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Three new polynuclear copper(ll) complexes of 2-picolinic acid (Hpic), {[Cua(pic)s(H20)]CIO4} » (1), {[Cua(pic)s-
(H20)]BF4} 5 (2), and [Cus(pic)s(H20)2(NO3)], (3), have been synthesized by reaction of the “metalloligand” [Cu-
(pic),] with the corresponding copper(ll) salts. The compounds are characterized by single-crystal X-ray diffraction
analyses and variable-temperature magnetic measurements. Compounds 1 and 2 are isomorphous and crystallize
in the triclinic system with space group P1, while 3 crystallizes in the monoclinic system with space group P2:/n.
The structural analyses reveal that complexes 1 and 2 are constructed by “fish backbone” chains through syn—anti
(equatorial—equatorial) carboxylate bridges, which are linked to one another by syn—anti (equatorial—axial) carboxylate
bridges, giving rise to a rectangular grid-like two-dimensional net. Complex 3 is formed by alternating chains of
syn—anti carboxylate-bridged copper(ll) atoms, which are linked together by strong H bonds involving coordinated
nitrate ions and water molecules and uncoordinated oxygen atoms from carboxylate groups. The different coordination
ability of the anions along with their involvement in the H-bonding network seems to be responsible for the difference
in the final polymeric structures. Variable-temperature (2-300 K) magnetic susceptibility measurement shows the
presence of weak ferromagnetic coupling for all three complexes that have been fitted with a fish backbone model
developed for 1 and 2 (J = 1.74 and 0.99 cm™; J = 0.19 and 0.25 cm™?, respectively) and an alternating chain
model for 3 (J = 1.19 cm™* and J = 1.19 cm™).

Introduction structures and magnetic properties. Its versatility as a ligand

In recent years, studies on the synthesis of meeganic is illustrated by the variety of its coordination modes when
frameworks (MOFs) with transition metals and organic 2cting as a bridg&.® the most common being the so-called
ligands have been extensively developed for their crystal- SY™~Syn syn-anti, andanti—anti modes (Scheme 1).
Iograph_lc diversity and potentle}l applications in catalysis, (2) Kondo, M.; Okubo, T.; Asami, A.; Noro, S.: Yoshimoti, T.; Kitaga-
absorption procességhotochemistry,and magnetisrhThe wa,S.; Ishii, T.; Matsukawa, H.; Seki, ngew. Chem., Int. E4999
carboxylate group is one of the most widely used bridging ., 38 140 and references therein.

. L . . (3) Ogawa, M.; Kuroda, KChem. Re. 1995 95, 399 and references
ligands for designing polynuclear complexes with interesting therein.
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T University of Calcutta. netism: Molecules to MaterialsMiller, J. S., Drillon, M., Eds.;
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Scheme 1 Here we illustrate the versatility of the 2-picolinic acid
R R R (Hpic) as a carboxylate bridging ligand toward copper(ll)
)\ )\ MM )\ " and the. important role played by the apparently “innoc_:ent”
oo X0 NN counterions such as CiQ BF., and NG~ on.the polymerllc
| | | structure. From the magnetic point of view equaterial
M M M equatorial carboxylate-bridged Cu(ll) complexes are of
syn-syn syn-anti anti-anti special importance because they provide strong magnetic

interactions between the metal centers. The structure of the

Scheme 2 o monomer, [Cu(pic)], shows that it has two uncoordinated
HO - HO, / \ / N\ oxygen atoms of two equatorially coordinated carboxylate
\ / N groups (Scheme 3) which may coordinate to other Cu(ll)
J N o =N\ o — ions in suitable conditions to form high-nuclearity copper
T complexes, i.e., it can potentially be used as a “metallo-
2-picolinic acid 3-picolinic acid 4-picolinic acid P P y

ligand” building block to construct equatoriagquatorial

. . . carboxylate-bridged Cu(ll) systems. In this paper, we report
Magnetic studies on structurally characterized carboxylato- the synthesis and structural and magnetic characterization

bridged copper(ll) complexes reveal that strong antiferro- of three new polynuclear Cu(ll) complexe§{Cus(pic)s-

magnetic interactions are mediated by theti—anti and H.O)ICION - (1). {ICU(pic)(H-O)IBEL - (2). and [C
. . . n ’ n ’ Y-
syn—synbridging mode$,whereas weak either ferromagnetic Epif:)s)(]HzOﬁ(Ng)z)]n{[(3).2(:2” )t3r(1re2e )iorr?g)oénzis hav[e been

or antiferromagnetic interactioh® occur in thesyn-anti prepared by taking advantage of the carboxylate bridge of
mode.. The structure and physical propertles of polynuclear the “metalloligand” [Cu(pic)] building block. Crystal struc-
co_ord_man_on compounds of Cu(ll) with different c_arboxylate- ture analyses show that compouridend?2 are isomorphous,
bridging ligands, such as malondtghthalate, biphenyl- ) i 3 5ssesses a very different polymeric network. There-
carboxylate, phenylmalonaté; cyclobutanedicarboxyla€, (0 these compounds provide very interesting examples of
etc., have been the subject of recent reports. the anion-directed template synthesis of metabganic
The three isomers of pyridirecarboxylic acid (2-picolinic  frameworks. The cation-templated reactions have been
acid, 3-pico|inic acid, and 4-pico|inic acid (Scheme 2), which known for many years, but use of anions as temp|ates is
contain both O- and N-donors, exhibit versatile coordination stjl| a relatively recent area of researéhin the template
modes to metal ions. Among them, 2-picolinic acid (Hpic) synthesis of coordination polymers the anions can influence
is the most commonly used to obtain metal complexes, the final structure by either being directly coordinated to the
where, despite its different coordination modes, a chelating metal center or remaining as a noncoordinating part of the
five-membered ring is invariably formed. A number of network&c14|t is usually very difficult to separate the two
transition-metat2-picolinate complexes with high nuclearity phenomena (i.e., negative ligands or noncoordinating coun-
have been reported in the past two decédeserestingly,  terions) when studying the influence that anions have in
with Cu(ll) it usually produces the discrete, mononuclear determining the final structure of a coordination network.
‘inner metallic complex’ [Cu(pic), and to our knowledge,  The present work shows how a slight change in coordination
there is no report where a carboxylate-bridged polymeric ability of the anion along with the difference in the
copper(ll) network is obtained by self-assembly. However, H-bonding network can play a crucial role in determining
there are a few examples where some alkadir lanthanide-  the overall structure of the coordination network.
metal ion$! link the coppet-picolinate units, and in one case
the carboxylate group links the copper(ll) ion in conjunction Experimental Section

