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The syntheses of two previously known, 2-((2-aminoethyl)(pyridin-2-ylmethyl)amino)ethanol (1) and 2-
((3-aminopropyl)(pyridin-2-ylmethyl)amino)ethanol (2) and four new unsymmetrical N-capped tripodal
amines, 2-((4-aminobutyl)(pyridin-2-ylmethyl)amino)ethanol (3), 3-((2-aminoethyl)(pyridin-2-
ylmethyl)amino)propan-1-ol (4), 3-((3-aminopropyl)(pyridin-2-ylmethyl)amino)propan-1-ol (5) and 3-
((4-aminobutyl)(pyridin-2-ylmethyl)amino)propan-1-ol (6) are reported. The ligands (3)-(4) feature a
longer arm, 3-hydroxypropyl or butylamino, than in the analogues previously employed (2-hydroxyethyl
arm, ethylamino-arm or propylamino-arm in 1 and 2). All six tripodal amines, 1-6, are equipped with a 2-
methylpyridyl-arm and either an ethylamino-arm (1 and 4), propylamino-arm (2 and 5) or butylamino-
arm (3 and 6). The new amines, 3-6, have been employed in one pot condensation reactions with 2-
hydroxy-1-naphthaldehyde and salicylaldehyde (and its derivatives) in the presence of Cu(II) metal ion to
generate a series of new mononuclear complexes, [M'L*%](C10,) as well as new dinuclear complexes
[Cu™L*,(C10,), of new ligands L. Four monomeric complexes and one dimeric complex have been
characterised by single crystal X-ray diffraction, revealing a distorted square-pyramidal copper(Il) ion. A
general comparison between these structures show that the number and the type of chelate rings sequence
around the metal ions are important in the formation of structures. Theoretical studies show that the 3-
hydroxypropyl arm in these complexes is a weak coordinating group and it can readily be removed from
the coordination sphere of metal ion, resulting in a dimerised four coordinate complex. Calculations show
that the interaction between the two monomeric fragments is very weak.

interest in the context of modeling the asymmetric active metal
Introduction sites such as those found in nitrile hydratase,'" and horse liver
alcohol dehydrogenase.'” Among these asymmetric N-capped
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Recently, research on tripodal ligands and their related complexes
has been an expanding field and is the subject of numerous
reports.' Transition metal complexes synthesised with this type of
ligand display special physical, chemical or structural properties,
such as unusual conformation, high thermodynamic stability and
virtual kinetic inertness.” These tripodal ligands can also serve as
precursors to the synthesis of interesting macrobicyclic
compounds™* which usually require high dilution techniques® or
the use of metal ions as templates.®” The synthesis of model
complexes mimicking the spectroscopic and structural properties
of metalloproteins active sites can be undertaken by employing
multidentate tripodal ligands, most of which possess aromatic
donor functions like pyridyl and/or phenolic groups.® However,
the chemistry of asymmetric N-capped tripodal ligands which
possess three pendant arms with different donor groups has not
been well explored.”'® This type of tripodal ligand is of particular

tripodal ligands, our group is

[
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unsymmetric N-capped tripodal ligands with two different

aliphatic arm lengths and one aromatic pendant arm. However

these tripodal ligands bearing one pyridine arm are scarce.”® As
so part of a program to explore the coordination chemistry of
partially unsymmetric tripodal N;O, ligands, we herein report the
synthesis and characterisation of new Cu complexes and compare
them with our previous work. A direct influence of the lengths of
the alkyl chains between central and terminal donor function on
the complex geometry was observed for the cadmium(Il),
nickel(Il) and copper(Il) complexes of these unsymmetrical
tripodal ligands featuring different spacer lengths (Fig. 1). The
coordination behavior towards Cd(II), Ni(Il) and Cu(Il) was
investigated for ligands L% combining pyridine, amine, and
60 alkoxy donor functions on ethylene, propylene and butylene
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In previous work, we reported the synthesis of two new
unsymmetical triamines, (1) and (2), both of which feature three
different arms: 2-methylpyridyl, either ethylamino- or propyl-
amino, and ethanol (Figure 1).'"* Reaction of (1) or (2) with
salicylaldehyde and its analogues gave a wide selection of
compounds with which to probe the effects of strain in the
resulting cadmium(II) and nickel(II) Schiff base complexes
(Figure 1).'* When the shorter ethylene linker was used between
the tertiary and primary amine nitrogen atoms, a mononuclear
Schiff base complex was structurally characterised in the case of
[NiI"LOM']" whereas the more flexible propylene linker (LO™¢2
and L™ ligands) gave dinuclear complexes, [Ni"L°™],*" and
[Cd"L"],%*, which were structurally characterised. The nickel(II)
centre in [Ni"L™¢']* has a distorted square planar geometry,
is whereas in [Ni"L°™],>" the geometry is distorted octahedral, as
with the cadmium(II) ion in [CA"L™*,>"."* The structural types
observed to date are summarised in Figure 1.
In this paper the effect of employing a 3-hydroxypropyl arm in
place of the 2-hydroxyethyl arm, and a butylamino arm in place

w

20 of the ethylamino or propylamino arm, on the outcome of one pot
condensations with various salicylaldehydes in the presence of
copper(Il) ion has been studied. Hence the synthesis of four new
unsymmetrical tripodal triamines, 2-((4-aminobutyl)(pyridin-2-
ylmethyl)amino)ethanol(3), 3-((2-aminoethyl)(pyridin-2-

25 ylmethyl)amino)propan-1-ol (4), 3-((3-aminopropyl)(pyridin-2-
ylmethyl)amino)propan-1-ol (5) or 3-((4-aminobutyl)(pyridin-2-
ylmethyl)amino)propan-1-01(6), is reported (Figure 1). The
synthesis and physical properties of the new Cu(II) complexes of
the new ligands, HL™ HLOM$ and HL®"* formed in situ

30 from the condensation of 2-hydroxybenzaldehyde with 3-6
(HL™*%), 2-hydroxy-3-methoxy-benzaldehyde with 3-6 (HLOM*
%), 3,5-di-tert-butylsalicylaldehyde with 3-6 (HL™"*) and, for
the first time, with 2-hydroxy-1-naphthaldehyde with 1-6
(HL"*P"1-6) " are reported here. In addition, the X-ray crystal

s structures of  [Cu'L"*"2)(C10,), [CuLOMS)(Cl0,),
[Cu"L3)(C10,), [Cu"L)(C10,) and dimeric [Cu"LH5],(Cl10,),,
are described.
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Figure 1. Summary of the range of structural motifs identified to date for complexes resulting from the condensation of a range of salicylaldehydes with
40 the unsymmetrical triamines 1 (n = 1, m=1) and 2 (n = 2, m = 1) with 2-hydroxyethyl arms but differing amino-arm lengths. The present study concerns
complexes of the new ligands highlighted in the box, HL™*®, HL®M®*® HL™"*® and HL™"""® (X= Cl0,).

Results and discussion

Four new  unsymmetrical tripodal  amines,  2-((4-
aminobutyl)(pyridin-2-ylmethyl)amino)ethanol A3), 3-((2-
4s aminoethyl)(pyridin-2-ylmethyl)amino)propan-1-ol  (4), 3-((3-

aminopropyl)(pyridin-2-ylmethyl)amino)propan-1-ol (5) and 3-
((4-aminobutyl)(pyridin-2-ylmethyl)amino)propan-1-ol (6), were
prepared in high yields. Amines 3 - 6 differ from the previously
used amines, 1 and 2, in that 4 and S feature a 3-hydroxypropyl
so arm in place of the 2-hydroxyethyl arm, 3 features a butylamino
arm in place of the ethylamino/propylamino arm and 6 features a
3-hydroxypropyl arm in place of the 2-hydroxyethyl arm and also
a butylamino arm in place of the ethylamino/propylamino arm

(Fig. S1-S12, ESIt). Subsequently, one pot reactions of amines 1
ss- 6 with 2-hydroxy-1-naphthaldehyde and salicylaldehyde
derivatives in the presence of a Cu(II) metal salt were employed
to generate new Cu(Il) complexes of Schiff-base ligands L
where ™ is H3-6, OMe3-6, tBu3-6 and napht1-6 (Figure 1).
Recrystallisation of powders obtained from the reaction mixture
e by vapour diffusion of diethyl ether (see experimental section
below) gave either purified powders or single crystals which were
analysed by single crystal X-ray diffraction, showing four
monomeric and one dimeric compounds (vide infia).
The infrared spectra of all complexes (Fig. S13—S30, ESI) show
os a band at ca. 1613—1632 cm’', attributable to the imine groups,
and no bands due to v(C=0) vibrations. Medium to strong bands
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at ca. 1596-1612 and 1437-1462 cm’' are present in all cases,
and correspond to the two highest energy ring vibrations of the
coordinated pyridine.'*!>  Absorptions attributable to the
perchlorate ions are seen at approximately 1051-1088 and 619—
625 cm’'. The lack of splitting suggests that they are not
coordinated.

