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A new Cd(Il) complex [Cds(L)s(t3-CO3)](ClO4)422CH3CN (1) with two-dimensional (2D) network structure was obtained
by reaction of an imidazole-containing tripodal polyamine ligand A*-(2-aminoethyl)-N-(2-imidazolethyl)-ethane-1,2-
diamine (L) with Cd(ClO4),-6H,0 at pH 9.0 in air. The carbonate anions (CO4?~) are from the hydration of the
atmospheric carbon dioxide, which is the same as in the previously reported Cu(ll) complex [Cus(L)s(t3-CO3)]-
(Cl04)4-3CHLCN (2). However, the coordination mode of COz2~ in 1 is ug-n%n%n? while the one in 2 is uz-n*:
ntyt. One-dimensional (1D) chain Cd(ll) and Cu(ll) complexes [Cd(L)CI]CIO4-H,0 (3) and [Cu(L)(H20)](CIO4), (4)
without COz%>~ were prepared by a similar method as that for 1 and 2 except for the different reaction pH, namely,
3 and 4 were obtained at pH 7 while 1 and 2 were obtained at pH 9. In addition, when Cu(NOs), was used to react
with L at pH 9, a unique 1D double-stranded helical chain complex [Cu(L)CI]NOs-1.25H,0 (5) was obtained. The
results revealed that the reaction pH and the counteranion have great impact on the carbon dioxide absorption and
hydration as well as on the assembling and structure of the complexes. The magnetic property of complex 2 was
investigated in the temperature range of 1.8—300 K, and weak ferromagnetic coupling among the wus-ntnptn*—
CO3>~ hridged Cu(ll) atoms was observed.

Introduction variety of the coordination mode of the carbonate anion,

extended metalcarbonato complexes, such as dimers,

Over the past years, the capture, activation, and conversiontrimers, even tetramers, and one- (1D) and two-dimensional
of small molecules such as carbon dioxide ¢;@nethane, (2D) systems have been reporfeuch kind of metat

dioxygen, and so forth has drawn much attentidrart of carbonato complexes are important in bioinorganic fields

such a kind of research work has dealt with the insertipn with relation to Zn(ll) complexes as a model of carbonic
CO, from the atmosphere, particularly as carbonate anion anhydrases. In addition, Cu(ll- and Ni(ll)—carbonato

(COs*), into coordination complexesAs a result of the .5 hjeves have been prepared as analogues of Zn(ll), and

* To whom correspondence should be addressed. Teleph686:25- (3) (a) Bazzicalupi, C.; Bencini, A.; Bencini, A.; Bianchi, A.; Corana, F.;
83593485. Fax:+86-25-83314502. E-mail: sunwy@nju.edu.cn. Fusi, V.; Giorgi, C.; Paoli, P.; Paoletti, P.; Valtancoli, B.; Zanchini,
T Nanjing University. C. Inorg. Chem.1996 35, 5540. (b) Doyle, R. P.; Kruger, P. E.;
* Osaka University. Moubaraki, B.; Murray, K. S.; Nieuwenhuyzen, Nbalton Trans.
(1) (a) Gibson, D. HCoord. Chem. Re 1999 185-186, 335. (b) Leitner, 2003 4230. (c) Kato, M.; Ito, T.Inorg. Chem.1985 24, 509. (d)
W. Coord. Chem. Re 1996 153 257. (c) Yin, X. L.; Moss, J. R. Schrodt, A.; Neubrand, A.; van Eldik, Bhorg. Chem1997, 36, 4579.
Coord. Chem. Re 1999 181, 27. (d) Naakazawa, J.; Hagiwara, J.; (e) Kong, L. Y.; Zhang, Z. H.; Zhu, H. F.; Kawaguchi, H.; Okamura,
Mizuki, M.; Shimazaki, Y.; Tani, F.; Naruta, YAngew. Chem., Int. T.; Doi, M.; Chu, Q.; Sun, W. Y.; Ueyama, Mngew. Chem., Int.
Ed. 2005 44, 3744. (e) Tachi, Y.; Aita, K.; Teramae, S.; Tani, F; Ed. 2005 44, 4352.
Naruta, Y.; Fukuzumi, S.; Itoh, Snorg. Chem.2004 43, 4558. (4) (a) Escuer, A.; Vicente, R.; Palba, E.; Solans, X.; Font-BdaliM.
(2) (a) Garta-Espan, E.; Gavim, P.; Latorre, J.; Soriano, C.; Verdejo, Inorg. Chem.1996 35, 248. (b) Fondo, M.; GafatrDeibe, A. M.;
B. J. Am. Chem. SoQ004 126, 5082. (b) Mao, Z. W.; Liehr, G; Ocampo, N.; Sanmart) J.; Bermejo, M. RDalton Trans2004 2135.
van Eldik, R.J. Am. Chem. SoQ00Q 122 4839. (c) Kim, J. C; (c) Mao, Z. W.; Liehr, G.; van Eldik, RJ. Chem. Soc., Dalton Trans.
Cho, J. H.; Kim, H.; Lough, A. JChem. Commur2004 1796. 2001, 1593.
8098 Inorganic Chemistry, Vol. 45, No. 20, 2006 10.1021/ic0605524 CCC: $33.50  © 2006 American Chemical Society

Published on Web 09/09/2006



Cd(ll) and Cu(ll) Complexes with Tripodal Polyamine Ligands

Scheme 1

NH,

their magnetic properties have been studiddowever,

distilled or dried when necessary by general procedures. The ligand
NL-(2-aminoethyl)N-(2-imidazolethyl)-ethane-1,2-diamine (L) was
prepared as previously report&éElemental analyses for C, H, and

