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Abstract

Flexidentate ligand, HL has been prepared by the condensation of aminoethylethanolamine (AEEA) with benzoylace-
tone (bezac). On reaction with copper(II) salts it gives complexes CuLClO,.H,O (1), CuLN; (2) and [Cu;L;Br]Br, - H,O
(3). All complexes have been characterized by X-ray crystallography. The results show that the hydroxyl group of the
flexidentate ligand can coordinate to the Cu(II) center or remain as an uncoordinated group. In (1), the coordination
number around the copper(II) ion is five coordinated and the ligand is tetradentate with the OH group coordinated to
the copper(II) ion. Complex (2) has a square planar geometry and the L™ ligand is tridentate with the hydroxyl group left
uncoordinated. The X-ray diffraction analysis of the trinuclear complex (3) shows that the copper(II) centers are five-co-
ordinate and L™ is a tetradentate ligand with the hydroxyl group being both terminal and bridging. The Hirshfeld surface
analysis and the 2D fingerprint plot were used to analyze all of the intermolecular contacts in the crystal structures.
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1. Introduction

The design and synthesis of new transition metal
complexes with polynuclating ligands, which represent
themselves as potential chelating ligands with more than
set of donor atoms, have been of interest for many years.!”’
The ability of transition metal ions to bond to possible co-
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Scheme 1. Synthesis of the flexidentate ligand

ordination sites of these ligands depends on the type of the
metal ion, the donor atoms of the ligand, the flexibility of
the ligand and the counter-anions used. The term “flex-
identate” is used to describe the coordination behavior of
this type of ligand.”"'2 Complexes of the transition metal
with Schiff base ligands derived from amine-alcohols are
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probably the best know examples of this. In these com-
pounds, the hydroxyl group coordinates to the metal ions
when the other coordination sites of the metal are weakly
coordinated (e,g. ClO,~ and halogens), but the hydroxyl
group remains as an uncoordinated OH group when the
other coordination sites of the metal ions are occupied by
strongly coordinating groups (for example N;7).13-17

Herein we report the synthesis, spectral characteri-
zation and crystal structure of several new copper(Il)
complexes formed by the reaction of the flexidentate Schift
base ligand aminoethyl ethanolamine benzoylacetone, HL
(scheme 1), with Cu(II) in the presence of several counter
anions. The Schiff base ligand was obtained by condensa-
tion of 2-((2-aminoethyl)amino)ethan-1-ol (aminoethy-
lethanolamine, AEEA) and benzoylacetone (bezac). This
flexidentate ligand can be tridentate or tetradentate with
copper(II), depending on the coordinating abilities of the
other ligands which are present; the hydroxyl group of this
ligand may coordinate to Cu(II) or may remain uncoordi-
nated.

2. Experimental Section

2. 1. Starting Materials

All chemicals were of analytical reagent grade and
were used without further purification.

Table 1. Crystallographic data of the complexes 1-3

Caution! Azide salt is potentially explosive. Only
small amounts should be used and it should be handled
with great care.

2. 2. Physical Measurements

Infrared spectra were taken with an Equinox 55
Bruker FT-IR spectrometer using KBr pellets in the 400-
4000 cm™! range. Absorption spectra were determined us-
ing methanol and dimethylformamide (DMF) solutions in
a GBC UV-Visible Cintra 101 spectrophotometer with a 1
cm quartz cell, in the range 200-800 nm. Elemental analy-
ses (C, H, N) were performed by using a CHNS-O 240011
PERKIN-ELMER elemental analyzer.

