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Graphical Abstract 

Systematic analysis reveals the influence of the aryl substituents upon the formation of 

supramolecular synthons based on N–H···N and N–H···O hydrogen bonding. 
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Abstract 

Crystallography on mono-p-substituted derivatives of 1-(arylamino)-1,2,3-triazole-4-

carbohydrazides, 1 (X = H), 2 (F), 3 (Cl) and 4 (Br), and a 2,5-dichloro (5) analogue, shows the 

molecular structures to be similar.  Distinct hydrogen bonding patterns based on N–H···N and N–

H···O are observed in their crystal structures with 1, having two independent molecules 

comprising the asymmetric unit, displaying one pattern, 2 and 5 another, and 3 and 4 yet another.  

Geometry optimisation calculations indicate any conformational differences in the solid-state do 

not persist in the gas-phase, and that no influence of the substituents is seen in the geometric 

parameters.  A Natural Population Analysis, for both experimental and optimised structures, 

shows the charge on the triazole-N3 atom is at a maximum for 1, as opposed to 2–5, an 

observation correlated with its distinctive packing based around a supramolecular synthon not 

seen in the other structures.  For the molecules having electronegative substituents, Molecular 

Electrostatic Potentials show the energies of the amine-H4n atoms are reduced for 2 and 5, 

compared to 3 and 4.  A further distinction in 2–5 is indicated by the Hirshfeld surface analysis 

which highlights the importance of π···π interactions in 2 and 5, i.e. with the more 

electronegative substituents.  Clearly, there is interplay between various factors but all correlated 

with the influence of the electronegativity of the substituent(s). 

 

 

Introduction 

The importance of close packing considerations in determining space group symmetry is borne 

out by the observation that just over 83% of all molecules in the Cambridge Structural Database 

(CSD)1 crystallise in one of six close-packing space groups, i.e. P1̄, P21, P21/c (including the 
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P21/n setting), C2/c, P212121 and Pbca.  Rather than the 12 spherical neighbours around a 

reference entity in ideal cubic and hexagonal close-packing, the shape of a molecule exerts an 

influence.  Thus, for organic molecules, molecular coordination numbers (MCN’s) have been 

shown to vary between 8 and 22.2a  A closer correlation is found in the crystal packing 

efficiencies for organic molecules which, despite differences in composition, shape, size, lack of 

symmetry, etc., hovers around 0.74, a value near that for ideal spheres.2b  These considerations 

are consistent with the early observation of Kitaigorodsky who suggested that the most important 

contribution to the lattice energy of a crystal was electrostatic which is optimised for close-

packing.3  The importance of global crystal packing considerations notwithstanding,4 the primary 

focus of many crystal structure analyses is upon delineating recognisable points of contact 

between molecules, the most obvious being hydrogen bonding.  For suitably functionalised 

molecules, conventional hydrogen bonding often provides a reliable approach for assembling 

molecules in a specific fashion through a supramolecular synthon approach.5  Taken to an 

extreme, exerting control over the assembly of molecules by strong and directional 

intermolecular interactions potentially usurps close-packing considerations and is a crucial goal 

of crystal engineering. 

In order to ascertain the robustness of specific supramolecular synthons, systematic studies 

of the crystal structures of closely related molecules need to be undertaken, a crucial activity of 

crystal engineering.  Accordingly, an increasing number of systematic studies are appearing in 

the literature where the influence of small changes in substitution patterns, typically in aryl rings, 

upon supramolecular aggregation, typically but not exclusively based on hydrogen bonding, is 

probed.6  It is fair to state that these studies have turned up conflicting conclusions perhaps best 

summarised by “the substituent does not matter” concluded by Harrison et al. studying crystal 
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packing of benzenesulfonyl asparagine derivatives6n and “surprisingly complex supramolecular 

behaviour” by Montis and Hursthouse, investigating the structural chemistry of mono-substituted 

salicylic acids.6j 

In connection with the above and on-going studies into the biological activity of small 

organic molecules against a range of disease,7 several series of structures, differing normally by a 

halide, have been resolved.8  In the most recent study, a qualitative correlation between the 

nature of hydrogen bonding leading to supramolecular chains, i.e. based on N–H···N or N–H···O 

interactions, and the electronic profile of the halide-substituted aryl group was evident.8c  In the 

present study, a series of five 1-(arylamino)-1,2,3-triazole-4-carbohydrazides structures, Scheme 

1, are described.  These compounds, in particular 2, exhibit significant in vitro anti-viral effects 

against Cantagalo virus replication.7a  Herein, substituent-dependent supramolecular association 

mediated by hydrogen bonding in 1–5 is described along with theoretical calculations and 

Hirshfeld surface analysis. 

 

 

Results and discussion 

The structural analyses of three p-substituted derivatives of 1-(arylamino)-1,2,3-triazole-4-

carbohydrazide (1, 3 and 4) along with a 2,5-disubstituted analogue (5) have been accomplished 

(Scheme 1) and compared with a literature derivative (2), for which only brief details of the 

molecular structure were recorded.7a  Of particular interest in the series is the variability in 

supramolecular aggregation patterns based on hydrogen bonding and how this relates to the 

electronegativities of the substituents. 
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 6

