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ABSTRACT

Three new dinuclear copper complexes were syntb@ésia condensation reaction of three
new unsymmetricaN-capped tripodal amines and 2,6-diformyl-4-methgipdl, in the presence
of copper(ll) perchlorate. The solid-state struetaf the dinuclear complex, [@L](ClO.), has
been determined by X-ray crystallography, showimaf the Cli centers have distorted square-
pyramidal geometry with §O, coordination. The copper (Il) ions are bridgedghenolic and
hydroxyalkyl groups when in both cases, deprotomatif the hydrogen atoms of the OH groups
occurs. The distance between the copper atomsOB23A°. This compound consists of the
dication [CuL']** and two CIQ anions in which one of Cl© groups has a week interaction
with one of the Cu atoms. All complexes were chiard@ed by a variety of physico-chemical
techniqgues such as elemental analyses, IR, masgrapeonductivity measurements and
electronic spectral studies. Computational invesitign of mentioned binuclear Cu(ll) complexes

was done by using M062X method with LANL2DZ bas$is vacuo.

Keywords. Binuclear Cu complexes; Compartmental Schiff béigands; Unsymmetrical

tripodal amines; X-ray crystal structure; Thearatistudies.



1. Introduction
In recent years, the chemistry of multinuclear metenpounds has received much attention

due to their relevance to the multimetal activessiof various metallo-proteins and metallo-
enzymes [1, 2]. Among them, the synthesis and clenaation of polynuclear Cu(ll)
compounds have attracted amazing interest overpdst decades due to their numerous
biological activities. These complexes have po&rpplication as models for the active sites of
important biological systems [3, 4]. Moreover, ddesable interest has been placed to the
interaction of copper(ll) complexes with DNA [5-Qlie to their significance in the development
of new therapeutic agents in medicine. Much eff@$ been devoted to the synthesis of new
multinuclear copper complexes for a better undedstey of the various properties of these
complexes in bioinorganic chemistry [10], medicifid] and catalysis [12]. Also, binuclear
copper (II) complexes are of interest as modeisyestigate intramolecular magnetic-exchange
interactions between two metal centers in diffeggnictural motifs, viz. the “paddle-wheel” di-
copper(ll) tetracarboxylates, symmetrically dibedg hydroxo or alkoxo species, and
asymmetrically di-bridged complexes with a (I-hydstalkoxo)(l-carb-oxylato)dicopper(ll) core
[13-22]. Dicopper (1) complexes are also of impote as precursors in the chemistry of
supramolecular and discrete molecular high-nudieadpper (1) complexes [23-32]. There has
been growing interest in using bridging ligandsthe synthesis of di- and multinuclear metal
complexes. Ligands which contain potentially bridgphenoxo or hydroxo oxygen and nitrogen
donor atoms have been widely used in the syntlodsisultinuclear copper complexes [33-35].
Among the binuclear copper (1) complexes, biskealb, -hydroxo or -phenoxo bridged
binuclear copper(ll) complexes have great dealhgfartance in terms of correlating structure
and magnetic properties [36-42]. However, bridgedudlear Cu(ll) complexes have

considerable interest as they provide exampleshefsimplest case of magnetic interaction



including only two unpaired electrons [43,44]. Tpresent study demonstrates the synthesis and
characterization of new double asymmetric-bridgegper (II) complexes which were obtained
by using HL® H,L? and HL® compartmental Schiff-base ligands. These complexes
characterised by elemental analysis, IR, conduetameasurements, UV-Vis, Mass spectra and
in the case of [CiL'](ClO,), with single crystal X-ray diffraction analysis. Thmolecular
structure of the title molecule is illustrated ilgFL. It is a new binuclear Schiff base coppey (Il
complex, with the Cu(ll) ion having az®, square pyramidal geometry. Computational studies
of relevant Cu(ll) complexes were performed by gsiastricted M062X method. Optimized
structures, IR spectrum, frontier molecular orsitgfMOs) of Cu(ll) complexes are investigated
in detail. Additionally, nonlinear optical (NLO) @perties of Cu(ll) complexes are examined by
using total static dipole moment (1), the averagealr polarizability ¢), the anisotropy of
polarizability (Aa) and first hyperpolarizabilityp), energy of the highest occupied molecular

orbital (B4somo) and energy gap between the LUMO and HOMQy{&-1owmo)-

2. Experimental

2.1. General remarks

Pyridine-2-carbaldehyde, 2-aminoethanol, 3-aminpamel-ol, N-(3-
bromopropyl)phthalimide N-(4-bromobutyl)phthalimide and metal salt were ai#d from
Aldrich and used without further purification. 2Zjormyl-4-methylphenol was synthesised
according to the literature procedure [45]. All@tichemicals and solvents were of reagent grade

and used as received.



