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Reactions of three Cu' complexes of 2,6-bis(3,5-dimethyl-
1H-pyrazol-1-yl)pyridine (bdmpp), [Cu(bdmpp)(MeCN),]-
(Cl04)2 (1), [Cu(bdmpp)(N3),]-1.5H,O (2:1.5H,0), and
[Cu(bdmpp)(N3)(1-N3)]»-2MeOH (3-2MeOH), with 4,4'-bipy,
dicyanamide (dca), azide, and MCl, (M = Cu, Co, Ni) yield a
series of homo- and heterometallic coordination oligomers
and polymers, [{Cu(bdmpp)(ClO,)}s(u-4,4’-bipy)](ClO,); (4),
{{Cu(bdmpp)(u-dca)](ClO4)}, (5), {[Cu(bdmpp)(u-N3)](ClOy)-
MeCN}, (6), [{Cu(N3)(bdmpp)}2(u-N3)2Cu(Na)z] (7), and
[{Cu(p-Ng) (bdmpp) (u-Na)M(p-Ng) (X)}o-eMeCN],, (8: M = Co,
X =Nz e=0;9:M=Nj X =Cl; e =4). Compounds 1-9 have
been characterized by elemental analysis, IR spectroscopy,
and single-crystal X-ray crystallography. Compound 4 has a
centrosymmetric dimeric dication structure in which two

[Cu(bdmpp)(ClO,)]* fragments are bridged by one 4,4'-bipy.
Compounds 5 and 6 have a 1D linear or spiral chain ex-
tending along the b axis in which each [Cu(bdmpp)]?* frag-
ment is linked through bridging dca or azide anions, respec-
tively. Compound 7 has a trinuclear sandwich structure in
which two molecules of 2 link a Cu(N3), species through two
end-on bridging azide anions. Compounds 8 and 9 have a
similar 1D chain structure extending along the c axis in
which [Cu(p-Nj)(bdmpp) (u-Na)M(p-N3)(X)]2 (M = Co, Ni)
molecules are linked by end-to-end azide anions (8) or end-
on azide anions (9). In addition, the electrochemical proper-
ties of 1-9 in DMF were investigated by cyclic voltammetry.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

In past decades, design and construction of coordination
oligomers and polymers from metal complex or cluster pre-
cursors has attracted considerable attention because of their
structural diversityl' 'l and their potential applications in
advanced materials.'>2l From the viewpoint of the “de-
sign”, a suitable metal complex or cluster precursor may
possess one of the following requirements. Firstly, that some
ligands around the metal center or cluster core are labile
and readily replaced by other strong donor ligands. Sec-
ondly, that some ligands in the complex or cluster are po-
tential multilinkers to interconnect with other metal centers
or cluster cores. Thirdly, that the coordination is unsatu-
rated for at least one metal atom of the complex or cluster.
Many preformed clusters match these requirements and
have been employed to serve as excellent precursors for the
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formation of a number of cluster-based supramolec-
ules.3-6-8-11.21-241 Ty contrast to the cluster precursors, em-
ployment of the preformed metal complexes for the forma-
tion of homo- or heterometallic coordination oligomers or
polymers is less explored.

Recently we have been engaged in the construction of
coordination oligomers and polymers from preformed mo-
nonuclear complexes and metal sulfide clusters.['’->!-26] One
useful approach is to introduce the bulky ligands that block
some of the coordination sites of the metal center, which
may cause it to form the unsaturated coordination geome-
try. Among numerous bulky ligands, the tridentate ligand
2,6-bis(3,5-dimethyl-1 H-pyrazol-1-yl)pyridine (bdmpp) at-
tracted our attention. This ligand has been employed to re-
act with metal ions to form various complexes.?’3% Some
metal/bdmpp complexes did show unsaturated coordination
geometry around the metal center.?’3% However, these
compounds have not been used as precursors to further
assemble coordination oligomers and polymers. To this
end, we prepared three Cu'/bdmpp complexes,
[Cu(bdmpp)(MeCN),J(Cl04), (1),  [Cu(bdmpp)(N3),]
1.5H,0 (2-1.5H,0), and [Cu(bdmpp)(N3)(1-N3)],22MeOH
(3:2MeOH), in high yields. Compounds 1-3 match the
above-mentioned requirements and could be used as pre-
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cursors to form a family of homo- and heterometallic coor-
dination oligomers and polymers: [{Cu(bdmpp)(CIO4)}»(u-
4,4'-bipy)|(Cl04)> (4), {[Cu(bdmpp)(pn-dca)l(ClO4)}, (5),
{[Cu(bdmpp)(n-N3)|(ClO4)'MeCN},,  (6),  [{Cu(N3)-
(bdmpp)}>(p-N3)>Cu(N3),] (7), and [{Cu(p-N3)(bdmpp)(p-
N3)M(p-N3)(X)}»*eMeCN], (8: M = Co, X = N3, e =0; 9:
M = Ni, X = Cl; ¢ = 4). Furthermore, we have employed
cyclic voltammetry (CV) to investigate the electrochemical
behaviors of 1-9 in order to understand the changes of the
redox properties of the assembled oligomers and polymers
relative to their precursors. In this paper, we report their
syntheses, crystal structures, and redox properties.

Results and Discussion

Reaction of [Cu(MeCN)4](ClO,), with equimolar bdmpp
in MeCN resulted in a green solution. Slow diffusion of
Et,O into the solution led to the formation of green blocks
of 1 in 85% yield (Scheme 1). On the other hand, treatment
of CuCl,-2H,O with NaNj and bdmpp in 1:2:1 and 1:4:1
(molar ratio) in MeOH followed by slow evaporation of sol-
vents gave rise to 2-1.5H,0 and 3-2MeOH in 75% and 72%
yields, respectively. The formation of 2:1.5H,O and
3-2MeOH depended on the molar ratio of CuCl,-2H,O and
NaNj; during the reaction. As discussed later in this paper,
when the lower ratio (1:2) was used, the Cu atom was apt
to adopt a less saturated coordination (five-coordinate) and
2-1.5H,0 was thus formed. When the higher ratio (1:4 or
more) was used, the Cu atom was more apt to adopt a
saturated coordination (six-coordinate) and 3-2MeOH was
formed.

As discussed later in this paper, the Cu!! atom in 1 is
chelated by one bdmpp and coordinated by two labile
MeCN molecules. When the two MeCN molecules are re-

[Cu(MeCN)4](ClO4),
~

1

bdmpp <

CuCly* 2H,0
2NaNj

[Cu(bdmpp)(N3)2]- 1.5H20

2-1.5H,0

\_  CuCly-2H,0
4NaN;

3-2MeOH

[Cu(bdmpp)(MeCN),](ClO4)2 <

placed by strong bridging donor ligands, the Cu'' center
may have up to three more coordination sites available and
its trigonal-bipyramidal coordination geometry may be
turned to square-planar, square-pyramidal, or octahedral.
The remaining [Cu(bdmpp)]** fragment along with bridg-
ing ligands may serve as multiconnecting nodes to form
novel oligomers and polymers. Among the potential bridg-
ing donor ligands, we chose 4,4’'-bypyridine (4,4'-bipy), so-
dium dicyanamide, and sodium azide for this purpose.

