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One Cu(ll)y-containing ligand and two Cu(HAg(l) mixed-metal coordination polymers have been synthesized.
[Cu(2-methylpyrazine-5-carboxylatéh,0)]-3H,O (1) was obtained as a molecular complex with two uncoor-
dinated nitrogen donors by the reaction of 2-methylpyrazine-5-carboxylate sodium with-214C) in water.
Compoundl crystallized in the triclinic space grouiL, with a= 10.498(2) Ab = 11.000(2) A c = 8.1424(16)

A, a = 98.33(3}, g = 101.83(3}, y = 66.68(3}, andZ = 2. Reactions ofl with silver(l) salts have been
studied. Two Cu(Il-Ag(l) mixed-metal coordination polymers, namely, Ag[Cu(2-methylpyrazine-5-carboxylate)
(H20)7](BF4) (2) and Ag[Cu(2-methylpyrazine-5-carboxylat€H,0);](NO3) (3), have been generated by treating

1 with AgBF,; and AgNQ, respectively. Compound crystallized in the monoclinic space gro@2/c, with a =
25.827(5) Ab = 9.6430(19) Ac = 7.4525(15) A8 = 94.74(3}, andZ = 4. CompoundB also crystallized in

the monoclinic space group2/c, with a = 25.855(5) Ab = 9.782(2) A,c = 7.1201(14) A = 96.90(3}, and

Z = 4. The main structural feature in bothand 3 is a zigzag Cu(Il-Ag(l) mixed-metal chain, in which the
alternating Cu(ll) and Ag(l) centers are linked by 2-methylpyrazine-5-carboxylate spacers. The effect of the nitrate
counterion was illustrated by compouBdin which a novel [Ag-:*NOs~] coordination chain has been found
which acts as the connector to cross-link the one-dimensional zigzag chains into a three-dimensional network. In
addition, an identical interchain-€H---O hydrogen bonding system has been found in Rathd3 and has been
shown to play a significant role in directing the alignment of the one-dimensional mixed-metal polymer chains
in the crystalline state. The magnetic susceptibilitie? ahd3 were measured and found to follow the Curie law

(uerr = 1.85 for2 and 1.83 for3).

Introduction application is still at an early evolutionary stafg®lost of the

The molecular self-assembly of coordination polymers and previous studies have focused on the syntheses of unimetallic
supramolecules is a promising route to novel molecular materi- coordination polymers. Though some bimetallic extended
als! These materials not only generate new insights into Structures based on the cyanide (Prussian blue phatfs),
structural diversity but also exhibit encouraging potential CYanate and chioridé have been reported, considerably less

applicationg5 Up to now, a number of extended inorganic/ is known about the chemistry of inorganic/organic hybrid mixed-

organic composite materials have been synthesized by combinaMetal coordination polymet8.Self-assembled inorganic/organic

tion of organic spacers and inorganic metal salts, although the NYPrid mixed-metal polymers with specific network topologies

rational design and preparation of new materials for specific €@ Provide highly ordered networks with different metal
centers, particularly as low-dimensional 1-D and 2-D networks.

* Author to whom correspondence should be addressed. E-mail: zurloye@ In principle, such materials might exhibit novel physical
sc.edu. properties such as electrical conductivity and interesting mag-
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proximal metal centers. For example, ferromagnetic ordering
between bimetallic Mn-Cu chains has been observed in MnCu-
(pbaOH)(HO)s, whereas similar chains in the polymer MnCu-
(pba)(HO)s-2H,O order antiferromagnetically (pba 1,3-
propylenebis(oxamato}j° Understanding the relationship between

the network structures and the magnetic properties of thesecryst syst

bimetallic arrays is very important to obtain a fundamental basis
for designing molecular magnetic materials.

We have been investigating the construction of unimetallic
arrays based on Cd(ll), Co(ll), and Cu(ll) cent&rNow our
interest lies in the design and synthesis of mixed-metal
inorganic/organic hybrid polymers through noncovalent directing

forces such as coordination and hydrogen bonding interactions, v (A°)

and assembly of bidentate or multidentate organic ligands with
different kinds of metal salts. Our strategy for the construction
of mixed-metal polymers begins with the recognition that

organic ligands designed such that they possess at least twano. of refins ( > 3o(1))
different coordination sites (neutral and/or charged) can be usedresidualst R1; wR2

