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The properties of Cu(ll) and Co(ll) complexes with oxygen- or nitrogen-containing macrocycles have been extensively
studied; however, less attention has been paid to the study of complexes containing sulfur atoms in the first
coordination sphere. Herein we present the interaction between these two metal ions and two macrocyclic ligands
with N,S, donor sets. Cu(ll) and Co(ll) complexes with the pyridine-containing 14-membered macrocycles 3,11-
dithia-7,17-diazabicyclo[11.3.1]heptadeca-1(17),13,15-triene (L) and 7-(9-anthracenylmethyl)-3,11-dithia-7,17-
diazabicyclo[11.3.1]heptadeca-1(17),13,15-triene (L1) have been synthesized. The X-ray structural analysis of
{[Co(CIO4)(H20)(L)I[Co(H20)2(L)]} (ClO4)s shows two different metal sites in octahedral coordination. The EPR spectra
of powdered samples of this compound are typical of distorted six-coordinated Co(ll) ions in a high-spin (S = 3/2)
configuration, with the ground state being S = 1/2 (g, = 5.20, g, = 3.20, g3 = 1.95). The EPR spectrum of
[Cu(ClO4)(L)](CIO4) was simulated assuming an axial g tensor (g1 = g, = 2.043, g5 = 2.145), while that of
[Cu(ClO4)(L1)](CIOy) slightly differs from an axial symmetry (g1 = 2.025, g, = 2.060, g; = 2.155). These results
are compatible with a Cu(ll) ion in square-pyramidal coordination with N,S; as basal ligands. Single-crystal EPR
experiment performed on [Cu(ClO4)(L1)](ClO,) allowed determining the eigenvalues of the molecular g tensor
associated with the copper site, as well as the two possible orientations for the tensor. On the basis of symmetry
arguments, an assignment in which the eigenvectors are nearly along the Cu(ll)-ligand bonds is chosen.

Introduction The use of simple metal-containing systems with low

The study of the structural, spectroscopic, and electronic m?lgculfgr weight Ilgand§ IS Iuseful to un(;derstand tlhe cor
properties of metal centers present in biological systems is'® at_lon etween rlnagnetlc,rﬁe;ctr(r)]nlc, an strEctura Eroper-
crucial to understand their role in nature. These centers argl'€S In more complex syste_ _.ort IS re_ason,t e synthesis

often modeled by using small molecules containing donor of complexes oriented to mimic metal sites of different types

atoms that reproduce the coordination around the metal ion. of metalloproteins constitutes an important branch in both
inorganic and organic chemistry. Copper and cobalt are

* To whom correspondence should be addressed. E-mail: lluis.escriche@ present in a diverse group of metalloenzymes, in which the

uab.es (L.E.), lodeiro@dq.fct.unl.pt (C.L.), brondino@fbcb.unl.edu.ar (C.D.B.). metal ions are coordinated to N. O. and S atér‘m;type |
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¥ Universidade Nova de Lisboa. Cu centers (e.g., amicyanin, plastocyanin, and pseudoazurin),
§ Ciudad Universitaria. the Cu(ll) ion is coordinated in a trigonal-planar fashion by
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D'Bﬁﬁégg;'gft,{%ﬁ'i‘gki. 2 histidines and 1 cysteine (N2S coordination) with one or
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two weakly interacting axial ligands (S or O), whereas type Scheme 1

Il copper centers (e.g., dioxygenase, monooxygenases, nitrite \
reductase) exhibit a square-planar (square pyramidal is also X N
found in literature) coordination by N or N/O ligantisS ((Nj\ S
ligands were only detected in the diethyldithiocarbamate N;}

|
S
liganc _ S 4 S L
inhibited form of the enzyme quercetin 2,3-monooxygenase. Q_/N;)
Copper can be also found forming part of multinuclear units OOO
in several enzymes. Several metalloproteins containing cobalt
coordinated to histidine, aspartic, and glutamic acids, such
as methionine aminopeptidase, prolidase, glucose isomeraSﬁ, . . .
methylmalonyl-CoA carboxytransferase, lysine 2,3-amino- OWer than those with nitrogen or oxygen ligands. EPR
mutase, and aldehyde decarboxylase, were also charactergtUd',es have been only limited to reports on powder anq
ized8 Cobalt has been also used to substitute for other metalSOIUtlon samples, b_Ut’ to .the best of our knqwledge, there is
ions present in metalloproteins because of its high sensitivity no report on the orlentgtlon of th;ptensor_ with respect to
to the coordination site geometry, which allows one to gather Fhe molgcular frame in compqunds with €Ef bonds,
information about changes of metal sites in proteins during mformatlon_ that can be (_)nly Obt?"”ed _through smgle-crysta!
protein functior. EPR experlm_ents. Les_s information exists about the magnetlc
S L . and electronic properties of Co(ll) compounds. Co(ll) ions
The b|om|m|clf|ng of thg m'etal S'te?’ n meta}lloprotems show a ground state with both spin and orbital degeneracy
can be accomplished designing special coordination com-

| taining diff t ligands. Althouah b and a fast relaxing behavior, which introduces additional
piexes containing ditierent figands. ough one must be complications in the measurement and analysis of the EPR
careful to prevent overinterpretations of the information

) o ) data. Co(ll) ions can be present in two different spin
derived from thes_e simplified models, _the use of simple configurations (highS= 3/2, or low,S= 1/2) The adopted
systems has provided valuable information about the phys-Spin configuration of Co(ll) compounds depends on the