Treatment of 1 with equimolar 4,4'-bipy followed by a
similar procedure used in the isolation of 1 produced blue
crystals of 4 in 63% yield, while reactions of 1 with equi-
molar sodium dicyanamide or sodium azide followed by a
similar workup gave rise to green crystals of 5 and deep
green crystals of 6 in 75% and 80% yields, respectively
(Scheme 1). It is noted that in these cases, the two MeCN
molecules coordinated at the Cu center of 1 were replaced
and the [Cu(bdmpp)]** fragment was retained, even though
the coordination geometry of the Cu atom was changed
during the reactions. The different outcomes from the afore-
mentioned three reactions deserve comment. Compared
with the dca and Nj ligands, 4,4'-bipy seems somewhat
bulky and rigid. The replacement of the two MeCN mole-
cules of the cation of 1 by 4,4’-bipy only afforded a dinu-
clear complex 4. The less rigid ligand, dca or N5, removed
the two MeCN molecules of the cation of 1 and linked the
[Cu(bdmpp)]** fragments through end-to-end p-1,5-bridg-
ing mode (dca) or p-1,3-bridging mode (N5"), forming poly-
meric species 5 and 6, respectively.

In the cases of 2 and 3, both complexes may also work
as precursors for oligomers and polymers as they have two
terminal azides that could link other metal ions. Accord-
ingly, reactions of 2 with a mixture of CuCl,-2H,O and
NaNj; in a molar ratio of 1:1:4 produced the homometallic

[Cu(bdmpp)(N3)(k-N3)]2- 2MeOH

 SADRY _ [Gu(bdmpp)(CIOL))a(h-4,4-bipy)I(CIO),
4
Na(dea) {(Cu(bdmpp)(u-dca)](CIO4)},
5
NaN
— {[Cu(bdmpp)(1-N3)](CIO,)- MeCN},
6
CuCly- 2H,0
o, NS EImBp)} (1N 2CuNo)e
7
CoCl,-6H,0
—2 2= [{Cu(N3)(bdmpp)(u-N3)Co(u-Na)(Na)lzls
4NaNs3
8
NiCly- 6H,0

[{Cu(N3)(bdmpp)(u-N3)Ni(u-N3)Cl}ol,- 4MeCN}y,
4NaNj

9

Scheme 1. Reactions of bdmpp with [Cu(MeCN),](ClOy), and CuCl,:2H,O/NaNj3; reactions of 1 with 4,4'-bipy, Na(dca), and NaNj;
reactions of 2 with CuCl,2H,O and NaNj; and reactions of 3 with MCl,*6H,O (M = Cu, Co, Ni) and NaN;.
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oligomer 7 in 67% yield, while those of 3 with a mixture of
MCl,-6H,O (M = Co, Ni) and NaNj; in a molar ratio of
1:1:4 followed by a similar workup afforded two hetero-
metallic polymers, 8 and 9, in 50% and 49 % yields, respec-
tively (Scheme 1). In these cases, 2 or 3 only used their ter-
minal azides to link the possible Cu(N3), or [M(u-N3)(X)],
(M = Co, X = N3; M = Ni, X = CI) species. The coordina-
tion geometry for each Cu center in 2 or 3 is retained.
Solids 1-9 were relatively air- and moisture-stable, and
were soluble in DMF and DMSO. The elemental analysis
was consistent with the chemical formula of 1-9. The IR
spectrum of 1 showed a sharp »(CN) at 2249 cm™!, suggest-
ing the presence of terminal acetonitrile molecules. In the
IR spectra of 2:1.5H,0, 3:2MeOH, and 6-9 the strong ab-
sorptions at 2040/2068 (2-1.5H,0), 2045 (3-2MeOH), 2041
(7), and 2029 (8) cm™! may be attributed to the asymmetric
stretching frequencies of the terminal azide groups while
those at 2073 (3-2MeOH), 2054/2066 (6), 2066 (7), 2066 (8),
and 2069 (9) cm™! may be assigned to be the asymmetric
stretching vibrations of end-on or end-to-end bridging az-
ide groups.?" In the IR spectrum of 5, a band at 2179 cm!
was assigned to be the stretching vibration of the dca ligand
with a bidentate p, 5 coordination.?>! In the IR spectra of
1 and 4-6, strong and broad peaks at 1122/1087/1060 (1),
1093/1024 (5), and 1144/1118/1084 (6) cm™! are the charac-
teristic CI-O stretching vibrations of the free perchlorate
anions while that at 1087 cm™! (4) may be assigned to be a

Table 1. Selected bond lengths [A] and angles [°] of 1-3.12
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unidentate perchlorato ligand. The identities of 1-9 were
further confirmed by X-ray crystallography.

Compound 1 crystallizes in the orthorhombic space
group Pbca and the asymmetric unit consists of one
[Cu(bdmpp)(MeCN),]** dication and two ClO, anions.
Unlike the most reported fashion of the square-pyramidal
geometry,* the five-coordinate copper(Il) atom in 1
adopts a distorted trigonal-bipyramidal geometry, which is
coordinated by three N atoms from the bdmpp ligand and
two N atoms from the acetonitrile molecules (Figure 1).
N(1) and N(5) are located in apical positions, while N(3),

Figure 1. Perspective view of the [Cu(bdmpp)(MeCN),J** dication
of 1 with 50% thermal ellipsoids. All hydrogen atoms are omitted
for clarity.

Compound 1
Cu(1)-N(1) 1.981(3) Cu(1)-N(6) 2.054(3)
Cu(1)-N(3) 1.947(2) Cu(1)-N(7) 2.162(3)
Cu(1)-N(5) 1.967(2)
N(1)-Cu(1)-N(3) 78.95(10) N(5)-Cu(1)-N(6) 97.30(10)
N(3)-Cu(1)-N(5) 79.52(10) N(1)-Cu(1)-N(7) 97.72(10)
N(5)-Cu(1)-N(1) 158.43(11) N(3)-Cu(1)-N(7) 122.33(10)
N(1)-Cu(1)-N(6) 98.58(10) N(5)-Cu(1)-N(7) 94.80(10)
N(3)-Cu(1)-N(6) 140.88(10) N(6)-Cu(1)-N(7) 96.77(11)

Compound 2
Cu(1)-N(1) 2.0192(19) Cu(1)-N(6) 1.9373(18)
Cu(1)-N(3) 1.9721(17) Cu(1)-N(9) 2.186(2)
Cu(1)-N(5) 2.0124(19)
N(1)-Cu(1)-N(3) 78.09(7) N(6)-Cu(1)-N(9) 102.39(9)
N(3)-Cu(1)-N(5) 78.37(8) N(1)-Cu(1)-N(6) 100.50(8)
N(5)-Cu(1)-N(1) 156.18 N(3)-Cu(1)-N(6) 152.30(7)
N(3)-Cu(1)-N(9) 105.27(8) N(5)-Cu(1)-N(6) 98.62(8)
N(5)-Cu(1)-N(9) 93.64(9) N(1)-Cu(1)-N(9) 95.98(9)