N were made on a Perkin-Elmer 240C elemental analyzer at the
Analysis Center of Nanjing University. Magnetic measurements
for complex2 in the range of 1.8300 K were performed in an
MPMS—SQUID magnetometer at a field of 2000 G on powder
samples in a Teflon capsule. The diamagnetic contributions of the

Cd(ll)—carbonato coordination chemistry has received less samples were corrected by using Pascal’s constants. Thermogravi-

attention up to now although the Cd(ll) ion is also important
in bioinorganic research, for example, Cd(ll) substituted
binuclear zinc(ll) hydrolytic enzymes for the favorableness
of NMR studies®

In our previous studies, we found that the imidazole-

containing ligands are versatile and can offer a variety of
metal complexes with interesting structures and properties ,

when they react with metal saftfecently, we prepared a
new imidazole-containing tripodal polyamine ligamd-
(2-aminoethyl)N!-(2-imidazolethyl)-ethane-1,2-diamine (L;
Scheme 1), and its reactions with M(C)@6H,O [M =
Cu(ll), Zn(I] were carried out. It is interesting to find that
2D networks were formed with the aid of GO anions
which come from the absorption and hydration of the
atmospheric carbon dioxide.As an extension of such
research work, ligand L was used to react with Cd({4O
6H,0 to give complex [CelL)s(us-CO3)](ClO4)42CHCN

(1) with 2D network structure, which was compared with
the previously reported Cu(ll) complex [gl1)s(us-CO)]-
(ClO4)4-3CH:CN (2).3¢In addition, to further investigate the

metric analysis (TGA) was conducted on a Pyris 1 TGA analyzer
in a nitrogen atmosphere in the range of 25 to 70Qvith a heating
rate of 20°C/min at the Analysis Center of Nanjing University.
X-ray powder diffraction (XRPD) patterns were recorded on a Lab
X-ray 6000 diffractometer with graphite-monochromatic Ca K
(A = 1.54 A) radiation at room temperature.

Preparation of the Complexes. [Cd(L)3(#3-CO3)](ClO4)s°
CH3CN (1). The title complex was prepared in 70% yield by the
same method as reported for compsin the literaturé® using
Cd(ClQy)2*6H,0. Anal. Calcd for GoHs7CkCl4N150:19 (NONCOOTr-
dinated CHCN molecules were lost upon drying): C, 24.25; H,
4.14; N, 15.15. Found: C, 24.28; H, 4.28; N, 14.95.

[CA(L)CIICIO 4-H,0O (3).L-4HCI (0.0343 g, 0.1 mmol) and Cd-
(ClO4)2°6H,0 (0.0419 g, 0.1 mmol) were mixed in 5 mL of water.
Then the pH of the solution was adjusted to 7 by addition of 0.5
M NaOH. After stirring for 2 h, the solution was filtrated. Colorless
platelet single crystals were obtained in 3 days by slow evaporation
of the solvent in 50% vyield. Anal. Calcd fore8,,Cl,CdNsOs: C,
23.37; H, 4.57; N, 15.14. Found: C, 23.32; H, 4.48; N, 15.17.

[Cu(L)(H 20)](ClO4), (4). To an aqueous solution (5 mL) of
L-4HCI (0.0343 g, 0.1 mmol), Cu(Clp-6H,0 (0.0371 g, 0.1
mmol) in water (5 mL) was added dropwise with stirring. The pH

influence of reaction pH and the counteranion on the structure of the solution was adjusted to 7 by addition of 0.5 M NaOH. After
of complexes as well as on the absorption of carbon dioxide the addition of 2 mL of saturated NaCiOthe blue precipitate

from air, reactions of L were carried out with Cd(G)@
6H,0 and Cu(ClQ),:6H,0 at pH 7 and Cu(Ng),*3H,0 at
pH 9, respectively, and complexes [Cd(L)CI]GIE0 (3),
[Cu(L)(H20)](CIOy)2 (4), and [Cu(L)CIING-1.25H,0 (5)

appeared. Then 5 mL of GBN was added to give a clear solution.
Blue platelet single crystals were obtained in 1 week by slow
evaporation of the solvent in 65% yield. Anal. Calcd fogHg;-
ClL,CuNsOg: C, 22.63; H, 4.43; N, 14.66. Found: C, 22.64; H, 4.38;

were obtained. Herein we report the crystal structure of N, 14.51.

complexesl, 3, 4, and5 and a discussion of the effect of

[Cu(L)CIINO 5-1.25H,0 (5). L-4HCI (0.0343 g, 0.1 mmol) and

metal ions, reaction pH, and counteranion on the structure CUNGs)23H:0 (0.0242 g, 0.1 mmol) were mixed in 5 mL of water.

of the complexes as well as the magnetic propertg.of

Experimental Section
General Materials and Instruments. All the reagents are of

In addition, 0.5 M NaOH solution was added dropwise to adjust
the solution pH value to 9. After the mixture was stirred 2ch at
room temperature, it was filtered. Blue block crystals were obtained
in 50% vyield by slow diffusion of ethanol into the filtrate after 7

analytical grade from commercial sources and all solvents were days. Anal. Calcd for €Hz;, SCUCINeO, 25 C, 28.39; H, 5.69; N,

(5) (a) Escuer, A.; Vicente, R.; Pelba, E.; Solans, X.; Font-BdaliM.
Inorg. Chem.1996 35, 248. (b) Escuer, A.; Vicente, R.; Kumar, S.
B.; Solans, X.; Font-Bard, M.; Caneschi, Alnorg. Chem1996 35,
3094. (c) Rodiguez, M.; Llobet, A.; Corbella, M.; Miler, P.; Usa,
M. A;; Martell, A. E.; Reibenspies, J. Chem. Soc., Dalton Trans.
2002 2900. (d) Escuer, A.; Vicente, R.; Kumar, S. B.; Solans, X;
Font-Barda, M. J. Chem. Soc., Dalton Tran$997 403. (e) Fu, H;
Chen, W. L.; Fu, D. G.; Tong, M. L.; Chen, X. M.; Ji, L. N.; Mao, Z.
W. Inorg. Chem. Commur2004 7, 1285.