to synthesize molecular metal complexes with free (uncoordi-

Dong et al.
Table 1. Crystallographic Data foi—3
CuAgGir- CuAgGCir
formula CUQ2H13N403 H14N4OGBF4 H14N50g
compd no. 1 2 3
fw 409.84 568.49 543.69
triclinic monoclinic  monoclinic
space group P1 C2/c C2lc
a(A) 10.498(2) 25.827(5) 25.855(5)
b (A) 11.000(2) 9.6430(19) 9.782(2)
c(A) 8.1424(16) 7.4525(15) 7.1201(14)
o (deg) 98.33(3) 90 90
S (deg) 101.83(3) 94.74(3) 96.90(3)
y (deg) 66.68(3) 90 90
843.0(3) 1849.7(6) 1787.8(6)
2 4 4
Pealcd (Q/CTE) 1.615 2.041 2.020
(Mo Ka)) (cm™) 9.532 7.353 5.385
temp €C) 23 23 23
2638 1445 1583

0.039; 0.099 0.044;0.109 0.042;0.108
(all data)

nated) donor atoms. Such complexes in turn can be considered 2R1=3IIF,| — |[FJI/Y |Fo|; WR2= { T [W(Fo? — FA3/ ¥ [W(FodF} 2

new metal-containing ligands which can be induced to self-

w = 1oX(Fe).

assemble with other metal ions or unsaturated metal complexes

through the free coordination donors. In our experiment,

Ag[Cu(2-methylpyrazine-5-carboxylatey(H,0),|(BF4) (2). 1 (45

2-methylpyrazine-5-carboxylic acid was chosen as such anmg, 0.12 mmol) was added to a solution of AgRB9 mg, 0.20 mmol)

organic spacer to synthesize the metal-containing ligand. Here,

in 15 mL of water. After refluxing for 10 min, a clear blue solution

we present the syntheses and structures of one Cu-containind"as obtained, which was allowed to stand at room temperature for 1

ligand [Cu(2-methylpyrazine-5-carboxylaté),0)]-3H,0 (1)
and two unique CtAg mixed-metal coordination polymers,
namely, Ag[Cu(2-methylpyrazine-5-carboxylatéi,O),](NO3)
(2) and Ag[Cu(2-methylpyrazine-5-carboxylat€H.0),](BF4)
(3), generated fronl and AgNQ and AgBFR, respectively.

Experimental Section

Synthesis.CuCk:2H,0, AgNG;, AgBF,, and 2-methylpyrazine-5-
carboxylic acid were purchased from Aldrich and used without further
purification. IR spectra were recorded on a Perkin-Elmer 1600 FTIR
spectrometer as KBr pellets in the 460000 cnt? range. Differential
thermal analysis and thermogravimetric analysis (DTAGA) were
conducted on a TA Instruments SDT 2960 simultaneous BTGA
in a helium atmosphere using a heating rate of@0Gnin. Compounds
2 and 3 were heated from 30 to 45TC. Magnetic susceptibility as a
function of temperature fo2 and 3 was measured using a Quantum
Design MPMS XL SQUID magnetometer in an applied field of 5 kG.

week. Blue crystals were obtained when the solvent slowly evaporated.
Yield: 98% (based o). IR (KBr, cmt): 3443.8 (m), 3057.7 (m),
1659.8 (s), 1653.5 (s), 1633.4 (s), 1588.3 (s), 1537.8 (w), 1483.6 (s),
1442.9 (w), 1367.1 (s), 1326.0 (s), 1280.1 (s), 1192.8 (m), 1171.4 (s),
1084.1 (s), 1027.7 (s), 919.8 (w), 873.7 (w), 819.0 (m), 802.3 (w),
720.5 (m), 693.8 (w), 634.4 (w). Anal. Calcd for;#814N4OsBF4-
CuAg: C, 25.34; H, 2.46; N, 9.86. Found: C, 25.46; H, 2.40; N, 9.72.

Ag[Cu(2-methylpyrazine-5-carboxylatep(H,0),](NO3) (3). The
procedure is similar to that described for the preparation of compound
2, except AgNQ (34 mg, 0.20 mmol) was used instead of AgBF
Yield: blue crystals, 98% (based dj. IR (KBr, cm™1): 3442.2 (m),
3056.6 (m), 1654.2 (s), 1633.8 (s), 1537.9 (w), 1483.3 (m), 1391.9 (s),
1357.1 (s), 1318.4 (s), 1277.4 (s), 1188.8 (m), 1165.8 (m), 1051.2 (s),
983.9 (w), 919.1 (w), 873.0 (w), 819.3 (s), 801.9 (m), 719.8 (w), 693.0
(w), 633.8 (w), 549.0 (w), 504.2 (w). Anal. Calcd for,£E14NsOq-
CuAg: C, 26.50; H, 2.58; N, 12.88. Found: C, 26.58; H, 2.60; N,
12.58.

