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Tetranuclear copper(i) cubane complexes derived
from self-assembled 1,3-dimethyl-5-(o-phenolate-
azo)-6-aminouracil: structures, non-covalent
interactions and magnetic propertyT

Nishithendu Bikash Nandi,® Atanu Purkayastha,® Shaktibrata Roy,? Julia Ktak,*®
Rakesh Ganguly, 0 *¢ |bon Alkorta (2 *@ and Tarun Kumar Misra () *®

Tetranuclear copper(il) complexes are of paramount importance in structural biology, and they are
potential materials for magnetism and catalysis. To develop such a system, a new 6-aminoazouracil
ligand, 1,3-dimethyl-5-(o-phenolate-azo)-6-aminouracil (H,L, 1) with a NyN,O (Ny, uracil-N and N,,
azo-N) chromophore was synthesized and used to generate a noble discrete doubly opened Cu,O4
cubane-like cluster ([Culls-2H,0, 2.2H,0) for studying magnetism. The coordination environment of
Cu(n) is distorted square planar linked through phenolate-p,-O bridges. The ligand crystallizes in the
monoclinic space group P12;/cl and the complex is in the tetragonal /4,/a space group with an S4
symmetry. The ligand has two dissociable hydrogen atoms in the solution with pK; 4.91 (hydrazone
proton) and pK, 9.68 (phenolic proton). In the solid state, the ligand exhibits displaced stacking (energy,
—69.5 and —77.3 kJ mol~? for the molecules A and B, respectively) and tetrel bonding interactions (energy,
—43.8 kJ mol™). In 2.2H,0, the symmetrical units are stacked to show weak noncovalent interactions. The
magnetic property of 2.2H,O was investigated based on the cubane [CusO4] core and discussed in detail,
resulting in the exchange coupling parameter [(J; (short Cu---Cu distances) = —110.11) cm™, J, (long
Cu---Cu distances) = —27.1(2) cm™Y] that indicate a strong antiferromagnetic interaction between
tetranuclear copper(i) ions through p-phenolate linkers, which is a result of the interaction of d:,y2 orbitals
in the square plane. The EPR study is concomitant with the results of magnetism. Thus, it could be a
potential material in the field of antiferromagnetic spintronics as well.

1. Introduction

The molecule-based magnetic materials are treated as potential
materials in various fields, particularly in magnetism. Molecular
magnetism,’ molecular magnets with non-linear optical (NLO)
properties,” single molecular magnets (SMM, nanoscopic
magnet),®> molecular magnetic sponges (porous frameworks),
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i Electronic supplementary information (ESI) available: In addition, there are
various information included as supplementary data. The IR spectra are in Fig. S1
for 1 and Fig. S2 for 2.2H,0 and "H NMR and "’C NMR spectra in Fig. S3 and S4
are for 1. The Fig. S5 is shown UV-vis spectra in different buffer solution and plot
of absorbance vs. pH of 1. The H-bonded network and stacking feature of 1 are
shown in Fig. S6 and S7, respectively. The AIM and NCI plot of 1 is projected in
Fig. S8. The tautomeric forms of 1 are given in Scheme S1. The Tables S1-S4
include data of 1 for pK, values, crystallographic bond lengths and angles, and
H-bonded parameters, respectively. The Tables S5 and S6 have bond length and
angles of 2.2H,0. The Table S7 has a comparison of Cu, cluster of the present
study with ref. 24a. CCDC 2040369 and 2040370 include the crystallographic
supplementary data for 1 and 2.2H,0. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d0nj05232a
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magneto chiral dichroism (chiral metal center),” and crystal
engineering,'*® just to mention a few of many applications of
magnetic materials, are found in magnetism. These are developed
primarily by linking paramagnetic metal centers with linkers,
which are mainly organic building blocks. The architecture of
these multi-metal centers may be discrete or multidimensional in
nature. However, among the various paramagnetic metal centers
for metal-clusters, the copper(u) clusters (Cu,) have been inves-
tigated profoundly. Again, the development of tetranuclear
copper(n) clusters containing a Cu,0, group with cubane-like
structures is of paramount importance because these could be
treated as models of metalloenzyme systems.” For example, the
tetranuclear copper(u) sulfide cluster is one of the active sites of
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the nitrous oxide reductase, metalloenzyme, which binds N,O
for reduction in the nitrogen cycle.® Synthetically introduced
Cuy clusters are potent anti-cancer agents,” semiconductors,
catalysts,'® and sensors.'* Moreover, the tetranuclear copper ()
clusters with cubane core-based molecular magnets have been
studied extensively. The study of magnetism on such systems
reveals that the paramagnetic Cu(un) centers exhibit ferro-
magnetic to very strong antiferromagnetic coupling interactions."
It is noteworthy to mention that, with continuous technology
developments, it is impending to get the limits of silicon-based
conventional electronics. Thus, the research in spintronics gets
impetus recently, and antiferromagnetic materials are considered
to be potential spintronic materials."?