2. 3. X-ray Crystallography

Diffraction images were measured at 150 K on an
Agilent SuperNova diffractometer using Cu Ka (A =
1.54180 A) radiation. Data were extracted using the Crys-
Alis PRO package.!® The structures were solved by direct
methods with the use of SIR92." The structures were re-
fined on F? by full matrix last-squares techniques using the
CRYSTALS program package.?’ Atomic coordinates, bond
lengths and angles and displacement parameters have
been deposited at the Cambridge Crystallographic Data
Centre. The H atoms were initially refined with soft re-

Compound 1 2 3

Chemical fOrmula C14H21C1CU4N207 C14H19CUN502 C42H59Br3CU3N6O7

Formula weight 428.33 352.88 1190.31

Temperature (K) 150 150 150

Space group Monoclinic, P2 n Z=4 orthorhombic, Pbca, Z = 8 Monoclinic, P2,/n, Z = 4

Unit cell dimensions

a(A) 10.2326 (2) 7.2877 (1) 12.2525 (1)

b (A) 13.2639 (2) 18.1046 (1) 25.5177 (2)

c(A) 13.1667 (2) 22.1217 (2) 16.5499 (1)

a ) 90 90 90

B () 103.6655 (14) 90 90.0015 (6)

16) 120 90 90

V (A% 1736.45 (5) 1178.85 (3) 4566.09 (6)

F(000) 844 1464 2404

Deac (g em™) 1.638 1.606 1.731

Crystal size (mm) 0.26 x 0.08 x 0.06 mm 0.28 x 0.06 x 0.06 mm 0.30 x 0.16 x 0.03 mm

u (mm™) 3.56 2.25 5.15

0 range (°) 5-73 3-74 3-74

Limiting indices -12<h<11 -7<h<8 -15<h<15
-16<k<16 -22<k<22 -24<k<27
-l16<1<16 -27<1<27 -20<1<20

R[E2 > 20(F2)] 0.034 0.032 0.0399

wR(F2) (all data) 0.087" 0.087" 0111

“w = 1/[0*(F?) + (0.05P)? + 1.84P], where P = (max(F,%,0) + 2F.2)/3 “w = 1/[0*(F?) + (0.06P)? + 1.89P] , where P = (max(F,%,0) + 2F.2)/3 " meth-
od Chebychev polynomial, [weight] = 1.0/[A¢*Ty(x) + A*T(x) ...+(A,_1)*T,.1(x)], method Robust weighting, W = [weight]*[1-(deltaF/6*sig-

maF)?]? where A; = 0.165E + 04 0.171E + 04 708.155 and x = F/F,
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straints on the bond lengths and angles to regularize their
geometry (C—H in the range 0.93-0.98 A, N—H = 0.87 A,
O—H = 0.82 A) and with U,,(H) in the range 1.2-1.5
times U, of the parent atom. After this, the positions of
the H atoms bonded to O and N were refined without con-
straints whereas those bonded to C ride on the atoms to
which they are bonded. Crystallographic data and refine-
ment details for the complexes are given in Table 1.

2. 4. Synthesis of the Schiff-base Ligand
Aminoethylethanolaminebenzoylacetone
(HL).

The flexidentate Schiff base HL was synthesized by a
general method using the condensation reaction of ami-
noethylethanolamine (1 mmol, 0.10 ml) and benzoylace-
tone (1 mmol, 0.162 g) in methanol medium (30 mL) un-
der reflux for 2 hours.??? The bright yellow solution
containing the Schiff base ligand (HL) was used for syn-
thesis of the complexes without further purification. The
IR spectrum of the HL ligand shows a characteristic strong
band at 1580 cm™!, which is assigned as vC=N.

2. 5. Synthesis of Copper(II) Complexes

CuX,.nH,0, (X=ClO,n=6,0.370g,1; X =NO3, n
=3,0.242 g,2and; X =Br,n =0, 0.223 g, 3), (1 mmol) was
added to a solution of the ligand HL, aminoethylethanol-
aminebenzoylacetone (1 mmol) in methanol (30 mL) and
the resulting solution was stirred at room temperature for
2 h. The solution’s color turned green. For complex 2, after
2 h of continuous stirring of the copper(Il) nitrate trihy-
drate and ligand solution, finely powdered sodium azide
(0.065 g, 1.0 mmol) was added to the solution and stirring
was continued for a further 2 h.