with a bridging chloride iort? Materials. The reagents and solvents used were of commercially
available reagent quality unless otherwise stated.
(6) Huang, Z. L.; Drillon, M.; Masciocchi, N.; Sironi, A.; Zao, J. T.; Rabu, Caution! Perchlorate salts of metal complexes with organic
@ ggnﬁafzscs:?\?ﬁ;: rrf";mH'L?gﬁtgfri?;oﬂ,laz'ng?ﬁscahnfrggé%ngg,séggge_'”- ligands are potentially explosive. Only a small amount of material
(b) Pan, L.; Finkel, B. S.; Huang, X.: Li, £hem. Commur2001 should be prepared, and it should be handled with care.
105. Synthesis of Bis(2-picolinate)copper(ll) Dihydrate.This was

(8) (a) Pasn, J.; Sanchiz, J.; Ruiz‘kez, C.; Lloret, F.; Julve, Minorg.
Chem 2005 44, 7794. (b) Baldoma, R.; Monfort, M.; Ribas, J.; Solans,
X.; Maestro, M. A.Inorg. Chem.2006 45, 8144. (c) Ghosh, A. K.;

prepared as previously described method.

Ghoshal, D.; Zangrando, E.; Ribas, J.; Chaudhuri, NnBrg. Chem. (12) Goher, M. A. S.; Hafez, A. K.; Abu-Youssef, M. A. M.; Popitsch,
2007, 46, 3057. A.; Fritzer, H. P.; Mautner, F. AMonatsh. Chem1994 125 833.
(9) (a) Huang, D.; Wang, W.; Zhang, X.; Chen, C.; Chen, F.; Liu, Q.; (13) (a) Vilar, R.Angew. Chem., Int. EQ003 42, 1460. (b) Gimeno, N.;
Liao, D.; Li, L.; Sun, L.Eur. J. Inorg. Chem2004 1454. (b) Milios, Vilar, R. Coord. Chem. Re 2006 250 3161.
C. J.; Kefalloniti, E.; Raptopoulou, C. P.; Terzis, A.; Escuer, A.; (14) (a) Diaz, P.; Buchholz, J. B.; Vilar, R.; White, A. J.IRorg. Chem.
Vicente, R.; Perlepes, S. Polyhedron2004 23, 83. (c) Tan, X. S; 2006 45, 1617. (b) Plater, M. J.; De Silva, B. M.; Skakle, J. M. S;
Ma, Z. S.; Shi, N. C.; Fu, D. G.; Chen, J.; Tang, W.XChem. Soc., Howie, R. A.; Riffat, A.; Gelbrich, T.; Hursthouse, M. Biorg. Chim.
Dalton Trans.1996 2735. Acta 2001, 325, 141.
(10) Goher, M. A. S.; Mautner, F. APolyhedron1995 14, 1439. (15) (a) Segl'a, P.; Jamnicky, M.; Koman, M.; Sima, J.; Glowiak, T.
(11) (a) Cai, Y. P.; Su, C. Y.; Li, G. B.; Mao, Z. W.; Zhang, C.; Xu, A. Polyhedron1998 17, 4525. (b) Mikuriya, M.; Azuma, H.; Nukada,
W.; Kang, B. S.Inorg. Chim. Acta2005 358 1298. (b) Wu, A. Q,; R.; Sayama, Y.; Tanaka, K.; Lim, J. W.; Handa, Bull. Chem. Soc.
Guo, G. H.; Yang, C.; Zheng, F. K.; Liu, X.; Guo, G. C.; Huang, J. Jpn.200Q 73, 2493. (c) Du, M.; Bu, X. H.; Shionoya, M.; Shiro, M.
S.; Dong, Z. C.; Takano, YEur. J. Inorg. Chem2005 1947. J. Mol. Struct.2002 607, 155.
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Scheme 3

Synthesis of [Cuy(pic)3(H20)]CIO 4} (1). A methanol (20 mL) (I1) nitrate trihydrate, Cu(N@),-3H,0 (0.48 g, 2 mmol), and nitric
suspension of bis(2-picolinate)copper(ll) dihydrate (1.02 g, 3 mmol) acid were used instead of copper(ll) perchlorate hexahydrate and
was mixed with a methanol solution (20 mL) of copper(ll) perchloric acid, respectively. Single crystals suitable for X-ray
perchlorate hexahydrate, Cu(G}6H,0 (0.74 g, 2 mmol). An diffraction were obtained from the undisturbed solution after several
aqueous solution of perchloric acid (5%) was added dropwise to days. Yield was 45% based on [Cu(pic)Anal. Calcd for GgHi6
this mixture to bring the pH of the solution to about 2 with constant CwN4O;:: C, 36.55; H, 2.73; N, 9.47. Found: C, 36.58; H, 2.79;
stirring. The resulting suspension was then put under reflux for 1 N, 9.40. IR (KBr pellet, cm?): 1596v.{COQO"), 1479v5,{COO"),

h, when most of the bis(2-picolinate)copper(ll) dihydrate complex and 1384y (NOs™). Amax (s0lid, reflectance): 710 nm.

