Inorg. Chem. 2003, 42, 5135-5142

Inorganic:Chemistry

* Article

Nature of the Reactants and Influence of Water on the Supramolecular
Assembly

Xiaobai Wang and Jagadese J. Vittal’

Department of Chemistry, National Urrsity of Singapore, 3 Science be 3, Singapore 117543

Received May 12, 2003

The influences of the nature of reactants and water on the self-assembly of cationic Cu(ll) complex structures
containing N-(2-pyridylmethyl)glycine (Hpgly) and N-(2-pyridylmethyl)-L-alanine (Hpala) ligands have been investigated.
A metallamacrocycle [Cus(pgly)s(spaly)s] (ClO4)s-9H,0 has been formed by the reaction of [Cu(pgly)z]-2H,0 with
Cu(ClOq4),+6H,0. The hexameric cation has Schiff base and reduced Schiff base ligands alternatively bonded to
Cu(ll) to provide cyclohexane-like conformation with a cavity diameter of 9.4 A. The reaction of Cu(ClO,);*6H,0
with Hpgly-HCI yielded [Cu(pgly)(H20)](ClQy), which is presumed to have 1D coordination polymeric structure. A
{Kc[12-MC-3]} metallacrown, [K(ClO4)s{ Cus(pala)s}](ClO,) has been isolated by reacting Cu(ClO,), with Kpala in
MeCN/MeOH. This {Kc[12-MC-3]} metallacrown further reacts with water to form an infinite 1D coordination
polymer [Cu(pala)(H,0)(ClO4)]n, which can also be obtained by conducting the reaction in aqueous MeOH.

Introduction workers® The pH dependence of formation of polymeric
¢ structures in solution has been exemplified by the work of
Matsumoto and co-worketsand others. pH-driven self-

formation of such structures depends on the nature of externa@SSembly/disassembly of transition metal helicates has been
the subject of intense interest from the point of information

stimuli, such as pH of the medium, presence of certain metal _ iof
ions, the size of the counterions used, solvent, and concentraSt0rage in solutiod.A mononuclear Co(ll) has been found

tion. For example, the existence of two different metallamac- [0 form an infinite ladder structure by heating to 130 in
rocycles has been found to depend on the nature of thethe solid staté.A few multidimensional network structures

solvent used. The tetranuclear metallocyclophane was fa- (5) Hasenknopf, B.; Lehn, J.-M.; Boumediene, N.; Leize, E.; Dorsselaer,

vored in nitromethane solvent while it converts into a © g)Vﬁaft'\”gnfgbcse”&blggaE%gﬁa3t7' 3205, akashima. T Re. N
. . su , N , Y suo, 1. shima, 1.; » N
hexanL"C!ear metallocyclophanes as the major product in Dahan, F.; Tuchagues, J.-Porg. Chem 1999 38, 1165. (b) Shii,
acetonitrile> On the other hand, a triple helicate has been Y.; Motoda, Y.; Matsuo, T.EKai, F.; Nakashima,(T).; Tuchagues, J.-
; ; P.; Matsumoto, NInorg. Chem.1999 38, 3513. (c) Mimura, M.;
_converted to the entroplcally disfavored fcetrahedrgl cluster Matsuo, T.; Nakashima, T., Matsumoto, horg. Chem.1998 38,
in the presence of M@l cation? Sequential formation of 3553. (d) Miyasaka, H.; Okamura, S.; Nakashima, T.; Matsumoto, N.
linear and circular helicate as kinetic and thermodynamic ~ norg. Chem 1997 36, 4329. (€) Matsumoto, N.; Mizuguchi, Y ;
. . y Mago, G.; Eguchi, S.; Miyasaka, H.; Nakashima, T.; Tuchagues, J.-
products, respectively, has been studied by Lehn and co-  p angew. Chem., Int. Ed. Engl997, 36, 1860. (f) Matsumoto, N.:
Nozaki, T.; Ushio, H.; Motoda, K.; Ohba, M.; Mago, G.; Okawa, H.
* To whom correspondence should be addressed. Tel: (65) 6874-2975. J. Chem. Soc., Dalton Trandl993 2157. (g) Matsumoto, N.;

Self-assembly is an important process in the formation o
metal-based supramolecular architectdreslowever, the

Fax: (65)-6779 1691. E-mail: chmjjv@nus.edu.sg. Yamashita, S.; Ohyoshi, A.; Kohata, S.; Okawa JHChem. Dalton.
(1) (a) Bodwin, J. J.; Cutland, A. D.; Malkani, R. G.; Pecoraro, V. L. Trans.1988 1943.
Coord. Chem. Re 2001 216-217, 489. (b) Pecoraro, V. L, (7) (a) Colacio, E.; Ghazi, M.; Kiveéla Klinga, M.; Lloret, F.; Moreno,
Stemmler, J.; Gibney, B. R.; Bodwin, J. J.; Wang, H.; Kampf, J. W.; J. M.; Inorg. Chem200Q 39, 2770. (b) Amendola, V.; Fabbrizzi, L.;
Barwinski, A. Prog. Inorg. Chem1997, 45, 83. Pallavicini, P.Coord. Chem. Re 2001, 216-217, 435.
(2) (a) Albrecht, M.; Blau, O.; Frohlich, RChem. Eur. J1999 5, 48. (8) Gisselbrecht, J.-P.; Lehn, J.-M.; Sauvage, J.-P.; Ziessel, R.; Piccinni-
(b) Holliday, B.; Mirkin, C. A.Angew. Chem., Int. EQ001, 40, 938. Leopardi, C.; Arrieta, J. M.; Germain, G.; Van Meerssche Ndw.
(c) Lehn, J.-M.Supramolecular Chemistry: Concepts and Perspec- J. Chim 1984 8, 661. (b) Amendola, V.; Fabbrizzi, L.; Gianelli, L.;
tives VCH: New York, 1995, Chapter 9, p 139. (d) Philp, D.; Maggi, C.; Mangano, C., Pallavicini, P.; Zema, Morg. Chem2001
Stoddart, J. FAngew. Chem., Int. Ed. Endl996 35, 1154. 40, 3579. (c) Potts, K. T.; Keshavarz-K, M.; Tham, F. S.; Abruna, H.
(3) Baxter, P. N. W.; Khoury, R. G.; Lehn, J.-M.; Baum, G.; Fenske, D. D.; Arana, C. RInorg. Chem1993 32, 4422. (d) Yao, Y.; Perkovic,
Chem. Eur. J2000Q 6, 4140. M. W.; Rillema, D. P.; Woods, Clnorg. Chem.1992 31, 3956.
(4) Scherer, M.; Caulder, D. L.; Johnson, D. W.; Raymond, KANgew. (9) Jung, O.-S.; Park, S. H.; Kim, K. M.; Jang, H. lBorg. Chem1998
Chem., Int. Ed. Engl1999 38, 1588. 37, 5781.
10.1021/ic0344970 CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 17, 2003 5135

