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Diazacyclooctane (DACO) Bearing Heterocyclic Pendants: For-
mation of a Two-dimensional Network via Hydrogen Bonds and
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A penta-coordinated Ni(II) complex with a 1, 5-diazacyclooc-
tane (DACO) ligand functionalized by two imidazole denor
pendants, [ NiL'C1] (ClO;) * H,O (1) (where L' = 1, 5-bis
(imidazol-4-yimethyl)-1, 5-diazacyclooctane) has been synthe-
sized and characterized by X-ray diffraction, infrared spec-
tra, clemental analyses, conductance, thermal analyses and
UV-Vis techniques. Complex 1 crystallizes in triclinic crystal
system, P-1 space group with a = 0.74782(7), b =1.15082
(10), ¢ =1.23781(11) nm, a.=82.090(2), p="73.011(2), v
=83.462(2)°, V =1.00603(16) nn®, M, =486.00, Z=2,
D.=1.604 g/eant’, final R =0.0435, and wR = 0.1244. The
structures of 1 and its related complexes show that in all the
three mononuclear complexes, each Ni(II) center is penta-co-
ordinated with a near regular square pyramid (RSP) to dis-
torted square-pyramidal (DSP) coordination environment due
to the boat/chair configuration of DACO ring in these com-
plexes, and the degree of distortion increases with the aug-
ment of the size of the heterocyclic pendants. In addition, the
most striking feature of complex 1 resides in the formation of
a two-dimensional network structure through hydrogen bonds
and stabilized by n~n stacking. The solution behaviors of the
Ni(II) complexes are also discussed in detail.
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Medium-sized cyclic ligands containing seven- to
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ten-membered rings occupy a very important position be-
tween acyclic and macrocyclic ligands for they can usual-
ly provide a steric effect along with a strong ligand field
effect.! 1,5-Diazacyclooctane (DACO), the most typical
example of the diazamesocyclic ligands, offers several at-
tractive features as a framework for ligand development
with exceptionally strong ligand fields, unique conforma-
tional requirements and the potential for further function-
alization . >#

Since DACO has only two nitrogen donors, two or
more ligands are required for the formation of one metal
center.>*"> However, appropriately substituted mesocy-
cles can enhance the pre-organization of the ligand,
thereby facilitating complexation.® The first example of
the DACO derivative, 1,5-diazacyclooctane-N , N'-diac-
etate (DACODA) and its Co(I), Ni(Il), Cu(Il) and
Zn(II) complexes were reported by Legg and co-work-
ers.” The crystal structures show that DACO exhibits the
interesting “boat/chair” configuration in its metal com-
plexes. The hydrogen atoms of the trimethylene group on
the backbone effectively block the sixth-coordination to
the metal center to form complexes with penta-coordina-
tion mode® and the flap-over ring could provide a steri-
cally protected metal coordination site capable of sup-
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porting interactions of small molecules or a highly reac-
tive metal hydride functionality.® Furthermore, the coor-
dinating abilities of DACO ligands can be controlled
through adjusting the donor pendants on it.'° This inter-
esting chemistry promotes us to investigate the effects of
the functional pendants of DACO on the coordination
modes and properties of the metal complexes.

As a continuation of our efforts on this project, '* we
report herein the synthesis and crystal structure of a new
Ni(II) complex, [NiL'C1](ClO,)+H,0 (1) (L'=1,5-
bis ( imidazole-4-ylmethyl )-1, 5-DACO), which is as-
sembled into a two-dimensional network via hydrogen

bonds and n-m stacking interactions. For comparison,
two relevant complexes of 1, [NiLZCl](ClO4) (2) and
[NiL’CL] (ClO;) (3) (where I2 = 1, 5-bis ( N-1-
methylimidazol-2-ylmethyl)-1, 5-diazacyclooctane and I
= 1, 5-bis ( pyridyl-2-ylmethyl )-1, 5-diazacyclooctane ) ,
have been investigated. These tetradentate ligands can
form stable penta-coordinated mononuclear complexes
(Scheme 1), which is still relatively unexplored for Ni
(I1)." The influences on the structural and spectral
properties for all the Ni(II) complexes of various hetero-
cyclic pendants are also investigated in detail .

