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ABSTRACT: The self-assembly of a carboxylate-based dinucleating ligand, <5<
N,N’-bis[2-carboxybenzomethyl]-N,N’-bis[2-pyridylmethyl]-1,3-diaminopro-

pan-2-ol (Hycpdp), and copper(Il) ions in the presence of various exogenous A

ancillary ligands results in the formation of the new dinuclear complex X

[Cu,(cpdp) (u-Hisophth)],-2H,isophth-21H,0 (1), trinuclear complex
[Cuy(Hepdp)(Cl),] (2), and tetranuclear complex [Cu,(cpdp)(u-Hphth)(u,-
phth) (piconol)(Cl),]-3H,0 (3) (H,phth = phthalic acid; H,isophth =
isophthalic acid; piconol = 2-pyridinemethanol; CI~ = chloride). In
methanol—water, the reaction of Hycpdp with CuCl,-2H,O at room temperature
leads to the formation of 2. On the other hand, 1 and 3 have been obtained by
carrying out the reaction of Hycpdp with CuCl,-2H,0/m-C4H,(CO,Na), and
CuCl,-2H,0/0-C¢H,(CO,Na),/piconol, respectively, in methanol—water in the
presence of NaOH at ambient temperature. All three complexes have been
characterized by elemental analysis, molar electrical conductivity and magnetic
moment measurements, FTIR, UV—vis spectroscopy, and PXRD, including single-crystal X-ray structural analyses. The molecular
structure of 1 is based on a p-alkoxide and y-isophthalate-bridged dimeric [Cu,] core; the structure of 2 represents a trimeric [Cus]
core in which a p-alcohol-bridged dinuclear [Cu,] unit is exclusively coupled with a [CuClL,] species by two u:n'in'-syn-anti
carboxylate groups forming a triangular motif; the structure of 3 embodies a tetrameric [Cu,] core, with two copper(Il) ions in a
distorted-octahedral coordination environment, one copper(Il) ion in a distorted-trigonal-bipyramidal coordination environment,
and the other copper(II) ion in a square-planar coordination environment. In fact, 2 and 3 represent rare examples of copper(II)-
based multinuclear complexes showing outstanding features of rich coordination chemistry: (i) using a symmetrical dinucleating
ligand, trinuclear complex 2 is generated with four- and five-coordination environments around copper(Il) ions; (ii) the
unsymmetrical tetranuclear complex 3 is obtained by using the same ligand with four-, five- and six-coordination environments
around copper(II) ions; (iii) tetracopper(II) complex 3 shows four different bridging modes of carboxylate groups simultaneously
such as e, ', pym*n';', and pen'in'in'n', the pyun'in':in'in' mode of phthalate being unprecedented. The formation of
these [Cu,], [Cu;], and [Cu,] complexes can be controlled by changing the exogenous ancillary ligands and pH of the reaction
solutions, thus allowing an effective tuning of the self-assembly. The magnetic susceptibility measurements suggest that the copper
centers in all three complexes are antiferromagnetically coupled. The thermal properties of 1—3 have been investigated by
thermogravimetric and differential thermal analytical (TGA and DTA) techniques, indicating that the decomposition of all three
complexes proceeds via multistep processes.

B INTRODUCTION number, which can be conjugated with flexibility of the ligand

Metal-assisted self-assembly processes constitute successful systems. Usually, the coordination chemistry of copper is
approaches to the preparation of well-defined coordination
complexes having aesthetically attractive architectures from
both material and biological origins.' ™' Such metal—ligand
coordination-driven self-assembly is one of the most
compelling synthetic tools, among other self-assembly
processes, that are used for the Production of a plethora of
discrete molecular topologies."'~'° Among the different
transition metals, copper is a good candidate for the assembly
of multinuclear complexes due to its varied coordination

dominated by the Cu(Il) ion forming a rich variety of its
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coordination complexes. As the copper(1l) complexes are often
labile and unusual in their preference for distorted coordina-
tion geometries, they are much less structurally predictable
than other 3d transition-metal complexes. The multinuclear
complexes of Cu(Il) display fascinating electronic and
magnetic properties.'®”'® In addition to molecular magnet-
ism,"” ™" multinuclear copper(II) complexes have also proved
to be of substantial interest in several modern research areas
such as catalysis,22 DNA cleavage,23 oxygen activation,”* and
host—guest equilibria.”® The choice of different polyfunctional
ligands containing oxygen and nitrogen donor atoms allows a
rational approach to obtain definite and interesting molecular
structural designs.”*~>* Consequently, a great deal of attention
has been paid to the preparation and systematic character-
ization of multinuclear copper(II) complexes.”’ ™'

Carboxylate-containing ligands have been investigated for
some time as a way to assemble different 3d metal ions into
aggregates with relevance in the area of coordination
chemistry, because their flexibility and conformational freedom
support the formation of diverse multinuclear complex
architectures with novel topologies.””~*’ In principle, molec-
ular-level control over the formation of three-dimensional
structures should provide a rational design and synthesis of a
wide variety of these multinuclear complexes with modified
properties. Carboxylate-based copper(1l) complexes may be
mono-, di-, or multinuclear because of their wide-ranging
coordination modes. In comparison to mononuclear com-
plexes, the duly designed di- and multinuclear complexes not
only present synthetic challenges but also can put forward new
reactivity patterns. For example, dinuclear triply bridged
copper(II) complexes can exhibit a great diversity of
topologies, in which the coordination around the metal centers
continuously chan%es from regular trigonal bipyramidal to
square pyramidal."’ Hence, from a synthetic and structural
point of view, although dinuclear cop4per(H) chemistry is a
quite extensively studied research field,” reports on trinuclear
and hi§her-nuclearity copper(Il) complexes are relatively
limited.***

The focus here is on the symmetrical dinucleating ligand
N,N’-bis[2-carboxybenzomethyl]-N,N’-bis[ 2-pyridylmethyl]-
1,3-diaminopropan-2-ol (H;cpdp), incorporatin§ two pyridine
and two benzoate functionalities (Scheme 1).*> Recently, we