Published on Web 07/29/2003



Wang and Vittal

Chart 1
H _Me
N o) ;
N OH SN OH
Hspgly Hpala
Table 1. Selected Bond Distances (A) and Anglé& for 1
Cu(1)-N(2) 2.032(2) N(2-C(7) 1.469(3)
Cu(1)-N(1) 2.065(2) C(7¥C(8) 1.524(3)
Cu(1y-0(1) 2.251(1) C(8y0(2) 1.244(2)
C(6)-N(2) 1.479(2) C(8Y0(1) 1.247(2)
N(2)—Cu(1)-N(1)2 98.69(6) N(2-C(6)-C(5) 110.5(2)
N(2)#1-Cu(1)-N(1)* 81.31(6) C(7yN(2)—C(6) 113.8(2)
N(2)—Cu(1)-0(1) 81.05(6) C(AN(@2)-Cu(l) 112.1(1)
N(1)—Cu(1)-0(1) 91.17(6) C(6YN(2)—Cu(1) 105.9(1)
03A N(2)—Cu(1)-O(1p 98.95(6) N(2»-C(7)-C(8) 115.9(2)
N(1)—Cu(1)-O(1p 88.83(6) O(2yC(8)-0(1) 124.7(2)
?’0 O(1)-Cu(1)-O(1F  180.00(5) O(2rC(8-C(7) 116.1(2)
C(5)-N(1)—-C(1) 118.9(2) O(1yC(8)-C(7) 119.2(2)
C(5)—N(1)—Cu(1) 112.2(1) C(8yO(1)-Cu(1) 111.4(1)
C(1)-N(1)—Cu(1) 128.8(1)

Figure 1. ORTEP diagram of with 50% probability of thermal ellipsoids.

have been converted to new dimensional structures by

reacting with different reagents in solutiéh.

In this paper, we report the synthesis of a novel molecular
hexamer, namely, [G(paly)s(spgly)](ClO4)s9H,O from an
equimolar ratio of [Cu(pgly)-2H,O and Cu(ClQ),*6H,0
(Hpgly = N-(2-pyridylmethyl)glycine and Hspgly= N-(2-
pyridylidene)glycine, as shown in Chart 1) in aqueous
MeOH, while [Cu(pgly)(HO)],n(CIO,4), presumably a one-
dimensional coordination polymer, resulted when Hgd®l
was reacted with Cu(CI»-6H,0 directly. On the other
hand, a MC cation, [K(CIQs{Cuws(pala)}]* was obtained
from Cu(ClQy), with Kpala (Hpala= N-(2-pyridylmethyl)-
L-alanine) in MeCN/MeOH. Thi§Kc[12-MC-3]} metal-
lacrown cation further reacts with water to form an infinite
1D coordination polymer [Cu(pala)gd)](ClO,).

Results and Discussion

Complexes with Ligand N-(2-Pyridylmethyl)glycine.
The reaction between HpghCl and Cu(CIlQ),-6H,O or
Cu(CHCOOQO)-H,0 in the molar ratio of 2:1 furnished dark
blue crystals of [Cu(pgly]-2H,O 1. Complex1 has two
tridentate pgly ligands, each bonded to Cu(ll) irfagial

a Symmetry transformations used to generate equivalent atamsx
+1,-y+1,-z+ 1.

Figure 2. Packing diagram ofL showing hydrogen bonding interac-
tions. The hydrogen atoms attached to carbon atoms have been omitted for
clarity.

the ring containing pyridine has envelope conformation with
N(2) deviated from Cu(tyN(1)—C(5)—C(6) plane by 0.640
A. The Cu-N—-C angles at N(1) atom are markedly
unsymmetrical (112.2(1) and 128.8{13s a result of che-
lation. Furthermore, the substituents at the N{Q]7)
bond form aneclipsedconformation, as noted from the
H(2)—N(2)—C(7)—H(7b) torsion angle, 2°7 A tetranuclear
cobalt(lll) complex of pgly, [(s-O)sCos(sgly)s] has been

manner, as illustrated in Figure 1. Selected bond distancesy,ng to have similar geomet?.
and angles are given in Table 1. The molecule has a The N—H donor and &0 acceptor groups in the pgly

crystallographic inversion center at Cu(ll) in which the
Cu(ll) has distorted octahedral geometry wittransN4O-
donor set. Of the two five-membered rings formed by each
paly ligand, the ring containing Cu(IN(2)—C(7)—
C(8)—0(1) is planar (with rms deviation, 0.0246 A), and

(10) (a) Xue, X.; Wang, X.-S.; Xiong, R.-G.; You, X.-Y.; Abrahams, B.
F.; Che, C.-M.; Ju, H.-XAngew. Chem., Int. EQ002 41, 2944. (b)
Ayi, A. A.; Choudhury, A.; Natarajan, S.; Neeraj, S.; Rao, C. N. R.
J. Mater. Chem.2001 11, 1181. (c) Choudhury, A.; Neeraj, S.;
Natarajan, S.; Rao, C. N. R. Mater. Chem2001, 11, 1537.
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ligand and water in the lattice participate in the hydrogen
bonding and form an interesting 2D sheet structurdadn
plane (shown in Figure 2) in which the hydrogen atoms from
water molecules bond to two different oxygen atoms and
fill the empty space in the lattice. The hydrogen bonds are
considered to be medium because the-® distances vary
from 2.810(2) to 2.994(2) A, tabulated in Table 2.