Scheme 1
Cl Cl CIH3 Cl
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; LN
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CH,
[NiL!CIy* [NiL*CIT* [NiL*C1p*
Experimental mL) was adjusted to ca. 7 with dilute KOH aqueous so-

Materials and general methods

All the reagents for syntheses and analyses were of
analytical grade. FT-IR spectra (KBr pellets) were tak-
en on a FT-IR 170SX (Nicolet) spectrometer and elec-
tronic absorption spectra on a Shimadzu UV-260 spec-
trophotometer. Elemental analyses were performed on a
Perkin-Elmer 240C analyzer. Molar conductivities of the
complexes were taken at room temperature using a DDS
Thermal characterization ( TG-
DTA) studies were carried out on a Dupont thermal ana-
lyzer.

11A conductometer.

Syntheses

The ligand was prepared according to our previous
work . 1% Complex 1 was synthesized as follows: the pH
value of a solution containing equimolar amounts of Ni-
(ClO4 ), - 6H,0 (36 mg, 0.1 mmol) in methanol (5
mL) and L1'4HC1'H20 (44 mg, 0.1 mmol) in H,0 (5

lution. Green solution was filtered and left to stand at
room temperature. Single crystals suitable for X-ray
analysis were obtained by slow evaporation of the sol-
vent. Yield 29 mg (60%). IR (KBr pellet): 3387
(b), 2915 (w), 1589 (m), 1480 (m), 1458 (m),
1140 (w), 1106 (m), 1069 (vs), 1028 (m), 622 (s)
cm’; Anal. caled for CyHyCLNiNgOs: C 34.6, H
5.0, N 17.3; found C 34.2, H 5.1, N 17.2. Ay
[ water (acetonitrile)]: 126 (172) em? Q' mol™ .

The relevant Ni (II) complexes [NiLZCl](ClO4)
(2) and [NiL*C1](ClO,) (3) were prepared according
to our previous work. >3 Ay [ water (acetonitrile)].
127 (174) em®+ (" *mol™ for 2 and 192 (180) cm?- Q!

*mol ™! for 3.
X-ray crystallography

Single-crystal X-ray diffraction measurement of 1
was carried out on a Bruker Smart 1000 CCD diffrac-
tometer equipped with a graphite crystal monochromator
situated in the incident beam for data collection. The
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determination of unit cell parameters and data collections
were performed with Mo K, radiation (A = 0.071073
nm). Unit cell dimensions were obtained with least-
squares refinements and the structure was solved by di-
rect methods. Ni(II) atoms were located from E-maps
and the other non-hydrogen atoms and the hydrogen
atoms of lattice water were located in successive differ-
ence Fourier syntheses. The final refinement was per-
formed by full matrix least-squares methods with
anisotropic thermal parameters for non-hydrogen atoms on
F?. The hydrogen atoms of the ligand were added theo-
retically, and riding on the concemed atoms and refined
with fixed thermal factors. Crystallographic data and ex-
perimental details for structural analyses are summarized
in Table 1.

Table 1 Crystallographic data and structure refinement summary
for complex 1

Formula C1aH,, CL, NgNiOs
M, 486.00
Crystal system Triclinic
Space group P-1
T (K) 299 +2
a (nm) 0.74782(7)
b (nm) 1.15082(10)
¢ (nm) 1.23781(11)
a (®) 82.090(2)
B(°) 73.011(2)
Y (°) 83.462(2)
V (o) 1.00603(16)
D, (g/cm®) 1.604
Z 2
1 #(F2) + (0.0807P)* +
v 0.6310P
Absorption correction Semi-empirical (SADABS)
R . 0.0435
wR 0.1244