Scheme 1. Chemical Structures with Observed Anionic
Forms of the Ligand H;cpdp
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have shown that the ligand Hjcpdp coordinates with Co(II),
Fe(I1I), Cu(1l), and Zn(II), including Li/Na, forming a variety
of higher-nuclearity complexes with smart molecular structures
and interesting material/biological properties.”””****¢~%% 1
those complexes, the ligand Hjcpdp has either a trianionic
(cpdp®™) or a dianionic (Hcpdp*~) form (Scheme 1),
exhibiting flexible coordination modes of the carboxylate
groups. While further exploring the reactions of Hycpdp with
copper(Il) ions in the presence of different exogenous ancillary
ligands such as isophthalate, chloride, and phthalate/chloride/

piconol, we isolated new di-, tri-, and tetranuclear copper(1l)
complexes of the formulas [Cu,(cpdp)(u-Hisophth)],-
2H,isophth-21H,0 (1), [Cu;(Hcpdp)(Cl),] (2), and
[Cuy(cpdp) (u-Hphth) (uy-phth) (piconol) (Cl),]-3H,0  (3).
Different ancillary ligands have been employed for the
construction of these complexes because, initially, the ligand
cpdp®™ or Hepdp®~ coordinates two copper(Il) ions, leaving
behind accessible binding sites for additional coordination of
isophthalate, chloride, or phthalate/chloride/piconol offering
subsequent aggregation processes for the self-assembly. Thus,
the utilization of the carboxylate-based ligand Hjcpdp in
combination with isophthalate, chloride, or phthalate/
chloride/piconol not only assists in the formation of the
complexes but also supports the necessary factors for their
stabilization. In connection to coordination with copper(1l),
the different binding modes of carboxylate groups of the
Hcpdp®~/cpdp®™ and phthalate/isophthalate observed in 1-3
are shown in Scheme 2 (modes A and F in complex 1; mode B
in complex 2; modes C—E in complex 3). Therefore, this
article describes a simple and facile approach to synthesize a
new series of di-, tri-, and tetranuclear copper(Il) complexes of
a symmetrical carboxylate-based dinucleating ligand showing
interesting and outstanding coordination chemistry. Further-
more, their in-depth structural aspects and spectroscopic and
thermal properties are described.

Bl RESULTS AND DISCUSSION

General Synthesis of the Ligand and Complexes. The
carboxylate-based symmetrical dinucleating ligand H;cpdp was
prepared following our previously published procedure.”
Characterization of the ligand was accomplished by elemental
analysis, FTIR, NMR, ESI-MS, and thermogravimetric
techniques. The FTIR, 'H and “C NMR, ESI-MS, and
thermogravimetric data are provided in Figures S1—S5 of the
Supporting Information. The reactions of Hjcpdp with
copper(Il) salts have been systematically investigated, as
summarized in Scheme 3. When the reaction of Hzcpdp with
CuCl,-2H,0 was carried out in CH;OH/H,0 (9/1; v/v) in
the absence of any base, complex 2 was obtained (Scheme 3).
Several Hjycpdp/Cu ratios were explored, and here we report
only the optimized ratios that a yielded clean and well-
characterized product in high yield. At room temperature, 2
was easily isolated as a green compound by stirring a CH;OH/
H,O solution of H;cpdp and CuCl,-2H,O in a 1/3 molar ratio
for 1 h at pH ~3. This synthetic procedure was further
explored with m-C¢H,(CO,Na), and 0-C¢H,(CO,Na),/
piconol successively in the presence of NaOH. In CH;OH/
H,0 (9/1; v/v), bluish green complexes 1 and 3 (Scheme 3)
were obtained in good yield by room-temperature stirring of
reaction solutions of Hjcpdp, CuCl,-2H,0, and m-
C¢H,(CO,Na), or 0-C¢H,(CO,Na),/piconol, in 1/2/1 or 1/
4/2/1 molar ratios, respectively, for 1 h in the presence of
NaOH at pH ~6.5, under aerobic conditions. The nature of
the final products for all three complexes is strongly influenced
by the presence of exogenous coligands such as phthalate,
isophthalate, piconol, and chloride, in either bridging and
nonbridging modes, and the pH of the reaction solution,
resulting in the formation of di-, tri-, and tetranuclear cores.
Therefore, the formation of these three copper(II) complexes
can be directly controlled by choosing the appropriate ancillary
ligands and maintaining the experimental pH. Complexes 1—-3
were fully characterized by elemental analysis, solution
electrical conductivity, FTIR, and UV—vis, together with
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Scheme 2. Different Binding Modes of Carboxylate Groups of Hcpdp®~/cpdp®~ (A—C), Phthalate (D, E), and Isophthalate (F)

Observed in Complexes 1-3
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powder and single-crystal X-ray crystallography. The elemental
analysis, solution molar electrical conductivity, and single-
crystal X-ray diffraction studies confirm their compositions. At
room temperature, the molar conductivity values of 1-3 in
MeOH are in the range of 15—22 Q7! em? mol™}, indicating
the nonelectrolytic formulations of the complexes.*’

FTIR Spectroscopy. The FTIR spectra of 1—3 show broad
absorption bands in the range of 3401—3434 cm™, indicating
the O—H stretching vibrations of lattice waters/alcohol
groups.”® The spectra of 1 show two asymmetric v,(COO~)
and two symmetric v,(COO™) stretching vibrations at 1609
and 1553 cm™" and at 1447 and 1377 cm™’, respectively. The
differences between v,,(COO~) and v,(COO™) stretches (A)
of ~232 and ~106 cm™' for 1 suggest two different
coordination modes: monodentate terminal coordination of
benzoate and p:n':n'-syn-syn bidentate coordination of
isophthalate groups, respectively.”' ~>* The band observed at
a higher wave number of 1609 cm™ !, which can be assigned to
the v(C=N) stretching vibration of the pyridine moiety of the
ligand backbone, is most probably overlapped with the v(C=
O) stretching vibration of one —COOH group of the
isophthalate moiety. For 2, typical absorptions at 1559 and
1450 cm™' in the FTIR spectrum can be associated with
1, (COO7) and v,(COO™) vibrations of the coordinated
benzoates, respectively. The A value of ~109 cm™ is in
agreement with the p:n7':n'-syn-anti bidentate function of the
benzoate group.”’ ™ The spectrum of 2 also exhibits a
characteristic band at 1612 cm™, attributed to the v(C=N)
stretching vibration of the pyridine moiety of the ligand
backbone. On the other hand, the different coordination
modes of benzoate and phthalate functionalities, namely,
monodentate y:1%, bidentate p:17":57, tridentate py:%:n' ', and
tetradentate p,:n':n7":n":n' bridging coordinations, have been
recognized in the FTIR spectrum of 3. The FTIR spectrum of
3 shows two intense asymmetric v,(COO™) bands at 1615
and 1564 cm™ and two intense symmetric v,(COO™) bands at
1452 and 1367 cm™". The higher wavenumber band at 1615

39987

cm™ is also overlapped with the v(C=N) stretching vibration
of the pyridine moiety of the ligand backbone/piconol and the
v(C=0) stretching vibration of one —COOH group of the
phthalate moiety. Whereas the significantly higher difference A
of ~248 cm™ is attributed to the monodentate y:17* bridging
coordination of benzoate, the relatively lower difference A of
~112 cm™' is ascribed to the u:n':np'-syn-syn bidentate
coordination of phthalates.”’™>* The FTIR spectra of 1-3
are presented in Figures S6—S8 of the Supporting Information.