Clear gelatin capsules were used as sample containers. Elemental Single-Crystal Structure Determination. Suitable single crystals

analyses were carried out by National Chemical Consulting.
[Cu(2-methylpyrazine-5-carboxylate}(H,0)]-3H,0 (1). 2-Meth-
ylpyrazine-5-carboxylic acid (2.23 g, 16.12 mmol) was added to a
solution of NaOH (644 mg, 16.12 mmol) in 20 mL of water. The
mixture was stirred at room temperature for 10 min. A light brown
clear solution was obtained. Cy€H,0O (1.37 g, 8.06 mmol) was added
slowly to the above solution. A blue precipitate formed immediately.
The mixture was stirred at room temperature for an additional 2 h.
After filtration, the blue solid obtained was washed with water several
times and dried in air. Single crystals were obtained by heating the
blue solid in boiling water and allowing the solution to cool to room
temperature. Yield: 99%. IR (KBr, cm): 3440.2 (m), 3057.9 (m),
1650.4 (s), 1643.9 (s), 1592.5 (s), 1527.4 (W), 1483.3 (s), 1444.3 (W),

1372.7 (s), 1331.1 (s), 1280.0 (s), 1190.2 (s), 1167.7 (s), 1052.2 (s),

820.0 (s), 803.8 (s), 721.1 (s). Anal. Calcd fapiisN4OsCu: C, 35.16;
H, 4.40; N, 13.67. Found: C, 35.32; H, 4.45; N, 13.60.

(11) (a) Dong, Y.-B.; Layland, R. C.; Smith, M. D.; Pschirer, N. G.; Bunz,
U. H. F.; zur Loye, H.-ClInorg. Chem 1999 38, 3056. (b) Dong,
Y.-B.; Layland, R. C.; Smith, M. D.; Pschirer, N. G.; Bunz, U. H. F;
zur Loye, H.-C.Chem. Mater1999 11, 1415. (c) Dong, Y.-B.; Smith,
M. D.; Layland, R. C.; zur Loye, H.-Qnorg. Chem 1999 38, 5027.
(d) Dong, Y.-B.; Smith, M. D.; Layland, R. C.; zur Loye, H.-G.
Chem. Soc., Dalton Tran200Q 5, 755. (e) Dong, Y.-B.; Smith, M.
D.; zur Loye, H.-C.Chem. Mater, in press.

of 1-3 were selected and epoxied in air onto a thin glass fiber. Intensity
measurements were made at’ZDusing a Rigaku AFC6S four-circle
diffractometer equipped with Mo & radiation ¢ = 0.71069 A). For
each compound, the initial unit cell was determined from 15 reflections
randomly located using the AFC6 automatic search, center, index, and
least-squares routines. After data collection, each cell was refined using
25 high-angle reflections in the range°35 20 < 20max Three standard
reflections measured every 150 reflections showed no significant
deviations during data collection. The structure was solved and refined
by a combination of direct methods and difference Fourier syntheses,
using SHELXTL!? After all non-hydrogen atoms were located and
refined with isotropic thermal parameters, an absorption correction
(DIFABS)'® was applied. Subsequently, all non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms were
placed in the calculated positions and refined using a riding model,
except for the aquo hydrogens In(vide infra), which were located
from the difference maps and refined with isotropic thermal parameters.
Crystal data, data collection parameters, and refinement statistics for
1-3 are listed in Table 1. Relevant interatomic bond distances and
bond angles fol—3 are collected in Tables-24.

(12) SHELXTL version 5.1; Bruker AXS, Inc.: Madison, WI, 1997.
(13) Walker, N.; Stuart, DActa Crystallogr. A1986 39, 158.