Uracil, one of the RNA bases, is employed to make numerous
derivatives for applications in biology as well as in medicine."*™"”
Uracil-based azo-derivatives and their metal complexes are
promising anion sensors.'® Particularly, azo-derivatives of
1,3-dimethyl-6-aminouracil and their nickel(ir) complexes exhibit
interesting properties, namely, azo-hydrazone tautomerism,
bio-active molecular conversions, non-covalent interactions and
anti-microbial activities.">>* In addition, polynuclear metal-organic
architectures of nickel(n) complexes with multifunctional spacers
based on azo-derivatives of 1,3-dimethyl-6-aminouracil have been
explored for structural diversity, conductivity and magnetism.>**

In view of the usefulness of Cu(u) cluster compounds and
uracil derivatives in diverse areas, we had made a scheme to explore
Cu(u)-complexes based on an azo-derivative of 1,3-dimethyl-6-
aminouracil as to develop a potential material for biological and
material sciences. In the earlier reports, we demonstrated how
p-substituent (R = H, SO,NH,, COOH, or SO;H) at the phenyl
ring attached with the 6-aminouracil through azo-function
makes the derived azo-ligand substituent a specific structural
motif."** However, the effect of o-substituent at the phenyl
ring is yet to be explored. A group at o-position of the phenyl
ring with capability to bridge metal ions may yield linear or
cyclic polymeric structure. In this regard, -OH and -COOH
could be the best choice. Colacio and his research group
designed an azo-derivative of 6-aminouracil, that is, 1,3-dimethyl-
5-(0-carboxyphenylazo)-6-aminouracil by placing -COOH as an
o-substituent and developed Cu(u)-complexes.** They isolated
one tetrameric Cu(u), quasi-tetrahedral Cu, cluster,”** where others
were monomeric or H-bonded polymeric structures. One notice-
able point is that in the Cug-cluster,>*® the four ligands are not
equivalent in terms of coordination to Cu(u) ions. The magnetic
property of the Cug-cluster was investigated. We have thus
designed an azo-ligand of 6-aminouracil by incorporating a hydro-
xyl (-OH) group at the o-position of the phenyl ring (Scheme 1) to
have a noble Cu(u) cluster with interesting magnetic properties.
Phenolic-OH groups at suitable chelate position of a ligand moiety
add a flexibility to design polymeric transition-metal clusters
because the -OH group can play a dual-legating role, becoming a
part of the chelating frame as well as bridging to a metal ion.>
Herein, we report a structurally and magnetically characterized tetra
copper(u) cluster, a Cu O, cubane-like framework with an anionic
deprotonated tridentate ligand, 1,3-dimethyl-5-(o-phenolate-azo)-6-
aminouracil (H,L) (Scheme 1). The cluster has some unique
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Scheme 1 Molecular structure of 1,3-dimethyl-5-(o-phenolate-azo)-6-
aminouracil.

features: (i) the cluster is 1:1 Cu:L, where all four ligands have
identical coordination modes; (ii) tetranuclear double-open 4+2
cubane-like structures (iii) each Cu(u) has distorted square planar
geometry with NyN,(i-O), coordination environment (N, for
uracil-N, N, for azo-N, and p-O for bridging phenolate-O); and
(iv) strong antiferromagnetic exchange coupling is observed among
the Cu(n) ions in the ground state through phenolate linkers.

2. Experimental
2.1. Materials and instruments

Chemicals including 1,3-dimethyl-6-aminouracil used for the
study were of reagent grade. These were having trade mark
including Merck, Aldrich, Himedia, and LabChemie and were
used without further purification. Solvents were of AR grade,
but water was used after double distillation. Standard buffer
solutions with varying pH 1-12 were prepared using double-
distilled water and chemicals such as HCl, NaOH, Na,B,0-,
NaHCO;, Na,CO;, and KCI. An ionic strength of 0.1 M was
maintained with a KCI solution. The pH of the desired buffer
solutions were adjusted with either 1 M HCl or 1 M NaOH
solution.

A Labtech Digital melting point apparatus was used for
melting point determination of the synthesized compounds.
A PHM210 standard pH meter (Radiometer, Copenhagen) was used
to get accurate pH values of all the buffer solution. IR spectra of KBr
pellets of the compounds were recorded using a PerkinElmer, RX-1
FT-IR spectrophotometer in the 4000-400 cm ™" region. The ligand
in the DMSO-D; solvent was run for 'H and "*C NMR spectra using
a JEOL DELTA2 at 500 MHz and 100 MHz, respectively. Absorption
spectra of the compounds were studied using a Shimadzu UV-Vis-
1800 spectrophotometer. Elemental analyses were conducted using
a PerkinElmer 2400 series-II analyzer.

2.2. Synthesis of 1,3-dimethyl-5-(o-phenolate-azo)-6-
aminouracil: H,L (1)

The ligand 1,3-dimethyl-5-(o-phenolate-azo)-6-aminouracil
(H,L) was synthesized following our reported methods.’® A
solution of o-hydroxyphenylamine (0.763 g, 7 mmol) in 6 N
HCI (15 mL) was cooled down to 0-5 °C for diazotization using
a NaNO, (7.5 mmol) solution at the same temperature. The
diazotized solution was then coupled with 1,3-dimethyl-6-
aminouracil (1.08 g, 7 mmol) in an acetic acid-water mixture
(2:3 v/v) at the same temperature. A very bright yellow solution
was developed; the pH of the solution was then adjusted to pH
5-6 for precipitation. The precipitate was filtered off, washed
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thoroughly with water and dried in an air oven at 60 °C. For
crystallization, a methanolic solution of the product was
allowed to evaporate slowly.

Yellow crystal, yield: 75%, m.p. 285 °C, FT-IR (KBr, v cm ™ ):
3510-2956 centered at 3290 (O-H, N-H & Ar-H), 1707 & 1619
(>C = 0 & *C=0), 1531 (C=C), 1476 (N=N), 1256 (C-N), 1074
(C-O str). "H NMR (DMSO-dg, 6 ppm): 11.039 (s,br, =N-NH),
8.78 (s, br, =NH), 7.7-6.9 (m, Ar-H), 3.29 (s, N-CH,), 3.24
(s, N-CH3), 2.88 (s, O-H). "*C NMR (DMSO, 100 MHz, § ppm):
158 (C=0), 151(C=0), 149 (C), 148 (C), 136 (C), 27 (N-CH3;), 29
(N-CHj,), 107 (CH), 117 (CH), 119 (CH), 126 (CH), 128 (C). Anal.
caled for C,,H,6N1(Og: C, 52.36; H, 4.76; N, 25.44, found. C,
51.97; H, 5.16; N, 25.09.

