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Four new organic/inorganic coordination polymers, [Cd(C1oHgN2)2(H20)2(NO3)2]n (1), [Co(CyoHsN2)(H,0)NOsCHs-
OHJn (2), [Cu(C1oHgN2)(CH3OH)(NOs),]n (3), and [Cu(CyoHsNy)(hfac).]n (4), were synthesized by using the rigid
ligand 1,2-bis(3-pyridyl)ethyne (3,3'-DPA). Complex 1 crystallizes in space group P2/n: a = 12.462(2) A, b =
9.485(1) A, ¢ = 13.383(2) A, B = 96.629(2)°, V = 1559.6(3) A3, Z = 4. Complex 2 crystallizes in space group
Fddd: a = 9.248(4) A, b = 19.982(7) A, ¢ = 35.093(16) A, V = 6485.0(4) A%, Z = 8. Complex 3 crystallizes in
space group 12/a: a = 18.315(2) A, b = 8.517(1) A, ¢ = 20.494(3) A, B = 104.042(2)°, V = 3101.2(7) A3, Z =
8. Complex 4 crystallizes in space group P21/c: a = 6.576(1) A, b = 16.189(1) A, ¢ = 11.653(1) A, B = 91.337-
(1)°, V = 1240.3(2) A3, Z = 2. The coordination polymers display a variety of structural architectures, ranging from
sinusoidal and zigzag chains (1, 3, 4) to two-dimensional channel-type architectures (2). The effects of the orientation
of the nitrogen atom in the pyridine rings on the resultant structures are discussed.

Introduction searchers to explore the syntheses of new structures, to

Great advances in the synthesis and characterization ofélucidate the principles that guide molecular assembly and,
new network topologies have been made in the field of thereby, to direct the network topology. Such exploratory
supramolecular chemistfy® One driving force behind the ~ Syntheses can help in understanding the formation of new
syntheses of new network structures has been the implicitcrystalline frameworks and may lead to the ability to
understanding that the simple association of a pair of starting rationalize, in advance, crystal structures containing new
compounds through metal coordination and/or noncovalent linkers. Within this framework, we are pursuing the assembly
interactions can be used to assemble new coordination®f Neéw crystalline network topologies utilizing two comple-

polymers exhibiting properties that are not displayed by either Mentary organic and inorganic starting materfals.
of the components alone. Certainly the appeal of creating Bridging 4,4-bipyridine based ligands have been used
functionally valuable materials continues to motivate re- €xtensively for the synthesis of a variety of one-, two-, and
" . three-dimensional organignorganic polymeric network
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from these three rigid organic ligands are influenced both
by the nitrogen position and by the linking of the hydrogen-
bonded supramolecular syntHérin the solid state. The
nitrogen position also impacts the metéfjand coordination

environments that can be influenced by the judicious choice

of the metal center. The generation of such coordination
polymers with multiple frameworks is of potential interest

with regard to their physical, electronic, catalytic, and

structural (mainly porosity) propertiés;1°

Zaman et al.

In this report we focus on 1,2-bis(3-pyridyl)ethyne (3,3
DPA) in which the two nitrogens are joined by a metal center
and form one-dimensional and two-dimensional polymeric
networks. The synthesis, structure, and properties of four new
Cd(Il)-, Co(ll)-, and Cu(ll)-containing coordination polymers
are described within. The four structures [CeifdsN,),-
(H20)2(NO3)2]n (1), [Co(CioHeN2)(H20)NO;CHzOH], (2),
[CU(ClngNz)(CH30H)(NO3)2]n (3), and [CU(QngNz)-
(hfac)]n (4) display a variety of structural architectures,
ranging from sinusoidal and zigzag chaids 3, 4) to two-
dimensional channel-type architectur@s. (

Experimental Section

Materials. All the solvents were of reagent grade quality and
were used as received except for triethylamine, which was distilled

Recently, we have reported the syntheses and StrUCturaIfrom KOH immediately before use. The metal salts Cd{N@H,O

characterization of organic/inorganic coordination polymers
containing 1,2-bis(4-pyridyl)ethyne [4:dipyridylacetylene,
4,4-DPA] with cadmium and cobalt salt3?' Moreover,
Carlucci et al. have also reported structural studies of five
crystalline polymers based on the same-DRA ligand??-24
Likewise, 2,2-DPA and 3,3DPA turn out to be interesting
ligands due to their rigidity and structure-directing abilities.
In the course of our investigation of structures resulting from
DPA ligands, we synthesized metal complexes of-BDRA,
3,3-DPA, and 4,4DPA in a common solvent system with
identical reaction conditions. Our first experimental results
with the 2,2-DPA ligand led to the formation of single
crystals from Cd(NG).:4H,0 and Co(NQ),:6H,0 salts by
using a methylene chloridenethanol solvent system. We
found that the Cd(II)(2,2DPA)(NGs)2(H,0) complex is
new?® while the structure of [Co(I)(2,2DPA)(NGO:s)2]n,