Molecular structures 

The asymmetric unit of 1 comprises two independent molecules whereas those of 2–5 have one 

molecule each; see ESI Figs S1-S5 for illustrations of the molecular structures.  As judged from 

the overlay diagram, Fig. 1, and key geometric parameters collated in Table 1, there is 

homogeneity amongst the molecular structures.  Each molecule comprises a tri-substituted 1,2,3-

triazole ring, being connected to hydrazide, methyl and arylamino groups.  Allowing for 

conformational variations, the geometric parameters characterising the molecules are equivalent, 

i.e. independent of the substituent in the aryl ring, and consistent with the canonical structure 

shown in Scheme 1.  The hydrazide group is planar in all molecules with the exception of 2, 

where there is a small twist in the N1‒N2‒C1‒O1 torsion angle, -8.03(18)º.  In 4, an 

intramolecular N1‒H···O1 hydrogen bond is formed that closes an S(5) loop but this is not 

formed in the other molecules, based on the distance criteria incorporated in PLATON;9 see 

Table 2 for geometric details.  In 3 and 4, the hydrazide group is co-planar with the ring but 

twists, up to 16.01(16)º for N2‒C1‒C2‒N3 in 2, are noted in the remaining molecules.  This 

twist precludes the formation of intramolecular N2‒H...N3 hydrogen bonds that close S(5) loops 

observed in 1 and 3‒5.  The N-bound aryl rings project to the one side of the five-membered ring 

with the N4‒N5‒N6‒C5 torsion angles ranging from -71.4(2)º for 4 to -89.83(18)º for 5.  The 

greatest variety in the molecules is found in the relative orientations of the five- and six-

membered rings with the N5‒N6‒C5‒C6 torsion angles covering a range of nearly 30º. 

The experimentally determined structures were subjected to unrestricted geometry 

optimisation calculations (B3LYP theory and the 6-311++G(d,p) basis set) using Gaussian09.10  

The key observation is that the differences in structures evident in the experimental structures, 

Fig. 1, no longer pertains in the gas-phase, Fig. 2.  This is borne out by the narrow range of 
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N5‒N6‒C5‒C6 torsion angles of 163-167º cf. 30º in the experimental structures.  Clearly, in the 

absence of significant differences in 1–5, no influence upon molecular structure is exerted by the 

substituted aryl rings. 

 

Supramolecular structures 

Three distinct crystal packing patterns are observed in 1‒5: the pair of structures 2 and 5 is 

isostructural as are 3 and 4.  In 1, the hydrazinyl-N1‒H atoms of 1A hydrogen bond to amide-O1 

and triazole-N4 of neighbouring 1A molecules, and the amine-N6‒H forms a hydrogen bond to 

the amide-O1, indicating the latter is bifurcated, with the result that two nine-membered 

{···OCNNH···N3H} heterosynthons are formed on either side of a 10-membered {···HN2C}2 

homosynthon, Scheme 2a.  This sequence of three synthons has the shape of the letter S and a 

supramolecular chain aligned along the a-axis results, Fig. 3a.  A similar pattern of association is 

observed for 1B.  Chains comprising 1A and 1B are linked into a layer in the ac-plane, Fig. 3b, 

by amide-N2‒H of 1A forming a hydrogen bond to triazole-N3 of 1B, and amide-N2‒H of 1B 

forming a hydrogen bond to hydrazinyl-N1 of 1A leading to an eight-membered 

{···NC2NH···N2H} heterosynthon, Scheme 2b.  The phenyl rings project to either side of the 

layer allowing for their inter-digitation via face-to-face π···π interactions, Fig. 3c. 

The crystal structures of 27a and 5 are isostructural and the description will focus upon 5.  

While a distinctive pattern of supramolecular association is observed in 5, a common feature is 

the assembly of molecules into a chain along the b-axis as described for 1, Fig. 3a and Scheme 

2a.  The difference arises in the connections between chains to form layers in the ab-plane, i.e. 

via six-membered {···HN2}2 homosynthons, Scheme 2c, formed between hydrazide moieties, 

Fig. 4a.  The layers stack along the c-axis, again allowing for face-to-face π···π interactions, Fig. 
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4b.  An end-on C‒Cl2…π(triazole) interaction is also noted.  Except for the presence of a weak 

hydrazinyl-N1‒H···F1 interaction and the observation that the F1 atom participates in a side-on 

C‒F1···π(aryl) interaction, the overall crystal packing of 2 is just as described, ESI Fig. S6. 

The structures of 3 and 4 are isostructural and the discussion will focus upon the chloride 

species, 3.  Here, a layer in the ab-plane based on inter-connected zigzag C(5) and C(4) chains, 

formed via hydrazinyl-N1‒H···O1 and amine-N6‒H···N4 hydrogen bonds, respectively, Fig. 5a 

and Scheme 2d and 2e.  Centrosymmetrically related layers are connected into a double layer via 

six-membered {···HN2}2 synthons, Scheme 2c.  Additional stability to the latter is afforded by 

hydrazide-N1‒H···π(triazole) interactions, Fig. 5b.  Inter-digitation again occurs allowing 

interactions between the aryl rings of the type π···π and aryl-C‒H ···π(aryl), as well as 

C‒Cl···π(triazole) contacts.  The nature of intermolecular interactions in 4 follows closely that 

just described, ESI Fig. S(7). 

From the foregoing, three different crystal packing patterns are evident, one for 1, another 

for 2 and 5, and the third for 3 and 4.  Referring to Scheme 2, synthon 2b is found in the crystal 

structure of 1 but not in the structures of 2–5, which uniformly feature synthon 2c.  This may 

suggest that the inclusion of electronegative substituents in the aromatic ring reduces the basicity 

of the triazole-N3 atom.  The other difference relates to the adoption of synthon 2a by 1, 2 and 5, 

i.e. with the least and greatest electronegative substituents, and 2d and 2e by 3 and 4, with 

substituents with intermediate electronegativity.  In order to investigate the electronic structures, 

a Natural Population Analysis (NPA) was conducted. 