Electronic Absorption Spectroscopy. UV—vis spectra of
1-3 measured in MeOH solution are illustrated in Figures
S§9—S11 of the Supporting Information. All three complexes
show multiple bands in the range of 200—900 nm. The broad
d—d absorption bands, with maxima at 686 nm (e = 281 M™*
em™), 725 nm (¢ = 122 M~ cm™), and 729 nm (& = 95 M™*
em™') for 1-3, respectively, are induced by the Hcpdp®™/
cpdp®™ ligand. These d—d transitions are consistent with
copper(1l) ions coordinated by oxygen and nitrogen donor
atoms of the ligands.”* "> The intense absorptions bands at
260 nm (e = 3189 M~' cm™) and 230 nm (¢ = 7307 M™*
em™'), 259 nm (e = 10060 M™' cm™) and 230 nm (e = 11354
M~ em™), and 263 nm (e = 7856 M~' cm™!)™ and 230 nm
(¢ = 11878 M™' cm™') are dominated by copper(II) ion-
bound intraligand 7—7* transitions for 1—3, respectively. For
comparison, the UV—vis spectrum of the free ligand H;cpdp in
MeOH has been included, which exhibits three very strong
absorption bands at 254 nm (& = 218835 M~! cm™)*", 261 nm
(e = 240441 M™' cm™), and 268 nm (¢ = 182728 M™
em ™)™ in the charge-transfer region (Figure S12 of the
Supporting Information). The bands at 254 nm (& = 218835
M~ em™)*h and 268 nm (e = 182728 M~ cm™!)*" disappear
upon coordination with copper(II) ions, with the generation of
a new band at 230 nm (e = 10180 M™' cm™) in all three
complexes. The observed electronic absorption spectral data
suggest that the ligand-bound copper(II) assemblies 1-3
remain intact in solution.
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Scheme 3. Schematic Pathways for the Synthesis of
Complexes 1-3
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Magnetic Measurements. The molar magnetic suscepti-
bilities (yy) of [Cu,(cpdp)(u-Hisophth)],-2H,isophth-21H,0
(1), [Cuz(Hepdp)(Cl),] (2), and tetranuclear [Cu,(cpdp)(u-
Hphth) (u,-phth) (piconol)(Cl),]-3H,0 (3) were obtained as
8.831 X 1073, 3.138 X 107> and 4.809 X 107, respectively, by
applying the proper corrections (Pascal’s constants) for the
diamagnetic components of the li 7gamds and associated ions.
Then, by using Gouy methods,”””" the magnetic moment
values of 1.62 pp/Cu (fyora = 4-58 p5/Cug), 1.58 pp/Cu (Uyoa
=2.73 p/Cus), and 1.69 pp/Cu (o = 3.38 p/Cu,) for 1—
3, respectively, at T = 297 K were determined. The room-
temperature magnetic moments lying between 1.58 and 1.69
up correspond to one unpaired electron in each Cu(Il) ion.
These values are comparable to those reported for analogous
copper(II) complexes with y-alkoxide and exogenous bridging
carboxylate groups®”®’ and slightly lower than the spin-only
magnetic moment value of 1.73 pp/Cu (Myors: 4-89 pip/Cug for
1; 2.99 up/Cuy, for 2; 3.46 py/Cuy for 3) expected for eight,
three, and four uncoupled spins of Cu(II) ions with § = 1/2 for
1-3, respectively, indicating antiferromagnetic interactions
among the paramagnetic copper centers.

Description of Single-Crystal X-ray Structures of 1-3.
The single-crystal X-ray technique was employed to establish
the molecular structures of all three complexes. Whereas 1 and

2 crystallize in the monoclinic space groups P2, and P2,/m,
respectively, 3 crystallizes in the orthorhombic space group
P2,2,2,. Data collection, including crystal and refinement
parameters for 1—3, are summarized in Table 1. Selected bond
distances and angles for 1—3 are given in Tables S1—S3. The
views of molecular structures and core frameworks of 1-3
were created using Diamond (version 4.0).5"

[Cu,(cpdp)(u-Hisophth)],2H,isophth-21H,0 (1). The sin-
gle-crystal X-ray structure of 1 contains four molecules in the
asymmetric unit, with equivalent structures of the formula
[Cu,(cpdp) (u-Hisophth)], along with two isophthalic acid
moieties and 21 lattice waters. A view of the neutral dinuclear
[Cu,(cpdp) (u-Hisophth)] complex, together with the atomic
numbering scheme, is shown in Figure 1. In each [Cu,(cpdp)-
(u-Hisophth)] unit, the deprotonated ligand cpdp®~ acts as a
dinucleating ligand coordinated to the two copper(Il) ions.
Both copper(Il) ions adopt a five-coordinate distorted-square-
pyramidal geometry, each provided by one bridging alkoxide
oxygen, one benzoate oxygen, one tertiary amine nitrogen, and
one pyridine nitrogen of the cpdp®~ ligand and the brldgm
isophthalate group. The values of the Addison parameter (7)°
of copper(1I) are 0.348 (CulA) and 0.167 (Cu2A), suggesting
that the geometry around each metal center is highly distorted
square pyramidal. CulA and Cu2A are shifted by 0.199 and
0.214 A from the O7AO3AN2ANIA and O6AO3AN4AN3A
basal planes, respectively. The alkoxide bridge is asymmetric
with two Cu—O,g,iq. bond distances differing by about 0.054
A.