2.2. Caution
Whilst no problems were encountered in the coufsihie work, perchlorate mixtures are

potentially explosive and should therefore be hasaVith appropriate care.

2.3. Physical measurements
Infrared spectra were obtained between 4000-408 om a Bruker Alpha FT-ATR IR

spectrometer with a diamond anvil Alpha-P moduld also KBr pellets on a BIO-RAD FTS-
40A spectrophotometer. UV-vis spectra were recordeda Jasco V550 spectrophotometer.
Conductance measurements were performed using aaHdh 8820 conductivity meter. ESI
mass spectra were recorded at the University of@ta a Bruker MicrOTOFQ spectrometer.
Standard microanalysis for all complexes was caoigt by a Perkin—Elmer, CHNS/O elemental
analyzer model 2400'H and *C NMR spectra were taken in CRCbn a Jeol 90 MHz
spectrometer using Si(G) as an internal standard. Crystals suitable foaydiffraction were
obtained by slow diffusion of diethyl ether vapata a mixture of methanol and acetonitrile.
Crystal data and structure refinement are givehable 1. Single crystal X-ray crystallographic
data were collected at 293 K for [€d](CIO4), (A = 0.71073) on a Bruker SMART CCD area
diffractometer. All data were corrected for Loreatr polarization effects. Empirical absorption
corrections were also applied for the crystal stmecobtained [46]. Complex scattering factors
were taken from the program package SHELXTL [47heTstructure was solved by direct
methods which revealed the position of all non-bgen atoms. The structure was refined dn F
by a full-matrix least-squares procedure using@repic displacement parameters for all non
hydrogen atoms. The hydrogen atoms were locatdteincalculated positions and refined using

a riding model.



2.4. Computational method
Numerical calculations and computational processe®e done by using GaussView 5.0.8

[48], Gaussian 09 RevD.01 package program [49] &temBioDraw Ultra Version
(13.0.0.3015) [50]. M062X is one of the hybrid déndunctional theory methods [51]. In
calculations, LANL2DZ basis set was used for itdedfve core potential [52-54]. All

calculations were made in vacuo. Imaginary freqyemas not obtained in whole calculations.

Fig.1 here
2.5 Synthesis
2.5.1. General synthesis of unsymmetrical tripodal amines (1, 2 and 3).

2-Aminoethanol (1.22 g, 20 mmol) or 3-aminopropaali1.50 g, 20 mmol) dissolved in
dry EtOH (100 mL) was added dropwise to a solutbmpyridine-2-carbaldehyde (2.14 g, 20
mmol) dissolved in dry EtOH (100 mL) over a periofl 2h, separately. The mixture was
refluxed under stirring for 12 h. Solid sodium boydride (3.02 g, 80 mmol) was then added
slowly and the reaction mixture was stirred fougtier 12 h before it was filtered. The filtrate
volume was reduced to 20 mL by rotary evaporatwater (50 mL) was added and the products
were extracted with chloroform (3x50 mL). The condad extracts were dried over magnesium
sulfate, filtered, and then taken to dryness bargoevaporation. The resulting brown oil (1.52 g,
10 mmole, I' (starting with 2-aminoethanol) or 1.66 g, 10 mmak (starting with 3-
aminopropanol) was dissolved in acetonitrile (70)méolid KCO; (2.07 g, 15 mmol) was
added, and the mixture was brought to reflux beéosslution ofN-(4-bromobutyl)phthalimide
(2.81 g, 10 mmole) was added dropwisel'toor N-(3-bromopropyl)phthalimide (2.67 g, 10
mmole) orN-(4-bromobutyl)phthalimide (2.81 g, 10 mmole) iretanitrile (70 mL) to2'. The

mixture was refluxed for 48 h and then filtered.hidte filtrate was reduced to dryness by rotary



evaporation. The brown oil residue was boiled undéux for 12 h in aqueous HCI (25%, 100
mL) and then evaporated to a small volume (ca. 25 onder vacuum and cooled in a
refrigerator for several hours. The resulting solias filtered off and discarded, and the filtrate
was evaporated to dryness under vacuum. Water (50was added to the resulting brown
residue and the pH adjusted to 12 with sodium hyideo before extracting with chloroform
(3x50 mL). The combined extract was dried over neggmm sulfate, filtered and the chloroform
was removed from the filtrate by rotary evaporatioreave the productg, 2 and3, as brown
oils.
2.5.1.1. Synthesis of 2-((4-aminobutyl)(pyridin-2-ylmethyl)amino)ethanol (1)