The positive ion electrospray mass spectra of all complexes (Fig.
S31-S48, ESIt) show a common peak, which is the fragment
[Cu™L** associated with the loss of the ClO, anion. The four
copper(Il) complexes using (L™*) as a ligand appear to be
dimeric complexes [Cu"L™*],(C10,), as the mass spectra exhibit
peaks of very weak intensity consistent with the presence of a
dication [CuL™®],>". In all copper(II) complexes the most intense
peaks are for the mononuclear [Cu"L*#]" species which indicates
that the dimer is unsurprisingly broken apart. On the other hand, a
peak with a very weak intensity corresponds to [ML*%,"
fragment is observed in most of the mononuclear complexes in
present work and also in our previous work,'* even when their X-
ray crystal structures show that they are mononuclear complexes.
Thus it seems that the [ML*®]," fragment observed in the mass
spectra of the mononuclear complexes is formed due to a very
small dimerization occurring in the mass spectrometer.

UV-Vis spectra of the fourtheen Cu(Il) complexes in CH3;CN
solution showed a broad low-intensity absorption band occurring
in the range 574 nm < Ay, < 630 nm with molar extinction
coefficient ranging between 92 M cm™ <& <174 M cm™'. This
is assigned to a d-d transition and is characteristic of five-
coordinate copper(Il) complexes with square pyramidal or
distorted square pyramidal geometries, which generally exhibit a
3 band in the 550-660 nm range (dxz, dyz—dx>-y*).'?* In the case
of four Cu complexes [Cu"L*CIO, (i=3), the respective Ay
values in the range 600 nm < A, < 633 nmand 121 M ecm™ <¢
< 157 M em™ (each with a shoulder at 761-819 nm) are also
indicative of square-pyramidal coordination according to the
literature.”>*® In addition, a few absorption bands are found in the
range 205-406 nm for all Cu(Il) complexes, due to either charge
transfer or n— m* transitions.'” 2" ?7?° Although the UV-Vis
spectra of complexes with polydentate Schiff base ligands are not
generally good indicators of geometry, the evidence gathered
helps to support this geometry.

Room temperature magnetic moments were obtained for all
mononuclear Cu(II) complexes. The magnetic moment values for
these complexes lie in the 1.82-1.95 B.M. range. These values
are close to the expected spin only magnetic moment value (1.73
BM) for d° Cu(Il) system®® with single unpaired electron. For the
four dinuclear copper complexes, the observed values of
magnetic moment lie in the 1.32—1.66 BM range per Cu atom.

Crystal structures of [Cu"L""?|(Cl10,), [Cu"L™|(C10,),
[Cu"LM|(C10,) and [Cu"L™|(C10,)

Green single crystals of [Cu"L"™"2](Cl0,), [Cu"L™](C10,),
[Cu™LO™*](C10,4) and [Cu"L™*](ClO,) suitable to be studied by
X-ray diffraction were obtained by slow diffusion of diethyl ether
into a solution of the complex in MeOH. Crystal data and
structure refinement are given in Table 1. These complexes are
monometallic but differ in the space group adopted (P2,/c, C2/c,
P-1 and 12/a respectively). The molecular structures, as well as
selected bond lengths and angles are given in Figure 2 and Table
2, respectively, and a comparison with the literature is also
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115 [CuHLHS] (ClOy),

shown. The X-ray crystal structures of these complexes consist of

o [CU'L™Ph2]" [Cul'L®]Y, [CuLOMS]" and [Cu'L™]" cations

and perchlorate anion. The Cu(Il) ion display a distorted square
pyramidal coordination, involving three N atoms and two O
atoms. In comparison to the mononuclear [Ni"LOM¢'|(CIO,)
complex reported in our previous work,'* in which the hydroxyl
group is not coordinated, in these mononuclear copper(Il)
complexes it is coordinated to the apical site of the approximate
square pyramidal copper(Il) ion (Table 2). As expected, this
axially bound O donor atom makes a bond that is slightly longer
than bond distances in basal plane (~2 A). Among the Cu-N
bonds, those involving the tertiary amine nitrogen atoms are the
longest in all Cu complexes. The second longest Cu-N bond
formed in both mononuclear and dinuclear complexes involves
the Cu-N,, bonds. Comparison of the same bond lengths of
square pyramidal Cu(II) complexes reported here with related
reports in the literature are summarised in Table 2.'* %3138 The
X-ray crystal structure analysis shows that in the case of
[Cu"LOM#|(CIO,), two [Cu"L®™*]* cations are bonded through
hydrogen bonding. Indeed, the hydrogen atom of the hydroxyl
group of one cation is engaged in hydrogen bonding with the
phenolic oxygen atom of the adjacent cation and vice versa (Fig.
Sa). It seems that these intermolecular interactions between two
molecules of such five coordinate complex in [Cu"LOM(C10O,)
are relatively strong and prevent the formation of dinuclear
compounds (see section theoretical studies). Note that the dataset
for [Cu"LO™®|(Cl0,) was particularly bad, leading to a high R1
factor, this despite our best efforts to grow better crystals - the
results presented here are from the best dataset obtained.
Variation of the length of the ligand arms leads to different size
of chelate rings. These tripodal ligands are capable of forming
both five and six membered chelate rings incorporating the
copper ion in [CuL"™P"?)(ClO,), [Cu"L™|(ClO,) and
[Cu™LM5],(C10,), and also five, six and seven membered chelate
rings in [Cu"L™](CIO,) and [Cu"LOM*)(ClO,). For all
complexes, the Nypine-Cu-Np, angles are smaller than 90" [80.5-
84.3"] for five membered chelate rings. The larger six-membered
chelate rings lead to Oppenotic-Cu-Nimine angles that are all larger
than 90° [90.2-94.5°]. A similar relationship between the N,pine-
Cu-Opydroxyatkyl and also Nypine-Cu-Nipine angles and the different
chelate ring sizes is described. In the case of [Cu"L"*"?](Cl0O,),
[Cu"L™](C10,) and [Cu"LO™®|(ClO,) complexes, involving the
2-hydroxyethyl arm, the Nypine-Cu-Onygroxyaikyl angles are smaller
than 90" [78.6-80.97] for five membered chelate rings, whilst in
[Cu"L™](C10,) complex involving the 3-hydroxypropyl arm, the
Namine-CU-Ohydroxyalkyt angle is ~ 90" [89.27°] for the six-membered
ring. The Nymine-Cu-Nimine angle in [Cu"L™**](C10,), involving the
ethylamine chain [86.37] is smaller than 90" for five membered
chelate ring, in [Cu"L"™P"?](ClO,) and [Cu"L"™],(ClOy),
complexes, involving the propylamine chain [94.2-96.2°] and also
in [Cu"L™**](C10,) and [Cu"L°™*(C10,) complexes, involving
the butylamine chain [102.9-104.0°] are larger than 90" for six
and seven membered chelate rings, respectively (Table 2). The
square pyramid in Cu complexes is somewhat trigonally
distorted, as shown by the degree of trigonality, (t)**™*' for Cu(1)
being 0.10, 0.11, 0.066 and 0.39 for [Cu"L"™"?|(ClO,),
[Cu"LOM®|(ClO,) and  [Cu"L™|(ClO,),
respectively.

This journal is © The Royal Society of Chemistry [year]
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Figure 2. Perspective view of (from left to right) [Cu"L"®"?(CIO.), [Cu"L"*](CIO,), [Cu"L°™*%](ClO,) and [Cu"L™](CIO,). Hydrogen atoms and anions are
omitted for clarity. Cu, C, N and O are represented in dark red, gray, blue and red, respectively.

Table 1. Crystal data and structure refinement parameters for [Cu"L™"?](CI0,), [Cu"L"™®)(CIO,), [Cu"L®™®](CIO,), [Cu"L*](CIO.) and [Cu"L**]5(CIOL),.

