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Five Cu' Schiff-base complexes, three mononuclear
{[Cu(rslysH)-(H,0),]-2H,0-C10, (1); [Cu(rslysH)Cl] (2);
[Cu(slysH)(H,O)Cl] (3) rslys and slys = 6-amino-2-[(2-hy-
droxybenzylidene)aminolhexanoate} and two dinuclear
{[Cua(rslysH)2(CH;0H),]-(H20)2(NO3),  (4); [Cug(slysH),-
(NOg3),]-(H,0)3 (5)}, are reported herein. These complexes
have been synthesized via a facile “one-pot” method in
which the D/L- and L-lysine Schiff-base ligands are gener-
ated in situ. Various spectroscopic techniques and single-
crystal X-ray diffraction were used in compound characteri-
zation. The X-ray diffraction studies revealed that complexes
1-3 are mononuclear; further, 4 and 5 are dinuclear in which
two Cu'! centers are phenolate-bridged. Complexes 1, 2 and
3 are structurally similar, according to the nuclearity and the
coordination environment around the metal center involving

a tridentate D- or L-lysine-derived Schiff-base ligand. But the
crystallographic packing is different, owing to the different
counterions and number of solvent molecules present in the
crystals. Compounds 1 and 2 are racemic due to the co-exis-
tence of chiral D- and L-lysine-based Schiff-base ligands.
These copper(Il) complexes give 2-D hydrogen-bonded net-
works and are racemic overall. Compound 3 is chiral, con-
taining only the L-lysine-derived ligand in which a cylindri-
cal 1-D hydrogen-bonded structure is observed in the solid
state. Both 4 (achiral) and 5 (chiral) reveal 3-D hydrogen-
bonded networks. A strong antiferromagnetic coupling inter-
action was observed by variable-temperature magnetic
susceptibility measurements; this interaction is likely medi-
ated through the phenolate bridge between the two Cu'’ cen-
ters in 4 and 5.

Introduction

Copper(II) chemistry in biology research commonly re-
lates to chelation, chaperones and oxidative stress (Fenton
Chemistry).['-2-3a1 How this extremely well-studied metal ion
undergoes complexation with simple natural ligands (amino
acids) is greatly, but not exhaustively, explored. Further, the
possibility of Schiff-base formation in biology that enables
artificial metal binding sites is an interesting, and relatively
unexplored area. The culprits that enable Schiff-base for-
mation might be many, but reactive aldehydes which can

[a] Molecular Logic Gate Laboratory, Department of Chemistry,
Korea Advanced Institute of Science and Technology (KAIST)
373-1 Guseong-dong, Yuseong-gu, Daejeon, 305-701, Republic
of Korea
Fax: +82-42-350-2810
E-mail: dchurchill@kaist.ac.kr

[b] Molecular Materials Laboratory, Department of Chemistry,
Korea Advanced Institute of Science and Technology (KAIST),
373-1 Guseong-dong, Yuseong-gu, Daejeon, 305-701, Republic
of Korea

[c] Department of Chemistry and Centre for Electro- and Photo-
Responsive Molecules, Korea University,

Seoul, 136-701, Republic of Korea

Supporting information for this article is available on the

WWW under http://dx.doi.org/10.1002/¢jic.201000561.

View this journal online at
wileyonlinelibrary.com

5018

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

functionalize pendant amines (lysine side chains, etc) are
often pointed to. While there are various natural aldehydes
[e.g., 3-aminopropanal, 4-hydroxynonenal (HNE), 4-hy-
droxy-2-hexenal (HHE), 4-oxo-2-nonenal (ONE), acrolein],
the utility of using salicylaldehyde in model studies facili-
tates various properties such as compound rigidity, crystal-
linity, and enables optical properties but does have limita-
tions. Thus in this study we wish to explore facile in situ
imine formation with Cu?* and lysine (two naturally-occur-
ring species) with salicylaldehyde in forming Schiff-base
complexes. Salicylaldehyde is also natural,?® but perhaps
less encountered in human health.