(6) (a) Allred, R. A.; McAlexander, L. H.; Arif, A. M.; Berreau, L. M.

Inorg. Chem.2002 41, 6790. (b) Liang, X. Y.; Parkinson, J. A;

Parsons, S.; Weishal, M.; Sadler, P. Jnorg. Chem2002 41, 4539.

(c) Pariya, C.; Puranik, V. G.; Chaudhuri, N. ®&hem. Commuri997,

1307. (d) Allred, R. A,; Arif, A. M.; Berreau, L. MJ. Chem. Soc.,

Dalton Trans.2002 300.

For examples: (a) Fan, J.; Gan, L.; Kawaguchi, H.; Sun, W.-Y.; Yu,

K.-B.; Tang, W.-X.Chem—Eur. J. 2003 9, 3965. (b) Fan, J.; Zhu,

H.-F.; Okamura, T.; Sun, W.-Y.; Tang, W.-X.; Ueyama, Chem—

Eur. J.2003 9, 4724. (c) Fan, J.; Zhu, H.-F.; Okamura, T.; Sun, W.-

Y.; Tang, W.-X.; Ueyama, NInorg. Chem2003 42, 158. (d) Zhang,

Z. H.; Song, Y.; Okamura, T.; Hasegawa, Y.; Sun, W.-Y.; Ueyama,

N. Inorg. Chem.2006 45, 2896.

@

~

22.07. Found: C, 28.74; H, 5.68; N, 22.27.
Caution: Perchlorate salts of compounds containing organic
ligands are potentially exploge and should be handled with care.
Crystallography. The data collection for complexek and 4
was carried out on a Rigaku RAXtRAPID Imaging Plate
diffractometer using graphite-monochromated Mo. Kadiation
(A = 0.7107 A) at 200 K. The structures were solved by direct
method with SIR92and expanded using Fourier technig@dhe
absorption correction for the complexes was carried out by the
multiscan method. All non-hydrogen atoms were refined anisotro-
pically by the full-matrix least-squares methodféh The hydrogen

(8) SIR92: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Polidori, G. Appl. Crystallogr1994
27, 435.

(9) DIRFID 94: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; de Gelder, R.; Israel, R.; Smits, J. M. NMlhe DIRFID-94
program systerrlrechnical Report of the Crystallography Laboratory;
University of Nijmegen: Nijmegen, The Netherlands, 1994.
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Table 1. Crystallographic Data for Complexds 3, 4, and5

1, 3, 4, and5?

complex 1 3
empirical formula G2oHe3CClsN1 7019 CgH21Cl,CdNsOs Cd1—-N3 2.273(6) L CdLO12 2.546(4)
formula weight 1468.99 462.21 Cd1-N2 2:274(5) Cd+O1 2'.329(4)
crystal system trigonal monoclinic Cd1—N12¢ 2.257(4) CdEN1 2.553(5)
space group P3cl P2, N12“—Cd1-N3 108.1(2) N3-Cd1-01# 86.54(17)
a(d) 13.749(2) 9.2743(14) N12#1-Cd1-N2 110.70(18) N2 Cd1-01# 74.77(15)
b (A) 13.749(2) 7.6104(11) N3—Cd1-N2 136.0(2) 0+Cd1-01"  54.31(17)
c(A) 16.889(3) 11.8112(18) N12¥1-Cd1-01 92.02(15) N1#Z-Cd1-N1  108.29(18)
a (deg) 90 90.00 N3—Cd1-01 85.87(16) N3-Cd1-N1 74.45(18)
 (deg) 90 104.755(3) N2—Cd1-01 112.33(15)  N2Cd1-N1 74.39(17)
y (deg) 120 90.00 N12#-Cd1-O1*2  142.92(16) O*Cdl-N1 155.14(14)
Vv (R3) 2764.8(8) 806.2(2) 01%—Cd1-N1 108.43(15)
z 2 2 3
TK) , 200 293 Cd1-N1 2502(9)  CdN3 2.377(13)
Deatea(g cm™?) 1.765 1.906 Cd1-N2 2.254(11)  Cd:N5 2.248(9)
u (mm™1) 1.419 1.715 cdi-ci 2.527(9)
20 max (deg) 55.0 56.0 N5*3—Cd1-N2 100.6(4) N%3—Cd1-N3 87.4(5)
Rint 0.0822 0.0292 N2—Cd1—N3 99.0(5) N33—Cd1-N1 159.6(4)
R[I > 20(1)]* 0.0430 0.0682 N5%3—Cd1-Cl1 98.3(4) N2-Cd1-Cl1 155.2(3)
WR [l > 20(1)]° 0.1006 0.1646 N3—Cd1-Cl1 97.8(4) N+Cd1-Cl1 92.6(3)