:ﬁocf:ﬁglacl%g):z)pﬁrgée? nglﬁsetrrir;ttlj:rzl(”gn?jr goglc)t'r(;osr;??é magnitudes of the energy gap between the metal orbitals
9 Y ' P PIC " relative to the mean spin pairing energy. High-spin Co(ll)

properties of Cu(ll) and Co(ll) complexes with oxygen- or ions are commonly found in octahedral or tetrahedral

n!trtalger:—c(jqnéallr_lllng macrlocycllct:t "gt‘?‘”df] hage been. dei(tet?\- compounds. In contrast, Co(ll) ions in tetragonal complexes
Sively studied. However, [ess attention has been paid 10 thegy, low-spin behavior, with EPR spectra rather different

study of Cu(ll) and Co(Il) complexes containing sulfur atoms from that of high-spin complexes

in the first coordination sphere. According to the theory of This paper describes the synthesis, structural, and EPR
hard and soft acids and bases, S-containing ligands are softer, . ’ . '
than those with only oxygen or nitrogen as donor atoms Studies of Cu(ll) and Co(ll) complexes with the sulfur-

: ; y oxygen 9 ' containing ligands 3,11-dithia-7,17-diazabicyclo[11.3.1]-
This fact defines the electronic structure of the complexes, heptadeca-1(17),13,15-trierie) @nd 7-(9-anthracenylmethyl)-
because the lower the hardness of the ligand, the greater the& 11-dithia-7 17-’dia’zabicyclo[11 3.1Jheptadeca-1(17),13,15-
covalent character of its bonds with the catfoBince both : ' - .
Cu(ll) and Co(ll) ions are paramagnetic, EPR has been atrlene L1) (see Scheme 1). X-ray data are presented for

: P gnetic, DCCN A 11C0(CI05)(H20) (L )][Co(H-0)(L )]} (ClOs)s. LigandsL and
powerful tool in the magnetic and electronic characterization L1 have a pyridyk-thioether macrocycle as a receptor unit
of complexes containing these metal ions. The higher by Y P j

covalent character of the G5 bond lowers the orbital Irze?ﬁdllgrc:g’Lionastsntﬁgt:::gfgce g:gle:zi:m_llfﬁg thrrg;g:cZ/
reduction factof? determining that the Cu(ll) complexes y group Y ' P

containing S in equatorial positions show genergliyalues absence of an anthracenylmethyl group bonded to the
9 q P 9 8 aliphatic amine changes both the hydrophobicity and the

X — — - - coordination properties of the ligands, since such amine
(3) (a) Lippard, S. J.; Berg, J. MRrinciples of Bioinorganic Chemistry

University Science Books: Mill Valley, CA, 1994. (b) Gavel, O. Y.; grpup 'S_ secondary folr ar_]d tgrtlary forL1. The g'tens'or
Bursakov, S. A.; Calvete, J. J.; George, G. N.; Moura, J. J.; Moura, 1. orientation of the Cu(ll) ion in [Cu(CIQ(L1)](CIOy) is
Biochemistry1998 37, 16225-16232. (c) Solomon, E. I.; LaCroix, ; ; _ ;
L. B.. Randall, D. WPure Appl. Chentl998 70, 799-808. (d) Zumft, studl_ed by single-crystal EPR spectroscopy and analyzed in
W. G. Microbiol. Mol. Biol. Rev. 1997, 61, 533-616. relation with the structural data.
(4) (a) Holm, R. H.; Kennepohl, P.; Solomon, EChem. Re. 1996 96,
2239-2314. (b) Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E. ; ;
Chem. Re. 1996 96, 2563-2606. Experimental Section
(5) Fitipaldi, M.;. Steiner, R. A.; Matsushita, M; Dijkstra, B. W.; Groenen, . .
E. J.; Huber, MBiophys. J2003 85, 4047-4054. General Remarks.AII syn_theses were carried c_;yt using standard
(6) Kobayashi, M.; Shimizu, SEur. J. Biochem1999 261, 1-9. Schlenk techniques. Organic reagents and transition metal salts were
(7) (a) Adrait, A.; Jacquamet, L.; Le Pape, L.; Gonzalez de Peredo, A.; purchased from Aldrich and used as received. Elemental analyses

Aberdam, D.; Hazemann, J. L.; Latour, J. M.; MichaBdret, I. _ ;
Biochemistry1999 38, 6248-6260. (b) Strand, K. R.; Karlsen, S.; were performed on a Carlo Erba EA-1108 instrument by the

Andersson, K. KJ. Biol. Chem 2002 277, 34229-34238. Chemical Analysis Service of the Universitat Aotoma de Bar-
(8) (a) Smirnov, V. V.; Roth, J. R1. Am. Chem. SoQ006 128, 3683 celona. Mass spectra were recorded using a HP298S GC/MS

3695. (b) Taylor, M. K.; Stevenson, D. E.; Berlouis, L. E. A.; Kennedy, ivi i i

A R.: Reglinski, J.J. inorg. Biochem2006 100, 250-259. system. Conductivity measurements were carried out using a
(9) Pearson, R. GCoord. Chem. Re 1990 100, 403-425.
(10) Ballhausen, C..dntroduction to Ligand Field TheoryMcGraw Hill: (11) Pilbrow, J. H.Transition lon Electron Paramagnetic Resonance

New York, 1962. Clarendon Press: Oxford, U.K., 1990.
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Table 1. Crystallographic and Refinement Data for
{[Co(CIO,)(H20)(L)I[Co(H20)2(L )]} (ClO4)s

of Chemistry of the Universities of Helsinki, Helsinki, Finland, and
Jyviaskyla Jyvaskyla Finlandi® The structure was solved by direct

