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Two new dinuclear Cu" complexes [Cu,Cl4(L1),] (1) and [Cu,Cly(L2),] (2) (L1 = 2-((4-(2-(cyclopentylthio)ethyl)-1H-
1,2,3-triazol-1-yl)methyl)pyridine; L2 = 2-((4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)benzonitrile) were synthe-
sised and characterised by single-crystal X-ray diffraction (XRD), powder XRD, thermogravimetric analysis, elemental
analysis and IR measurements. The picolyl-triazole ligand L1 coordinates in a chelate-bridging mode forming a dinuclear
structure 1. The more rigid pyridyl-triazole ligand L2 chelates only, generating a chloride-bridged dinuclear complex 2.
Both crystals of complexes 1 and 2 show dominant plate shapes that correlate with weak 2D H-bonding interactions in the
lattice. A mononuclear structure (3, [CuCl,(L3),]-6H,0, L3 = 3-((4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)benzo-
nitrile) yields block shape crystals that correlate with 3D H-bonding interactions. This study demonstrates tunable
assembly at the molecular level and the relationship of crystal shape with weak lattice interactions.
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Introduction

Organic—inorganic hybrid materials exhibit fascinating struc-
tures, tunable properties and have potential applications in
catalysis, magnetism and as biomimetic materials.!' ! Metal
complexes formed from organic ligands and metal centres are
particularly attractive due to their well defined structures and
multifunctional properties.!'°! A variety of organic ligands
with different metal ions have been used in the synthesis of
novel metal complexes.!"' '] However, the predictable prep-
aration of targeted materials is still a challenge. Design and
control is possible by manipulation of ligand structure and
choice of metal ion, anion, cation, solvent and temperature.
Single-crystal X-ray diffraction (XRD) technology is funda-
mental to this science, providing precise lattice structures and
crystal face information. This technique, therefore, permits the
correlation of crystal shape with molecular characteristics.
Establishing this relationship can assist in the controlled syn-
thesis of functional materials and this is our current focus.['*'#!
Our ligands of choice for this investigation are the functiona-
lised 1,2,3-triazoles, obtained from copper-catalysed azide—
alkyne cycloaddition (‘click reactions’) (CuAAC).[19221
This reliable reaction can provide ligands with a variety
of precisely oriented donor atoms.** %! Some formation
trends and tunable properties have been discovered in these
studies. We recently observed, for example, that the long axis
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(dominant growth direction) of a prism crystal can be driven by
weak one-dimensional - stacking interactions in the
lattice.*”! In the present work, we expand this study with
three hybridised 1,2,3-triazole Cu" complexes (Chart 1),
correlating their molecular structures and lattice interactions
with crystal shape.

Results and Discussion
Synthesis and Characterisation

Ligands L1-L3 were synthesised from one-pot CuAAC
reactions. The Cu' complexes 1-3 were prepared by the
reaction of the corresponding ligand L1, L2, or L3 with CuCl,
in CH3OH. The bulk single crystals of both 1 and 2 are dom-
inant plates while the single crystals of 3 are block shaped.
Powder samples were collected by filtration under vacuum
and washed with CH;OH and diethyl ether. The identity and
purity of the crystal and powder samples of complexes 1 and 2
were confirmed by single-crystal and powder XRD measure-
ments (Fig. 1) together with microanalysis. The infrared
spectrum of complex 2 displayed a characteristic vibration for
the C=N bond at 2227cm ™~ '. Complexes 1 and 2 were ther-
mally stable up to ~160 and 220°C in air, respectively,
followed by steady declines until reaching residual weights at
~680°C (Fig. 2).
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Chart 1.  The coordination modes of ligands L1-L3 in Cu" complexes 1-3.
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Fig. 1. Powder XRD patterns of 1 and 2 (T = theoretical profile referenced Fig.2. TGA curves of 1 and 2.

to the experimentally determined single-crystal XRD pattern; E = experi-
mental data).