dissolved. The solution was then cooled and filtered to remove a  Alternative Method for the Synthesis of Compounds 13.
small amount of undissolved bis(2-picolinate)copper(ll) dihydrate. All three compounds have also been synthesized by reacting 2 mmol
The dark blue solution was left at room temperature. Blue single of CuX; (X = ClO4, BF4, NO3) in methanol (10 mL) with 3 mmol
crystals suitable for X-ray diffraction were obtained by slow of 2-picolinic acid (dissolved in 10 mL of methanol) in the presence
evaporation of the mother liquor for several days. Yield was 42% of the respective acid (HX) that was added to bring the pH to about
based on [Cu(pig). Anal. Calcd for GgH14CICW,N3O,1: C, 35.39; 2 or in the presence of weak dibasic acids, e.g., oxalic or malonic
H, 2.31; N, 6.88. Found: C, 35.22; H, 2.39; N, 6.75. IR (KBr pellet, acid (5 mmol) in the solution. In all cases, initially a small amount
cml): 1628v,{COO"), 1412y5,{COO"), and 1103/(ClOx-). Amax of bis(2-picolinate)copper(ll) dihydrate separated out. It was filtered

(solid, reflectance): 675 nm. off. The desired compounds were separated as crystalline solid on
Synthesis of {[Cuy(pic)z(H.O)]BF 4}, (2). Compound2 was keeping the filtrate at room temperature for several days.
obtained by following a similar procedure to thatlgfout copper- Physical MeasurementsElemental analyses (C, H, and N) were

(I1) tetrafluoroborate hexahydrate Cu(B#6H,0 (0.70 g, 2 mmol) performed using a Perkin-Elmer 240C elemental analyzer. IR
and fluoroboric acid were used in place of copper(ll) perchlorate spectra in KBr (45086500 cml) were recorded using a Perkin-
hexahydrate and perchloric acid, respectively. Deep-blue single EImer RXI FT-IR spectrophotometer. Electronic spectra in the solid
crystals suitable for X-ray diffraction were obtained after a few state (1006-250 nm) were recorded in a Hitachi U-3501 spectro-
days of storage of the filtrate. Yield was 48% based on [Cufpic) = photometer. Thermal analyses (TG-DTA) were carried out on a
Anal. Calcd for GgH1.BCwF4N3O7: C, 36.14; H, 2.36; N, 7.02. Mettler Toledo TGA/SDTA 851 thermal analyzer in a dynamic
Found: C, 36.18; H, 2.39; N, 6.98: IR (KBr pellet, cBr 1630 atmosphere of dinitrogen (flow rate 30 cnPmin=1t). The samples

1a{C007),1413 v5,{COO7), and 1055v(BFs7). Amax (solid, were heated in an alumina crucible at a rate of °@0 min1.

reflectance): 680 nm. Variable-temperature susceptibility measurements were carried out
Synthesis of [Cy(pic)z(H20)2(NO3)], (3). Compound3 was also in the temperature range-300 K with an applied magnetic field

obtained by following a similar procedure to thatlgfout copper- of 0.1 T on powdered samples of the three compounds (with masses

Inorganic Chemistry, Vol. 46, No. 25, 2007 10773
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Table 1. Crystal Data and Structure Refinement of Compleke8

1 2 3
formula CigH14Cl CpN3zO11 Ci8H14BCWwF4N3O7 CigH16CUN4O11
Mw 610.87 598.23 591.45
cryst syst triclinic triclinic monoclinic
space group P1 P1 P2;/n
alA 8.576(1) 8.549(1) 6.960(1)
b/A 10.281(2) 10.222(1) 15.770(1)
c/A 12.933(2) 12.851(2) 19.233(1)
o/deg 101.69(1) 102.13(1) 90
Bldeg 100.89(1) 101.18(1) 99.10(1)
yldeg 98.16(1) 97.95(1) 90
VIA3 1077.2(3) 1058.1(3) 2084.4(2)
z 2 2 4
DdJgcm3  1.883 1.878 1.885
ulmm™t 2.167 2.093 2.1
F(000) 612 596 1192
R(int) 0.034 0.056 0.056 Figure 1. Metallocycle formed in complexelsand2. Ellipsoids are drawn
total refins 7666 7436 13449 at the 50% probability level.
unique refins 6024 5854 5946
I > 20(1) 3532 2941 3577 ; i )
RL WR2 0.0462, 0.1298 0.0585, 0.1679 0.0626, 0.1034 with a very unusual f|sh backbone’ structure. Or_1 the other
TIK 150 150 150 hand, when copper(ll) nitrate was added to [Cu@i@) one-

dimensional polymer (compourf) having the same metal
of 18.59, 36.95, and 36.01 mg far 2, and3, respectively) with a to ligand ratio (3:2) but with very different carboxylate-
Quantum Design MPMS-XL-5 SQUID magnetometer. The sus- bridging connections than those hand 2 was formed
ceptibility data were corrected for the sample holders (sealed plastic(Scheme 3). It is to be noted that the amount of added Cu-
bags of 7.84, 11.16, and 10.55 mg fr2, and3, respectively)  (||) salt is higher than the stoichiometric requirement. When
previously measured using the same conditions and for the ;o 5qded [Cu(pie) and the copper salt in a stoichiometric
diamagnetic contributions of the salts as deduced using Pascal’s3:1 ratio. a considerable amount of the former remained as
constant tablesyia = —283 x 1076, —303.2x 1076, and—281.5 . ’ .

an insoluble product and the yield became very low. For

x 1078 emuK-mol~t for 1, 2, and3, respectively). he al . hod of hesi E . IS
Crystal Data Collection and Refinement.Crystal data for the the alternative method of synthesis (see Experimental Sec-

three crystals are given in Table 1. Intensity data were measured!ion) when we increased the copper salt:picolinic acid ratio
via the Oxford X-Calibur CCD System using MooKradiation. from 2:3 to 1:1 the amount of initial separation of [Cu(g]c)
The crystals were positioned at 50 mm from the CCD. Three decreased and consequently the yield of the products was
hundred twenty one frames were measured with a counting time higher. Besides elemental analysis all three complexes were
of 3 s togive 6024, 5854, and 5946 independent reflectionslfor initially characterized by IR spectra and thermogravimetric
2, and 3, respectively. Data analyses were carried out with the analysis. The compound [Cu(pif)is a ‘inner metallic’
Crysalis progrant® The structures were solved using direct methods neytral complex and does not contain any anion, whereas
W?th the_ Shelx§97 progradf.The non-hydrogen atoms were refined || three compounds, 2, and3, contain the corresponding
with anisotropic thermal parameters. The hydrogen atoms bonded, yieranions and their characteristic intense peak in the IR
e e oy SPeCla can easly be cetected (1102, 1071, and 1384

