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Summary

Two new 1:2 polymeric complexes of copper(II) azide
with ethyl isonicotinate (1) and methyl isonicotinate (2)
have been synthesized and characterized by spectro-
scopic and crystallographic methods. The polymeric
structure of complex (1) features six coordinated cop-
per centers, a pair of trans-coordinated ligand molecules,
and asymmetric l2-1,1 and l2-1,3-azido bridges result-
ing in a 1D chain structure. In complex (2), each cop-
per atom which is located at an inversion center, is
coordinated to a pair of trans ligand molecules, to the
nitrogen atom of two l-1,1-azido ligand and to an
oxygen atom of a bridging (l-O,O¢) nitrogen group. The
i.r., electronic and e.s.r. spectra of the complexes are
reported.

Introduction

Crystalline polymers containing copper complex units
provide not only novel structures and geometries(1) but
also interesting properties(2,3). From the synthesis point
of view, literature which has elucidated the relationship
between the polymer and monomer structures toward
rational synthesis of copper complex polymers in the
simple crystal phase is sparse. The azide ligand is a good
choice for the design of new polynuclear systems be-
cause it is able to act as end-on or as end-to-end
coordination modes(4,5).

Recently, we synthesized and structurally character-
ized copper(II) azido complexes of the type CuL2(N3)2.
With L � 4-picoline, the complex features an oligo-
meric edge-sharing chain of polyhedra and contains
terminal and l2-1,1 bridging azides(6). When L � 3-
picoline, the complex contains both l2-1,1 and l2-1,3
bridging azides(7) but the 1:2 complex of 3-benzoylpyr-
idine(8) possesses only l2-1,3 azido ligands. We have
now isolated two new complexes, one of formula
CuL2(N3)2, and the other CuL2(NO3)(N3). The synthesis
and characterization of these complexes as elucidated by
X-ray crystallography and spectroscopic methods, are
presented in this paper.

Experimental

Ethyl isonicotinate and methyl isonicotinate were pur-
chased from Aldrich Company; other chemicals were of
analytical grade quality.

Polymeric [Cu(ethyl isonicotinate)2(N3)2]n (1)

Cu(NO3)2 á 3H2O (0.72 g, 3 mmol) dissolved in ca.
30 cm3 EtOH and ethyl isonicotinate (1.06 g, 7 mmol)
were mixed together followed by addition of an aqueous
solution (ca. 5 cm3) of NaN3 (0.52 g, 8 mmol). After
®ltration, several drops of ethylisonicotinate were added
to prevent co-precipitation of the 1:1 complex. The ®nal
mixture was allowed to stand in an open beaker for
several weeks until black long needle-like crystals of the
complex separated. Yield, 47%. (Found: C, 42.4; H, 4.2;
N, 25.1; Cu, 14.6; CuC16H18N8O4 calcd.: Cu, 42.7; H,
4.0; N, 24.9; Cu, 14.1%).

Polymeric [Cu(methyl isonicotinate)2(N3)(NO3)]n (2)

Cu(NO3)2 á 3H2O (0.96 g, 4 mmol) and methyl iso-
nicotinate (2.06 g, 15 mmol) were mixed together in
(40 cm3) EtOH. To this mixture, an aqueous solution (ca.
5 cm3) of NaN3 (0.48 g, 7.5 mmol) was added with con-
tinuous stirring, and a green precipitate formed. The ®nal
mixture was boiled until the precipitate completely dis-
solved. The mixture was then ®ltered and the ®ltrate was
then allowed to stand in an open beaker over several
weeks until dark green long needle like crystals of the
complex were separated. Yield, 30%. (Found: C, 38.4;
H,3.0; N, 19.5; Cu, 14.1; CuC14H14N6O7 calcd.: Cu, 38.0;
H, 3.2; N, 19.0; Cu, 14.4%).

Physical measurements

The experimental procedures and instruments used
for di�erent physical measurements are as described
previously(9).