Max. Res. Peak (e/nm’)’ 957

Results and discussion
Synthesis and general characterization

The syntheses of the complexes 1—3 were achieved
by the reaction of the free ligand with Ni(Cl0,),*6H,0.
Since the corresponding ligands are the HCI salts, they
must be neutralized with KOH aqueous solution prior to

complexation. The electrical conductance values of the
complexes in water indicate that complexes 1 and 2 be-
have as 1:1 electrolytes, which is consistent with the re-
sults of X-ray analysis, implying that the coordination
mode of Ni(II) is kept in water solution as in the solid
state. '* However, complex 3 acts as an electrolyte be-
tween 1:1 and 2:1 indicating that the axial chloride an-
ion maybe partly lost in the solution to form the square
planar form. The electrical conductance results of the
complexes in acetonitrile indicate that all the Ni(II)
complexes behave as electrolytes between 1:1 and 2:
1." The IR spectra of complex 1 show absorption bands
resulting from the skeletal vibrations of imidazole rings in
1400—1600 cm region, and exhibit broad bands cen-
tered around 3400 em’!, which are assigned to the vo—y
stretch of the lattice water. An interesting feature of the
spectra is the occurrence of highly split vg—g stretches of
the Cl0, ions (1140, 1106, 1069 and 1028 cm!),
which provides good evidence of their involvement in the
formation of hydrogen-bonding.

Complex 1 is air stable at room temperature and
without melting point before decomposition. Thermal
analyses (from room temperature to 800°C ) showed that
the decomposition starts when it is heated above 291°C
and stops above 680°C . The TGA data indicate that the
total weight loss (3.71% at 85—120°C) is consistent
with the loss for one crystal water molecule ( the theoreti-

cal weight loss is 3.56% ).
Description of the crystal structure

The ORTEP structure of complex 1 with atom label-
ing is shown in Fig. 1, and the selected bond distances
and angles are given in Table 2.

The structure of complex 1 consists of a discrete
[NiL!Cl]* cation, a perchlorate anion and a water
molecule. The coordination geometry around Ni(1I) can
be described as a near ideal square-pyramidal stero-
chemistry with =0.01 (=0 for an ideal square-pyra-
mid, and t=1 for an ideal trigonal bipyramid)'> gener-
ated by the basal least-square plane of N(1)-N(2)-
N(3)-N(5) and apical CI1(1) anion. For L', the two
nitrogen atoms of the imidazole pendants and other two
nitrogen donors of the DACO ring are in cis positions in
the coordination polyhedron, and the Ni(II) ion is devi-
ated from the mean equatorial plane of the square-pyra-
mid towards the apical Cl(1) by ca. 0.038 nm. The
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Fig. 1 ORTEP drawing of the complex cation [ NiL'Cl]* in 1
with 30% thermal ellipsiod probability.

dihedral angle of the two imidazole rings is 12.7°. In the

complex, the ligand adopts a “boat/chair” configuration
and gives rise with the metal ion to two five-membered

chelate rings [ N(2)-C(11)-C(12)-N(3)-Ni(1) and
N(1)-C(7)-C(8)-N(5)-Ni(1)], forming a N (2)-
Ni(1)-N(3) angle of 81.92(10)° and a N(1)-Ni(1)-
N(5) angle of 81.82(10)°.

The Ni—N bond distances lie in the range of
0.2028(2)—0.2110(2) nm, all being normal Ni—N
coordination bonds. However, the bond lengths of Ni—
Nbaco (0.2110(2) and 0.2101(2) nm) are longer than
the Ni—Nipidaze bond lengths (0.2040 (2) and
0.2028(2) nm), indicating weaker coordination of DA-
CO ring compared with the imidazole pendants to Ni
(II) . The Ni—Cl bond distance is 0.23275(8) nm, in-
dicating weak coordination of chloride ion. This make it
possible that other stronger donor atom, ion or small
molecule can replace the chloride anion, which is impor-
tant for further application of this complex as potential
catalyst or as functional building block for the construc-
tion of bigger architectures.