The exogenous isophthalate group connects two copper
centers in a p:n':n'-syn-syn bidentate fashion. The Cu-—
Obridging isophthalate PO distances specify that this bridge is
also asymmetric (CulA—O7A, 2.032(6) A; Cu2A—O06A,
2.003(6) A). The bond distances to the oxygen and nitrogen
atoms around the copper centers are in the range of 1.854(8)—
2.247(4) A, which agree well with those of related dicopper(II)
complexes. 3,04 The significant difference in the C39A—08A
and C39A—09A bond distances (C39A—08A, 1.24(1) A;
C39A—09A, 1.33(2) A), indicate that the C39A—09A bond is
formally a C—OH connection. The location of the hydrogen
atoms attached to the oxygen atoms of the carboxylate groups
was verified by the difference Fourier map, which is further
supported by the inhomogeneous C—O bond distances of the
—COOH group. In general, for the —COOH group, the
shorter C—O bond may be assigned to a C=0O bond, while
the longer C—O bond may be assigned to C—OH bond. The
CulA-+Cu2A internuclear separation is 3.437(1) A, which is in
agreement with the distances found in reported dicopper(II)
complexes.*%

Figure 2 displays a unit cell packing diagram showing the
benzoate, isophthalate and lattice water-susceptible extensive
hydrogen bonding interactions that provide the overall
stabilization to the crystal lattice. In addition , the adjacent
benzoate and pyridyl functions are aligned in a face-to-face
orientation with an average centroid-to-centroid distance of
~3.607 A, indicating the presence of sensible intramolecular
z---7 stacking interactions (Figure 3).

[Cus(Hcpdp)(Cl),] (2). A view of the single-crystal X-ray
structure of 2 with the atom-numbering scheme is shown in
Figure 4. It consists of three copper(II) ions, one Hcpdp®~
ligand, and four chloride ions. The structure of 2 can be viewed
as a trimetallic assemblage that contains an unsymmetrical
Cu;O3N,Cl, core, with each copper(Il) ion located at the
corners of an isosceles triangle (Figure S). The formation of 2
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Table 1. Single-Crystal X-ray Data for [Cu,(cpdp)(u-Hisophth)],-2H,isophth-21H,0 (1), [Cus(Hcpdp)(Cl),] (2), and
[Cu,(cpdp) (u-Hphth) (p,-phth) (piconol) (Cl),]-3H,0 (3)

1 2 3
empirical formula C17,H 90N 6045Cug C;3,H;oN,05Cl,Cu;y Cs3H;NO0,,CLCu,
formula wt 4029.86 871.0S 1355.11
cryst syst monoclinic monoclinic orthorhombic
space group P2, P2,/m P2,2,2,

a, A 13.1937(2) 7.8680(S) 12.33866(11)
b, A 21.5249(3) 18.9914(11) 19.5274(2)

o A 32.8517(4) 13.1824(8) 22.0140(2)

a, deg 90 90 90

B, deg 92.944(1) 90.599(6) 90

7, deg 90 90 90

v, A® 9317.3(2) 1969.6(2) 5304.11(9)
V4 2 2 4

density, Mg/m® 1.437 1.469 1.697
wavelength, A 1.54184 0.71073 1.54184
temp, K 100(10) 100(2) 100(10)
F(000) 4156.305 881.613 2739.409

abs coeff, mm™! 1.758 1.916 3.408

0 range, deg 2.460—66.222 3.570-29.050 3.030—66.470
no. of rflns collected 26096 4287 9165

no. of indep rflns 24524 3060 9003

Rl (I > 20(D))" 0.088 0.0834 0.034

Rw (F? all data)® 02456 02336 0.0977
goodness of fit on F2 1.0489 1.0497 1.05837
largest diff peak and hole, e/A3 +2.1000, —2.0420 +3.2620, —1.4208 +1.1669, —0.5004

“R1 = YIIF,| — IFJIl/Y IF,); wR2 = {X[w(F.> — E2)?]/ Y [w(F.2)]}2

Figure 2. Unit cell packing diagram of 1 showing hydrogen-bonding
interactions.

Figure 1. Diamond representation of the molecular structure of
[Cu,(cpdp) (u-Hisophth)] in 1 with the atom-numbering scheme.
Hydrogen atoms and lattice solvent molecules are omitted for clarity.
Color code: Cu, brown; N, blue; O, red; C, black (Diamond - Crystal
and Molecular Structure Visualization; Version 4.0).

is accomplished by the self-assembly of a dinuclear
[Cu,(Hcpdp)]** and a mononuclear [CuCl,] species which
are exclusively bridged by two benzoates in a p:n':#y'-syn-anti
bidentate manner. Within the dinuclear [Cu,(Hcpdp)]** unit,
the two copper centers show identical coordination geo-
metries, bond distances, and angles. As shown in Figure S, Cul
and Cul’ adopt a distorted-square-pyramidal geometry (z =
0.079),°> with each surrounded by one bridging alcohol

Figure 3. Perspective view of 1 showing intramolecular 7---7 stacking
interactions.
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&Cll

Figure 4. Diamond representation of the molecular structure of
[Cus(Hepdp)(Cl),] in 2 with the atom-numbering scheme. Hydro-
gen atoms are omitted for clarity. Color code: Cu, brown; N, blue; O,
red; Cl, green; C, black (Diamond - Crystal and Molecular Structure
Visualization; Version 4.0).

N1 N1'

11

Figure S. Diamond representation of the core framework of 2 with
the atom-numbering scheme showing three copper centers at the
corners of an isosceles triangle. Hydrogen atoms are omitted for
clarity. Color code: Cu, brown; N, blue; O, red; Cl, green; C, black
(Diamond - Crystal and Molecular Structure Visualization; Version
4.0).

oxygen, one bridging benzoate oxygen, one tertiary amine
nitrogen, and one pyridine nitrogen of the Hepdp®~ ligand and
one exogenous Cl~ ion. In contrast, the geometry around the
Cu3 center can be best described as a distorted square plane,
completed by two bridging benzoate oxygens and two
monodentate Cl™ ions. In order to balance the total charge
in 2, one proton has been added to the O1 atom (alkoxide
oxygen). This is further supported by significantly longer
Cul—01/Cul’—01 bond distances of 2.351 A. The deviations
of the Cul/Cul’ and Cu3 centers from the O2N2N1CI3/