Compound 3
Cu(1)-N(1) 2.090(4) Cu(1)-N(9) 2.107(5)
Cu(1)-N(3) 2.021(4) Cu(1)-N(6A) 2.149(4)
Cu(1)-N(5) 2.096(4) Cu(1)-N(6) 2.038(4)
N(1)-Cu(1)-N(3) 77.42(16) N(5)-Cu(1)-N(9) 91.19(17)
N(3)-Cu(1)-N(5) 76.80(15) N(6)-Cu(1)-N(9) 95.50(17)
N(5)-Cu(1)-N(1) 153.63(16) N(1)-Cu(1)-N(6A) 92.54(16)
N(1)-Cu(1)-N(6) 102.65(16) N(3)-Cu(1)-N(6A) 88.57(15)
N(3)-Cu(1)-N(6) 166.20(16) N(5)-Cu(1)-N(6A) 92.26(15)
N(5)-Cu(1)-N(6) 103.70(16) N(6)-Cu(1)-N(6A) 77.63(17)
N(1)-Cu(1)-N(9) 87.10(17) N(9)-Cu(1)-N(6A) 172.88(17)
N(3)-Cu(1)-N(9) 98.28(17)

[a] Symmetry code: A: —x, —y + 2, —z.
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N(6), and N(7) are in equatorial positions. The two Cu-N
(MeCN) bonds are longer than the three Cu-N (bdmpp)
bonds (Table 1), suggesting that the two MeCN molecules
may be easily replaced by other strong donor ligands.

Compounds 2:1.5H,0 and 3-2MeOH crystallize in the
monoclinic space group P2,/n and the asymmetric unit of
2 contains one discrete [Cu(bdmpp)(N3),] molecule and one
and a half of the water solvent molecules, while that of 3
has half of the [Cu(bdmpp)(p-N3)(N3)], molecule and one
methanol solvent molecule. In the structure of 2, Cu(l)
adopts a distorted square-pyramidal geometry (Figure 2).
The basal plane is defined by N(1), N(3), and N(5) from
the bdmpp ligand and N(6) from a terminal azide. The api-
cal site is occupied by N(9) of the other terminal azide. The
axial Cu(1)-N(9) of 2.186(2) A is slightly longer than the
basal Cu-N bonds (Table 1), but shorter than that found
in [Cux(terpy)r-p-(N3)2(N3)>Cus-p-(N3)4(N3)o] - [terpy =
2,2":6',2" -terpyridine, 2.288(3) A].?% It is noted that Cu(1)
displaces 0.3613 A out of the N(1)-N(3)-N(5)-N(6) least-
squares plane, which causes the trans angles in the basal
plane to deviate significantly from 180°.

Figure 2. Molecular structure of 2 with 50% thermal ellipsoids. All
hydrogen atoms are omitted for clarity.

As shown in Figure 3, 3 consists of two [Cu(bdmpp)-
(N3)]* fragments that are bridged by a pair of end-on bridg-
ing N3 anions, forming a centrosymmetric dimetallocyclic
Cu, N, core structure. The Cu,N, core is symmetric and the
Cu(1)-Cu(1A) contact is 3.263(13) A, which excludes any
metal-metal interaction. Each Cu atom adopts a distorted
octahedral geometry, where N(1), N(3), and N(5) of the
bdmpp ligand and N(6) of the bridge azide occupy the
equatorial sites, and N(6A) and N(9) from one bridging and
one terminal azide sit at the two apical sites. The Cu atom
lies 0.1024 A out of the equatorial plane. The average Cu—
Napical bond [2.128(4) A] is slightly longer than the average
Cu—Nequatorial bond [2.075(4) A] (Table 1).

Compound 4 crystallizes in the triclinic space group
Pl and the asymmetric unit contains half of the
[{Cu(bdmpp)(ClOy4)}»(u-4,4"-bipy)]** dication and one
ClO,4 anion. The centrosymmetric structure of the dication
contains two [Cu(bdmpp)(ClO4)]* fragments bridged by
one 4,4'-bipy ligand (Figure 4). As indicated in Table 2,
Cu(l) in each [Cu(bdmpp)(ClO,4)]* fragment takes a dis-
torted square-pyramidal geometry, coordinated by N(1),
N(3), and N(5) from the bdmpp ligand and N(6) from 4,4'-
bipy, which are in equatorial positions, and O(1) from one
5514
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Figure 3. Molecular structure of 3 with 50% thermal ellipsoids. All
hydrogen atoms are omitted for clarity.

ClO4, which occupies the apical site. Cu(1) sits over the
basal plane with out-of-plane displacement of 0.1688 A.
The Cu(1)-N bond lengths are similar to those of 2, while
the Cu(1)-O bond length [2.2856(18) A] is comparable to
that observed in complexes containing square-pyramidally
coordinated Cu'l [Cu(pr2pz)(ClO,),] [pr2pz = 1,2-bis[5-
methyl-3-(2-methylpropyl)amino-1H-pyrazol-1-yl]ethane,
2.451(3) A].B2

Figure 4. Perspective view of the [{Cu(bdmpp)(ClOy)},(n-4,4'-
bipy)]** dication of 4 with 50% thermal ellipsoids. All hydrogen
atoms are omitted for clarity.

Compound 5 crystallizes in the monoclinic space group
C2/¢c and the asymmetric unit consists of one
[Cu(bdmpp)(pu-dca)]* cation and one ClO,~ anion. Like that
of the Cu center of 1, Cu(l) in the cation of 5 adopts a
distorted trigonal-bipyramidal geometry, coordinated by
N(3) of the bdmpp ligand and N(6) and N(8A) atoms of p-
dca (in equatorial positions), and N(1) and N(5) of the
bdmpp ligand (in apical positions) (Figure 5). The bond
lengths and angles around Cu(l) in 5 (Table 2) are similar
to those observed in 1. Topologically, the [Cu(bdmpp)]**
fragment in 5 works as a two-connecting node, which is
linked to two equivalent nodes through Cu-p-dca-Cu brid-
ges to form a 1D [Cu(bdmpp)(p-dca)],”* chain extending
along the b axis. It is worth noting that the bdmpp ligands
covering the chain are parallel to each other and have the
same direction. Two neighboring bdmpp ligands linked by
one dca may be visualized as a molecular clip with a dia-
meter of 7.4952(3) A [Cu(1)+Cu(l1A) contact]. Thus, the
structure of 5 may be best described as a unique 1D chain
of clips, each of which “clamps” one ClO4 anion inside it.