Table 2 Selected bond lengths (10! nm) and angles (°) for complex 1

Bond lengths (10" nm)

Ni(1)—N(1) 2.110(2) Ni(1)—N(2) 2.101(2)

Ni(1)—N(3) 2.040(2) Ni(1)—N(5s) 2.028(2)

Ni(1)—cl(1) 2.3275(8)

Bond angles (°)

N(5)-Ni(1)-N(3) 102.33(10) N(5)-Ni(1)-N(2) 157.18(10)
N(3)-Ni(1)-N(2) 81.92(10) N(5)-Ni(1)-N(1) 81.82(10)
N(3)-Ni(1)-N(1) 157.68(10) N(2)-Ni(1)-N(1) 86.25(10)
N(5)-Ni(1)-CK(1) 102.19(8) N(3)-Ni(1)-C1(1) 98.66(7)
N(2)-Ni(1)-C1(1) 99.26(7) N(1)-Ni(1)-C1(1) 101.88(7)

Comparing the structure of 1 with those of [ Nil2Cl]
2 and [NiL3C1] 3,1 three notable features common to
all complexes are found; (1) all these tetradentate DA-
CO heterocyclic ligands can form stable five-coordinated
mononuclear complexes with Ni(II). A pair of nitrogen
atoms of DACO ring and two nitrogen donors of the hete-
rocyclic pendants (in cis-positions) formed the basal
plane and the chloride anion finishes the coordination
polyhedron as the axis. (2) The ligand adopts a “boat/
chair” configuration and gives rise with the metal ion to
two five-membered chelate rings, which enhance the co-
ordination ability to Ni(II) center. The central methy-
lene C—H groups of the boat form shields the metal cen-
ters in the complexes with H—Ni distances of 0.2348
(3), 0.2278(2) and 0.2273(3) nm, respectively,
which effectively block the sixth coordination position to

give these penta-coordinated Ni(1I) complexes. (3) The
Nbaco*** Npaco nonbond distances are restricted within
narrow limits (0.2878(3)—0.2850(2) nm), which are
much shorter than corresponding Noendant ™" Npendant
(0.3169(2)—0.3330(2) nm) separations, so that the
angles of Npaco-Ni-Npaco are limited in the range of
85.7(2)—86.25(10)°, being significant smaller than
the angles of N p0-Ni-N 4., (102.33 (10)—
104.2(1)°) due to the stereochemical requirements.
There are also some structural differences imposed
by the additional heterocyclic pendants; (1) the stereo-
chemistry of NiN4Cl varies from distorted square-pyrami-
dal coordination environment to near regular square pyra-
mid with t value from 0.01 t0 0.13. The degree of dis-
tortion increasing with the augment of the size of the het-
erocyclic pendants ( 4-chloromethyl-imidazole — 1-



864 1,5-Diazacyclooctane

DU et al.

methyl-2-chloromethyl-imidazole — 2-chloromethyl-pyri-
dine), which is consistent with the results of the Cu(II)
complexes. 1°(2) In complexes 1 and 2, the Ni—N_ e dant
bond distances (0.2040 and 0.2028 nm for 1 vs.
0.2044 and 0.2025 nm for 2) are so similar and obvi-
ously shorter than the Ni—Npaco bond distances
(0.2110 and 0.2101 nm for 1 vs. 0.2130 and 0.2099
nm for 2), which indicates the stronger coordination.
However, in complex 3, the Ni—N_,,4,,, bond distances
(0.2108 and 0.2074 nm) are near to that of Ni—Npuco
(0.2088 and 0.2081 nm), which is due to steric hin-
drance resulting in the larger twisted angles of the pyri-
dine rings (19.2°).