Yield: 1.34 g (60%). Anal. Calc. for;gH,;N3O (MW: 223.17): C, 64.54; H, 9.48; N, 18.82.
Found: 64.35; H, 9.25; N, 19.10%. IR (Nujol mulin®) 3354, 3272 (NH,), 1591v (C=N),,.
H NMR (CDCL, ppm)s = 1.36-1.55 (m, 4H); 2.15-2.48 (b, 3H), 2.54-2(68 4H) 2.71 (t, 2H);
3.58 (t, 2H); 3.78 (s, 2H); 7.14—7.17 (m, 1H); 7281 (m, 1H); 7.64 (td, 1H); 8.52 (d, 1HjC
NMR (CDCl, ppm)d = 24.0; 29.2; 40.4; 54.1; 56.1; 58.7; 59.69; 1212X.5; 135.9; 148.3;
159.2.
2.5.1.2. Synthesis of 3-((3-aminopropyl)(pyridin-2-ylmethyl)amino)propan-1-ol (2)

Yield: 1.92 g (86%). Anal. Calc. for;gH,1N3;O (MW: 223.31): C, 64.54; H, 9.48; N, 18.82.
Found: 64.20; H, 9.65; N, 18.90%. IR (Nujol muitn®) 3352, 3271 (NH,), 1591v (C=N),.
'H NMR (CDCk, ppm)s = 1.5 (m, 4H); 2.3-2.5 (m, 6H); 3.5 (s, 4H); 4%} 8H); 6.9-7.5 (m,
3H); 8.3 (d, 1H).*C NMR (CDCE, ppm)& = 25.9; 28.6; 39.2; 50.7; 51.8; 59.0; 59.7; 121.5,

122.5; 136.1; 148.2; 158.4.



2.5.1.3. Synthesis of 3-((4-aminobutyl)(pyridin-2-ylmethyl)amino)propan-1-ol (3)

Yield: 1.73 g (73%). Anal. Calc. for;gH,3N30 (MW: 237.18): C, 65.79; H, 9.77; N, 17.70.
Found: 65.10; H, 9.45; N, 17.20%. IR (Nujol muiin®) 3360, 3288’ (NHy) 1591v (C=N),,. 'H
NMR (CDClk, ppm)é = 1.3-1.5 (m, 6H); 2.3-2.5 (m, 6H); 3.5 (s, 4H)54s, 3H); 6.9-7.5 (m,
3H); 8.3 (s, 1H).°C NMR (CDCk, ppm)s = 23.5; 28.6; 29.6; 40.3; 51.6; 53.2; 59.4; 60.7,

121.2; 122.4; 135.8; 148.0, 158.7.

2.5.2. General synthesis of the complexes

A solution of 0.5 mmol of dialdehyde (0.082 g, @5nol) in methanol (50 ml) and 7 drops
of triethyl amine were added dropwise to a reflgxsolution of Cu(CIl@),.6H,O (0.368 g, 1
mmol) and the appropriate amirie(0.224 g, 1 mmol) o2 (0.224 g, 1 mmol) o8 (0.238 g, 1
mmol) in the same solvent (50 mL). After beingug#d for 12 h, the solution was concentrated
in a rotary evaporator at room temperature to €405nL. A small volume of diethyl ether was
added slowly, producing powdery precipitate. Thevgery Cu(ll) products were filtered off,
washed with cold diethyl ether and dried under vatuCrystalline or powdery compounds were
obtained by slow diffusion of diethyl ether vapota a solution of these compounds in methanol

or mixture of methanol and acetonitrile, as dethbelow.

2.5.2.1. Synthesis of the [ Cu,L] (Cl1O,),

Recrystallisation of the initial solid from mixtuid CH;OH and MeCN in a 1:1 ratigia
slow vapour diffusion of EO vyields green crystals (0.348g, 75%). Anal. Cdlor
C34H4sCl,CwNeO12: C, 43.87; H, 5.20; N, 9.03. Found: C, 43.79; OS5 N, 8.97%. IR (KBr,

cm') 1638 and 1628(C=N)n; 1609 v(C=N),y; 1096, 623v(ClOs). ESI-MS (MeOH, m/3):



799.16 [CuL'+2H](CIO4)*. Am (CHsCN): 290Q™* cnf mol* (220-300Q™ cnf mol™ for a 2:1
conductor in MeCN) [55]. UV-Vis. max, NM Emax M™ cmi’)} in CH3CN: 262 (21480), 372
(4730), 648 (146).