empirical formula GeH46C0,ClaN4SO19 methods using SHELXS-97and was refined by full-matrix least-
fw 1106.57 squares techniques agaiist using SHELXL-97. Positional and
temp (K) 173(2) anisotropic atomic displacement parameters were refined for all
wavelength (A) 0.71073 non-hydrogen atoms. Hydrogen atoms were placed geometrically
cryst size (mm) 0.3 0.28 x 0.04 " ) ! . - A
color/habit violet/plate and positional parameters were refined using a riding model. Atomic
cryst syst orthorhombic scattering factors were obtained with the use of ref 18. Molecular
space group P2;ab graphics were obtained from ORTEP-3 for Windows and Merélry.
Egﬁg 12-282&% Supplementary crystallographic data have been deposited with the
c(A) 18:1599(3) Cambridge Crystallographic Data Centre, CCDC No 263778. These
V(A3 4214.09(11) data can be obtained free of charge via clicking www.ccdc.ca-
z 4 m.ac.uk/data_request/ cif, by e-mailing data_request@ccdc.cam.ac.uk,
Dc (Mg_;Trs) 1.744 or by contacting the Cambridge Crystallographic Data Centre, 12
/;((0“5’5‘) ) s Union Road, Cambridge CB2 1EZ, U.K. (fax:44 1223 336033).
6 range for data collcn (deg) 2.2P4.71 Synthesis of Metal Complexes. General Procedurd solution
index ranges —16=h=16 of L (0.10 g, 0.37 mmol) in dichloromethane (4 mL) was added
:;if :‘lef dropwise to an acetonitrile solution of M(CJi3-6H,0 (0.37 mmol,
reflens colled 20947 4 mL). The resultlng solution was stirred at room temperature for
indpndt reflcns 6739 (R = 0.0645) 2 h, and the solution was partially reduced to a volume of ca. 3
data/restraints/params 6739/3/552 mL. Diethyl ether was infused into the solution producing poly-
goodness of fit orfr? 1.055 crystalline precipitates. The products were filtered off, washed with

final R indices R = 0.0450, wR = 0.0874
R indices (all data) R=0.0656, wR = 0.0951
largest diff peak and hole (e &) 0.611 and-0.447

diethyl ether, and recrystallized by diffusion of diethyl ether into
acetonitrile or ethanol solutions.

{[Co(CIO4)(H20)(L)][Co(H 20)2(L)] } (ClIO4)s. Yield: 0.12 g,
Cyberscan 500 conductimeter. IR spectra were recorded using a62%. Anal. Calcd for GH20N2S;CoCLOg*CH;CN-H;0: C, 30.80;
Perkin-Elmer FT-1710 instrument. Absorption spectra were re- H, 4.30; N, 7.20; S, 10.95. Found: C, 30.70; H, 4.00; N, 6.85; S,
corded on a Shimadzu spectrophotometer UV-2510-PC. Macrocycle10.60. Conductivity (CHCN, 1 x 1073 M): 239 4S cnrt. UV
L was prepared as reported in the literaftfrMacrocycleL1 and (CHCN): 4 = 499 ( = 93), 1010 nm (15 M* cm™?). MS-ESI
complex [Cu(CIQ)(L1)](CIO,) were synthesized as previously (M/2): 426.0 [Co(CIQ)(L)]*. IR (KBr pellet): 3437, 3335, 3159,
reportedt3 2928, 1601, 1575, 1457, 1431, 1143, 1115, 1087, 923, 626.cm

EPR MeasurementsX-band CW EPR spectra of polycrystalline ~ Dark red crystals suitable for X-ray crystallographic analysis were
and single-crystal samples were taken with a Bruker ER200 obtained by slow diffusion of carbon tetrachloride into a ni-
spectrometer using a rectangular cavity with 100 kHz field tromethane solution.
modulation and equipped with an Oxford continuous-flow cryostat.  [CU(CIO4)(L)](CIO 4). This compound was obtained by the
The EPR parameters of powder samples were obtained from spectragjeneral procedure using ethanol instead of acetonitrile to avoid
simulations using the program Simfonia (v. 1.25, Bruker Instruments formation of Cu(l) species. Yield: 0.12 g, 62%. Anal. Calcd for
Inc.). Powder samples for EPR were obtained by grinding single Ci3H20N2S,CuChOg"CH;CH,OH: C, 31.25; H, 4.55; N, 4.85; S,
crystals. The samples for the single-crystal EPR experiments were11.10. Found: C, 31.10; H, 4.35; N, 4.75; S, 11.35. Conductivity
oriented by gluing one external crystal face to a cleaved KCI cubic (CHsCH2OH, 1 x 1073 M): 73 uS cnt. UV (CH3NOy): 4 =
holder, which defines a set of orthogonal laboratory axes. The habit593 nm ¢ = 319 Mt cm?t). MS-ESI (W2): 165.5 [Cul()]*";
of the crystals was determined by measuring the angles betweerd30.1 [Cu(CIQ)(L)]*. IR (KBr pellet): 3535, 3243, 2930, 1638,
crystal faces using a goniometric microscope. The sample holder1601, 1465, 1433, 1144, 1109, 1089, 637, 626tm
was introduced irt a 4 mm ODguartz tube and positioned in the Caution! Perchlorate salts of metal complexes with organic
center of the microwave cavity (see refs 14 and 15 for details). ligands are potentially explosive.

The tube was attached to a goniometer, and the sample was rotated

in steps of 10 with the magnetic field in three crystal planes. Results and Discussion
X-ray Crystal Structure Determinations. A single crystal of . .
{[CO(CIOs)(H:0)(L)][Co(HA0)(L)]} (ClOL)s was mounted on a Synthesis of Co(ll) Complexes.The reaction between

glass fiber and used for data collection. Crystallographic and €quimolar amounts df with Co(ClQOy).*6H.O in acetonitrile
refinement data are summarized in Table 1. The crystallographic yielded a pink microcrystalline solid whose elemental
data were collected at 173(2) K on an Enraf Nonius FR590 analysis fits the formula Cb()(ClO4)(CH3CN)(H20). The
diffractometer using graphite-monochromated Mw #adiation and electronic spectrum shows a multiple band around 500 nm
were processed with HKL Denzo and Scalepack, in the Departments

(16) Otwinowski, Z.; Minor, W.Processing of X-ray Diffraction Data
Collected in Oscillation Mode. Methods in Enzymology, Vol. 276:
Macromolecular Crystallography, Part;AAcademic Press: New

(12) Tamayo, A.; Casdhal.; Escriche, L.; Lodeiro, C.; Covelo, B.;
Brondino, C. D.; Kiveka, R.; Sillampa, R. Inorg. Chem.2006 45,

1140-1149.