Compound [Cu"L"™"2)(C1O,) [Cu"L™](C104)
formula C22H24C1CUN306 C 19H24C1CUN30(,
molecular
weight (g.mol") 525.43 488.39
T (K) 100(2) 296
crystal system Monoclinic Monoclinic
space group P2,/c C2/c
4 4 8
a(A) 13.1270(2) 11.5021 (3)
b (A) 13.7157(2) 18.7307 (5)
c(A) 12.1763(2) 20.7277 (7)
a (°) 90 90
B 103.203(2) 95.504 (1)
Y () 90 90
vV (A% 2134.34(6) 4445.0 (2)
density (g.cm™) 1.635 1.460
R, 0.0308 0.045
wR, 0.0809 0.138

[CullLOMc3] (CIO4)
C44He2CL,CusNeOy 5

[Cu"L*](C10,)
C 1 gszClCUNgOs

[Cu"L¥51,(ClO.),
C38H43C12CUQN(;O 12

1112.98 475.38 978.80
100(2) 89(2) 100(2)
Triclinic Monoclinic Orthorhombic
P-1 12/a Pbca
4 8 4
13.9094(3) 19.0697(4) 12.2844(2)
18.2391(4) 10.6833(2) 14.1806(2)
20.6775(6) 18.9974(3) 23.1490(3)
90.039(2) 90 90
91.901(2) 95.766(2) 90
111.884(2) 90 90
4864.6(2) 3850.71(12) 4032.56(10)
1.520 1.640 1.612
0.1565 0.0382 0.0878
0.3908 0.1218 0.2657

Crystal structure of [Cu'LES 12(C10y),

Green single crystals of [Cu"L"%],(Cl0,), were obtained by slow
diffusion of diethyl ether into a solution of the complex dissolved
in a mixture of CH3;CN and CH3;0H, and crystallises in the
10 orthorhombic crystal system and Pbca space group. The
molecular structure and selected bond lengths and bond angles
relating to the coordination environment of the metal and also
bond lengths related to similar compounds are given in Figure 3
and Table 2 respectively. The structure is a dinuclear, comprising
1stwo similar Cu(II) centers. Each copper atom has a
pentacoordinate square-pyramidal geometry. N(1), N(2), N(3)
and O(2) of a deprotonated Schiff base bind four coordination
sites of Cu(l). Similarly, Cu(2) is coordinated by N(1), N(2),

N(3) and O(2) of another deprotonated Schiff base. The fifth,
20 apical, coordination site of each Cu(1) is occupied by O(2) from
another ligand, thereby forming a di-phenoxido-bridged dimer,
while the hydroxypropyl arm (O(1)) of the ligand remains
uncoordinated (Figure 3). The charge distribution was assigned
based on the presence of only two ClO4 anions which make the
»s complex a dication with two deprotonated ligands L"%. Each
phenoxy oxygen atom is bridging two complexes in an
antisymmetric fashion giving Cu—Oppenoxy bond lengths of 2.407
and 1.937 A - which is in the range of previously reported
structures for copper(Il) dimeric complex having phenoxy
30 bridge.***® The coordination geometry around the copper centers
is best described by the use of the t-criterion,”’ indicating that the
coordination geometry in [Cu"L"™]," is only slightly from square-

This journal is © The Royal Society of Chemistry [year]
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pyramidal distorted (t = 0.11). In this compound, N(1), N(2),
N(3) and O(2) related to the same ligand occupy the equatorial
positions and O(2)’, from the second ligand, occupies the apical
position. The t value for both Cu(1) in [Cu"L™],(Cl0O,), is 0.11,
which is similar to the value of Cu(Il) in the monomers. Thus the
geometries of both the copper centers in [Cu"L"],(Cl0,), are
distorted square pyramidal. A 5,6,6-chelate ring sequence is
observed in the dimer [Cu™L™],* with the expected square-
pyramidal coordination geometry for both Cu(II).

Figure 3. Perspective view of [Cu"L"],(CIO,),. Hydrogen atoms and
anions are omitted for clarity. Cu, C, N and O are represented in dark
red, gray, blue and red, respectively.

In contrast with the coordinated ligand L""2 113 1,0Me gp4
L™ in [Cu"L"™"2)(Cl0,), [Cu"L™)(Cl0,), [Cu"LOMS)(ClO,)
and [Cu"L™](C10,) complexes, respectively, the ligand anion in
complex [Cu"L"*]," uses only four of the five donor groups
binding to the copper atom, in which the hydroxypropyl arm
remains uncoordinated and the phenolic oxygen atom bridges two
Cu(Il) atoms resulting in a Cu,0, ring. This is not exclusively
due to the steric situation in [Cu"L"®],(ClO,),, but to the low
stability of the six-membered chelate ring which would have been
formed with the hydroxypropyl ligand arm: a similar behavior of
related aliphatic tripodal ligands'® and also asymmetric tripodal
ligand with two aliphatic and one aromatic arms has been already
reported.”® In addition, the stability of the copper complex with
the ligand trpn, which exclusively forms six-membered chelate
rings, is shown to be about 10° times lower than the stability of
the corresponding tren complex that contains only five-
membered chelate rings.”® Examination of the Cu(Il) complexes
in the present study and the literature shows that Cu(Il) atom in
tripodal complexes have a great flexibility in adoption of the
number of the chelate rings sequence around the metal atom to
form a square pyramidal geometry around the central ion as
observed for ([Cu"L""](CIOy), 5,5,6,6, T = 0.10; [Cu"L™]
(ClOy), 5,5,7,6, © = 0.11; [Cu"L®M®|(CIO,), 5,5,7,6, T = 0.066;
[Cu™L™)(C10y), 5,6,5,6, T = 0.39) and ([Cu"L"%],(C10,),, 5,6,6,
T = 0.11), but it should be noted that Cu(Il) in these types of
complexes are not stable against the high number of six-
membered chelate rings around the metal.”® For the dinuclear
complex [Cu"L™],(Cl0,), the hypothetical
[Cu"L™*](C10,) would possess a 5,6,6,6 chelate ring sequence
around the Cu(Il) atom which, due to the high number of six-
membered chelate rings, would be unstable. In order to form the
stable structure with square pyramidal geometry, the hypothetical

mononuclear

mononuclear complex would prefer to form a dinuclear structure
with a 5,6,6 chelate ring sequence with a second identical ligand.
Table 3 show the comparison of the structural parameter (z-value)
for Cu(Il) complexes characterized here.

Theoretical studies

As described above, the present study brought us three interesting
results. Firstly, the formation of mononuclear five-coordinate
complexes, with a majority of ligands, and dinuclear complexes,
with the remaining ligands. Secondly, X-ray crystal structures
showed that hydrogen bonding can exist between
mononuclear five-coordinate complexes. Thirdly, mass spectra of
both mononuclear and dinuclear complexes always show two
characteristic peaks, one corresponding to a mononuclear
fragment and one corresponding to a dinuclear fragment. In order
to understand these results theoretical calculations were
undertaken. The strength of interaction between two mononuclear
four-coordinated fragments in one dinuclear complex and
hydrogen bonding between two mononuclear five-coordinated
complexes were evaluated (see Figure 4). From this study it is
clear that one of the coordinated arms in the mononulear complex
leaves the metal ion and then the resulting four-coordinated
complex can be dimerized. As can be seen in Figures 3 and 4(a)
in these dinuclear complexes, the hydroxyl group of the
hydroxypropoyl arm is not coordinated to the metal ion. Thus the
strength of the interaction between hydroxyl group and metal ion
was evaluated, to figure out why it leaves the metal ion.

two

However, the value of interaction energy between the metal ion
and whole ligand in these complexes was calculated first. As can
be seen in Table 4, the values of interaction energies are
relatively large and are in the range 629-634 kcal/mol. Thus in all
mononuclear complexes the Schiff base ligands are tightly
bonded to the central metal ion. However, the data show that the
interaction energy between two mononuclear fragments in the
dinuclear complex [Cu"L"%],(Cl0,), is very small and only -4.24
kcal/mol (see Table 5). Such a small interaction energy is not
surprising as the interacting fragments are both cations. This
explains why even in the mass spectra of the dinuclear complexes
the major peak corresponds to a mononuclear complex. Indeed,
inside the mass spectrometer the dinuclear complex readily
breaks into two mononuclear complexes. Two forms, I and II,
were considered for one of the mononuclear fragments of the
dinuclear complex [Cu™L"],(ClO,), and the geometry optimised
for both them (see Figure 5e and 5f). The difference between the
above forms is that in form I the hydroxyl group is not
coordinated to the metal ion but is indeed coordinated in form II.
The data showed that the energy difference between two above
forms is only -2.57 kcal/mol. Thus the interaction between the
hydroxyl group and the central metal ion seems to be very weak.
This means that the hydroxyl group simply leaves the metal ion,
resulting in four-coordinated copper complexes which can be
dimerized. This is the reason why in mass spectra of all
complexes there is a very small peak corresponding to a dinuclear
complex.