2.5.2.2. Synthesis of the [ Cu,L% (ClOy),

Recrystallisation of the initial solid from GBH via slow vapour diffusion of EO yields
green powder (0.305 g, 68 %). Anal. Calc. fag £146Cl.CWwNO11 5 C, 43.99; H, 5.07; N, 9.19.
Found: C, 43.64; H, 5.24; N, 9.03%. IR (KBr, )m638 and 1629(C=N)ini; 1611v(C=N)y;
1094, 623v(Cl04). ESI-MS (MeOH, m/%): 799.16 [CuL >+2H](CIOs)*. Am (CH:CN) = 303Q™"
cnt molt (220-300Q™ cn? mol™ for a 2:1 conductor in MeCN) [55]. UV=ViSAfax NM Emax

M™ cmih)} in CH3CN: 265 (22210), 377 (4130), 622 (187).

2.5.2.3. Synthesis of the [ Cu,L?] (Cl1O,),

Recrystallisation of the initial solid from mixtue CH;OH and MeCN in a 1:1 ratigia
slow vapour diffusion of EO yields green powder (0.328 g, 71 %). Anal. Cdtar.
CssHasCl,CwNgO11: C,45.36; H, 5.22; N, 9.07. Found: C, 45.27; F285.N, 8.92%. IR (KBr,
cm®) 1638 and 1629(C=N)m;; 1612 v(C=N),y; 1092, 624v(ClO,). ESI-MS (MeOH, m/3):
827.18 [CuL3*+2H](ClO,)*, 725.23[CuL3+H] *. Am (CHsCN) = 296Q* cn? mol? (220-3000™*
cn? mol™ for a 2:1 conductor in MeCN) [55]. UV-VisAfae NM €Emax M cmi®)} in CHCN:

263 (17930), 401(4020), 643 (125).

3. Results and discussion
Three new unsymmetrical tripodal amines, 2-((4-abutyl)(pyridin-2-

ylmethyl)amino)ethanol 1), 3-((3-aminopropyl)(pyridin-2-ylmethyl)amino)propdnel (2) and



3-((4-aminobutyl)(pyridin-2-ylmethyl)amino)propanel (3), were prepared in good yields (to
see the spectra refer to Fig. S1-S9, ESIT).

Subsequently, one- pot reactions of amirfe8 with 2,6-diformyl-4-methylphenol in the
presence of cooper perchlorate were employed tergenew dinuclear Cu(ll) complexes of
Schiff-base ligands #L'? (Figure 1). Recrystallisation of the powders afedi from the
reaction mixtures as detailed in the experimergatian, by vapour diffusion of diethyl ether,
yields powders, or in one case single crystab[G}{ClO,),, which are dinuclear complexes (see

next sections).

3.1. Infrared spectroscopy

The infrared spectra of all these complexes shawiltands, at ca. 1628-1629 and 1638 cm
! attributable to the asymmetric imine groups, aodands due teo(C=0) vibrations. Medium
to strong bands at ca. 1609-1612 and 1446—144%cepresent in all cases, and correspond to
the two highest energy ring vibrations of the cawated pyridine [56, 57]. Absorptions
attributable to the perchlorate ions are seen @tosgmately 1092—1096 and 623—624 trhack
of splitting suggests that they are not coordingtedsee the spectra refer to Fig. S10-S12,

ESI).

3.2. Mass spectrometry

The positive ion electrospray mass spectra of @hpexes (to see the spectra refer to Fig.
S13-S15, ESIt) show a common peak, the fragment f[Cu2H](CIO,)* which is associated
with the loss of the ClQanion. The mass spectra of these complexes ieditett these

complexes are dinuclear.



3.3. UV-Vis spectra

Although the UV-Vis spectra of complexes with pawntate Schiff base ligands are not
generally good indicators of geometry, they mayhelsupport it.
The UV-Vis spectra of the dinuclear Cu(ll) complsxe CHCN solution , exhibit a broad low-
intensity absorption band occurring in the rang2 6& <Amax < 648 nm with 125 M cm* < ¢
< 187 M! cm™. This is assigned to a d—d transition and is gjpfor five-coordinate copper(ll)
complexes with square pyramidal or distorted sqymmamidal geometries, which generally
exhibit a band in the 550-660 nm range (dxz,-gyz>y?) [58-66]. In addition, a few absorption
bands are found in the range 262—-401 nm for alllCedmplexes, due to either charge transfer

or n—t* transitions [61, 63, 67-69].