O2’'N2'N1’'CI3’ and O3CI2Cl103’ basal planes are detected
as 0.076 and 0.154 A, respectively. In the [Cu,] unit, the three
copper centers come together at the corners of an isosceles
triangle with the edges of 4.835(15), 4.835(15), and 4.499(14)
A (Figure S). The Cu—0, Cu—N, and Cu—ClI bond distances
are in the respective ranges of 1.957(5)—2.351(3), 1.965(6)—
2.070(6), and 2.232(3)—2.242(4) A, which are consistent with
literature values.””®® As expected, there is no direct covalent
linkage among the three copper(Il) ions, which are separated
by a distance of 4.723 A (average).”
[Cu,(cpdp)(u-Hphth)(u,-phth)(piconol)(Cl),]-:3H,0 (3). A
single-crystal X-ray structure analysis reveals that 3 consists
of four copper(Il) ions, one cpdp®~ ligand, one monoanionic
and one dianionic phthalate moiety, one piconol, and two
chloride ions. Three water molecules cocrystallized with the
complex. A view of the molecular structure of 3 is depicted in
Figure 6. The tetranuclear [Cu,] motif is formed through the

Figure 6. Diamond representation of the molecular structure of
[Cu,(cpdp) (u-Hphth) (u,-phth) (piconol)(Cl),] in 3 with atom-
numbering scheme. Hydrogen atoms are omitted for clarity. Color
code: Cu, brown; N, blue; O, red; Cl, green; C, black (Diamond -
Crystal and Molecular Structure Visualization; Version 4.0).

aggregation of one dinuclear [Cu,(cpdp)]* and two mono-
nuclear [Cu(piconol)Cl]* and [CuCl]* units, which are
connected to each other by one w:* and one uy:n’n'a'
benzoate group of the cpdp®~ ligand as well as one y:17':7' and
one pgn":n'in'in' phthalate group in a syn-syn fashion. Within
the dinuclear [Cu,(cpdp)]* unit, each copper ion (Cul and
Cu2) exhibits a highly distorted octahedral geometry provided
by a bridging alkoxide oxygen, a bridging benzoate oxygen, a
tertiary amine nitrogen, a pyridine nitrogen from the cpdp®~
ligand, and two bridging carboxylate oxygens from p- and pi -
phthalates. Whereas the Cu3 center of the mononuclear
[CuCl]* species shows a distorted-square-planar geometry
surrounded by two bridging benzoate oxygens from the cpdp®~
ligand, one bridging carboxylate oxygen from the yu,-phthalate,
and one CI” ion, the Cu4 center of the mononuclear
[Cu(piconol)Cl]* species adopts a distorted-trigonal-bipyr-
amidal geometry (7 = 0.845)> encircled by a bridging
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benzoate oxygen from the cpdp®” ligand, a bridging
carboxylate oxygen from the p,-phthalate, one CI™ ion, and
one pyridine nitrogen and one alcohol oxygen from piconol. A
view of the core framework of 3 that shows three different
coordination geometries around the copper centers is
presented in Figure 7. The O2—Cu3-08, 02—-Cu3-CL,

o13 @

09 010

C31

04

11

N5

Figure 7. Diamond representation of the core framework of 3 with
atom-numbering scheme. Hydrogen atoms are omitted for clarity.
Color code: Cu, brown; N, blue; O, red; Cl, green; C, black
(Diamond - Crystal and Molecular Structure Visualization; Version
4.0).

03—Cu3-CI2, and O8—Cu3—03 bond angles around the
square-planar Cu3 center are 87.65(10), 95.57(8), 94.64(8),
and 95.57(10)°, respectively. The Cul, Cu2, Cu3, and Cu4
centers are displaced by 0.073, 0.016, 0.008, and 0.148 A from
the N2N10901, N4N301010, 020803CI2, and O4Cl106
basal planes, respectively. The Cu—Oy,igging alkoxice PONd
distances indicate that this bridge is close to symmetrical
(Cul—01, 1.927(2) A; Cu2—01, 1.932(2) A). The Cu—0,
Cu—N, and Cu—Cl bond distances are in agreement with
those of analogous copper(II) complexes reported in the
literature.®”*® The longer C52—012 bond, having a distance
of 1.305(7) A, is formally a C—OH linkage specified by the
proton position to be found in the difference Fourier map.
This observation agrees well with the inhomogeneous C—O
bond distances of the —COOH group. Generally, for the
—COOH group, the shorter C—O bond may be assigned to a
C=0 bond, while the longer C—O bond may be assigned to a
C—OH bond. The intraligand Cul---Cu2 separation is
3.4510(6) A.5>%°

Although the bidentate y:7* and p:n':n7" bridging modes are
quite common in metal carboxylate coordination chemistry,
the simultaneous existence of both tridentate us:7%:5":5" and
tetradentate p,:n':n':m':n' bridging modes is rare,”»*%7°
Hence, 3 is an unprecedented example of a tetranuclear
copper(II) complex that exhibits the bidentate w:p* and
wn'a', tridentate py:*inptin', and tetradentate gttt
bridging modes of the carboxylate groups concurrently, linking

four copper centers. A careful search of the data in the
literature shows that complex 3 is the third example of a
structurally characterized 4-phthalate-bridged metal complex.
Very recently, only the [CrLn,] cluster, incorporating a
trilacunary Keggin-type polyoxometalate, and an Mn; cluster
with a “twisted bow-tie” topology that are stabilized by
phthalate groups showing p,:n':n7":n":n" bridging modes have
been reported.”" Hence, to our knowledge, complex 3 is the
first crystallographically characterized solid-state structure of a
Cu(II) complex of any nuclearity where a doubly deprotonated
phthalate group shows a unique u,:17":n':n':n" bridging mode.
It is notable to state that complex 3 exhibits the benzoate,
phthalate, piconol, and lattice water-susceptible wide-ranging
H-bond interactions supporting an additional stabilization of
the crystal lattice (Figure S13 of the Supporting Information).
The moderate intramolecular 7---7 stacking interactions are
also observed among the adjacent benzoate and pyridyl
functions due to their face-to-face array with an average
centroid-to-centroid distance of ~3.949 A (Figure 8).

Figure 8. Perspective view of 3 showing intramolecular 7---7 stacking
interactions.