X-ray crystal structure analysis

Amodi®ed STOE four circle di�ractometer was used for
single crystal X-ray measurements. Orientation matrix
and lattice parameters were obtained by least-squares
re®nement of the di�raction data from 34 re¯ections in
the 4.2±14.0 range (1) and 32 re¯ections in the 5.2±12.2
range (2), respectively. Data were collected at 298(2) K
(1) and at 295(2) K (2) using graphite crystal-mon-
chromatized Mo-Ka radiation (k � 0.71069) and the x
scan technique. Three re¯ections [0 1 2, 0 6 0, 1 1 1 (1)
and 1000, -221, 40-2 (2)] were collected every hour and
used for intensity corrections [Intensities of the three
standard re¯ections dropped continuously during data
collections by 13% and 17%, respectively]. Corrections
were applied for Lorentz-polarization e�ects, for
intensity decay and for absorption. Crystallographic
data and processing parameters are given in Table 1.
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The structure were solved by direct methods and
subsequent Fourier analyses. Anisotropic displacement
parameters were applied to non-hydrogen atoms in full-
matrix least-squares re®nements based on F2. For (1),
nitrogen atoms of disordered azide group were re®ned
with occupation factors of 0.654(4) and 0.346(4), re-
spectively. The hydrogen atoms were assigned with
isotropic displacement factors and included in the ®nal
re®nement cycles by use of geometrical restraints.
Analytical expressions of neutral-atom scattering factors
were employed, and anomalous dispersion corrections
were incorporated. The program DIFABS [1], and the
SHELXTL/PC [2] program package were used for
computations. Final atomic coordinates are given in
Tables 2 and 3, selected bond distances and bond angles
are given in Tables 4 and 5, respectively. Supplementry
material has been deposited at the Cambridge Crystal-
lographic Data Center (deposition numbers 103046 and
103047, respectively).

Results and discussion

The interaction between copper(II) nitrate and ethyl
isonicotinate or methyl isonicotinate in the presence of
azide ions yielded two di�erent complexes; a 1:2 cop-

per(II) azide complex in case of ethylisonicotinate and
the [Cu(methylisonicotinate)2(N3)(NO3)] complex for
the methyl ester. Both complexes are black needle-like
crystals and are insoluble in many non-polar solvents,
e.g. benzene, carbon tetrachloride, etc., and many polar
solvents, e.g. methanol, chloroform and water. They are
slightly soluble in acetone and ethanol but soluble in
DMF and DMSO, giving non-conducting solvents. The
complexes change to brown immediately in the last two
solvents.

Figure 1 illustrates the principle structural features of
complex (1) for which selected bond distances and bond
angles are collected in Table 2. This compound crys-
tallizes in monoclinic space group P21/n with 2 formula
per unit cell. The trans coordinated ethyl isonicotinate
molecules have normal occupancy whereas the azido
ligands show positional disorder. N(11), N(12) and

Table 1. Crystallographic data and processing parameters for com-
plexes (1) and (2)

Compound (1) (2)

Molecular formula C16H18CuN8O4 C14H14CuN6O7

Molecular weight 449.92 441.85
Color Black Dark green
System, space group Monoclinic, P21/n Monoclinic, C2/c
a (AÊ ) 3.9932(15) 20.842(9)
b (AÊ ) 21.751(6) 11.575(6)
c (AÊ ) 11.382(3) 7.352(5)
b (°) 96.32(2) 97.97(4)