Eur. J. Inorg. Chem. 2007, 5511-5522
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Table 2. Selected bond lengths [A] and angles [°] of 4-6.12]
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Compound 4
Cu(1)-N(1) 2.004(2) Cu(1)-N(6) 1.975(2)
Cu(1)-N(3) 1.944(2) Cu(1)-0O(1) 2.2856(18)
Cu(1)-N(5) 2.026(2)
N(1)-Cu(1)-N(3) 79.55(9) N(5)-Cu(1)-N(6) 99.35(8)
N(3)-Cu(1)-N(5) 79.10(8) N(1)-Cu(1)-O(1) 89.49(8)
N(5)-Cu(1)-N(1) 158.06(8) N(3)-Cu(1)-O(1) 98.36(7)
N(1)-Cu(1)-N(6) 100.44(8) N(5)-Cu(1)-O(1) 98.55(7)
N(3)-Cu(1)-N(6) 167.73(8) N(6)-Cu(1)-O(1) 93.90(8)
Compound 5
Cu(1)-N(1) 1.991(3) Cu(1)-N(6) 2.059(3)
Cu(1)-N(3) 1.974(3) Cu(1)-N(8A) 2.075(3)
Cu(1)-N(5) 2.008(3)
N(1)-Cu(1)-N(3) 78.56(11) N(5)-Cu(1)-N(8A) 94.84(12)
N(@3)-Cu(1)-N(5) 78.09(11) N(1)-Cu(1)-N(6) 95.80(11)
N(5)-Cu(1)-N(1) 156.63(11) N(3)-Cu(1)-N(6) 131.78(11)
N(1)-Cu(1)-N(8A) 100.51(12) N(5)-Cu(1)-N(6) 98.94(12)
N(3)-Cu(1)-N(8A) 128.69(11) N(6)-Cu(1)-N(8A) 99.51(12)
Compound 6
Cu(1)-N(1) 1.995(2) Cu(1)-N(8A) 2.448(3)
Cu(1)-N(3) 1.949(2) Cu(1)-N(6) 1.932(2)
Cu(1)-N(5) 2.013(2)
N(@3)-Cu(1)-N(5) 79.33(8) N(5)-Cu(1)-N(6) 100.51(9)
N(1)-Cu(1)-N(3) 79.30(8) N(1)-Cu(1)-N(8A) 88.02(9)
N(5)-Cu(1)-N(1) 158.46(8) N(3)-Cu(1)-N(8A) 90.49(10)
N(1)-Cu(1)-N(6) 99.76(9) N(5)-Cu(1)-N(8A) 94.82(9)
N(3)-Cu(1)-N(6) 167.43(8) N(6)-Cu(1)-N(8A) 102.3(10)

[a] Symmetry codes for 5: A: x, y — 1, z; for 6: A: —x + 1/2, y — 1/2, —z + 1/2.

Figure 5. View of a section of the chain of 5 (extending along the
b axis) with 50% thermal ellipsoids. All hydrogen atoms are omit-
ted for clarity.

Compound 6 crystallizes in the monoclinic space group
P2,/n, and the asymmetric unit consists of one
[Cu(bdmpp)(u-N3)]* cation, one ClO4 anion, and one
MeCN solvent molecule. The [Cu(bdmpp)]** fragment of 6

Eur. J. Inorg. Chem. 2007, 5511-5522
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again acts as a two-connecting node, which is connected to
the equivalent nodes through end-to-end bridging N5~ to
form a 1D spiral chain extending along the b axis (Fig-
ure 6). The average chain-to-chain separation is 3.9 A, and
there are no evident interactions between the cationic
chains and the counteranions and MeCN solvent mole-
cules. For the [Cu(bdmpp)(u-N3)]* cation of 6, the Cu(1)
atom adopts a similar coordination geometry to that of 2,
coordinated by N(1), N(3), and N(5) of the bdmpp ligand,
and N(6) of one azide anion (in equatorial sites) and N(8A)
of the other azide anion (in apical site). As listed in Table 2,
one end-to-end bridging Cu(1)-N(8A) bond [2.448(2) A] is
0.5 A longer than the other one [Cu(1)-N(6)], which may
be due to the requirement for the formation of the spiral
chain. Other bond lengths and angles around Cu(l) in 6 are
comparable to those of the corresponding ones of 2.
Compound 7 crystallizes in the triclinic space group
Pl and the asymmetric unit contains half of the
[{Cu(bdmpp)(N3)}2(1-N3),Cu(N3),] molecule. The molecu-
lar structure of 7 is shown in Figure 7 and the selected bond
lengths and angles are listed in Table 3. In this structure,
the framework of 2 is almost retained. Two molecules of 2
link a Cu(N3), species through two end-on bridging azide
anions to form a sandwich structure. Alternatively, the
structure may be viewed as a centrosymmetric sandwich
structure, in which one planar [Cu(N3),(u-N3),]*>  anion is
placed in between two planar [Cu(bdmpp)(N3)]* cations
through a pair of Cu-p-N5-Cu bridges. The skeleton planes
of the two bdmpp ligands are almost parallel but with op-
posite orientations, and their separation is about 6.3 A. In
5515
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Figure 6. View of a section of the chain of 6 (extending along the
b axis) with 50% thermal ellipsoids. All hydrogen atoms are omit-
ted for clarity.

the [Cu(bdmpp)(N3)]" cations, Cu(l) or Cu(lA) has a
square-pyramidal geometry. The Cu(l1)-N (bdmpp) and
Cu(1)-N (terminal N3) bond lengths are similar to those
of 2. The end-on bridging Cu(1)-N(9) bond is slightly
longer than the corresponding bond of 2 and shorter than
that of 6. For the [Cu(N3),(u-N3),]*~ anion, Cu(2) has a
typical square-planar geometry, coordinated by two ter-
minal and two end-on bridging azide anions. The bridging
Cu(2)-N(9) bond [2.343(2) A] is 0.38 A longer than the ter-
minal Cu(2)-N(12) bond.

Compounds 8 and 9 crystallize in the triclinic space
group Pl and the asymmetric unit contains half of the
[Cu(pu-N3)(bdmpp)(u-N3)M(p-N3)(X)l, molecule (8: M =
Co, X = N3; 9: M = Ni, X = Cl) and two MeCN solvent
molecules for 9. Compounds 8 and 9 have a 1D chain struc-
ture (extending along the ¢ axis) in which [Cu(u-
N3)(bdmpp)(u-N3)M(u-N3)(X)], molecules are linked by

Table 3. Selected bond length [A] and angles [°] of 7.4

Figure 7. Perspective view of 7 with 50% thermal ellipsoids. All
hydrogen atoms are omitted for clarity.

Figure 8. View of a section of the chain of 8 (left) and 9 (right)
(extending along the ¢ axis) with 50% thermal ellipsoids. All hydro-
gen atoms are omitted for clarity.

Cu(1)-N(6) 1.918(2)
Cu(1)-N(3) 1.964(2)
Cu(1)-N(5) 2.045(2)
Cu(2)-N(9) 2.003(2)
N(6)-Cu(1)-N(5) 102.27(10)
N(6)-Cu(1)-N(3) 166.43(10)
N@3)-Cu(1)-N(5) 78.45(9)

N(6)-Cu(1)-N(1) 98.50(10)
N@3)-Cu(1)-N(1) 77.92(9)

N(5)-Cu(1)-N(1) 154.52(9)

Cu(1)-N(9) 2.343(2)
Cu(1)-N(1) 2.046(2)
Cu(2)-N(12) 1.961(2)
N(6)-Cu(1)-N(9) 100.88(10)
N(3)-Cu(1)-N(9) 92.50(9)
N(5)-Cu(1)-N(9) 95.66(9)
N(1)-Cu(1)-N(9) 94.75(9)
N(12)-Cu(2)-N(9A) 90.91(10)
N(12)-Cu(2)-N(9) 89.09(10)

[a] Symmetry code: A: —x + 1, -y, —z + 1.
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end-to-end azide anions (8) (Figure 8, left) or end-on azide
anions (9) (Figure 8, right). Each [Cu(u-N5)(bdmpp)(u-Ns3)-
M(u-N3)(X)], molecule consists of one centrosymmetric
[Cu(bdmpp)(u-N3)],>* dication and one centrosymmetric
[(u-N3)M(u-N3)(X)],> dianion linked by one end-to-end
azide (8) or one end-on azide (9). The structure of the dicat-
ion in 3 is almost kept in the structures of 8 and 9. Each
Cu atom in 8 or 9 adopts a distorted octahedral geometry,
coordinated by three N atoms from one bdmpp ligand and
three N atoms from one end-to-end and two end-on azides
(8) or three end-on azides (9). In this case, the end-to-end
bridging Cu(1)-N(9) bond of 8 is even shorter than the end-
on bridging Cu(1)-N(9) in 9 (Table 4). Other bond lengths
and angles around Cu in 8 or 9 are similar to those of the
corresponding ones of 3. The Cu(1)--Cu(l1A) separation is
3.2105(14) A for 8 and 3.3779(13) A for 9.