3.4. Molar conductivity measurements
The electrolytic nature of the dinuclear metal cterps can be predicted from the molar
conductance values. The molar conductivity valmeSleCN for all dinuclear Cu(ll) complexes

are in the literature range for a 2:1 electrolpt€H:;CN (220-3000 ! cn? mol™®) [55].

3.5. Crystal structure of [ Cu,L] (C1O,),

Green single crystals of [GL'](CIO,), suitable to be studied by X-ray diffraction were
obtained by slow diffusion of diethyl ether intsalution of the complex in mixture of GBH
and MeCN. It is crystallised in the monoclinic dalssystem and”2;/n space group. The

molecular structure , the selected bond lengths kol angles relating to the coordination



environment of the metal and also bond lengthgeélto similar compounds are given in Figure
2 and Table 2, respectively [56, 61, 70-81]. Thea}{-crystal structure of this complex consists
of [CwL*]?** cation and two perchlorate anion. The chargeibigion was assigned based on the
presence of only two ClOanions which make the complex a dication with @degdrotonated
ligand [LY]%. The structure is a dinuclear, comprising two Quenters. Each Cu atom is
coordinated by two different bridged oxygen atoelated to phenoxy and hydroxyalkyl groups
and three imino, amine and pyridine nitrogen atdaah of phenoxy and hydroxyalkyl oxygen
atoms bridges the two copper atoms. Cu(l) and Caf@ns lie in an BD, coordination
environment which takes the form of a distortedasgupyramidal. The coordination geometry
around the copper centers is best described bysthef ther-criterion [78], which indicates that
the coordination geometry in [@u']** is only slightly distortedt(= 0.018 Cu(l) and = 0.121
Cu(2)) from square-pyramidal. For Cu(l), the pymelinitrogen N(3), imino nitrogen N(1),
phenoxy oxygen O(1) and deprotonated hydroxyalkygygen atom O(3) occupy equatorial
positions, and the tertiary nitrogen N(2) occumesal position. For Cu(2), the amino nitrogen
N(5), imino nitrogen N(4), phenoxy O(1) and hydralkyl O(3) oxygen atoms occupy
equatorial positions and one pyridine nitrogen atéf6) occupies axial position. The phenoxy
oxygen atom O(1) and deprotonated hydroxyalkyl exygtom O(3) bridge the two Cu(ll)
centers. The bond distances of Cu(1)-N and Cu(2ydin the range of 1.954-2.467, deing
normal coordination bonds. The bridging oxygen a&dorm asymmetric linkages to the Cu
atoms with a range of Cupfnoxy and Cu—Qioxy distances 1.988-2.003 and 1.902-1.925 A’
respectively and Cu(1)¢RnoaeCu(2) and Cu(1)-oxy~Cu(2) bridging angles of 100.20 and
106.29, respectively. In this compound, one ofttharoxyalkyl arms (O2) of the ligand remains

uncoordinated (Figure 2). The distance between)@md Cu(2) is 3.062 AThis long distance



between two Cu(ll) centers suggests that there isteraction between these two metal centers.
In addition, in this complex one of the oxygen atoralated to one of the perchlorate groups
(O2p) has a very week interaction with Cu(1l) atom. Tiygodal ligand is capable of forming
five, six and seven membered chelate rings incatpay the copper ion in [Gu']|(CIO,),
complex. In this complex, both the.hheCu-N,y angles and also MNine Cu2-Qhydroxyaikyt @angle
are smaller than 9475.68-82.8 for five membered chelate rings. The larger sird seven-
membered chelate rings lead tgn&bic Cu-Nimine and Qmine CU-Nimine angles, respectively, that

are larger than 9491.55-105.3] (Table 2).



Fig 2. here

Table 2 here
3.6. Theoretical studies

3.6.1. Fully optimization of copper (1) complexes
Mentioned copper (Il) complexes are optimized at6RI/LANL2DZ level in vacuo.
Optimized structures of [GL']?* (1), [CwL??" (2) and [CuL?®?*" (3) are represented in Figs. 3,

4 and 5, respectively. Structural parameters felommplexes are given in Table 3.

Figs 3-5 here
Table 3 here
Experimental and calculated structural parametef€uL']?* complex ions are subjected to
correlation analyses. Distribution graphs are ptbtand regression coefficients are calculated

from this graph. Distribution graph and its regres<soefficient are represented in Fig. 6.