Novel Cu(ll)-Ag(l) Mixed-Metal Coordination Polymers

Table 2. Interatomic Distances (A) and Bond Angles (deg) (with
Esd’s in Parentheses) far

Cu-0(1) 1.9522(19) CuN(1) 1.991(2)
Cu-0(3) 1.956(2) CuN(3) 1.990(2)
Cu-0(5) 2.257(2) C(1¥C(5) 1.510(4)
C(2)-N(2) 1.340(4) C(51-0(2) 1.228(4)
C(5)-0(1) 1.265(3) C(9)C(10) 1.391(4)
C(9)-C(12) 1.489(4) C(10)N(3) 1.335(4)

O(1)-Cu-O(3)  166.05(9) O(LCu—N(3) 95.41(8)

0(3)-Cu—-N(3) 83.24(8) O(13Cu—N(1) 83.60(8)

O(3)-Cu—N(1) 94.89(8) N(3}Cu-N(1)  168.28(9)

O(1)-Cu—0(5) 97.27(9)  O(3}Cu—0(5) 96.68(9)

N(1)—Cu—0(5) 96.70(9) N(I}C(1)-C(2)  120.1(3)

N(1)-C(1)-C(5) 115.4(9) C(YC(1)-C(2) 124.4(2)

N(2)-C(2-C(1) 122.1(2)  N(2}C(3)-C(6) 117.6(3)

0(2-C(5-0(1) 126.0(3)  O(2}C(5)-C(1) 118.5(3)

O(1)-C(5)-C(1) 1155(2)  N@4YC(8)-C(7) 122.3(2)

N(4)-C(9)-C(10) 120.7(3)  N(4yC(9)-C(12) 118.2(3)

C(10)-N(3)-C(7) 118.5(2)  C(10yN(3)-Cu  130.23(18)

C(7-N(3-Cu  111.27(18) C(1HO(3)-Cu  115.01(17)

Table 3. Interatomic Distances (A) and Bond Angles (deg) (with
Esd’s in Parentheses) f@f

Ag—N(2) 2.195(4) Cu-O(1) 1.975(3)
Cu-N(1) 1.994(4) Cw-0(3) 2.448(4)
N(2)—C(2) 1.339(6) C(1¥C(2) 1.372(7)
C(5)-0(2) 1.235(6) C(5¥0(1) 1.274(6)
N(1)—C(4) 1.326(6) N(1)-C(1) 1.340(6)
N(@2)-Ag—N(2)  165.7(2) O(1}Cu-0O(1)  180.00
O(1)-Cu—-N(1) 97.15(14) O(3yCu-O(3f  180.00
O(1) —Cu—N(1) 82.85(14) N(1}Cu-N(1y  180.0(2)
C(4)-N(1)-Cu  130.2(3) C(yYN()-Cu  111.8(3)
C2-N(2-C(3) 117.2(4) CIN@2)-Ag  121.2(3)
N(1)-C(1)-C(2)  120.6(4) N(1}C(1)-C(5)  114.8(4)
N(2)-C(3)-C(4)  120.3(4) O(2}C(5-0(1) 125.9(4)
C(5-O(1)-Cu  114.4(3) C(YC(1)-C(5) 124.5(4)

a* indicates symmetry equivalent atoms.

Table 4. Interatomic Distances (A) and Bond Angles (deg) (with
Esd’s in Parentheses) fG#

Ag—N(2) 2.263(3) Cu-O(1) 1.965(3)
Cu-N(1) 1.999(3) Cu-O(3) 2.444(5)
N(2)—C(2) 1.335(5) C(1¥C(2) 1.376(7)
C(5)-0(2) 1.227(5) C(5¥0(1) 1.279(5)
N(3)—O(5) 1.170(9) N(3)-0(4) 1.214(6)
N(1)-C(1) 1.345(5) N(1)-C(1) 1.345(5)
N(2)—Ag-N(2) 153.31(18) O(I}Cu-O(1)  180.00
O(1)-Cu-N(1) 83.30(11) O(3}Cu-O(3f  180.00
O(1f—Cu-N(1)  96.70(11) N(1}Cu-N(1)  180.0(2)
C(4)-N(1)-Cu 131.2(3) C(BN(1)—Cu 110.6(2)
C(2-N(2)-C(3)  117.8(3) C(IN(2)-Ag  118.5(3)
N(1)-C(1)-C(2)  120.4(4) N(BC(1)-C(5) 115.7(3)
N(2)-C(3)-C(4)  120.1(4) O(2)C(5)-0(1)  126.1(4)
C(5)-0(1)-Cu 114.6(2) C(C(1)-C(G)  123.9(4)

a* indicates symmetry equivalent atoms.

Results and Discussion

Molecular Precursor Complex, 1.When 2-methylpyrazine-
5-carboxylate sodium, derived from 2-methylpyrazine-5-car-
boxylic acid and NaOH, reacted with Cy€2H,0 in water at
room temperature (1:2 metal-to-ligand ratio), compotveas
obtained as a blue crystalline solid in quantitative yield with a
formula of [Cu(2-methylpyrazine-5-carboxylaié),0)]-3H,0.