Within the dianion of 8, each Co atom is coordinated by
one terminal, one end-to-end bridging, and two bridging
azides, forming a square-planar geometry. The Co(l)-
Co(1B) contact is 3.1234(13) A while the Cu(1)-+Co(1) con-
tact between the dication and dianion is 4.4064(13) A. The
mean Co(1)-N bond length [1.966(4) A] is similar to that

Table 4. Selected bond lengths [A] and angles [°] of 8 and 9.[!

European Journal
of Inorganic Chemistry

found in [PPh,][Co(N5);CIJ33 [Co-N 1.946(3) A]. However,
in the structure of the anion of 9, each Ni atom also adopts
a square-planar geometry, coordinated by one terminal Cl
atom and three end-on bridging azides. The Ni(1)--Ni(1B)
contact is 3.091(2) A while the Cu(1)-+Ni(1) contact be-
tween the dication and dianion is 3.5670(12) A. The ter-
minal Ni(1)-CI(1) bond [2.2499(19) A] is longer than that
found in [(L)NiKCI-3THF] [L = N,N’-bis(2,6-diisopropyl-
phenyl)-2,6-pyridinedicarboxamido, 2.1688(17) A],24 while
the Ni—N bond is slightly longer than that in [L'Ni(N;)] [L'
= Me,NCH,CH,N(Me)C¢H,OH, 1.905(7) A].5%

The electrochemical behaviors of 1-9 have been investi-
gated by cyclic voltammetry (CV) in DMF containing 0.1 m
tetracthylammonium perchlorate (TEAP). The electro-
chemical data are summarized in Table 5. Under similar ex-
perimental conditions, the electrochemical studies of the
free ligand using the cyclic voltammetry showed no electro-
chemical activity within the scanned potential window.
Thus, the electrochemical waves observed in the cyclic vol-
tammograms of 1-9 are only metal-based.

All the complexes show the quasireversible redox process
with a potential of about 0.00 V in the cathode and about

Compound 8
Cu(1)-N(6A) 2.030(4) Cu(1)-N(9) 2.235(4)
Cu(1)-N(5) 2.089(4) Co(1)-N(15) 1.919(4)
Cu(1)-N(3) 2.094(4) Co(1)-N(11) 1.958(5)
Cu(1)-N(1) 2.104(4) Co(1)-N(12) 1.990(4)
Cu(1)-N(6) 2.140(4) Co(1)-N(12B) 1.997(5)
N(@B3)-Cu(1)-N(6A) 168.11(16) N(6)-Cu(1)-N(6A) 79.37(18)
N(5)-Cu(1)-N(3) 74.76(16) N(5)-Cu(1)-N(6) 96.79(17)
N(6)-Cu(1)-N(1A) 108.23(18) N(6)-Cu(1)-N(9) 167.97(16)
N(5)-Cu(1)-N(1) 146.19(15) N(15)-Co(1)-N(11) 99.5(2)
N(3)-Cu(1)-N(1) 73.94(16) N(15)-Co(1)-N(12) 166.9(2)
N(5)-Cu(1)-N(6A) 105.04(17) N(11)-Co(1)-N(12) 91.59(19)
N(3)-Cu(1)-N(6) 88.83(15) N(15)-Co(1)-N(12B) 92.21(19)
N(1)-Cu(1)-N(6) 95.05(17) N(11)-Co(1)-N(12B) 168.31(18)
N(9)-Cu(1)-N(6A) 88.68(16) N(12)-Co(1)-N(12B) 76.8(2)
N(5)-Cu(1)-N(9) 87.56(17) Cu(1)-N(6)-Cu(1B) 100.63(18)
N(3)-Cu(1)-N(9) 103.15(15) Co(1)-N(12)-Co(1B) 103.2(2)
N(1)-Cu(1)-N(9) 87.35(17)

Compound 9
Cu(1)-N(3) 1.999(4) Cu(1)-N(9) 2.253(7)
Cu(1)-N(6A) 2.010(5) Ni(1)-N(9) 1.963(5)
Cu(1)-N(5) 2.061(4) Ni(1)-N(12B) 1.976(4)
Cu(1)-N(1) 2.089(4) Ni(1)-N(12) 1.986(4)
Cu(1)-N(6) 2.345(7) Ni(1)-CI(1) 2.2499(19)
N(3)-Cu(1)-N(5) 78.26(15) N(5)-Cu(1)-N(6) 89.97(16)
N(5)-Cu(1)-N(6A) 101.12(17) N(1)-Cu(1)-N(6) 92.60(16)
N(3)-Cu(1)-N(1) 77.35(14) N(9)-Cu(1)-N(6) 173.88(18)
N(1)-Cu(1)-N(6A) 103.48(17) N(9)-Ni(1)-N(12B) 154.3(2)
N(3)-Cu(1)-N(6A) 165.3(2) N(9)-Ni(1)-N(12) 94.3(2)
N(5)-Cu(1)-N(1) 155.29(14) N(12)-Ni(1)-N(12B) 77.5(2)
N(3)-Cu(1)-N(9) 99.16(17) N(9)-Ni(1)-CI(1) 101.29(19)
N(9)-Cu(1)-N(6A) 95.5(3) CI(1)-Ni(1)-N(12B) 96.34(14)
N(5)-Cu(1)-N(9) 92.56(18) N(12)-Ni(1)-CI(1) 152.95(14)
N(1)-Cu(1)-N(9) 87.43(17) Ni(1)-N(9)-Cu(1) 115.4(3)
N(3)-Cu(1)-N(6) 86.81(17) Ni(1)-N(12)-Ni(1B) 102.5(2)
N(6)-Cu(1)-N(6A) 78.5(3) Cu(1)-N(6)-Cu(1) 101.5(3)
[a] Symmetry codes for 8: A: —x + 1, -y, —z; B:—x+1,-y,—z+ 1;for9: A: x+1,y+2, z+1;B:—x+1,-p+2 -z
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Table 5. Electrochemical data of complexes 1-9.[4

Complexes 1 2 3 4 5 6 7 8 9
E; [V] -0.01 -0.06 -0.05 0.02 0.09 0.02 0.01 -0.09 -0.02
Ey' [V] 0.18 0.24 0.33 0.21 0.24 0.22 0.56 0.22 0.59
Ep [V] 0.09 0.15 0.19 0.09 0.07 0.10 0.12 0.15 0.30
AE; [V] 0.19 0.30 0.38 0.19 0.15 0.20 0.55 0.31 0.61
Ey [V] -0.42 -0.59 -0.57 -0.48 -0.42 -0.54 -0.63 -0.52 -0.66
Ey' [V] 0.04 - - 0.06 -0.03 - -0.20 -0.18 -0.18
E\p [V] -0.23 - - -0.23 -0.19 - -0.42 -0.35 -0.47
AE; [V] 0.46 - - 0.57 0.39 - -0.43 0.34 0.48
Ey [V] - - - - -1.26 -1.28 -1.03
Eyy' [V] - - - - - - 0.13 0.02 -0.12

[a] Measured by CV at scan rate of 0.1 V/s; 1.0 mm in DMF containing 0.1 M TEAP for all complexes with a concentration of 1 X 1073 m.
Condition: working electrode, Pt plate (2 X 2 mm?); counter electrode, Pt wire; reference electrode, SCE.