Fig. 6. Here
According to Fig. 6, there are some differenceswbeh experimental and calculated
structural parameters but they are mainly simidaedach other. Therefore, regression coefficient
is calculated as 0.908 from distribution graphshbws that there is an agreement between
experimental and calculated structures ofJJCJf*. As a result, complex structures of [C&**
and [CuL?®?" are as shown in Figs. 4 and 5.
Vibrational spectra of mentioned copper complexes @alculated at the same level of

theory. Some selected harmonic frequencies of imeadi complexes are given in Table 4.



Table 4. here

In Table 4, frequencies of mentioned complexes haemonic while experimental
frequencies are anharmonic frequencies. Theretbere are some differences which are in
acceptance limits.

3.6.2. Frontier molecular orbitals and NLO properties of Cu(ll) complexes

Frontier molecular orbitals of copper(ll) complexasd some quantum chemical descriptors
which are energy gap {(Bwo-Homo), total static dipole moment (u), the average dmne
polarizability @), the anisotropy of polarizabilityA¢) and first hyperpolarizability ) are

calculated by using Egs. (1)-(5) [82, 83]:

B umo-tomo = ELumo ~ Eromo (1)
=2+ + ) 2
a=%(a><x+aw+au) 3)
1 2 2 2 2 2 2 }/2
ra=—{(a.-a,) +(a, -a,) +(a,-a.) +6a, +6a, 4 63, “@)
2 2 2 }/2
B=| (Bt By * Bea) (B + B B ) + (B Brsc* By )’ | ©)

Frontier molecular orbitals which are the highestupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) dhdir energies are represented in Fig. 7.

Fig. 7. here
Mentioned quantum chemical descriptors are usesl/atuate the non-linear optical (NLO)

properties of mentioned complexes. These paramatersalculated and given in Table 5.



Non linear optical properties increase with the@ase of total static dipole moment, the average
linear polarizability, the anisotropy of polarizhty, first hyperpolarizability, energy of HOMO
and energy gap between LUMO and HOMO. Urea is t&deas reference substance and
mentioned parameters of urea are calculated wiBi®(d,p) basis set. For urea, total static
dipole moment, the average linear polarizabilitye tanisotropy of polarizability and first
hyperpolarizability are taken from Ref. [82] as7ll@Debye, 2.182 A 9.3119 & and 3.18x18®
cm/esu, respectively [82]. According to Table 5, &lues of each mentioned complexes are
greater than their urea values. Therefore, NLO grigs of mentioned complexes are better than
those of urea. The general ranking of NLO propsisieould be as follows:
Complex(3) > Complex(2) > Complex(1) (according to p¢ and Eiomo)
Complex(1) > Complex(3) > Complex(2) (according t\a)
Complex(2) > Complex(3) > Complex(1) (according td3)

As can be seen from above rankings, comgixis mainly the best candidate for NLO
aplication.

Table 5 here
4. Conclusion

We report the successful synthesis of a serieseof mnsymmetrical tripodal amines, and
then three new unsymmetrical Schiff-base ligandmfthem, isolated as three new dinuclear Cu
complexes by condensation of amings3) with 2,6-diformyl-4-methylphenol in the preserafe
Cu(ll) metal ion. X-ray crystal structure deterntinas of [CuyL](ClO4), revealed them to be
dinuclear. In this complex, there is a distortedasg pyramidal environment around the central
ions. Each Cu atom is coordinated by two diffetmdged oxygen atoms related to phenoxy and
deprotonated hydroxyalkyl groups and three imimoin@ and pyridine nitrogen atoms. Each of

phenoxy and hydroxyalkyl oxygen atoms bridges e ¢opper atoms. Cu(1) and Cu(2) atoms



lie in an NO, coordination environment. In this compound, onéhef hydroxyalkyl arms (&

of the ligand remains uncoordinated. Also, coppk) ¢omplexes were investigated by
computational chemistry methods. Relevant complexee optimized at MO62X/LANL2DZ
level in vacuo. IR spectrum, FMO and NLO propertéselevant complexes were examined at

the same level of theory.