Another notable difference of complex 1 from 2 and
3 resides in the formation of a two-dimensional network
in which H,O molecules link complex cations and ClO, ™
counter anions through hydrogen bonds and further stabi-
lized by strong m-m stacking interactions. The hydrogen
atoms from the imidazole rings in the cation unit
[NiL'C1]* have been activated by the positive charge
due to the coordination of nitrogen atoms to the Ni(II)
center. The axial chloride anion accepts the hydrogen
atom of the uncoordinated nitrogen atom of the imida-
zole, forming a dimer through inter-molecule hydrogen
bond. Each perchlorate anion forms acceptor of hydrogen
bonds with one adjacent water molecule, and this water
molecule also forms acceptors with the uncoordinated ni-
trogen donor of the imidazole ring. Each two neighboring
imidazole rings in and between the dimer are parallel and
separated by 0.33130(4) and 0.34898(5) nm, indicat-
ing the presence of significant face-to-face m-m stacking
interactions'®*!” to from a quasi-linear structure (along b
axis) . The Ni-**Ni nonbond distances are 0.7727 (in-
tra-dimer) and 0.7251 nm (inter-dimer), respectively.
In addition, the water molecule connects the axial chlo-
ride of another line through weak O—H -+ Cl bond.
Therefore, water molecules link uncoordinated perchlo-
rate, the apical chloride anion and the imidazole ring,
giving a 2-D network which .is stabilized by close n-=
stacking interactions between neighboring parallel imida-
zole rings as depicted in Fig. 2. The N(O)---CI(0)
separations occur in the range of 0.2838—0.3213 nm
with H---CI(O) separations in the 0.1996—0.2432 nm
range, falling into the normal range of the hydrogen-
bonding separations!® and the smallest bond angle is
150.15(4)°. In conclusion, it demonstrates a nice ex-
ample that the hydrogen bonds together with w-w interac-

tions co-affect inorganic supramolecule formation. How-
ever, no interaction such as hydrogen bond has been
found to exist in complexes 2 and 3.

Fig. 2 View of the two-dimensional network for complex 1 (the
methylene groups of DACO and irrelative H atoms have
been omitted for clarity) . Important hydrogen bond dis-
tances (10" nm) and angles (°): N(6)---0(5) 2.838,
N(4)---C1(1) 3.213, 0(5)---0(4) 2.843, O(5)--
C1(1) 3.182; N(6)-H(6A)---0(5) 165.81, N(4)-
H(4A)---CI(1) 151.28, O(5)-H(52)---0(4) 156.85,
0(5)-H(51)---CI(1) 150.15.

Electronic spectra

The UV-Vis spectra of all the complexes in water
and acetonitrile solution have been investigated at room
temperature and the electronic spectral data were sum-
marized in Table 3. It can be clearly seen that complex-
es 1 and 2 have very parallel absorption maxima in water
solution, which is similar to the spectra of [ Ni( DACO-
DA)-H,0], indicating that the square-pyramidal coordi-
nation environment is maintained in water solution.”®>1°
Combining the electrical conductance results of both
complexes, it can be concluded that both complexes
maintain the coordination geometry in water solution as
in solid state. However, the absorption maximum ( d-d
band) for complex 3 shifts significantly lower with €, of
497 nm, which indicates that the coordination geometry
changes into planar form.% Furthermore, electrical con-
ductance value of 3 shows that it acts as between 1:1
and 2 : 1 electrolyte, indicating that the axial chloride
anion may be lost to form four-coordinate planar geome-
try in water solution, which is consistent with the spec-
tral data. This may result in the strong steric repulsion
influence of the larger pyridine pendants comparing with
imidazole. In addition, the solution spectra of all the
complexes in 200—260 nm range also show ==~ lig-
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and transitions.

Table 3 Comparison of the UV-Vis spectra data for the five-coordinated mononuclear Ni(IT) complexes

Complex A/ M (/M o) Solvent
1 585 (42) 371 (123) H,0
2 590 (42) 370 (128) H,0
3 497 (137) 367 (54) H,0
1 649 (134) 404 (394) 372 (467) 359 (470) CH;CN
2 652 (55) 402 (159) 372 (198) 359 (200) CH;CN
3 645 (99) 406 (489) 376 (498) 359 (532) CH;CN

The electronic spectra of complexes 1—3 in ace-

tonitrile solution are quite similar with [Ni{ DACODA)-
H,0], indicating that they maintain the square-pyrami-
dal geometry.”® Otherwise, there are three strong ab-
sorption maxima in the range of 350—410 nm which may

result in the ligand exchange at the axial position, that is
the solvent molecules ( CH;CN ) substitute the axial
chloride anions. This can also be sustained by the elec-

trical conductance measurement (all the complexes act as
between 1:1 and 2:1 electrolyte in acetonitrile solu-

tion) .
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