0.22 V in the anode (except 0.33 V for 3, 0.56 V for 7, and
0.59 V for 9) (Figure 9), corresponding to the change from
Cu'! species to Cu' species. When the CV measurements
were performed at different scan rates such as 0.05, 0.1, 0.2, I SR

and 0.5 V/s, it was found that the ratio of cathodic to an- <

odic peak current was close to unity, especially for a lower S

scan rate, suggesting this first step is a quasireversible re-

duction process.[**] The second reduction waves in the range 3

of —-0.40 to -0.70 V for 1, 4, 5,7, 8, and 9 are quasireversible " @

and due to the formation of Cu' species followed by the

deposition of Cu® onto the electrode surface as judged by 06 04 02 00 -02 -04 -06 -08 -10
the appearance on the reverse scan of a greater anodic peak
current at the corresponding potential £y’ than that of the
cathode.’”] The separation between the potentials of the

E/Vvs. SCE

first redox couple for all complexes is AE; = 0.15V or
greater and the weak peak current at Ej; indicates that a 5]
geometrical reorganization, hindered to a large extent by
the low flexibility of the coordination sphere, is involved in < ol
the reduction process.*®! After several cycles, the color of 2
solutions of these complexes became light and more metal -5-
particles were found on the electrode surface. These facts
were the evidence of the decomposition of the complexes -10+
during the CV measurement.

Compared to the second reduction wave of their precur- 15 +— . . . . . .

; . 10 05 00 -05 -10 -15 -20

sor 1, those of 4 and 6 are very weak and the potential shift £/V vs SCE
negative (Figure 9a), while the second reduction electro-
chemical response and potential of 5 are almost the same 10-
as 1. These facts indicate that the stronger binding of azide 8]
and 4,4'-bipy ligands to the metal center and the coordina- 6
tion sphere is more stable than that of dca and acetonitrile 44
ligands. 3 21

The large difference of AE; value (0.55 V for 7 and 0.61 V =0
for 9) between the the potentials of the first redox couple is 27
consistent with the stronger spin—spin interaction of metals. :
Further reductions at Eyp = —1.26 'V for 7, —-1.28 V for 8, 5]
and —1.03 V for 9 are almost totally irreversible, which may 101
be due to the depOSition of Cuo (planar Cu), COO, and I\IlO 1:0 015 0{0 _0|45 _1|.0 _1I.5 _2(0
onto the electrode surface as judged by the appearance of E/Vvs. SCE
a sharp anodic peak at Ey;" = 0.18, 0.02, and -0.12 V for
7,8, and 9, corresponding to the redissolution of Cu®, Co®,
and Ni°, respectively. Figure 9. Cyclic voltammograms of complexes 1-9.

5518 www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 5511-5522



Copper Coordination Oligomers and Polymers

Conclusions

In this paper, we demonstrated our new approaches to
the assembly of a set of homometallic or heterometallic co-
ordination oligomers and polymers from reactions of pre-
formed complexes 1-3 with different linkers 4,4’-bipy, dca,
and azide as well as M?>* (M = Cu, Co, Ni). In the struc-
tures of 4-6, the [Cu(bdmpp)]** fragment of 1 was retained,
even though the copper coordination geometry was
changed during the reactions. Compound 4 forms a 4,4'-
bipy-bridged dimer structure, while 5 and 6 show a 1D dca-
bridged chain of clips and a 1D spiral azido-bridged chain,
respectively. In this structure of 7, the structure of 2 was
kept and two molecules of 2 connect a Cu(N3), species
through two end-on bridging azide anions to form a sand-
wich structure. In the structure of 8 or 9, the structure of 3
was retained, and the [Cu(bdmpp)(p-N3)(p-Ns)], molecules
of 3 interconnect with the [M(p-N3)(X)], molecules through
end-to-end azides (8) or end-on azides (9) to form a 1D
chain structure. Electrochemical studies on 1-9 revealed
that one quasireversible redox wave was observed at higher
potential for all these complexes, while, 1, 4, 5, 7, 8, and
9 showed the second quasireversible redox wave at lower
potentials. It is concluded that though the assembled prod-
ucts retain the [Cu(bdmpp)]** fragment of 1 or the whole
molecule 2 or 3, their electrochemical properties are influ-
enced by the bridging ligands around the Cu center of the
fragment or other metal ions introduced in their frame-
works. The interesting topological structures of 4-9 make
1-3 very promising precursors for the synthesis of homo-
and heterometallic coordination oligomers and polymers.
We are currently extending this work by studies on the syn-
thesis of novel homo- or heterometallic coordination oligo-
mers and polymers from reactions of 1-3 with other poly-
dentate donor ligands such as 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphyrin and 2.4,6-tri(4-pyridyl)-1,3,5-triazine,
and other main group metals (Pb?*, Bi**) and transition
metals (Zn?*, Cd?>*, Hg?*, etc.).

Experimental Section

General Remarks: Compounds bdmppl*¥! and [Cu(MeCN),J-
(ClOy4),P*1 were prepared according to the literature method. All
other reagents were used as purchased. The IR spectra were re-
corded with a Varian 1000 FTIR spectrometer as KBr disk (4000—
400 cm ). The elemental analyses for C, H, and N were performed
on an EA1110 CHNS elemental analyzer. Cyclic voltammetry was
carried out at 0.1 V/s under oxygen-free conditions using a three-
electrode cell with platinum film electrode as working electrode,
platinum wire as counter electrode, and SCE as reference electrode.
In DMF solution, tetracthylammonium perchlorate (TEAP) was
used as the supporting electrolyte.

[Cu(bdmpp)(MeCN),J(ClOy4), (1): bdmpp (0.027 g, 0.1 mmol) was
added to a blue solution containing [Cu(MeCN),4](ClOy4), (0.043 g,
0.1 mmol) in MeCN (10 mL). The resulting green solution was
stirred for about 0.5 h and then filtered. Diethyl ether (20 mL) was
layered onto the filtrate to form green blocks of 1 (0.052 g, 85%
based on bdmpp) in several days. IR (KBr disc): ¥ = 3137 (m),
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2249 (m), 1614 (s), 1566 (s), 1486 (s), 1392 (s), 1320 (s), 1295 (s),
1144 (s), 1106 (s), 1059 (s), 995 (s), 795 (m), 743 (m), 622 (s) cm .
C19H,3CLCuN; Oy (611.88): caled. C 37.30, H 3.79, N 16.02; found
C 37.46, H 3.56, N 15.90.