Inherent in this research, from a materials perspective, is
the facile approach for the preparation of new chiral metal
complexes. The involvement of amino acid starting materi-
als allows for a natural stereogenic center. Here, strong do-
nor groups like the phenoxyl oxygen atom (Ar-0O) and imine
nitrogen atoms (RR'C=N-R’’) due to the wide range of
applications and structural aspects of the resulting transi-
tion metal complexes.*! This tridentate ligand allows for the
formation of mono- and dinuclear species. We can also ex-
plore the crystalline details of these closely related species
and how magnetochemistry manifests in these discrete com-
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plexes.’! This does not relate centrally to oxidative stress
and neurodegenerative diseases, but such features also allow
for a fuller understanding of the potential physical proper-
ties of these simply-prepared compounds. While there are
some articles relating to such Cu?* amino acid-based Schiff-
base complexes, or their reduced versions, we can look into
intermolecular arrangements, with emphasis on hydrogen
bonding.[¥! Noncovalent atomic interactions are widely ob-
served in many materials, and exploited in respective natu-
ral and synthetic supramolecular chemical systems. Hydro-
gen bonding, m-stacking, as well as electrostatic, hydro-
phobic and charge-transfer interactions can dictate chiral
motifs in solids. Biological applications such as antibacte-
rial, antiviral, antifungal species and DNA cleaving agents
could later be addressed.”? Also, chiral copper complexes
have been exploited for use in asymmetric catalysis of or-
ganic transformations such as olefin polymerization/enan-
tioselective epoxidation, asymmetric hetero-Diels Alder re-
actions, etc.[®!

Herein, we discuss the synthesis, structure and solution
properties of five Cu'l Schiff-base complexes, three mono-
nuclear (1-3) and two dinuclear ones (4 and 5). Extended
2-D and 3-D hydrogen-bonded interactions are considered
here. A discussion of the magnetic properties of compounds
4 and 5 is also included.

Results and Discussion

Synthesis and Characterization of Chiral/Achiral Mono-
and Dinuclear Cu'" Schiff-Base Complexes

Mono- and dinuclear copper complexes of L-lysine-based
Schiff-base ligands (Scheme 1) were synthesized in a “one-
pot” method. The Schiff-base ligands (D- and L-lysine-
based ligands) were formed in situ (Scheme 1). The syn-
thetic scheme is analogous to that of the dinuclear zinc and
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copper complexes recently reported by this research
group.”! The aqueous solution of copper salts were added
to a methanolic salicylaldehyde solution, followed by the
addition of an aqueous solution of D/L or L-lysine. An aque-
ous NaOH solution was then added dropwise into the reac-
tion mixture; finally a few drops of triethylamine were
added to the reaction mixture to maintain a pH value of
about 7.0 where needed (Et;N was used for compound 1-
3). After allowing 12 hours for reaction, a slow evaporation
of the reaction mixture gave a blue (compound 1), dark
blue (2) and dark green (3-5) material (depending on the
starting material). The quality of these crystalline products
enabled immediate specimens for single-crystal X-ray dif-
fraction. These compounds were also characterized by ele-
mental analyses, IR, UV/Vis, ESI-MS, and CD spec-
troscopy. An aqueous NaNOj solution was used during the
synthesis of compound 4 to prevent the formation of mono-
nuclear compound 2 as a side product.
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Solution Properties of Mono- and Dinuclear Cu**
Compounds

The solution properties of complexes 1-3 and 4-5 were
studied by UV/Vis, circular dichroism (CD) (for 3 and 5
only) and ESI-MS. The UV/Vis spectra of compounds 1-5
were recorded in aqueous solution at room temperature
which show intense peaks at ca.357 nm, 267 nm and
238 nm assigned to the LMCT and intra-ligand charge
transfer transitions, respectively. The broad band at 500-
800 nm seen in concentrated (100 um) solution was assigned
to the d-d transition (Figures S1-S5, Supporting Infor-
mation). The ESI-MS of compounds 1-5 were collected in
a water/methanol mixture. The spectra of these compounds
clearly show a 100% positive ion peak at 312.059 and
623.095 for cations of 1 and 4, respectively, and negative
ion peaks at 346.018, 684.076 for anions of 2, 3 and 5 (Fig-
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Scheme 1. Synthesis of copper complexes 1-5.

Eur. J. Inorg. Chem. 2010, 5018-5026

\l/

Compound §

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5019

www.eurjic.org



FULL PAPER

D. G. Churchill et al.

ures S6-S11, Supporting Information), respectively. These
results suggest that, not only mononuclear complexes 1-3,
but also, phenolate-bridged dinuclear complexes 4 and 5 are
stable in solution.

Both compounds 3 and 5 are chiral due to the presence
of L-lysine residues as part of the Schiff-base ligand. The
solution CD spectra of compounds 3 and 5 were collected
in water at 25 °C. The spectra of both compounds are very
similar and reveal negative Cotton effects at about 360
(358), ca.276 nm, and a positive effect at about 238 nm
(Figure 1).

CD(mdeg)

-6 T T T T
200 250 300 350 400 450
Wavelength (nm)

Figure 1. Solution circular dichroism (CD) spectra of compounds
3 and 5 (cell path length: 1 cm).