The compound is air-stable and not soluble in common organic

solvents, such as GE&N, CH;COCH;, CH3;OH and CHCH,-

OH, but is soluble in hot water. Upon cooling of a hot aqueous

solution of 1 to room temperature, crystals &fsuitable for
single-crystal X-ray diffraction were obtained in high yield. The
molecular structure df is shown in Figure 1. The coordination

Inorganic Chemistry, Vol. 39, No. 9, 2000945

Figure 1. ORTEP figure of compound showing the numbering
scheme. Ellipsoids are shown at the 50% probability level.

environment of the Cu(ll) center can be described as distorted
square pyramidal with a coordinated water molecule (O(5)) in
the apical position and the two oxygen (O(1) and O(3)) and the
two nitrogen (N(1) and N(3)) donors of the chelating 2-meth-
ylpyrazine-5-carboxylate ligands occupying the basal sites. The
Cu(ll) center is displaced ca. 0.20 A above the basal oxygen
and nitrogen array toward the apical site. The planes of the two
2-methylpyrazine-5-carboxylate ligands are canted cawlth
respect to each other. The coordination environment of Cu(ll)
in 1 is distinctly different from the coordination sphere of the
Cu(ll) center found in Cu(pyrazinecarboxyla{@).O), in which

the Cu(ll) sits in a distorted octahedral environménithe Cu-

O(5) bond length of 2.257(2) A is very similar to the corre-
sponding values of 2.204(3) and 2.212(6) A which were found
for the apical water molecule and ethanol in the square-
pyramidal complexes Cu(hfacat),0)! and Cu(GF-C(O)-
CHC(O)GF)2(EtOH) 16 respectively. However, it is signifi-
cantly shorter than the 2.39 A €0 bond found for the axially
coordinated water molecule in Cu(pyrazinecarboxylate)
(H20)..1* In addition, there are three uncoordinated water
molecules (O(6), O(7) and O(8)) per formula unit. One of them,
O(7), acting as a hydrogen bond acceptor, is hydrogen bonded
with the coordinated apical water molecule O(5). O(7) also acts
as a hydrogen bond donor to the other two free water molecules
(O(6) and O(8)) to generate a complicated triangular hydrogen-
bonding system. The relevant hydrogen-bonding data are listed
in Table 5.

The more important structural feature bfs the presence of
two free (uncoordinated) nitrogen (N(2)) and N(4)) and two free
oxygen donors (O(2) and O(4)). Our approach in designing a
mixed-metal coordination polymer was to consider comglex
as a new type of metal-containing ligand which could use its
free donor atoms to link other kinds of transition metals to
produce new and novel bimetallic coordination polymers.

Polymeric Compounds, 2 and 3When1 was treated with
AgBF,; and AgNGQ in boiling water, the Cu(Ih-Ag(l) mixed-

(14) Klein, C. L.; Majeste, R. J.; Trefonas, L. M.; O’Connor, Clnbrg.
Chem 1982 21, 1891.

(15) Pinkas, J.; Huffman, J. C.; Baxter, D. V.; Chisholm, M. H.; Caulton,
K. G. Chem. Mater1995 7, 1589.

(16) Thompson, S. C.; Cole-Hamilton, D. J.; Gilland, D. C.; Hitchman,
M. L.; Barnes, J. CAdv. Mater. Opt. Electron1992 1, 81.
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Figure 3. View of the segment of two Ag(tyCu(ll) mixed-metal chains i@, with partial atom labeling. The hydrogen atoms on the 2-methylpyrazine-
5-carboxylate ligands are omitted for clarity. Hydrogen bonds and\§ weak interactions are shown as dotted lines.