N2—Cd1-N1 74.7(3)

complex 4 5 4
empirical formula GH21ClL,CuUNsOg CoH21.5CICUNsO4.25 Cul-N1 2.0156(2) CutN3 2.0293(2)
formula weight 477.75 380.806 Cul-N2 2.0305(2) CutN12 1.9677(2)
crystal system monoclinic tetragonal Cul-01 2.353(2)
space group P2:/c P4,/n N12—Cul—N1 180.0 N12-Cul—N3 95.91(8)
a(A) 10.607(6) 22.477(3) N1-Cul-N3 84.54(8) N12-Cul—N2 95.72(9)
b (A) 9.852(6) 22.477(3) N1-Cul-N2 84.58(8) N3-Cul-N2 168.18(7)
c(A) 16.643(10) 6.4602(11) N12—-Cul-01 94.98(8) N+Cul-01 97.89(8)
a (deg) 90.00 90.00 N3—Cul-01 87.60(8) N2-Cul—01 89.35(8)
5 (deg) 90.37(5) 90.00 5
v (deg) 90.00 90.00 Cul-N2 1.998(4) CutN11# 2.001(3)
\z/ A9 }1739-2(18) 23263-8(8) Cul-N3 2.016(4) CutN1 2.076(3)
T© 200 503 Cul-Cl1 2.5485(13)

. N2—Cul-N11# 93.91(14) N2-Cul—N3 162.53(17)
Deaica(g cm™) 1.825 1.556 N11%—Cul-N3  94.09(15)  N2Cul-N1 84.79(14)
p# (mm™) 1.620 1.529 N1%-Cul-N1  163.71(14) N3Cul-N1 83.18(14)
g’ max (deg) 05&% L 0536030 N2—Cul-CI1 97.89(12)  N1#—Cul-Cl1  91.48(10)
nt . . _ — —

Rl > 2002 0.0905 0.0603 N3—Cul-Cl1 97.40(13) N+Cul-Cl1 104.79(10)
WR [ > 20(1)]° 0.0667 0.1370 aSymmetry transformations used to generate equivalent atoms: #1,

Kong et al.

Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes

—X+y, —x+1,z#2,—x+y+1 —x+1,z #3,1— XY, z and #4,

AR = JIFol — IFdll/3|Fol. "WR = |ZW(|Fol? — [Fel)|/ 3 W(Fo)?*?,

wherew = 1/[0%(Fs?) + (aP)? + bP] and P = (Fs? + 2F.2)/3. L=yx=12,z=12.

Results and Discussion

atoms except for those of water molecules were generated geo- o
metrically. All calculations were carried out on a SGI workstation ~ Description of Crystal Structures. [Cds(L)s(#3-COs)]-

using the teXsan crystallographic software package of Molecular (C104)4-2CH:CN (1). Crystallographic analysis revealed
Structure Corporatiot, Diffraction data of complexe8 and 5 that complext crystallizes in the trigonal space groBfcl
were collected on a Bruker SMART CCD system equipped with With the compositions of a [GfL)3(«s-CO5)]** cation, four
monochromated Mo K radiation ¢ = 0.710 73 A) at 293 K. perchlorate anions, and two acetonitrile molecules. As shown
The data integration and empirical absorption corrections were in Figure 1a, each Cd(ll) atom is six-coordinated by four N
carried out by SAINT program$. The structures were solved by  atoms from two different L ligands and two O atoms from
direct method (SHELXS 97f. All non-hydrogen atoms were  the coordinated C&~. The bond lengths of CeN are in
refined anisotropically o2 by full-matrix least-squares techniques  the range from 2.257(4) to 2.553(5) A, and the ones of Od
(SHELXS 97):2 Atom O1W in 5 has two positions with the site  are 2.329(4) and 2.546(4) A; the coordination angles around
occupancy factors of 0.63(2) and 0.37(2), respectively. The {ne Cd(ll) atom are from 54.31(17) to 155.14(14Table
hydrogen atoms except for those of water molecules were generatedz)_ Therefore, the coordination geometry of the Cd(Il) atom
geometrically. Details of the crystal parameters, data collection, can be regarded as a strongly distorted octahedron due to
and refinements for the complex are summarized in Table 1, and h -
i ) i he chelating coordination of two O atoms of the carbonato
selected bond lengths and angles with their estimated standard,. . . .
L 2 igand. On the other hand, each ligand L in turn bridges two
deviations are given in Table 2. .
Cd(ll) centers, and three Cd(ll) atoms connect three L ligands
to generate a M.3 21-membered trigonal ring (Figure 1a)
which is the same as that observed in compke®® The
trigonal rings are further linked together by €0to generate
a 2D network (Figure 1b). The G& anions inl are from
the absorption and hydration of atmospheric carbon dioxide

(10) teXsan: Crystal Structure Analysis Packag&lolecular Structure
Corporation: The Woodlands, TX, 1999.

(11) SAINT, Program for Data Extraction and ReductipBruker AXS,
Inc.: Madison, WI, 2001.

