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Herein, we reported the synthesis of copper() thiocyanate complexes with ortho-pyridinyl
carbohydrazones containing a thiophene (Ly) or a furyl ring (Lp) as a mixture of two different crystals for
each compound, linkage isomers of Cyn, [CU(NCS)(L1)PPhs] and Cis, [Cu(SCN)(Ly)PPhs], for Ly, whereas
monomeric and polymeric structures Cay, [CU(NCS)(L,)PPhs], and Cyp, [-(NCS)Cu(L,)-],, for L,. Crystallo-

Received 10th June 2016, graphic information and theoretical calculations, mainly noncovalent interaction reduced density gradient

Accepted 9th August 2016 (NCI-RDG) analyses, were pursued to generate a profound understanding of the structure-directing inter-
DOI: 10.1039/c6ce01339b actions in these complexes. The supramolecular assemblies are first driven by cooperative n---m interactions
and hydrogen bonds followed by CH---x, S---S and S---n linkages. In the case of the linkage isomers, inter-
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Introduction

Copper(1) compounds have attracted a growing interest be-
cause of their high structural diversity,"™ catalytic activity’>”’
and photophysical properties.>*° They have applications in
different areas such as organic light-emitting diodes
(OLEDs),"***> supramolecular assemblies, oxygen sensors and
biological probes. The rich structural features and utilitarian
considerations have motivated researchers to focus on the
synthesis and characterization of Cu(i) complexes with various
donor ligands. The formation of structural variations is
greatly influenced by several parameters such as the synthetic
conditions or steric/electronic effects exerted by the ligand.
The triatomic pseudohalide, thiocyanate anion (SCN), is
an excellent versatile ambidentate ligand with two donor
atoms, S or N.>* It can coordinate to metal ions both in ter-
minal and bridging coordination modes and potentially pro-
vide fascinating examples of linkage isomerism.>*>® When
SCN" acts as a terminal ligand, it affords potential interaction
sites to generate non-covalent intermolecular interactions
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molecular interactions may have a significant role in the formation of the less stable S-bound isomer Cys.

and, accordingly, can direct the crystal packing. Controlling
the self-assemblies in the solid state on the basis of molecu-
lar structures and through the use of weak interactions is a
long-standing goal of supramolecular chemistry.>”

Very recently in our previous work, cuprous halide com-
plexes of ortho-, meta- and para-pyridinyl carbohydrazones
were introduced.?® The influence of ligand structure and ha-
lide variations on the molecular structures and supramolecu-
lar arrays of the complexes were studied both experimentally
and theoretically. In the following, we employed cuprous
pseudohalide, CuSCN, for the synthesis of complexes with
two ortho-pyridinyl carbohydrazones. Copper(i) thiocyanate
compounds are very interesting in solar cell applications as a
p-type semiconductor.****

In this contribution, we report the structural characteris-
tics of complexes from the reaction of CuSCN with PPh; and

Scheme 1

This journal is © The Royal Society of Chemistry 2016
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ortho-pyridinyl carbohydrazones containing a thiophene (L,)
or a furyl ring (L,); see Scheme 1. The former resulted in two
linkage isomers: Cyx [Cu(NCS)(L;)PPh;] and C;s [Cu(SCN)(L,)-
PPh;], while the later afforded monomeric and polymeric
complexes of C,y [Cu(NCS)(L,)PPh;] and C,p [-(NCS)Cu(L,)-],.
We have also used a recently introduced alternative interpre-
tive technique, the non-covalent interaction (NCI) approach,
to manifest the diverse NCIs at the crystal packing structures.
This method is based on the analysis of the electron density
and enables us to identify and visualize the interactions.*”
Various non-covalent interactions, including hydrogen bond-
ing,*® S-S, §---1,* n---n®> and CH:--n*® interactions, have
been investigated in this work.

Results and discussion
Synthesis

Ligands L; and L, were prepared by mixing equivalent
amounts of 2-thiophenecarboxylic acid hydrazide (1) or furoic
hydrazide (2) and 2-pyridinecarboxaldehyde in methanol
solution.

A solution of the ligand in CHCI; was added dropwise to a
mixture of copper(r) thiocyanate and PPh; while stirring in
CH;CN and then the mixture was filtered off. After slow diffu-
sion of diethyl ether in the filtered solutions, two different
crystals were obtained for each compound including the light
orange needle crystals (C;x) and clear light red irregular crys-
tals (Cys) for L, and orange needle crystals (C,x) and dark or-
ange hexagonal crystals (C,p) for L,. A mixture of the isomeric
crystals Cyy and C,g is shown in Fig. 1.