(13) Tamayo, A.; Lodeiro, C.; Escriche, L.; Casahb; Covelo, B.;

Gonzalez, Plnorg. Chem.2005 44, 8105-8115.

(14) Rizzi, A. C.; Brondino, C. D.; Calvo, R.; Baggio, R.; Garland, M. T ;
Rapp, E. Elnorg. Chem2003 42, 4409-4416 and references therein.

York, 1997.
(17) Sheldrick, G. MSHELX97, Programs for Crystal Structure Analysis
release 97-2; University of Goettingen: Goettingen, Germany, 1997.
(18) International Tables for X-ray Crystallographluwer Academic
Publishers: Dordrecht, The Netherlands, 1995; Vol. C.

(15) Schveigkardt, J. M.; Rizzi, A. C.; Piro, O. E.; Castellano, E. E.; Costa (19) Bruno, I. J.; Cole, J. C.; Edington, P. R.; Kessler, M.; Macrae, C. F.;

de Santana, R.; Calvo, R.; Brondino, C.Eur. J. Inorg. Chem2002

11, 2913-29109.

McCabe, P.; Pearson, J.; Taylor,Ata Crystallogr 2002 B58 389-
397.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for
{[Co(CIOs)(H20)(L )][Co(H20)2(L )1} (ClO4)3

parani [Co(L)(H20))%" [Co(CIOy)(L)(H20)]*
Co—N(o) 2.115(5) 2.066(5)
Co—N(e) 2.143(5) 2.120(5)
Co—0(0) 2.081(5) 2.057(4)
Co—O(e) 2.146(5) 2.289(4)
Co—S(0) 2.4739(17) 2.4216(17)
Co—S(e) 2.4318(16) 2.4564(17)
N(0)—Co—N(e) 103.61(19) 96.04(19)
N(0)—Co—0(0) 169.03(19) 170.04(19)
Figure 1. Displacement ellipsoid representation of both complex cations  N(0)—Co—0(e) 87.92(18) 86.58(17)
of compound{[Co(CIOg)(H20)(L)][Co(H20)2(L)1} (ClOs)s. Ellipsoids are N(e)—Co—0(0) 87.2(2) 93.3(2)
shown at the 40% probability level. Noncoordinated counterions and  N(e)-Co—O(e) 168.47(19) 176.67(19)
hydrogen atoms were omitted for clarity. S(0)-Co—S(e) 162.63(6) 164.59(6)
S(0)-Co—N(0) 81.57(14) 83.80(14)
and a single band with extinction coefficient around 15'M S(0)-Co—N(e) 91.3(15) 92.39(15)
-1 _ S(e)-Co—N(o) 81.12(14) 85.05(14)
cm azt0 101_0 nm, as expected for octahedral Co(ll) com S(e)-CoN(e) 94.05(15) 99.34(15)
plexes:® This compound behaves as a 2:1 electrolyte in  g(o)-co-0(o) 96.85(15) 99.26(13)
acetonitrile, which indicates that perchlorates are not coor- S(o)-Co—O(e) 90.43(14) 85.84(12)
; ; i S(e)-Co—0(0) 99.89(15) 90.06(13)
dlnat.ed to metal ions. These data suggest that, at least in S(e)-Co-0le) 87.50(14) 82.90(12)
solution, all four donor atoms &f and two solvent molecules 0(0)-Co—0(e) 81.23(19) 84.20(18)

are coordinated to the metal center. In contrast, the splitting . - .
of the IR absorption corresponding to t(€10;7) stretching () 5 }‘;T[E%T)’f,ﬂgg)z{?i}J‘;{Jﬁg‘g‘('éigjﬂu5(,3_.Zg)5§?(c'a‘)(L)(H2°)] ‘
vibrational band around 1100 cih (1115 and 1087 cni)

o . .
suggests that at least one of the two perchlorate ions of each(HZO)] cation. The folde_d confor_matlon adopted byis
Co(ll) ion is coordinated to the metal center in the solid probably preferred to avoid steric impediments between the

state?! The existence of such CaClO, interactions was metal center and the 14-membered macrocyclic cavity. Such

confirmed by single-crystal X-ray diffraction analysis. The foIdgcij (E)onformatlonl Iea;/es the tWElcoord.lnatlc.)n S'tef‘ oc-
crystal structure of this compound contains the two complex CUPI€d by water molecules or perchiorate ions in a relative

: i ientation. The C6Oyaer and Co-Operchiorate bONd

cations [Col)(H,0),]?* and [Co(CIQ)(L)(H.O)]*. In the ~ CIS Orneén ater O™ Cperc
first one, the cobalt atom is coordinated to two oxygen atoms lengths in the [CO(_CIQ(HZO)(L)F cation (2.057(4) 'and
of water molecules and all donor atoms of dnenolecule. 2.289(4) A, respectlvely)'are close to the average distances
The cobalt center located in the second complex cation is OPtained from the Cambridge Structural Database (CSD) for
coordinated to one oxygen atom of a water molecule, one octahedral Co(ll) compleg\(es with G((;Izo or Co-CIO,
oxygen atom of a perchlorate anion, and all four donor atoms bonds (2.093 and 2.290 A, respectivelyjone (ZJI the MO
of a macrocyclic ligand. The structure is completed by three Co~Ouarer boNd IengthsA O.f th_e [Co(D),(L)]*" cation
additional perchlorate anions without significant interactions (2-081(5) and 2.146(5) A) is slightly longer than the-€o
with the above-mentioned cations. Therefore, the crystallized Owaer 8verage distance previously mentioned. The-So
compound should be formulated §&C0o(CIlO,)(H0)(L)]- distances in both complex catlons,_ vyh|ch range betwe?”
[Co(H,0)(L)]} (CIO)s. An ORTEP view of this structure 2.4216(17) and 2.4739(17) A, are similar t.o .those found in
is shown in Figure 1. Selected bond lengths and angles arethe three reported Co(ll) complexes containing the 2,6-bis-
summarized in Table 2. (thiomethyl)pyridine unit (ca. 2.471 &} The Co-Npyridine