CuLClO4H,O0, 1. The solution was filtered and the clear
green filtrate was kept in a beaker to allow slow evapora-
tion of the solvent. A solid green powder was obtained.
Dark-green prismatic crystals suitable for X-ray crystal-
lography were obtained from methanol / cyclohexane (3:1
v/v) and were filtered, washed with cold ethanol and dried
in the air. Yield: 72%. Anal. Calc. for C,,H,,CICuN,0;: C,
39.26; H, 4.94; N, 6.54%. Found: C, 39.48; H, 4.99; N,
6.60%. IR (KBr, v,,/cm™!) bands: 1555, and 1061. UV-
Vis, Apax(methanol)/nm: 577 (log ¢, 1.88), 281 (4.20) and
211 (4.57).

CulNj3, 2. Stirring was continued for 2 h after addition of
sodium azide, The solution was filtered and the filtrate was
left aside for crystallization. Dark-green prism crystals
suitable for X-ray diffraction appeared at the bottom of the
vessel upon slow evaporation of the solvent at room tem-
perature, and were collected by filtration, washed with
cold ethanol and dried in the air. Yield: 82%. Anal. Calc.
for C,,H,oCuN;O,: C, 47.65; H, 5.43; N, 19.85%. Found:

C, 47.73; H, 5.60; N, 19.42%. IR (KBr, v,,,/cm™!) bands:
2043 and 1556. UV-Vis, A, (dimethylformamide, DMF)/
nm: 567 (log €, 2.19) and 326 (3.18).

[Cu3L;Br]Br,.H,0, 3. The solution was filtered and the
clear green filtrate was kept in a beaker to allow slow evap-
oration of the solvent. A solid green powder was obtained.
Green crystals suitable for X-ray crystallography were ob-
tained from dichloromethane /2-propanol (3:1 v/v) in an
open beaker and were filtered, washed with cold ethanol
and dried in the air. Yield: 48%. Anal. Calc. for Cy,H-
50Br;CusNgO-: C, 42.38; H, 5.00; N, 7.06%. Found: C,
42.13; H, 5.01; N, 7.01%. IR (KB, v, /cm™!) band: 1552.
UV-Vis, Ap.(methanol)/nm: 567 (log &, 2.58) and 346
(3.70).

Many attempts made to synthesize the CuLX (X=
NO;, CI, 0.5 SO4) complexes failed and the sole product
isolated from the preparative mixtures was the Cu(bezac),
complex which was identified by the X-Ray structure (see
Fig. S1).

3. Results and Discussion

3. 1. Synthesis and Characterization of the
Complexes

The flexidentate Schiftf base HL was obtained by the
in-situ condensation of aminoethylethanolamine and ben-
zoylacetone under reflux in methanol solvent. Reactions of
appropriate copper(II) salts with an equimolar amount of
the ligand HL in methanol solution led to the formation of
complexes 1-3. The Schiff base HL can adopt both chelat-
ing and bridging modes. The ligand undergoes deprotona-
tion during the reaction and the anionic form of the ligand
L~, coordinates to the metal center.

In the mononuclear CuLClO, complex 1, which was
formed from copper(II) perchlorate, L™ acts as a tetraden-
tate ligand. In mononuclear CuLN; complex 2 which was
obtained with copper(II) nitrate in the presence of N5™. L~
act as a tridentate ligand. On the other hand, reaction of
HL with CuBr, leads to the formation of a trinuclear cop-
per(II) complex where L™ acts as a tetradentate ligand with
the ligand adopting both chelating and bridging modes
(vide infra). However, the green solutions which were ob-
tained by the reaction of HL with Cu(NO;),, CuCl, or
CuSO, contain the Cu(bezac), complex, showing that HL
underwent hydrolysis under the same conditions. This
complex was characterized by elemental analyses and
X-Ray crystallography (SI). Cu(bezac), has been reported
previously and can be obtained by directed reaction of
Cu(CH;COO), and benzoylacetone in methanol medi-
um.”