 

Natural Population Analysis (NPA) 
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A consideration of the NPA charges for oxygen and nitrogen calculated for the optimised 

structures,10 collated in Table 3, was undertaken in order to ascertain any trends that might 

explain the differences in crystal packing; a full listing of the NPA charges for all atoms is found 

in ESI Table S(1).  At first glance, it is clear that while there no systematic variations in the NPA 

charges for the carbonyl-O1 atom, this atom is the most basic site in the molecules but is closely 

followed by hydrazinyl-N1.  Of the remaining nitrogen atoms, amide-N2 is the next most basic, 

then sterically congested amine-N6 followed by triazole-N3.  The foregoing nitrogen atoms are 

significantly more basic than sterically encumbered triazole-N5 and the least basic is triazole-N4.  

Across the series, no trends between the nature of the aryl substituent and NPA charges on the 

nitrogen atoms are apparent, certainly not in the cases of the hydrazinyl-N1 and triazole-N4 

atoms.  However, as in a previous study,8c if the X = F compound (2) is initially ignored, some 

correlations emerge.   While acknowledging differences are small, for triazole-N3, the maximum 

charge is evident in 1 suggesting, the introduction of an electronegative substituent in the aryl 

ring encourages a switching of synthon 2b to 2c.  It is noted that there is increased charge on 

triazole-N5 and reduced charge on both amide-N2 and amine-N6 as the electronegativity is 

increased.  In general, the parameters for 2 fit in with these trends but differences are small or in 

the case of amine-N6, opposite.  A similar analysis was conducted for the NPA charges 

calculated for the molecules in situ, i.e. the experimental structures; values are given in italics in 

Table 3 and a full listing is given in ESI Table S(1). 

Some key differences are evident when NPA charges are calculated for the optimised and 

experimental structures.  For the latter, the amide-O1 atom is the still the most basic site 

followed by hydrazinyl-N1 but compared to the optimised structures these atoms are more and 

less basic, respectively, e.g. for 1, the O1 atom was more basic than N1 by 0.017 in the optimised 
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 10

geometry and this increases to 0.092 in the experimental molecule.  The next most basic atoms 

are amide-N2 or amine-N6 atoms as the differential between these observed in the optimised 

structures no longer persists.  Further, both of these sites are less basic than for the optimised 

structure, by ca 0.05.  The triazole-N3 atom is next in line in terms of basicity and there is little 

differential between the phases.  Finally, triazole-N4 is more basic than triazole-N5, an opposite 

trend to that seen for the calculated structures, the small magnitudes of the charges 

notwithstanding.  In terms of trends for individual atoms, the basicity of the amide-O1 atom is 

reduced when electronegative substituents are present.  A similar trend is found for the N3 atom 

but the differences are smaller; this is again consistent with the exclusive formation of synthon 

2b for 1; Scheme 2.  For both amide-N2 and triazole-N4, the NPA charges for 3 and 4 are lower 

than that for 1 but the values for 2 and 5 are higher. 

 

Molecular Electrostatic Potentials (MEP) 

Recently, the utility of calculating MEP11 for hydrogen bonding sites in molecular compounds 

has emerged as providing useful data for the prediction of supramolecular synthon formation.12  

In short, calculated MEP surfaces are evaluated for maxima and minima corresponding to 

hydrogen bonding donor and acceptor sites.  In the present study these were determined based on 

AM1 calculations and the results for the potential hydrogen bond donors and acceptors are 

collated in Table 4.  Differences are noted for the MEP calculated for 1 and those for 2–5.  First 

and foremost, all four sites are more energetic for 1.  Further, for 1, O1 is the most basic site, 

followed by N1 and N4 with similar energies, and then by N3.  By contrast, O1 is still clearly of 

higher energy followed by N1 in the molecules of 2–5.  There is now a clear differential between 
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 11

the energies for the N1 and N4 sites, with the energies for the N3 atoms being close to those for 

N4.  For the acidic protons, the amine-H4n atom is clearly the most acidic followed by the 

hydrazinyl-H1n, H2n atoms, and then by amide-H3n.  The magnitudes of the energies fall in two 

classes with all four protons in 1 being less energetic than those for 2–5, with one exception.  

The energy for the amine-H4n in 5 is considerably less compared to the remaining molecules, a 

feature that is ascribed to an intramolecular Cl1···H4n contact of 2.812(19) Å formed by the 

ortho-substituted chloride atom; comparable interactions are not possible in the remaining 

structures.  A closer evaluation of the data for 2–5 was undertaken in order to determine any 

differentiation between 2 and 5 on the one hand, and 3 and 4 on the other that might correlate 

with the different crystal packing.  The only systematic variation was in the energies of the 

amine-H4n atoms which were considerably less for 2 and 5.  Given the energy of the amine-H4n 

atom for 1 was also less than those of 3 and 4, a correlation is made in that the tricylic system, 

synthon 2a in Scheme 2, is found for molecules having amine-H4n atom of reduced energy 

compared to the catenated system, synthons 2d and 2e, found for 3 and 4, where the amine-H4n 

atom hydrogen bonds to triazole-N4 rather than amide-O1. 