The structure of the two complex cations is conditioned (2.066(5) and 2.115(5) Aﬁ)\ and the Cblaiphaicbond lengths
by the meridional coordination of the 2,6-bis(thiomethyl)- (2-120(5) and 2.143(5) A) do not significantly differ from
pyridine unit, as observed in the values of the—S the average distances found for related Co(ll) complexes

angles (162.63(6) and 164.5H6)n both cases, the aliphatic (2.116 and 2.253 A, respectivef).

nitrogen is located perpendicular to the plane defined by the flt is important tlo note Ithat alth?]ugh numirousdstrtljcéures
pyridine nitrogen and the two thioether-sulfur atoms. This ©f transition metal complexes with 14-membered polyaza

geometric arrangement _IS aChleved with the folding of the (22) References and analyses of crystallographic data can be found in the
macrocycle along the line defined by the sulfur atoms, Supporting Information.

i i (23) (a) Seitz, M.; Kaiser, A.; Powell, D. R.; Borovik, A. S.; Reiser, O.
leading to a dihedral angle of 111.5{Hetween the planes Ad. Synih. Catal2004 346 737-741. (b) Newkome. G. R Gupta.

[S(1),N(1),S(2)] and [S(1),N(2),S(2)] of the [Ao(H20)]* V. K.; Fronczek, F. R.; Pappalardo, Borg. Chem1984 23, 2400~
cation and a dihedral angle of 94.2{3)etween the planes 3383-1(8) igggi_tiié%éilHosseini, M. W.; De Cian, &hem. Commun.
[S(3).N(3).S(4)] and [S(3).N(4),5(4)] of the [Co(ClQL)- (24) McCrindle, R.; Ferguson, G.; McAlees, A. J.; Parvez, M.; Ruhl, B.
L.; Stephenson, D. K.; Wieckowski, T. Chem. Soc., Dalton Trans.
(20) y, 4T1g (P) — “T1¢(F) (450-600 nm); i, “Azg — *T14(F) (450-600 1986 11, 2351-2359.
nm); s, 4Too(P) — “T1g(F) (around 1000 nm): Lever, A. B. P. (25) (a) Lee, E. Y.; Suh, M. PAngew. Chem., Int. EQR004 43, 2798~
Inorganic Electronic Spectroscopflsevier: Amsterdam, 1984. 2801. (b) Moore, E. G.; Bernhardt, P. V.; Riley, M. J.; Smith, T. A.
(21) (a) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Inorg. Chem.2006 45, 51-58. (¢) El Ghachtouli, S.; Cadiou, C;
Coordination Compound&Viley-Interscience: New York, 1986. (b) Dechamps-Olivier, I.; Chuburu, F.; Aplincourt, M.; Patinec, V.; Le
Socrates, G. Binfrared and Raman spectral frequencidshn Wiley Baccon, M.; Handel, H.; Roisnel, New J. Chem2006 30, 392—
& Sons: New York, 2001. 398.
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Figure 2.

(a) Displacement ellipsoid representation (at the 40% probability level) of the [CWXCI]* ion, with the atom-numbering scheme adopted.

Noncoordinated counterions and hydrogen atoms were omitted for clarity. (b) Perspective view of dimers of JEu{J]lOshowing ther:--x interactions.
Reproduced with permission froninorg. Chem.2005 44, 8105-8115. Copyright 2005 American Chemical Society.

or oxaazamacrocycl&shave already been reported, only a

takes into account the well-known ability of macrocytle

few transition metal complexes with 14-membered thi- to act as a tetradentate ligatd32°the IR spectrum, and

aazamacrocycles are reported in the literattiféAs a matter
of fact, the structure df{Co(CIlO,)(H.0)(L)][Co(H0)(L)]} -
(ClIOy); is the third one in which a Co(ll) ion is coordinated
to a 14-membered thiamacrocyéfe Another important

the elemental analysis, two hypotheses for the solid state
can be suggested: (1) Each Cu atom is pentacoordinated by
all four donor atoms of & molecule and one O atom from

a ClOy ion, and therefore, there is a noncoordinated ethanol

feature of this structure is that it has a cobalt center molecule present in the lattice. (2) Each Cu atom is
coordinated to a perchlorate ion since, up to now, only 16 hexacoordinated by the four donor atoms df anolecule,

structures containing CeClO, sets have been reported in
the literature??

Synthesis of Cu(ll) ComplexesA Dark blue microcrys-
talline powder was isolated from the reactionLofith Cu-

one O atom from a perchlorate ion, and another O atom (from
a perchlorate ion or from an ethanol molecule). A search in
the Cambridge Crystallographic Database for Cu(ll) com-
pounds containing p5,X-based cores (¥ ClO,)?? revealed

(ClOy)2-6H.0 in ethanol solution. The elemental analysis of that all reported structures correspond to pentacoordinated

this powder fits the formula Cu()(ClO,)(CHs;CH,OH). This

Cu(ll) complexes32|t is important to emphasize that one

compound behaves as a 2:1 electrolyte in ethanol which of these reported structures corresponds to the Cu(ll) complex

suggests that, at least in solution, the €lGons are not
involved in the coordination of the Cu(ll) ions. On the other

of the closely related ligandl {[Cu(CIO,)(L1)](ClO4)}, in
which the metal ion is pentacoordinated by the four donor

hand, the IR spectrum of this compound (as a KBr pellet) atoms of the macrocyclic ligand and one O atom from a

shows the splitting of the/(ClO,~) stretching vibrational
band at around 1100 crh (1109 and 1080 cnt), which
indicates that, in the solid state, such ¢lOions are
contributing to the coordination sphere of Cu@)If one

(26) (a) Costa, J.; Delgado, R.; Duarte, M. T.; Felix,Stupramol. Chem.
2001, 13, 333-347. (b) Autzen, S.; Korth, H-G.; Boese, R.; de Groot,
H.; Sustmann, REur. J. Inorg. Chem2003 7, 1401-1410.