2.3. Synthesis of tetrameric copper(u) complex of H,L:
[Cu™L];-2H,0 (2.2H,0)

The ligand 1,3-dimethyl-5-(0-phenolate-azo)-6-aminouracil
(0.027 g, 0.2 mmol) in DMF (10 mL) was refluxed with stirring
at 170 °C for 30 min. Under such conditions, copper(u) chloride
dehydrate (CuCl,-2H,0) (0.01 g, 0.1 mmol,) was added. The
mixture was further refluxed at the same temperature for an
additional 2 h. After cooling to room temperature, the reaction
mixture was kept undisturbed for few days for crystallization.
The reddish-brown coloured crystals were deposited at the
bottom of the beaker and collected by filtration.

Reddish-brown crystal, yield: 60%, m.p. > 300 °C, FT-IR
(v em™"): 3470 (O-H str), 3321 (N-H), 2928 (Ar-H sym. str.),
1690 & 1638 (C—0), 1540 (C—C), 1466 (N—N), 1264 (C-N), 1062
(C-O str.). Anal. caled for C4gH,gCu,N,0014: C, 41.64; H, 3.49; N,
20.25, found. C, 41.16; H, 3.76; N, 20.11.
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2.4. Determination of pK, of 1

To determine acid dissociation constant (pK,) values of the
ligand, 1,3-dimethyl-5-(o-phenolate-azo)-6-aminouracil (H,L) the
simple spectrophotometric half-height method"® was employed.
A series of aqueous buffer/DMSO (20: 1 v/v) solution mixtures of
the ligand at a particular concentration (0.1 M) was prepared at
varying pH 1-12. UV-vis absorptions of the ligand at wavelengths
403, 431 and 447 nm of all the solutions were noted from their
respective spectrum. The plot of absorbance vs. pH for a
particular wavelength determines the pK, values of the ligand.

2.5. Determination of single crystal X-ray crystallographic
structure

While single crystals for the ligand 1 were grown from a methanol
solution in red-block shape (0.072 mm x 0.181 mm x 0.197 mm),
the same for the tetrameric Cu(n) complex 2.2H,0 were obtained
from in situ in red-plate shape (0.010 mm x 0.040 mm X
0.220 mm). The X-ray intensity data were measured using a
Bruker D8 Quest with Photon II CPAD detector CCD diffracto-
meter with an Incoatec Microfocus Source Mo Ko radiation
(% = 0.71073 A) at 100(2) K for 1 and Bruker Kappa Duo APEX2
CCD diffractometer with an Incoatec Microfocus SourceCu Ko
radiation (1.54178 A) at 143(2) K for 2.2H,0. Cell refinement
and data reduction were performed using the integrated Bruker
SAINT software package with a narrow-frame algorithm.>® Data
were corrected for absorption effects by the Multi-Scan method
(SADABS).>” The structures were solved and refined using the
Bruker SHELXTL software package,®® with the space group
P121/c1, with Z = 4 for 1 and the space group 41/a, with Z = 4
for 2.2H,0. In order to determine the structures, direct methods

Table 1 Crystallographic data and structure refinement for compounds H,L and [Cu''Ll4-2H,0O

Empirical formula

C24H,6N1006 [HoL]

CasH45CU4N2001, [Cuyly 2H,0]

Colour and shape
Formula weight
Temperature/K

Crystal system

Space group

al/A

b/A

c/A

of°

pr°

v

Volume A~3

Z

Peag €M >

wmm™?

F(000)

Crystal/size/mm?
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*
Final R indexes [I > 20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3
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Red block

550.50

100(2)

Monoclinic

P12,/c1

5.8247(2)

27.5057(8)

14.9858(5)

90

90.1504(12)

90

2400.90(13)

4

1.523

0.114

1152

0.072 x 0.181 x 0.197
Mo Ka (4 = 0.71073)
2.60-27.93
—7<h<7,-36<k<236-19<1<19
27162

5730 [R(ing = 0.0460]
5730/0/379

1.038

R, = 0.0477, WR, = 0.1086
R, = 0.0638, WR, = 0.1186
0.591/—0.243

Red plate

1383.22 g mol !

143(2)

Tetragonal

I44/a

13.2660(4)

13.2660(4)

28.9624(12)

90

90

90

5097.0(4)

4

1.803

2.664

2816

0.010 x 0.040 x 0.220
Cu Ko (4 = 1.54178)
3.67-66.63°

15 < h <15, -15 < k < 15, -34 < [ <34
20922

2262 [Ring = 0.1424]
2262/3/208

1.065

R, = 0.0544, WR, = 0.1360
R, = 0.0776, WR, = 0.1526
0.532/—0.724
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or Patterson maps to locate the heavy atoms, followed by
difference maps for the light, non-hydrogen atoms were
employed. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The structures were built using the OLEX2%°
software package. Crystallographic data, refinement and collection
parameters for both the structures are listed in Table 1.