(Aldrich, 98%), Co(NQ).*6H,0 (Aldrich, 98%), Cu(NQ),*3H,0O
(Alfa Aesar, Technical Grade), and Cu(hfa&),O (hfac =
hexafluoroacetylacetonate) (Aldrich) were used without further
purification.

Physical Measurements Elemental analyses were performed
by Robertson Microlit Laboratories. IR spectra were recorded on a
Nicolet 740 FTIR spectrometer as KBr pellets in the 406@00
cm!rangeH NMR spectra were recorded on a 400-MHz Varian
U400 spectrometer; chemical shifts are reported irelative to
CHCls-ds. Thermogravimetric analyses were carried out on a TA
Instruments SDT 2960 simultaneous DTA-TGA under flowing
helium. Compound4—4 were heated from 50 to 80 at a rate
of 10 °C/min.

X-ray Structure Determinations. Crystal data and refinement
statistics for compound&—4 are given in Table 1. All crystals
were mounted on the tips of glass fibers encased in epoxy for the
room-temperature measurements. For each sample, 1350 frames

prepared in the same solvent system, had been reported@onstituting a hemisphere of X-ray intensity data were collected

previously by Neenann et #lWe have since expanded our
work to include 3,3DPA, because ligands where the
nitrogen atoms are at the 3-position of the pyridine ring have
resulted in intriguing polymeric coordination structufés’
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2001 123 383.

(17) Real, A. J.; Andres, E.; Munno, G. D.; Julve, M.; Granier, T.;
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with a frame width of 0.3 in omega and a counting time of 20 s
per frame, using a Bruker SMART APEX CCD-based diffracto-
meter (Mo Ka radiation,A = 0.71073 A)32 The first 50 frames
were re-collected at the end of each data collection to monitor
crystal decay; no significant decay was observed in any case. The
raw frame data forl—4 were integrated into SHELX-format
reflection files and corrected for Lorentz and polarization effects
with SAINT.32 Corrections for incident and diffracted beam
absorption effects were applied with SADABZAII structures were
solved by direct methods and refined agaif&by the full-matrix
least-squares technique, using the SHELXTL software package.
Hydrogen atoms were calculated and refined as riding atoms; all
non-hydrogen atoms including solvent molecules were refined with
anisotropic displacement parameters. Relevant interatomic bond
distances and bond angles for all compounds are given in Tables
2-5.

Synthesis: Ligands.The synthetic procedure of all three ligands
(2,2-DPA, 3,3-DPA, and 4,4DPA) has been reported previous-
ly.33-36 A practical and straightforward procedure is described
below (Scheme 2) for the preparation of '3[BPA ligand. This

(28) Dong, Y.-B.; Smith, M. D.; Layland, R. C.; zur Loye, H.-Chem.
Mater. 200Q 12, 1156.

(29) Dong, Y.-B.; Smith, M. D.; zur Loye, H.-@. Solid State Chen200Q
155 143.
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(31) Lopez, S.; Kahraman, M.; Harmata, M.; Keller, S. MWorg. Chem.
1997, 36, 6138.

(32) SMART, SAINT, and SHELX software; Bruker Analytical X-ray
Systems Inc.: Madison, WI, 1997.



Cd(l)-, Co(ll)-, and Cu(ll)-Containing Coordination Polymers

Table 1. Crystallographic Data fot, 2, 3, and4

1 2 3 4
empirical formula G2H12CdN408 CzeHzoCONeolo C13H12CUN407 szHloCUF_LzNzOA
mw 452.66 634.41 399.81 657.86
cryst syst monoclinic orthorhombic monoclinic monoclinic
space group P2/n Fddd 2/a P21/c
a(A) 12.462(2) 9.248(4) 18.315(2) 6.576(1)

b (A) 9.485(1) 19.982(7) 8.517(1) 16.189(1)
c(A) 13.383(2) 35.093(16) 20.494(3) 11.653(1)

p (deg) 96.629(2) 90.00 104.042(2) 91.337(1)