Various ratios of acetonitrile and chloroform solvents were
assessed in the crystallization of C;. Upon using more chloro-
form, the percentage of C;y was dominant, whereas a higher
amount of acetonitrile in the reaction pot increased the per-
centage of Cys. For C,, the formation of crystals depended on
the concentration of the reaction mixture. At a high concen-
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Fig. 1 50x magnification photo of a mixture of orange rectangular
cube Cyy and red cube Cys.
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tration, the polymeric compound precipitated fast and we only
obtained crystals of C,y, but slower diffusion of diethyl ether
in the more dilute solution afforded crystals of both C,p (as
the dominant product) and C,y suitable for X-ray diffraction.

ORTEP diagrams of the molecular structures are shown in
Fig. 2. The crystallographic data of the complexes are listed
in Table 1. Selected bond distances and angles are summa-
rized in Table 2.

Structural analysis

Cu(NCS)(L;)PPh;] (Cqx)- The title compound crystallizes in
the triclinic space group P1. Ligand L, binds to the copper
atom in a bidentate chelating manner via N2 (pyridine) and
N3 (imine). An isothiocyanate anion (N-donor) and one PPh;
occupy the other coordination sites (Fig. 1). Houser and co-
workers suggested an angular index (z,) which determines
the geometry of the four-coordinate metal centres as follows:
7, = [360 — (a + f)]/141] (@ and B are the two largest angles
around a four-coordinate metal centre). The values of 7, will
range from 1.00 for a perfect tetrahedral geometry to zero for
a perfect square planar environment. Intermediate structures
including trigonal pyramid and seesaws fall within the range
of 0 to 1.00.*” According to the 7, value for Cy (0.79), the co-
ordination polyhedra of the copper centre can be described
as trigonal pyramid.

In the structure of C,y, each molecular unit of the com-
plex is joined to the neighbouring unit by means of three
2-fold interactions including classical and non-classical hy-
drogen bonds N4-H4---S1 and C7-H7:--S1, respectively
(Table 3), and 7,y-Tihiophene interactions (Table 4).

The dimers are further connected to each other through
Tpy—Tpy and C5-H5- - mppp; interactions along the a-direction
(Fig. 3a) to afford chains which are laterally linked together
via various intermolecular interactions to generate a 3D net-
work. The interactions which link the chains along the b-axis
include (i) S1---S1, (ii) C3H3---S1, (iii) C11-H11- -7, (iv) C2-
H2** “Thiophene and (v) C14-H14:* Tpiophene linkages (Fig. 3b).
In addition, C21H21---S2 H-bonds plus weak C27-H27"* Tppp3
interactions (C---Cg: 4.090 A) connect them along the
c-direction (Fig. 3c). The distance of the S---S interaction was
found to be about 3.456 A which is 4% shorter than the sum
of the van der Waals radii of two sulfur atoms. A summary of
the parameters for the other interactions mentioned above
are presented in Tables 3 and 4.

[Cu(SCN)(L;)PPh;] (Cys). The red irregular crystals of Cig
are the second form resulting from the reaction of a 1:1 mo-
lar ratio of L; and the mixture of cuprous thiocyanate and
PPh;. X-ray diffraction analysis reveals that it crystallizes in
the triclinic space group P1. The central copper atoms are
again in trigonal pyramidal environments (z; = 0.82, exactly
equal to that for C;y) formed by N, and Nj,, (from the che-
lating ligand), PPh; moiety and thiocyanate anion (this time
as an S-donor) (Fig. 1). Changing the coordination site of the
ambidentate ligand, NCS", alters the supramolecular archi-
tecture of C;s compared to that of the N-bound isomer C;y.

CrysttngComm, 2016, 18, 7104-7115 | 7105
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Fig. 2 ORTEP diagrams of Cyy, Cis, Con and Cop with displacement ellipsoid at the 50% level. Hydrogen atoms were omitted for clarity. Symmetry

codes: (i) x, 1/2 -y, 1/2 + z; (i) x, 1/2 -y, -1/2 + z.