X-ray Crystallography

The molecular structures of compounds 1-3 are shown
in Figure 2 (a—c); those of compounds 4 and 5 are shown
in Figure 4 (a and b), respectively. Single-crystal X-ray dif-
fraction analysis reveals that complexes 1, 2 and 4 crys-
tallize in the centrosymmetric space groups PI, P2,/c and
P1, respectively, whereas compounds 3 and 5 are found in
the chiral noncentrosymmetric space groups P2,2,2; and
C2.

Molecular  Structures of [Cu(rslysH)-(H,0),]-ClO,
2H,0 (1), [Cu(rslysH)Cl] (2) and [Cu(slysH)(H,0)-
Cl] (3): The structures of compounds 1-3 show that they
are discrete and mononuclear (Figure 2). In 1, the metal
center, assigned as copper, is bonded by the tridentate
Schiff-base ligand. Two water molecules complete a slightly
distorted square-pyramidal coordination geometry; this
minor shift from ideality is defined by the distortion param-
eter (7). The tau-descriptor (7) for five coordinated com-
plexes is expressed as the difference between the two trans
angles O(1)-Cu(1)-O(2) and N(1)-Cu(1)-O(1 W) (Table 1)
divided by 60 gives a value of 0.15; the ideal values are 1
for a trigonal bipyramid and 0 for a square pyramid.['” The
terminal —NH, group of the Schiff-base ligand is proton-
ated and the charge is balanced by the perchlorate counter-
ion."! In compound 2, the metal center, assigned as copper
adopts a square-planar geometry and is bonded by the
[O>N] donor atoms of the Schiff-base ligand, and a chloride
5020
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ligand. Here, complex electroneutrality of the copper(Il)
species is satisfied by the protonation of the terminal amine
group (-NH;"). It is noteworthy that the racemic D/L lysine
hydrochloride was used in the synthesis of compounds 1
and 2. The crystal structures contain both optical isomeric
complexes (complex with D-lysine-based Schiff-base ligand
as D and L-lysine-based ligand as L) and the compound
becomes racemic. The structure of complex 3 is different
from that of compound 2 where the copper center is axially
bonded to a water oxygen atom allowing for a distorted
square pyramidal geometry (z parameter: 0.215).

Figure 2. Crystal structures of compounds (a) 1, (b) 2 and (c) 3.
The solvent water molecule and disordered ClO, ion are omitted
for clarity from the molecular drawing of compound 1. Thermal
ellipsoids are drawn at 30% probability level.

In these compounds, the observed extended 1-D to 3-D
networks are due to hydrogen bonding. In 1, there are two
water molecules present in the unit cell. With the help of
these water solvent molecules of crystallization and the per-
chlorate counterion, a 3-D hydrogen-bonded network is
able to exist (Figure 3, a). Since both the p- and L-lysine-
based Schiff-base copper complexes (D and L) are present
in the crystal, the network taken in its entirety is racemic
(Figure 3, a). In 2, the carboxylate oxygen, O3 forms a hy-
drogen bond with terminal amine hydrogen atoms [N22—
H2N-+03 2.874(3) A, N2°-H3N--03 2.827(3) A where a =

Eur. J. Inorg. Chem. 2010, 5018-5026
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-1+ x,yzandb=2-x,1-y 1- z] of two adjacent
complex and the copper-bound chloride forms a 2-D sheet.
As in the crystalline matrix of compound 1, here also the
network is racemic because of the presence of both the D
and L isomeric complexes in the crystal lattice. In com-
pound 3, a hydrogen-bonded 1-D cylindrical structure is
observed. The cylindrical structure consists of a 1-D water—
oxygen chain that can be interpreted as a left-handed helix
when considering the interactions O1W--03¢ [2.81(5) A],
03¢--01W9 [2.81(5) A] and O1W--03 [2.71(5) A] hydro-
gen bonding distances; this runs along the crystallographic
a axis. The cylindrical structure is formed due to the N1-
H2NC-+-O1W [3.24(6) A], N2-H2NB--0O1 [3.02(6) A] and
N2-H2NA-+ClI [3.32(6) A] hydrogen bonds (Figure 3, c).

Figure 3. (a) View of the 3-D hydrogen-bonded network for com-
pound 1 along the b-axis. (b) The hydrogen-bonded 2-D structure
in compound 2. (¢) View of the hydrogen-bonded cylindrical struc-
ture in compound 3 in which exclusive mapping of the coordinated
water molecule oxygen atoms forms a left handed helical chain with
the help of carboxylate oxygen. [symmetry codes, c: —1/2 + x, 1/2 —
»2-—zd 12+ x,1/2-y 2~z