V (A3) 1559.6(3) 6485.0(4) 3101.2(7) 1240.3(2)
Zvalue 4 8 8 2

I calcd (Q/CITP) 1.928 1.302 1.713 1.762

u(Mo Ka)) (cm™) 0.145 0.059 0.146 0.100

temp (K) 283(2) 293(2) 273(2) 193(2)
residuals R; Ry 0.066; 0.145 0.058; 0.164 0.038; 0.084 0.045; 0.129
GOF 1.09 1.45 0.99 1.07

aR1=S||Fo| — |Fdl/Y|Fol. WR2 = { J[W(Fo2 — FA)F/ T [W(F?)F }12, GOF = { S [W(Fe?2 — FA?)/(n — p)} Y2 (n = number of reflectionsp = number

of refined parametersyv = 1/[0%(Fo?) + (aP)? + bP], whereP = [ 2F2 + max(.?, 0)]/3.

Table 2. Selected Interatomic Distances (A) and Bond Angles (deg)
around the Cd(Il) Center fat

Scheme 2

@%H R @B,

G—=98

Ca N2y 22088 cao(n 236206

Cd-0(2) 2.490(6) CaO(8) 2.468(6) Dounst z:g::
N(1)—-Cd-N@2#1  171.9(2) N(2)#1-CdO(2) 99.2(2) 4-subst. 4,4'-DPA
N(1)—Cd-0(7) 88.0(2) O(7¥Cd-0(4) 105.2(2)

N(2)#1-Cd—0(7) 84.9(2) O(7)-Cd-0(8) 172.5(2)

N(1)—Cd—0(4) 95.0(2) O(4y-Cd—0(8) 67.4(2) According to the literature method, the starting 3-ethynylpyridine
Hggﬁlc_dc—(g(g)(“) g(l)g% 88;83:8% Eggg; was prepared in good yiefd.This compound was coupled with
N(2)#1-Cd-0(8) 95.9 @) 0(8) Cd—0(2) 68:6(2) 3-bror_nopyndme, using Pb(P@QCIZ as a catalyst, Cul as the
N(1)—Cd—0(2) 80.7(2) reducing agent, and diethlyamine as the base. The mixture was

Table 3. Selected Interatomic Distances (A) and Bond Angles (deg)
around the Co(ll) Center fa2

Co—N(1) 2.169(2) Co-O(1W) 2.098(3)
N(1)—Co—N(1)#2 179.44(11) N(BCo—N(1)#1 88.90(13)
N(L)#2-Co-N(1)#1  91.11(13) N(LCo—O(1W) 90.28(5)

O(1W)#1-Co—O(1W) 180.00(1) O(1W)#ECo—N(L)#2 89.72(5)

Table 4. Selected Interatomic Distances (A) and Bond Angles (deg)
around the Cu(ll) Center fa8

Cu—N(1) 2.016(3)  CuO(1) 1.999(2)
Cu-N(2) 2.032(3)  CuwO(5) 2.007(2)
Cu-0(1S) 2.280 (2)

N(1)-Cu-N(2)  168.80(10)  N(1}Cu—O(1) 91.15(10)
N(1)—Cu—0(5) 92.97(10)  N(2}Cu—0(1) 89.00(10)
N(2)—Cu—0(5) 88.37(10) O(YCu-O(5)  171.62(9)
O(5)-Cu-0(1S)  89.72(9) O(BCu-0(1S)  82.52(8)
N(1)-Cu-O(1S)  97.17(9) N(2yCu-O(1S)  93.95(9)

Table 5. Selected Interatomic Distances (A) and Bond Angles (deg)
around the Cu(ll) Center fof

Cu—N(1) 2.061(3) CwO(1) 1.966(2)
Cu-0(2) 2.281(2)

N(1)#1-Cu-N(1)  180.00 O(1)Cu—N(1) 90.70(9)
O(1)-Cu—0(1) 87.42(7)  O(I}Cu-N(2#1  89.30(9)
O(1)-Cu-O(1)#1  9258(8)  N(1}Co—0(2) 86.03(9)

method can also be used for the preparation of the2PA and
4,4-DPA ligands.

(33) For 2,2-DPA, see: Teitei, T.; Collin, P. J.; Sasse, W. H.Aust. J.
Chem.1972 25, 171.

(34) For 3,3DPA, see: Teitei, T.; Wells, D.; Sasse, W. H. &ust. J.
Chem.1973 26, 2129.

(35) For 4,4-DPA, see: Tanner, M.; Ludi, AChimical198Q 34, 23.