(11) Ama, T.; Okamoto, K.; Yonemura, T.; Kawaguchi, H.; Takeuchi, A.;
Yasui, T.Chem. Lett1997 1189.
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Table 2. Hydrogen Bond Parameters fir
D—H d(D—H) d(H:--A) ODHA d(D---A) symm operator

N2—-H2  0.79(2) 2.24(2) 159(2) 2.994(2) O2k+1,y+1/2,
—z+ 1/2]

O3—H3A 0.76(2) 2.06(2) 171(3) 2.810(2) O2

O3—-H3B 0.76(2) 2.09(2) 171(3) 2.839(2) Of Fy+1/2,
z—1/2]

Table 3. Selected Bond Lengths (A) and Angle3 {or 2

Cu(1)-O(4p 1.933(7)  C(7%-C(8) 1.489(13)
Cu(1)-N(2) 1.956(8)  C(8}0(2) 1.266(12)
Cu(1)-0(1) 1.961(7)  C(8Y0(1) 1.267(12)
Cu(1)-N(1) 1.979(8)  C(14¥N(4) 1.310(15)
Cu(2-0(2) 1.940(7)  N(4¥C(15) 1.433(14)
Cu(2)-N(4) 1.959(10)  C(15¥C(16) 1.498(14)
Cu(2)-0(3) 1.968(7)  C(16y0(3) 1.253(12)
Cu(2-N(3) 1.974(8)  C(16)0(4) 1.263(12)
C(6)-N(2) 1.441(13)  O(4yCu(1p 1.933(7)
N(2)—C(7) 1.486(12)

O(4P—Cu(1)-N(2) 172.2(3) N(@2y-C(7)-C(8)  108.7(8)
O(4P—Cu(1)-0O(1) 90.3(3) O(2FC(8)-0O(1)  121.8(9)
N(2)-Cu(1)-O(1)  84.8(3) O(2yC(8)-C(7)  117.4(10)
O(4P—Cu(1)-N(1) 103.4(4) O(1}C(8)-C(7)  120.7(9)
N(2)-Cu(l)-N(1)  82.1(4) C(8FO(1)-Cu(l)  112.9(6)
O(1)-Cu(1)-N(1) 165.5(3) C(8YO(2)-Cu(2) 126.8(7)
0O(2)-Cu(2)-N(4) 173.5(4) N(4)»-C(14)-C(13) 114.3(11)
0(2)-Cu(2-0(3)  89.8(3) C(14yN(4)—C(15) 130.3(11)
N(4)—Cu(2-0(3)  84.2(4) C(14yN(4)—Cu(2) 115.1(9)
0(2)-Cu(2)-N(3) 103.4(3) C(15yN(4)—Cu(2) 111.0(7)
N(4)—Cu(2)-N(3)  82.5(4) N(4)y-C(15)-C(16) 110.5(9)
O(3)-Cu(2-N(3) 166.4(3) O(3¥C(16)-0(4)  123.2(10)
N(2)-C(6)-C(5)  109.3(9) O(3)C(16)-C(15) 119.4(9)
C(6)-N(2)-C(7)  119.1(8) O(4¥C(16)-C(15) 117.4(10)
C(6)-N(2)—-Cu(l) 108.3(6) C(16Y0(3)-Cu(2) 113.3(6)
C(7)-N(2)-Cu(l) 110.3(6) C(16Y0(4)-Cu(ly 125.6(7)

a Symmetry transformations used to generate equivalent atergst
1,x —y, z P Symmetry transformations used to generate equivalent atoms:
—X+y+1 —x+1,2z

Figure 4. (a) Ball and stick model of the cation i (b) Side view of the
cation showing the cyclohexane-like £conformation.

ring. The Schiff base and the reduced Schiff base ligands
Figure 3. View of the selected asymmetric unit tishowing the atom are arranged altema.‘tlvely in the hexanUCIear cation, which
labeling. has a crystallographic 3-fold rotational symmetry, as shown
in Figure 4a. Although the presence of pgly and spgly ligands

When 1 was reacted with an equivalent amount of has not changed geometric parameters at the two Cu(ll)
Cu(CIOy),-6H,0 in aqueous MeOH, dark blue hexagonal centers very much, there are differences in the conformation
crystals of [Cy(pgly)s(spglysl(ClO4)s-9H,0 2 were isolated. of the backbone of these two complex fragments to un-
X-ray crystallographic analysis shows that the hexameric equivocally prove their identity. The nitrogen atom N(4) of
cation consists of two crystallographically independent the spgly is perfectly planar, as expected with rms deviation,
Cu(ll) atoms, a reduced Schiff base ligand (pgly) and, 0.046 A versus 0.189 A at N(2) of pgly. The five-membered
surprisingly, a Schiff base ligand (spgly) in the asymmetric ring containing Cu(2), N(3), C(13), C(14), and N(4) in spgly
unit and as depicted in Figure 3. Table 3 displays selectedis planar (rms deviation, 0.024 A, while the corresponding
bond parameters of the cation2nEach tridentate ligand is  ring at Cu(1) is not (rms deviation, 0.159 A)) due to
bonded to Cu(ll) irmeridonalgeometry, forming two five- pyramidal N(2). The shorter C(14N(4) distance, 1.31(2)
membered rings, and the fourth position of the square planarA is observed for the conjucated=aN double bond, as
geometry at Cu(ll) is completed by the oxygen atom of the compared to the C(6)N(2) distance, 1.44(1) A, for a-€N
carboxylate group from the neighboring repeating unit in the single bond (Table 3).

Inorganic Chemistry, Vol. 42, No. 17, 2003 5137
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The molecular hexamer is highly puckered in which the the origin of this oxidation is yet to be further explored, it
Cu(ll) centers form a “cyclohexane-like” ring (as shown appears that the nature of the starting materials is clearly
Figure 4b) where all the Schiff base ligands are distributed responsible for the observed difference in the product
on one face of the metallacyclic ring, and the pgly ligands formation.
are on the other face. The adjacent-GQu distances are Complexes with Ligand N-(2-Pyridylmethyl)- L-alanine.
5.093 and 5.100 A, and thBCu—Cu—Cu are 98.7 and A variety of MCs are known® however, only a few
105.7. The diagonal Cu-Cu distance in the ring is 9.424  structural examples have been reported for [12-MCZ3P
A. Most of the hexanuclear metallamacrocycles have cavity- Recent work by Severin et al. has shown that an organo-
filled with another metal? Such rings with no metal in the  metallic analogue [12-MC-3] has been found to be a highly
cavities are rare and have been reported by Matsuffioto, potent ionophore with remarkable affinity for'tand Na .’
Saalfranki*@and Lah!3*¢however, the cation i appears  Although these MCs are very robust in solution, other MCs
to be the first molecular hexamer containing mixed ligands. are notl2b.4a.18,20