[Cu(bdmpp)(N;),]-1.5H,0 (2:1.5H,0): NaN; (0.013 g, 0.2 mmol)
was added to a blue solution containing CuCl,-2H,O (0.017 g,
0.1 mmol) in MeOH (5 mL) and H,O (5 mL). The solution turned
deep brown instantly and bdmpp (0.027 g, 0.1 mmol) was added.
The resulting deep green solution was stirred for about 0.5 h and
then filtered. Slow evaporation of solvents from the solution for 2
weeks produced deep green crystals of 2:1.5H,O (0.033 g, 75%
based on bdmpp). IR (KBr disc): ¥ = 3144 (w), 2924 (w), 2068 (vs),
2040 (vs), 1614 (vs), 1562 (s), 1488 (vs), 1418 (s), 1392 (s), 1319
(s), 1139 (m), 1054 (m), 986 (m), 799 (m), 740 (m), 675 (w) cm .
CysH,,CuN;,0, 5 (441.94): caled. C 40.77, H 4.56, N 34.86; found
C 40.46, H 4.42, N 34.91.

[Cu(bdmpp)(N3)(p-N3)],:2MeOH (3:2MeOH): Compound
3-2MeOH (0.032 g, 72% based on bdmpp) was isolated as deep
green crystals from the reaction of CuCl,,2H,O (0.017 g,
0.1 mmol), NaN; (0.026 g, 0.4 mmol), and bdmpp (0.027 g,
0.1 mmol) in MeOH/H,O followed by a similar workup to that
used in the isolation of 2. IR (KBr disc): ¥ = 3129 (w), 2073 (vs),
2045 (vs), 1614 (s), 1564 (m), 1487 (s), 1389 (m), 1318 (m), 1294
(m), 1141 (w), 1084 (w), 1054 (m), 848 (m), 791 (w), 742 (w), 558
(w) em™. C3,Hy4CusN,,0, (893.98): caled. C 43.00, H 4.74, N
34.47; found C 43.16, H 4.52, N 34.52.

[{Cu(bdmpp)(ClO4)}>(n-4,4'-bipy)I(C10,), (4): 4.4'-bpy (0.016 g,
0.1 mmol) was added to a green solution containing 1 (0.061 g,
0.1 mmol) in MeCN (10 mL). The mixture was stirred for 10 min,
the color of the solution then turned blue, and the solution was
filtered. Layering Et,O (15mL) onto the filtrate afforded blue
blocks of 4 (0.038 g, 63% based on 1). IR (KBr disc): ¥ = 3135
(W), 2996 (w), 1617 (s), 1594 (m), 1564 (m), 1486 (s), 1432 (m),
1390 (m), 1322 (m), 1122 (m), 1087 (s), 1060 (s), 992 (m), 790 (w),
744 (w), 624 (m) cm!. C4H4ClyCusN 5,044 (1215.76): caled. C
39.51, H 3.48, N 13.82; found C 40.02, H 3.42, N 13.94.

{[Cu(bdmpp)(p-dca)](ClOy4)},, (5): Compound 5 (0.037 g, 75% based
on 1) was isolated as green crystals from the reaction of 1 (0.061 g,
0.1 mmol) and Na(dca) (0.009 g, 0.1 mmol) followed by a similar
workup to that used in the isolation of 2-1.5H,0. IR (KBr disc): ¥
= 3130 (w), 2964 (m), 2179 (s), 1618 (s), 1566 (m), 1488 (s), 1370
(m), 1320 (m), 1261 (s), 1093 (s), 1024 (s), 800 (s), 744 (w), 624 (m)
cm !, C7H,;CICuNgOy, (496.38): caled. C 41.14, H 3.45, N 22.57;
found C 41.26, H 3.22, N 22.44.

{[Cu(bdmpp)(p-N3)](ClO4)-MeCN}, (6): Compound 6 (0.041 g,
80% based on 1) was isolated as deep green crystals from the reac-
tion of 1 (0.061 g, 0.1 mmol) and NaNj; (0.007 g, 0.1 mmol) fol-
lowed by a similar workup to that used in the isolation of 2-1.5H,0.
IR (KBr disc): ¥ = 3107 (w), 2065 (vs), 2054 (s), 1613 (s), 1565 (m),
1482 (s), 1430 (m), 1391 (m), 1316 (m), 1144 (s), 1118 (s), 1084 (s),
991 (m), 793 (w), 743 (w), 625 (m) cm'. C;;H,CICuNyO,4
(513.41): caled. C 39.77, H 3.93, N 24.55; found C 39.64, H 3.76,
N 24.72.

[{Cu(N3)(bdmpp)}>(1-N3),Cu(N3),] (7): NaN; (0.026 g, 0.4 mmol)
and CuCl,-2H,O (0.017 g, 0.1 mmol) were added to a deep green
solution containing 2 (0.044 g, 0.1 mmol) in MeCN (10 mL). The
solution was stirred for 20 min; it then darkened and was filtered.
Diethyl ether (20 mL) was layered onto the filtrate to form dark
brown blocks of 7 (0.033 g, 67% based on 2) in several days. IR
(KBr disc): ¥ = 3430.6 (m), 3142 (w), 2066 (vs), 2041 (s), 1614 (s),
1562 (m), 1486 (s), 1418 (m), 1392 (m), 1318 (m), 1139 (m), 1084

5519

WWW.eurjic.org



FULL PAPER

J.-P. Lang et al.

(m), 1053 (m), 986 (W), 799 (W), 740 (w) cm . CsoHz,Cu;Nag
(977.47): caled. C 37.04, H 3.52, N 40.32; found C 37.16, H 3.36,
N 39.96.

[{Cu(p-N3)(bdmpp)(n-N3)Co(u-N3)(N3)}2l,  (8):  Compound 8
(0.056 g, 50% based on 3) was isolated as dark green crystals from
the reaction of 3 (0.089 g, 0.1 mmol), CoCl,6H,O (0.048 g,
0.2 mmol), and NaN; (0.052 g, 0.8 mmol) followed by a similar

Table 6. Crystallographic data for 1, 2-1.5H,0, 3-2MeOH, 4, and 5.

workup to that used in the isolation of 7. IR (KBr disc): ¥ = 3432
(w), 3133 (w), 2963 (m), 2066 (vs), 2029 (s), 1608 (s), 1562 (m),
1473 (s), 1388 (m), 1372 (m), 1293 (m), 1261 (s), 1096 (m), 1031
(m), 986 (W), 793 (s), 741 (w) em!. C3,H34C0,Cu,N3, (1115.85):
caled. C 32.29, H 3.07, N 42.68; found C 32.12, H 3.32, N 42.24.