The IR spectrum of the free HL ligand shows a band
at 1580 cm™!, which is assigned as vC=N. In free Schiff
base ligands the frequency of the hydroxyl group (phenol
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and alcohol) is observed in the 3200-3400 cm™ region,
due to intramolecular hydrogen bonding between OH and
the nitrogen atoms of the ligand. The IR spectra of com-
plexes 1-3 show a decrease in vC=N of about 25 cm™! in
comparison with the free ligand, which indicates coordi-
nation of the imine nitrogen atom to the copper ion.24-26
Complex 1, [CuLCIO,4], shows strong bands at 1061 cm™!
corresponding to stretching frequencies of the perchlorate
group.?’ The IR spectra of the complex 2 exhibit a band
about 2043 cm™!, which is characteristic of a coordinated
azide group ligand.?’

3. 2. Crystal Structures

3. 2. 1. Description of the Complex 1

Single crystals of complex 1 suitable for X-ray were
obtained from a solution of 1 in methanol/cyclohexane.
The complex crystallizes in the monoclinic space group
P2;/n. The molecular structure of the complex with label-
ing of selected atoms is shown in Fig. 1. Selected bond
lengths and angles are listed in Table 2. The molecular
structure shows that the copper(II) ion is five coordinated.
L™ acts as a N,O, tetradentate ligand which forms two
five-membered and one six-membered chelate rings with
the Cu(II) metal center with the hydroxyl group coordi-
nated to the metal ion. The fifth position at the Cu ion is
occupied by an O atom of the ClO, anion. There is disor-
der in the packing of the ligand over two positions, which
have relative occupancies of 85%:15%. In Fig.1, the molec-
ular structure of the complex shows only the major posi-
tion for each disordered atom, while Fig. S2 shows both
positions of the disordered atoms.

Fig. 1. The molecular structure of [CuL(ClO,)], 1 with labeling of
selected atoms.

The coordination geometry about the copper ion is
close to square pyramidal with the Addison parameters t =
0.19. tis defined as T = (a-b)/60, (a > b), where a and b are
the two largest angles around the Cu center; T = 1 for a
regular trigonal bipyramid and t = 0 for a regular square

pyramid.?® According to the bond lengths between the
copper and the coordinating atoms (i.e., four bonds with
short distances of 1.8935(14)—2.004(2) A and one bond
with a long distance of 2.5173(16) A) the square base con-
sists of the N2 O2 donors from the flexidentate Schiff base
ligand and the apical position is occupied by the oxygen
atom from the perchlorate anion and has the longer Cu-O
distance. The Cu-O and Co-N bond lengths are in good
agreement with analogous Cu(II) complexes previously
reported.?!> 2 3% The copper atom is displaced from the
basal plane of N202 by 0.063 A towards the apical oxygen
atom.

The NH amine of Schiff base ligand plays a role in
the H bonding network with there being an intramolecu-
lar hydrogen bond between the hydrogen atom H1 of the
amine with the oxygen atom O4 of the perchlorate anion.
Also, there are intramolecular hydrogen bonds between

Table 2. Selected bond lengths (A) and angles (°) in complexes 1-3

Complex 1

Cul-O1 1.894 (1) 01-Cul-02 94.36 (6)
Cul-02 1.967 (2) 01-Cul-03 89.76 (6)
Cul-03 2.517 (2) 02-Cul-03 99.33 (7)
Cul-N1 1.911 (2) 0O1-Cul-N1 97.09 (7)
Cul-N2 2.004 (2) 02-Cu2-N1 163.74 (7)
Cul-N92 2.013 (8) 01-Cu2-N2 175.08 (8)
Cl1-03 1.439 (2) 03-Cl1-06 109.9 (1)
Cl1-06 1.417 (2) 04-Cl1-06 109.5 (1)
Complex 2

Cul-O1 1.918 (1) 01-Cul-N1 93.10 (5)
Cul-N1 1.940 (1) N1-Cul-N2 85.25 (6)
Cul-N2 2.036 (1) N2-Cul-N3 92.45 (6)
Cul-N3 1.988 (2) 01-Cul-N2 177.68 (6)
01-Cl1 1.303 (2) N1-Cul-N3 167.70 (7)
02-Cl4 1.413 (2) Cul-N3-N4 118.3 (1)
N3-N4 1.195 (2) N3-N4-N5 176.9 (2)
N4-N5 1.160 (2)