The reaction between HpgKlCl and Cu(ClQ),-6H,0 The ligand Hpala (shown in Chart 1) is a flexible tridentate
yielded [Cu(pgly)(HO)](CIO4) 3 instead of the expected ligand with a chiral center. The reaction of Cu(G)©owith
cyclic oligomer, although the stoichiometric ratio of the Hpala and KOH in the equimolar ratio in MeOH-MeCN
ligand to metal is the same as used in the synthesi& of gives a potassium ion-incorporated tricopper metallamacro-
Unfortunately, no crystal structure is available f8r cyclic compound, [K(CIQ)s{ Cus(pala}}](ClOg) 4. The struc-
however, the difference betweerp(C0O,”) andv{(CO;") in ture of 4 has been characterized by X-ray crystallography.
the IR spectrum has been successfully used to deriveSelected bond parameters are given in Table 4. The basic
information regarding bonding modes of carboxylate an- unit of the cation consists of a trimer formed by cyclization
ions The Av of 178 cnt? indicated the bridging mode of  of Cu(pala) moieties in which the pala ligand is coordinated
the carboxylate group i. On the basis of this information, to Cu(ll) in mer geometry. The exogenous oxygen of the
the structure o8 may be presumed to be a polymer rather carboxylate group in the pala ligand is intramolecularly
than a monomer. Further, the electrospray ionization massbonded to the fourth position of the square base to provide
spectrometry (ESI-MS) has been used to distingRiiom a NO, donor set to the metal atom, as shown in Figure 5a.
3. Whereas the ESI-MS & in aqueous MeOH gave two  The Cu(pala) trimer has an approximate noncrystallographic
major peaks due to [Cu(pghNa]t (m/z 416, 100%) and  Cs symmetry, and the geometrical parameters indicates that
[Cu(pgly) — HT] (394, 50%), the corresponding ESI-MS all the N—H protons should be on one side of the;@iane.
of 2 shows the presence of various oligomeric species from A K* ion is found above the Guplane by 1.897 A and
monomer to hexamer in MeO+HH,0 solution. The major  bonded to three oxygen atoms of the {(ala}]** anion,
speciesifyz, % peak height) are [G(pgly)s(ClO4),]* (883.7, as depicted in Figure 5b. The highly distorted pentagonal
100), [Cu(pgly)(CIQ)(MeOH)(H.O)—H*] (411, 85), bipyramidal coordination geometry at K(1) is completed by
[CuxApgly)a(ClO)] (556.7, 72), [Cu(pgly)s(ClO4)s] ™ (1212.6, the oxygen atoms of three CJOions.

55), [Cu(pgly)s(ClO4)4] T (1534.9, 7), and [Calpgly)s(spaly) The three perchlorate ions further interact with the MC
(ClOg)s] ™ (1868.2, 5). Unlike the other metallacrown cation through Cu--OCIO; bonds and medium NH---O hydrogen
containing a similar reduced Schiff base ligand derived from bonds (Figure 5b). The CuO distances are from 2.430(5)
L-alanine (see below), it appears that the species present irto 2.580(5) A. The N-H-:-O interactions are in the range
the solution are in equilibrium, and the concentration of the 3.008(9)-3.156(9) A. In the solid-state structure, these
solution yielded crystals dt exclusively, which is probably  [K(CIO,4)s{ Cu(palak}]™ units pack along the axis through
attributed to the relative solubilities of these species. It may weak Cu-Oaxia bonding from the perchlorate oxygen atoms
be noted that the molecular ion peaks due to the parent catiorto form an infinite 1D polymeric structure, as illustrated in
containing three spgly ligands were not observed. It is likely Figure 6. In other words, [K(CIgs]?~ units are sandwiched
that the cation in2 dissociates under the experimental

conditions used to obtain ESI-MS and may be responsible (15) See, for example: (a) Bendahl, L.; Hammershoi, Jensen, D. K.; Larsen,
S.; Riisager, A.; Sargeson, A. M.; Sgrensen, H.JOChem. Soc.,

for the observed behavior. Dalton Trans2002 3054. (b) Severin, K.; Bergs, R.; Beck, \Ahgew.
i i — i i Chem., Int. Ed1998 37, 1086. (c) Hureau, C.; Anxolabehere-Mallart,
The OXIda'FIOO of CH—-NH to CH:NH in the Symh.eSIS E.; Nierlich, M.; Gonnet, F.; Riviere, E.; Blondin, G&ur. J. Inorg.
of 2 is very similar to that of amino acid and related ligands Chem 2002 2710. (d) Morgenstern-Badarau, I.; Lambert, F.; Renault,
in the coordination sphere of transition met&l#\lthough J. P.; Casario, M.; Marechal, J.-D.; Maseras,Iiforg. Chim. Acta

200Q 297, 338.
(16) Lah, M. S.; Pecoraro, V. LComments Inorg. Chenl99Q 11, 59.
(12) (a) Blake, A. J.; Gould, R. O.; Milne, P. E. Y.; Winpenny, R. EJP. (17) (a) Piotrowski, H.; Polborn, K.; Hilt, G.; Severin, K. Am. Chem.

Chem. Soc., Chem. Commu991 1453. (b) Blake, A. J.; Gould, R. Soc.2001 123 2699. (b) Piotrowski, H.; Hilt, G.; Schulz, A.; Mayer,
O.; Grant, C. M.; Milne, P. E. Y.; Reed, D.; Winpenny, R. EARgew. P.; Polborn, K.; Severin, KChem. Eur. J.2001 7, 3197. (c)
Chem., Int. Ed. Engl1994 33, 195. (c) Caneschi, A.; Cornia, A.; Piotrowski, H.; Severin, KProc. Natl. Acad. Sci. U.S.£2002 99,
Lippard, S. JAngew. Chem., Int. Ed. Endl995 34, 467. (d) Zhang, 4997. (d) Lehaire, M.-L.; Scopelliti, R.; Severin, Khem. Commun
Y.-J.; Ma, B.-Q.; Gao, S.; Li, J.-R.; Liu, Q.-D.; Wen, G.-H.; Zhang, 2003 2766. (e) Lehaire, M.-L.; Scopelliti, R.; Piotrowski, H.; Severin,
X.-X. J. Chem. Soc., Dalton Tran200Q 2249. K. Angew. Chem., Int. ER002 41, 1419.
(13) (a) Saalfrank, R. W.; Bernt, |.; Uller, E.; Hampel, A/agew. Chem., (18) Mandal, S. K.; Young, V. G., Jr.; Que, Inorg. Chem.200Q 39,
Int. Ed. Engl.1997, 36, 2482. (b) Kwak, B.; Rhee, H.; Park, S.; Lah, 1831.
M. S. Inorg. Chem.1998 37, 3599. (c) Moon, M.; Kim, I.; Lah, M. (19) Abufarag, A.; Vahrenkamp, Hnorg. Chem.1995 34, 2207.
S. Inorg. Chem.200Q 39, 2710. (20) Kurzak, B.; Kozlowski, H.; Farkas, Ezoord. Chem. Re 1992 114
(14) Deacon, G. B.; Phillips, R. Loord. Chem. Re 1980 33, 227. 169.
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Table 4. Selected Bond Parameters fbr