Table 5. Interchain Hydrogen-Bonding Contacts (A, deg) or3 The Ag(l) center ir2 lies in a bent two-coordinate environ-
D—H---A D—H D-+-A HewA  D—H--A ment (Figure 2) made up of two crystallographically equivalent
Compound nitrogen donors (N(2)) from t\(vo Cu(2-methy_|pyrazine-5-
O(B)-H(BA)+-0(7) 0.905(3) 2.755(4) 1.808(4) 177.34) carboxylate}2H,O molecules, with a AgN(2) distance of
O(7)-H(7A)+0O(6) 0.920(3) 2.940(4) 1.955(3) 172.9(4)  2.195(4) A. This Ag-N(2) distance is similar to analogous bent
O(7)-H(7B)---O(8) 0.985(3) 2.759(4) 1.705(3) 171.4(4) (and linear) two-coordinate interactions in several other Ag(l)
Compound? complexes® The N(2)-Ag—N(2) bond angle is 165.7(2)
O(3)-H(3A)---O(1) 0.852(3) 2.898(4) 2.107(4) 154.1(4) which is smaller than the normal-NAg—N bond angles found
O@)-H(3B)--O(2) 0.987(3) 2.797(4) 1.825(3) 167.5(4)  in diagonally coordinate Ag(l) compounds, such as 178%(1)
Compound3 in Ag(phz)(CIQy),182 173.6(2} in Ag(pyz)(BF),18 and 180
O(3)-H(3A)+-O(1) 0.885(3) 2.883(4) 2.033(4) 161.0(4)  jn Ag(bpp)(NOy).1e
O(3)-H(3B)---O(2) 0.920(3) 2.781(4) 1.888(3) 163.0(4)

In the solid state, as shown in Figure 3, alternating Ag(l)

metal coordination polymers Ag[Cu(2-methylpyrazine-5-car- ¢€nters and Cu(2-methylpyrazine-S-carboxyla@j,O mol-
boxylate)(H,0)](BFs) (2) and Ag[Cu(2-methylpyrazine-5- ecules form one-dlmenspnal C;ufH)\g(l) mlxed-metal chains
carboxylateXH;0);](NOs) (3) were obtained in quantitative ~ 2/0ng the crystallographie axis. The slight departure from
yield, respectively, upon cooling to room temperature. Both Ilnegrlty of t.he r_:oordlr.]atlo.n geometry of s!Iver results in the
compounds are air- and light-stable and are insoluble in commonchains running in a mild zigzag fashion (Figure 3). The short
organic solvents and water. and long interchain Ag-Ag contacts are 4.921(3) and 7.430(4)
The single-crystal structural determinationZuievealed that, A, respectively, and are comparable to those of other known
as shown in Figure 2, the coordination environment of each linear Ag(l) complexed® The intrachain Ag-Ag, Ag---Cu,
Cu(ll) center consists of two oxygen donors and two nitrogen and Cu--Cu distances are 13.827(4), 6.913(3), and 13.733(5)
donors from two 2-methylpyrazine-5-carboxylate chelating A, respectively. Along the chains, each Cu(2-methylpyrazine-
ligands and two aquo oxygen donors. The pseudo-octahedral5-carboxylate}2H,O molecule is rotated by ca. 6@ith respect
coordination geometry may be described as a basal planeto its nearest neighbor molecule.
associated with N(1) and O(1) from two 2-methylpyrazine-5-  The very weakly coordinated, disordered j/8Fcounterion
carboxylate ligands (O(¥)Cu—N(1) = 97.15(14}), having (shortest Ag:+F contact 2.688(4) &Y is located between the
Cu—0(1) and Cu-N(1) bond lengths of 1.975(3) and 1.994(4)  Cu(ll)—Ag(l) chains and is equidistant from two Ag(l) centers

A, respectively, with the axial positions occupied by two aquo on adjacent chains. In addition, the Cu¢tg(l) coordination
oxygen donors O(3) (O(3)Cu—0O(3) = 180.00). The Cu-
O(3) distance is 2.448(4) A, which is remarkably long compared

(17) Tong, M.-L.; Chen, X,-M.; Yu, X.-L.; Mak, T. C. WJ. Chem. Soc.,

with 2.257(2) A of 1, but very similar to the corresponding Dalton Trans 1998 5.
Cu—O distances of 2.445(3) A found in Cu(4#py)(pyz)- (18) (a) Munakata, M.; Kitagawa, S.; Ujimaru, N.; Nakamura, M.;
(H20),+(PFs)2.17 It is noteworthy that the coordination environ- Maekawa, M.; Matsuda, Hnorg. Chem1993 32, 826. (b) Carlucci,

. . L.; Ciani, G.; Proserpio, D. M.; Sironi, AJ. Am. Chem. S0d.995
ment of the Cu(ll) center changed from square pyramiddl in 117, 4562. (c) Batten, S. R.; Jeffery, J. C.; Ward, M.IBorg. Chim.

to octahedral ir2. Acta 1999 292 231.
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Figure 4. Crystal packing in compourl(view down the crystallographicaxis). The BE~ counterions and hydrogen atoms on the 2-methylpyrazine-
5-carboxylate ligands are omitted for clarity. Hydrogen bonds are shown as dotted lines. Nitrogen atoms are shown as the gray circles, copper and
hydrogen atoms as large and small black circles. Silver, oxygen and carbon atoms are shown as the large, medium, and small open circles, respectively.