This journal is © The Royal Society of Chemistry [year]
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Table 2. Comparison of selected bond lengths Al an angles [°] for [Cu'L ClOy), [Cu'L](ClO,), [Cu'L ClOy4), [Cu'L™](ClO4) and [Cu'L™],5(ClO4),
bl 2 . f | db dl h [ ] d | []f [ U} naphtZ]( |0) [ (1l H3]( |O) [ U} 0Me3]( |O) [ U} H4]( |O) d[ [} HS]( |O)

complexes.
[CU'L™(CI0)  [Cu'L¥I(CI0)  [Cu'LOVICIO)  [Cu'LM(Cl0)  [Cu'L¥pcio),  SIPY t(ér“a(tgzem References
Bond length [A]
M(1)-Nimine) 1.9486(15) 1.989 (3) 2.008(10) 1.929(2) 1.969(7) 1.923-1.969 14,31
M(1)-Ngpy) 2.0122(16) 2.025 (3) 2.014(11) 1.979(2) 2.006(7) 1.925-2.006 31,32
M(1)-N amine) 2.0910(15) 2.125 (2) 2.148(9) 2.062(2) 2.057(7) 1.979-2.062 19, 32-34
M(1)-Ogphenctic) 1.9234(12) 1.921 (2) 1.927(8) 1.9172(17) 1.937(5) 1.917-2.096 19, 3318 35-
M(1)...Ouydroxyaliyh 2.3802(13) 2.241 (2) 2.222(9) 2.2195(18) 5.415 1.916-2.339 19
M(1)-Oy1 2.407(6) 2423 38
M(1)"M(1) 3.240 2.2729-3.001 19,31
Bond angle [°]
O<P“CI‘3“°>'M(1)' 91.89(6) 90.19 (9) 91.0(4) 95.54(8) 92.6(3)
(imine)
Ophenolio-M(1)-Npy) 90.98(6) 88.29(10) 86.4(4) 94.89(8) 90.5(3)
NiimingM(1)-Npy) 164.51(6) 159.96 (11) 160.0(4) 155.64(9) 172.0(3)
OpenctiorM(1)- 170.51(6) 166.57 (10) 164.0(4) 179.08(8) 165.4(3)
(amine)
Niimine)M(1)-Namine) 96.21(6) 102.86(11) 104.0(4) 86.37(9) 94.2(3)
Npy-M(1)-Namine) 82.53(6) 80.54(11) 81.3(4) 84.27(8) 81.2(3)
O&yj%fi) 91.77(5) 94.75 (9) 94.3(3) 90.62(7)
NimineM(1)- 109.15(5) 99.15(10) 97.1(4) 95.53(8)
O(hydroxyalkyl)
Nipy-M(1)- 85.96(5) 100.92(10) 102.9(4) 106.77(8)
O(hydroxyalkyl)
Ngmi"e>'M(1)' 80.92(5) 80.2(9) 78.6(3) 89.27(7)
(hydroxyalkyl)
Ophenolic-M(1)-Oys1 84.2(2)
Nimine-M(1)-Ogys1 91.0(2)
Nepyy-M(1)-Ocy 96.7(2)
Naming-M(1)-Oc1 108.6(2)

analysis confirmed the formation of a dinuclear complex only in

Table 3. Comparison of t-value in 5-coordinated Cu complexes.
the case of the former complex. Thus two forms I and II for

5-coordinated Complexes chelate ring sequence wvalue 5 [Cu"L™](C10,) were also considered and optimized (see Figure
[Cglllr:::n]é%oét) 2262 8}? 5c and 5d). As can be seen in Table 6, the data show that the
[([:uﬁLOMe]s(](Cléi) 5:5:;:6 0.066 energy difference between the above forms is about -5.32
[Cu"L™](C104) 5,6,5,6 0.39 kcal/mol. Thus it seems that the interaction energy between the
[Cu"L™(Cl00), 5,6,6 0.11 hydroxyl group and metal ion in complex [Cu"L™](ClO,) is

5 »s relatively larger than that in complex [Cu"L"*],(ClOy),. On the
Among the complexes synthesized here, both [Cu""L"%]y(C10y), other hand, the interaction energy between two mononuclear
and [Cu"L"™](C10,) complexes have the hydroxyl group at the fragments in the dinuclear complex [Cu"L"*],(ClOy), was only -

end of a propyl chain. For all the other complexes the hydroxyl
group is at the end of an ethyl chain. Indeed, only in the case of
10 [Cu™L5],(C10,), and [Cu"L™](C104) do we observe an unstable
six-membered chelate ring forming upon coordination of the
hydroxyl group. For all other complexes the coordination of the
hydroxyl group leads to formation of a more stable five-
membered chelate ring. Thus it seems that the formation of a
15 dinuclear complex in which the hydroxyl group remained
uncoordinated is quite expectable for both [Cu"L"],(C10,), and
[Cu"L™](ClO,) complexes. However X-ray crystal structure

4.24 kcal/mol. The above interaction is larger than -2.57 kcal/mol
and less than -5.3 kcal/mol, calculated energy difference between

wforms I and II in complexes [Cu"L"™],(Cl0O,), and
[Cu"L™](ClO,), respectively. This explains why the complex
[Cu"L¥5]1,(Cl0,), is dimerized while [Cu"L"*](ClO,) remained
mononuclear.  For  [Cu"L¥],(ClO,),, in contrast to
[Cu"L™](ClO,), the value of interaction energy between two four

35 coordinated fragments is larger than that between the hydroxyl
group and central metal ion.

This journal is © The Royal Society of Chemistry [year]
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(a) IE =-4.24 kcal/mol

1 1
e bl K

(b) IE =-7.28 kcal/mol

Figure 4. Interacted four-coordinated fragments in dinuclear complex [Cu"L"®]5(Cl0,), (a) and hydrogen bonding between two [cu"L°)(cl0,)
complexes (b).

Table 4. Calculated interaction energies(IE) between the metal ion and pentadentate ligands synthesized here.

Compound E. (Hartree) IE (kcal/mol)
Cu2+ Lald-* [ CuLald]+
[Cu"L®™)(C10y) -1639.151635 -1165.9898167 -2806.1509036 -633.44
[Cu"L™)(C104) -1639.151635 -1051.6149949 -2691.7726555 -631.29
[Cu"L"*2)(C10,) -1639.151635 -1165.7856412 -2805.939729 -629.05
[Cu"L™)(C104) -1639.151635 -1012.3607015 -2652.5239637 -634 .81

* Frozen in the optimized geometry of the [CuL™*]* complex.

In addition, we believe that the formation of hydrogen bonding
between mononuclear five-coordinated complexes
prevents the formation of a dinuclear complex between two
four-coordinated fragments. As seen in the previous section the
10 X-ray crystal structure of the complex [Cu"L°™¢](Cl0,)
showed that the hydrogen bonding is formed between two
mononuclear complexes. Indeed the coordination of the
hydroxyl group to the metal ion and then the formation of
hydrogen bond between two molecules of such five-
coordinated complex in [Cu"LM®)(ClO,) prevent the
formation of a dinuclear complex which is formed in the case
of [Cu"LH5],(Cl0,),. the value of the interaction between two
mononuclear [Cu"L°™*](C10,) complexes due to hydrogen

two

o

Table 5. Calculated interaction energy (IE) between two [Cu"L™®®

fragments in dinuclear [Cu"L"™]5(Cl0,),

bonding is about -7.28 kcal/mol (see Fig 4). Interestingly, the
2 latter value is larger than -4.24 kcal/mol, the interaction
between two  fragments in  dinuclear  complex
[Cu"L¥5],(C10,),, and larger than -2.57 and -5.3 kcal/mol, the
energy difference between forms I and II of complexes
[Cu"L™¥],(ClO,), and [Cu"L™](C10,), respectively. Therefore
25 these complexes are special cases in which the intermolecular
interactions (herein hydrogen bonding) between two complexes
can be stronger than some weak intramolecular metal-donor
atom interactions. The formation of a mononuclear complex or
a dinuclear one thus depends on relative strength of inter- and
30 intramolecular interactions.