K(1)—0(1) 2.415(6)  Cu(3yN(5) 1.980(6)
K(1)—0(3) 2.377(6)  Cu(3yN(6) 1.982(6)
K(1)—O(5) 2.412(6)  Cu(3yO(18) 2.430(10)
K(1)—0(10) 2.545(7) C(EYN(2) 1.473(9)
K(1)—0(12) 2.627(10)  N(2C(7) 1.513(9)
K(1)—O(16) 2.370(14)  C(8Y0(2) 1.227(8)
Cu(1y-0(1) 1.960(5)  C(8YO(1) 1.267(8)
Cu(1)-0(4) 1.966(5) C(16)N(4) 1.484(10)
Cu(1)-N(1) 1.968(6) N(4)-C(17) 1.481(10)
Cu(1)-N(2) 1.994(6)  C(18Y0(4) 1.257(9)
Cu(2)-0(6) 1.962(5) C(18)0(3) 1.260(8)
Cu(2)-0(3) 1.976(5) C(26)N(6) 1.488(10)
Cu(2)-N(3) 1.986(6) N(6)-C(27) 1.492(9)
Cu(2)-N(4) 2.010(6)  C(28Y0(6) 1.260(8)
Cu(3)-0(5) 1.965(5) C(28)0(5) 1.267(9)
Cu(3)-0(2) 1.970(5)

O(1)-Cu(1)-0(4) 102.8(2) O(2¥Cu(3-0(18) 94.8(4)
O(1)-Cu(1)-N(1) 163.9(2) N(5)»-Cu(3)-O(18) 98.6(4)
O(4)-Cu(1)-N(1)  93.1(2) N(6)-Cu(3)-O(18)  90.8(4)
O(1)-Cu(1)-N(2)  82.1(2) C(6YFN(@2)—C(7)  117.5(6)
O(4)-Cu(1)-N(@2) 173.9(2) C(6FN(2)—Cu(l) 109.9(5)
N(1)-Cu(1)-N(2)  82.2(2) C(7N(2)-Cu(1) 108.5(4)
0(6)-Cu(2)-0(3) 102.9(2) C(8YO(1)-Cu(l) 116.1(4)
0O(6)-Cu(2-N(3)  93.5(2) C(8FO(2)-Cu(3) 129.7(4)
O(3-Cu(2-N(3) 163.6(2) C(17-N(4)—C(16) 115.9(6)
O(6)-Cu(2)-N(4) 176.2(2) C(17FN(4)—Cu(2) 108.9(4)
O(3)-Cu(2-N(4)  80.8(2) C(16)-N(4)—Cu(2) 109.9(5)
N(3)-Cu(2-N@4)  82.9(2) C(18}0(3)-Cu(2) 115.7(4)
O(5)-Cu(3)-0(2) 102.6(2) C(18y0(4)-Cu(1) 129.0(4)
O(5)-Cu(3)-N(5)  166.2(2) C(26)N(6)—C(27) 115.8(6)
O(2)-Cu(3-N(5)  91.0(2) C(26)-N(6)—Cu(3) 108.4(4)
O(5)-Cu(3)-N(6)  83.1(2) C(27-N(6)—Cu(3) 110.1(4)
O(2)-Cu(3)-N(6) 172.5(2) C(28y0(5)-Cu(3) 114.6(4)
N(G)-Cu(3)-N(6)  83.2(2) C(280(6)-Cu(2) 128.7(5)

O(5)-Cu(3)-0(18)  82.8(4)

between [Cy(pala}]®" alternatively. The Ct Oy distances ()

are in the range 2.43(32.58(1) A. One noncoordinating  Figure 5. Top (a) and side (b) views of [K(CI{{ Cus(pala)}]* cation.
ClO,~ ion has been found to fill the empty space in the
lattice.

Saalfrank and co-workers have shahhat the inclusion
of small cations should lead to a metallocoronate with 1:1
stoichiometry, and for larger ions, such a%,Kandwich-
type structures resulted with alkali metal/M€1:2. In the
case of{ K(ClOy4)3[12-MC-3]} , a 1D polymeric structure
has been observed where the MCs appear to encapsulate the
potassium ion and three perchlorate ions in each deck.
Construction of such multidimensional architectures using
MCs as building blocks has attracted attention recéfitl.

The solubility of the complex, steric consideration of the
backbone of the pala ligand, the ability of the pala ligand to
form mergeometry, and the nature of Cu(ll) to form square
planar geometry are probably responsible for the uptake of
K* ions by [Cu(pala}]®*" cation.

When the same reaction was repeated in the absence of
the K" ion in water, a one-dimensional coordination poly-
meric compound, [Cu(pala)@d)].-n(ClO,) 5, resulted as the
only isolable product in moderate yield. Tnthe pala ligand

(21) (a) Saalfrank, R. W.; Maid, H.; Mooren, N.; Hampel Ahgew. Chem., Figure 6. Stacking of the cation i# along thec axis.

Int. Ed. 2002 41, 304. (b) Saalfrank, R. W.; e, N.; Kareth, S.;

Seitz, V., Stalke, D.; Teichert, Mingew. Chem., Int. Ed.998 37, has themer conformation similar to that observed 4 As

172. (c) Saalfrank, R. W.; Uller, E.; Demleitner, B.; BerntSkruct.

Bonding200Q 96, 149. (d) Saalfrank, R. W.; Bernt, Curr. Opin. a result, the two hydrogen .atoms bonded to N(2) and C(7)
22 %callg State Mé\l/te[- SE?IL(?QS 3j 4507-C tand. A DSolid State Ch have staggered conformation, as4nHowever, an aqua

a) recoraro, V. L.; boawin, J. J.; Cutiana, A. Oll ate em. . H .