(36) Ciana, L. D.; Haim, AJ. Hetrocycl. Chem1984 21, 607.

refluxed for 12 h, the black suspension was quenched with water,
and the solvent was evaporated under vacuum. The product was
extracted with methylene chloride and dried over MgS@fter

the solid was dried in vacuo, 58% crude product was obtained as
a pale yellow powder. This powder was recrystallized from the
mixture of methylene chloride and methanol as yellow thin plate
crystalsIH NMR (400 MHz, CHC}-dg): 6 7.32 (dd J = 7.9, 2H),

7.83 (dt,J = 6.8, 2H), 8.58 (dd,) = 5.4, 2H), 8.79 (br s, 2H).

[Cd(C10N2Hg)(NO3)2(H20)2]n (1). A colorless solution of Cd-
(NO3)2*4H,O (30.9 mg, 0.1 mmol) in methanol (3 mL) was
carefully layered onto a solution of 3;BPA (20.4 mg, 0.1 mmol)
in acetonitrile (5 mL). Diffusion between the two phases over a
period of 2 days produced multifaceted white crystals in 90% yield
based on cadmium nitrate. IR (KBr, c#): 1959 (w), 1766 (w)
1609 (s), 1558 (m), 1534 (w), 1510 (s), 1395 (s), 1303 (s), 1234
(s), 1122 (w), 1088 (s), 1070 (m), 882 (s), 784 (s), 726 (w). Anal.
Calcd: C, 31.84; H, 2.67; N, 12.38. Found: C, 31.56; H, 2.54; N,
12.30.

[Co(C10N2Hg)(NO3)2(H20)2]n (2). A methanol solution of Co-
(NO3),*6H,0 (30.0 mg, 0.1 mmol) was slowly added to a methylene
chloride (5 mL) solution of 3,3DPA (20.0 mg, 0.1 mmol). After
2 days, reddish orange crystals grew at the bottom of the test tube
in 68% yield based on cobalt nitrate. IR (KBr, thr 1609 (s),
1552 (w), 1465 (m), 1424 (s), 1383 (s), 1301 (s), 1235 (m), 1061
(m), 1015 (m), 953 (w), 871 (w). Anal. Calcd: C, 36.09; H, 3.01;
N, 14.04. Found: C, 36.55; H, 3.01; N, 14.14.

[CU(C10H8N2)(CH3OH)(N03)2]n (3) A solution of CU(NQ,)Q'
3H;0 (24.2 mg, 0.1 mmol) in a 5:1 methanol/water (5 mL) mixture
was allowed to diffuse slowly into a chloroform (5 mL) solution
of 2 (20.1 mg, 0.1 mmol). Immediately, a blue precipitate formed
at the interface of the two layers. Greenish blue single crystals
formed, together with unidentified products, in this mixture after
15 days. The yield was 48% based on copper nitrate. IR (KBr,
cmY): 1761 (w), 1652 (m), 1613 (m), 1548 (m), 1498 (w), 1414

Inorganic Chemistry, Vol. 41, No. 19, 2002 4897



(m), 1382 (s), 1308 (m), 1234 (m), 1058 (m), 1016 (m), 947 (w).
Anal. Calcd: C, 39.09; H, 3.01; N, 14.01. Found: C, 39.41; H,
2.83; N, 14.18.

[Cu(hfac)z(C10N4H3g)1 5(NO3)2]n (4). An ethanol solution of 3,3
DPA (0.1 mmol) was slowly diffused over a methylene chloride
solution of Cu(hfacyH,O (0.1 mmol, 3 mL) through a layer of an
ethanol/hexane (2:1) mixture. After a day, bright green crystals
formed in 78% yield based on copper(ll) hexafluoroacetylaceto-
nate hydrate. IR (KBr, cm): 3072 (w), 1659 (s), 1644 (s), 1558
(s), 1495 (m), 1454 (w), 1422 (s), 1301 (s), 1255 (m), 1081 (m),
1025 (m), 933 (s), 811 (s), 778 (s), 751 (m), 735 (m), 678 (s).
Anal. Calcd: C, 40.17; H, 1.53; N, 4.26. Found: C, 40.06; H, 1.40;
N, 4.28.

Results and Discussion

Synthesis.The rigid bidentate ligand 1,2-bis(3-pyridyl)-
ethyne (3,3DPA) was prepared in 58% yield by a standard
palladium-catalyzed coupling of 3-ethylenepyridine with
3-bromopyridine’* The compound was purified by recrys-
tallization from a mixture of methylene chloride and
methanol in the form of thin yellow crystal plates.