Structural Comparison of Complexes 1-3. Structural
features, including the coordination properties, of 1—3 have
been compared with respect to their supramolecular
assemblies. Whereas 1 and 2 represent a p-alkoxide/alcohol
and p-carboxylate-bridged dimeric Cu, and trimeric Cu;
complexes, 3 embodies a p-alkoxide- and u-, p5-, and p,-
carboxylate-bridged tetrameric Cu, complex. Complex 1 is
formed through the self-assembly of two Cu(II) ions, one fully
deprotonated cpdp®~ ligand, and one monoanionic isophtha-
late group; complex 2 is produced by the self-assembly of a
dinuclear [Cu,(Hcpdp)]** and a mononuclear [CuCl,] species
which are exclusively connected by two benzoate groups;
complex 3 is fashioned through the self-assembly of one
dinuclear [Cu,(cpdp)]* and two mononuclear [Cu(piconol)-
Cl]* and [CuCl]* species that are linked to each other by two
benzoate groups as well as one monoanionic and one dianionic
phthalate group. While complex 1 shows monodentate
terminal coordination in relation to endogenous benzoate
groups and p:n':n'-syn-syn bidentate coordination in relation
to an exogenous isophthalate group and complex 2 displays
u:n":n'-syn-anti bidentate coordination concerning the endog-
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enous benzoate groups, complex 3 exhibits 4:77” bidentate and
uy:nnti' tridentate bridging modes with respect to
endogenous benzoate groups as well as the u:17":7' bidentate
and pgn':n'in'in' tetradentate bridging modes with respect to
exogenous phthalate groups. Furthermore, the prominent
structural features of their crystal structures also lie in the
coordination geometries around the Cu(Il) ions, which are
markedly different. In 1, the two Cu(Il) ions assume a
distorted-square-pyramidal geometry; in 2, two Cu(II) ions
adopt a distorted-square-pyramidal geometry and the other
Cu(Il) ion adopts a distorted-square-planar geometry; in 3,
two Cu(II) ions exhibit a distorted-octahedral geometry, one
Cu(Il) ion exhibits a distorted-trigonal-bipyramidal geometry,
and the other Cu(II) ion shows a distorted-square-planar
geometry. Careful analyses of X-ray crystal structures show that
the average Cu---Cu distances of 3.437, 4.723, and 3.383 A in
1-3, respectively, are significantly longer than the sum of the
covalent radii of two coppers of 2.8 A (r, = 1.4 A), and hence,
there is no direct Cu---Cu interaction.”” Evidently, the different
Cu--Cu distances are caused by the various structural
diversities which are due to the different coordination modes
of the organic ligands. While the occurrence of plentiful
hydrogen-bonding interactions and moderate intramolecular
7+ stacking interactions observed in 1 and 3 contribute
toward the stabilization of their crystal lattices, both the
hydrogen-bonding and 7---7 stacking interactions are absent in
2. The n---m stacking interaction is a kind of attractive and
noncovalent interaction that occurs when the aromatic z-
systems interact face-to-face with one another and involves a
combination of dispersion and dipole-induced dipole inter-
actions.”” In fact, aromaticity should be an essential require-
ment for the occurrence of #---7 stacking interactions. In line
with this, the intramolecular 7---7 stacking interactions are
detected in 1 and 3 due to face-to-face arrangements of
adjoining pyridyl and benzoate moieties with average centroid-
to-centroid distances of 3.607 and 3.949 A, respectively. In
comparison to the model porphyrin—porphyrin interactions
(34 A),”* the observed mx stacking interactions can be
classified as moderate interactions. Considering the afore-
mentioned striking structural features, it can be seen that 1-3
are interesting examples of a family of self-assembled di-, tri-,
and tetranuclear copper(II) complexes of a symmetrical
dinucleating ligand, showing several versatile and rare
coordination/binding modes of carboxylates with unsym-
metrical arrangements of Cu(II) ions, particularly in 2 and 3.

Powder X-ray Diffraction Studies. Powder X-ray
diffraction experiments (PXRD) were performed for 1-3
using their microcrystalline samples obtained upon drying in a
vacuum desiccator. The PXRD patterns of 1—3 are shown in
Figures S14—S16 of the Supporting Information, respectively.
The PXRD patterns for all three complexes are consistent with
the simulated patterns acquired from the single-crystal X-ray
diffraction data. The PXRD patterns also indicate that their
peak positions are in good agreement with each other,
suggesting the phase purity of the complexes. Nevertheless,
for all three complexes, there are small differences in the peak
intensities of experimental and simulated patterns, which may
be due to the preferred orientation of the power.

Thermal Properties. The thermal analyses (TGA/DTA)
data for 1-3 are given in Figures 9—11. Complex 1 is
thermally stable up to ~213 °C. In the temperature interval of
81—121 °C, the TGA curve of 1 indicates a first mass loss of
~9.63% (calcd 9.39%), which can be attributed to the loss of
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Figure 9. TGA/DTA profiles of 1 under an inert atmosphere of N,
gas with a heating rate of ~10 °C/min.
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Figure 10. TGA/DTA profiles of 2 under an inert atmosphere of N,
gas with a heating rate of ~10 °C/min.
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Figure 11. TGA/DTA profiles of 3 under an inert atmosphere of N,
gas with a heating rate of ~10 °C/min.