2.6. Computational methods

DFT calculations were carried out using the geometries in the
crystal structure with the B3LYP functional®® and the empirical
dispersion D3 with Becke-Johnson damping (GD3BJ)*' and the
aug-cc-pVDZ basis set.>” These calculations have been carried
out using the Gaussian-16 program.®* The electron density of
the systems has been analyzed within the quantum theory of
atoms in molecules (QTAIM)** with the AIMAII*® program. The
topological analysis of the electron density provide the bond,
ring and cage critical points. Starting from the bond critical
points (BCP) and following a gradient line that finish in a
nuclei, the bond path can be defined. The representation of all
these properties provides the molecular graphs. In addition,
the non-covalent index (NCI) methodology,>® based on the
reduced gradient density (s), was used to characterize those regions
of attractive or repulsive interaction. The mutiwfn®” program was
used to calculate the NCI parameters and represented using the
Jmol program.*®

2.7. Magnetic and EPR study

The magnetization of powdered sample 2.2H,0 was measured
over the temperature range 1.8-300 K using a Quantum Design
SQUID-based MPMSXL-5-type magnetometer. The superconducting
magnet was generally operated at a field strength ranging from 0 to
5 T. Measurement sample of compounds were made at a magnetic
field of 0.5 T. The SQUID magnetometer was calibrated with the
palladium rod sample. Corrections are based on subtracting the
sample-holder signal and contribution yp, estimated from Pascal’s
constants.*® The EPR spectra of powdered sample 2.2H,O were
recorded at room temperature and 77 K using a Bruker ELEXSYS
E 500 CW-EPR spectrometer operating at the X-band frequency
and equipped with an ER 036TM NMR Teslameter and E41 FC
frequency counter.

3. Results and discussion
3.1. Synthesis and spectral characterization

The conventional diazotization followed by coupling methods
was executed in order to synthesize a new potential ligand,
1,3-dimethyl-5-(o-phenolate-azo)-6-aminouracil (H,L, 1). The ligand
was subjected to synthesize the tetrameric copper(u) complex
[Cu"L],-2H,0 (2.2H,0) from the DMF reaction mixture (1:1 mole
ratio of ligand/Cu®*) under warmed conditions. Suitable crystals
for analysis of structures of the ligand and its Cu(u) complex
were generated from MeOH and DMF solutions, respectively.
The complex possesses Cu, 0,4 cubane-like framework, as shown
in Scheme 2.

IR spectra and frequency values of different functionalities
of 1 and 2.2H,0 were recorded (see Fig. S1 and S2, ESI;t data in
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Scheme 2 Formation reaction of ,[EF“F}]4'2HZO (2.2H,0) (for clarity,
water molecules excluded and only ON,N, symbol used for the ligand).

experimental section). The overlapping stretching frequencies
of -OH, -NH and Ar-H groups are found in the region 3510-
2956 cm ‘. The two intense peaks for 1(C=O0) stretching
vibrations appeared at 1707 cm ™' and 1619 cm ™" for the ligand
and at 1690 cm ™' and 1638 cm™ " for the complex. Both the
peaks are assigned to be the uracil-CO, where former peak is
for °C=0 and later is for *C=0 (for numbering, see Scheme 1).
The involvement of *C=0 in conjugation with either -N=N-
or -C—C- (uracil) makes such discrimination among the
uracil-C = O groups. Another two functional groups, -C—C-
and -N=N-, which are sensitive to metal coordination, appear
at 1531 cm™ ' and 1476 cm ™" for the ligand and at 1540 cm ™
and 1466 cm ™ for the complex. In addition, two pairs of peaks
at 1365 and 1256 cm ™" for the ligand and 1376 and 1264 cm ™"
for the complex can be attributed to the C-N and C-O stretching
frequencies.

The "H and "*C NMR spectra of the ligand 1 were recorded in
the DMSO-de solvent and peaks of different protons and
carbons are assigned, as given in the experimental section.
The 'H NMR spectrum (Fig. S3, ESIT) reveal that the ligand in
DMSO exists in its hydrazone form (Scheme S1: B, ESIt). The
hydrazone ((—N-NH), phenolic (-OH), and imine (—NH) protons
appear as singlet at 12.4 ppm, 11.039 ppm and 8.78 ppm,
respectively. The absence of -NH, proton and the presence of
hydrazone (—N-NH) proton signals in the spectrum rule out the
existence of other tautomeric forms (Scheme S1: A, C and D, ESIf).
The other protons are in the usual position and in agreement with
the literature values.” As can be seen in the >*C NMR spectrum
(Fig. S4, ESIY) the uracil >C—0O carbons signals appear at 159 and
151 ppm and N-CHj; carbons at 27 and 29 ppm. The other uracil
and phenyl carbon signals are in usual positions."’

The intense UV-vis band of 1 at 406 nm (¢, 34000 M " cm )
(Fig. 1(a)) in DMF may be originated due to the overlapping of
n — n* and © — w* transitions about the ligand moiety. This band
shifts to 290 nm (g, 10600 M~ cm ") (Fig. 1(c)) in the complex. In
addition, the complex exhibits another three bands (Fig. 1(b) and
inset) at 468 nm (¢, 5864 M " cm %), 755 nm (¢, 308 M ' cm ™ ") and
931 nm (g, 260 M~* ecm™"). The band at 468 nm could be assigned
to phenolate-to-copper(u) LMCT transitions. The two very low
extinction coefficient bands at 755 nm and 931 nm may correspond
to d—d transitions associated with distorted square-planar geometry.
The results are concomitant with the reported square planar
complexes.*°

New J. Chem., 2021, 45, 2742-2753 | 2745
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Fig. 1 UV spectra of H,L 1 (a) and the complex, [Cu"Ll4-2H,0, 2.2H,0
(b, c and inset) in DMF.