Table 1 Crystal data and structural refinement parameters for compounds Cyy, Cis, Con and Cop

Compound Cin Cis Con Cop
Formula C30H,4,CuN,OPS, C30H,,CuN,OPS, C30H,4CuN,0O,PS C;1,HyCuN,4O,S
Fw 615.16 615.16 599.10 336.83

A 1.54184 0.71073 1.54184 1.54184
T/K 173 173 173 173

Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group Pi P1 Pi P21/c

alA 9.8334(5) 10.7768(9) 9.8386(7) 15.7005(7)
b/A 10.2673(6) 11.0362(8) 10.1356(6) 8.0099(4)
c/A 15.0986(9) 12.2584(5) 14.9963(10) 10.3633(5)
al° 87.742(5) 85.195(5) 90.004(5) 90

B° 89.510(4) 78.024(5) 90.051(6) 94.374(4)
/e 66.545(5) 80.116(6) 113.105(7) 90

VIA? 1397.31(15) 1403.30(17) 1375.48(17) 1299.49(11)
Deale/Mg m™> 1.462 1.456 1.447 1.722

V4 2 2 2 4

/4/mm71 3.292 1.015 2.666 3.948
F(000) 632 632 616 680

20/° 142.128 59 143 142

R(int) 0.025 0.030 0.030 0.041
GOOF 1.022 1.11 1.04 1.03

Ry (I > 20(1)) 0.0295 0.0444 0.0373 0.0356

WR, (I > 20(I)) 0.0778 0.1072 0.1078 0.0955

The crystal structure of C;5 contains hydrogen bonded di-
mers generated by three pairwise interactions, N4-H4---N1,

7106 | CrysttngComm, 2016, 18, 7104-7115

C7-H7--'N1 and C10-H10---N1 (Table 3 and Fig. 4a). It is
worth noting that the coordination of sulfur to the Cu(i) atom
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Table 2 Selected bond lengths (A) and angles (°) around copper() for
complexes Cyn, Cis, Con and Cop

Cin

Cul-P1 2.1880(6) A Cul-N2 2.1367(16) A
Cul-N1 1.979(18) A Cul-N3 2.1501(16) A
P1-Cul-N1 119.83(5)° N1-Cul-N2 99.81(7)
P1-Cul-N2 121.68(5)° N1-Cul-N3 101.96(7)
P1-Cul-N3 126.46(4)° N2-Cul-N3 77.56(6)

ClS o o
Cul-S1 2.2936(9) A Cul-N2 2.050(2) A
Cul-P1 2.1990(7) A Cul-N3 2.181(2) A
S1-Cul-P1 117.60(3)° P1-Cul-N2 117.49(6)°
S1-Cul-N2 107.38(6)° P1-Cul-N2 103.74(6)°
S1-Cul-N3 127.28(6)° N2-Cul-N3 77.65(8)°
CZN ° o
Cul-P1 2.1893(6) A Cul-N2 2.1547(19) A
Cul-N1 2.1411(19) A Cul-N4 1.983(2) A
P1-Cul-N1 121.44(6)° N1-Cul-N2 77.23(7)°
P1-Cul-N2 126.25(5)° N1-Cul-N4 98.52(8)°
P1-Cul-N4 121.53(7)° N2-Cul-N4 101.32(8)°
CZP o o
Cul-N1 2.105(2) A Cul-N4 1.906(2) A
Cul-N2 2.131(2) A Cu1-51 2.2971(8) A
N1-Cul-N2 77.74(9)° N2-Cu1-N4 130.03(9)°
N1-Cul-N4 109.43(9)° N2-Cu1-S1 103.43(7)°
N1-Cul-S1 111.59(7)° N4-Cul-S1 117.54(7)°

and consequently the orientation of the N1 atom direct the
formation of hydrogen bonds and lead to supernumerary
slippage of molecules on each other. The offset of pyridine
and thiophene rings prevents the formation of a m,—Tiophene
interaction, unlike in the structure C;n. Thus, instead of a
Tpy~Tithiophene iNteraction, a C=O0---x interaction is established
between the discrete molecules in the dimers. In addition,
S---S interactions connect the dimers to form [001] chains.
The distance between two sulfur atoms is equal to 3.594 A.
These chains are held together by C11-C11--mpp3 and C17-
H17 " 'Tpiophene linkages (Table 4) along the a- and
b-directions, respectively, which complete a 3D network (Fig.
4b-d).