X for ClO,~, BF,~, and NQ™, respectively). The TG curves

were attached. Empirical absorption corrections were carried out .
using the ABSPACK prograrif. The structures were refined on  Of the three complexes show a mass loss corresponding to
F2 using ShelxI97 to give R = 0.0462, 0.0585, and 0.0626 and the water molecules present in the structure Ifoalcd 3.0%,
WR, = 0.1298, 0.1679, and 0.1034 for 3532, 2941, and 3577 found 2.86% in the temperature range +2A®0 °C; for 2
independent reflections, respectively, with- 20(1) for 1, 2, and calcd 3.0%, found 2.99% in the temperature range—120
3, respectively. 170°C; for 3 calcd 6.0%, found 6.23% in the temperature
range 1006-200 °C).
Description of the Structures of {[Cux(pic)s(H.0)]-
Synthesis and General CharacterizationThe compound ~ ClO4}n (1) and {[Cu(pic)s(H20)]BF 4} (2). The structures
[Cu(pic)] is only slightly soluble in methanol. At low pH  of 1 and2 are isomorphous, the only difference being that
and in the presence of Cu(ll) salt it is progressively dissolved of the anion, CIQ™ for 1 and BR™ for 2. The structure of
as it reacts to form compounds 2, and 3, depending on  the [Cu(pic)(H20)]."* cation is shown in Figure 1 together
the anion of the used Cu(ll) salt. When copper(ll) perchlorate With the atomic numbering scheme. Selected bond distances
or fluoroborate was allowed to react with the suspension of and angles are listed in Table 2. The structuret ahd2
[Cu(pic)], a two-dimensional, rectangular grid-like poly- contain polymeric cations and discrete anions. The cations
meric structure (compoundsand2) resulted (Scheme 3).  are two-dimensional polymers containing three independent
This grid-like structure results from the union of Cu(ll) chains copper atoms and three ligands. All possible donor atoms in
the ligands are bonded to a metal atom with formation of
(16) Crysalis Version 1; Oxford Diffraction Ltd.: Oxfordshire, UK, 2005. five-membered chelate rings from the pyridine nitrogen atom
(17) Sheldrick, G. MShelx97, Program for Crystal Structure calculatipns and one oxygen atom of the carboxylic acid group to one

University of Gottingen: Gottingen, 1997. . |
(18) Abspack Oxford Diffraction Ltd.: Oxfordshire, UK, 2005. copper atom with the other oxygen atom bonding to a

Results and Discussion
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Table 2. Bond Lengths (A) and Angles (deg) in the Cu(ll)
Coordination Spheres iband 22

atoms 1 2
Cul-041 1.985(3) 1.952(3)
Cul-N48 1.977(4) 1.965(5)
Cul-023 2.346(3) 2.354(4)
Cu2-0100 2.372(3) 2.354(4)
Cu2-021 1.951(3) 1.947(4)
Cu2-031 1.980(3) 1.968(4)
Cu2-N28 1.981(4) 1.970(5)
Cu2-N38 1.989(4) 1.970(5)
Cu3-033 1.959(3) 1.946(4)
Cu3-043 1.953(3) 1.938(4)
041-Cul-N48 83.21(12) 83.53(17)
041-Cul-023 91.15(11) 91.15(16) Figure 2. Two-dimensional layer (110) of the copper(Hpicolinate-
N48-Cul-023 87.74(12) 88.37(16) bridged structure in complexds
021-Cu2-N28 84.29(12) 83.81(18)
021-Cu2-031 170.17(12 169.78(17
N28—Cu2-031 95_21&2)) 95_47((18)) 4.762 A for compound and 5.345, 5.111, and 4.745 A for
021-Cu2-N38 97.20(12) 97.42(17) compound?.
N28-Cu2-N38 175.03(15) 175.6(2) Thus, the two compounds can be characterized as a chain
031-Cu2-N38 82.51(12) 82.57(17) . .
021—Cu2—0100 89.06(12) 88.79(16) of alternating Cul and Cu3 ions connected throsgh—
N28—Cu2-0100 91.70(12) 91.85(17) anti equatoriat-equatorial carboxylate bridges. The Cul
031-Cu2-0100 100.78(12) 101.43(14) atom of one chain is linked to the Cu3 of a neighboring chain
N38-Cu2-0100 93.07(12) 92.38(16) ; .
043-Cu3-033 95.52(11) 95.61(17) via the oxygen atoms of another [Cu(picunit (the one

containing the Cu2 atom). The result is a two-dimensional
rectangular grid-like sheet structure (Figure 2). The anions
different copper atom with ayn—anti coordination mode.  (ClO4~ in 1 and BR™ in 2) are located between these two-
Two of the three independent copper atoms, namely, Culdimensional cationic sheets as shown in Figure 3a and 3b.
and Cu3, are situated on inversion centers and are six and The water molecule i forms two hydrogen bonds with
four coordinate, respectively, while Cu2 occupies a general O-++O distances of 2.82 A to O(11) and 2.82 A to O(3()
position and is five coordinate. Cul is six-coordinate witha =1 — x,1 — y,1 — 2). However, in2 one hydrogen bond is
distorted octahedral environment. The equatorial plane different, being formed to F(11) at 2.76 A rather than O(11),
contains two equivalent bidentate ligands with €@(41) while the other is equivalent to O(31)i =1 — x,1 —y,1

and Cu-N(48) bond distances of 1.985(3) and 1.977(4) A — 2) at 2.82 A (Table 4).