(12) Sheldrick, G. M.SHELXS 97 Program for Refinement of Crystal
Structures University of Gdtingen: Gitingen, 1997.
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(b)

Figure 1. (a) ORTEP plot of coordination environment of Cd(ll) centerdjwith thermal ellipsoids at 30% probability; hydrogen atoms were omitted
for clarity. (b) The 2D network structure formed by bridging carbonate anioris water molecules are omitted for clarity. (c) The packing structure of
complex1 along thec axis with CHCN molecules (in space-filling mode, blue and gray refer to the N and C atoms s8I Hespectively) in the trigonal
channels and perchlorate anions lying between layers.

as demonstrated for Cu(ll) compl@xe However, it is worth ScherTe % tl)\/lodes of Carbonato Coordination in Compléxa) and
noting that the carbonate anions here adopt-g22:7* Complex2 (b)

tridentate bridging mode, rather thapan 'ty -tridentate ~d 2-915§,f"c\u1.974(2) A
one as observed in compl&because the coordinated €0 2.546(4) A \2329(4) A o o

bond distance is 1.974(2) A while the separation between g O i \(

the Cu(ll) and the adjacent uncoordinated O atom is 2.916 / \( \

A as §ch(_ematically shown_ in Scheméez_.'he usn>nn?- cd o - O—c,
coordination mode of C& is rare in the literature. Another

example with such coordination mode of gOwas found (@) sy -tridentate (b) ps=n":n" " -tridentate

in complex [Cd(cyclam}(C0s)](ClO4)4-3H,O (cyclam=

1,4,8,11-tetraazacyclotetradecaffejhe Cd-O bond lengths ~ those observed in [G(tyclam}(COs)](ClO4)s3H,0 & Al-

of 2.329(4) and 2.546(4) A and the ©Cd1-01A bond though di- and tri-nuclear Cd(H)carbonato complexes have
angle of 54.31(17)in complex1 (Table 2) are similar to  been reported in the literatuteo the best of our knowledge,

Inorganic Chemistry, Vol. 45, No. 20, 2006 8101
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Table 3. Hydrogen Bonds Data for Complexés3, 4 and 52 acetonitrile molecules irl, while complex2 has three.
distance of B--AP angle of D-H—Ab Such difference is attributable to the different packing of
D—H---AP R) (deg) the acetonitrile molecules in the 1D channel of the com-
1 plexes. The CKCN molecules i? packed much closer than
N2—H1---024" 3.190(3) 157 those in1, because the distances between the C atom of one
N2—H2--O11™ 3.093(7) 145 CHsCN and the N atom of the adjacent one are 5.75 and
N3—H3---012 3.170(7) 172 3
N3—H4---023 3.360(3) 166 3.65 Ain1 and2, respectively.
C2—H7---022% 3.340(2) 139 [CA(L)CIICIO 4H20 (3). To probe the effect of reaction
C4—H12---0247 2.990(6) 155 L
C5_H14--0213 3.402(3) 156 pH on the fixation of CQand the structure of the complexes,
C11-H17---023? 3.210(2) 175 the reaction of ligand L with Cd(CI£,*6H,0 at pH 7 was
C13-H19--022% 3.360(3) 141 performed to give comple8. The single-crystal structure
, 3 analysis revealed that compl8xeatures a 1D zigzag chain
Hg::gg:::géﬂ g:gz?é)lg) 113?58 structure rather than a 2D network observed.jrand it is
C1—H1B:+-O1W#* 3.48(6) 157 clear that no C&¥~ was found in comples. In other words,
C3*H3B"'CI1:‘76 3.051(18) 123 no absorption of carbon dioxide from air occurred at pH 7.
ggiﬂggiigﬁv gggg; gg The coordination environment around the Cd(ll) atom is
C7—HT7A---04#8 3.06(3) 142 shown in Figure 2a. Each Cd(ll) atom is five-coordinated
CY9—HOA-+-03% 3.20(2) 133 by three amine N atoms from a ligand, one imidazole N atom
4 from another ligand, and one terminal"Gnion. It has been
o1 201210 22.'8835((33)) Lok reported that such pentacoordinated geometry is assigned
N2—H3---O1 111 3.146(3) 122 based on the value defined by Addison et alr & 0, for
N2—H3---023 3.061(3) 144 an ideal square pyramid, and= 1, for a perfect trigonal
H%::g::gifm 3;_111267((33)) v bipyramid)™2 and ther value of 0.073 for comple8 suggests
N3—H6++- 02212 3.109(3) 152 that the geometry around the Cd(ll) center is a slightly
C1-H8---02411° 3.123(3) 127 distorted square pyramid. The basal plane is defined by the
Egiﬂigiigiﬁﬁ 2‘3‘35% 1o N1, N2, N3, and N5A atoms, while the apical position is
C11—H19+-O1240 3:407(3) 149 occupied by the CI1 atom. The Cd(ll) centers were extended
C12-H20---021#2 3.321(3) 137 to form an infinite 1D chain structure by the bridging
5 connection of the ligands L (Figure 2a). The 1D chain8 of
N2—H1A---04"13 3.101(5) 165 are further connected by-@H-++-Cl hydrogen bonds among
N2—H1B:+-02 3.101(5) 159 .
N2—H1B:-O3 3.269(6) 137 the chains, and NH---O and C-H---O hydrogen bonds
mg_ngg::gﬁl\gglg g.g%g%ﬁ) igg between the ligand and perchlorate O atoms .and vyater
LI H15A-Cl1#14 3.656(5) 170 molecule O atoms (Table 3) to generate three-dimensional
C13-H16A-+-02"5 3.377(5) 171 (3D) framework structure as shown in Figure 2b.

