearing between the fragments in the NCI plot, indicative of a weakly
attractive interaction, along with the presence of bond critical points connecting the C6---C13,
N1---C11 and N2---Cl11 pairs of atoms. These results signify the formation of attractive

interaction between these residues.

Fig. 8 A diagram combining the NCI plot and QTAIM analysis between the stacking regions
of 1, showing the attractive interaction represented by the green domain (indicative of weak
attraction; the blue and red domains are indicative of strong attraction and strong repulsion,
respectively) along with interactive paths characterised by the bond critical points. For the NCI

isosurface, the cutoff is set as RDG = 0.5 a.u. and colour scale is within -0.4 <p < 0.04 a.u.

Quantification of intermolecular contacts

Having established the presence of conjugated n[C(=O)N(H)N=C]---n(phenyl) interaction in
1, the pairwise molecules were subjected to quantitative calculation of the interaction energy
(Eint) in order to estimate the strength of this and other interactions prominent in the crystal;
data are collated in Table 5. The calculations show the Eix for the conjugated - - -7 interaction

together with the C2-H2---O1 contact is about —33.3 kJ/mol, a value relatively weaker than
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the pair of conventional NI-H1n---O1 hydrogen bonds within a {---OCNH}, synthon with an

Einc of —82.6 kJ/mol, Table 5.

Table 5 Interaction energies (kJ/mol) for close contacts present in the structure of 1

Close contact Eele Epol Edisp Erep Erot Symmetry
operation

{N1-HlIn---Ol}2 -1204 -18.1 —15.7 71.6 —82.6 12-x, -V-y, 1-z

C2-H2---01 + -25.1 —4.7 -37.1 33.6 —33.3 x, 1+y, z

C6---C13 +

NI1---Cg(C8-C13)

+N2---Cl1

C5-H5b---C2 -12.3 -1.4 -23.9 16.5 —21.1 1Yo-x, -Yaty, 1Y4-z

The cooperation of the n[C(=O)N(H)N=C]---n(phenyl) and C2—H2---O1 interactions

between molecules serves to highlight that intermolecular contacts between molecules do not

operate independently in crystals and to the difficulty of ascertaining the contributions of

specific contacts. A closely related system available for comparison is the idealised pyridine-

benzene dimer.>>2” Various orientations and off-sets for parallel interactions for this system

have been evaluated computationally.?’ For a parallel ring off-set between the rings comprising

the pyridine-benzene dimer of about 1.39 A, the energy of stabilisation between the rings is

approximately 15.2 kJ/mol.?’ As indicated above, the off-set between the m-systems in 1 is

about 1.39 A and thus this energy of stabilisation can be a preliminary approximation for the

energy of stabilisation provided by the n[C(=O)N(H)N=C]- - -n(phenyl) interaction.

Literature precedents

18



In order to assess the prevalence of analogous n[ C=NN(H)C(=0)]n(phenyl) interactions in
the crystallographic literature, a search of the Cambridge Structural Database®® (CSD version
5.42 plus two updates) was conducted employing ConQuest (version 2021.1.0).8' The CSD
was searched for crystals containing both CC=NN(H)C(=0)C fragments along with an arene
ring. The primary search criterion was geometric in that the separation between the central
nitrogen atom of the C=NN(H)C(=0) fragment and the ring centroid of the arene ring was less
than 3.45 A, a value based on the sum of the van der Waals radii for the interacting species.’*”
Additional criteria were that the three-dimensional coordinates were available, R < 0.075, there
were no errors or disorder, no ions, single crystal data only for solely organic molecules. This
resulted in 73 hits after the removal of six duplicates. The bibliographic details, key geometric
parameters and structural diagrams of the supramolecular aggregates featuring
n[C=NN(H)C(=0)] 'm(arene) interactions in the 73 hits are shown in ESIT Tables 1 and 2. The
first noteworthy observation to be made before discussing more specific details is that in all
hits there is a close superimposition of the carbon atoms of the C=NN(H)C(=0) fragment over
1,3-carbon atoms of the arene ring as observed in 1.

The chemical diagrams for the specific molecules to be discussed in the following are
given in Fig. 9. The first distinguishing feature between the 73 structures is the configuration
of the amide group. Only in six examples are the amide-O and H atoms syn, as observed in 1.
Two examples, ie. sl (ref. ®%) and s2,** associate via a n[C=NN(H)C(=0)]n(phenyl)
interaction to form a centrosymmetric dimer, as illustrated in Fig. 10a for s1; this molecule is
also notable for being the only example among the 73 to be discussed whereby the amide group
is incorporated within a ring. As for 1, linear chains are found in the remaining examples, s3-

s6 (refs 3+87),
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Fig. 9. Chemical diagrams for selected literature acetohydrazide derivatives.