Structure of [Cuy(rslysH),(CH;0H),]-(H,0),(NO3),
(4) and [ Cuy(slysH),(NO;3),]-(H,0); (5): Compounds 4
and 5 are dinuclear (Figure 4). Compound 4 is racemic as
it consists of both the p- and L-lysine-based Schiff-base li-
gand. Whereas, compound 5 is chiral as it involves a L-
lysine-based moiety. In 4, the copper centers are in a slightly
distorted square pyramidal arrangement through the tri-
dentate [O,N] atom donor Schiff-base ligand coordination.
The 4™ basal position is occupied by the bridging phenolate

Eur. J. Inorg. Chem. 2010, 5018-5026
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oxygen. The axial position is occupied by a solvent mole-
cule assigned and least-squares refined as methanol. The
copper deviated around 0.22 A above its basal plane. The
tau (r) parameter is 0.11 which also suggests a distorted
square pyramidal arrangement. From the C; symmetric core
structure, an appreciation can be made of two square pyra-
mids joined by a basal edge. This is in contrast with 5, dis-
cussed next.

Figure 4. Crystal structures of compounds 4 and 5. Thermal ellip-
soids are drawn at 30% probability level.

The structure of compound 5 is similar with a previously
reported dinuclear zinc compound from this laboratory.[']
In 5, the copper centers are in a slightly distorted square
pyramidal geometry (z parameter: 0.04) by a coordinating
tridentate Schiff-base ligand and one bridging phenolate
oxygen. Unlike 4, in this complex, the axial position is occu-
pied by the nitrate anion. The core structure of this complex
clearly allows for an interpretation of the coordination
polyhedron as two square pyramids that share an edge; the
axial nitrate ligands are present on the same side of the
dimer. The phenolate-bridged dimer is C, symmetric. The
features of compound 5 are more rare compared to those
of compound 4. As mentioned before in our previous re-
ports, only a few closely-related copper dimers are known
[including our previously reported lysine-derived copper(I)
Schiff-base complex 1, ref.37]. These involve reduced Schiff-
base ligands which bear close structural similarity to those
here.[!¥!

In 4, due to the presence of several hydrogen-bond do-
nors (-NH;", solvent H,O, ~OH of coordinated methanol)
and acceptors [carbonyl, >C=0, and carboxylate oxygen,
—C(0)O, and nitrate, -NOj3] extended hydrogen-bonded
networks are observed. The carbonyl oxygen atoms, O3
form hydrogen bonds with H2Na of the terminal -NH3*
group of the neighbouring dimeric complex; a 1-D chain is
formed along the crystallographic a axis [N2°-H2Na¢®---O3
2.86(18) A, symmetry code e: x, 1 + , z]. The solvent water
molecule O1W acts as a hydrogen-bond donor in an inter-
action with an oxygen (O5°) of one and another nitrate ion
5021
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(06" [O1W-H1Wa-+05¢ 3.01(3) A and O1W-HIWb--O6"
2.95(3) A; symmetry code f: —x, 1 — y, 1 — z]. The oxygen
06 again is bonded with the hydrogen of the hydroxy oxy-
gen 048 of the coordinated methanol [O48-H102---O6
2.862(3) A; symmetry code g: —1 + x, y, z]; a 2-D network
is thus formed (Figure 5, a). In 4, the carbonyl oxygen O3
and the solvent water O1W accept into hydrogen bonding
atoms H2Nb" and H2Nc" of the neighbouring 2-D sheets;
this forms hydrogen-bonded 3-D networks [N2M—
H2NDb"+-03 2.78(19) A, N2"-H2Nc™-O1W" 2.906(3) A;
symmetry code h: 1 — x, —y, 3 — z] (Figure 5, b).

(b)

Figure 5. Representation of the hydrogen-bonded 2-D network and
3-D network in compound 4 (a) along the crystallographic a and
(b) b axes [symmetry codes, e: x, 1 + y, z; f: —x, 1 =y, 1 —z; gt -1
+x,p,zh 1—x, -y 3-1z]

In 5, the nitrates are bonded to the copper center
through one oxygen atom (O5). The other oxygens O6 and
O6' from the two nitrate groups form hydrogen bonds with
the H2B! and H2B¥ of the terminal amine group (-NH;*)
of the adjacent dimeric complexes [N2-H2B/-:Q6; N2k
H2Bk-06' 2.92(8) A; where, i: —x, y, 1 — z; j: % + x, —%4
+y z,and k: Y2 + x, %2 + y, 1 — z]. As a result, a 2-D
hydrogen-bonded network is formed (Figure 6, a). The two
adjacent 2-D sheets are joined by the solvent water mole-
cule OIW to give OIW=-02 and O1W--02! [2.87(5) A,
5022
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with symmetry code 1: —x, y, z] hydrogen bonding spans.
Another water molecule O2W forms a hydrogen bond with
one terminal -NH;3* hydrogen (H2C) of one 2-D sheet and
carbonyl oxygen O3™ of the adjacent 2-D sheet [N2-
H2C--02W 2.83(7) A, O2W--03™ 3.03(7) A, with m: Y —
x, =2 + 3, 1 — z] and assists in the formation of a 3-D
hydrogen-bonded network (Figure 6, b).