21 lattice H,O molecules. The corresponding DTA curve
shows a strong endothermic effect with a peak minimum
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temperature (T,;,) of 99 °C. The second decomposition step
associated with a mass loss of ~4.16% (calcd 4.36%) is due to
the release of four CO, gas molecules between 128 and 212 °C
from two free isophthalic acids. The third and fourth
decomposition steps in the temperature interval of 213—411
°C account for the total mass losses of ~17.05% (calcd
17.47%) indicating the release of 16 CO, gas molecules from
four coordinated cpdp®~ and four coordinated isophthalates. In
connection with these three decarboxylation processes, the
DTA curve exhibits three weak endothermic peaks with T, at
185, 259, and 402 °C. Afterward, complex 3 shows the
decomposition of the metal—organic framework through two-
step thermal processes between 415 and 950 °C, accompanied
by the consequent DTA peaks with T, at 494 °C (weak
endothermic) and 712 °C (weak endothermic). Complex 2 is
thermally stable up to ~242 °C. In the temperature interval of
47—-97 °C, the TGA curve of 2 shows a first mass loss of
~8.03% (calcd 8.15%), corresponding to the removal of a Cl,
gas molecule. The consequent DTA curve displays an
endothermic effect with T,;, at 86 °C. In the second step,
the mass loss of ~8.34% (calcd 8.15%) between 172 and 242
°C is attributed to the removal of another Cl, gas molecule
exhibiting the corresponding DTA curve that shows a weak
endothermic peak with T,;, at 188 °C. The expulsion of two
Cl, gas molecules in two different temperature windows is
most probably due to different electronic effects experienced
by the chloride ions coordinated to the distorted-square-
pyramidal and distorted-square-planar copper centers. After
that, the decomposition of the metal—organic framework
occurs between 243 and 825 °C, including the loss of two CO,
gas molecules at ~292 °C. The resultant DTA peaks show a
weak and strong exothermic effects with peak maxima (Ty,,,) at
360 and 577 °C, respectively. Complex 3 is thermally stable up
to ~211 °C. The TGA curve of 3 shows a first mass loss of
~3.80% (calcd 3.98%) in the temperature interval of 50—98
°C that corresponds to a loss of three lattice waters, followed
by the expulsion of a Cl, gas molecule between 100 and 209
°C in the second step, indicating a mass loss of ~5.45% (calcd
5.23%). The corresponding DTA curve shows two endother-
mic peaks with T, at 67 and 222 °C. Subsequently, the
decomposition of the metal—organic framework occurs
between 211 and 810 °C, including the removal of six CO,
gas molecules at ~250 °C. As a consequence, the DTA peaks
with T, at 255 °C (strong endothermic) and Ty, at 362 °C
(weak exothermic), 436 °C (strong exothermic), 526 °C
(weak exothermic), and 642 °C (weak exothermic) associated
with the multistep thermal decomposition processes are
observed. The leftover masses correspond to the formation
of CuO as the possible final residue for all three complexes.”*”°
Comparable thermal behavior has been reported in the
literature, showing the removal of lattice H,0, Cl,, and CO,
gases from allied chloride-/carboxylate-containing metal
complexes.”” "’

B CONCLUSION

In conclusion, the symmetrical dinucleating ligand Hjcpdp, in
combination with exogenous ancillary ligands such as
isophthalate, chloride, and phthalate/chloride/piconol, yields
a new family of di-, tri-, and tetranuclear copper(Il) complexes
under the specified experimental conditions. All three
complexes have been characterized by single-crystal X-ray
studies, which disclose that their metallic core arrangements
are distinctly different from each other. From the structural

analyses the important role played by the exogenous ancillary
ligands in synthesizing and controlling the molecular topology
of these copper(I) complexes is obvious. At the outset, the
dinucleating ligand Hjcpdp facilitates the trapping of two
copper(Il) ions, leaving available coordination sites for the
binding of isophthalate, chloride, and phthalate/chloride/
piconol moieties, which help the assembly of two, three, and
four copper(II) ions in the final molecular architectures of 1—
3, respectively. Most importantly, complexes 2 and 3 unveil
fascinating coordination chemistry, with a trimeric [Cus] core
in which a dinuclear [Cu,(Hcpdp)]** species is entirely linked
to a mononuclear [CuCl,] species by two u:n':n'-syn-anti
carboxylate groups having a triangular design in 2 and with a
tetrameric [Cu,] core in which one dinuclear [Cu,(cpdp)]*
and two mononuclear [Cu(piconol)Cl]* and [CuCl]* species
are connected to each other by one u:p” benzoate, one
Us:n*nt:p' benzoate, one wu:p':p' phthalate, and one
uyn' 'ty phthalate group in 3. It is important to mention
that 3 is a rare example of a copper(Il)-based tetranuclear
complex that displays multifaceted coordination modes of
carboxylates, with an unprecedented p,:n':n":n":n' bridging
coordination mode of the phthalate group. The thermal
behavior of 1—3 has been examined by TGA/DTA techniques,
indicating that the complexes are stable up to ~208 °C
(average). Magnetic studies of 1—3 at room temperature show
the sensible antiferromagnetic interactions among the copper-
(1I) ions. The interesting and versatile coordination phenom-
ena of carboxylate-based ligands with Cu(II) exhibiting
multiple coordination geometries discussed in the present
article will positively contribute to the field of supramolecular
coordination chemistry.

B EXPERIMENTAL SECTION

Materials. The chemicals used were obtained from the
following sources: 2-carboxybenzaldehyde, 2-picolyl chloride
hydrochloride, 1,3-diamino-2-propanol, 2-pyridinemethanol,
sodium borohydride, and lithium hydroxide from Sigma-
Aldrich, Germany; copper(II) chloride dihydrate and sodium
hydroxide from SRL, India; sodium phthalate and sodium
isophthalate from TCI, USA. All other chemicals and solvents
were reagent-grade materials and were used as received
without further purification.

Synthesis of Hycpdp. The ligand Hicpdp was synthesized
and characterized as reported by us previously.”” The
composition of the ligand was ascertained by elemental
analysis, NMR spectroscopy, mass spectrometry, and thermog-
ravimetric analysis. Yield: 4.018 g (77%).

Synthesis of [Cu,(cpdp)(u-Hisophth)]l,:2H,isophth-
21H,0 (1). CuCl,2H,0 (0.157 g, 0.92 mmol) dissolved in
methanol (8 mL) was added dropwise with stirring to a
methanol solution (10 mL) of Hycpdp (0.511 g, 0.46 mmol)
and NaOH (0.055¢, 1.38 mmol). The bluish green solution
that formed was stirred for 1 h. After that, m-CcH,(CO,Na),
(0.096 g, 0.46 mmol) in 2 mL of water was added slowly and
the stirring was continued for another 1 h. The pH of the final
bluish green solution was checked to be ~6.5. The solution
was filtered, and bluish green single crystals suitable for X-ray
analysis were grown from the clear filtrate by diffusing diethyl
ether after ~7 days. Yield: 0.305 g (65%). Anal. Calcd for
Ci7H100N1404sCug: C, 51.26%; H, 4.75%; N, 5.56%; Cu,
12.62%. Found: C, 51.35%; H, 4.88%; N, 5.61%; Cu, 12.81%.
Molar conductance: Ay; (MeOH) = 22 Q™' cm® mol™". FTIR
(KBr, cm™): v 3401(b), 1609(s), 1553(s), 1481(s), 1447(s),
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1377(s), 1287(s), 1153(s), 1105(s), 1074(s), 1051(s),
1032(s), 991(s), 940(s), 856(s), 820(s), 756(s), 715(s),
658(s), 614(s). UV—vis (MeOH): A,,, nm (¢, M'cm™)
686 (281), 260 (3189), 230 (7307).