Table 3 Hydrogen bond geometries for compounds Cyy, Css, Con and Cop

View Article Online

Paper

[Cu(NCS)(L,)PPh;] (C,x). This compound crystallizes in
the triclinic space group P1. A trigonal pyramidal configura-
tion of the Cu(i) centres (z; = 0.80) has been formed by the
bidentate chelating ligand, PPh; and isothiocyanate (N-do-
nor). C,x has a similar coordination environment to that of
C;n leading to its being isostructural with this complex. The
supramolecular organization of C,y is also disciplined by the
formation of dimers through the same kind of interactions in
Cin: N3-H3:--S1, C6-H6-:-S1 and mp,~—7sry Stacking interac-
tions. Pyridine rings participate in the other n-n interactions
(tpy—Ttpy) Which build up a chain of the dimers directed along
the c-axis. The chains are further reinforced by C3-
H3A: - mtppps and C4-H4- - nippp3 contacts (see Table 4). On the
other hand, S--'S synthons accompanied by C2-H2-:-S1, C15-
H15---S1 and C10-H10---N4 hydrogen bonds as well as C1-
H1: Ty interactions link the chains to create (110) sheets.
The third dimension of the supramolecular assembly results
from the connection of the layers via C21-H21:" Ty link-
ages. Crystal packing diagrams of C,y are presented in Fig. 5.

[-(NCS)Cu(L,)-], (Cp). The reaction of a 1:1 molar ratio
of L, with the mixture of CuSCN and PPh; results in two
kinds of crystals: orange needle crystals, C,n, and dark or-
ange hexagonal ones, C,p. X-ray diffraction analysis confirms
that C,p crystallizes in the monoclinic space group P21/c. Un-
like the former complexes, PPh; does not coordinate to
copper(l). In return, the trigonal pyramid geometry of the
Cu(r) centre (7, = 0.80) consists of the chelating ligand (L,),
thiocyanate (-SCN) and isothiocyanate (-NCS). Indeed, each
thiocyanate anion acts as a bridge between the Cu(r) ions
through simultaneous binding from S and N atoms. This co-
ordination pattern leads to the formation of infinite poly-
meric chains extended along the c-axis (Fig. 6a). The Cu---Cu
distance within the metal chain is 5.323 A. The chains are
further stabilized via intrachain hydrogen bonds (N3-
H3:--01, C9-H9---02 and C4-H4---S1).

Although the coordination structure of C,p is different
from the others, n-n interactions still have an important

Structure D-H---A d D-H dH- A dD--A 2 D-H--A Symm. codes

Cin N4-H4---S1 0.880 2.6800 3.5042(18) 157.00 1-x,1-y,1-2
C7-H7---S1 0.950 2.8700 3.6680(2) 143.00 1-x,1-y,1-2
C3-H3--S1 0.930 2.8754 3.7910(2) 162.00 x,2-y,1-z
C21-H21---52 0.930 3.0230 3.5480(2) 116.00 1-x,1-y,2-2

Cis C10-H10---N1 0.950 2.5580 3.4540(4) 157.30 1-x,1-y,1-2
C7-H7--N1 0.950 2.7990 3.5690(5) 138.80 1-x,1-y,1-2
N4-H4---N1 0.880 2.2330 3.0760(3) 163.16 1-x,1-y,1-2

Con N3-H3--§1 0.879 2.6810 3.4930(2) 153.90 1-x,1-y,1-2
C6-H6---S1 0.949 2.8469 3.6410(3) 141.80 1-x,1-y,1-2
C10-H10---N4 0.950 2.7230 3.5320(3) 143.60 1+x,1+),2
C2-H2---S1 0.950 2.8812 3.8020(2) 163.60 2-x,2-y,1-2
C15-H15---S1 0.950 2.9839 3.8270(3) 148.60 x,-1+y,2

Cop C9-H9---02 0.950 2.4970 3.3940(4) 157.40 x,1/2-y,-1/2 +z
N3-H3---01 0.880 2.3140 3.1000(3) 148.70 x,1/2-y,-1/2+z
C2-H2---N4 0.950 2.6850 3.5830(4) 157.90 2-x,1/2+y,12-2
C11-H11---N4 0.950 2.5310 3.3480(4) 144.10 1-x,-1/2+y,1/2 -z
C11-H11---01 0.950 2.6870 3.1830(4) 113.10 1-x,-1/2+y,1/2-2