Complex 3

Cul-0O1 1.887 (2) 01-Cul-02 91.28 (8)
Cul-02 2.029 (2) N1-Cul-N2 86.90 (9)
Cul-022 2.508 (2) 02-Cul-N2 84.55 (9)
Cul-N2 1.988 (2) 01-Cul-N2 175.75 (9)
Cul-N1 1.905 (2) 02-Cul-022 90.07 (7)
Cu2-021 1.906 (2) N21-Cu2-022 107.61 (8)
Cu2-022 2.380 (2) 021-Cu2-022 98.10 (8)
Cu2-N21 1.948 (2) 021-Cu2-Brl 159.86 (7)
Cu2-N22 2.017 (2) 021-Cu2-N22 173.2 (1)
Cu2-Brl 2.463 (5) 022-Cu2-Brl 91.85 (5)
Cu3-031 1.842 (2) 032-Cu3-N32 84.2 (1)
Cu3-032 2.008 (2) 031-Cu3-N32 172.7 (1)
Cu3-N31 1.910 (2) 031-Cu3-032 92.04 (8)
Cu3-N32 1.985 (2) N31-Cu3-N32 86.8 (1)
Cu3-Brl 3.015 (5) N31-Cu3- Brl 88.32 (7)
Cul...Cu2 4.356 Cul-022-Cu2 128.02
Cu2...Cu3 3.910 Cu2-Br1-Cu3 90.50
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the hydrogen atoms of the uncoordinated water molecule
with the oxygen atoms O5 and O1 of the perchlorate an-
ion and with the hydroxyl group. The hydrogen atom of
the coordinated hydroxyl group is involved in intermo-
lecular hydrogen bonding interaction with the oxygen
atom O7 (-x, -y+1, -z+1) of the uncoordinated water
molecule. Full details of the hydrogen bonding are given
in Table 3.

3. 2. 2. Description of the Complex 2

The molecular structure of 2 is shown in Fig. 2.
Complex 2 is monomeric and crystallizes in orthorhombic
space group Pbca. The single crystal X-ray diffraction data
for compound 2 is listed in Table 1. Selected bond lengths
and angles are summarized in Table 2.

The Schiff base ligand acts as a tridentate monoan-
ionic ligand, L™. The ligand forms one five-membered and
one six-membered chelate ring with the Cu(II) metal cen-
ter via the two nitrogen atoms of the amine and imine
groups and one oxygen atom of one phenoxy group, and
the hydroxyl group is left uncoordinated. The coordina-

Fig. 2. The molecular structure of [CuL(N3)], 2 with labeling of se-
lected atoms.

tion geometry around the Cu(II) ions is four coordinated
with a N3O donor set, N2O from the Schiff base ligand
and one nitrogen from the azide ligand. The copper center

Fig. 3. The intermolecular hydrogen bonding between uncoordinated hydroxyl group of ligand and terminal nitrogen atom of neighboring coordi-

nated azide ligand in complex 1 along a axis.

Table 3. Hydrogen bonding (A) and angles (°) in copper complexes

D-H..-A D-H H--A D...A D-H.-A Symmetry code
N2-H1--04 0.87 (4) 2.32(4) 3.113 (5) 152 (3)
02-H2.-07* 0.83 (4) 1.78 (4) 2.597 (2) 168 (3) -X, -y+1, -z+1

1 07-H3--05 0.74 (4) 2.10 (4) 2.883 (2) 178 (4)
07-H4--01 0.82 (4) 2.05 (4) 2.848 (2) 166 (4)
N2-H1--0O1* 0.87 (2) 2.43(2) 3.160 (2) 142 (2) x-1/2,y, -z+1/2

2 02-H2.-N5* 0.71 (3) 2.22(3) 2,922 (2) 172 (3) x-1/2,y, -z+1/2
N2-H1--021 0.87 (3) 2.22(3) 3.057 (3) 160 (4)
N22-H2--N31 0.88 (3) 2.29(2) 3.091 (3) 150 (3)
N32-H3--01* 0.88 (2) 2.46 (3) 3.212 (3) 143 (3) -x+1/2, y-1/2, -z+3/2
02-H4---Br2 0.81 (2) 2.34 (3) 3.141 (2) 169 (4)