In order to get further evidence for which tautomeric forms
exclusively present in solution and for their existence in any
equilibrium, the pK, values of the ligand were evaluated. UV-vis
spectra of 1 recorded in different buffer solutions of pH 1-12
are appended in Fig. S5 (ESI{). The absorbance /max at 431 nm
at pH 1 corresponding to its hydrazone form (Scheme S1B,
ESIT) decreases with the increase in pH to 3.48; it then starts
blue-shifting to 403 nm as pH increased to 5.13. Further
increasing pH to 12 the features of the spectra become broaden
and finally red-shifts to 447 nm. In respect of hydrazone (H,L)
band at 431 nm, the blue-shifted band may be due to the
formation of anionic form of hydrazone (HL™) and the red-
shifted band for the formation of hydrazone-phenolic dianion
(L*7). To evaluate the pK, values (pK; and pK,), the absorbance
values at 431, 403, and 447 nm were plotted against pH values.
The obtained graphs, as shown in Fig. S5B (ESIT), reveal that
the absorbance show doubly sigmoid dependence on pH.*!
The half-height method for graphs were followed to calculate
the values of pK; and pK,. The mean value of pK; was found to
be 4.91 and of pK, is 9.68 (see Table S1, ESIY), corresponding
to the dissociation of the hydrazone and phenolic protons,
respectively. The study reveals that the ligand has two dissociable
protons and in the course of complexation it coordinates through
phenolate-O and deprotonated amino group (-NH ) at the
6-aminouracil group. It is evident that the anionic-hydrazone
form switches to the azo-form upon coordination.'*>

3.2. Crystal structures

Crystal structure of the ligand (H,L, 1) has two molecular units
(A & B) in the asymmetric unit of the cell, as can be seen in
Fig. 2. Both the units are almost perpendicular in projection.
The closest distance between the two molecular units is
2.7683(15) A, which is measured from O3 atom of the unit A
to the plane C20 N8 C22 N9 C24 C19 of unit B. Their bond
lengths and bond angles (Table 2 and Tables S2 and S3, ESIt)
are bit differed, e.g. N1-N2, 1.2920(19) A in the molecular unit A
and 1.2852(19) A in the molecular unit B. The C-O (C2-O1,
1.349(2) A) of the phenolic group being single bond in nature is
longer than that of the double bonded uracil C-O (C8-02,
1.228(2) A; C10-03, 1.212(2) A) groups. The uracil C-O

2746 | New J. Chem., 2021, 45, 2742-2753
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Fig. 2 ORTEP view of HoL (1) (two molecular units: A and B) (50%
probability ellipsoids).

(C10-03) bond which is in conjugation with the uracil C-C
(C7-C12) double band is longer than the non-conjugated one.
The bond length of C-C (C7-C12, 1.401(2) A) double bond is
comparable with the C-C bonds of the phenyl group (Tables S2
and S3, ESIt). H-atoms of phenolic-OH and uracil-NH, groups
of the molecular units A and B play pivotal role in forming
intra- and inter-molecular H-bonds (Fig. S6, ESIt). For a parti-
cular unit they associate in intra-molecular H-bonding with the
azo-N atoms forming 6-membered closed rings. Outward ura-
cil-NH establishes a link with the phenolic-OH of a unit,
whereas uracil-O with outward uracil-NH of other unit makes
the network looking as if molecular paddle-wheeled. The
H-bonding data are listed in Table S4 (ESIf). The shortest
H-bond is found in the molecular unit A among phenolic-H
atom and azo-atom (O1H-N2, 1.763 A). The most characteristic
feature of the structure is the pi-pi stacking of these molecular
units with each molecule to form a separate stuck, which forms
layers parallel to the (010) plane (Fig. S7, ESIt). The arrange-
ment of stacks within each layer is of tweed type in nature.
With the ligand, Cu(u) forms a complex that has tetranuclear
doubly opened 4+2 cubane-like structure,'? [Cu"™L],-2H,0, (2.2H,0).
The molecular view of the 2.2H,0 is shown in Fig. 3 and its
bond lengths and bond angles are tabulated in Table 2 and
Tables S5 and S6 (ESIf). The molar ratio of ligand to Cu(u) is
1:1, where ligand acts as a dianionic tridentate ligand. In the
ligand frame the ~-OH and -NH, groups are in opposite sides of
the azo-functionality (E-configuration) but in the complex they
become cis-oriented for coordinating Cu(u). The azo -N—N-
bond length (1.282(5) A) of the ligand in the complex is bit less
in comparison with the free ligand units (Fig. 1). The uracil -NH
group is shortened by 0.019 A and the double bond C7-C12 is
increased by 0.034 A, which are in conjugation with the -N=N-
group, indicating the existence of chelate ring current on the
chelate frame, -NH-C-C-N=—N-upon coordination to Cu(u).
The ligand forms six- and five-membered chelate rings around
Cu(u) with a common azo-coordination link. Both the rings
constitute a plane, C1O1Cu1N5C12C7N2N1C6, which is normal
to the plane normal (90.223(7)). The ligand frames at the Cu(u)
centers are almost perpendicular to each other. The four Cu(u)
ions in the complex entity are bridged through phenolate-O
(12-O) of the ligand moiety with a Cu-O-Cu bridging angle of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 2 Selective important bond lengths (A) and bond angles (°) of HoL and [Cuglal-2H,0
H,L
Molecule A Molecule B [Cu,L,]-2H,0
Bonds Lengths (A) Bonds Lengths (A) Bonds Length (A)
N1-N2 1.2920(2) N6-N7 1.2852(2) N1-N2 1.282(5)
C2-01 1.349(2) C14-04 1.356(2) Cul-N5 1.900(4)
C8-02 1.228(2) C20-05 1.234(2) Cul-N1 1.920(4)
C10-03 1.212(2) C22-06 1.212(2) Cul-01 1.940(3)
C7-C12 1.401(2) C19-C24 1.410(2) Cu1-01' 1.969(3)
C1-N1 1.410(2) C13-N6 1.412(2) C1-01 1.347(6)
C7-N2 1.365(2) C19-N7 1.366(2) C7-C12 1.435(6)
C7-N2 1.337(6)
C12-N5 1.306(6)
Bonds Angles (°) Bonds Angles (°) Bonds Angles (°)
N2-N1-C1 113.27(14) N7-N6-C13 113.36(13) N5-Cu1-N1 91.39(16)
N1-N2-C7 121.14(14) N6-N7-C19 120.53(14) N1-Cul-O1 84.39(15)
N1-Cu1-01 167.05(15)
N5-Cu1-O1 173.15(15)
N5-Cu1-01’ 95.74(15)
01-Cu1-01" 117.6(4)
Cu1l-01-Cut 122.14(16)