 

Hirshfeld surfaces 

An analysis of the Hirshfeld surfaces13 calculated for 1–5 was undertaken in continuation of 

related systematic analyses.14  Figs 6 and 7 show surfaces that have been mapped over dnorm and 

shape-index, de, respectively.  Since the asymmetric unit of 1 comprises two independent 

molecules, they are designated as 1A and 1B in the following discussion.  The most easily 

recognisable intermolecular interactions are of the type N–H···N and N–H···O, seen in the 

Hirshfeld surfaces as the bright-red areas, and these are designated separately on the dnorm 
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 12

surfaces in Fig. 6.  The hydrazinyl-N1–H···N4(triazole), hydrazinyl-N1–H···O1, amide-N2–

H···N3(triazole), amide-N2–H···N1(hydrazinyl), amine-N6–H···O1(amide) and amine-N6–

H···N4(triazole) interactions are designated by ‘a – f’, respectively.  In 1, the amide-N12–H···N1 

and amide-N2–H···N13 interactions are denoted by ‘g’ and ‘h’, respectively.   In the case of 2, 

the hydrazinyl-N1–H···F1 interaction is designated by ‘i’ on the dnorm surface.  The diminutive 

spots and very light-coloured regions on the surfaces designate weaker and longer contacts other 

than hydrogen bonds. 

The dominant nature of the N–H···N and N–H···O hydrogen bonds exhibited in each 

structure can be easily identified as two discrete spikes in their individual two-dimensional 

fingerprint plots,15 illustrated in full view in column 1, and in the breakdown plots shown in 

columns 2 and 3 of Fig. 8, which also includes the C···H/H···C contribution in column 4.  The 

prominent pairs of sharp spikes of equal lengths in the region 1.94 Å < (de + di) < 2.15 Å are 

characteristic of N(donor)···N(acceptor) distances16 where the upper spikes correspond to the 

donor spike (de > di) and the lower spike being the acceptor spike (de < di).  The N···H 

contributions of the N–H···N interactions are 13.8, 13.5, 11.9, 11.6, 11.5 and 9.4%, respectively, 

for 1A, 1B, 2–5, and the H···N contributions are 10.4, 11.5, 9.4, 9.2, 9.2 and 7.3%, respectively.  

So, the proportions of N···H/H···N contribution to the total Hirshfeld surface have the lowest 

value of 16.7% in 5 and the highest value of 25.0% in 1B (Fig. 9). 

The O···H/H···O contributions due to N–H···O hydrogen bonding are clearly visible on the 

dnorm surfaces (labelled as ‘b’ and ‘e’ in Fig. 6) and the two-dimensional fingerprint plots.  Here, 

the upper spike signifies the N–H···O hydrogen bonds and the lower spike indicates the O···H–N 

interactions.  The O···H/H···O contribution to the total Hirshfeld surface varies from 7.7% in 5 to 

9.5% in 2. 

Page 14 of 50CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

The different substituents in the aryl ring afford geometric conditions to enable C–H···π 

contacts in the crystal structures of 3 and 4, Table 2.  These C–H···π interactions are represented 

by the bright-orange spots in the de surface (within red circles in Fig. 7).  These interactions are 

also evident through the distinct pair of ‘wings’ exhibited in the two-dimensional fingerprint 

plots (Fig. 8).  At the top left and bottom right of the plots, these wings exemplify the 

characteristics of C–H···π interactions.13a,17,18  The wings at the top left (de > di) correspond to the 

points on the surface around the C–H donor, while those at the bottom right (de < di) correspond 

to the surface around the π–acceptor.  The shape of the surfaces clearly reflects this contact,18,19 

through a broad depression in the surface above the π-electron cloud of the aryl ring.  The 

proportions of Cπ···H/H···Cπ contacts comprise 20.3% and 20.1% of the total Hirshfeld surface 

areas of each molecule in 3 and 4, respectively.  By contrast, no significant C–H···π interaction 

was observed in any of 1, 2 and 5.  The C−H close contacts for molecules 1A, 1B, 2 and 5 

contributes 16.8, 14.2, 7.5 and 6.1%, respectively to the total Hirshfeld surface area. 

From a close inspection of the Hirshfeld surfaces, it is apparent that 1, 2 and 5 exhibit 

face-to-face π−π stacking interactions, Table 2.  The shape index surface (red circles in Fig. 6) 

shows the adjacent red and blue triangles on the surface which is the identification mark of π−π 

stacking interactions.17c,20  The blue triangles represent convex regions due to ring carbon atoms 

of the molecule inside the surface, while red triangles represent concave regions due to carbon 

atoms of the π-stacked molecule above it.  The presence of π−π stacking is also evident on the 

curvedness surfaces shown in ESI Fig. S8.  Here, flat regions at the bottom of either side of each 

molecule are visible.  On the de surface, this feature appears as a relatively flat green region 

(yellow circles in Fig. 7) where the contact distances are very similar.  The corresponding 

fingerprint plots in ESI Fig. S9 show this interaction as a blue-green region on the diagonal 
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around de ≈ di ≈ 1.84 1.85, 1.82 and 1.81 Å for 1A, 1B, 2 and 5, respectively.  Compounds 3 and 

4 do not exhibit π-stacking interactions in the solid-state assembly as evident from the shape 

index (Fig. 6), de (Fig. 7) and fingerprint plots (ESI Fig. S9).  Thus, the contribution to the total 

Hirshfeld surface due to Cπ···Cπ interactions are 4.7, 5.8, 6.9 and 6.6% for 1A, 1B, 2 and 5, 

respectively, whereas these values are only 1.1% and 1.1% for 3 and 4, respectively.  This trend 

is a vindication of other experimental and theoretical studies that indicate face-to-face π···π 

interactions are favoured for more electronegative substituents.21  The relative contribution in 

terms of H···H interactions is reflected in the distribution of scattered points in the fingerprint 

plots.  These compute to 43.8, 43.9, 38.7, 26.5, 25.4 and 28.5% of the total surface area of 1A, 

1B, 2–5, respectively. 