2000 152, 68. (b) Bodwin, J. J.; Pecoraro, V. Inorg. Chem200Q ligand is strongly bonded at the apex with CuQ(3)

39, 3434. distance 2.366(7) A to form a distorted square pyramidal
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Figure 7. (a) Perspective view of the asymmetric unit B (b)
Coordination polymeric structure &t

Table 5. Bond Lengths (A) and Angles) for 5

Cu(1)-O(2p 1.934(4) C(6Y-N(2) 1.476(6)
Cu(1y-0(1) 1.968(4) N(2)-C(7) 1.478(7)
Cu(1-N(2) 1.984(4) C(7¥-C(9) 1.528(8)
Cu(1)-N(1) 1.993(5) C(7¥C(8) 1.542(8)
Cu(1-0(3) 2.366(7) C(8Y0(1) 1.252(6)
O(2F—Cu(l)-O(1) 89.8(2) C(8Y0(2) 1.253(6)
O(2P—Cu(1)-N(2) 167.2(2) C(6-N(2)—Cu(l) 108.1(3)
O(1)-Cu(1)-N(@2)  82.6(2) C(7¥-N(2)-Cu(1) 108.5(3)
O(2P—Cu(1)-N(1) 103.6(2) N@2yC(7)-C(9)  112.4(5)
O(1)-Cu(1)-N(1)  165.0(2) N(2}-C(7)-C(8)  106.7(4)
N(2)-Cu(1)-N(1)  83.0(2) C(Oy-C(7)-C(8)  112.8(5)
O(2P—Cu(1)-0O(3) 100.5(2) O(1yC(8)-0(2)  125.5(6)
O(1)-Cu(1)-0(3)  88.5(3) O(1yC(8)-C(7)  118.1(5)
N(2)-Cu(1)-O(3)  89.6(2) O(2FC(8)-C(7)  116.4(5)
N(1)-Cu(1)-0(3)  95.7(3) C(8YO(1)-Cu(l) 114.4(4)
C6)-NQ2)-C(7)  117.7(5) C(8YO(2)-Cu(1lp 126.2(4)

a Symmetry transformations used to generate equivalent atrfsl/2,
—y + 1/2, —z ® Symmetry transformations used to generate equivalent
atoms: x — 1/2, -y + 1/2, -z

geometry at the metal center, as illustrated in Figure 7.

Selected bond parameters are given in Table 5. The distanc
between O(4) and Cu(1), 2.933(8) A, is more than the sum

of the van der Waals radii, 2.9 A. Further, two oxygen atoms
of the CIQ,~ anion are involved in weak NH---O hydrogen
bonding to the N-H proton @o...., 2.48(2) and 2.54(2) A)
which accounts for the highly ordered behavior in this anion
crystal lattice.

Dark blue4 crystallized as a major product from MeEN
MeOH—H,0 solution after only 10 min of stirring. Prolonged
stirring of the reaction mixture resulted in the formation of
5, as depicted in Chart 2. It has been found tbats

exclusively formed in the aqueous solution, and the potas-

sium ion has no influence on the formation of final product,

5. Such a solvent-dependent formation of sumpramolecular

species has been discussed by Lehn and co-wotRers.
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Solvent-Dependent Formation dfand5
Cu(Cl104),.6H,0 + Hpala

MeCN-MeOH/K/<30 min\‘MeOH-Hzo

[K(C104);{Cus(pala)s}](CI0s) —» [Cu(pala)(H,0)}(CIOs)
4 H,0 5

Chart 2.

When NaOH was used instead of KOH, a mixture of
[Na(ClOy)s{ 12-MC-3}]CIO4 and 1D polymeric compound
5 was isolated. The addition of LIOH or CsOH in the place
of KOH also yielded only5 quantitatively. The ESI mass
spectrum of the freshly prepared solutiondoontaining a
MeCN—MeOH solvent mixture indicated the presences of
various oligomeric species, including [&pala)(ClOg)s]™
(m/z1268.6, 100%), [Cyfpala}(ClO,),] ™ (m/z925.7, 80%),
[Hpala—H,0—H]* (m/z 198, 56%), [Cu(palay(ClO,)]* (m/z
584.9, 55%), [Cu(pala)H.O0) — H*] (m/z 439, 40%),
[Cu(pala)(MeCN)] (mVz282.8, 17%), [Cy(pala}(ClOy4)4]™
(m/z 1609.4, 15%), and [Gpala}(ClO4)s]* (mVz 1952.2,
10%). All the bands due to the oligomeric species com-
pletely disappeared by the addition of water, and at the end
of 3 min, only the band due to the mononuclear species
[Cu(pala)(MeCN)f remained as the major species in the
ESI-MS spectrum, which resembled thatfThe metalla-
crown cation is, therefore, very unstable and completely
converted intdb by reacting with water.

Reaction of Hpgly with Cu(Clg), did not yield com-
pounds similar tat or 5 in the presence or absence of Kr
Na' ions. It is also surprising to find that Cu(ll) compounds
similar to 1 and 2 could not be obtained with pala ligand.
Recently?® a similar reduced Shiff base ligandy-(2-
pyridylmethyl)+-histidine (Hphis) has been found to form
tricopper(ll) complex incorporating ti The versatility of
pgly anion to have both facial and meridonal conformations
has been demonstrated Inand 2, respectively. It appears
that pala anion forms only mer conformation. Further, there
is no simple neutral ML monomer that has been reported
in the literature for the related ligani;(2-hydroxybenzyl)-
L-alanine, sala and in all the other known complexes, sala
has onlymerconformatior?* The difference in the reactivity
may be attributed to the chiral center or the methyl sub-
stituent present in Hpala ligand. It is likely that the 1D
é:olymer cation [Cu(pala)}t, which might be present in the

eutral “[Cu(pala)]” solution, has been isolated as a kinetic
product as a result of its poor solubility, and this may be
responsible for the difficulty in the isolation of neutral
[Cu(pala)]. The presence of molecular ion peak due to
[CuLy(H,O)—H*] in the solution of 4 among various
oligomeric species further supports this assumption.

Summary

It is well-known in crystal engineering that the isolation
of coordination polymeric compounds having different

(23) Vittal, J. J.; Wang. X.; Ranford, J. Dnorg. Chem 2003 42, 3390.

(24) (a) Pakhomova, S.; Ondek, J.; Jurk, F. Collect. Czech. Chem.
Commun.1997, 62, 1205. (b) Koh, L. L.; Ranford, J. D.; Robinson,
W. T.; Svensson J. O.; Tan, A. L. C.; Wu, Dorg. Chem1996 35,
6466.