[Cu(L)(H 20)[(ClO )2 (4). Complex4 was also obtained

a Symmetry transformations used to generate equivalent atoms:#, 1

1= 12+ Z#2, 1-x+y, 1—xZ#3,1—y, 1+ X — y, Z #4 —X at pH 7 by reaction of ligand L with Cu(Cl-6H,O and
—12+y, 11—z #5 1+ X, Y, Z #6,1— x, 112+ y, 2 — 7 #7, 1— X, compared with comple®. The structure analysis showed
—12+y,1-z#8,1—x 1U2+y, 1 -z #9,1+xy, 1+ 7 #10, 1— that complex4 has a 1D zigzag chain structure similar to
x1—y,1—z#11,x, —-1+vy, z #12,—x, —1/2+y, 3/2— 7 #13,%, Y, LT

147 #14, U2+y, 1— x, —1/2+ z and #15, 3/2-y, , 3/2— 2.°D = that of complex3, which is different from the 2D network
donor and A= acceptor. structure of compleX. The results further confirm that no

absorption of carbon dioxide from air occurred at pH 7. As

complex1 is the first example of a 2D network formed by clearly shown in Figure 3a, each Cu(ll) atom is five-
the coordination of Cd(ll) with carbonate until now. coordinated by four N atoms from two ligands and one O

The cationic layers of are packed together in an ABAB atom of a water molecule. A value of 0.197 for complex
fashion along the axis to form trigonal channels filled with 4 suggests that the Cu(ll) center adopts a distorted square
acetonitrile molecules (Figure 1c) as that in complx pyramid coordination geometry. The basal plane is defined
However, the acetonitrile molecules are not stable enoughby the N1, N2, N3, and N12 atoms, while the apical position
and are easy to lose upon drying probably due to no inter-is occupied by O1. On the other hand, the ligand L also
actions such as hydrogen bonding between the acetonitrilebridges two Cu(ll) centers by all of its N donor atoms to
and 2D network. In addition, the perchlorate anions are give an infinite 1D chain structure (Figure 3a). In addition,
located between the cationic layers through theHN:-O the 1D chains o# were further connected by -€H---O,
and C-H---O hydrogen bonds between the 2D layers and N—H---O, and C-H---O hydrogen bonds between the coor-
the perchlorate anions. The hydrogen bonding data are listeddinated water molecule and perchlorate O atoms and between
in Table 3. the C—H or N—H of the ligand L and the perchlorate anions

It is noteworthy that though both compl&and complex ~ (Table 3) to generate 2D network structure as shown in
2 have 2D network structure, they are not isomorphous. In Figure 3b.
addition to the different space group and the different coor- (13) Addison, A. W.: Rao, T. N.. Reedijk, J.. van Rijn, J. Verschoor, G.
dination mode of C&~ as mentioned above, there are two C.J. Chem. Soc., Dalton Tran$984 1349.
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(b)

Figure 2. (a) Cationic 1D chain structure 8fwith atom numbering scheme (hydrogen atoms were omitted for clarity). (b) 3D network formed by hydrogen
bonding indicated by the dashed line, packed alongatheis of 3.

It is interesting that when ligand L reacted with Cd(QK© 12.92 A (equal to 2 of the unit cell), containing four Cu(ll)
6H,0 and Cu(ClQ@),-6H,0 at pH 9, simultaneous absorption atoms per turn.
and hydration of atmospheric carbon dioxide occurred and The results indicate that the counteranions have significant
complexesl and2 were isolated. The results imply that the effect on the polymer assembling and thus on the structure
reaction pH has great influence on the carbon dioxide ab- of the complexes. 14HCI was also used in the preparation
sorption and hydration as well as on the structure of the of complex2; that is, the chloride (Cl) also exists in the
complexes. reaction mixture. However, no chloride is present in the
[Cu(L)CIINO 5+1.25H,0 (5). In addition to the reaction ~ 'esulted compleg; instead, CG~ from hydration CQwas
pH, the effect of the counteranion was also investigated by found in2. _ B
reaction of ligand L with Cu(Ng),*3H,0 to give complex qurdmatlon po_Iymers with specific structures have bee_n
5, and the comparison of compl@with perchlorate anions obtained by reactions of metal salts with suitable organic
and complexs with nitrate anions was carried out. Crystal- ligands;*~*® however, most of the reported infinite helices
lographic analyses provide direct evidence that the structure2® A9(l) and Cu(l) complexes with tetrahedral coordina-
of 5 is different from that of2. Complex5 consists of tion preference of the metal ions a}nd long flexible ligakds.
cationic unit [Cu(L)CI]J", a nitrate anion, and lattice water For example, double-stranded helical structg re was observed
molecules. As illustrated in Figure 4a, each Cu(ll) atom is " complex [Ag(bpp))(CESO;) [bpp = 1,3-b|s(4-pl3C/)r|d31/I)-
also five-coordinated by four N atoms from two different propane], which was stabilized by weak Aghg (d—d")

“gar_]ds L a_nd one Clanion (or|g|_nat_ed_from L4HCI) in (14) (a) Carlucci, L.; Ciani, G.; Gudenberg, D. W. v.; Proserpio, D. M.
a slightly distorted square pyramid indicated by &alue Inorg. Chem.1997, 36, 3812. (b) Erxleben, Alnorg. Chem.2001,

13 - - - 40, 2928. (c) Sailaja, S.; Rajasekharan, M.Ivorg. Chem200Q 39,
of 0.0211° Namely, the coordination environments around 4586, (d) Albrecht. MAngew. Ghem., int. EQ005 44, 6448,

the Cu(ll) in 2 and 5 are different; the former one has a (15) (a) Selby, H. D.; Roland, B. K.; Zheng, Z. Rcc. Chem. Re2003

N,O donor set in which the O atom comes from £0Qwhile 36, 933. (b) Zheng, Z. -Chem Commun2001, 2521. (c) Abrahams,
. . . B. F.; Batten, S. R.; Hamit, H.; Hoskins, B. F.; Robson,Ghem
the latter one has a8l binding set. Linked by ligands L, Commun 1996 1313.