A graphical summary of the percentage contributions for the variety of contacts in 1–5 is 

represented in Fig. 9.  From these values, one can perceive that the other interactions are minimal 

in 1A, being only 1.3% of the total Hirshfeld surface area compared with 2.0, 6.8, 4.8, 5.6 and 

8.9% in 1B, 2–5, respectively. 

 

Conclusions 

The series of mono-p-substituted derivatives of 1-(arylamino)-1,2,3-triazole-4-carbohydrazides, 

1 (X = H), 2 (F), 3 (Cl) and 4 (Br), and a 2,5-dichloro (5) species present similar molecular 

structures and geometric parameters.  Geometry optimisation calculations confirm this with the 

major outcome being that conformational differences in the experimental structures no longer 

persist in the gas-phase.  Distinct hydrogen bonding patterns based on N–H···N and N–H···O are 

observed in their crystal structures with 1, having two independent molecules in the asymmetric 

unit, having one pattern, 2 and 5 having another, and 3 and 4 having a third.  A NPA for both 
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experimental and optimised structures suggests that the charge on the triazole-N3 substituent is 

at a maximum for 1 giving rise to a synthon not observed in 2–5.  A distinction between 

molecules having electronegative substituents, i.e. 2–5, is indicated by MEP which shows the 

energies of the amine-H4n atoms are reduced for 2 and 5.  The Hirshfeld surface analysis 

indicates that conventional hydrogen bonding contributes no more that 25% to the overall 

surface.  A clear distinction between the structures 2–5 is noted in that those with the more 

electronegative substituents, i.e. 2 and 5, formed π···π interactions whereas 3 and 4 did not, an 

observation correlated with electronegativity.  From the foregoing, it appears that there is 

interplay between various factors leading to different supramolecular synthons.  However, a 

discernible influence upon each of these is exerted by the presence of electronegative 

substituents and by the relative electronegativity of these. 

 

 

Experimental 

Synthesis 

Compounds 1–5 were obtained from reactions of substituted phenylhydrazines and ethyl 2-

diazoacetoacetate, as previously reported.7a  For the structural study, the compounds were re-

crystallized from their respective EtOH solutions. 

 

X-ray crystallography 

Intensity data for 1 were measured at 173 K on a Rigaku AFC12/Saturn724 CCD fitted with Mo 

Kα radiation.  Data processing and absorption correction were accomplished with Crystal 

Clear22a and ABSCOR,22b respectively.  Data for 3–5 were measured at 120 K on a Bruker-
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Nonius FR591 diffractometer equipped with a 95mm CCD camera on a κ-goniostat, employing 

Mo Kα radiation (λ = 0.71073 Å) at the EPSRC National crystallographic service at the 

University of Southampton, UK.23  Data collection, data processing and cell refinement and 

absorption correction were accomplished with COLLECT,24a the COLLECT and DENZO 

software combination,24b and SADABS,24c respectively.  The structures were solved by direct 

methods with SHELXS-9725a and refinement (anisotropic displacement parameters, carbon-

bound hydrogen atoms in the riding model approximation and a weighting scheme of the form w 

= 1/[σ2(Fo
2) + (aP)2 + bP] for P = (Fo

2 + 2Fc
2)/3) was on F2 by means of SHELXL-97.25a  The 

nitrogen-bound hydrogen atoms were located in difference Fourier maps and refined with N–H = 

0.88±0.01 Å.  In the refinements of 3–5, reflections were omitted from the final refinement 

owing to their being affected by the beam-stop i.e. 3: (210); 4: (002), (004) and (102); 5: (010).  

Crystallographic data and final refinement details are given in Table 5.  Figures S(1)–S(5) were 

drawn with ORTEP-3 for Windows25b at the 50% probability level, overlap diagrams were 

generated with QMol25c and the remaining crystallographic figures were drawn with DIAMOND 

using arbitrary spheres.25d  Data manipulation and interpretation were with WinGX25b and 

PLATON.9 

 

Computational study 

Geometry optimization of 1–5 was performed using Gaussian09 program package.10  A 

frequency calculation confirmed that each optimized structure was a real minimum without any 

imaginary frequency.  A combination of Becke’s three parameters exchange functional (B3)26 

with the exchange functional (LYP)27 makes up the B3LYP hybrid density functional theory 
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(DFT) method employed in this study using the 6-311++G(d,p) basis set.  Natural population 

analysis (NPA) charges28 were also calculated at the same level of theory. 

 

Electrostatic potential surfaces were mapped onto a particular value of the total electron 

density using the Gaussview and Gaussian CubeGen utilities in Gaussian09.10  GaussView 

generates the cube files internally from a previously created checkpoint file.  The analysis was 

performed on the geometry optimised molecules.  The maxima and minima in the electrostatic 

potential surface (0.002 e au-1 isosurface) were determined using a positive point charge in 

vacuum as a probe.  The charges bear the units of potential as they are determined based on the 

maxima and minima of a calculated molecular electrostatic potential surface which represents the 

points of highest and lowest charge on the molecule. 