Supramolecular Assembly

connectivity depends on various factors, including the ratio 8.0 (t, 1H), 8.7 (d, 1H)*C NMR [D2QO] (ppm), **C NMR
of the reactants used, concentration, temperature, pH of thed 52.0 (G), 53.9 (G), 126.9 (G), 127.22 (G), 141.3 (G),

medium, counterions, efcSuch a dependency is relatively
uncommon in the chemistry of MG8822We have found
that a novel molecular hexamer containing two different but
closely related ligands, namely, [6fagly)s(spglyX](ClO4)s
has been obtained from the reaction between [Cu(ggly)
2H,0 and Cu(CIQ),-6H,0 in 1:1 ratio in aqueous MeOH
solution and [Cu(pgly)(kD)](CIO,) has resulted when
Hpgly-HCI was reacted with Cu(CIg,-6H,0 directly. The
hexameric cation has “cyclohexane-like” conformation. The
reactivity of Hpala ligand has been found to be completely
different. When Kpala was reacted with Cu(G)©6H.0, a
{Kc[12-MC-3]}, namely, [K(CIQ)s{ Cus(pala)}]*, cation

152.2 (GQ), 153.6 (G), 175.2 (G). IR (KBr, cm™): wvop,
3421;v,{C0O,7), 1595;v{(C0O,"), 1410.
N-(2-Pyridylmethyl)-L-alanine. To a solution of -alanine
(1.78 g, 20.0 mmol) and KOH (1.12 g, 20.0 mmol) in 10
mL of H,0O, 2-pyridaldehyde (2.14 g, 20.0 mmol) in 10 mL
of EtOH was added slowly. NaBHO0.74 g, 20.0 mmol) in
10 mL of water was added after the solution was stirred for
30 min and cooled in an ice bath. The mixture was stirred
for 1 h, and CHCO,H was used to adjust the pH to-5.
The solution was then evaporated to dryness. The solid was
extracted into hot MeOH (150 mk 3), and the filtrate was
concentrated to 3 mL, which was layered with@&to get

has been found to assemble to form 1D supramoleculartiny white crystals. Yield, 2.9 g (72%). Anal. Calcd. for
sandwich cations in the solid-state. The solution behavior is CsH12N>0,:1.25H0: C, 53.3; H, 7.2; N, 13.8. Found: C,

more complicated, showing the presence of several oligo-

meric ring compounds, unlike the other [12-MC-3] com-
pounds reported in the literatu¥te!® The conversion of the
metallacrown cation into a one-dimensional coordination

53.3; H, 6.7; N, 13.8. The solid was recrystallized in MeOH
below 0°C to obtain big platy white crystals. mp 26204
°C.*™H NMR in DO (ppm), 1.7 (3H, d), 4.0(1H, q), 4.5 (2H,
s), 7.7 (1H, 1), 7.8 (1H, d), 8.2 (1H, t), 8.7 (1H, djC NMR

polymeric chain is influenced by the presence of water. Suchin D,0O, 17.8 (G), 52.6 (G), 60.5 (G), 126.9 (G), 127.2

a reaction appears to be rare in metallacrown chemistry.
This{Kc[12-MC-3]} cation seems to be the kinetic product
of the reaction between Cu(CJ)? and the K salt of pala.
The difference in the reactivity of the structurally closely
related reduced Schiff base ligands toward Cu@zi® the
formation of different products under various experimental
conditions has been exemplified in this study.

Experimental Section

The 'H NMR spectra were recorded on a Bruker ACF
300FT-NMR spectrometer at 2&, and the infrared spectra
(KBr pellet) were recorded using an FTS165 Bio-Rad FTIR
spectrophotometer in the range 46060 cm®. The elec-

(Cy), 141.2 (G), 152.2 (G), 153.1 (G), 177.4 (G). IR (KBr,
cm™1): vop, 3446;vN—p, 2977;v,{CO,"), 1717;vc—n, 1610;
andv{CQO,"), 1389.

[Cu(pgly)2]-2H,0 (1). To a methanolic solution (10 mL)
of Hpgly-HCI (4.1 g, 20.0 mmol), Cu(Clg).-6H,0 (3.74 g,
10.0 mmol) or Cu(CHCOO)-H,0 (2.00, 10.0 mmol) in an
ageous solution (5 mL) was added, and the clear solution
was left undisturbed to get blue crystals. Yield: 3.5 g, 80%.
Anal. Calcd for GeH1gCuNsO4-2H,0: C, 44.7; H, 5.2; N,
13.0. Found: C,44.3; H,5.2; N, 12.7. Selected IR data (KBr,
cmY): voun, 3401;vnn, 3213;vc—0, 1691;v,{CO,"), 1591;
v(CO,7), 1393. UV-vis (Nujol, nm): 256 (CT) and 686
(d—d transition).

tronic transmittance spectra were recorded on a Shimadzu [Cue(pgly)s(spgly)](CIO 4)e:9H20 (2). [Cu(pgly)]-2H,0

UV-2501/PC UV~ vis spectrophotometer in Nujol mull. The

(0.429 g, 1.00 mmol) and Cu(Ckp-6H,O (0.374 g, 1.00

elemental analyses were performed in the microanalytical mmol) were added as solids in a mixture of MeOH (10 mL)
laboratory, Department of Chemistry, National University and water (3 mL). The mixture was stirred and filtered to
of Singapore. Water present in the compounds was deter-get a dark blue solution, from which the dark blue hexagonal
mined using a SDT 2980 TGA thermal analyzer with a crystals were obtained. Yield: 0.22 g, 63%. Anal. Calcd for
heating rate of 10C min ! in a N, atmosphere using a  CagHagClsCusN12036-9H,0: C, 27.1; H, 3.1; N, 7.9. Found:
sample size of 510 mg per runCaution! Perchlorate salts ~ C, 27.1; H, 3.0; N, 7.7. Selected IR data (KBr, Th vop,

are potentially dangerous as exploss and should be  3425;v,{CO,7), 1610;v(CO,7), 1439;1(ClOy), 1141, 1120,
handled only in small quantities, although we worked with 1090. UV—vis (Nujol, nm): 273 (CT) and 590¢dd transi-
these CIQ salts without any incident. tion).

N-(2-Pyridylmethyl) glycine. To an aqueous solution (10 [Cu(pgly)(H20)](CIO4) (3). To a solution of HpglyHCI
mL) of glycine (1.38 g, 20.0 mmol) and KOH (1.12 g, 20.0 (0.203 g, 1.00 mmol) in EtOH (10 ct) Cu(CIQy),-6H,0
mmol), 2-pyridine aldehyde (2.14 g, 20.0 mmol) in EtOH (0.371 g, 1.00 mmol) in kD (5 cn?) was added. The mixture
(10 mL) was added slowly. The solution was stirred for 30 was stirred for 30 min and filtered. The filtrate was
min and cooled in an ice bath. NaBKD.74 g, 20.0 mmol) evaporated to get a blue precipitate, which was separated,
in 10 mL of water was added. The mixture was stirred for washed with EtOH (3x 5 mL), and dried. Yield: 0.10 g,

1 h, and HCl was used to adjust the pH to= The solution 30%. Anal. Calcd for @H1:.CICUNO7: C, 27.8; H, 3.2; N,
was then evaporated to dryness. The solid was extracted in8.1. Found: C, 28.2; H, 3.2; N, 7.7. Selected IR data (KBr,
hot and dry MeOH (150 mLx 3), and the filtrate was  cm™): vop, 3448;vc—0, 1691;v,{CO;"), 1610;v{(CO,"),
evaporated to get white powder, HpgHCl. Yield: 0.8 g, 1432;v(ClOy), 1141, 1120, 1090. U¥vis (Nujol, nm): 253
20%. mp191-193°C. Anal. Calcd for GH;0N,O»-HCI: C, (CT) and 687(et-d transition).