in 1 and 1.952(3) and 1.965(5) A i, respectively. The Description of the Structure of [Cuy(pic)s(H20)2(NO3)]n
axial positions are occupied by two symmetry-related oxygen (3). The structure o8 consists of one-dimensional polymeric
atoms, O(23) at a distance of 2.346(3) Alirand 2.354(4)  chains (Figure 4) formed by two alternating five-coordinate
A'in 2. These long axial bonds (almost 0.4 A longer that the and six-coordinate independent copper(ll) ions. The two
equatorial ones) indicate the presence of a large-Jabler carboxylate groups of the ‘metalloligand’ [Cu(pithuilding
effect. The other centrosymmetric copper atom, Cu3, is four block containing the Cu2 atom bridge the Cul atoms, which
coordinate with a square-planar geometry formed by four contain one chelating picolinate ligand. As inand 2 the
monodentate oxygen atoms from four different ligands with bridging mode of the carboxylate $yn—anti, and all atoms
Cu—0 bond distances in the range 1:9496 A in both in the ligands participate in bonding to copper atoms with
compounds (Table 2). The Cu2 atom, which occupies athe exception of O(13). There is one nitrate anion in the
general position, exhibits a slightly distorted square- asymmetric unit, and it is coordinated weakly to the axial
pyramidal environment(= 0.08). The axial site is occupied  position of Cu2.

by a water molecule O(100) at 2.372(3) and 2.354(4) Ain  The coordination geometry of Cul is intermediate between
1 and 2, respectively. The equatorial plane contains two trigonal bipyramid and square pyramid as is evident from
bidentate ligands with C4O and Cu-N bond distances in  its Addison parameterr(= 0.47)2%2 For an ideal square-
the range 1.951.99 A in both compounds (Table 2). These pyramid geometry is equal to zero, while it becomes unity
four donor atoms around Cu2 are approximately coplanar for ideal trigonal-bipyramidal geometry. When it is consid-
with rms deviations of 0.04 and 0.05 A i and 2, ered as a square pyramid, the axial site is occupied by a
respectively, with the Cu2 atom 0.12 A above the mean plane
in both compounds in the direction of the water molecule. (19) (a) Pasan. J.; Sanchiz, J.; Ruiz-Perez, C.; Lloret, F.; Julv&uil.J.
Each 2-picolinate ligand forms a five-membered chelate ring |19 Chem2004 4081 and ﬁf‘g?%ﬁg:‘;hfe%g’)s?g’é S Bag.
at the Cul and Cu2 atoms; the value of the chelating angles 2003 42 4029. T B

- (20) Coronado, E.; Drillon, M.; Georges, R. Research Frontiers in
subtended at the metal atom are 83.2 {8y Cul and 84.3 MagnetochemistryO’Connor, C., Ed.; World Scientific Publishing:

aSymmetry code: = (1 — x, -y, 1 — 2).

(2)° and 82.5(19 for Cu2 in complexi, very similar to those Singapore, 1993; pp 2766.
of compound2: 83.6(2) for Cul and 83.9(2)and 82.6(2) (21) (a) Borfs-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
for Cu2. The Cu%-Cu2, Cut--Cu3, and Cu2-Cu3 dis- Tsukerblat, B. Slnorg. Chem.1999 38, 6081. (b) Borfa-Almenar,

o - . J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. Somput.
tances within the chain are, respectively, 5.374, 5.141, and Chem.2001, 22, 985.
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Table 3. Bond Lengths (A) and Angles (deg) in the Cu(ll)
Coordination Spheres g

atoms distance
Cul-N18 2.031(3)
Cul-011 1.936(3)
Cul-023 2.078(2)
Cul-033 2.132(3)
Cu1-0100 1.942(2)
Cu2-N28 1.964(3)
Cu2-N38 1.960(3)
Cu2-021 1.969(2)
Cu2-031 1.958(2)
Cu2-054 2.544(3)
Cu2-0200 2.401(3)
atoms angle
011-Cul-0100 171.99(11)
011—-Cul—-N18 82.64(13)
0100-Cul—N18 96.47(13)
011-Cul-023 88.79(11)
0100-Cul-023 87.30(10)
N18—Cul-023 144.01(11)
011-Cul-033 95.98(10)
0100-Cul-033 90.93(11)
N18—Cul-033 126.79(11)
028-Cu1-033 88.76(10)
031-Cu2—N38 83.26(12)
031-Cu2—-N28 96.82(11)
N38—Cu2—N28 175.13(14)
031-Cu2-021 175.69(11)
N38-Cu2-021 96.02(12)
N28—Cu2-021 83.53(11)
031-Cu2-0200 100.82(11)
N38—Cu2-0200 91.94(13)
N28—Cu2-0200 92.86(11)
021—-Cu2-0200 83.43(10)
031-Cu2-054 88.95(10)
N38—Cu2-054 86.20(12)
N28—Cu2-054 88.93(11)
021-Cu2-054 86.77(10)
0200-Cu2-054' 169.78(9)
Figure 3. Side view of the stacking of 2-D porous layers2élong the asSymmetry code: = (0.5+ x, 05—y, 0.5+ 2),ii = (x+ 1,y,

010 direction: (a) ball and stick perspective and (b) space-filling model z — 1).
{Cu(ll) deep blue; B, black; F, purple; O, red; N, light blue; C, gray; H

omitted for clarity . Table 4. Hydrogen-Bond Geometries in Compouritds3 (in A and

L . de
monodentate picolinate oxygen atom O(38)= x + 1/2, o
—y + 1/2,z + 1/2] at 2.132(3) A. The equatorial plane is D—H-A dO—H) dH--A) dD--A) OO—H-A)
compoundl