Figure 5. View of the segment of two Ag(tyCu(ll) mixed-metal chains i, with partial atom labeling. The hydrogen atoms on the 2-methylpyrazine-
5-carboxylate ligands are omitted for clarity. Hydrogen bonds andAQ weak interactions are shown as dotted lines.

polymer chains are bound to each other by interpolymer to the Ag-N bond length of 2.286(5) A found in A¢phz)-
O—H---O hydrogen bonds to generate a two-dimensional (NOs)..182 The coordination geometry of the silver center3in
network (Figure 4). There are two hydrogen-bonding systems departs even more sharply from linearity thar2jimvith N(2)—
in 2. The first consists of the uncoordinated oxygen atom O(2) Ag—N(2) = 153.31(18), which is out of the region of 170
of a carboxylate group with the hydrogen atom H3B on the 180 reported for two-coordinate Ag(l) compountfst? How-
coordinated water molecule O(3) of a neighboring Ce{Ap(l) ever, a similar N-Ag—N bond angle of 152.6(2)has been
chain. The second involves the coordinated water molecule found in [Ag(pyz)](BF4)2, where the Ag(l) center adopts a
(O(3)-H3A) and the coordinated oxygen atom (O(1)) of a trigonal coordination geometry and forms a two-dimensional
carboxylate group on an adjacent CufiBg(l) chain (Figure net18b Such coordination geometry of Ag(l) is less common
3). Corresponding hydrogen-bonding data are given in Table for two-coordinate Ag(l) complexes, however. In addition to
5. the nitrogen donors, each Ag(l) center exhibits weak interactions
In order to investigate the effect of the counterion upon the with two NOs;™ anions. As shown in Figure 5, each jiGanion,
long-range order of Cu(lfyAg(l) mixed-metal coordination acting as a bidentate ligand, uses two oxygen donors to weakly
polymers, the more strongly coordinating BfCanion was used  coordinate one Ag(l) center (AgO(4) distance= 2.763(2) A):
to perform the experiment instead of the weakly coordinating one of these oxygen atoms also links the other Ag(l) center on
BF,~ anion. The Cu(ll) center i3 also features a distorted the neighbor chain (AgO(4) distance of 2.782(3) A). Thus
octahedral coordination geometry, and all bond lengths and the weakly coordinating N§ anion double bridges the Ag(l)
angles found in the Cu(ll) coordination sphere are essentially centers to form a staggered [Ag-NOs~] chain parallel to the
the same as the corresponding value? (Eu—O(1) = 1.965(3) crystallographia axis (perpendicular to the page in Figure 5).
A, Cu—N(1) = 1.999(3) A, Cu+-0(3) = 2.444(4) A, O(1) The short and long interchain AgAg contacts are 4.466(4)
Cu—N(1) =96.70(11y, and O(3)-Cu—0(3)= 180.00). (The and 7.930(4) A, respectively.
same atom-numbering scheme shown in Figure 2fisralso In the solid state, as shown in Figure 6, the Cu{Wy(l)
used for3.) The Ag(l) center coordinates to two nitrogen atoms polymer chain markedly undulates along thexis due to the
from two Cu(2-methylpyrazine-5-carboxylate)H,O subunits.

The Ag-N(2) bond length is 2.263(1) A, which is a little longer (19) Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W.-S.; Withersby,
than the Ag-N distance of 2.195(4) A il but is very similar M. A.; Schrider, M. Coord. Chem. Re 1999 183 117.
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(b)

Figure 6. Crystal-packing pattern @: (a) three chains of a single Cu#tAg(l) mixed-metal layer (viewed perpendicular to the layer, dajn

(b) view parallel to the Cu(Ih-Ag(l) 2-D layers, showing the extended 3-D network formed by AdNOs~ linkages. Copper centers are shown

as black circles, nitrogen atoms as gray circles. Silver, oxygen, and carbon atoms are shown as the large, medium, and small open circlgs, respectivel
Ag---O interactions are shown as dotted lines. Hydrogen atoms and hydrogen bonds are omitted for clarity.