Molecular Structures

Complex 1 crystallises in the monoclinic crystal system with a
space group of P2;/c. It consists of discrete neutral and asym-
metric dinulear Cu'" units (Fig. 3a). The Cu'! centres can be
viewed as five-coordinated in distorted square pyramidal
geometries with an Addison parameter (7) of ~0.33 for both
Cul and Cu2.P*°) Each square base consists of two frans nitrogen
atoms (N1 and N8 for Cul, N4 and N5 for Cu2) from two L1
ligands, and two frans orientated chloride ligands. The apical
positions are occupied by the 2'-Nyi,,01c Ditrogen atoms (N3 and
N7) with long Cu—N bonds (2.61 and 2.59 A), respectively. The
triazolyl N=N bridges therefore present in an asymmetric basal-
apical fashion between two Cu' centres. The torsion angles
between the two Cu atoms along the Cu—N=N—-Cu moiety are
111.8° and 72.6°, respectively. Deviations of both Cu' centres
from the mean planes of the square bases (N1-N8-CI1-CI2 and
N4-N5-C13—Cl4) are similar (~0.20 A) Weak intermolecular
H-bonding interactions exist in the lattice between the L1
skeleton and the chloride ligands, forming a two-dimensional
supramolecular layer in the ab plane (Fig. 3b,c, Table 1), aligned
with the dominant crystal face (ab) (Fig. 3d). The neighbouring
layers are symmetrically packed along the ¢ direction. The intra-
and intermolecular Cu--Cu distances are 4.42 and 7.60 A,
respectively.

Complex 2 crystallises in the triclinic crystal system with a
space group of P—1. It consists of discrete neutral and symmet-
ric chloride-bridged dinuclear Cu® units (Fig. 4a). The Cu"
centre can be viewed as a five-coordinated distorted square

pyramidal geometry with an Addison parameter (7) of 0.05.5%

The square base of the pyramid consists of two cis nitrogen
atoms (N1 and N4) of one L2 ligand, and two cis orientated
chloride ligands. The apical position is occupied by the chloride
ligand (CI2A) with a long Cu—Cl bond (2 77 A) The bridging
angle is ~88.1°. The deviation of the Cu"* centre from the mean
plane of the square base (N1-N4—C11-Cl2) is about ~0.16 A.
There are also weak intermolecular H-bonding interactions
between the L2 skeleton and the chloride ligands and -
stacking between the triazole and pyridine rings (centroid—
centroid distance 3.84 A) which synergistically drive the for-
mation of a 2D supramolecular layer in the ab plane (Fig. 4b, c,
Table 1) aligned with the crystal face (Fig. 4d, e). The neigh-
bouring layers are packed along the ¢ direction. The intra- and
intermolecular Cu---Cu distances are 3.52 and 5.44A,
respectively.

Complex 3 crystallises in the monoclinic crystal system with
a space group of P2/n. It consists of discrete neutral and
symmetric mononulear Cu" units (Fig. 5a). The Cu'" centre
can be viewed as six-coordinate in distorted octahedral geome-
try formed from four nitrogen atoms (N1, N4, N1A, and N4A) of
two chelating L3 ligands and two frans orientated chloride
ligands. Although L2 and L3 exhibit similar chelating coordi-
nation modes in 2 and 3, the chloride ligands are cis in 2 and
trans in 3. Moreover, intramolecular C—H---N interactions,
cyclic H-bonding interactions among lattice water molecules
and coordinated chloride ligands (Fig. 5b, Table 1), lattice water
molecules that H-bond to ligand L3, and additional L3---L3
and L3---Cl H-bonding create a 3D supramolecular structure
(Fig. 5¢c, Table 1) that aligns with the block shape of the single
crystal (Fig. 5d).
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Structures and Crystals of Cu'" 1,2,3-Triazole Complexes C

(@)

Fig. 3. (a) Molecular structure of 1. (b) 2D hydrogen-bonding interactions in 1. (¢) The packing structure of 1. (d) A single-crystal image of 1 with lattice
directions.