47.4, H, 5.5; N, 13.8. Found: C, 47.7; H, 5.8; N, 13'8. [K(CIO 4)a{ Cus(pala)s}](ClO4) (4). Hpala (0.180 g, 1.00
NMR [D,0] (ppm), 3.8 (s, 2H), 4.5 (s, 2H), 7.6 (m, 2H), mmol) in EtOH (5 mL) was mixed with Cu(CI»-6H,0
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Table 6. Crystal Data and Structure Refinement

Wang and Vittal

1 2 4 5
formula CieH22CuN4Os CugHssClsCusN12045 Co7H33Cl4CusKN 022 CoH13CICuN;O7
fw 429.92 2125.07 1165.11 360.20
temp,°C 20 —50 20 20
A 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic trigonal orthorhombic orthorhombic
space group P2i/c R3 P2,212; P2,212;

a, A 8.9058(3) 13.7507(7) 20.9192(3) 8.8500(7)
b, A 9.3868(4) 13.7507(7) 27.4692(2) 11.2033(8)
c, A 10.9447(4) 74.763(6) 7.2465(1) 13.754(11)
B,° 91.731(1) 90 90 90
vV, A3 914.53(6) 12242.5(13) 4164.08(9) 1363.7(2)
z 2 6 4 4
Dealo g/crr? 1.561 1.729 1.858 1.754
u, mmt 1.236 1.835 1.966 1.829
reflns collcd 4573 18477 21348 7036
unique reflns 1606 3575 7307 2391

R(int) = 0.0177 R(int) = 0.0570 Rt = 0.0378 Rt = 0.0747
GOFon P 1.041 1.076 1.119 0.916

R12, wR2 [ > 20(1)]® 0.0233, 0.0685
R12, wR2 (all data) 0.0262, 0.0699

0.0873, 0.2548
0.1149, 0.2719

0.0542,0.1375
0.0637, 0.1453

0.0475, 0.0958
0.0694, 0.1012

aR1= (||Fo — |Fc||)/(|Fal); wR2 = [(W(F&? — FA)/(wFa*]2

(0.371 g, 1.00 mmol) in CECN (10 mL), followed by the
addition of KOH (0.078 mL, 50% (wt %), 1.00 mmol). The

each of the three CIQ anions is sitting in the 3 axis. CI(5)
and O(15) were also on the crystallographic 3 axis but the

contents was stirred for 10 min, and a dark blue precipitate occupancy for the anion was fixed at 0.5. The perchlorate

was filtered and dried in air. The crystals suitable for X-ray
analyses were obtained from the undisturbed filtrate. Yield:
0.23 g (60%). Anal. Calcd for £Hz3Cl,CUKNgO2 (M =
1165.11): C,27.8;H,2.9;N, 7.2, Cl, 12.2. Found: C, 27.4;
H, 2.8; N, 7.1, Cl, 12.3. IR (KBr, cmb): wn-y, 3220;
v(ClOy), 1138, 1117, 1090, and 940;,{CO,") 1610;
v§(C0O,7) 1438. UV-vis (Nujol, nm): 250, 330 (CT) and
590 (d—d transition).

[Cu(pala)(H20)]an(ClO,) (5). To a methanolic solution
(10 mL) of Hpala (0.180 g, 1.00 mmol), Cu(C)e6H.0O
(0.370 g, 1.00 mmol) in water (3 mL) was added. The
resultant dark blue solution was stirred fbh and filtered
to obtain a blue powder, which was washed withGeand
dried in a vacuum. Yield: 0.24 g (68%). Single crystals
suitable for X-ray analysis were obtained from the filtrate.
Anal. Calcd for GH13CIN,O;Cu : C, 30.0; H, 3.6; N, 7.8;
Cl, 9.9. Found: C, 30.0; H, 3.5; N, 7.7; Cl, 9.7. IR (KBr,
cmY): vop, 3418;vn-n, 3241;v{CO,7) 1593;v{(CO,7)
1409;v(ClOy), 1138, 1117, 1090, and 940. W\is (Nujol,
nm): 250, 330 (CT) and 685 (e transition).

X-ray Crystallography. The diffraction experiments were
carried out on a Bruker SMART CCD diffractometer with a
Mo Ka radiation from a sealed tube. The program SMART
was used for collecting frames of data, indexing reflections
and determination of lattice parameters; SAINTfor
integration of the intensity of reflections and scaling.
SADABS?* was used for absorption correction, and
SHELXTL,? for space group and structure determination
and least-squares refinementsknFor 2, a C—0O bond in

(25) SMART and SAINT Software Reference manuals, Version 4.0,
Siemens Energy & Automation, Inc., Analytical Instrumentation,
Madison, WI, 1996.

(26) Sheldrick, G. MSADABS, software for empirical absorption correc-
tion, University of Gidtingen, 1996.

5142 Inorganic Chemistry, Vol. 42, No. 17, 2003

anion containing Cl(4) has been found to be crystallographi-
cally disordered near the3 axis. Only the common isotropic
thermal parameter was refined for the oxygen atoms. For
the CIQ,~ anion with CI(6), a common isotropic thermal
parameter was refined for all the atoms with fixed site
occupancy at 0.3333. The perchlorate ion containing a
CI(5)—0(15) bond in the crystallographic 3 axis is also
crystallographically disordered near the inversion center. A
common isotropic thermal parameter was refined for the two
oxygen atoms. Nine lattice water molecules were found
disordered near the crystallographic inversion center. Despite
the crystallographic disorder presen®ithat hampered high
quality results, the structure and connectivity of the hexam-
eric cations were proved beyond any doubt. 4ntwo
perchlorate anions were disordered. In one anion, three
oxygen atoms were triply disordered related by rotation along
the CI(3)-0(15) bond. Common thermal parameters were
refined for all the disordered O atoms. Two tetrahedral
dispositions of oxygen atoms were resolved for the fourth
ClO,4~ anion containing Cl(4). The relevant crystallographic
data and refinement details are shown in Table 6.
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