[{Cu(p-N3z)(bdmpp)(p-N3)Ni(p-N3)Cl},:4MeCN], (9): Compound 9
(0.062 g, 49% based on 3) was isolated as dark green crystals from

Compounds 1 2:1.5H,0 3-2MeOH 4 5

Formula C19H23C12CUN708 C] 5H20CU1 N] 101 5 C32H42CU2N2202 C40H42C14CU2N|201(, C17H17C1CUN804
M, 611.88 441.94 893.98 1215.76 496.38
Temperature [K] 193(2) 153(2) 153(2) 153(3) 153(3)
Crystal system orthorhombic monoclinic monoclinic triclinic monoclinic
Space group Pbca P2,/n P2i/n P1 C2le

a [A] 12.626(3) 11.201(2) 8.9002(18) 7.6768(15) 24.4394(9)

b [A] 14.821(3) 11.629(2) 12.487(3) 8.9909(18) 7.4925(3)

c [A] 27.060(5) 14.927(3) 17.473(4) 17.265(3) 21.4748(8)
a[°] 99.49(3)

BI°] 103.89(3) 99.65(3) 91.54(3) 95.100(10)

7 [°] 91.46(3)

V [A3] 5063.6(18) 1887.4(6) 1914.5 1174.4(4) 3912.8(3)

V4 8 2 2 1 8

Deaieq [g/cm?] 1.605 1.552 1.551 1.719 1.685

F(000) 2504 908 924 620 2024

i [mm] 1.132 1.193 1.175 1.219 1.298

Total reflections 452717 18050 18303 11618 17961
Unique reflections 4618 (Rin = 0.0460) 4313 (R = 0.0328) 3494 (R;,, = 0.0756) 5351 (R;, = 0.0184) 4469 (R;, = 0.0457)
Obsd. reflections 4492 3870 2876 4970 3770
Parameters 340 285 271 364 285

R, 0.0445 0.0346 0.0682 0.0347 0.0614

WR,! 0.1208 0.0998 0.1379 0.1129 0.1713

Stel 1.015 1.064 1.088 1.074 1.072
Residual peaks [e/A3] 0.490, -0.416 0.523, -0.522 0.573, -0.452 0.697, -0.831 1.283, -2.402

[a] Ry = Z||F,| — |[F/ZIF,|. [b] wRy = {wE(|F,| — |[F)XEW|F,212. [c] S = {Zw(|F,| — |F.))*/(n — p)} ">, where n is the number of reflections

and p is the total number of parameters refined.

Table 7. Crystallographic data for 6-9.

Compounds 6 7 8 9

Formula C17H20C1CUN904 C30H34CU3N28 C30H34C02CU2N34 C38H46C12CUZN32Ni2
M, 513.41 977.47 1115.85 1266.47
Temperature [K] 193(2) 193(2) 153(2) 153(2)
Crystal system monoclinic triclinic triclinic triclinic
Space group P2,/n P1 P1 P1

a[A] 12.821(3) 8.6789(17) 9.3824(19) 11.852(2)
b[A] 7.2431(14) 10.594(2) 9.4618(19) 11.868(2)

¢ [A] 23.237(5) 10.760(2) 13.615(3) 11.910(2)
a[°] 90.38(3) 106.55(3) 102.21(3)
L1° 98.38(3) 102.31(3) 97.90(3) 112.52(3)

7 [°] 95.51(3) 104.33(3) 112.14(3)

v [AY 2134.9(7) 961.7(3) 1094.0(4) 1303.5(5)

Z 4 1 1 1

Deaieq [glcm?) 1.597 1.688 1.694 1.613

F(000) 1052 497 564 646

i [mm ] 1.194 1.711 1.774 1.684

Total reflections 19889 9259 10626 12272
Unique reflections 3901 (R;, = 0.0740) 3485(R;n: = 0.0285) 4944 (R, = 0.0644) 5838 (R;y = 0.0628)
Obsd. reflections 3700 3017 3779 4060
Parameters 294 281 311 349

Ry 0.0360 0.0348 0.0600 0.0636
WR,! 0.0922 0.0831 0.1817 0.1711

Stel ) 1.062 1.084 1.009 1.082
Residual peaks [e/A3]  0.459, —0.429 0.340, —0.428 1.463, -2.114 1.404, —1.343

[a] Ry = || Fo| — |FJl/ZIF,|. [b] wRs = {wZ(|Fo| — |Fe))ZW|Fo P32, [c] S = {Zw(|F,| — |F.))*/(n — p)} 2, where n is the number of reflections

and p is the total number of parameters refined.
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the reaction of 3 (0.089 g, 0.1 mmol), NiCl,»6H,O (0.048 g,
0.2 mmol), and NaN; (0.052, 0.8 mmol) followed by a similar
workup to that used in the isolation of 7. IR (KBr disc): ¥ = 3433
(m), 3129 (w), 2963 (m), 2085 (s), 2069 (vs), 1613 (s), 1566 (m),
1485 (s), 1420 (m), 1392 (m), 1318 (m), 1261 (s), 1179 (m), 1095
(m), 1024 (s), 988 (m), 801 (s), 740 (w), 670 (w) cm..
Ci3gHy6CLCu, N3, Ni, (1266.47): caled. C 36.04, H 3.66, N 35.39;
found C 35.82, H 3.52, N 35.33.

X-ray Structure Determinations: X-ray-quality crystals of 1,
2:1.5H,0, 3-:2MeOH, and 4-9 were obtained directly from the
above preparations. Measurements of 1, 3-2MeOH, 6, and 7 were
made on a Rigaku Mercury CCD X-ray diffractometer by using
graphite-monochromated Mo-K, (4 = 0.71070 A). Single crystals
were mounted with grease at the top of a glass fiber and cooled to
193 K in a liquid N, stream. Cell parameters were refined using
the program CrystalClear (Rigaku and MSC, version 1.3, 2001).
The collected data were reduced using the program CrystalClear
(Rigaku and MSC, version 1.3, 2001) while an absorption correc-
tion (multiscan) was applied. Measurements of 2:1.5H,0, 4, 5, 8,
and 9 were made on a Rigaku R-axis Spider diffractometer with
graphite-monochromated Mo-K, radiation (1 = 0.71073 A) at
153 K. Data reductions and absorption corrections were performed
with the SAINT and SADABS software packages.

All the structures were solved by direct methods and refined on F?
by full-matrix least-squares methods with the SHELXTL-97 pro-
gram.[ In the case of 2-1.5H,0, one water solvent molecule was
found to be disordered over two orientations with an occupancy
ratio of O(1)/O(1") = 0.533/0.467. the other water solvent molecule
was modeled with an occupancy factor of 0.5. For 4, one ClO,
anion was found to be split over two orientations by rotation
around the CI(2)-O(5) bond, which were refined with occupancy
factors of 0.455:0.545 for O(6)/0(6"), O(7)/O(7"), and O(8)/O(8’).
All non-hydrogen atoms were refined anisotropically. The H atoms
of the water solvent molecules in 2:1.5H-O and that of the hydroxy
group of the methanol solvent molecule in 3 were located from
the Fourier maps. All other H atoms on C atoms were placed in
geometrically idealized positions C-H 0.98 A for methyl groups;
C-H 0.95 A for phenyl groups and pyrazole ring; and constrained
to ride on their parent atoms with Ujo(H) = 1.2U.q(C) for phenyl
groups and pyrazole ring and Ujo(H) = 1.5U.(C) for methyl
groups. A summary of the key crystallographic information for 1,
2-1.5H,0, 3-2MeOH, and 4-9 is given in Tables 6 and 7.

CCDC-651925 (for 1), -651926 (for 2-1.5H,0), -651927 (for
3:2MeOH), -651928 (for 4), -651929 (for 5), -651930 (for 6),
-651931 (for 7), -651932 (for 8), and -651933 (for 9) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Center via http://www.ccdc.cam.ac.uk/data_request/cif.
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