153.31(18) N—Ag—N bond angle. The intrachain AgAg, compares with a calculated value of 6.6% for the loss of two
Ag---Cu, and Cer-Cu distances are 13.988(4), 6.994(3), and coordinated water molecules on the Cu(ll) centers. Two drastic
13.815(5) A, respectively, which are essentially identical with weight loss steps were followed, the total weight loss corre-
the corresponding values found2nAs in 2, adjacent intrachain ~ sponding to loss of both 2-methylpyrazine-5-carboxylate ligands
Cu(2-methylpyrazine-5-carboxylate2H,O molecules are ro-  (observed 50.6%, calculated 50.7%). Further weight loss oc-
tated by ca. 6Dwith respect to one another. The same interchain curred above 304C, involving decomposition of the nitrate
hydrogen-bonding systems as2rhave been found i8. The ions, leaving a black-brown residue.
corresponding hydrogen bond data are listed in Table 3, In Magnetic Properties. The magnetic susceptibilities of poly-
however, the one-dimensional mixed-metal chains are weakly crystalline powders of compoun@sand3 have been measured
cross-linked by the [Ag-+*NOs7] chains to generated a novel  from 2 to 300 K in a field of 5 kG. The plots of the inverse
three-dimensional network, demonstrating that, in comparison magnetic susceptibility versus temperature for both compounds
to 2, the NG~ anion does have a profound effect upon network were found to be linear down to the lowest temperature
geometry. measured. The data follow the Curie 1&WwThe experimental

To date, a number of monocentered Cu(ll)- or Ag(l)- effective magnetic momentady,) were 1.8% for 2 and 1.83
containing coordination polymers have been synthesized by g for 3, which are slightly higher than the theoretical value
combination of organic spacers and Cu(ll) or Ag(l) inorganic (1.73ug) but nonetheless agree well with other experimentally
salts!*29To our knowledge, however, no CuHpg(l) mixed- observed effective magnetic moments for Cu(ll). These magnetic
metal coordination polymers have been reported. data clearly show that the Cu(ll) centers are not interacting with

Thermogravimetric Analyses. Thermogravimetric analyses  each other as hoped for, and can be treated as isolated magnetic
were performed on compoun@sand 3 by heating powdered  centers.
samples of each to 45€ under flowing helium, at 10C/min.
For 2, TGA shows that the Cu(lfyAg(l) polymer chains are Conclusions
stable up to 178C. The first weight loss of 6.4% from 178 to o )
227 °C per formula corresponds to the loss of the two  One metal-containing ligand, [Cu(2-methylpyrazine-5-car-
coordinated water molecules on the Cu(ll) center (calculated Poxylate}(H20)]-3H.0 (1), and two novel Cu(lh-Ag(l) mixed-
6.3%). A drastic weight loss of 48.3% was observed from 240 metal coordination polymers, Ag[Cu(2-methylpyrazine-5-
to 327°C, corresponding to the loss of two 2-methylpyrazine- carboxylatey (H20):](NOs) (2) and Ag[Cu(2-methylpyrazine-
5-carboxylate chelating ligands (calculated 48.2%). Further S-carboxylatey(H20)](BF4) (3), have been successfully
decomposition of the BF counterions. A brown solid remained. ~ @nalyses, and single-crystal X-ray diffraction. In addition,
For compoundB, the first weight loss occurred between 138 Compounds2 and 3 were also characterized by thermogravi-
and 18200’ Wh|Ch |S S“ghtly |0wer than for Compoumand metric analyses and magne“c Susceptlblhty. EQ)ﬂTId3feature

(20) Hagrman, P. J.; Hagrman, D.; ZubietaAdgew. Chem., Int. EA999 (21) Figgis, B. N.Introduction to Ligand FieldsInterscience Publishers:
38, 2638. New York, 1966.
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one-dimensional Cu(ItyAg(l) mixed-metal zigzag chains. The  nary efforts to prepare mixed-metal polymers containing two
effect of a coordinating counterion (NO was illustrated by magnetic ions appear promising.

compounds, in Whi;;hknr?vel [Ag'"NO.{] IIinIgagaes actl ars] . Acknowledgment. Financial support was provided by the
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with free coordination donor atoms, we have been able to ' _ _ _
demonstrate the design of a metal-containing ligand that can _ Supporting Information Available:  Three X-ray crystallographic
be used as a precursor for mixed-metal coordination polymers.mes' in CIF format. This material is available free of charge via the
W . . . f Internet at http://pubs.acs.org.

e anticipate this approach to be viable for the construction of
a variety of new mixed-metal coordination polymers. Prelimi- 1C991475Y