Table 1. Hydrogen-bond parameters in complexes 1-3

D-H-A D-H[A] D--A [A] H-A[A] / D-H-A [
Complex 1

C4-H--.CI3* 0.95 3.378(4) 2.77 123
C6-H---Cl1A 0.99 3.527(3) 2.61 155
C19-H--Cl1® 0.95 3.430(4) 2.76 129
C21-H---C13® 0.99 3.561(3) 2.70 146
C26-H---C14¢ 1.00 3.655(4) 2.66 172
Symmetry codes: *1 —x, y — 0.5,0.5 — z; B2,y — 0.5,0.5 — z; “—x, y + 0.5, 0.5 — z.

Complex 2

C4-H.--CI24 0.93 3.652(4) 2.77 160
C7-H--CI2* 0.93 3.573(3) 2.72 152
C8-H---Cl1A 0.97 3.618(3) 2.72 155
Symmetry code: “x — 1,y — 1, z.

Complex 3

C1-H--N3* 0.93 3.170(2) 2.38 143
C2-H--N5" 0.93 3.399(2) 2.55 151
C7-H---01¢ 0.93 3.428(3) 2.58 152
C8-H---Cl1P 0.97 3.703(2) 2.83 150
C14-H---03" 0.93 3.368(3) 2.49 157
Ol1-H.--Cl1* 0.84 3.177(2) 2.41 152
01-H---02 0.85 2.715(3) 243 100
02-H.--Cl1* 0.84 3.259(3) 2.47 158
02-H---03 0.84 2.832(3) 2.02 163
03-H.--N5° 0.84 3.019(3) 2.20 164
03-H.--01° 0.84 2.767(3) 1.93 171

Symmetry codes: Al—x, 1 -y, —z By +x,y—1,z; €1 +x,¥,2 P0.54+x,1.5 —»,05+7z 0.5 —x,0.5 +»,05—z Fx—0.5,
15—5,05425.5—x,y—05,05—z
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Fig. 4.
directions in different orientations.

(a) g

(a) Molecular structure of 2. (b) 2D hydrogen-bonding interactions in 2. (c) The packing structure of 2. (d, ) Single-crystal images of 2 with lattice

(b)

Fig. 5.

(a) Molecular structure of 3. (b) Cyclic H-bonding structures and intramolecular C—H---N H-bonding interactions in 3. (¢) The packing

structure of 3 (only the H-bonding associated H atoms were kept for clarity). (d) A single-crystal image of 3 with lattice directions.

Structural Relationships

Most attention in the fields of single-crystal crystallography,
crystal engineering, and crystal growth and design has con-
centrated on structure, properties, and potential applications.
The weak interaction responsible for crystal morphology is a
comparatively neglected field of investigation. We are curious

about how the dominant growth direction of a crystal is related
to weak lattice interactions. In this work, the flexible ligand L1
provides the chelate-bridging mode in the ligand bridged
dinuclear structure 1 while the more rigid L2 simply chelates
and forms a di-chloride bridged structure 2. Both of these
crystals are dominant plates and the crystal faces in the ab plane
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are aligned with the lattice H-bonding interactions in the
ab plane. There are no obvious intermolecular interactions
between the ab planes, which therefore limits growth in the
¢ dimension of the single crystals. Ligand L3 yields a mono-
nuclear complex 3 with octahedron geometry and block crystal
shape. We propose that its 3D H-bonding lattice interactions
drive bulk crystal formation towards this block shape.

Ligand L1 has the potential for both N and S coordination to
Cu' (Chart 2).[" In the present study, the flexible S substituent
is pending and the ligand adopts a chelate-bridging mode of
coordination similar to that of our previously reported (1-(2-
picolyl)-4-hexyl-1H-1,2,3-triazole) ligand which also has a
flexible substituent and similarly supports a dinuclear Cu"
complex.”?®! By comparison, the more rigid L2 does not bridge
the Cu' centres. Although both L2 and L3 prefer this chelating
mode of coordination to Cu'" (Chart 2),7?°! the CN substituent
group at the slightly more remote 3’ position provides greater
opportunity for water molecules and other donors to access the
Cu' centre (6 donors in 3 and 5 in 2). Lattice molecules, such as
water or solvent molecules, are difficult to predict or control.
They can, however, influence the intermolecular interactions
and the growth of the crystal. A comparison of complexes 2 and
3 provides some clues in this respect.