(27) (a) Tamayo, A.; Escriche, L.; Casabo, J.; Covelo, B.; Lodeir&E.
J. Inorg. Chem2006 15, 2997-3004. (b) Sibert, J. W.; Forshee, P.
B.; Lynch, V. Inorg. Chem.2006 45, 6108-6110. (c) Chak, B. C.
M.; McAuley, A. Can. J. Chem2006 84, 187-195. (d) Sibert, J.
W.; Forshee, P. B.; Lynch, Mnorg. Chem.2005 44, 8602-8609.
(e) Galijasevic, S.; Krylova, K.; Koenigbauer, M. J.; Jaeger, G. S.;
Bushendorf, J. D.; Heeg, M. J.; Ochrymowycz, L. A.; Taschner, M.
J.; Rorabacher, D. BDalton Trans.2003 8, 1577-1586. (f) Chak,
B.; McAuley, A.; Whitcombe, T. WlInorg. Chim. Actal996 246,
349-360.

(28) (a) Donlevy, T. M.; Gahan, L. R.; Hambley, T. \Wiorg. Chem1994
33, 2668-2676. (b) Osvath, P.; Sargeson, A. M.; Skelton, B. W.;
White, A. H. Chem. Commuril991 15, 1036-1038.

ClO4~ ion (see Figure 2a). These data suggest that the first
hypothesis is the most likely and that this complex should
be thus formulated as [Cu(CIJJL)](CIO,).

EPR Experiments of Co(ll) Complexes.In a purely
octahedral environment, the ground state of a Co(ll) ion is
4T14.3132 This is further split by spirrorbit interaction and
by lower symmetry distortions of the ligand field, resulting

(29) Tamayo, A.; Escriche, L.; Lodeiro, C.; Ribas-gind.; Ribas, J.;
Covelo, B.; Casabo, Jnorg. Chem.2006 45, 7621-7627.

(30) (a) Prushan, M. J.; Addison, A. W.; Butcher, R. J.; Thompson, L. K.
Inorg. Chim. Acta2005 358 3449-3456. (b) Albrecht, M.; Hubler,
K.; Scheiring, T.; Kaim, Winorg. Chim. Actal999 287, 204—208.
(c) Brubaker, G. R.; Brown, J. N.; Yoo, M. K.; Kinsey, R. A.; Kutchan,
T. M.; Mottel, E. A. Inorg. Chem.1979 18, 299-302. (d) Agnus,
Y.; Gisselbrecht, J. P.; Louis, R.; Metz, B. Am. Chem. Sod.989
111, 1494-1496. (e) Panasyuk, A. G.; Ranskii, A. P.; Aliev, Z. G.
Russ. J. Coord. Chen2005 31, 40—44.

(31) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition lons Clarendon Press: Oxford, U.K., 1970.
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Figure 3. Experimental and simulated EPR spectra of (A) a powdered Figure 4. Experimental and simulated EPR spectra of powdered samples
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sample and (B) an acetonitrile solution{d€o(ClO4)(H20)(L)][Co(H20),-
(L)1} (CIOg4)3 recorded 84 K and 9.65 GHz. The EPR parameters used for
simulation were (a@1 = 5.20 (300),g2 = 3.20 (380), and)s = 1.95 (550)
and (b)g1 = g = 4.79 (280) g3 = 2.03(100), anddz = 100 G. Line widths
are in gauss in parentheseés.corresponds to the hyperfine constant.

of (A) [Cu(ClO4)(L)](CIO4) and (B) [Cu(CIQ)(L1)](ClO4), recorded at
room temperature and 9.65 GHz. EPR simulations were performed using
01 = g2 = 2.043 (26), andjz = 2.145 (80) for [Cu(CIQ)(L)](CIO4) andg;

= 2.025 (26),g2 = 2.060 (34), andyz = 2.155 (80) for [Cu(CIQ)(L1)]-
(ClOy). Line widths are in gauss in parentheses.

into two Kramers doublets. If the energy gap between the correspond to the overlap of the four resonance lines

two doublets is high enougb>kT), only the ground state is

associated with the four Co(ll) sites in the unit cell. The

expected to be substantially populated. Figure 3a shows thecomplexity of these spectra precludes a detailed analysis of

EPR powder spectrum ¢fCo(CIO4)(H20)(L)][Co(H20),-
(L)1} (CIO4)s. The EPR parameters obtained from simulation
assuming an effectiv€ = 1/2 (see caption of Figure 3 for
further details) are typical of distorted six-coordinated Co-
(I) ions in a high-spin $ = 3/2) configuration, in which
the ground state corresponds to the Kramers doubletSvith
= 1/21%3334These parameters are similar to those found for
a Co(Il) compound with ligandl1.13

The powder simulation shown in Figure 3 was obtained
assuming isolated Co(ll) sites with identicptensors. This

both the position of the resonance and the assignment of the
signals corresponding to the different Co sites. All these
experimental evidence confirms that the nonequivalent Co-
(1) ions are not collapsed by exchange interaction, which
was a central assumption in the powder spectrum simulation.
The spectrum of a frozen acetonitrile solution{¢€Co-
(ClO4)(H20)(L)][Co(H20)(L)]} (ClO4)s (Figure 3b) is also
typical of high-spin Co(ll) ions. In this case, however, the
spectrum was well-simulated by assuming a single Co(ll)
ion having ag tensor with axial symmetry. This result

assumption is suggested by X-ray data, which do not showingicates a less distorted metal environment and suggests
any chemical path able to collapse the signals of the the presence of only one type of cobalt site, which is in good
nonequivalent Co(ll) ions of the lattice, and supported by agreement with the conductivity measurements.