1(ClO4) complexes bonded through hydrogen bonding and also two mononuclear

Compound E. (Hartree) IE (kcal/mol)
First complex/fragment” Second complex/fragment” Whole compound
[Cu"LOM)(C10,) -2806.1480886 -2806.1477506 -5612.3074422 -7.28
[Cu"L™]y(C10,), -2691.7619224 -2691.7619224 -5383.5306096 -4.24

* Frozen in the optimized geometry of whole compound

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 7
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Figure 5. The optimized structures for complexes/fragments studied here. a) two [Cu

I, OMe3
L

1(ClO4) complexes bounded through hydrogen bonding. b)

dinuclear [Cu"L™],(CI04), complex. c) form I of [Cu"L™](CIO,). d) form Il of [Cu"L™](CIOL). e) form I of one fragments in [Cu"L™],(CIOL),. f) form Il of one

fragments in [Cu"LHS]z(CIO‘,)z‘

w

Table 6. Calculated energy difference (AE) between the optimized
structures of forms | and Il considered here for mononuclear
[cu"l™)(Clo,) and one mononuclear fragment in dinuclear
[Cu"L"™]o(CIO,)

Compound E. (Hartree) AE
(kcal/mol)
Form | Form 11
[Cu"L™(C10y) -5.32

2691.7690481  2691.7731458

[Cu"L™]5(CIO4), - - 257
2652.5239637  2652.5154793 )

Conclusion

In summary, we have reported the successful synthesis of 14
new mononuclear and a few dinuclear Cu(II) complexes by
condensation of amines (3-6) with related aldehydes in the
presence of Cu(ll) metal ion. X-ray crystal structure
determinations of [Cu'L"™"?)(C10,), [Cu"L™|(C10,),
[Cu"LOMP)(C10,) and [Cu"L¥*|(C10,) revealed them to be
monomeric, except for the dimeric [Cu"L¥5],(C10y),. There is
a distorted square pyramidal environment around the central
ion in both mononuclear and dinuclear complexes. In this
work, emphasis has been put on the examination of structural
relationships in the complexation behavior. By comparing
crystal structures of the complexes identified to date, all of
them use four donor groups of the ligand (three nitrogen atom
and phenoxy oxygen atom) to bind the metal atom and the

b

=3

o

3

»s differences observed is related to hydroxyalkyl arms. These

arms are not coordinated to the metal ion in all complexes but
in both coordinated and non-coordinated state they remain
protonated. Examination of X-ray crystal structures of Cu(Il)
complexes in the present study show that in the Cu(Il)
complexes with an ethyl-amino arm, the hydroxypropyl group
is bound to the Cu(Il) atom, while in the Cu(Il) complexes with
a propyl-amino arm, the hydroxypropyl arm remains
uncoordinated and a dinuclear Cu(II) complex is formed.
According to theoretical study, the interaction between the
hydroxyl group and the central metal ion seems to be very
weak thus the hydroxyl group can leave the metal ion, yielding
four-coordinated Cu(Il) complexes which can be dimerized.
The theoritical study also showed that the formation of a
mononuclear complex or a dinuclear one depends on relative
strength of inter- and intramolecular interactions. In Cu(Il)
complexes with an hydroxyethyl arm, there is a stronger
interaction between the hydroxyl group and the central metal
ion due to the formation of a stable five-membered chelate ring
upon the coordination of the hydroxyl group to metal ion. In
the case of the Cu(Il) complexes with hydroxypropyl arm, an
unstable six-membered chelate ring forms upon the
coordination of the hydroxyl group - the formation of dinuclear
structures is more expectable in this case. Note that both
ligands L™ and L™ have a hydroxypropyl arm, but the X-ray
crystal structure analysis confirmed the formation of a
dinuclear copper complex only in the case of LM By
comparison of the structures, it seems that both aliphatic

8 | Journal Name, [year], [vol], oo—oo
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linkages are effective on the structure of dimeric complexes.
According to theoretical studies, the value of interaction energy
between two four coordinate fragments in dinuclear
[Cu"'L¥5],(C10,), complex, in contrast to [Cu"L¥(C10y), is
larger than that between the hydroxyl group and the central
metal ion. Thus we can assume that a mononuclear five
coordinated complex forms first, and in a second time the
hydroxyl group leaves the metal ion, resulting in a four-
coordinated complex which can be dimerized. In addition of
intramolecular interactions, intermolecular interactions are also
important in the formation of a mononuclear complex or a
dinuclear one. The theoretical study also supported our
assumption that the formation of hydrogen bonds between two
mononuclear five-coordinated complexes prevents the
formation of a dinuclear complex between two four coordinate

fragments.

Experimental
General remarks

Pyridine 2-carbaldehyde, 2-Hydroxy-3-methoxybenzaldehyde,
2-hydroxybenzaldehyde, 2-hydroxy-1-naphthaldehyde and
metal salt were obtained from Aldrich and used without further
purification.  3,5-Di-tert-butyl-2-hydroxybenzaldehyde was
synthesised according to the literature procedure.* All other
chemicals and solvents were of reagent grade and were used as
received except for methanol that was dried (Mg) before use.

Caution!

Whilst no problems were encountered in the course of this
work, perchlorate mixtures are potentially explosive and should
therefore be handled with appropriate care.

Infrared spectra were obtained between 4000 and 400 cm™ on a
Bruker Alpha FT-ATR IR spectrometer with a diamond anvil
Alpha-P module for all complexese. UV-vis spectra were
recorded on a Jasco V550 spectrophotometer. ESI mass spectra
were recorded at the University of Otago on a Bruker
MicrOTOFQ spectrometer exception for [Cu"L"*}(ClOy),
[Cu"LO™%|(ClO,) and [Cu"L®*](ClO,) complexes that the
spectra were recorded using a Kratos-MS- 50T spectrometer.
Room temperature magnetic moments were determined using a
Johnson Matthey MSB-MK1 magnetic susceptibility balance.
Standard microanalysis for all complexes were carried out by a
Perkin—Elmer, CHNS/O elemental analyzer model 2400. 'H
and *C NMR spectra were taken in CDCl; on a Jeol 90 MHz
spectrometer using Si(CHj), as an internal standard. Crystals
suitable for X-ray diffraction were obtained by slow diffusion
of diethyl ether vapor into methanol or a mixture of methanol
and acetonitrile. Single crystal X-ray crystallographic data were
collected at 100 K for [CuL"*""2](C10,), [Cu"LOM®|(C10,)
and [Cu"L¥5],(ClO,), (A = 1.54184 ) and also at 89 K for

s0 [Cu™L*](C10,) (» = 0.71073) on a Bruker Kappa APEX II
area detector diffractometer (University of Otago), using
graphite monochromatic Mo-Ko radiation. In the case of
[Cu"L™(C10,) complex, single crystal X-ray crystallographic
data was collected at 296 K (A = 1.54184 ) on Bruker SMART
BREEZE CCD diffractometer with APEX2 software.* The
data were collected for Lorentz and polarization effects and
semi-empirical absorption corrections (SCALE) were applied.
The structures were solved by direct or Patterson methods
(SHELXS-97)** and refined against all F* data (SHELX-97).*
s All non-hydrogen atoms were modelled anisotropically except
where noted. Unless otherwise specified, hydrogen atoms were
inserted at calculated positions and rode on the atoms to which
they were attached. In the case of this complex, absorption
correction applied to collected data by multi scan, SADAPS
6s V2012/1 software.* The title compound solved by direct
methods*® using SHELXS-97 and refined with SHELXL-97.4
The weighted R-factor, wR and goodness of fit S are based on
F?. The threshold expression of F>>2sigma (F?) is used only for
calculating R-factors. All estimated standard deviations
70 (e.s.d’s) are estimated using the full covariance matrix. The cell
e.s.d’s are taken into account individually in the estimation of
e.s.d.’s in distances, angles, and torsion angles; correlations
between e.s.d.’s in cell parameters are only used when they are
defined by crystal symmetry. All non-hydrogen atoms were
7s refined anisotropically and hydrogen atoms were added
according to the theoretical model. In the case of complex
[Cu"LO®](ClO,), we were not able to refine the X-ray crystal
structure of this complex exactly.