Conclusion

The current work provides an experimental model for further
probing the relationship between crystal shape (dominant
growth dimensions) and weak intermolecular forces. These
forces can be between molecular backbones and/or with
solvent molecules. These interactions are tunable with struc-
ture, potentially permitting predictable control of crystal
morphology.

Experimental
General

Sodium azide is potentially explosive. Only micro-scale reac-
tions are advisable and all operations must be performed with
necessary precautions. All starting chemicals were used as
received. Elemental analyses were performed on a Thermo
Electron Corporation Flash EA 1112 series analyser. Infrared
spectra were obtained on a Perkin Elmer Spectrum 2000 FT-IR
spectrometer from samples in KBr discs. Electrospray ionisation
mass spectra (ESI-MS) for L2 were recorded in positive ion
mode using a Shimadzu LCMS-IT-TOF mass spectrometer.
Powder XRD data were collected on a Bruker AXS GADDS
X-ray diffractometer with Cu-Ko radiation (4 1.54056 A).
Thermogravimetric analyses (TGA) were carried out in an air
stream using a TA Instruments TGA Q500 analyser with a
heating rate of 20°C min~".

Coordination modes of triazole Cu

i complexes.

Synthesis

Ligands L1 and L3 were synthesised according to recent
reports.!'?) Ligand L2 can be synthesised using a similar
method to that for L3. In a typical procedure for L2, 2-(bro-
momethyl)benzonitrile (392mg, 2mmol), NaN; (143 mg,
2.2mmol), 2-ethynylpyridine (258 mg, 2.5mmol), and Cul
(23 mg, 0.12 mmol) were placed in a reaction tube containing a
mixed solvent of CH;0H/H,O (1:1, 4 mL). The reaction was
stirred at 50°C for 24 h on a MultiMax reactor and then extracted
three times with ethyl acetate. The combined organic extracts
were washed with brine, concentrated, and purified by column
chromatography on silica.

2-((4-(Pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl)

benzonitrile (L2)

Formula weight: C;sH; N5, 261.29. Yield: ~500 mg, 95 %.
m/z 262 (100 %, [L2 4+ H]™1), 284 (12, [L2 + Na] ™). 8;; (CDCls,
500.2 MHz) 8.54 (s, 1H), 8.24 (s, |H), 8.16 and 8.14 (d, 1H, J 8),
7.77,7.76 and 7.74 (t, 1H, J 8), 7.71 and 7.70 (d, 1H, J 8), 7.59,
7.57 and 7.56 (t, 1H, J 7), 7.46, 7.45 and 7.4 (t, 1H, J 7), 7.36
and 7.35 (d, 1H, J8),7.21 (s, 1H), 5.81 (s, 2H, CH,). ¢ (CDCl3,
125.8 MHz) 149.9, 149.4, 149.0, 138.0, 137.2, 133.8, 133.2,
129.54, 129.48, 123.1, 122.6, 1204, 116.9, 112.1 (pyridyl,
triazole and CN groups), 51.9 (CH,) (for spectra, see the
Supplementary Material).

[CU2C14(L 1)1 (1)

A CH;0H solution (5 mL) of CuCl,-2H,0 (0.1 mmol, 17 mg)
was added into a CH;OH solution (5 mL) of ligand L1 (0.1 mmol,
29 mg) in a vial with stirring. The mixture was filtered and slow
evaporation of the resulting solution afforded blue crystals of 1
within two weeks. Yield: 23mg, 54%. Anal. Calc. for
C15Hp0CLCuN,S (422.85): C 42.61, H 4.77, N 13.25. Found:
C42.57,H4.82,N 13.36 %. vjnay /cm ' 3134m, 3074m, 2995m,
2958m, 2866m, 1606m, 1572m, 1549m, 1482m, 1434m,
1368m, 1344m, 1324m, 1304m, 1282m, 1228m, 1172m,
1155m, 1103m, 1073m, 1025m, 841m, 813m, 772s, 727m,
674m, 646m, 632m, 434m.