This journal is © The Royal Society of Chemistry 2016
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Table 4 . interaction geometries for compounds Cyy, Cis, Con and Cop
Structure Interaction Cc-C (&) p-p° P-CC° CH---Cgl C---Cg (A) C-H-Cg (°) Symm. code
Cin Tpy~Tthiophene 3.749 7.52 19.63 — — — 1-x,1-y,1-2
27.14
Ty ~Tipy 3.486 0.0 7.88 — — — x,1-y,1-z
CH"*Tippns — — — C4-H4A---Cg6 3.725 165.63 X, 1-y,1-2
CH-* Tlpphs — — — C5-H5---Cgd 2.689 145.87 x,1-y,1-2
CH: "1,y — — — C11-H11---Cg3 3.737 134.12 1+x,-1+y,2
CH"* Tiniophene — — — C14-H14---Cg2 3.134 145.84 “1+x,1+y,2
CH:* Tiniophene — — — C2-H2---Cg2 3.592 134.97 “1+x,1+y,2
Cis Amide---mp, 3.403 — — — — — 1-x1-y,1-2
CH"*Tlppns — — — C11-H11---Cg7 2.749 141.19 1+x,9,2
CH"*Tippns — — — C17-H17---Cg7 3.275 132.77 1-x,-y,2-2
Con Ty~ Tfuryl 3.719 11.74 17.28 — — — 1-x,1-y,1-2
28.73
Ty~ Tpy 3.461 0.0 5.15 — — — 2-x,1-y,1-2
CH-*Tlguryi — — — C1-H1---Cg2 3.602 135.83 1+x,1+),2
CH"*Tlpphs — — — C4-H4---Cg6 2.721 145.84 2-x,1-y,1-2
CH:Ttpph3 — — — C3-H3A---Cg4 3.761 166.03 2-x,1-y,2
Cyp S+ Tpy 3.882 — 19.60 — — — Xy, 1+2
Ty~ Tlpy 3.801 0.0 28.19 — — — 2-x,1-y,-2
Tefuryl~Tfuryl 3.583 0.0 17.13 — — — 1-x,-y, -2

Cg stands for the centre of gravity of the mentioned ring: for C;n: Cg2: S2, C9-C12; Cg3: N2, C2-C6; Cg4: C13-C18; Cg6: C25-C30; for C;5: Cg7:

C25-C30; for C,n: Cg2: 02, C8-C11; Cg4: C13-C18; Cg6: C25-C30; for Cyp: Cg2: 02, C8-C11; Cg3: N1, C1-C5.

Fig. 3 (a) Representation of dimeric units in Cyy and their association through n-n and C-H-- & interactions, creating the [100] chain; (b and c) side

views of the crystal packing in the ac and ab planes, respectively, which show how the chains are connected in the 3D network.

contribution in the crystal packing. Herein, Tty ryi—Tury inter-
actions establish two-fold sheets of the neighbouring chains

which are also fortified by bifurcated hydrogen bonds. The
other side of the chains in the sheets is involved in -,

7108 | CrysttngComm, 2016, 18, 7104-7115 This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Self-assembly of Cis: (a) dimeric aggregates formed by pairwise H-bonds and C=O- - linkages; (b) S-S interactions generating [001]
chains; (c and d) C-H---& interactions which link the chains in the ac and ab planes, respectively.

stacking and H-bonding interactions, leading to the connec-
tion of the (011) layers along the a-direction to complete the
overall supramolecular association (Fig. 6b). In other words,
each coordination chain is associated with four other chains
in a 3D arrangement, from one side through mgry—Tgry1, C11-
H11--'N4 and C11-H11---O1 linkages and from the other side
by 7,7,y stacking and C2-H2:--N4 interactions (Fig. 6¢). In
addition, these chains are laterally linked through interesting
S-'mp, interactions in the b-direction (Fig. 6d).

NCI approach

Principle. The non-covalent interaction (NCI) reduced den-
sity gradient (RDG) method has been recently developed as a
theoretical strategy to visualize weak interactions. Investiga-
tion of the interactions using NCI-RDG analysis is quite con-
cordant with the traditional method that recognizes them
according to distances and angles. However, the NCI-RDG
technique has more accuracy and precision, as it is based on
fundamental computation. It provides a rich illustration of
strong attractive, van der Waals interactions and also steric
repulsions. The theory rests on the analysis and the graphical
interpretation of two scalar properties, charge density p and
its derivatives, namely the 1 eigenvalue of its Hessian and its
reduced gradient s(p),”* defined as:

1 Vol

s =

This journal is © The Royal Society of Chemistry 2016

where Vp is the gradient of p. The non-covalent interactions
are located in the regions with low RDG and density. Analysis
of sign(4,) of the electron density Hessian can be used to dis-
cern different types of interactions. For the strong ones such
as H-bonds, sign(4,)p < 0; for the weak van der Waals types,
sign(4,)p = 0; and for the non-bonded interactions like steric
repulsion, sign(4,)p > 0.