Figure 6. View of the hydrogen-bonded (a) 2-D network in com-
pound 5 along the crystallographic b-axis and a (b) 3-D network
as viewed along the crystallographic c-axis [symmetry code: i: —x,
vl-zj-Y+x,-Y+yznkt+tx Yoty l-z1-x 0z
m: 2 —x, -2+ 1-z]

Magnetic Properties

The magnetic data for compounds 4 and 5 were recorded
at I T as a function of temperature ranging from 4 to 300 K
(Figure 7). The M(H) data for 4 was illustrated in Figure
S12, still showing linear behaviour at 1 T. The drastic de-
crease in y,, 7T is characteristic of strong antiferromagnetic
interactions. The magnetic coupling constant between Cu'!
ions through ligand bridging was estimated by employing a
dimer model on the basis of the spin Hamiltonian H =
—-JS1*S,. The molecular field approximation was taken into
account to include intermolecular magnetic interactions
(zJ"), and a fraction of noncoupled species (p) and tempera-
ture-independent paramagnetism (TIP) were also applied in
the fitting process. The equation was expressed as follows.

¥ = QNP3 + exp(-JIkT))(1 — p) + p(Ng22kT) + TIP
Jm = 11 = zJ' yINg*B?)

A least-squares fit gives magnetic parameters of g = 2.0,
J = 40lcm™!, zJ/ = -149cm™!, p = 0.15, TIP =
460X 10°° cm>mol ™! for compound 4, and a least-squares

Eur. J. Inorg. Chem. 2010, 5018-5026
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Figure 7. Top: Plot of y,,T vs. T for compound 4 and compound
5 (middle). The solid trend lines represent a “best fit” of the given
data points. Bottom: Field dependence of magnetization of 4 at
2 K.

fit gives magnetic parameters of g = 2.36, J = —416cm™!,
z)) = 34cm™!, p =022, TIP = 600X 10°% cm*mol™! for
compound 5.1'"1 The curve fits the experimental data well
(Figure 4, top: compound 4; bottom: compound 5). The J
value obtained is in good agreement with those of Cu'! di-
mers with square pyramidal geometries.'>! The strong anti-
ferromagnetic coupling is due to the effective orbital over-
lap between magnetic d,- ,» orbitals oriented along the Cu—
O henoxide Vectors. The magnetic nature of this complex with
the Cu—~O-Cu angle of 101.3° corresponds to the prediction
of magnetic behaviours in hydroxo-bridged Cu" dimeric
systems in which antiferromagnetic interactions occur at a
> 97.5°.1 The interdimer interactions (zJ') are likely com-
municated via hydrogen bonds.

Conclusions

In this report, several new copper complexes were syn-
thesized with ease (one-pot type reaction) and isolated in

Eur. J. Inorg. Chem. 2010, 5018-5026
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significant purity to allow for spectroscopic and single-crys-
tal X-ray diffraction studies. The synthesis involved an easy
one-pot method in which the Schiff-base ligands were
formed in situ. The existing results give some interesting
structural features. Among these compounds, compounds 1
and 2 are racemic due to the co-existence of both the D-
and L-lysine-based Schiff-base copper(Il) complex in their
crystal lattice; the resulting 2-D hydrogen-bonded networks
were interpreted as being racemic. Compound 3 is chiral,
containing only a L-lysine-based Schiff-base copper(I)
complex; a 1-D cylindrical hydrogen-bonded structure is
observed in the solid state. Both complexes 4 and 5 are di-
nuclear, but complex 4 is achiral (meso) consisting of both
the D- and L-lysine-based Schiff-base ligand, while complex
5 is chiral. Solution CD spectra were obtained in 100%
aqueous media to demonstrate the chiral nature of com-
pounds 3 and 5. Extended hydrogen-bonded achiral and
chiral 3-D networks were observed in 4 and in 5, respec-
tively. The variable temperature magnetic susceptibility
measurements revealed that a strong antiferromagnetic cou-
pling interaction exists, likely mediated through the phenol-
ate bridge between the two Cu'! centers in compounds 4
and 5.

Experimental Section

Materials and Physical Measurements: All chemicals used herein
were used as received from commercial suppliers (Aldrich and TCI
companies). Absorption spectra were measured using a JASCO V-
530 UV/Vis spectrophotometer. Solution CD spectra were carried
out with a JASCO-815 CD spectropolarimeter in aqueous solution.
Elemental analyses were performed with a Vario EL III CHNS
elemental analyzer. ESI-MS was performed in Bruker micrOTOF
II mass spectrometer. Magnetic susceptibilities for 4 and 5 were
measured on warming mode using a Quantum Design SQUID sus-
ceptometer. Diamagnetic corrections of 4 and 5 were estimated
from Pascal’s Tables and sample holder effect was corrected.