The remaining 67 aggregates feature the amide group with an anti-configuration. The
molecules in al (ref. 3%) and a2 (ref. 3°) have the common feature that two molecules comprise
the asymmetric-unit and these associate by a single 1 C=NN(H)C(=0O)] n(phenyl) interaction
to form a non-symmetric two-molecule aggregate, as illustrated in Fig. 10b for a2, which is
notable for having three C=NN(H)C(=0) residues as well as three phenyl rings available to
form these interactions. There are 32 crystals featuring centrosymmetric dimers, namely a3-
a34 (refs. °!2!) with the dimer formed by al7 (ref. ') illustrated in Fig. 10c. It is noted that
only one of the two C=NN(H)C(=0) residues of a34 (ref. '*!) forms the
n[C=NN(H)C(=0)] ‘n(phenyl) interaction. A further clue on the likelihood for molecules to
self-associate via i C=NN(H)C(=0)] n(phenyl) interactions in their crystals is indicated by
the number of crystals among this sub-set that feature multiple molecules in the asymmetric-
unit. Thus, for each of a4,’! a9,°° a12,” a14,'%! a17,'* a20,'"” a26 (ref. ''*) and a29,''® two
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molecules comprise the asymmetric-unit yet only one of these self-associates to form the two-
molecule aggregate. This theme continues for a8,%> for which only one of the four independent

molecules forms a dimer.

Fig. 10. Images of n[ C=NN(H)C(=0)] n(phenyl) interactions leading to dimeric aggregates
in (a) s1, (b) a2 and (c) al7; refer to Fig. 9 for the chemical diagrams of the participating

molecules.

The remaining aggregates to be discussed are supramolecular chains. The chains in
crystals a35-a55 (refs '?!"1*%) have a linear topology as exemplified by a47 (ref. 1*?) in Fig. 11a.
In this assembly, each molecule forms, on average, one donor and one acceptor
n[C=NN(H)C(=0)] n(phenyl) interaction. Variations are noted in a56 (ref. '*°) and a57 (ref.
141y As seen in Fig. 11b, each of the C=NN(H)C(=0) residues in a56 participates in a
n[C=NN(H)C(=0)] n(phenyl) interaction so that on average each molecule forms two donor
and two acceptor interactions within in a linear chain. Two C=NN(H)C(=0) residues are also
present in  centrosymmetric a57 and each of these participates in a
n[C=NN(H)C(=0)] n(phenyl) interaction with a common (central) phenyl ring to a generate
a linear supramolecular chain, illustrated in Fig. 11c. The distinguishing feature of the linear

chains found in a58-a66 (refs '4*15%) is the presence of hydrogen bonded molecules on the
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periphery of the chain, highlighting the concept of cooperativity of intermolecular
interactions;'>! an example is shown in Fig. 11d for a60. The final chain found for a67 (ref.

152) is distinguished by having a zigzag topology, Fig. 11e.

J\*\ 4{ 4:‘\ J\\
x\\ x\ x\
\\
SRR «‘\ ‘*«‘\
\‘\ -\‘\ J\‘\
(b) ‘\ N ‘\

Fig. 11. Images of a[C=NN(H)C(=0O)] n(phenyl) interactions leading to supramolecular

chains in (a) a47, (b) a56, (c) a57, (d) a60.H>O and (e) a67; refer to Fig. 9 for the chemical

diagrams of the participating molecules.

A pair of polymorphs is noted among the literature precedents, namely for a53 (ref. 1)
and a54."%% A polymorph is also known for each of a3,'!! and a5,'>® but neither of these features

[C=NN(H)C(=0)] m(phenyl) interaction in the crystal.
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A brief mention of the geometric parameters characterising the
n[C=NN(H)C(=0)] n(phenyl) interactions for the literature structures as listed in ESI{ Tables
1 and 2 is apposite. From the data collated therein, the shortest separation between the N1
atom and the ring centroid of the arene ring is 3.26 A in a55,'3° with several examples right at
the van der Waals threshold, e.g. a5,”> a32 (ref. ') and a63.'*” The average separation
computes to 3.39 A with the median value also being 3.39 A. The smallest dihedral angle
between the m-systems of 0.8° is found in each of a56 (ref. %) and a3,'!! with the widest angle
of 20.6° noted in a12.** However, there is no correlation between the distance between planes
and dihedral angle with a plot between these parameters having > = 0.02. The greatest
deviation from 360° of sum of the angles about the N1 atom is 358.2° in s4.%

Finally, in order to gauge the propensity of forming n[C=NN(H)C(=0O)] n(phenyl)
interactions in crystals, a search of the CSD was performed employing the criteria outlined
above without the N1 ring centroid distance restraint; the arene ring was not constrained to be
connected to the C=NN(H)C(=0) fragment. This survey suggests that
[ C=NN(H)C(=0)]n(phenyl) interactions form in just over 5.7% of crystals where they can

potentially form.

Conclusions

Experimental and computational evidence for an attractive n[C=NN(H)C(=0)] n(phenyl)
interaction in a crystal of acetohydrazide derivative, 1, is revealed. An estimate of the energy
of stabilisation provided by this association in the crystal of 1 is about 15 kJ/mol. Analogous
[ C=NN(H)C(=0)]'n(phenyl) interactions occur in about 5-6% of crystals where the potential

to form is present.
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