As the sign of 1, describes the essence of the interaction,
2D plots comprising sign(4,) x p versus RDG s would indicate
a non-covalent interaction near-zero area in the horizontal
axis.>®** Close contacts between atoms change the behaviour
of the reduced gradient signal more compared to the contacts
among the atoms present in the tails, leading to troughs in
the 2D NCI plots. These troughs, specially the p value at the
troughs, are the basis of the NCI approach. The 2D NCI plots
are then applied as inputs to construct 3D NCI plots, includ-
ing isosurfaces of the reduced gradient of the density en-
abling the spatial visualization of the close contacts.

We applied this method to unravel the nature of supramo-
lecular interactions in the title complexes. NCI analysis has
been performed on the structure of complexes including the
diverse noncovalent interactions. The considered structures
were cut out directly from the CIF data. Since dimerization is
the prominent feature of the crystal packing in the mono-
meric complexes (Cyn, Cys and C,y), the main NCIs are re-
lated to the interactions involved in the formation of dimers.
The 2D and 3D NCI plots of dimers are shown in Fig. 7. Ac-
cordingly, we have done calculation once on the dimers

CrystEngComm, 2016, 18, 7104-7115 | 7109
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(a) Representation of dimeric units in C,y; (b) association of these units through n-n and C-H:--n interactions, creating the [100] chain; (c

and d) side views of the crystal packing in the ab and ac planes, respectively; which show how the chains are connected in the 3D construction

(PPh3s moieties in (c) were omitted for more clarity).

including only the carbohydrazone ligands (Cu’ and SCN~
ions and PPh; moieties have been eliminated) and again for
the whole dimeric units of complexes. Some of the other
interesting intermolecular interactions in the crystal struc-
tures have also been investigated by the NCI method. The
presence of noncovalent interactions is characterized by
spikes at negative to near-zero sign of 1,, whereas the peaks
at positive sign indicate the repulsive steric contacts due to
the ring formation.”” The spikes at the zero area (sign(/,)p
between +0.015 a.u.) show vdW interactions. Notable points
of the NCI calculations have been illustrated in the
following:

(i) As shown in Fig. 7, for the ligand dimers, the spikes
that appeared at 0.024 a.u. belong to the pyridine ring clo-
sure. These spikes shift to lower values (less repulsion) in the
whole dimeric units of complexes. It can be explained by the
effect of metal ion in the charge redistribution as well as the
electrostatic interaction between atoms within the rings.

(ii) In the case of Cyy, the thiophene ring closure spike
(sign(4,)p) is located between 0.042 and 0.044 a.u. while in
the 2D plot and the 3D isosurface of C,y, the furyl ring has a
much lesser repulsion of ring closure than the thiophene al-

7110 | CrysttngComm, 2016, 18, 7104-7115

ternative. It may be caused by the greater charge perturbation
due to the presence of an oxygen atom which leads to more
electrostatic interactions. Consistent with this, natural bond
orbital (NBO) analysis also reveals the stabilizing energy of 54
kcal mol™ for the electronic delocalization “lone pair (O) —
n* (C-C) orbital” which is more than that for the correspond-
ing charge transfer energy in the thiophene ring (LP(S) —
T*(C~C): 48 keal mol ™).

(iii) Cyn and C;5 compounds are linkage isomers, in a way
that SCN™ is coordinated from N or S atoms, respectively. Op-
timization of the isomers, in the gas phase and also acetoni-
trile and chloroform solutions, indicates that the stability of
C;s is approximately 3-4 kcal mol ! less than that of Cig;
however, it has been also formed in the solid state. The for-
mation of Cy5 can be attributed to stronger intermolecular at-
tractions particularly those involved in dimerization which
compensate for the lesser stability of the discrete units of
C;s. RDG isosurfaces show stronger interactions in the C;g di-
mer rather than in C;n. Counterpoise calculations at the
MO06-2X/6-311G* level indicate that the binding energy of two
complexes in a dimer, AEgjyer, for Cyg is 2.8 keal mol™" more
than for C;y as well.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Intrachain interactions within the coordination polymeric structure of Cyp and the side view of the [001] chains to show (b) an overall
supramolecular array containing two-fold layers connected to each other; (c) n-n stacking and H-bonding interactions linking a chain to four

others and (d) S---m,,, interactions which connect the chains laterally.