Tty i—x94-z

Fig. 3 ORTEP view of the tetrameric form of copper(i) complexes of H,L,

[Cu'"Ll4 (50% probability ellipsoids; symmetry codes, () % + .+ — x, 9/4 — z;

(i) —=x, 3 — y, +z; (i) 3 — y, 2 + x, 9/4 — 2). Crystal H,O molecule not

included for clarity.

122.13(15)°. The coordination environment about Cu(u) is dis-
torted square planar, 7, =0.135 and 7,’ = 0.1214 (¢ = N1-Cu1-01 =
167.05(15) and f = N5-Cu1-O1 = 173.15(15)).** The cis-angles
are nearly right angles varied from 84.39(15)° (N1-Cu1-01) to
95.74(15)° (N5-Cu1-01’) and the two nearly linear trans-angles
are 173.15(15)° for N5-Cu1-O1 and 167.05(15)° for N1-Cu1-O1°
(Table 2). The four equivalent Cu(u) ions are on the vertices of a
nearly perfect tetrahedron, which is understood from the Cu1-
plane centroid-Cu1l angle of 108.258(16)° (see Fig. 4). The center
of the tetrahedron is at Wyckoff position 4a with S, symmetry.
The four Cu---Cu (3.426(11) A) and two Cu- --Cu (3.498(13) A)
distances are alike within the Cu, tetrahedron, forming a Cu,0,
cubane-like framework. According to Tercero et al."** classification
of Cu, cubane-like structures, the present structure has four short
and two long Cu- - -Cu distances with an S, symmetry, making the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

Fig. 4 Tetrahedral arrangement of the Cuy cluster.

cluster in the family of 4+2-type cubane structures. In comparison
to Cu---Cu distances of 4+2 cubane systems,'® the present
structure has the longest Cu---Cu distances, but the difference
between short and long bonds is minimal (0.072 A) except the
complex reported by Liu et al'** Moreover, the distances
are quite short while comparing with the reported cluster
(Cu-Cu, 4.15- 4.80 A) containing similar ligand frames
(a comparative study given in Table S7, ESI{).>** They differ
in magnetic behaviors as well, which is elaborately discussed in
the following section.

3.3. Non-covalent interactions

The X-ray structure of molecule 1 shows two intramolecular
bonds connecting the two nitrogen atoms of the azo group with
the hydroxyl and amino groups (Fig. 2). The AIM analysis shows
the corresponding BCPs connecting the interacting groups and
the NCI plot isosurfaces confirm the existence of intramolecular
BCPs (Fig. S8, ESIt). The crystal packing of 1 is composed of two

New J. Chem., 2021, 45, 2742-2753 | 2747
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Fig. 5 (A) Molecular graph and (B) NCI plot of the stacked dimer of the
independent molecule B.

types of interactions. On the one hand, the molecules are
located forming a displaced stacking (Fig. 5). The molecular
graph of this dimer shows the presence of a number of critical
points connecting the two molecules (Fig. 5A) and a NCI plot
isosurface with color green (Fig. 5B) as indication of moderate
stabilization in the interaction. The calculated interaction energies
are —69.5 and —77.3 k] mol ™" for the molecules A and B (Fig. 1),
respectively. On the other hand, the molecules are also in an
angular disposition (Fig. 6) with the oxygen atom of the carbonyl
group of one molecule A pointing towards the carbon atom of the
same group in another molecule B, similar to the one described in
the Biirgi-Dunning trajectory,”® which corresponds to a tetrel
bonding interaction.** The molecular graph of this dimer shows
some additional bond critical points between the methyl groups of
one of the molecules and the carbonyl groups of the other. In the
NCI plot, the isosurfaces present green color as confirmation of the
moderate interaction between the two molecules. The stabilization
of this interaction is —43.8 k] mol .

Fig. 6 (A) Molecular graph and (B) NCI plot of the angular dimer by
molecules A and B.

2748 | New J. Chem., 2021, 45, 2742-2753

Fig. 7 (A) Molecular graph and (B) NCI plot of complex 2.2H,0. The
location of the bond, ring and cage critical points is indicated with green,
red and blue dots in the molecular graph.

The AIM analysis (Fig. 7A) of the complex 2.2H,0 shows a
number of bond paths connecting the two stacked subunits.
The electron density values of the BCPs connecting the two
subunits have the typical signature of weak non-covalent inter-
actions: values of p smaller than 0.01 au and positive values of
the V?p and H. The NCI plot isosurfaces between the two
stacked subunits are typical of stacked system with small values
of the curvature, 7, as indicated by the green color in Fig. 7B.
The copper atoms are involved in five interactions each: two
strong Cu-N (pgcp ~ 0.11 au) and three Cu-O bonds (two
strong, pgcp ~ 0.08-0.09 au and one weak, ppcp = 0.011 au).