3,3-DPA was reacted with commercially available nitrate
salts of Cd(ll), Co(ll), and Cu(ll) as well as with copper(ll)
hexafluoroacetylacetonate yielding in all cases polymeric
compounds. Four compound$;-4, were obtained from

Zaman et al.

Figure 1. Cadmium coordination environment with atom numbering
scheme forl. Displacement ellipsoids are shown at the 50% probability
level. Asterisks denote symmetry-equivalent atoms.

two oxygen atoms from two nitrate anions, and two oxygen
atoms from two water molecules. The €N and Cd-O
bond lengths [C&#N(2) = 2.246(6) A, C&-N(1) =
2.240(6) A, Cd-O = 2.382(6)-2.490(6) A] are shorter than
the corresponding bond lengths found in the litera-
ture20243739 The 3,3-DPA ligands are coordinated in a trans
fashion, with N(1}>Cd—N(2)* = 171.9(2y. The pyridyl
rings are rotated almost 90@elative to one another similar

different solvent systems. The highest quality single crystals tg \what was previously observed in copp@;3-bipyridine

of [Cd(C1oN2Hg)(NOs)2(H20).]n (1) were grown out of a
methanol/acetonitrile system. Slow diffusion of Cd(NO
4H,0 in methanol into an acetonitrile solution of 3[3PA
afforded the infinite coordination polyméras white creamy

compounds®31 The coordination geometry, in combination
with the orientation of nitrogen atoms at the 3-position of
the ligand, results in a sinusoidal chain motif. A view of
this novel sinusoidal chain architecture is shown in Figure

crystals within 2 days. Other solvent systems, such as Two of the sinusoidal polymer chains are intertwined via

methanol/methylene chloride, only gave poor-quality (but

an intralayer hydrogen bond between the coordinated water

single phase) materials. By contrast, several high-quality mojecule and the nitrate ions (OH7WB-+-04: d(H++-A)

crystals of [Co(GoN2Hg)(NOs)2(H20).]» (2) were obtained

= 2.00(1) A, O(D—H-+A) = 173(6f; O7—H7WA--

from the methanol/methylene chloride system. Large reddishos: g(H...A) = 2.24(1) A, O(D—H-+A) = 175(8))

orange crystals oR formed at the bottom of the test tube
when a methanol solution of Co(NJ-6H,O was allowed

to diffuse into a methylene chloride solution of 3[3PA.

An ethanol/methylene chloride and/or methanol/acetonitrile
system afforded only poor-quality crystals &f Greenish-
blue crystals of [Cu(@HsN2)(CHsOH)(NOs)2], (3) were

forming Cd—(H20),*++(NO3),—Cd bridges, with a Cd-Cd
distance of 3.892 A. The adjacent bridges (pair of polymeric
chains) are in turn hydrogen bonded between the coordinated
water molecule and the nitrate anions (€88WB::-

06: d(H:--A) 2.11(3) A, O(D—H---A) 164(9y;
O8—H8WA:::05: d(H::*A) = 2.57(3) A,0(D—H-+-A) =

obtained after 15 days when a methanol/water (5:1) solution 159(6¥) thereby completing the layers and making this a

of Cu(NGs),+3H,0 was allowed to diffuse into a chloroform
solution of 3,3-DPA. Crystals of3, not suitable for single-
crystal X-ray analysis, can also be grown within a few days
from the layered ethanol/methanol solution of Cu@y©
3H,0 over the solution of 3;2DPA in methylene chloride,
benzene, toluene, xylene, and acetonitrile.

Bright green crystals of [Cu(hfag€C10N4Hg)1.5(NO3)2] (4)
were obtained overnight by layering a methanol or ethanol
solution of 3,3-DPA over a methylene chloride solution of
copper(ll) hexafluoroacetylacetonate. It is also important to
note that when the solvents for 3[3BPA and copper(ll)

hexafluoroacetylacetonate are reversed, layering is not pos

sible at all and only powders are obtained.

Crystal Structures. The immediate coordination arrange-
ment around the cadmium center in compounid shown
in Figure 1. The Cd(ll) ions lie in an octahedral environment,
consisting of two pyridyl nitrogen atoms from two ligands,

4898 Inorganic Chemistry, Vol. 41, No. 19, 2002

two-dimensional structure.