3 022-H5--Br2 0.85 (3) 2.32(3) 3.145 (2) 165 (4)
032-H6--Br3* 0.84 (3) 2.28(2) 3.119 (2) 177 (4) -x+1/2, y-1/2, -z+3/2
O41-H7--Br3* 0.86 (3) 2.56 (4) 3.393 (3) 166 (3) -x+1, -y+1, -z+1
041-H8--Brl 0.88 (4) 2.47 (3) 3.345 (3) 172 (4)
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has a 1, index of 0.104. The T, parameter is [360° — (a +
B)1/141°, where a and f are the largest angles around the
central metal in the complex; 1, = 1 for a regular tetrahe-
dron and 1, = 0 for a regular square planar geometry.>! In
2, the Cu-O bond length is 1.9184(11) A and the Cu-N
bonds range from 1.9402(13)-2.0363(14) A. The Cu-
N(azide) bond length (1.9879(16) A), is longer than
Cu-N(imine) (1.9402(13) A) and shorter than Cu-
N(amine) (2.0363(14) A). The Cu-N bond length suggest-
ing that azide ligand interacts with copper(II) center more
strongly in comparison to the nitrogen atom of the amine
and weaker than the nitrogen atom of the imine. The azide
ligand is almost linear with N3-N4-N5 bond angle
176.85(19)°.

The uncoordinated hydroxyl group of the Schiff base
ligand plays a significant role in the intermolecular hydro-
gen bonding. There is an intermolecular hydrogen bond-
ing between the hydrogen atom of the hydroxyl group with
the terminal nitrogen atom of a neighboring coordinated
azide ligand, with a donor-acceptor distance of 2.922(2) A
and D-H---A angle 172(3)°, which build a 1D chain struc-
ture running through the a axis (Fig. 3). Full details of the
hydrogen bonding are given in Table 3.

3. 2. 3. Description of the Complex 3

Complex 3 crystallizes in the monoclinic space
group P2,/c. The molecular structure of the complex with
labeling of selected atoms is shown in Fig. 3. Selected bond
lengths and angles are listed in Table 2. From the crystal
structure, it has been found that complex 3 is trinuclear,
[Cu;L;Br]Br,, with a hydroxyl group bridge and one asym-
metric Br anion bridge. The copper(II) centers are five-co-
ordinated and L~ acts as a tetradentate ligand with the ox-
ygen atom of the hydroxyl group coordinating in both
terminal and bridging ligands. On the basis of atoms do-
nor set around each copper, there are three types of Cu(II)

Fig. 4. The molecular structure of [CusL;Br]?* cations 3 with labe-
ling of selected atoms.

ions, i.e., [CuN,O,(u-OH)] for Cul, [CuN,O(u-OH)(u-
Br)] for Cu2 and [CuN,O,(pu-Br)] for Cu3.

The bond angles at Cu(II) between two donor atoms
in the cis position are in the range 84.17(10)-107.61(8)°
and between two donor atoms in the trans position they
are in the range 159.86(7)° and 175.75(9)° (Table 2). The
coordination geometry around each of the central copper
is distorted square pyramidal, according to Addison T pa-
rameter values of 0.17, 0.22 and 0.06 for Cul, Cu2, and
Cu3, respectively.?® The deviation of copper(Il) atoms
from the basal plane towards the axially coordinated site
are 0.104, 0.135, 0.005 A for Cul, Cu2 and Cu3, respec-
tively.

In the case of Cul center, the four equatorial posi-
tions are occupied by two oxygen (Ol and O2) and two
nitrogen atoms (N1 and N2) of the Schiff base and the
apical position is occupied by one oxygen atom (022)

Fig. 5. Hirshfeld surface mapped with d,,,, for complexes 1-3.
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from an adjacent Schiff base ligand of the next unit of the
trinuclear complex. In the Cu2, the four equatorial posi-
tions are occupied by one oxygen (O21) and two nitrogen
atoms (N21 and N22) of the Schiff base and a p-Br1 anion,

while the apical position is occupied by the oxygen atom
(022) of the hydroxyl group of the Schiff base. The hy-
droxyl oxygen atom acts as a bridge connecting two Cul
and Cu2 centers. The remaining copper center, Cu3 is
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Fig. 6. The 2D fingerprint plots and relative contributions to the percentage of Hirshfeld surface for various interactions in 1-3.
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similar to Cul in that the four equatorial positions are oc-
cupied by the Schiff base with N,O, donor atoms, while
the apical position is occupied by a p-Brl anion. The
bridging Brl anion connects two Cu2 and Cu3 ions with
each other.