[Cu,Cly(L2),] (2)

Green crystals of complex 2 were prepared using the proce-
dure described above for complex 1 by replacing L1 with L2.
Yield: 28 mg, 71 %. Anal. Calc. for CysH;;CI,CuN;s (395.73):
C 45.53, H 2.80, N 17.70. Found: C 44.99, H 3.12, N 17.03 %.
Viax Jem ™! 3088m, 3000m, 2951m, 2227m (vc=n), 1618m,
1579m, 1494m, 1469m, 1454m, 1366m, 1339m, 1279m,
1249m, 1217m, 1161m, 1117m, 1094m, 1052m, 1019m,
997m, 897m, 854m, 835m, 783m, 765s, 743m, 704m, 689m,
644m, 602m, 555m, 514m, 417m.
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Table 2. Summary of crystallographic data for 1-3

Parameter 1 2 3

Formula C30H40C14Cu2NgSZ C30H22C14C112N10 C30H34C12CUN1006

My 845.70 791.46 765.11

T/K 100(2) 296(2) 296(2)

Crystal size [mm?’] 0.32 % 0.24 x 0.05 0.41 x 0.08 x 0.02 0.30 x 0.22 x 0.17

Crystal system Monoclinic Triclinic Monoclinic

Space group P2i/c P-1 P2y/n

a [A] 14.5067(8) 7.7217(9) 9.1207(3)

b [A] 9.1277(5) 8.202(1) 12.4895(4)

c [A] 27.312(1) 13.196(2) 15.6002(5)

o [°] 90 92.736(3) 90

B[] 103.490(1) 92.077(3) 106.203(1)

v[°] 90 113.073(3) 90

V[A3] 3516.7(3) 766.7(2) 1706.5(1)

VA 4 1 2

Deate [gem ™3] 1.597 1.714 1.489

u[mm ' 1.668 1.777 0.855

0 range [°] 1.44-26.40 1.55-23.81 2.12-33.16

Reflections collected 41723 15260 51775

Independent reflections [R;] 6876 [0.0388] 2266 [0.0441] 6496 [0.0289]

Parameters 415 208 241

GOF 1.084 1.063 1.032

Ri(I>20(1)) 0.0412 0.0307 0.0329

wR,(all data) 0.0877 0.0833 0.0974
[CuCl,(L3),]-6H,0 (3) References

Green crystals of complex 3 were prepared using the proce-
dure described above for complex 1 by replacing L1 with L3.
Only single-crystal XRD measurements were performed due to
limited sample amount.

X-Ray Diffraction

The single-crystal XRD data were collected using a Bruker AXS
SMART APEXII CCD diffractometer using Moy, radiation
(4 0.71073 A) (Table 2). Data integration and scaling were
performed using Bruker SAINT.*") The empirical absorption
correction was performed by SADABS.®?! The space group
determination, structure solution, and least-squares refinements
on |F* were carried out using Bruker SHELXL.1** The struc-
tures were solved by direct methods to locate the heavy atoms,
followed by difference maps for the light non-hydrogen atoms.
Anisotropic thermal parameters were refined for the rest of the
non-hydrogen atoms. Hydrogen atoms were placed geometri-
cally and refined isotropically. For complex 3, hydrogen atoms
H1-H6 were located from a difference map, the positions were
refined with DFIX constraints for O—H and H---H of water, with
a thermal parameter at —1.2000. CCDC reference numbers are:
1431197 (1), 1431198 (2), 1431199 (3).

Supplementary Material

The 'H and '*C NMR spectra of ligand L2 are available on the
Journal’s website.
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