[Cu(rslysH)-(H,0),]-2H,0-C10, (1): An aqueous solution of
CuClO46H,0 (1.85 g, 5.00 mmol) was added to a methanolic solu-
tion of salicylaldehyde (0.5 mL, 5.0 mmol). The reaction mixture
became light green. After 30 min stirring at room temperature, an
aqueous solution of p/L-lysine hydrochloride (0.91 g, 5.0 mmol)
was added dropwise to the reaction mixture, followed by the suc-
cessive slow addition of a portion of an aqueous NaOH solution
(0.2 g, Smmol). A dilute methanolic solution of Et;N (0.7 mL,
5 mmol) was then added to the reaction mixture which was main-
tained at a pH of 7-8. The reaction mixture turned dark blue-
green. The stirring was maintained for a further 12 h. The reaction
mixture was then filtered and kept for crystallization. Bluish crys-
tals were then filtered and dried; yield (crystal) 73% (1.76 g).
C,3H,5N,0,,CICu (M = 484.34 gmol™): caled. C 32.24, H 5.20, N
5.78; found C 32.32, H 5.21, N 5.85. UV/Vis [Ana/nm (e/M 'em )]
(H,0): 357 (4713), 267 (12609), 238 (26343). FTIR (KBr disc): V.«
= 3444, 2941, 1637, 1598, 1473, 1448, 1382, 1290 cm!. MS (ESI")
caled. for C;3H,7,CuN,O5%; 312.0635, found 312.0590.

[Cu(rslysH)CI] (2): This compound was synthesized similarly to
compound 1 in which anhydrous CuCl, (0.67 g, 5.0 mmol) was
used as the copper source instead of copper(Il) perchlorate. Dark

5023
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bluish black crystals were obtained from a water/methanol solution
mixture; yield (crystal) 69% (1.20 g). C;3H;N,O3CICu (M =
348.28 gmol !): caled. C 44.83, H 4.92, N 8.04; found C 44.94, H
4.86, N 8.05. UV/Vis [Ama/nm (e/Mem™)] (H,0): 357 (4727), 267
(12971), 238 (27806). FTIR (KBr disc): V. = 3490, 2936, 1637,
1600, 1446, 1380, 1301 cm!. MS (ESI) caled. for
C3H,4CICuN,O5 346.0245, found 346.0180.

[Cu(slysH)(H,O)CIl] (3): This compound was synthesized in the
same way as compound 1, but anhydrous CuCl, (0.67 g, 5.0 mmol)
was used as the copper source instead of copper perchlorate, and
L-lysine (0.73, 5.0 mmol) was used instead of D/L-lysine monohyd-
rochloride; yield (crystal) 64% (1.17 g). C, H, N analysis calcd. (%)
for Cj3H9N,O4CICu (M = 366.30 gmol'): C 42.63, H 5.23, N
7.65; found C 42.74, H 5.26, N 7.63. UV/Vis [Ana/nm (e/M em ™))
(H,0): 357 (3887), 267 (10429), 238 (19173). FTIR (KBr disc): Vyax
= 3398, 2941, 1638, 1560, 1450, 1378 cm™'. MS (ESI") calcd. for
C3H(CICuN,O;™ 346.0245, found 346.0188.

[Cuy(rslysH),(CH30H),]-(H,0),(NO3), (4): An aqueous solution
of Cu(NO3),2.5H,0 (1.16 g, 5.00 mmol) was added to a meth-
anolic solution of salicylaldehyde (0.50 mL, 5.0 mmol). The reac-
tion mixture became light green. After 30 min of stirring at room
temperature, an aqueous solution of D/L-lysine monohydrochloride
(0.91 g, 5.0 mmol) was added dropwise to the reaction mixture, fol-
lowed by the successive slow addition of a portion of aqueous
NaNO; (0.55 g, 6.5 mmol). An aqueous solution of NaOH (0.2 g,
S mmol) was then added to the reaction mixture maintained at a
pH of 7-8. The reaction mixture became darker green. Then, the
stirring was continued for a further 12 h. The reaction mixture was
then filtered and kept for evaporation of solvent under ambient
conditions. A dark green solid resulted and was washed by meth-
anol and dried under vacuum. Green single crystals suitable for
diffraction were easily obtained via recrystallization from meth-
anol; yield (crystal) 17% (0.72 g). CysHysNgO(¢Cuy, (M =
849.79 gmol ): caled. C 39.57, H 5.46, N 9.89; found C 39.64, H
5.31, N 9.75. UV/Vis [Ana/nm (e em™)] (H,0): 357 (9381), 266
(25257), 237 (52966). FTIR (KBr disc): V. = 3430, 3060, 2927,
1637, 1448, 1382 cm™'. MS (ESI*) caled. for C,sH33Cu,N,Og™;
623.1192, found 623.0995.