(22) (a) Nanda, K. K.; Addison, A. W.; Sinn, E.; Thompson, L.IKorg. 0100-H1---011  0.85(3) 1.993)  2.815(5) 163(4)
Chem.1996 35, 5966. (b) Bakalbassi, E.; Tsipis, C.; Bozopoulos, =~ ©0100-H2---O31'  0.85(3) 2.00(3)  2.818(4) 162(3)
A Dreissir(]g), W.;I Harti, H.; Mrozinski, Jinorg. Chim. ACtiéggl compound?
186, 113. (c) Colacio, E.; Domguez-Vera, J. M.; Kivelg R.;
Moreno, J. M.; Romerosa, A.; Ruiz, lhorg. Chim. Actal993 212 8%8&:%213:;, ggg((;))s 21'1932(23) 22571567((55)) 1136(;‘2%)
115. (d) Ruiz-Perez, C.; Sanchiz, J.; Molina, M. H.; Lloret, F.; Julve, ' ' ’
M. Inorg. Chem.200Q 39, 1363 and references therein. (e) Ruiz- compound3
Perez, C.; Hernandez-Molina, M.; Lorenzo-Luis, P.; Lloret, F.; Cano, 0100-H1:--O52i  0.86(2) 1.80(2) 2.658(4) 172(3)
J.; Julve, M.Inorg. Chem 200Q 39, 3845 and references therein. (f) 0100-H2---013"  0.86(3) 1.88(3) 2.727(4) 170(3)
Rodriguez-Marm, Y.; Ruiz-Perez, C.; Sanchiz, J.; Lloret, F.; Julve, 0200-H3---013"  0.88(2) 2.08(3) 2.928(4) 161(4)
M. Inorg. Chim. Acta2001, 318 159. (g) Colacio, E.; Costes, J. P.; 0200-H4---054  0.86(3) 2.00(3) 2.845(4) 169(3)
Kivekas, R.; Laurent, J. P.; Ruiz, lhorg. Chem199Q 29, 4240. (h)
Colacio, E.; Dorfmguez-Vera, J. M.; Costes, J. P.; KivekaR.; aSymmetry code: iF (1 —x,1—y,1— 2),ii =(0.5+x 05—y,

Laurent, J. P.; Ruiz, J.; Sundberg, Morg. Chem1992 31, 774. (i)
Murugesu, M.; Cleac, R.; Pilawa, B.; Mandel, A.; Anson, C. E.;
Powell, A. K. Inorg. Chim. Acta2002 337, 328. (j) Towle, D. K;;
Hoffmann, S. K.; Hatfield, W. E.; Singh, P.; Chaudhuri, IRorg.
Chem 1988 27, 394. (k) Colacio, E.; Ghazi, M.; Kivél&aR.; Moreno,

J. M.Inorg. Chem200Q 39, 2882 and references therein. (l) Carling,
R. L.; Kopinga, K.; Kahn, O.; Verdaguer, Nhorg. Chem198§ 25,

z—05),iv=x-1,y,2,v=(xy,z— 1).

formed by one chelating picolinate ligand (with an oxygen
atom, O(11), at 1.936(3) A and a nitrogen atom, N(18), at
2.031(3) A), one water molecule O(100) at 1.943(3) A, and

1786. a monodentate picolinate ligand (with an oxygen atom
23) Rodriguez-Fortea, A.; Al , P.; Ruiz, Ehem. Eur. J2001, 7, - i :
(23) 5205."9“82 oriea emany iz, fEhem. =ur t 0(23), at 2.078(3) A). Deviations of the coordinating atoms

(24) (a) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C. J. Chem. Soc., Dalton Trank984 1349. (b) Pasa J.; Delgado,
F. S.; Rodiguez-Martn, Y.; Hernadez-Molina, M.; Ruiz-Pez, C.;
Sanchiz, J.; Lloret, F.; Julve, MRolyhedron2003 22, 2143.

011, N18, 0100, and 023 from the least-square mean
plane through them are 1.348(3)1.189(3),—1.146(3), and
1.287(3) A, respectively, and that of the copper atom from
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Figure 4. View of the alternating Cu(ll) chain i8. Ellipsoids are drawn T (X)
at the 50% probability level. Figure 6. Thermal variation of the product of the molar magnetic

susceptibility and temperaturg(T) for compoundLl. Solid line is the best
fit to the model (see text).
copper-copper separations are 4.721 A for GuCu2 and
5.038 A for Cu2:Cul [i = x — 1/2, -y + 1/2,z — 1/2],
whereas the shortest interchain coppeopper separations
are 6.960 A [Cu%:-Culi and Cu2--CuZi (ii = x + 1, v,
2)] and 7.445 A for Cu%:-Cu2i [iii = x + 1,y 7.
Anionic Influence in the Polymeric Structures of the
Complexes.The polymeric fish-backbone chain structure of
1 and 2 is formed simply by coordination of free oxygen
atoms of bis(picolinate)copper(ll) (Cul and Cu2) to the
equatorial positions of the added copper ion (Cu3). One of
the oxygen atoms of the carboxylate group of picolinate in
Figure 5. Two-dimensional hydrogen-bonded sheet architectui in Cu2 that remains still free (023) coordinates weakly to the
axial position of Cul of another chain to complete the final
the same plane is-0.0793(5) A, in the direction of the  grid-like polymeric sheet structure of the compounds (Scheme
coordinated water molecule. On the other hand, its geometry3, Figure 2). On the contrary, when copper(ll) nitrate is added
can also be described as a trigonal bipyramid with O(100) to bis(picolinate)copper(ll), one-third of the molecules react
and O(11) in axial positions. The equatorial plane is made with the added Cu(ll) to form a monopicolinate entity which
up of N(18) (which forms a chelate ring with the axial O(11) is subsequently coordinated by the two free oxygen atoms
atom) and two monodentate oxygen atoms O(23) and O(33) (023 and 033) of the remaining bis(picolinate)copper(ll)
In contrast, the Cu2 atom forms nearly an elongated moiety to form the final one-dimensional chain. The interest-
octahedral environment with two bidentate rings in the ing difference in the structure & from that of 1 and2 is
equatorial plane with very similar CtO and Cu-N bond that the nitrate anion is coordinated weakly to the axial
lengths in the range 1.961.97 A (Table 3). The four basal  position of the copper ions (Cu2) and one oxygen atom of
atoms are coplanar with an rms of 0.01 A with the Cu2 atom the carboxylate group (O13) remains free, presumably to
located 0.28 A above the basal plane toward the water participate in the strong H-bonding network, instead of being
molecule. The axial positions are occupied by a weakly weakly coordinated to the axial position of copper atom as
bound water molecule at 2.401(3) A and a very weakly in 1 and2. The nitrate ion has a planar structure and can
coordinated nitrate oxygen atom O54+ 1,y, z — 1) at orient itself easily to be a favorable acceptor for strong H
2.544(3) A. bonds. The perchlorate and fluoroborate ion4 End2 do
The one-dimensional chains run parallel to xreis, and participate in H bonding but not as strongly as the nitrate
they are interconnected through hydrogen bonds involving ion in compound. The present examples, thus, demonstrate
two coordinated water molecules, namely, O(100) and an intricate competition between the weak coordinate bond-
0(200), coordinated nitrate ions, and the noncoordinateding and H bonding to join the polymeric chains to form the
picolinate oxygen (O13) atom (Figure 5, Table 4). Both final supramolecular assembly. It is usual that in most cases
hydrogen atoms of O(100) are strongly H bonded, one to the coordinating bond wins the competition, but in cases like
the oxygen atom O(52)(iii = 0.5+ x, 0.5—y, z— 0.5) of this, where the coordinating bond is weaker for any constraint
a nitrate ion (@--O = 2.658(4) A) and the other to a (e.g., axial bond in the %dsystem due to the JahiTeller
noncoordinated picolinate oxygen atom, Of18y = x — effect), a favorable H-bonding network formation can be the
1,y, 2) from another chain (-0 = 2.727(4) A). One of determining factor for the final polymeric structure as in
the hydrogen atoms of O(200) is also H bonded to the samecompound3.