w
a

Computational details

so The crystallographic structure of all [CuL™®]" complexes were
fully optimized with def2-SVP basis set at M06* level of
theory. The calculated bond lengths and bond angles in
optimized complexes in good agreement with
corresponding experimental data. Calculated root mean squares
ss (RMS) for metal-ligand bond distances were less than 0.055
(see Table 7). The interaction energy between the Cu®" metal
ion and the anionic ligand in mononulear complexes was
calculated with the following equation:
AE = E,p — (EA"® + Eg*®), where E,p is the minimized energy
o0 of the [CuL™" complexes and E,*® and E5"? are the energies
of Cu®* and L~ fragments, respectively, frozen in the geometry
of this structure. Also interaction energies between the two
mononuclear four coordinte fragments in one dinuclear
[CuL™5],(ClO,), complex and two five coordinate
os [Cu"LO™*)(C10,) complexes bonded through hydrogen
bonding were calculated with same formul, where the E,p is
the minimized energy of the whole compound and E,*® and
Eg*® are the energies of the considered fragments. All
calculations were performed using the Gaussian09 program.*®

were

This journal is © The Royal Society of Chemistry [year]
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Table 7. Computed and experimental Cu-N and Cu-O bond lengths (A) for [CuL

aldy+ *
1" complexes

Compounds Cu-Namine Cu-N,,y Cu-Nimine Cu-O0 Cu-OH RMS
Iy OMe3 2.190 2.045 2.009 1.944 2209
[CuTLT(CIO) 2.136 2.039 2.013 2.013 2.232 0.041
Iy 13 2227 2.046 1.985 1.916 2.298
[CuTLTI(CI0) 2.125 2.025 1.990 1.921 2.236 0.054
2.140 2.030 1.940 1.916 2.339
Iy napht2.
[CuL™N(CI04) 2.091 2.012 1.949 1.923 2.380 0.030
Iy 14 2.113 2.017 1.935 1.905 2.250
[CuLT(CI0) 2.062 1.979 1.928 1.917 2.220 0.032
Iy 1S 2.102 2.027 1.988 1.975 2.340™
[CoLT(Cl04), 2.056 2.006 1.970 1.938 2.407 0.042

* The data obtained at the M06/def2-SVP level are given as plain text and experimental data are in italic.
** For this complex this is the distance between Cu(1)—O-(2) bond.

Synthesis and Characterization

General synthesis of unsymmetrical tripodal amines (3-6)
2-Aminoethanol (1.22 g, 20 mmol) or 3-Aminopropan-1-ol
s (1.50 g, 20 mmol) in dry EtOH (100 mL) was added dropwise
to a solution of pyridine-2-carbaldehyde (2.14 g, 20 mmol) in
dry EtOH (100 mL) over a period of 2 h separately. The
mixture was refluxed under stirring for 12 h. Solid sodium
borohydride (3.02 g, 80 mmol) was then added slowly and the
10 reaction mixture was stirred for a further 12 h before it was
filtered. The filtrate was reduced to 20 mL by rotary
evaporation. Water (50 mL) was added and the products
extracted with chloroform (3 x 50 mL). The combined extracts
were dried over magnesium sulfate, filtered, then taken to
15 dryness by rotary evaporation. The resulting brown oil (1.52 g,
10 mmol (starting with 2-Aminoethano, 1') or 1.66 g, 10 mmol
(starting with 3-Aminopropan-1-ol, 2'), 77-86%) was dissolved
in acetonitrile (70 mL), solid K,CO; (2.07 g, 15 mmol) added,
and the mixture brought to reflux before a solution of N-(4-
20 bromobutyl)phthalimide (2.81 g, 10 mmol) was added
dropwise to 1', or N-(2-bromoethyl)phthalimide (2.53 g, 10
mmol) or N-(3-bromopropyl)phthalimide (2.67 g, 10 mmol) or
N-(4-bromobutyl)phthalimide (2.81 g, 10 mmol) in acetonitrile
(70 mL) to 2'. The mixture was refluxed for 48 h and then
25 filtered hot. The filtrate was reduced to dryness by rotary
evaporation. The brown oil residue was boiled under reflux for
12 h in aqueous HCI (25%, 100 mL) then evaporated to a small
volume (ca. 25 mL) under vacuum and cooled in a refrigerator
for several hours. The resulting solid was filtered off and
30 discarded, and the filtrate evaporated to dryness under vacuum.
Water (50 mL) was added to the resulting brown residue and
the pH adjusted to 12 with sodium hydroxide before extracting

with chloroform (3 x 50 mL). The combined extract was dried
over magnesium sulfate, filtered and the chloroform removed
35 from the filtrate by rotary evaporation to leave the products, 3 -
6, as brown oils.
Synthesis of
yimethyl)amino)ethanol (3)
Yield: 1.34 g (60%). Anal. Calc. for C,H,N;O (MW: 223.17):
40 C, 64.54; H, 9.48; N, 18.82. Found: 64.35; H, 9.25; N, 19.10%.
IR (Nujolmull, cm-') 3354, 3272 v (NHy), 1591 v (C=N),,. 'H
NMR (CDCl;, ppm) 6 = 1.36-1.55 (m, 4H); 2.33 (b, 3H), 2.55-
2.72 (m, 6H); 3.58-3.60 (t, 2H); 3.78 (s, 2H); 7.14-7.17 (m,
1H); 7.14-7.17 (t, 1H); 7.29 (d, 1H); 7.62-7.66 (td, 1H); 8.52
45 (d, 1H). 3C NMR (CDCl;, ppm) & = 24.057; 29.248; 40.432;
54.065; 56.110; 58.750; 59.688; 121.349, 122.493; 135.879;
148.314; 159.228.
Synthesis of
yvlmethyl)amino)propan-1-ol (4)
so Yield: 1.61 g (77%). Anal. Calc. for C;1H;9N;O (MW: 209.15):
C, 63.13; H, 9.15; N, 20.08. Found: 64.05; H, 9.25; N, 19.70%.
IR (Nujol mull, cm™) 3341, 3262 v (NH,), 1593 v (C=N),,. 'H
NMR (CDCls, ppm) & = 1.309-1.625 (m, 2H); 2.432-2.631 (m,
6H); 3.334-3.640 (m, 4H); 4.466 (s, 3H); 6.837-7.403 (m, 3H);
55 8.234 (d, 1H). *C NMR (CDCls, ppm) & = 29.061; 38.186;
51.476; 54.671; 59.340; 59.826; 121.420, 122.367; 135.981;
148.220; 158.791.
Synthesis of
yimethyl)amino)propan-1-ol (5)
60 Yield: 1.92 g (86%). Anal. Calc. for C;,H,; N3O (MW: 223.31):
C, 64.54; H, 9.48; N, 18.82. Found: 64.20; H, 9.65; N, 18.90%.
IR (Nujol mull, em™) 3352, 3271 v (NH,), 1591 v (C=N),,. 'H
NMR (CDCl;, ppm) & = 1.497 (m, 4H); 2.309-2.546 (m, 6H);
3.482 (s, 4H); 4.436 (s, 3H); 6.856-7.505 (m, 3H); 8.299 (d,
s 1H). *C NMR (CDCl;, ppm) & = 25.886; 28.631; 39.169;

2-((4-aminobutyl) (pyridin-2-

3-((2-aminoethyl) (pyridin-2-

3-((3-aminopropyl) (pyridin-2-

This journal is © The Royal Society of Chemistry [year]
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50.729; 51.830; 59.026; 59.715; 121.485, 122.507; 136.132;
148.245; 158.371.

Synthesis of
yimethyl)amino)propan-1-ol (6)
Yield: 1.73 g (73%). Anal. Calc. for C;3H»;N;0 (MW: 237.18):
C, 65.79; H, 9.77; N, 17.70. Found: 65.10; H, 9.45; N, 17.20%.
IR (Nujol mull, em-') 3360, 3288 v (NH,) 1591 v (C=N),,. 'H
NMR (CDCls, ppm) 8 = 1.324-1.503 (m, 6H); 2.275-2.454 (m,
6H); 3.505 (s, 4H); 4.538 (s, 3H); 6.960-7.455 (m, 3H); 8.298
(s, 1H). *C NMR (CDCls, ppm) & = 23.495; 28.598; 29.624;
40.283; 51.612; 53.237; 59.436; 60.711, 121.218; 122.362;
135.758; 148.031, 158.747.