[Cuy(slysH),(NO3),]-(H,0)3 (5): This compound was synthesized in
the same manner as compound 4, but L-lysine (0.73, 5.0 mmol) was
used instead of D/L-lysine monohydrochloride; yield (crystal) 20%
(0.81 g). CsH49NgO,5Cu, (M = 803.72 gmol™): caled. C 38.85, H,
5.02, N 10.46; found C 39.04, H 5.01, N 10.41. UV/Vis [Ay,/nm
(e/mem™)] (H,0): 357 (9875), 268 (26492), 240 (62010). FTIR
(KBr disc): Vynax = 3441, 2941, 1651, 1600, 1447, 1385, 1290 cm™ .
MS (ESI™) caled. for CosH33Cu,N4O6™; 623.1192, found 623.0978.
MS (ESIN) caled. for CysH3,Cu,NsOg7; 684.0992, found 684.0468.

Crystallographic Studies: X-ray diffraction measurements were per-
formed at 293 K with a Bruker SMART 1K CCD diffractometer
using graphite-monochromated Mo-K, radiation (1 = 0.71073 A).
Cell parameters were determined and refined by the SMART pro-
gram.['"! Intensity data reduction was performed through the use
of SAINT software.['”) Data were then corrected for Lorentz and
polarization effects. An empirical absorption correction was ap-
plied using the SADABS program.!'8] The structures were solved
by direct methods using the program SHELXS-971"! and refined
by full-matrix least-squares calculations (F?) with SHELXL-97!20]
software. All non-H atoms were refined anisotropically against F>
for all reflections. All hydrogen atoms, except for those belonging
to the amine nitrogen atom (N2) and the solvent water oxygen
atoms were placed at their calculated positions and refined iso-
tropically. Hydrogen atoms attached to N2 and the water oxygen
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atoms (O1W, O2W and 3 W for 1, O1W for 5), and methanol oxy-
gen atom were located in the difference Fourier maps and refined
with isotropic displacement coefficients. In 1, the water oxygen
04W and the perchlorate oxygen atoms (O1, O2, O3, and O4) were
found crystallographically disordered over two positions. The dis-
orders were treated using PART instructions by fixing the occu-
pancy at 50%; the atoms were then refined isotropically. Selected
bond lengths and angles are listed in Table 1. Crystal data for com-
pounds 1-5 are given in Table 2.

Table 1. Comparative bond lengths and angles for compounds 1-
5.

Compound 1

O(1)-Cu(1) 1.919(17) O(2)-Cu(1) 1.946(17)
O(1 W)-Cu(1) 1.984(2) N(1)-Cu(1) 1.927(2)
O(1)-Cu(1)-N(1) 93.92(7) O(1)-Cu(1)-O(1W) 89.58(8)
O(1)-Cu(1)-0(2) 177.62(7) N(1)-Cu(1)-O(1W) 168.74(9)
N(1)-Cu(1)-0(2) 84.03(8) OQ2)-Cu(1)-O(1W) 91.94(8)
Compound 2

N(1)-Cu(1) 1.9435(17) O(2)-Cu(1) 1.9453(15)
O(1)-Cu(1) 1.9169(15) Cu(1)-CI(1) 2.2333(7)
O(1)-Cu(1)-N(1) 92.910(7) O(1)-Cu(1)-CI(1)  94.04(5)
O(1)-Cu(1)-0(2) 170.60(7) N(1)-Cu(1)-CI(1)  170.57(6)
N(1)-Cu(1)-0(2) 83.190(7) OQ2)-Cu(1)-CI(1)  90.84(5)
Compound 3

O(1)-Cu(1) 1.899(4) O(1 W)-Cu(1) 2.356(4)
O(2)-Cu(1) 1.968(4) Cl(1)-Cu(1) 2.3141(15)
O(1)-Cu(1)-N(1) 94.22(17) N(1)-Cu(1) 1.946(4)
O(1)-Cu(1)-0(2) 177.66(16) O@2)-Cu(1)-CI(1)  92.34(11)
N(1)-Cu(1)-0(2) 83.51(17) O(1)-Cu(1)-O(1W) 90.31(15)
O(1)-Cu(1)-CI(1) 90.00(12) N(1)-Cu(1)-O(1W) 97.34(15)
N(1)-Cu(1)-CI(1) 164.78(14) O2)-Cu(1)-O(1W) 89.41(15)
Compound 4