3.5. Magnetism and EPR study

On the basis of structural data, from the viewpoint of magneto-
chemistry, compound 2.2H,0 can be defined as a tetranuclear
Cu(u) unit linked through phenolate bridges. The magnetic
properties of 2.2H,0 were then investigated over the temperature
range of 1.8-300 K. Plots of magnetic susceptibility y,, and ym,T
product vs. T (1, is the molar magnetic susceptibility for four Cu™
ions) are given in Fig. 8. For 2.2H,0, the y,,T value at room
temperature is much below this expected for four magnetically
isolated copper(n) ions [mT = 4(Nf’¢*/3K)S(S + 1) = 1.5 cm® K mol %,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 8 Temperature dependence of experimental y,, (®) and ym,7 (O)
(4m per 4Cu" atoms) for 2.2H,0. The solid line is the calculated curve derived
from eqgn (1)-(4). The inset shows a closer view of y,, vs. T plot for 2.2H,0.

assuming g=2.1and S = %, where N, f3, g, k, S and T have their usual
meanings,'® being equal to 1.10 cm® K mol ™ ']. Upon cooling, the
ymT continuously decreases reaching almost zero at 1.8 K. These
features are indicative of a strong antiferromagnetic coupling
between the copper(n) ions in 2.2H,0 that leads to a low-lying spin
state (S = 0). Additionally, the susceptibility curve for 2.2H,0 exhibits
the maximum that confirms the presence of a strong antiferro-
magnetic ordering with a Néel temperature (Ty) about 200 K (Fig. 8).
The rapid increase of y,, at the low temperatures is due to the
presence of a small amount of paramagnetic impurities (S = 1).

The variation of the magnetization (M) with respect to the
field (H), at 2 K, also confirms the nature of the ground state in
2.2H,0. The results are shown in Fig. 9, where the molar
magnetization M (per Cu, entities) is expressed in up units.
The complex does not reach the saturation in the applied field
range and the magnetization value in 5 T is much below 1.
The magnetization curve for 2.2H,0 was reproduced by the
equation M = gfiSNBy(x) (S = 4Scy), where By(x) is the Brillouin
function and x = gBH/KT.'® The experimental values are
very inferior compared to those calculated using the Brillouin
function for four non-interacting copper(u) ions. This further
indicates that 2.2H,0 behaves as antiferromagnet.

2NBg?

exp[(2J2 — J1)/kT] + 2exp(J2/kT) + 5exp[(J; — 2J2) /kT]

View Article Online
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H(T)

Fig. 9 Field dependence of the magnetization (M per Cu, entities) for
2.2H,0. The solid line is the Brillouin function curve for the system of four
uncoupled spins with S = ¥/, and g = 2.0.

H = =2]1(Scu1Scurr + ScuriScurii + ScutiiScuri + ScuriScut)

- ij(gcmgcmiii + écmt'gcmﬁ) (1)

To avoid overparametrization, we assumed that the
exchange coupling constants within the cubane [Cu,0,] core
that involved short Cu---Cu distances are equivalent and
described by J;, whereas those that involved long Cu---Cu
distances are described by J, (Fig. 4).

The magnetic susceptibility of 2.2H,0 was therefore fitted
according to the following equation (eqn (2)), as the sum of two
independent contributions, namely, one due to the tetracopper(u)
blocks with the S =1 spins (Ym(cubane)), and the other one due to
eventually paramagnetic monomeric impurities (Ympara), in
addition to a possible temperature independent term (y(ns),
with a typical value for copper(u) ions of 60 x 10~® cm® mol ™.

Xm = (1 - p)Xm(cubane] + P m(para) + o (2)

The magnetic susceptibility per cubane [Cu,O4] core,
Ym(cubane)y derived from the van Vleck formula assuming an
equal g value for the four copper(u) ions, is given by eqn (3):

Y m(cubane) = kT

Magnetostructural correlations for different families of
polynuclear complexes containing a Cu,O, core are known.
These complexes are classified according to their numbers of
short and long Cu---Cu distances as 2+4, 4+2 or 6+0. In the
crystal structure of compound 2.2H,0, four copper(u) ions (Cuy,
Cuy, Cu,”, and Cuiiii) occupy alternate cubane vertices and
there are six exchange interactions between the four copper(n)
centers. Considering the presence of four short (3.426 A)
and two rather long (3.498 A) Cu---Cu separations in 2.2H,0,
the cubane [Cu,0,] core can be classified within the 4+2
category and analyzed using the spin Hamiltonian given in

12,45

eqn (1):

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

1+ exp[(2/; — 2J1)/kT] + 3exp[(2J, — J1)/kT] + Sexp[(J; — 2J2)/kT + 6exp(J2/kT)]

(3)

where all parameters have their usual meaning. The contribution
Im(para) 18 €xpected to follow a Curie—Weiss model for the S = %

spins (eqn (4)):

Ng’B?
Tm(para) = 21 (4)

The intermolecular interactions between copper(u) ions in
neighboring molecules are omitted because of the rather long
Cu---Cu distances and overparametrization. The paramagnetic
monomeric impurity p was introduced to obtain satisfactory
results.'” A least-squares fitting of the experimental data leads
to the following values: J; = —110.1(1) em ™, J, = —27.1(2) em ™},
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2=2.09(1) and p = 8.1% (R = 6.63 x 10~ ). The criterion applied
to determine the best fit was based on the minimization of the
sum of squares of the deviation, R = Z(YexpT — cateT)/E(XexpT)’
The calculated curve (solid lines in Fig. 8) matches very well the
experimental magnetic data in the whole temperature range.
The obtained values of J; and J, indicate an antiferromagnetic
coupling between the copper(n) ions transmitted through
p-phenolate linkers within the tetracopper(u) cluster in 2.2H,0.