noncoordinated picolinate oxygen atom, O(18y = x — Magnetic Properties.Compoundd and2. The magnetic
1,y, 2) (O---O = 2.928(4) A) while the other is H bonded properties of complexes and?2 in the form of ay,T vs T
to an oxygen atom of a nitrate anion, O(54 = X, y, z — plot (ym is the molar susceptibility per two copper(ll) ions)

1) (O---O = 2.845(4) A) to complete a two-dimensional are shown in Figures 6 and 7, respectively. As expected from
H-bonded supramolecular network. The two intrachain the structural similarities, both complexes show very similar
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1.00 JIY, whereJ is the exchange interaction inside the chain
] and J is the side interaction (Figure 8). The exchange
Hamiltonian can be written as

N
1 H=-2 i [J(é2ié2i+1 + éZiéZifl) +
0'80-2 J’(éZiéza\Hi)—l + ASZiASZ(NJri))]

0'750 TS0 100 150 200 250 300 where N is the number of interacting _spiqs.
T (K) We assumed that thd = 4 calculation is close to the
Figure 7. Thermal variation of the product of the molar magnetic €Xact solution in the full experimental temperature range.
susceptibility and temperaturg(T) for compound2. Solid line is the best Calculations were performed with the magnetism package
fit to the model (see text). MAGPACK 2! This model very satisfactorily reproduces the
magnetic data in the whole temperature range with the
following parameters:g = 2.034, J(chain) = 1.74 cm?,
andJ'(side)= 0.19 cm? for 1 andg = 2.044,J(chain)=
0.99 cn1?, and J(side) = 0.25 cnm? for 2 (solid lines in
Figures 6 and 7). The values of the superexchange parameters
(J) for these two complexes are within the normal range
Figure 8. Magnetic exchange scheme used for compounead 2. observed for this kind of singleyn-anti, equatoriat-
equatorial carboxylate-bridged copper(ll) complexes with
magnetic behavior. Thus, the room temperat€ values de-y2 magnetic orbital82?? It has been stated by several
are 0.78 and 0.79 emki-mol~* for 1 and 2, respectively. authorg®! and also substantiated by DFT calculatiSrisat
These values are the expected ones for two magneticallyfor syn—anti Cu—O—C—0O—Cu bridges the contributions
quasi-isolated spin doublets. On cooling, thel values from the 2p orbitals of O atoms belonging to the magnetic
increase gradually in the temperature range-30 K and orbitals centered on Cu(ll) ions are unfavorably oriented to
then abruptly below 50 K, reaching a value of 0.96 give a significant overlap. The nonplanarity of the-GD—
emuK-molfor both1 and2 at 2 K. This behavior indicates C—O—Cu bridge, measured by the dihedral angle, is also
the presence of overall weak ferromagnetic exchange inter-very important for the extent of the coupling. Thus, for high
actions between the Cu(ll) ions in both compounds. dihedral angles the overlap of the magnetic orbitals is
As described in the structural section, compouhdsd reduced, which implies a reduction of the antiferromagnetic
2 are isomorphous and the structure can be described as @ontribution and, consequently, the ferromagnetic term
two-dimensional net in which the CtCu3 and Cu2Cu3 becomes dominart®™ Thus, the strongest ferromagnetic
ions are connected through equatoetiadjuatorial carboxylate  coupling is expected for a dihedral angle of °90dn
bridges whereas Cul and Cu2 are linked by an equatorial complexesl and 2, although both carboxylate bridges are
axial bridge. It has been shown previously that when very similar, the dihedral angles between the equatorial
carboxylate groups link copper(ll) insyn—anti, equatorial- planes of the Cu ions are slightly different. For complex
(short)-axial(long) fashion, the coupling is always very small the dihedral angle between the Cul and Cu3 mean equatorial
as this exchange pathway produces a very poor overlap ofplanes, connected through the G4342—043 carboxylate
the magnetic orbitals due to the weak spin density at the bridge (), is 48.5, whereas the dihedral angle between the
axial site® Therefore, to a first approximation, the coupling Cu2 and Cu3 mean equatorial planes, connected through the
between Cul and Cu2 through this equatereatial bridge 031-C32-033 carboxylate bridgeJ(), is 31.6. This
can be neglected. Consequently, from a magnetic point of difference in the dihedral angles may explain the different
view, these two compounds can be seen as a chain ofmagnitude and assignment of the two exchange coupling
alternating Cul and Cu3 ions connected throughra-anti constants. Thus, the stronger ferromagnetic coupling (
041-C42-043 equatoriatequatorial carboxylate bridge 1.74 cnt!) may be assigned to the interaction between Cul
(J) with side connections from the Cu3 ions to the Cu2 and Cu3 in the backbone of the chail) having a greater