 

Hirshfeld surface analysis 

Molecular Hirshfeld surfaces13,15 were constructed based on the electron distribution 

calculated as the sum of spherical atom electron densities.17a,b  For a given crystal structure 

and set of spherical atomic electron densities, the Hirshfeld surface is unique.17c  The contact 

distances de and di are the distances from the Hirshfeld surface to the nearest atoms outside 

and inside the surface, respectively.  The normalized contact distance dnorm = {(di – ri
vdw) / 

ri
vdw} + {( de – re

vdw) / re
vdw} is symmetric in de and di, with ri

vdw and re
vdw being the van der 

Waals radii of the respective atoms.  The mapping of dnorm on the Hirshfeld surface 

highlights the donor and acceptor equally and it is a powerful tool for analyzing directional 

intermolecular interactions.  The value of the dnorm is negative or positive when 

intermolecular contacts are shorter or longer than van der Waals separations, respectively.  
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The combination of de and di in the form of a two-dimensional fingerprint plot15a provides a 

summary of intermolecular contacts in the crystal.13a  The Hirshfeld surfaces are mapped 

with dnorm, shape-index, curvedness, de and two-dimensional fingerprint plots presented in 

this paper were generated using CrystalExplorer 2.1.29 
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Table 1  Selected geometric parameters (Å, º) for 1–5. 

Parameter 1A 1B 2
6a
 3 4 5 

N1–N2 1.4072(17) 1.4101(16) 1.4178(14) 1.418(2) 1.421(3) 1.417(2) 

N3–N4 1.3079(17) 1.3087(16) 1.3036(14) 1.302(2) 1.305(3) 1.312(2) 

N4–N5 1.3640(16) 1.3596(15) 1.3633(15) 1.358(2) 1.364(3) 1.365(2) 

N5–N6 1.3844(15) 1.3828(15) 1.3871(14) 1.383(2) 1.389(3) 1.3856(19) 

C1–O1 1.2413(16) 1.2441(15) 1.2437(14) 1.222(2) 1.224(3) 1.243(2) 

C2–C3 1.3804(17) 1.3782(18) 1.3811(17) 1.373(3) 1.376(3) 1.379(2) 

N1–N2–C1 121.77(11) 123.73(11) 122.28(10) 121.83(17) 121.8(2) 122.37(14) 

N5–N6–C5 116.74(11) 116.31(11) 115.87(10) 116.55(15) 116.57(17) 114.99(13) 

N1–N2–C1–O1 -1.3(2) -2.0(2) -8.03(18) 3.1(3) 4.1(3) 0.6(3) 

N2–C1–C2–N3 -7.21(19) -8.87(17) -16.01(16) -1.0(3) -0.3(3) -10.9(2) 

N4–N5–N6–C5 -87.05(15) -84.71(15) -85.27(14) -72.3(2) -71.4(2) -89.83(18) 
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N5–N6–C5–C6 158.15(12) 162.36(12) 159.83(11) 141.12(17) 140.4(2) -169.78(15) 
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Table 2  Summary of intermolecular interactions (A–H…B; Å, º) operating in the crystal structures of 1–5.a 

A H B A–H H…B A…B A–H…B Symmetry 

 operation 

1 

N2 H3n N3 0.882(13) 2.500(15) 2.8084(18) 101.2(10) x, y, z 

N12 H7n N13 0.885(13) 2.427(13) 2.7939(17) 105.3(10) x, y, z 

N1 H1n N4 0.893(15) 2.256(15) 3.0949(19) 156.4(13) -1+x, y, z 

N1 H2n O1 0.885(14) 2.202(14) 3.0483(17) 160.0(13) -x, 2-y, 1-z 

N2 H3n N13 0.882(13) 2.447(12) 3.1429(16) 136.2(12) 1-x, 1-y, -z 

N6 H4n O1 0.884(14) 1.972(14) 2.8478(16) 170.7(15) 1+x, y, z 

N11 H5n O11 0.888(15) 2.276(15) 3.0808(17) 150.5(13) 3-x, -y, -z 

N11 H6n N14 0.883(14) 2.378(15) 3.1760(18) 150.4(13) 1+x, y, z 

N12 H7n N1 0.885(13) 2.042(13) 2.8755(17) 156.5(12) 1-x, 1-y, -z 

N16 H8n O11 0.884(13) 2.005(13) 2.8820(16) 171.5(14) -1+x, y, z 

(C5-C10) – (C5-C10)   3.8588(13) 0 2-x, 1-y, 1-z 

(C15-C20) – (C15-C20)   3.7742(13) 0 1-x, 1-y, -z 

2 

N1 H1n N4 0.896(12) 2.433(14) 3.1896(16) 142.3(12) x, -1+y, z 
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N1 H1n F1 0.896(12) 2.526(12) 3.0865(15) 121.2(11) 2-x, -y, 1-z 

N1 H2n O1 0.884(15) 2.081(15) 2.9634(15) 175.3(13) 2-x, -1-y, -z 

N2 H3n N1 0.881(14) 2.122(14) 2.9089(17) 148.4(14) 3-x, -1-y, -z 

N6 H4n O1 0.886(15) 1.956(14) 2.8297(14) 168.5(14) x, 1+y, z 

C8 F1 Cg(C5-C10) 1.3635(16) 3.9795(13) 3.6060(16) 64.38(8) 1-x, 1-y, 1-z 

(C5-C10) (C5-C10)    3.7106(9) 0 1-x, 1-y, 1-z 

(C5-C10) (C5-C10)    3.8526(9) 0 2-x, 1-y, 1-z 

 