(iv) It was thought to be of interest to further investigate
the sulfur interactions to figure out their nature in the solid
state structures. The sulfur atom, due to its large van der
Waals radius and high polarizability, is able to establish sev-
eral interactions with its local environment.’® Morgan and
co-workers first proposed the hypothesis that a strong inter-
action exists between aromatic rings and divalent sulfur
atoms.”” The importance of the S---n aromatic interaction is
revealed in the high degree of its conservation across mem-
bers in protein folding and stabilization.>**®

Fig. 8 represents the 3D plots of S:--S and S--'n interac-
tions in the solid state structures. The compact and small,
flat, pill-shaped isosurfaces, concentrated on the NCI critical
points indicate that these interactions are significantly attrac-
tive and contribute to the crystal packing stability.*®

Conclusions

Diverse coordination structures from the reaction of CuSCN
with PPh; and ortho-pyridinyl carbohydrazone containing a
thiophene (L,) or furyl ring (L,) were presented. A mixture
of thiocyanate linkage isomers, C;x and C;s, was obtained

This journal is © The Royal Society of Chemistry 2016

for L, while the reaction with L, rendered two monomeric
and polymeric compounds, C,x and C,p, respectively. The
molecular and supramolecular structures of these systems
were elucidated using X-ray diffraction. The structure-
directing interactions were also investigated by NCI-RDG
calculations.

Pyridine, thiophene and furyl rings, the polarized aro-
matic systems, have an important role in governing the su-
pramolecular assembly of the complexes by establishing n-n
interactions. However, the coordination of sulfur to the Cu(i)
atom in C;s leads to supernumerary slippage of the
neighbouring molecules which prevents the formation of
Tlpy~Tthiophene CONNections. CH-n interactions between PPhy
moieties contribute to further stabilization of the self-
association in the monomeric complexes (Cqn, Cys and C,y).

A prominent feature of the crystal packing in the mono-
meric complexes is the formation of the dimeric motifs via
hydrogen bonding and n-n stacking interactions. Formation
of the less stable S-bound isomer C;g can be attributed to
stronger intermolecular attractions particularly those in-
volved in dimerization which compensate for the lesser sta-
bility of the discrete units of C;5 compared to Cjn.

CrystEngComm, 2016, 18, 7104-7115 | 7111
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Fig. 7 Left: The NCI RDG s vs. sign(i,)p plots for dimers of ligands and complexes. Right: Coloured RDG-based NCI isosurfaces for the dimers of

complexes.

Another interesting feature of the solid state structures is
the presence of the lesser known S-S and S---m interactions.
NCI-RDG analysis clearly indicates the significant contribu-
tion of these interactions in maintaining favourable packing
interactions in the complex.

Experimental
Materials and methods

All chemicals and solvents used in the syntheses were of re-
agent grade and were used without further purification. 'H
and *C NMR spectra were recorded on a Bruker (Avance
DRS) 250 MHz spectrometer. IR spectra were recorded on a Ni-
colet 510P spectrophotometer using KBr disks. Elemental anal-
ysis was performed using a Heraeus CHN-O-RAPID apparatus.

Synthesis procedures

The ligands were prepared from the reaction of two equivalent
amounts of 2-thiophenecarboxylic acid hydrazide or 2-furoic
hydrazide and 2-pyridinecarboxaldehyde in methanol solution.

A solution of ligand (0.20 mmol) in CHCl; (4 mL) was
added dropwise to a stirred solution of a mixture of copper()
thiocyanate (0.20 mmol) and triphenylphosphine (0.20 mmol)
in CH3CN (2 ml). The colour of the reaction mixture turned
from orange to red. The reaction mixture was filtered; slow
diffusion of diethyl ether in the filtered solution afforded

7112 | CrysttngComm, 2016, 18, 7104-7115

suitable single crystals (total yields for the mixture of Cin
and Cys: 81%, and for that of C,x and C,p: 76%). The com-
plexes were obtained in good yields. Physical and spectro-
scopic data of the compounds are presented below:

(ortho-Thiophene)C(O)NHNCH(ortho-pyridine) (L,). Mp:
177-179 °C. Selected IR peaks (cm™): 3433 w, 3065 w, 1641 s,
1584 m, 1374 s, 1157 m, 733 m. ‘H NMR (CDCl;, 6 ppm):
7.20-7.35 (m, 2H), 7.73-7.81 (m, 2H), 8.18-8.26 (m, 3H), 8.66
(s, 1H), 10.52 (s, 1H).