V (AÊ 3) 988.3(5) 1757(2)
Z 2 4
l(MoKa) (mm)1) 1.146 1.671
Normalized transition factors 1.000±0.104 1.000±0.219
Dcalc/Dobs (Mg/m3) 1.512/1.50(3) 1.671/1.65(4)
Approx. Crystal size (mm) 0.70 ´ 0.25 ´ 0.10 0.62 ´ 0.10 ´ 0.07
h range of data collection (°) 3.33±24.99 3.34±25.00
Re¯ections collected 1881 1937
Independent. Re¯./Rint 1585/0.0394 1446/0.0668
Parameters 165 132
Goodness-of-Fit on F2

o 1.101 1.101
R1/wR2 0.0665/0.1503 0.0759/0.1805
Weighting factorsa: a/b 0.0861/0.2411 0.1236/0.0000
Largest peak/hole (eA)3) 0.915/)0.649 1.159/)0.817

aw)1 = [r2(F2
o) + (aP)2 + bP] and P = (F2

o + 2F2
c)/3.

Table 2. Selected bond lengths (AÊ ) and angles (°) for complex (1)

Bond lengths
Cu(1)ACu(1a) 3.993(2) Cu(1)AN(21b) 1.968(8)
Cu(1)AN(21) 1.968(8) Cu(1)AN(11b) 1.991(7)
Cu(1)AN(11) 1.991(7) Cu(1)AN(1) 2.048(3)
Cu(1)AN(1b) 2.048(3) N(11)AN(12) 1.236(10)
N(12)AN(13) 1.133(10) N(21)AN(22) 1.22(2)
N(22)AN(23) 1.13(2) N(11)ACu(1a) 2.615(7)
N(23)ACu(1a) 2.706(13)

Bond angles
N(21)ACu(1)AN(1) 88.0(3) N(11)ACu(1)AN(1) 91.6(2)
N(12)AN(11)ACu(1) 120.6(5) N(13)AN(12)AN(11) 172.0(8)
N(22)AN(21)ACu(1) 114.1(8) N(23)AN(22)AN(21) 173.7(14)

Symmetry codes: (a) x + 1, y, z; (b) )x, )y, )z.

Table 3. Selected bond lengths (AÊ ) and angles (°) for complex (2)

Bond lengths
Cu(1)AN(1a) 2.025(6) Cu(1)AN(1) 2.025(6)
Cu(1)AN(11) 2.071(4) Cu(1)AN(11a) 2.071(4)
Cu(1)AO(3) 2.399(6) Cu(1)AO(3a) 2.399(6)
N(11)AN(12) 1.218(8) N(11)ACu(1b) 2.071(4)
N(12)AN(13) 1.135(9) O(3)AN(2) 1.259(7)
N(2)AO(4) 1.174(14) N(2)AO(3b) 1.259(7)
Cu(1b)ACu(1b) 3.676(3)

Bond angles
N(1)ACu(1)AN(11) 88.3(2) N(1)ACu(1)AO(3) 93.5(2)
N(11)ACu(1)AO(3) 92.8(3) N(12)AN(11)ACu(1) 117.4(2)
Cu(1b)AN(21)ACu(1b) 125.1(4) N(13)AN(12)AN(11) 180
N(2)AO(3)ACu(1) 125.9(5) O(4)AN(2)AO(3) 120.4(5)
O(4)AN(2)AO(3b) 120.4(5) O(3)AN(2)AO(3b) 119.2(10)

Symmetry codes: (a) )x + 1, )y + 1, )z + 1; (b) )x + 1, y,
)z + 1/2.

Table 4. I.r. spectra (cm)1) for complexes (1) and (2)

(1) (2) Assignments

2070vs 2065vs,sh mas(N3)
1470ms mNO3

1280s(sh)
1015m

1270ms a ms(N3)
640sh 645wm d(N3)
605wm 598wm
365m 370m mCuAN(N3)
350m

310ms mCuAO(NO3)
285m

265ms 270ms mCuAN(L)
240m

a masked by the ligand absorption.