3 

N2 H3n N3 0.871(16) 2.47(2) 2.781(2) 101.6(16) x, y, z 

N1 H1n Cg(N1-N3,C2,C3) 0.884(18) 2.978(18) 3.726(2) 143.6(18) -x, 2-y, 2-z 

N1 H2n O1 0.885(17) 1.981(17) 2.860(2) 171.8(19) -1/2-x, 1/2+y, z 

N2 H3n N1 0.871(16) 2.184(19) 2.946(3) 146.0(18) -x, 3-y, 2-z 

N6 H4n N4 0.877(15) 2.117(14) 2.990(2) 173.2(15) 1/2-x, -1/2+y, z 

C6 H6 Cg(C5-C10) 0.95 2.98 3.5774(17) 122 1/2-x, -1/2+y, z 

C9 H9 Cg(C5-C10) 0.95 2.69 3.4294(17) 135 -x, 1/2+y, 3/2-z 

C8 Cl1 Cg(N1-N3,C2,C3) 1.7368(19) 3.6489(9) 4.844(2) 124.25(7) -x, -1/2+y, 3/2-z 

 

Page 30 of 50CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 29

4 

N2 H3n N3 0.876(18) 2.46(2) 2.793(3) 103.3(17) x, y, z 

N1 H1n O1 0.89(2) 2.41(2) 2.752(3) 103.0(18) x, y, z 

N1 H2n O1 0.881(19) 1.983(19) 2.858(3) 172(2) 5/2-x, 1/2+y, z 

N2 H3n N1 0.876(18) 2.20(2) 2.951(3) 143(2) 2-x, 3-y, 1-z 

N6 H4n N4 0.871(17) 2.134(18) 3.001(3) 173.4(19) 3/2-x, -1/2+y, z 

C6 H6 Cg(C5-C10) 0.95 3.00 3.598(2) 122 3/2-x, -1/2+y, z 

C9 H9 Cg(C5-C10) 0.95 2.72 3.475(2) 137 2-x, 1/2+y, 3/2-z 

C8 Br1 Cg(N1-N3,C2,C3) 1.897(2) 3.7409(10) 5.054(2) 124.05(7) 2-x, -1/2+y, 3/2-z 

 

5 

N2 H3n N3 0.878(17) 2.51(2) 2.811(2) 101.1(15) x, y, z 

N1 H1n N4 0.884(17) 2.36(2) 3.167(2) 152.7(18) x, 1+y, z 

N1 H2n O1 0.878(17) 2.146(17) 3.003(2) 165.0(19) 2-x, 2-y, 1-z 

N2 H3n N1 0.878(17) 2.166(18) 2.936(2) 146.1(19) 3-x, 2-y, 1-z 

N6 H4n O1 0.878(18) 2.037(18) 2.9068(19) 171.1(17) x, -1+y, z 

(C5-C10) (C5-C10)    3.7470(12) 0 2-x, -y, -z 

(C5-C10) (C5-C10)    3.7912(12) 0 1-x, -y, -z 
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C9 Cl2 Cg(N3-N5,C2,C3) 1.7400(19) 3.7492(8) 5.330(2) 150.18(8) 2-x, 1-y, -z 

 

a For 1, for which two molecules comprise the crystallographic asymmetric unit, for the second molecule add 10 to the labels shown 

in Scheme 1. 
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Table 3  Selected values from the Natural Population Analysis data for 1–5.a 

Compound/ 

Atom O1 N1 N2 N3 N4 N5 N6 

1 -0.646 -0.629 -0.454 -0.256 -0.067 -0.069 -0.434 

 -0.663 -0.571 -0.403 -0.253 -0.079 -0.063 -0.402 

2 -0.646 -0.628 -0.453 -0.255 -0.069 -0.071 -0.435 

 -0.656 -0.577 -0.404 -0.249 -0.081 -0.065 -0.403 

3 -0.645 -0.628 -0.453 -0.253 -0.069 -0.071 -0.433 

 -0.658 -0.568 -0.399 -0.250 -0.074 -0.066 -0.404 

4 -0.645 -0.628 -0.453 -0.254 -0.067 -0.072 -0.433 

 -0.661 -0.566 -0.401 -0.250 -0.072 -0.070 -0.401 

5 -0.644 -0.628 -0.452 -0.249 -0.063 -0.080 -0.429 

 -0.657 -0.567 -0.404 -0.249 -0.082 -0.067 -0.396 

a Average values are listed for the two independent molecules of 1. 
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Table 4  Relative hydrogen bond strengths (kJ mol-1) in 1–5.a 

Compound/ 

Atom O1 N1 N3 N4 H1n, H2n H3n H4n 

1 -132 -112 -105 -111 71, 72 61  149 

2 -127 -108 -99 -103 77, 74 66  159 

3 -126 -106 -96 -100 78, 75 68  165 

4 -125 -106 -96 -100 77, 76 68  165 

5 -124 -106 -94 -100 78, 77 68  139 

 

a Average values are listed for the two independent molecules of 1. 
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Table 5  Crystallographic data and refinement details for 1, 3–5. 