(ortho-Furyl)C(O)NHNCH(ortho-pyridine) (L,). Mp: 157-
160 °C. Selected IR peaks (cm™'): 3422 w, 3005 w, 1662 s,
1579 s, 1468 m, 1308 m, 1187 m, 756 m. "H NMR (CDCl;, &
ppm): 6.49 (s, 1H), 7.25-7.53 (m, 3H), 7.69 (s, 1H), 8.10 (d,
1H), 8.41-8.55 (d, 2H), 10.64 (s, 1H). *C NMR (CDCl;, ¢
ppm): 112.23, 116.32, 121.16, 124.26, 125.69, 136.48, 137.68,
144.82, 148.07, 148.27, 152.81.

[Cu(NCS)(L;)PPh;] (Cyn). Orange crystals. Mp: 211-214 °C.
Anal. caled for C;,H,,CuN,OPS,: C, 58.57; H, 3.93; N, 9.11.
Found: 58.49; H, 3.96; N, 9.17. Selected IR peaks (cm™"): 3437
s, 2925 s, 2003 s, 1670 m, 1540 m, 1431 w, 1264 s, 1142 w,
696 m, 517 w.

[Cu(SCN)(L,)PPh;] (C;s). Red crystals. Mp: 211-213 °C.
Anal. caled for Cs;,H,,CuN,OPS,: C, 58.57; H, 3.93; N, 9.11.
Found: 58.41; H, 3.90; N, 9.15. Selected IR peaks (cm™): 3437
s, 2927 w, 2074 m, 1665 m, 1545 m, 1426 w, 1226 m, 1126 w,
703 m, 512 m.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 RDG-based NCI surfaces for S---S and S---x interactions.

[Cu(NCS)(L,)PPh;] (Cxx). Orange crystals. Mp: 204-206 °C.
Anal. caled for CsoH,,CuN,0,PS: C, 60.14; H, 4.04; N, 9.35.
Found: 60.21; H, 4.05; N, 9.41. Selected IR peaks (cm™): 3435
w, 2083 s, 1686 s, 1533 m, 1469 s, 1284 s, 1179 s, 752 m, 696
m, 516 m.

[-(NCS)Cu(L,)-], (Czp). Dark orange crystals. Mp: 238-240
°C (decomp.). Anal. caled for C;,HsCuN,0,S: C, 42.79; H,
2.69; N, 16.63. Found: 42.68; H, 2.69; N, 16.60. Selected IR
peaks (cm™): 3277 w, 2112 s, 1672 s, 1543 m, 1464 m, 1295
m, 1186 m, 771 w.

Crystal structure determination

Single crystal X-ray diffraction data were collected for all com-
pounds on an Agilent Gemini Ultra diffractometer equipped
with an Eos CCD area detector and using either Mo-Ka radia-
tion (1 = 0.71073 A) or Cu-Ka radiation (1 = 1.5418 A). The
data were collected at 173 K using an Oxford Cryosystems
Cryostream 600. The data were processed with CrysAlisPro.*’

This journal is © The Royal Society of Chemistry 2016
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intra chain S---7 interaction

Semi-empirical absorption corrections were carried out using
the Multi-Scan®® program. The structures were solved by di-
rect methods using SHELXT*' and refined with full matrix
least squares refinement using SHELXL-2013 (ref. 52) within
Olex2.>* All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were added at calculated positions and re-
fined using a riding model based on the parent atom. The
CIF files have been deposited with the CCDC and have been
given the deposition numbers 1401344, 1401345, 1469718
and 1469717 for Cyy, Cys, Con and C,p, respectively.

Computational details

The NCI technique was carried out through the analysis of
the reduced density gradient (RDG) with low densities®* at
the ®B97XD*/6-311+G** level using the Gaussian 09 pack-
age®® and Multiwfn program.”® The calculated grid points are
plotted for a defined real space function, sign(i,(r))p(r) and
reduced density gradient (RDG) and a visualization of the

CrysttngComm, 2016, 18, 7104-7115 | 7113
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gradient isosurface was depicted using the VMD 1.9.2 soft-
ware.”” The colour of the isosurfaces was decided using the
value of sign(1,)p. Blue, green and red colour codes are com-
monly used to describe stabilizing H-bonding, van der Waals
and steric interaction, respectively. Pictures are provided for
an isosurface value of s = 0.5.

Natural bond orbital (NBO) analysis®® was performed on
the crystal structure of the complexes using the NBO 3.1
module in Gaussian 09 at the B3LYP/6-311+G** level of the-
ory. The binding energy of two complexes in a dimer, AEgimer,
for Cyn, Cis and C,y were calculated at the M062X/6-311G*
level based on the energy difference between the dimer and
its units. The interaction energies have been corrected for the
basis set superposition error (BSSE) using the counterpoise
(CP) procedure.*
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