Synthesis of [Cu;(Hcpdp)(Cl),] (2). CuCl,-2H,0 (0.235
g, 1.38 mmol) dissolved in methanol (8 mL) was added
dropwise with stirring to a methanol solution (10 mL) of
Hjcpdp (0.511 g, 0.46 mmol). After about 15 min of stirring, 2
mL of distilled water was added to give a clear green solution.
The resulting green solution was further stirred for 1 h. The
pH of the final green solution was checked to be ~3. The
solution was filtered, and green single crystals suitable for X-ray
analysis were obtained from the clear filtrate by diffusing
diethyl ether after ~S days. Yield: 0.309 g (76%). Anal. Calcd
for C3,HyoN,0,Cl,Cuy: C, 42.75%; H, 3.47%; N, 6.43%; Cu,
21.89%. Found: C, 42.82%; H, 3.56%; N, 6.19%; Cu, 22.05%.
Molar conductance: Ay; (MeOH) = 18 Q™' cm?® mol™!. FTIR
(KBr, cm™): v 3434(b), 1612(s), 1584(s), 1559(s), 1484(s),
1450(s), 1419(s), 1258(s), 1158(s), 1029(s), 970(s), 870(s),
809(s), 770(s), 722(s), 678(s). UV—vis (MeOH): 4,,,,, nm (g,
M 'em™) 725 (122), 259 (10060), 230 (11354).

Synthesis of [Cu,(cpdp)(u-Hphth)(u,-phth)(piconol)-
(C1),]-3H,0 (3). CuCl,-2H,0 (0.314 g, 1.84 mmol) dissolved
in methanol (8 mL) was added dropwise with stirring to a
methanol solution (10 mL) of Hycpdp (0.511 g, 0.46 mmol)
and NaOH (0.055 g, 1.38 mmol). The bluish green solution
that formed was stirred for 1 h. Next, 0-C4H,(CO,Na), (0.193
g, 0.92 mmol) in 2 mL of water was added slowly, followed by
the dropwise addition of piconol (0.050 g, 0.46 mmol). The
resulting bluish green solution was further stirred for 1 h. The
pH of the final solution was checked to be ~6.5. The solution
was filtered, and bluish green single crystals suitable for X-ray
analysis were formed from the clear filtrate by diffusing diethyl
ether after ~S days. Yield: 0.442 g (70%). Anal. Caled for
Cs3H;5 NsO,,CLCuy: C, 46.98%; H, 3.79%; N, 5.17%; Cu,
18.76%. Found: C, 46.79%; H, 4.62%; N, 5.28%; Cu, 18.58%.
Molar conductance: Ay (MeOH) = 15 Q7 cm? mol™. FTIR
(KBr, cm™): v 3408(b), 3078(b), 1615(s), 1564(s), 1485(s),
1452(s), 1420(s), 1367(s), 1285(s), 1151(s), 1107(s),
1024(s), 991(s), 905(s), 853(s), 816(s), 761(s), 713(s),
661(s), 613(s), 534(s), 470(s). UV—vis (MeOH): A, nm
(e, M'em™) 729 (95), 263 (7856), 230 (11878).

Physical Measurements. Elemental analyses (C, H, N)
were performed with a PerkinElmer 2400 CHNS/O Series 11
elemental analyzer. Analyses of copper contents in the
complexes was performed by an iodometric titration method
(using Na,$,0;) in aqueous solution, after digesting their
crystalline powder samples in a concentrated HCI/HNO,
mixture. NMR spectra of Hycpdp were obtained with a Bruker
AC 400 NMR spectrometer. Fourier transform infrared
(FTIR) spectra were recorded on a PerkinElmer L120—000A
spectrometer. The solution electrical conductivity and
electronic spectra were obtained using a METTLER TOLEDO
Five EASY Plus FEP 30 digital conductivity meter with a solute
concentration of ~107*> M and a Shimadzu UV 1800
spectrophotometer, respectively. Magnetic susceptibility stud-
ies of the complexes were determined in the solid state with a
home-built Gouy balance at room temperature using Hg[Co-
(SCN),] as the calibrant. Diamagnetic corrections were made
by using Pascal’s constants. The powder X-ray diffraction
(PXRD) spectra were obtained using a Rigaku (Mini Flex I,
Japan) X-ray diffractometer having Cu Ka = 1.54059 A
radiation with a Bragg angular range of 260 (5° < 20 < 50°).
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Thermal studies were executed with a PerkinElmer Diamond
TG/DTA thermal analyzer with a heating rate of 10 °C/min.

Single-Crystal X-ray Data Collection and Structure
Determination of 1—3. The X-ray crystallographic data for 1
and 3 were collected at 293 and 100 K, respectively, on a
SuperNova, Dual, Cu at zero diffractometer, and X-ray
crystallographic data for 2 were collected at 100 K on a
Bruker Kappa APEX II Quazar diffractometer. The data for 1
and 3 were collected using Cu Ka radiation (4 = 1.54184 A),
and the data for 2 were collected using Mo Ka radiation (1 =
0.71073 A). The SAINT® package and SADABS®' program
were applied for processing and multiscan empirical absorption
corrections of the crystallographic data, respectively. The
structures were solved by direct methods using the program
SIR-97* and refined by full-matrix least squares on F* with
SHELXL® and OLEX2.** For 1, after several attempts of data
collection, the reported structure was found to be the best one.
As the crystal quality was not good, there are a number of
disorders present in the structure. Consequently, the quality of
the single-crystal X-ray data and the refined model of 1 were
affected by these observed disorders. Several alerts were
generated because of these observed disorders in its structure.
For 2, during solving and refining the structure, the quality of
X-ray data and refining model were affected by some disorders.
It was also observed that the unit cell contains large accessible
voids in the crystal structure. Because of these reasons, slightly
high residual electron density in its structure was obtained, and
no model for any solvent could be detected. The refinement
was performed anisotropically using full-matrix least squares
with all non-H atoms. The difference Fourier map was used to
locate the hydrogen atoms. Hydrogen atoms of the complexes
were included in idealized positions (C—H, 0.96 A) and
refined as riding models. The hydroxyl H and water H atoms
were located precisely.
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