Compound 1 3 4 5 

Formula C10H12N6O C10H11ClN6O C10H11BrN6O C10H10Cl2N6O 

Formula weight 232.26 266.70 311.16 301.14 

Temperature/K 173 120 120 120 

Crystal colour Pale-yellow Colourless Colourless Colourless 

Crystal size/mm3 0.10x0.30x0.40 0.15x0.25x0.34 0.12x0.30x0.40 0.03x0.22x0.38 

Crystal system triclinic orthorhombic orthorhombic triclinic 

Space group P1̄ Pbca Pbca P1̄ 

a/Å 7.4637(14) 11.4176(4) 11.3672(4) 7.3765(2) 

b/Å 11.481(2) 7.2174(2) 7.2817(2) 7.5213(3) 

c/Å 13.395(3) 29.6018(10) 30.1714(11) 12.1712(3) 

α/° 95.849(3) 90 90 97.744(2) 

β/° 98.205(4) 90 90 92.657(2) 

γ,/° 93.393(5) 90 90 110.3030(10) 

V/Å3 1126.9(4) 2439.35(14) 2497.36(14) 624.38(3) 
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Z 4 8 8 2 

Dc/g cm-3 1.369 1.452 1.655 1.602 

F(000) 488 1104 1248 308 

µ(MoKα)/mm-1 0.097 0.312 3.290 0.521 

Measured data 30705 16729 13981 12782 

θ range/° 1.6 – 27.5 3.3 – 27.5 3.2 – 27.5 3.0 – 27.5 

Unique data 5112 2765 2856 2864 

Observed data (I ≥ 2.0σ(I)) 4935 1972 2078 2390 

No. parameters 333 176 176 185 

R, obs. data; all data 0.048; 0.125 0.042; 0.095 0.030; 0.064 0.036; 0.089 

a; b in weighting scheme 0.065; 0.247 0.043; 1.063 0.029; 1.515 0.043; 0.360 

GoF 1.12 1.05 1.02 1.07 

Rw, obs. data; all data 0.050; 0.127 0.070; 0.107 0.056; 0.073 0.048; 0.096 

Range of residual electron 

density peaks/eÅ-3 -0.24 – 0.22 -0.25 – 0.29 -0.58 – 0.37 -0.38 – 0.27 
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Captions to Scheme and Figures 

 

 

Scheme 1 Chemical structures of the 1-(arylamino)-1,2,3-triazole-4-carbohydrazides (1–5) 

investigated herein.  For 1, for which two molecules comprise the crystallographic asymmetric 

unit, 1A and 1B, add 10 to the labels for 1B. 
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Scheme 2 Supramolecular synthons mediated by hydrogen bonding in the crystal structures of 

1–5.  Synthon 2a is found in the crystal structures of 1, 2 and 5; 2b in 1 only; 2c in 2–5, and both 

2d and 2e in 3 and 4. 

  

Page 38 of 50CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 37

 

Fig. 1  Overlay diagram highlighting the relative orientations of the terminal substituents with 

respect to the superimposed 1,2,3-triazole ring in the experimental structures of 1–5.  Colour 

codes: first independent molecule of 1, red; second independent molecule of 1 blue; 2, green; 3 

yellow; 4, cyan; and 5, pink. 
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Fig. 2  Overlay diagram highlighting the relative orientations of the terminal substituents with 

respect to the superimposed 1,2,3-triazole ring in the theoretical structures of 1–5.  Colour codes: 

1, red; 2, green; 3, yellow; 4, cyan; and 5, pink. 
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(a) 

 

(b) 
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(c) 

Fig. 3  Crystal packing in 1: (a) supramolecular chain along the a-axis, (b) supramolecular layer 

in the ac-plane (non-acidic hydrogen atoms removed), and (c) view in projection down the a-axis 

of the unit cell contents highlighting the inter-digitation of layers.  The N–H...O, N–H...N and 

π...π interactions are shown as orange, blue and purple dashed lines, respectively. 
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(a) 

 

(b) 

Fig. 4  Crystal packing in 5, also being representative of 2: (a) supramolecular layer in the ab-

plane (non-acidic hydrogen atoms removed), and (b) view in projection down the b-axis of the 

unit cell contents highlighting the inter-digitation of layers.  The N–H...O, N–H...N and π...π 

interactions are shown as orange, blue and purple dashed lines, respectively. 
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(a) 

 

(b) 
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(c) 

Fig. 5  Crystal packing in 3, also being representative of 4: (a) supramolecular layer in the ab-

plane, (b) supramolecular double layer in the ab-plane (non-acidic hydrogen atoms removed), 

and (c) view in projection down the b-axis of the unit cell contents highlighting the inter-

digitation of layers.  The N–H...O, N–H...N, N–H...π, C–Cl...π and π...π interactions are shown 

as orange, blue, purple, brown and pink dashed lines, respectively. 
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Fig. 6  Hirshfeld surfaces mapped with dnorm (front view and back view are depicted in the left 

and middle columns, respectively) and shape-index (right-hand column) for 1–5.  For 1, the two 

molecules in the asymmetric unit are denoted by ‘A’ and ‘B’. 
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Fig. 7  Hirshfeld surface mapped with de for 1–5.  For 1, the two molecules in the asymmetric 

unit are denoted by ‘A’ and ‘B’. 
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Fig. 8  Two dimensional fingerprint plots for 1–5.  Full Fingerprint plots are shown in the left-

hand column and these are resolved into N···H/H···N, O···H/H···O and C···H/H···C contacts, 

respectively, in the right-hand columns, respectively.  For 1, the two molecules in the 

asymmetric unit are denoted by ‘A’ and ‘B’. 

  

Page 48 of 50CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 47

  

Page 49 of 50 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 48

 

Fig. 9  Relative contributions of various intermolecular contacts to the Hirshfeld surface area in 

1−5.  For 1, the two molecules in the asymmetric unit are denoted by ‘A’ and ‘B’. 

 

Page 50 of 50CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