The {CdN;O4} coordination sphere id is unusual in
coordination polymers. This less sterically crowded six-
coordinate environment is primarily responsible for the
slightly shorter Ce-N and Cd-O bond distances observed.
Such octahedral geometries have also been found in
[CA(NOs)(1,2-bis(4-pyridyl)etheng)],2° where two types
of pyridine rings are coordinated to the Cd(Il) atoms and
form infinite zigzag chains. In the case df the unusual
sinusoidal-chain motif is generated by the location of the
nitrogen atoms in the three position of the pyridine rings.

(37) Fujita, M.; Kwon, Y. J.; Washizy, S.; Ogura, K. Am. Chem. Soc.
1994 116 1151.

(38) MacGillivray, L. R.; Groeneman, R. H.; Atwood, J. L.Am. Chem.
Soc.1998 120, 2676.

(39) Zaman, M. B.; Smith, M. D.; zur Loye, H.-CChem. Mater.2001,
13, 3534.
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Figure 2. View of the one-dimensional sinusoidal chain architecturé.cfhe chains are shown along the crystallograghaxis (a) and rotated by 90

(b).

Adjacent pairs
of two
interwined
chains

L

Figure 3. Hydrogen-bonding interactions of the sinusoidal chaink Wi the oxygen atoms of the nitrate ions and water molecules which form 2D layers.
The view is roughly perpendicular to the layers. Cd atoms are shown in yellow, oxygen in red, nitrogen in green, and carbon in blue; hydrogemlis indicate
with small gray circles.

In compound2, an analysis of the local site symmetry arrangement connecting the cobalt atoms, a new two-
reveals that each Co(ll) center is positioned on & 2/ dimensional sheet structure is generated; the layers lie almost
symmetry site, with a crystallographic mirror plane passing exactly parallel to the crystallograpted plane (Figure 5a).
through the two water molecules. Similar symmetry environ- These layers stack along the crystallograpdiExis in an
ments were recently found in a coordination polymer ABAB fashion. Each repeat unitin the layer consists of four
composed of a cobalt atom connected to the 3-position Co(ll) atoms and four 3;23DPA ligands, which form a 36-
N-atoms in the long rigid bidentate Schiff-base ligand, 1,4- membered ring structure resembling a distorted square. The
bis(3-pyridyl)-2,3-diaza-1,3-butadiefd. cross-sectional dimensions of the “square” outlined by the

The coordination environment around the cobalt atom in ligands are approximately 10 A by 11 A.

2 is shown in Figure 4, where the Co(ll) atoms lie in a A view down the polymeg-axis (Figure 5b) shows that
pseudooctahedratansCoO;N, coordination environment.  channels of approximately 11 A& 6 A exist within this
Four equatorial nitrogen donors originate on four equivalent structure; they are, however, occupied by disordered metha-
bridging 3,3-DPA ligands [N(1-Co = 2.169(2) & 4)] nol molecules and nitrate ions.

while two oxygen donors come from two axial water The structure of compoun® emphasizing the coordina-
molecules [O(1W)-Co = 2.098(3) & 2)]. A similar mode tion environment around the copper, is shown in Figure 6.
of water coordination to Co(ll) atoms is found in the mixed Each copper atom is in a pseudo-square-pyramidal coordina-
ligand 4,4-bipyridine and pyridine-4-carboxylate Co(ll) tion environment consisting of two pyridyl nitrogen atoms
coordination polymef® As a consequence of this ligand from two 3,3-DPA ligands, two oxygen atoms from two

Inorganic Chemistry, Vol. 41, No. 19, 2002 4899



Figure 4. The pseudooctahedral coordination environment around the Co
center in2 (50% probability ellipsoids) shows the rigid rodlike conformation
of the ligand and the 90rotation of the opposite pyridyl rings. Asterisks
denote symmetry-equivalent atoms.

nitrate ions, and one oxygen atom from the methanol solvent.
The Cu-N bond lengths range between 2.016(2) and
2.032(3) A, and the CuO bond lengths for the nitrate ions
range from 1.999(2) to 2.007(2) A, consistent with the
corresponding bond lengths found in ‘3#pyridine® and
4,4 -bipyridine-type bridging ligand&-3%-42 The coordinated
methanol forms a relatively long bond [€O(1S) =
2.280(2) A]. The 3,3DPA ligands are coordinated in a trans
fashion, with N(1}-Cu—N(2)* = 168.8. Although the five-
coordinate{ CuOsN,} square-pyramidal arrangement of the
copper compound iB is quite different from the octahedral
coordination environment for the cadmium atomlinboth
structures exhibit a sinusoidal chain-type architecture. Figure
7 shows a view of the sinusoidal chain®lying within the
crystallographicab plane. Similar to the chains i, the
sinusoidal polymeric chains Bare connected pair wise by
hydrogen bonds between the coordinated methanol molecul
and the nitrate ions (OtH1S--O1: d(H---A) = 1.91(1)
A, O(D—H-:-A) = 1724Y).