Supplementary material

Crystallographic data for the crystal structure Igses has been deposited with the
Cambridge Crystallographic Data Centre, CCDC nd12483), for [Cul'](ClOy),. Copies of
this information may be obtained free of chargerfrthe Director, CCDC, 12 Union road,

Cambridge, CB2 1EZ, UK (fax: +44 1223 336033; nd@posit@ccdc.cam.ac.uk).
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Figure 1.structural motifs for new complexes of the ligamighlighted in the box, pL*, H,L?
and HL%esulting from the condensation of 2,6-diformyl-&tmylphenol with the
unsymmetrical triamines (n = 3, m=1)2 (n = 2, m=2) an® (n = 3, m = 2) with different arm
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Figure 2. Perspective view of [Gu'](ClIO,),. Hydrogen atoms and anions are omitted for

clarity. Cu, C, N and O are represented in broway golue and red, respectively.

Fig. 3. Optimized structure of [Gu']** at MO62X/LANL2DZ level in vacuo with atomic

labelling.



Fig. 4. Optimized structure of [GU??" at MO62X/LANL2DZ level in vacuo with atomic

labelling.

Fig. 5. Optimized structure of [Gu®]** at MO62X/LANL2DZ level in vacuo with atomic

labelling.
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Fig. 7. Frontier molecular orbitals of mentioned Cu(llhgalexes at MO62X/LANL2DZ level in

vacuo.



Table 1Crystal data and structure refinement parametefCigL *](Cl0.,),.

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions
a(A)

b (A)

c (A

B ()

Volume (&)

z

Calculated density(Mg/m3)

Absorption coefficient (mm-1)

Crystal size (mm3)

Theta range for data collection (°)
Limiting indices

Reflections collected / unique
Completeness to theta=25.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>3(1)]

R indices (all data)

Largest diff. peak and hole(e3p

GaH4Cl2CNgO12
930.76

293(2)

0.71073
Monoclinic
P21/n

9.5930 (13)
31.382 (4)
13.1055 (18)
96.295 (3)

3921.5 (9)
4
1.576

0.740

0.34 x 0.29 x 0.20
1.3t025.1
-11<h<11, -3&k<37, -1%I<15
5194 / 2822 [R(in1).041]
99.4 %
Empirical
0.773 and 0.651
Full-matrix least-squares dn F
6956 / 0/ 508
1.046
R1=0.041, wR2 = 0.1162
R1 =0.0666, wR2 = 0.996
0.71 and -0.75




Table 2. Comparison of selected bond lengths [A] and angldsr [CuL"](ClOz),complex.

[CuLY(CIO), Sq pyr Cu(ll) in the literature References

Bond length A]
Cu(1)-N(L)mine 1.957 (3)

1.923-1.969 [56], [70-72]
Cu(2)-N(4)mine 1.954 (3)
Cu(1)-N(3)y 2.028 (3)

1.925-2.006 [70], [72-74]
Cu(2)-N(6)y 2.366 (4)
Cu(1)-N(2)mine 2.467 (3)

1.979-2.062 [61], [73- 76]
Cu(2)-N(Shmine 2.092 (3)
Cu(1)-O(1nenolic 2.003 (3)

1.917-2.096 [61], [70-72], [77-81]
Cu(2)-O(1nenolic 1.988 (3)
Cu(2)-O(3ydroxyalky 1.925 (3)

1.916-2.339 [61], [71]
Cu(z)'o(shydroxyalkyl 1.902 (3)
Cu(1)Cu(2) 3.062 2.2729-3.001 [61], [70, 71]
Bond angle [°]
o(l)phenoliccu(l)'N(l)mine 91.55 (12)
o(l)phenoliccu(l)'N(3)Jy 166.51 (12)
O(1)phenolicCU(1)-N(2hmine 110.45 (11)
N(L)imineCu(1)-N(3)y 100.15 (14)
N(3)py-Cu(1)-N(2}mine 75.68 (12)
N(L)imine-CU(1)-N(2)mine 93.86 (13)
0(3)1ydroxyalkyl'cu(1)'N(zkmine 92.69 (12)
0(3)1ydroxyalkyl'cu(1)'N(1)nine 167.61 (12)
O(BhydroxyaliyrCU(L)-O(1phenoic ~ 76.30 (10)
O(BhydroxyalkyrCU(L)-N(3)y 91.65 (12)
O(l)phenoliCcu(Z)'N(4)rnine 9315 (12)
o(l)phenoliGCU(Z)'N(G)Jy 112.83 (12)
o(l)phenoliccu(2)'N(5)amine 158.98 (12)
N(4)imine'CU(2)'N(6)gy 88.13 (14)
N(6)py-Cu(2)-N(5}mine 78.34 (14)
O(S%Wroxyalkyrcu(2)‘N(5)\mine 82.82 (12)
O(S%Wroxyalkyrcu(2)‘N(4)mine 166.27 (13)
O(3hydroxyalkyr CU(2)-N(6)y 104.53 (13)
0(3)1ydroxyalkyl'cu(2)'0(1)1henolic 77.19 (11)