The Cu-O and Cu-N bond lengths in the equatorial
plane are in the range of 1.872(2)-2.029(2) and 1.905 (2)
t0 2.017(2) A, respectively (Table 2). As shown in Table 2,
the Cu-O(hydroxy) bond lengths in the apical position
(Cul-022 =2.508(2) and Cu2-022 = 2.380(2) A) are lon-
ger than the Cu-O(hydroxy) bond lengths in the equatori-
al positions (Cul-O1 =2.029(2) and Cu3-032 =2.008(2)),
which is consistent with analogous systems observed in
the literature.1- 22 26. 32

The NH amine of the Schiff base ligand plays a sig-
nificant role in the hydrogen bonding. There are intramo-
lecular and intermolecular hydrogen bonds between the
hydrogen atoms of the NH groups of the amines with the
oxygen atoms of hydroxyl groups. Also, there are intramo-
lecular and intermolecular hydrogen bonding between the
hydrogen atoms of the uncoordinated water molecule and
hydroxyl groups with the uncoordinated Br anions. Full
details of the hydrogen bonding are given in Table 3.

3. 3. Hirshfeld Surface Analysis

In order to profoundly examine the strength and role
of the intermolecular contacts, and to estimate their im-
portance for the crystal lattice stability, Hirshfeld surface
analysis has been conducted. The Hirshfeld surface of the
complexes 1-3 is illustrated in Fig. 5. The normalized con-
tact distance, d,,, defined in terms of d, (distance from a
point on the surface to the nearest nucleus outside the sur-
face), d; (distance from a point on the surface to the near-
est nucleus inside the surface) and the van der Waals radii
of the atoms, r'®V given by equation 1:

vdw vdw
di_ri de —Te

vdw + vdw (1)

Te

dnorm -

Ti

The value of the d,,, can be positive or negative
when intermolecular contacts are longer or shorter than
the sum of the atoms vdw radii, respectively. The d,,.,, val-
ues are mapped onto the Hirshfeld surface using a red-
blue-white color scheme. Red regions correspond to clos-
er contacts and negative d,.., value, the blue regions
correspond to longer contacts and positive d,o., value.
The white-colored regions correspond to weak contacts
and the distance of contacts is around the vdW separation
(dnorm = 0)-33’34

The 2D fingerprint plots are used to analyses all of
the intermolecular interactions. The full fingerprint plot
for 1-3 and the contribution of each type of interaction
are shown in Fig. 6. The highest contribution occurs due
to H--H contacts. Fig. 6 shows the percentage of contri-
bution of various intermolecular close contacts which

play an important role in the stabilization of molecular
structures.

4. Conclusion

Three complexes have been synthesized by reaction
of Cu(II) ion with the flexidentate Schiff base ligand de-
rived from the condensation of aminoethylethanolamine
and benzoylacetone. All complexes have been character-
ized by X-ray crystallography. In complexes 1 and 3, the
ClO,™ and Br~ anions are coordinated to the copper ion,
and the hydroxyl group of the flexidentate ligand coordi-
nates to the Cu(II) center such that the ligand is tetraden-
tate. However, in complex 2, the presence of the N5 anion
with its strong coordinating ability, leads to the ligand
being tridentate, with the hydroxyl group left uncoordi-
nated.

5. Supplementary Material

The deposition numbers of the studied complexes,
1-3 are CCDC 1912996-1912998, respectively. These data
can be obtained free-of-charge via www.ccdc.cam.ac.uk/
data_request/cif, by emailing data-request@ccdc.cam.
ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax +44 1223 336033.
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