N(1)-Cu(1) 1.9328(11) O(2)-Cu(1) 1.9542(9)
O(1)-Cu(1) 1.9564(9) O4)-Cu(1) 2.3325(13)
O(1)-Cu(1)* 1.9851(9) Cu(1)-Cu(1)* 3.0330(3)
N(1)-Cu(1)-0(2) 82.90(4) O(1)-Cu(1)-O(1*  79.38(4)
N(1)-Cu(1)-O(1) 93.37(4) N(1)-Cu(1)-0@)  98.56(5)
O(2)-Cu(1)-0O(1) 163.06(5) O(Q2)-Cu(1}-04)  100.37(5)
N(1)-Cu(1)-O(1)* 169.57(4) O(1)-Cu(1)-04)  96.52(5)
O2)-Cu(1)-O(1)* 101.85(4) O(1)a—Cu(1)-O4)  89.77(5)
Compound 5

Cu(1)-N(1) 1.933(4) Cu(1)-O(1)® 1.980(3)
Cu(1)-0O(1) 1.942(3) Cu(1)-0O4) 2.311(4)
Cu(1)-0(2) 1.955(3) O(1)-Cu(1)-O(1)>  77.90(12)
Cu(1)-Cu(1)® 3.0341(9) OQ2)-Cu(1)-O(1)>  99.60(13)
N(1)-Cu(1)-O(1) 93.44(13) N(1)-Cu(1)-O4)  105.34(16)
N(1)-Cu(1)-0O(2) 83.87(14) O(1)-Cu(1)-04)  107.85(19)
O(1)-Cu(1)-0(2) 160.82(18) OQ2)-Cu(1)-04)  91.14(16)
N(1)-Cu(1)-O(1)® 163.33(17) O(1)>-Cu(1)-0@)  90.95(17)

Symmetry transformations used to generate equivalent atoms
a-—x+2,—y+1,—z+2;b—x,p-—z+1

CCDC-706468 (for 1), -706469 (for 2), -719983 (for 3), -719984 (for
4) and -751598 (for 5). These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): All types of UV/Vis, ESI mass spectra of copper(Il)
complexes.
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Compounds 1 2 3 4 5

Empmcal formula C13H25N20”C1Cu C13H17N203C1Cu C13H19N204C1Cu C28H46N6016CUZ C26H40N601 5CU2
Fw 484.34 348.28 366.29 849.79 803.72

TIK 293(2) 293(2) 296(2) 293(2) 293(2)

Crystal system triclinic monoclinic orthorhombic triclinic monoclinic
Space group Pl P2)/c P2,2,2, Pl 2

alA 7.9147(7) 7.9786(7) 6.1671(6) 7.6836(5) 19.4951(13)

bIA 9.0122(8) 14.0760(13) 15.5926(16) 8.9762(6) 7.8940(5)

clA 15.0240(12) 14.7752(13) 15.9213(14) 14.2225(9) 10.7393(7)

al® 104.577(4) 90 90 74.339(3) 90

pr 102.030(4) 101.570(6) 90 75.245(3) 99.053(2)

y/l° 98.638(4) 90 90 77.769(3) 90

Vv IA3 990.85(15) 1625.6(3) 1531.0(3) 902.51(10) 1632.13(18)

Z 2 4 4 1 2

Pealed. Mgm3 1.623 1.423 1.589 1.564 1.635

u /mm! 1.296 1.514 1.617 1.257 1.383

F(000) 502 716 756 442 832

Crystal size /mm 0.20x0.20 X 0.10 0.15x0.10<0.10 0.20<0.20 X 0.10 0.20x0.20 X 0.10 0.22%0.14x0.13
Reflections collected 32853 15931 9930 20039 7471
Independent reflections 7384 [R(int) = 0.0326] 3176 [R(int) = 0.0365] 2016 [R(int) = 0.0551] 9440 [R(int) = 0.0214] 2139 [R(int) = 0.0459]
Data/restraints/parameters ~ 7384/5/269 3176/0/193 2016/0/190 9440/0/260 2139/1/223

GOF on F? 1.023 1.024 0.948 1.056 1.052

R1 RO [1>26(1)] 0.0532, 0.1573 0.0296, 0.0734 0.0302, 0.0789 0.0361, 0.0955 0.0368, 0.0836
R1J4 1y R2MI (all data) 0.0755, 0.1824 0.0408, 0.0783 0.0406, 0.0985 0.0590, 0.1120 0.0486, 0.0902
Flack (x) parameter - 0.02(3) - 0.07(2)

[a] R1 = (X|IFo| — |FD/ZIF]. [b] wR2 = {[E(F? — F2VEw(F?)*} .
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