N(4)imine-CU(2)-N(Skmine

105.32 (13)




Table 3.Optimized. structural parameters of mentioned.cornjules at MO62X/LANL2DZ level.in vacuo

Assignments [CuLT* [Cul?)?! [CuL¥*
Bond Lengths (A)

Cul-N1 2.029 2.047 2.051
Cul-N2 3.269 3.256 3.637
Cul-N3 2.029 2.186 2.204
Cul-O1 2.160 2.161 2.137
Cul-02 2.357 2.139 2.057
Cu2-N4 2.102 2.053 2.116
Cu2-N5 2.768 2.513 2.856
Cu2-N6 2.110 2.345 2.134
Cu2-01 2.220 2.210 2.198
Cu2-02 2.152 2.061 2.126
Cul --- Cu2 2.859 3.119 2.999
Bond Angles (°)

N1-Cul-N2 103.13 66.39 96.71
N1-Cul-N3 145.09 125.5 117.82
N1-Cul-O1 88.07 86.94 87.5
N1-Cul-O2 111.19 140.73 153.84
N2-Cul-N3 65.4 62.15 55.49
N2-Cul-O1 168.79 118.26 154.63
N2-Cul-02 86.33 147.62 95.18
N3-Cul-0O1 105.35 101.9 100.49
N3-Cul-02 101.18 93.74 88.06
01-Cul-02 89.53 86.14 91.64
N4-Cu2-N5 106.45 95.64 116.74
N4-Cu2-N6 114.67 85.93 101.8
N4-Cu2-0O1 84.35 88.59 86.08
N4-Cu2-02 128.84 155.64 144.97
N5-Cu2-N6 69.98 70.16 71.91
N5-Cu2-01 165.32 159.72 156.17
N5-Cu2-02 72.07 96.96 76.92
N6-Cu2-0O1 115.09 90.44 97.9
N6-Cu2-02 112.34 117.99 113.22
01-Cu2-02 93.45 86.78 88.14
Cul-0O1-Cu2 81.49 86.14 91.64
Cul-02-Cu2 78.56 86.78 88.14

1 Atomic labelings are represented in Figs. 3, 4%nd

Table 4 Calculated vibrational frequencies (&wf mentioned copper complexes at MO62X/LANL2D¥dkin vacuo

Assignments [C* [CuLZ?* [CuL’]*

Vou 3757 3662 3761

VeH, omaii 3172 3200 3183
VC-H,jionati 3051 2919 2944

. 1672, 1608 1647, 1590 1611, 1584
V=N, ridine 1630 1570 1604

Voo 1587 1570 1575

Ve 1257 1340 1298

Veun 618 615 627

Vewo 485 441 478




Table 5.The calculated total static dipole. moment (u),alerage linear polarizability, the anisotropy.of polarizability.
(Aa) and first hyperpolarizability) for mentioned complexes

Parameters [GuY* [CuLF? [CwL3*
Mo 1.4618 0.1665 41831
l-ly1 -0.4543 -2.1168 -2.1908
lizl -1.3674 -0.3040 -0.1222
ool 1070.0351 904.7777 862.3206
ayy? -315.9058 -63.5447 -138.0120
027 917.6358 912.1914 1123.2710
Oy 146.9606 -117.0510 29.8817
O’ -100.2095 -174.5640 -200.1180
(lyzz 432.5574 559.9266 476.4716
ﬁxxxz -2326.0259 -7936.5319 17165.4460
By’ -119.7353 -2016.2421 -2139.5031
Bzzzz -2308.8697 7190.3899 3920.5001
[3><yy2 694.9712 -8165.6782 8763.3580
% -596.7072 -5021.3023 -1164.0767
o -1,418.3991 756.6837 -3275.8795
e -3134.8157 -3134.5991 -2210.4600
yzz2 -904.6014 -6079.5677 1164.2191
By’ -395.9493 3307.3093 44.06349
l-ll 2.0526 2.1450 4.723671
ol 82.5766 86.61013 91.26093
Ao 229.0435 210.5032 216.4556
p* 5.62x10% 2.23x10% 2.06x10°

ELumo-Homo® 120.43 137.29 126.65

Tin Debye? in atomic unit (a.u.) in A3 %in cnt/esu,” in kJ mof*
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