¥mT (emu.K.mol-1)
o
oo
i

ions through a similar, but not identicayn—anti O31— dihedral angle, whereas the lower coupling constant value
C32-033 equatoriatequatorial carboxylate bridgeJ') (J = 0.19 cm?) is assigned to the interaction between Cu2
(Figure 8). and Cu3 in the side chain since it has a smaller dihedral

To our knowledge, this kind of “fish backbone” structure angle. Following the same arguments we assigned the
has not been reported previously, and therefore, there is nostronger exchange interactiod & 0.99 cn1!) to the
model to fit the corresponding magnetic behavior of such a backbone of the chain (dihedral angte 48.0°) and the
chain. Accordingly, we developed a model that considers weaker oneJ = 0.25 cn1?) to the side chain (dihedral angle
the isotropic exchange interactions between first neighbors.= 31.8) in complex2.

We can calculate the magnetic susceptibility of this Heisen- It is to be noted that as mentioned in the structure
berg chain using a closed chain computational procé8lure description (see above) both compourdand 2 can also
as a function of the ratio between both types of interactions, be described as a two-dimensional rectangular array of Cu-
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Figure 11. Magnetic exchange scheme in compotd

indicates, as in compound$ and 2, the presence of
Figure 9. Alternative magnetic exchange scheme in compounaisd2. ferromagnetic exchange interactions between the Cu(ll) ions.
Since the structure of compoudshows a chain of Cu(ll)

1'45 ions connected through alternatirgyn—anti carboxylate
7 1.3 bridges we used a chain model with two alternatidgufd
g 129 J') exchange coupling constants (Figure 11).
>_5; 1_1_5 Using the same approximation as before, we used the
E 10_§ following Hamiltonian for complex3
~ ]
£ 097 . N o
0.8 ] . H= _2.7 [0S:S5i11 T IS8, 4]

0 50 100 150 200 250 300
T (X) where AN is the number of interacting spins. We assumed
Figure 10. Thermal variation of the product of the molar magnetic that theN = 9 calculation is close to the exact solution in
susceptibility and temperaturgq(T) for compound3. Solid line is the best . .
fit to the model. the full experimental temperature range. This model leads
to equal values, within experimental error, for both exchange
(1) ions connected through thresyn—anti carboxylate coupling constants, and therefore, we fitted the experimental
bridges. This description assumes that the long-GD23 data with a single coupling constar € J).
bonds (2.35 A on average, much longer than the other@u This model very satisfactorily reproduces the magnetic data
bonds whose average distance is 1.97 A) can promote a nonin the whole temperature range with the following param-
negligible magnetic interaction. Previous examfés> eters: g = 2.05;J = J = 1.99 cm! (as before, the
clearly show that this interaction is definitely small although Hamiltonian is written as-2JSS) (solid line in Figure 10).
it may be not negligible. Accordingly, we examined a As expected, thd value is very close to that observed for
rectangular model with the magnetic exchange pathway ascompoundd and2, where very similasyn—anti carboxylate
described in Figure 9. Since the three carboxylate bridgesbridges are present. The most significant difference may be
are very similar §yn—anti), in order to reduce the number the fact that in compound the carboxylate bridge (Cu2
of adjustable parameters we assumed that the three coupling®31—C32-033-Cul) connects Cul in the apical position
constants are equal & J = J' in Figure 9). With this if we consider the geometry of Cul as square pyramidal.
approximation we developed a model where we take into However, its 7 value (0.47) indicates that there is a
account two chains witlN = 2 as we described before but considerable amount of mixing of thezdrbital with the
now interacting throughl”. Again an exact evaluation of ~magnetic ¢, orbital to result in significant spin density
the energy levels for the 16 spin system has been performedalong the apical direction which accounts for the rather high
and the magnetic susceptibility curve calculated. value of J compared to other basahpical carboxylate-
This model also very satisfactorily reproduces the magnetic bridged system%Alternatively, the geometry of Cul is closer
data of both compounds in the whole temperature range (notto a trigonal bipyramid, and for such consideration siga—
shown) with the following parameterg = 2.03 andJ = anti carboxylate bridges connect equatorial positions on
0.64 cni! for compoundl andg = 2.05 and] = 0.37 cnm't both Cu(ll) ions (Figure 11). Therefore, both coupling
for compound2. As expected, the average coupling constant constants are expected to be very similar as in compoiinds
in compoundsl and 2 is weak and ferromagnetic, as also and2.
observed in compoundsand2 with the chain model. Note
that with this model we obtained an averabjealue since
the complexity of the model precludes a precise determina- The present study demonstrates a facile method for the
tion of each of the coupling constants since they are synthesis of metatorganic frameworks of copper(ll) and
correlated and, therefore, are not independent in the fitting 2-picolinate. The bridging properties of the carboxylate group
procedure (there are many sets of different values thatof the simple building block [Cu(pig) have been utilized
reproduce the magnetic data). to construct these supramolecular aggregates. When studying
Compound3. The magnetic properties of compl&xare the ability of anions to direct formation of a specific
shown in Figure 10 in the form gf,T vST (xm is the molar polymeric structure the different coordinating capabilities of
susceptibility per two copper(ll) ions). It shows a room- specific anions are known to play a very important role. In
temperature value of 0.81 ertmol™ that remains constant  the present study, the differences in coordination behavior
in the temperature range 36Q00 K. Below ca. 100 K the  of the corresponding anions are not remarkablet and2
xmT product shows a smooth increase to reach a value ofthey are noncoordinated and 3only very weakly coordi-
ca. 1.3 emeK-mol™? at 2 K (Figure 10). This behavior nated. Therefore, other factor such as H-bond formation

Conclusions

Inorganic Chemistry, Vol. 46, No. 25, 2007 10779



Biswas et al.

should also be taken into account for the control over the its high distortion toward a trigonal-bipyramid geometry
coordination sphere of the metal center and nature of theaccounts for the comparatively lardevalue.

final assembly. The nitrate ion being triangular and planar
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