the Cu(ll) centers are expanded to right-handed and left- (16) (a) Cui, Y.; Lee, S. J.; Lin, WJ. Am. Chem. So@003 125 6014.
b) eBH SunAP WuTF Weng, Y.-Q.; Chen, X.-Eur.

handed cationic helical chains which intertwined with each S Inorg. Chem.2005 1230. (c) Vaquez, M.; Bermejo, M. R.:
other to form unique double-stranded helical chain structure Licchelli, M.; Gonz’éeZ-f\tl)Oya, A. M.; Pedrido, R. M.; Sangrehgorio,

; ; P : ; C.; Sorace, L.; GaratDeibe, A. M.; Sanmarty J.Eur. J. Inorg. Chem.
running alolng the crystallographlg axis in thealdlrectlorj ' 2005 3479. (d) Zhu, H.-F.+ Zhao, W.; Okamura, T.: Fei, B.-L.; Sun,
as shown in Figure 4b. The pitch of the helical chain is W.-Y.; Ueyama, NNew J. Chem2002 26, 1277.
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(b)

Figure 3.
bonding indicated by the dashed line, packed alongatheis of 4.

interactions with a Ag-Ag distance of 3.09 A% An infinite
double-stranded helix & obtained by reaction of a tripodal
polyamine ligand with an octahedral Cu(ll) center has not

(a) 1D chain structure of with atom numbering scheme (hydrogen atoms were omitted for clarity). (b) 3D network formed by hydrogen

stabilized by significant N-H---Cl and C-H---Cl hydrogen
bonds between the ligand from one helical chain and one
Cl~ anion (CI1) from the other chain (Table 3 and Figure

been well-documented. Because the left- and right-strandedS1, Supporting Information). This implied that the coor-

helical chains coexist in the structure, no chirality was
detected for complek. The occurrence of helical structure
may be contributed to by the flexibility of the imidazolethyl
pendant of L. Another remarkable feature ®fs that the
two infinite helices intertwine and generate a 1D rhombic
channel with a large cavity filled by the lattice water
molecules as shown in Figure 4b,c. As a simplified view
shown in Figure 4c (left), the channel could be viewed as
an extended rhombic array of four Cu(ll) atoms in a plane
with a dimensions of 8.14« 8.14 A (along each edge,
e.g., Cul4Cu22 and Cu22Cu7) and 10.57 (Cu9Cu22)
and 12.39 (Cu#Cul4) A (along the diagonal). It should
be noted that the NH---O hydrogen bonds between the
ligand L and water oxygen atom played an important role

in holding the water molecules in the channel. Furthermore,

the double-stranded helical chains of compare also

8104 Inorganic Chemistry, Vol. 45, No. 20, 2006

dination of CI might also play an important role in the
formation of the final helical structure because only a 1D
zigzag chain structure was observed in complewith a
coordinated water molecule. In addition, the nitrate anions
were located regularly between the chains and were held
there by hydrogen bonds as show in Figure S1, Supporting
Information.

Magnetic Property of Complex 2.The study of magnetic
property of metat-carbonato complexes is of great interest
due to the wide diversity of magnetic behaviors caused
by versatile coordination modes of the carbonato ligand.
Herein, the magnetic property of thg-nt:n':n*-tridentate
COs?" coordinated Cu(ll) compleg was investigated. The
temperature dependence of the magnetic susceptibility of
complex2 is shown in Figure 5, and the observggl value
at room temperature is 1.37 emu K mylwhich is larger



Cd(ll) and Cu(ll) Complexes with Tripodal Polyamine Ligands

(b)
. . N
e ==, ¥ \
o s \
o .
-.}/ "J\ LN \
. A 4
o L v ©r
X - ,+q
\r"" o~ A B _{F- " ) _,Ixh_ -
D e U A o
] - - LW ¢ I
L ' I ~
bR
3 — J.f D = ahd ‘(\
= e |
[ e »
b - ‘J‘ L ] \
T ee N s
. e Y
‘l"‘ A b_{_;’ -
A
(©)

Figure 4. (a) ORTEP plot of structure & with atom numbering scheme (hydrogen atoms were omitted for clarity). (b) The double-stranded helical chain
generated by two intertwined single-stranded helical chains (left) and including water molecules inside the channel, which were shownlings pamefil
(right). (c) A simplified view of the rhombic array of four Cu(ll) ions of the channel withr @hions and the aminoethyl pendant of the ligand omitted for
clarity (left) and the packing structure of the double-stranded helical chains alomgathis, including water molecules and nitrate anions (right).

than the expected value of 1.24 emu K midbased on the  of 2.09 emu K mot! at 7 K indicating that the ferromagnetic
spin-only Cy unit (S= 1/2 andg = 2.1). As the temperature interaction between the Cu(ll) ions by the bridging of £0
is loweredwT increases continuously to a maximum value is the dominating magnetic property &f When the tem-
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Figure 5. Plots of the temperature dependencegwf() andymT (O)
for complex2. Solid lines show the best fit obtained (see text).
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perature is below 7 KyyT decreases to 2.07 emu K mgl
which may be caused by weak intercluster interactions at
very low temperature. In th®l—H plot as shown in Figure

6, the magnetization varies linearly with low applied fields
up to 2.25 T and then progressively tends to completely sat-
uration with a value of 3.18 Bimol~* when the field reaches