Previous studies of hydroxo-, alkoxo- and phenoxo-bridged
copper(n) compounds*>™’ indicate that the nature and the
strength of the overall coupling in such systems can be influenced
by the Cu---Cu distances and Cu-O-Cu angles. Generally, the
longer the Cu- - -Cu distance, the weaker the exchange interaction.
When the Cu-O-Cu angle is <97.5°, ferromagnetic interactions
can be expected, whereas in the case of this angle being more
than 97.5° the interaction via the Cu-O-Cu pathway is mostly
antiferromagnetic, with an increasing magnitude as the angle
increases.'>*>%¢*8 Although the Cu-O-Cu angles and Cu---Cu
distances are the most crucial geometrical parameters, the
coupling constants can also be modulated by the other struc-
tural features. The values of J; and J, obtained for 2.2H,O are
larger than several earlier reported values for this parameters in
alkoxo- and phenoxo bridged 4+2 Cu,0, cubanes.">*> This fact is
certainly associated with the relatively large values of the Cu-O-Cu
angles (122.13°) and rather long copper:--copper separations
(3.426 and 3.498 A) observed in 2.2H,O to be compared with
those of the literature.'>***> However, the calculated J, para-
meter for 2.2H,0 has a negative value in contrast to weakly
ferromagnetic interactions generally found in the literature. It
was proposed that these interactions are practically independent
of the geometrical parameters.'”” In general, the magnetic beha-
vior of 2.2H,0 is in agreement with the majority of alkoxo- and
phenoxo-bridged tetranuclear copper() compounds. With slight
differences in structural features of 2.2H,O, such different
coordination geometries of copper atoms and double-open 4+2
cubane-like structures may also cause some distinction in the
magnetic properties in order to relate complexes involving the
[Cu,0,] core. Moreover, a compound obtained on the basis of
the azo-derivative of 6-aminouracil is already known in the
literature. This compound forms a quasi-tetrahedral Cu, cluster
linked through carboxylate bridges.>’® Despite some structural
similarities, both compounds also show some differences in the
structure that make them differ in their magnetic behavior. For
2.2H,0, the calculated J parameters has negative values in
contrast to ferromagnetic interactions found in the literature.>*
The magnitude and the sign of a magnetic exchange interaction
depends on the overlap of the magnetic orbitals centered on
adjacent copper(u) ions.***”%” The mechanism of antiferro-
magnetic coupling between the Cu---Cu centers in 2.2H,0 is
a result of the interaction of the d, _, orbitals positioned in the
square base via the phenolate oxygen atoms. The weaker overlap
of magnetic orbitals of the metals in the earlier reported cluster
arise from a trigonal character 02f copper(u) environment and the
electron delocalization on the d, magnetic orbitals. This causes a
reduction of the antiferromagnetic contribution, which leads
ultimately to an overall ferromagnetic behavior. For a syn-anti

2750 | New J. Chem., 2021, 45, 2742-2753
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Fig. 10 EPR (X-band) spectrum of powdered sample 2.2H,0 at 77 K.
The insets show forbidden line AMg = 2.

conformation of the (Cu-O-C-O-Cu) bridges,*** the orbitals are

unfavorably oriented to give a strong overlap. Additionally, the
angles between syn Cu-O bonds and anti Cu-O bonds show, in
the quasi-tetrahedral Cu, cluster, an average value of 97.8°, which
is significantly low and is probably the main reason for the
overall ferromagnetic interaction in this case.

The EPR spectra of 2.2H,0 additionally confirm the properties
determined by direct magnetic measurements (Fig. 10). The X-band
EPR spectra of powdered sample show no significant difference
between room temperature and 77 K. Compound 2.2H,O is a
tetranuclear Cu(n) unit (S = '/,), in which antiferromagnetic inter-
actions lead to a ground state (S = 0). The EPR spectra of 2.2H,0 are
indicative of S =7 and half-field transition is also observed. These
signals are devoid of any hyperfine structure. The EPR spectrum of
2.2H,0 displays two superimposed bands and one strong absorp-
tion at ~3200 G (g = 2.21 and g, = 2.10). The observed trend in
EPR parameters g > g, > 2.04 displays a d, _,, ground state with
distorted square planar geometry for copper(n) ions.*’ The
gvalues are related to exchange-coupling parameter (G)
expressed as G = (g — 2.0023)/(g, — 2.0023). The value of the
exchange intramolecular coupling parameter, G, is equal to
2.13 for 2.2H,0 and is lower than the value of 4.0, showing
significant exchange coupling at the polycrystalline state.>*

4. Conclusions

The newly designed 6-aminouracil-phenylazo ligand with an
o-hydroxy group is found in chelate-cum-bridging mode with
copper(u). The phenolate-u,-O nature in the ligand frame leads
to the formation of a discrete tetranuclear copper(u) cluster,
where each CU[IQ possesses a distorted square planar geometry
involving the d, _, orbital in the ground state. The cluster has
a 4+2 doubly opened Cu,0, cubane-like framework. Interestingly,
the four Cu(n) ions occupy the alternate corner of the cubane-
forming tetrahedron with an S, symmetry. The ligand exhibits
strong tetrel bonding interactions among the two molecular units,
whereas the complex has weak interactions among the two stacked

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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subunits. The magnetic studies have disclosed a strong antiferro-
magnetic interaction within the Cu,O, cluster of 2.2H,0. The
nature and magnitude of the magnetic coupling were discussed
on the basis of structural parameters and compared with those of
related alkoxo- and phenoxo-bridged 4+2 Cu,O, cubanes. Thus,
we present the tetrahedron Cu,0, cluster compound as a noble
antiferromagnetic material for prospective applications in
materials science.
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