3-((4-aminobutyl) (pyridin-2-

o

>

General synthesis of the complexes
A solution of 0.5 mmol of appropriate aldehyde, 2-hydroxy-3-
methoxy-benzaldehyde  (0.08 g, 0.5 mmol), 2-
hydroxybenzaldehyde (0.06 g, 0.5 mmol), 3,5-di-tert-butyl-2-
hydroxybenzaldehyde (0.117 g, 0.5 mmol) or 2-hydroxy-1-
naphthaldehyde (0.086 g, 0.5 mmol) in methanol (50 ml) and 7
drops of N(Et); were added dropwise to a refluxing solution of
20 Cu(ClO,),.6H,0 (0.184 g, 0.5 mmol) and the corresponding
amine, 1 (0.098 g, 0.5 mmol) or 2 (0.105 g, 0.5 mmol) or 3
(0.112 g, 0.5 mmol) or 4 (0.105 g, 0.5 mmol) or 5 (0.112 g, 0.5
mmol) or 6 (0.119 g, 0.5 mmol) in the same solvent (50 mL).
After refluxing for 12 h, the solution was concentrated in a
s rotary  evaporator (EXTREME CAUTION!) at room
temperature to ca. 5-10 mL. A small volume of diethyl ether
was added slowly, producing powdery precipitate. The
powdery Cu(Il) products were filtered off, washed with cold
diethyl ether and dried under vacuum. Crystalline or powdery
30 compounds were obtained by slow diffusion of diethyl ether
vapor into a solution of these compounds in methanol or
mixture of methanol and acetonitrile, as detailed below.
[CIILnaphtI] (C104)
Recrystallisation of the initial solid from mixture of CH;OH
3s and MeCN in a 5:1 ratio via slow vapour diffusion of Et,0
yields green powder (0.10 g, 79.8 %). Anal. Calc. for
C,HpCICuN;0q: C, 49.32; H, 4.34; N, 8.22. Found: C, 49.77;
H, 4.55; N, 7.92%. IR (ATR, cm-') 1616 v (C=N);,;, 1604,
1458 v (C=N),, and v (C=C), 1088, 620 v (ClO,). ESI-MS
50 (MeOH, m/z"): 411.1 [Cu™L™PM " UV-Vis. {Apax, DM (Emaxs
M1 em™)} in CH3CN: 228 (21097), 390 (2572), 572 (116).
Magnetic moment: .= 2.2 B.M. [Gouy].
[CuHLnaphtZ] (C104)
Recrystallisation of the initial solid from CH;OH via slow
45 vapour diffusion of Et,O yields green crystals (0.11g, 83.7%).
Anal. Calc. for Cy,H,,CICuN;O4: C, 50.29; H, 4.60; N, 8.00.
Found: C, 50.22; H, 4.49; N, 7.97%. IR (ATR, cmfl) 1616 v
(C=N)im;; 1449 v (C=N) and v (C=C), 1088, 619 v (C10,). ESI-
MS (MeOH, m/z"): 4251 [Cu'L"™"?", 8512
so ([Cu"L™P"2]Y+H), 949.2 ([Cu'L"™"2])Cl10,. UV-Vis.
e MM (Eae M1 cm™)} in CH3CN: 298 (17419), 387
(6369), 583 (141). Magnetic moment: p.;= 1.72 B.M. [Gouy].
[cu'LBy«cio,)
Recrystallisation of the initial solid from CH;OH via slow
ss vapour diffusion of Et,O yields green crystals (0.08 g, 62 %).
Anal. Calc. for C;9H,CICuN;Oq: C, 46.63; H, 4.94; N, 8.59.
Found: C, 46.62; H, 5.12; N, 8.39%. IR (ATR, cm71)1619 v
(C=N)imi; 1450 v (C=C),,,, 1080, 620v (ClO4). ESI-MS (MeOH,
m/zY):  389.1 [CuL™), 7772 (CuL™],-H)", 879.2

o

10

10.

o0 ([Cu"L®3,42H)CI10,". UV-Vis. {Apax 1M (e, M cm™)} in
CH;CN: 224 (137236), 272 (25701), 374 (1377), 463 (314.12),
612 (128.46), 761 (76.53). Magnetic moment: p.g= 1.84 B.M.
[Gouy].

[CH"LO"] (clo,)

s Recrystallisation of the initial solid from mixture of CH;0H
and MeCN in a 1:1 ratio via slow vapour diffusion of Et,0
yields green crystals (0.10 g, 80 %). Anal. Calc. for
C,oH,6CICuN;05: C, 46.25; H, 5.05; N, 8.09. Found: C, 45.39;
H, 5.29; N, 7.72%. IR (ATR, cm-'): 1615 v (C=N);,;; 1600,

10 1454 v (C=N),, and v (C=C), 1078, 621 v (ClO,). ESI-MS
(MeOH, m/z"): 419.1 [Cu"LOM®]", 837.3 ([Cu'LOM®],-H),
939.2 ([Cu"LOM®],4+2H)CIO,". UV-Vis. {Amnax, NM (Epays M
em™)} in CH3CN: 238 (31324), 281 (18414), 384 (2537), 483
(303.65), 602 (133.7), 781 (94). Magnetic moment: p.g = 2

75 B.M. [Gouy].

[cu'L’®8]clo,)

Recrystallisation of the initial solid from CH3;0H via slow
vapour diffusion of Et,O yields green powder (0.11 g, 73 %).
Anal. Calc. for Cy7H4oCICuN;Oq4: C, 53.90; H, 6.70; N, 6.98.

so Found: C, 53.46; H, 6.63; N, 7.32%. IR (ATR, cmfl): 1617 v

(C=N)in;; 1441 v (C=C), 1085, 622 v (ClOy4). ESI-MS (MeOH,

m/z): 501.2 [Cu"L®]*, 1001.5 ([Cu"L®*],-H)*, 1103.4

([Cu"LB"3],42H)CIO0,". UV-Vis. {Ama MM (Emax, M7 e’}

in CH;CN: 228 (15389), 247 (14363.4), 279 (9711.6), 320

(3988), 381 (3323), 486 (122), 633 (121), 819 (60). Magnetic

moment: p.i= 1.88 B.M. [Gouy].

[Cu""L"P"3] (Cl10,)-0.25 CH;0H

Recrystallisation of the initial solid from mixture of CH;OH

and CH;CN in a 2:1 ratio via slow vapour diffusion of Et,0

o yields green powder (0.09 g, 68 9%). Anal. Calc. for
C23_25H27C1CUN306_25: C, 5101, H, 497, N, 7.68. Found: C,
51.2; H, 4.92; N, 7.73%. IR (ATR, cm-',em-") 1615 v (C=N)ji;
1604, 1447 v (C=N),, and v (C=C), 1079, 620 v (ClO,4). ESI-
MS (MeOH, m/z"): 439.1 [Cu"L™PS]* 8793

os ([CU"L"™P"S],+H)", 979.2 ([Cu"L"P"],4+2H)C10,". UV-Vis.

o MM (Emae M™' cm™)} in CH3CN: 238 (35335), 311

(17908), 398 (6036), 485 (sh), 600 (157), 770 (98). Magnetic

moment: poi=2.01 B.M. [Gouy].

'L «cio,)

Recrystallisation of the initial solid from a mixture of CH;OH

and CH3CN in a 1:1 ratio via vapour diffusion of Et,O yields

green crystals (0.178 g, 75 %). Anal. Calc. for

C1sH»CICuN;O4: C, 45.48; H, 4.66; N, 8.84. Found: C, 45.42;

H, 4.93; N, 9.02%. IR (ATR, cm™): 1632 v (C=N);»;, 1600,

1445 v (C=N),, and v (C=C), 1071, 619 v (ClO,4). ESI-MS

(MeOH, m/z"): 375.1 [Cu"L™]*. UV-Vis {Apap, DM (Ema, M

em!)} in CH;CN: 222 (18271), 244 (17469), 266 (14079), 371

(3402), 587 (169). Magnetic moment: p.g= 1.82 B.M. [Gouy].

[CH'LO" (Cl0,)

Recrystallisation of this solid from CH;OH via slow vapour

diffusion of Et,O yields green crystals (0.095 g, 75 %). Anal.

Calc. for C;9H4CICuN;O7: C, 45.15; H, 4.79; N, 8.31. Found:

C,45.29; H, 4.60; N, 8.40%. IR (ATR, cm-1); 1622 v (C=N);p;;

1444 v (C=N),, and v (C=C), 1068, 620 v (ClO,4). ESI-MS

(MeOH, m/z"): 405.1 [Cu"LOM]*. UV-Vis. {Anax> MM (Emaxs

M em™)} in CH;CN: 205 (22476), 240 (17281), 270 (12011),

382 (2324), 575 (174). Magnetic moment: p.r = 1.90 B.M.