7 T, which is similar to the expected value of 3.1B hiol*
based on the spin-only Gunit (S= 1/2 andg = 2.1). Such
behavior confirmed that the ferromagnetic coupling is
dominating in2. No hysteresis loop was observed, suggesting
that the magnetic phase critical temperature is probably lower
than 1.8 K. Additional evidence is given in alternating current
magnetic measurements (Figure S2, Supporting Information),
where the magnetizations of both in- and out-of-phase
increase with the decreasing temperature but no peaks wer
observed. On the basis of the-n*:nty'-tridentate bridging
mode of C@?, the magneto-structure of Cu(ll) centers in
2 could be simplified as a trinuclear triangular array cluster
as schematically shown in Scheme 3. So the experimental
data were fitted to the expression derived from the Hamil-
tonian as eq 1:

H=-JSS+SS+5S) 1)

In addition, the expression of molar susceptibility derived
from the Hamiltonian could be written as ed 282

e
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Scheme 3
Cu

C Cu

for intercluster exchang€.The fit was performed by min-
imizing the functionR = ¥ [(m)caica = O(m)obd Y Otm)ons,
the best fit giving parameterd = 14.2 cm?, g = 2.12,
zJ = —0.0018 cm!, andR= 3.3 x 10°7. The smalll value
revealed weak ferromagnetic interaction between the Cu(ll)
ions due to the large GuCu separation of 4.87 A in the
trinuclear cluster (Scheme 3), which agreed well with the
experimental result discussed above. In addition, such mag-
netic parameters are consistent with the previously reported
carboanto-bridged trinuclear Cu(ll) complexes, for example,
[(13-CO3)Cug(dpt)s](ClO4)4 [dpt = bis(3-aminopropyl)amine]
with J=15.8 cnT?, g = 2.060,zJ = —0.015 cn1?,5218and
[{ (mpepma)Cu(OCIg)} 3(u3-CO5)|CIO4 [mpepma= methyl-
[2-(2-pyridyl)ethyl](2-pyridylmethyl)amine] J = 18 cnT?,
g = 2.11,zJ = —0.36 cn1').® However, the magnetic
property of2 is different from that observed in complex§¢
CGO3)(CuTPAY](ClOg), [TPA = tris(pyridylmethyl)amine]
which shows a very weak antiferromagnetic exchange cou-
pling with J = —1.19 cm’!, g = 2.02%°

TGA and XRPD Analysis. Structural analyses revealed
that there are large cavities in complexks2, and5. In
addition, the solvent molecules cover 13.5% (37p, A8.8%
(524 A3), and 17.0% (560 A of the unit cell volumes of,
2, and 5, respectively. It is important to investigate the
stability of such complexes after removal of the clathrate
molecules for developing potential porous materials. No TGA
was carried out foll and2 due to the potential explosibility
of the perchlorate salt upon heating. The XPRD analyses
were performed foll and2 after drying the crystal samples
at the room temperature f@ h because the acetonitrile
molecules inl and?2 are easy to lose (vide supra), and the
loss of CHCN molecules was confirmed by the elemental
analysis. It can be seen from Figures S3 and S4 (Supporting
Information) that the framework structures of compleses
and 2 are retained after removal of guest molecules. The
TGA and XPRD investigations were carried out for complex
5. TGA data (Figure S5) revealed that an initial weight loss
of 5.5% below 155C corresponds to the loss of 1.25 water
molecules per [Cu(L)CIIN®1.25H0 (calcd 5.9%). Unfor-
tunately the XPRD data of complé&x(Figure S6, Supporting
Information) after the removal of water molecules by heating
the sample of comple& under 155°C for 2 h showed the
loss of crystallinity. Thus the helices were not maintained

aw =111 = (2237)INgA?]  and
7 = [(NGB)(1 + 5 exp(I/2kT)))/
[4KT(1 + exp(3/2kT)] (2)

J is donated as the exchange parameter between the con
joined Cu(ll) ions through the C$®-, and to fit the low-
temperature data, 2] parameter is also defined allowing
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in the absence of guest molecules in the cavities. No TGA network structure, while in the Cu(ll) complex [€L)s(us-
and XPRD were investigated for complexgand4 due to C)](ClO4)43CHCN, the CQ? has auz-ptiptiy*-tridentate
the presence of perchlorate anions and no porosity of thebridging mode. The magnetic behavior of then:nt:n*-
complexes. carbonate-Cu(ll) complex was investigated over the tem-
) perature range 1-:8300 K, and weak ferromagnetic coupling
Conclusions was found in the trinuclear triangular Carray.
In our present and previous studies, an imidazole-contain-
ing tripodal polyamine ligandN*-(2-aminoethyl)N*-(2-
imidazolethyl)-ethane-1,2-diamine (L) was used to react with
metal salts with different metal centers, with different
counteranions, or under different reaction pH, and the results
showed that the metal ions, counteranions, and reaction pH Supporting Information Available: X-ray crystallographic file
have great influence on the formation and the structure of in CIF format and crystal packing diagram for compFigure
the complexes. It was found that the absorption and hydrationS1), the plot of the ac magnetic measurements (Figure S2), the
of atmospheric carbon dioxide to give carbonato complexes XRPD diagrams for complexek (Figure S3),2 (Figure S4), and
only occurred at alkaline pH 9 with perchlorate saltsuA  ° (Figure S6), and TGA data & (Figure S5). This material is
nZnZy-tridentate bridging mode of G® was found in Cd- available free of charge via Internet at http://pubs.acs.org.
(Il) complex [Cdy(L)3(3-COs)](ClO4)4:2CH:CN with 2D IC0605524
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