The repeat unit of the polymeric compousis shown in
Figure 8. The copper atom is in a six-coordinaté24

e

Zaman et al.

in the Cu(hfac) complex with 3N-oxyl-trans-butylamino)-
pyridine#* is significantly longer than that in the polymeric
compounds we have previously reported, [Cu(hfeRbis-
(4-pyridyl)ethang], [Cu—N = 2.014(7) A] and [Cu(hfag)
{4,4-trimethylenebipyriding], [Cu—N = 1.992(6) and
2.017(6) A]* The Cu-O bond lengths it are 1.966(2)
and 2.281(2) A, where CuO(1) is significantly shorter than
Cu—0(2). Similar length differences can be found in other
cis-coordinated Cu(ll) complex#4Cu—0O = 2.019(8) and
2.327(10) A].

Each copper center is connected by'BPA ligands
through the pyridyl nitrogen atoms into a one-dimensional
zigzag chain along the crystallograplai@xis (Figure 9). In
this compound, the CuCu intrapolymer distance is 11.653

A and the interpolymer distance is 6.576 A. The trans-

coordinated compoundl connected via 3,3DPA affords a
close contact between neighboring polymeric chains. More-
over, the fluorine atoms of the hfac ligand and hydrogen on

the 3,3-DPA ligand of the neighboring chains (along the

plane) are involved in weak interactions {(fH = 2.92 A).
Orientation Effect of Nitrogen Atoms in Coordination
Chemistry. This study suggests that the relative orientation
of the pyridyl nitrogen donors (Scheme 1) can control the
coordination framework and influence the polymeric archi-

tectures of the crystalline materials. The 'Z¥PA ligand

has so far only produced a coordination polymer with cobalt
nitrate, whereas the other metal nitrate salts yielded dinuclear
complexe$>261n each of the compounds, in the solid state,
the metals are coordinated by two molecules of the pyridyl
ligands in a nonchelating, monodentate fashion or in a
chelating, bidentate arrangement with two of the nitrate ions
further coordinated to the metal center to form tetrahedral
and/or octahedral arrangements.

The 3,3-DPA and 4,4DPA ligands, one the other hand,
have yielded numerous polymeric structures with common
metal nitrate salts. The coordination arrangements of the 3,3
DPA ligand result in some interesting features, such as
coordination environments that lead to novel sinusoidal chain
architectures in Cd(Il) and Cu(ll) systems. These chains are
additionally hydrogen bonded via coordinated solvent and
water molecules to create two-dimensional frameworks. The
3,3-DPA can also be successfully combined with Cogh©

pseudooctahedral geometry defined by two nitrogen donorsGHZO to yield a distorted square-grid two-dimensional

from two trans3,3-DPA ligands and four oxygen donors
from two hfca chelating ligands. This geometry is quite
similar to the geometry of the copper centers found in
Cu(hfac)(pyrazine),*® [Cu(hfac){ 1,2bis(4-pyridyl)etharig,,*?
and Cu(hfac)3- and 4-{-oxyl-transbutylamino)pyri-
dineg .4 The Cu-N bond length of 2.061(3) A id, which

is very close to the CuN bond length{2.07 (1) & found

(40) Tong, M.-L.; Chen, X.-M.; Yu, X.-L.; Mak, T. C. WJ. Chem. Soc.,
Dalton Trans.1998 5.

(41) Batten, S. R.; Harris, A. R.; Jensen, P.; Murray, K. S.; ZiebellJ.A.
Chem. Soc., Dalton Tran200Q 3929.

(42) Carlucci, L.; Ciani, G.; Proserpio, D. M. Chem. Soc., Dalton Trans.
200Q 3821.

(43) Dong, Y.-B.; Smith, M. D.; Layland, R. C.; zur Loye, H.-Gorg.
Chem.1999 38, 5027.