[Gouy].
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[Cu"L®"] (Cl0,)-0.1CH;0H

Recrystallisation of the initial solid from CH;OH via slow
vapour diffusion of Et,0 yields green powder (0.115 g, 78 %).
Anal. Calc. for C,4H;54CICuN;Oq: C, 53.06; H, 6.55; N,
7.11. Found: C, 53.16; H, 6.63; N, 7.02%. IR (ATR, cm-1):
1629 v (C=N)jn;; 1612, 1462 v (C=N),,, and v C=C), 1070, 620
v (ClO,). ESI-MS (MeOH, m/z"): 487.2 [CuLB™]". UV-Vis.
o MM (Emay M™' cm™)} in CH3CN: 227 (17049), 248
(14636), 274 (10800), 383 (3105), 630 (155). Magnetic
moment: U= 1.95 B.M. [Gouy].

[CulanuphM] (C104)

Recrystallisation of the initial solid from mixture of CH;OH
and CH;CN in a 3:1 ratio via slow vapour diffusion of Et,0
yields green powder (0.191 g, 73 %). Anal. Calc. for
Cy,H,4CICuN;Oq: C, 50.29; H, 4.60; N, 8.00. Found: C, 50.67;
H, 4.72; N, 7.73%. IR (ATR, cm-1): 1618 v (C=N);; 1607,
1437 v (C=N),, and v (C=C), 1072, 619 v (ClOy4). ESI-MS
(MeOH, m/z"): 425.1 [CuTLraphtd]t, 951.2
([Cu"L"*"“1,C10,4+2H)". UV-Vis. {Amax, MM (Emax, M e’}
in CH;CN: 226 (27244), 237 (sh), 248 (sh), 287 (10913), 313
(8927), 383 (4194), 574 (162). Magnetic moment: peg= 1.86
B.M. [Gouy].

[ C“”LHS] 2ClOy;

Recrystallisation of the initial solid from mixture of CH;CN
and CH;O0H in a 5:1 ratio via vapour diffusion of Et,O yields
green crystals (0.342 g, 70 %). Anal. Calc. for
C3gHysCL,CuoNgO1o: C, 46.63; H, 4.94; N, 8.59. Found: C,
46.72; H, 490; N, 9.01%. IR (KBr disc, cm‘l): 1620 v
(C=N)imi; 1596, 1440 v (C=N),, and v C=C), 1069, 619 v
(ClO,). ESI-MS (MeOH, m/z'): 389.1 [Cu'L¥%]", 879.1
([Cu"L¥¥],Cl0,42H)". UV-Vis. {Apae NM (Epayx, M e} in
CH;CN: 257 (6806), 305 (2924), 404 (379), 598 (92).
Magnetic moment: p.;= 1.58 B.M per Cu atom [Gouy].
[CH'LOeS](Clo,),

Recrystallisation of the initial solid from mixture of CH;OH
and MeCN in a 5:1 ratio via slow vapour diffusion of Et,0
yields green powder (0.348 g, 67 %). Anal. Calc. for
C40H52C12CU2N6014: C, 4625, H, 505, N, 8.09. Found: C,
46.17; H, 5.25; N, 8.4%. IR (ATR, cm'l): 1620 v (C=N)imi;
1444 v (C=C), 1078, 620 v (ClO,). ESI-MS (MeOH, m/z"):
419.1 [Cu"LOM*]* 9392 ([Cu"LOM*5],+2H)C10,". UV-Vis.
{Rmao NN (Emaxs M cm™)} in CH;CN: 258 (9704), 313 (3700),
406 (754), 587 (122). Magnetic moment: p.g = 1.52 B.M. per
Cu atom [Gouy].

[Cu"L"™*[(CIO.);

Recrystallisation of the initial solid from CH;OH via slow
vapour diffusion of Et,O yields green crystals (0.189 g, 63 %).
Anal. Calc. for C54H80C12CUZN6012: C, 5390, H, 670, N, 6.98.
Found: C, 53.65; H, 6.93; N, 7.22%. IR (ATR, cm-1): 1624 v
(C=N)imi; 1600, 1440 v (C=N),, and v (C=C), 1074, 620 v
(ClO,). ESI-MS (MeOH, m/z"): 501.2 [Cu"L®"5]". UV-Vis.
Mo MM (Emay M cm™)} in CH;CN: 210 (127302), 229
(14206), 248 (13790), 275 (9945), 306 (4208), 383 (2838), 610
(166). Magnetic moment: p.i= 1.32 B.M. per Cu atom [Gouy].
[CU"L"""](CIOy),

Recrystallisation of the initial solid from CH;OH via slow
vapour diffusion of Et,0 yields green powder (0.177 g, 66 %).
Anal. Calc. for C46H52C12CUZN6012: C, 5121, H, 486, N, 7.79.
Found: C, 51.62; H, 4.93; N, 8.03%. IR (ATR, cm‘l): 1620 v

1

1

1

1

60 (C=N)imi; 1602, 1449 v (C=N),, and v (C=C), 1079, 620 v
(ClOy). ESI-MS (MeOH, m/z"): 439.1 [Cu'L"™"5]", 979.2
([Cu"L"™"S],+2H)C1O0,". UV-Vis. {Amax, MM (Emax, M7 e}
in CH3CN: 224 (36505), 322 (10751), 382 (4649), 402(sh), 599
(140). Magnetic moment: .= 1.66 B.M. Cu atom [Gouy].

o [Cu"'LT] (ClO,)

Recrystallisation of the initial solid from CH;OH via slow
vapour diffusion of Et,O yields green powder (0.16 g, 65 %).
Anal. Calc. for C,0H,6CICuN;Oq4: C, 47.71; H, 5.21; N, 8.35.
Found: C, 47.62; H, 5.42; N, 8.19%. IR (ATR, cmfl) 1624 v

70 (C=N)ip;; 1446 v (C=C), 1049, 620 v (ClO,). ESI-MS (MeOH,
m/z"): 403.1326 [CuL®é]". UV-Vis. {Ayaw DM (Emax, M7 cm’
"} in CH3CN: 223 (49480), 273 (15334), 307 (5202), 371
(3433), 619 (136). Magnetic moment: p.g=1.78 B.M. [Gouy].
[Cu"LOM] (ClO,). 0.25 CH;0H

75 Recrystallisation of the initial solid from mixture of CH;0OH
and MeCN in a 1:1 ratio via slow vapour diffusion of Et,0
yields green powder (0.18 g, 68 9%). Anal. Calc. for
C21_25H29C1CUN307_25: C, 4714, H, 540, N, 7.76. Found: C,
47.24; H, 5.39; N, 7.72%. IR (ATR, cmfl): 1615 v (C=N)imi;

s0 1446 v (C=C), 1074, 625 v (ClO,). ESI-MS (MeOH, m/z"):

433.1411 [Cu"LOM*]", UV-Vis. {Apaxs NM (Epa, M cm™)} in

CH;CN: 204 (23919), 237 (21533), 281 (13442), 381 (3564),

594 (145). Magnetic moment: .= 1.74 B.M. [Gouy].

[Cu'L™B] (ClO,). 0.25H,0

Recrystallisation of the initial solid from CH;OH via slow

vapour diffusion of Et,O yields green powder (0.19 g, 63 %).

Anal. Calc. for C28H42_5C1CUN306_25: C, 5423, H, 691, N,

6.78. Found: C, 54.23; H, 6.91; N, 6.78%. IR (ATR, cmfl):

1613 v(C=N);y; 1460 v (C=C), 1081, 621 v (ClO,). ESI-MS

o (MeOH, m/z"): 5152532 [Cu'L®"]". UV-Vis. {Apa, nm
(Emaxs M' cm™)} in CH;CN: 203 (19536), 228 (15706), 248
(14105), 280 (9412), 328 (3974), 384 (3135), 507 (165), 621
(164). Magnetic moment: p.g= 1.92 B.M. [Gouy].

[CU"L™"] (ClO,)

os Recrystallisation of the initial solid from mixture of CH;0H
and CH;CN in a 3:1 ratio via slow vapour diffusion of Et,0
yields green powder (0.19 g, 69 %). Anal. Calc. for
C,4H,5CICuN;Oq: C, 52.08; H, 5.10; N, 7.59. Found: C, 52.42;
H, 5.22; N, 7.33%. IR (ATR, cm-', cm-") 1622 v (C=N)pi;

w 1597, 1445 v (C=N),,, and v (C=C), 1051, 619 v (ClO,4). ESI-
MS (MeOH, m/z"): 453.1437 [CuL"™™61". UV-Vis. {Ama
nm (e, M ecm™)} in CH;CN: 227 (26485), 235 (26573), 311
(12151), 383 (4209), 399 (4221), 588 (112). Magnetic moment:
Uerr = 2.02 B.M. [Gouy].
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