Table 5. Electronic absorption spectra (cm)1) for complexes (1) and
(2)

Complex Solvent N3!CuIICT(e) d-d(e)
kmax (cm

)1) kmax (cm
)1)

(1) NM 25400sh 15750
22300s,v br

DMF 24390(1800) 13812(207)
DMSO 24390(2220) 13140(320)

(2) NM 24,400 15400
22,200s,br 14200br

DMF 24946(2500) 12515(180)
DMSO 25000(2200) 12060(180)
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N(13) have occupation factors of 0.654(4), the remain-
ing N(21), N(22) and N(23) have occupation factors of
0.346(4), i.e. the ratio is close to 2:1. As can be seen from
Figure 1, the azide group N(11)AN(12)AN(13) may be
described as asymetric l2-1,1 bridge [CuAN � 1.991(7)
and 2.615(7) AÊ ], whereas azide group N(21)AN(22)A
N(23) acts as asymetric l2-1,3 bridge [CuAN �
1.968(8) and 2.706(13) AÊ ], resulting in a one-dimen-
sional (1D) chain structure oriented along the a-axis of
the unit cell. Assuming an occupation ratio of 2:1 for the
azide groups, the ``average azide bridging sequence''
may be two times simultaneous l2-1,3 and l2-1,1 related
by inversion center at a metal site followed by one di-l2-
1,1 bridge. Such a bridging sequence has been observed
in the structure of [Cu(3-picoline)2(N3)2]n

(7). The corre-
sponding coordination ®gure of the copper center in
case of the simultaneous l2-1,3 and l2-1,1 sequence may
be described as distorted square bipyramidal with N(1),
N(1a), N(11) and N(11a) at basal sites [CuAN �
1.991(7) and 2.048(3) AÊ ] and N(23), N(23c) at apices
[CuAN � 2.706(13) AÊ ], whereas for copper centers
with other azide bridges more distorted six-coordinated
environments are expected. For the di-1,1 bridge the
N(11)ACu(1)AN(11) angles are close to 120 and 60.
The present structure di�ers from that of the brown-

ish-green [Cu(pyridine)2(N3)2]n complex (3)(12) al-
though (3) possesses six-coordination copper centers,
l2-1,1 and l2-1,3 azido bridges. These l2-1,1 and l2-1,3,
however, are trans to each other in complex (3), and
therefore it does not contain the di- l2-1,1 azide bridges.
Complex (1) di�ers also from the structure of [Cu(3-
chloropyridine)2(N3)]n (4)(13). Complex (4) was found
to contain chains of copper atoms bridged by two dif-
ferent kinds of azido bridges in alternating fashion:
twice simultaneous l-1,1-N3 and l-1,3-N3 double
bridges.

A plot of the molecular structure of complex (2) and
the atom labeling scheme is given in Figure 2. Selected
bond distances and angles are collected in Table 3. In
complex (2) the copper(1) atom is located at inversion
center, whereas N(11), N(12), N(13) of the azide group
and N(2) and O(4) of the nitrate anion are located at
special positions 1/2, y, 1/4 with site symmetry 2. The
coordination geometry around copper atoms may be
described as a distorted square bipyramidal with N(1)
and N(1a) of trans coordinated methyl isonicotinate

Figure 1. [Cu(ethyl isonicotinate)2(N3)2]n (1): molecular geometry and atom labels. Hydrogen atoms are omitted for clarity. Broken ellipsoids
indicate disordered azide groups with minor occupancy.

Figure 2. [Cu(methyl isonicotinate)2(N3)2]n (2): molecular geometry
and atom labels. Hydrogen atoms are omitted for clarity. Azide groups
and nitrato ions act as bridging ligands to form a 1D chain structure
oriented along the c-axis of unit cell.
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molecules and N(11) and N(11a) of azido groups at
basal sites [CuAN � 2 ´ 2.025(6) and 2 ´ 2.071(4) AÊ ],
and O(3) and O(3a) at apical positions [CuAO �
2.399(6) AÊ ]. The azide groups behave in the l2-1,1
fashion and the nitrato anions act as l-O,O¢ bridging
ligands, thus forming a one-dimensional (1D) chain
structure oriented along the c-axis of the unit cell.