the single-crystal EPR experiment described below. The gpRr Experiments of Cu(ll) Complexes.Figure 4 shows
rhombicity of the EPR powder spectrum indicates an axial poth experimental and simulated EPR spectra of powder
ZFS with a small rhombic contributiorE(D = 0.16)3334 samples of [Cu(CIG)(L)](ClO,) and [Cu(CIQ)(L1)](CIO.).
Although the coordination geometries of the two different ag previously reported, the EPR signal of [Cu(GIQ1)]-

Co sites are very similar, the discrepancies observed betweenc|o,) is nearly axial withg valuesg; = 2.025,g, = 2.060,
simulation and experimental spectra may be indicating that andgs = 2.155 and without resolved hyperfine structure due
the g tensor associated with both Co(ll) centers are not copper nuclear spin= 3/213 Since the structure of this
?dentical. The existence of two chemically different Co(ll) complex does not show any superexchange path able to
ions was also observed from oriented single-crystal EPR ¢o|japse the signals of the nonequivalent Cu(ll) ions of the
spectroscopy with the magnetic field in thb, ac, andcb unit cell, the EPR spectrum can be assumed as that
crystallographic planes. As discussed above, this compound;qresponding to single Cu(ll) ions. Weak exchange interac-
crystallizes in the orthorhombic space groeiab having tion mediated byz— interactions between magnetically
two different Co sites/unit cell, identified as Col and Co2 gquivalent Cu(ll) ions (see Figure 2b) was assumed to be
(see Figure 1). The single-crystal EPR experiment showedne cause of the absence of resolved hyperfine structure. The
two different resonances along the crystal axes, which mustgpgp spectrum of [Cu(CIE(L)](ClO.) was simulated as-

be associated with the two chemically different and non- suming an axialy tensor @, = g, = 2.043,gs = 2.145).
symmetry related Co(ll) ions present in the unit &lFor The axial symmetry of the powder spectrum suggests that
intermediate magnetic field orientations, the EPR spectra g compound should correspond to a weakly exchanged
copper system, where tlgevalues are not too different from
those associated with isolated Cu(ll) io¥s’he analogous
EPR parameters found for both compounds suggest quite
similar geometry of coordination for both metal sites.
However, since the deviation of thge tensor from axial
symmetry is lower in the Cu(ll) complex a@f than that in

(32) Weil, J. A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
Resonance. Elementary Theory and Practical Applicatidolsn Wiley
& Sons: New York, 1994.

(33) Werth, M. T.; Tang, S.-F.; Formicka, G.; Zeppezauer, M.; Johnson,
M. K. Inorg. Chem.1995 34, 218-228.

(34) Rosa, V.; Gonzalez, P. J.; AWET.; Gomes, P. T.; Welter, R.; Rizzi,
A. C.; Passeggi, M. C. G.; Brondino, C. Bur. J. Inorg. Chem2006
23, 4761-4769.

(35) Symmetry-related Co(ll) ions give the same EPR signal along the
crystal axes.

(36) Exchange-coupled copper systems almost never yield axial spectra.
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. o ] . Figure 6. Angular variation of the squagfactor obtained from oriented
Figure 5. Projection of the unit cell of [Cu(CIg)(L1)](CIO,) containing single-crystal EPR measurements of compound [CuflQ)](ClOy)

the four Cu(ll) ions and their ligands along taeaxis (upper) and-axis recorded at room temperature and at 9.77 GHz. Solid lines were calculated
(lower). with the components of thg? tensor given in Table 3.

=

the Cu(ll) complex oL1, a higher ligand field symmetry is
expected for [Cu(CIQ)(L)](ClO,).%" Differences in the
chemical composition of both compounds (absence of
anthracene moiety in [Cu(CKL)](ClO4)) might be the
cause of the slightly different EPR behavior.

Different results were obtained when the EPR _spectrum two nonequivalent Cu sites.
of [CU(CIO)(L)I(CIO4) was recorded i frozen solution (not To determine the position of the resonance lines, these
shown). The differences between the EPR spectra in the soIidS ectra were Ieast-spuares fitted 1o a Gaussian Iiné shape
state and in solution indicate that the coordination environ- >° " N a _shap
ment of the Cu(ll) ion is not the same in both samples. These for the-c b fandc_ aplanes and to a sum of two normalized
coordination differences were also detected when comparingGaus“:".an lines in the case of ““'E’p'af‘e’ gx_cept where the
the conductivity of an ethanol solution of [Cu(GJTL)]- resolution was not good enough to discriminate between the

(ClOy4) with the IR spectrum of the complex (recorded as a two Iines: Similar re§ults .and fitting qu.alit_y are obtained
KBr pellet). No EPR signal was obtained from a frozen when using Lorentzian line shapes, indicating that the

solution of [Cu(CIQ)(L1)J(CIO.), because of its low solubil- resonance lines represent a compromise between the two line
ity ' shapes, which is typical of exchange-coupled extended

- -
To evaluate thg tensor orientation in the molecular frame, systems? Figure 6 shows the angular variation of tfactor