(44) Ishimaru, Y.; Kitano, M.; Kumada, H.; Koga, N.; lwamura, IHorg.
Chem.1998 37, 2272.
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coordination polymer containing relatively large pores. In
this case, the architecture is solely influenced by the
coordination of the ligand and water molecules to the metal
center, since no nitrate ions are coordinated. In contrast, 4,4
DPA-coordination polymers form in one- and two-dimen-
sional ladder-like architectures with well-known T-shaped
building blocks, taking advantage of “head-on” linkages
between the metal and the coordinating ligghd? One can
anticipate that when coordinated to different metal salts, these
ligands may lead to new organiinorganic polymeric
frameworks having sizable pores and chanA&@ne must
of course bear in mind that longer organic spacers may result
in higher degrees of interpenetration.

The copper chemistry with these ligands has resulted in
several new network structures. Single crystals suitable for
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19.98 A

923 A

b)

Figure 5. (a) Two-dimensional distorted “square” layerarviewed down the crystallographeaxis. (b) View down thea-axis. The nitrate ions and the
methanol molecules are omitted for clarity. Co(ll) centers are shown in violet, carbon atoms in blue, nitrogen atoms in green, and oxygen atoms in red.

Figure 6. The local coordination environment around the copper ator is shown with the atomic numbering scheme. Displacement ellipsoids are
shown at the 50% probability level.

X-ray analysis were obtained from the reaction betweeh 3,3 long Cu—0O bond. The ligand orientation #is also affected
DPA and Cu(hfag) (4). In contrast, the reaction between by intermolecular interactions; a twisted ligand structure
2,2-DPA and 4,4DPA and Cu(hfag)formed only solutions  similar to that of 3,3DPA is found in the coordination
and poor quality crystals, respectively, under the same features and the architecture of Cd(M40L,2-bis(4-pyridyl)-
reaction conditions with the same solvent. These types of ethane)s.#°

complexes can be classified into two groups having trans- Thermogravimetric Analysis. To investigate the thermal
and cis-coordinated pyridyl nitrogen atoms and/or acetonatestability of the framework of compounds-4, thermogravi-

oxygen atom.s, rgspectlvely. Compoufnohas atrans 0C- (45 Fyjita, M.; Aoyagi, M.; Ogura, KBull Chem. Soc. Jpri998 71,
cupied coordination sphere that contains one short and one ~ 1799.
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Figure 7. View of one sinusoidal chain in compoui3d Cu atoms are shown in pink, N atoms in green, O atoms in red, C atoms in blue, and hydrogen
atoms in gray.

Figure 8. The local coordination environment around the Cu atom is shown with the atomic numbering scheme. Ellipsoids are drawn at the 50%
probability level, and asterisks indicate symmetry-equivalent atoms.

Figure 9. A one-dimensional zigzag chain this shown.

metric analyses (TGA) were performed on samples consistingligand and a nitrate ion per formula unit, which occurs
of numerous single crystals of each compound. All samples between 250 and 2824C with an observed weight loss of
were heated at a rate of 2& min~! under flowing helium 51% (calcd 51.23%). The decomposition sequenc8 isf

to 800 °C. TGA data suggest that the framework bfis similar of 1. For 3, the first weight loss, 8.20% (calcd 8.00%),
stable up to 226C, although the first weight loss of 7.92% corresponding to the loss of the coordinated methanol
(calculated 7.96%) corresponding to the loss of the twO H  solvent, occurs between 95 and 1%45. A second weight
molecules coordinated at the cadmium center occurred overloss is observed between 215 and 236, which is

the range 102125 °C. In the temperature range of 226 presumably due to framework collapse and the loss of ligands
268°C, 1 underwent complicated multiple weight loss steps, and nitrate ions in the compound. A single-step weight loss
with the total loss corresponding to one ligand and two nitrate was observed in compourdand the final product is black
ions (obsd 73.18%, calcd 73.08%). The thermal decomposi-and amorphous. The weight loss from 200 to 248 is

tion behavior of the distorted square compouh quite believed to be due to the loss of the '3fAPA and hfac
different from that ofl. The TGA data for2 show that the ligands, which is quite typical for organignorganic coor-
first weight loss (9.79%) occurs by 16€, corresponding  dination polymers consisting of Cu(hfacations and N,N

to the loss of two molecules of methanol solvent (calcd bidentate-type ligands.

10.07%). A second weight loss occurs between 166 and 206
°C, corresponding to the loss of the coordinatedOH
molecules (obsd 6.65%, calcd 6.28%). The framework The four frameworks described in this paper are some of
apparently collapses due to the release of on&BFA the first reported examples of extended coordination poly-

Conclusions
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Figure 10. A packing diagram of the zigzag chains4nThe short Cet-Cu and F--F interchain distances can be seen in this view.

mers incorporating the 3;DPA ligand. These polymers i i ) i
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