The structure of complex (2) di�ers from those of
[Cu(3-acetylpyridine)2(NO3)(N3)]2 (5)(14), and [Cu(3-
picoline)4(NO3)2(N3)2(H2O) (6)(15). In the dimeric

molecule, (5) which contains di-l2-1,1 bridging azides,
each copper atom in the cyclic Cu2N2 ring is
coordinated by two oxygen atoms from a bidentate
chelating nitrato group with CuAO � 2.022(8) and
2.571(9) AÊ . The structure of (6) contains anionic and
bridging nitrato groups in addition to the l2-1,1 azido
ligands giving rise to cyclic Cu2N2 units.

The interest in the i.r. spectra of these complexes lies
mainly in the bands due to the nitrate groups in complex
(2), in addition to those due to azido groups in both
complexes. As seen from Table 4, the i.r. spectrum of
complex (1) shows a very strong band at 2070 cm)1 due
to the mas(N3) mode. This result is inconsistent with the
X-ray structural results as well as the dd versus mas(N3)
relationship given earlier(16) (dd is the di�erence between
the two NAN distances in an azide group), both of
which suggest two mas(N3) bands due to the existance of
two asymetric l2-1,1 and l2-1,3 bridging azides. This
result, however, is not unusual as a similar observation
has been reported for [Cu(pyridine)2(N3)2]n complex
containing terminal and l3-1,1,3 bridging azides(17). The
i.r. spectrum of complex (2) exhibits a strong band re-
lated to mas(N3) mode of the azide. Unfortunately the
ms(N3) bands, which are good evidence for the asym-
metric nature of azide ligand, are masked by the strong
absorption of the ligand in both complexes. The se-
paration value of the two bands due to the nitrato group
Table is consistent with a bidentate ligand(18). In the
far i.r region we tentatively assigned the bands in
the 400±300 cm)1 and 270±200 cm)1 range due to
mM-N(N3) and mM-N(L), respectively.

The electronic spectrum (Figure 3 and Table 5) of the
complex (1) exhibits one d-d absorption band at
15750 cm)1, whereas that of complex (2) shows a splitt

d-d band with maxima at 15400 and 14200 cm)1. These
results are consistent with distorted octahedral (20,21) and
®ve-coordinated(22,23) copper environments for com-
plexes (1) and (2) respectively. The spectra of both also
show at least two very strong bands in the 25000±
22000 cm)1 range assigned as Nÿ3 ! CuII LMCT tran-
sitions, as found in copper(II) azido complexes of
similar ligands(12±15). In DMF and DMSO both com-
plexes show the Nÿ3 ! CuII CT transitions as a very
strong single band for each in the 24000±25000 cm)1

range, in addition to the d-d absorption bands shifted to
lower wave numbers. The change of these complexes in
both solvents from green to brown may be associated
with a partial reduction of copper(II) to copper(I)
leading to mixed-valence compounds which are well
known to be brown.

The X-band e.s.r. spectra (Figure 4) of solid samples
of both complexes at room temperature exhibit a broad
signal with a poor resolution of the hyper®ne structure
on both sides of the main signal; average g values are
2.08 and 2.07 for (1) and (2) respectively. This may be
due to a Cu-Cu interaction. However, the absence of
half-®eld signals for the two complexes suggests a very
weak interaction. In DMSO, spectra of both compounds
are similar to those in DMF, and show four hyper®ne
lines of uncoupled copper(II) with average hyper®ne
splitting factor Ao(Cu) � 52.6 and 71.5 for complexes
(1) and (2) respectively.
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Figure 3. Electronic spectra of solid complexes: (1) [Cu(ethyl
isonicotinate)2(N3)2]n; (2) [Cu(methyl isonicotinate)2(N3)2]n.

Figure 4. E.s.r. spectra of [Cu(ethyl isonicotinate)2(N3)2]n complex
(1): (A) Solid (B) DMF solution.
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