(CUCION(LLI(CION was studied by single-crystal EPR 18 (8L T 8 28 T aares
spectroscopy. The unit cell of this compound contains four fitted 1o a secoﬁd rank tensgf(6. ¢) — h-g-g-h, in whic%
identical Cu(ll) complex cations related by the symmetry h (h = sin 0 cos, sin sin ¢>g co,se) i thg r%a, netic field
operations of the space grof2;/c (Figure 5). Cul at the . . . ' 9 .
general positiony, v, 2) is related to Cu2 by &, rotation, pnentaﬂon andy IS the moleculag tensor_ of the Cu(ll) ion

as well as Cu3 to Cu4. Cul and Cu2 are related to Cu3 and'" the crystal Iatthe. The re:\su'lts are given In Table 3 and
Cu4, respectively, by an inversion center. From the magneticWere used to obtain the solid lines in Figure 6. The overall
point of view, this compound can be assumed as having two symmetry of the evaluategitensors follows the symmetry

magnetically nonequivalent molecules/unit cell, because thed.etermlned by the space group of t.h's compound. The_
Cu sites related by an inversion center are indistinguishablee'genvalues. an(_j the elgenvector_s obtameq from the analysis
by EPR spectroscopy. Single-crystal EPR spectra were®' the dgta In Figure 6 are 'also included in Table 3.
recorded with the magnetic field in three orthogonal crystal _The €igenvalues are similar to those obtained from EPR
planes as explained in the Experimental Section. As expectedSimulation of the powdered samples, which confirms that
in the c*a plane and along thé crystal axis, only one thls_ spectrum cor_responds tQ th(fit of single Cu(ll) ions, in
resonance line was observed, since the sites are magneticalljVNich the hyperfine interaction is collapsed by exchange
equivalent. Two lines were observed in tiecrystal plane, |n_te.ract|ons between eqqlvalent ions. Because of the mono-
which can be assigned to the Cu(ll) ion pairs €@u3 and  Clinic symmetry of the lattice of [Cu(CIEXL1)](CIOu), there
Cu2—Cu4. Although the difference ig factors for the two &€ two possible orientations for the molecugatensor,

magnetically nonequivalent Cu sites in this plane is very indicated as assignments | and Il in Table 3 and Figure 7.
small (Ag?max ~ 0.04), the single-crystal experiment has The eigenvector of the highest eigenvalgg) (s nearer along

resolution enough to distinguish both lines. A similar result the normal to the copper equatorial ligands for assignment |
would be expected in the*b crystal plane, but only one  (Jgsnormal= 12.64) than for assignment II{gs-normal

resonance line was observed. This result indicates that the
Ag for thec*b plane is even much lower thaxg for theab
plane Ag“’nax < 0.01). Hence, the obtained angular
variation of theg factor in thec*b plane can be assumed,
without a significant error, to be associated with any of the

(37) Hitchman, M. A.; Olson, C. D.; Belford, R. LJ. Chem. Physl969 (38) Bencini, A. Gatteschi, CEPR of exchange coupled syste®gringer-
50, 1195-1203. Verlag: Berlin, Heildelberg, Germany, 1990.
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Table 3. Values of the Components of tig8 Tensor of
[Cu(ClOy)(L1)](ClOy), Obtained by Least-Squares Analyses of the Data
at 9.77 GH2

Components of?
(gz)xx = 4-344(5)
(99)yy = 4.235(4)
(gz)zz= 4-392(4)

(%)xy = 0.082(5)
gz)zx = 0.255(5)
(2= 0.000(5)

Eigenvalues
(g3)1=4.085(6)
(g9)2=4.251(5)

673 = 4.632(5)

Eigenvectors: Assignment |
a; = [0.708(6), 0.39(2), 0.59(1)] as=[0.677(4),—0.14(1),—0.723(4)]
a» =[0.20(1),—0.91(1), 0.36(2)]

Eigenvectors: Assignment I|
a; = [—0.708(6), 0.39(2)-0.59(1)] as = [0.677(4), 0.14(1);-0.723(4)]
a; = [0.20(1), 0.91(1), 0.36(2)]

a (g1, (@2 and @ds and a1, a;, and ag are the eigenvalues and
eigenvectors of thg? tensor in thexyz= abc* coordinates systenct =
a x b). The two possible orientations for the molecigdensor are indicated
as assignments | and Il

N27 8

assignment |

assignment 11

Figure 7. Two possible orientations of the principal axes of thensor
for the Cu(ll) site in [Cu(CIQ)(L1)](CIO4). The direction cosines referred
to theabcr crystal axes are given in Table 3.

= 28.28). The remaining two axes for thg tensor are
approximately lying along the bonds for assignment | and
between the bonds for assignment 1.

Both the departure from axiality and the orientation of the
g tensor can be rationalized in terms of the model of
Hitchman et af’ In their work, it is shown that when the

Tamayo et al.

the fact that thej; eigenvector is closer to the axial direction,
we conclude that assignment | is the most likely orientation
of the g tensor for [Cu(CIQ)(L1)](CIO,). The important
observed anisotropy igs strongly suggests this is produced
by an small admixture of gorbital into the ground state,
which determines that thg; directions lie nearly along the
bonds. However, as the true symmetry in [Cu(g(01)]-
(ClO4) around the copper centers is even lower tBap a
nonvanishing participation of theld,, and g, symmetry
orbitals into the ground state may be expected.

Conclusions

New Co(ll) and Cu(ll) containing ligands 3,11-dithia-7,-
17-diazabicyclo[11.3.1]heptadeca-1(17),13,15-triéneafd
7-(9-anthracenylmethyl)-3,11-dithia-7,17-diazabicyclo[11.3.1]-
heptadeca-1(17),13,15-trienel() have been successfully
synthesized and characterized. Single-crystal X-ray structural
data for the Co(ll) compound show two different cobalt sites
coordinated to all the donor atoms of one macrocyclic unit
and two oxygen atoms. X-band EPR measurements of
polycrystalline samples performed on the compogfb-
(ClO4)(H20)(L)][Co(H20)(L)1} (ClO4)3 indicate high-spin
Co(ll) ion (S= 3/2) in an axially distorted environment. [Cu-
(ClO4)(L1)](CIOy4) was studied by single-crystal EPR spec-
troscopy. Structural and EPR results allow us to assign the
axes of theg tensor along the Culigand bonds, with the
eigenvector of the highest eigenvalue nearly along the normal
to the copper equatorial ligands.
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