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There has been continuing interest in the preparation of
new polyaza macrocyclic compounds bearing various types
of functional pendant arms, since chemical properties of
such compounds are influenced by the nature of the
functional groups.1-12 

Some coordinated organic nitriles (R-CN) in transition
metal complexes react with H2O, R'OH, or R''-NH2 under
relatively mild conditions to produce amides (RCONH2),
imidate esters (R-C(=NH)-OR'), or amidines (R-C(=NH)-
NHR'').11-17 Recently, such reactions have been successfully
applied to the preparation of functionalized polyaza macro-
cyclic compounds.3-7,11,12 For example, the trans-octahedral
complexes [NiL4]2+ and [NiL5]2+ bearing two coordinated
amide or imidate ester groups have been prepared by the
reaction of [NiL2]2+ with water or methanol.7 It has been
revealed that, in the case of [NiL5]2+, the axial Ni-N (pendant
imidate ester group) distance (2.100(3) Å) is considerably
shorter than the in-plane Ni-N (tertiary amino group)
distance (2.118(3) Å) and is similar to the Ni-N (secondary
amino group) distance (2.097(3) Å).7 This trend is different
from the observation that the axial Ni-X (X = N or O atom of
a functional pendant arm) distances of most di-N-function-
alized macrocyclic complexes, such as [NiL4]2+, [NiL6]2+,
and [NiL7]2+, are much longer than all of the in-plane Ni-N
distances.7-10 It has been also reported that the imidate ester
groups of [NiL5]2+ are quite resistant to hydrolysis, unlike
most coordinated imidate esters.7 This has been attributed to
the strong Ni-N (pendant imidate ester group) interactions.
However, the effects of strong axial Ni-X (functional
pendant arm) interactions on chemical properties of such
macrocyclic complexes are not thoroughly investigated.

Therefore, we have been interested in the design and
synthesis of various types of macrocyclic complexes with
relatively short axial Ni-X (functional pendant arm) bonds. 

Herein, we report a new nickel(II) complex [NiL3](ClO4)2·
2CH3CN (1) bearing two pendant amidine groups (-CH2-
C(=NH)-NH-(CH2)2CH3). The complex was prepared by the
reaction of [NiL2](ClO4)2 with n-propylamine. Interestingly,
the Ni-N (pendant amidine group) distance of 1 is consider-
ably shorter than the Ni-N (pendant imidate ester group)
distance of [NiL5]2+. Furthermore, the oxidation potential of
1 is extraordinarily lower than those of [NiL5]2+ and other
related trans-octahedral nickel(II) complexes. The effects of
the pendant amidine groups upon the structure and chemical
properties of 1 are described. The cobalt(III) complexes
[CoL9]3+ and [CoL10]3+, in which the amidine group
(-C(=NH)-NH-) is incorporated into the macrocyclic frame-
work, have been prepared.11,12 However, as far as we know,
14-membered tetraaza macrocyclic complexes bearing ami-
dine pendant arms are not reported to date.

Experimental Section

Measurements. Elemental analyses and FAB mass spectra
were performed at the Korea Basic Science Institute, Daegu,
Korea. Infrared spectra were recorded using a Shimadzu IR-
440 spectrophotometer, electronic absorption spectra with an
Analytikjena Specord 200 UV/Vis spectrophotometer, and
conductance measurements with a Metrohm Herisau
Conductometer E518. Magnetic moments were calculated
from magnetic susceptibility data obtained at 20 oC using a
Johnson Matthey MK-1 magnetic susceptibility balance.



1862     Bull. Korean Chem. Soc. 2005, Vol. 26, No. 11 Notes

Cyclic voltammograms were recorded using a BAS-100 B/W
auto cyclic volt/ampere meter. The working and counter
electrodes were platinum, and the reference electrode was
saturated calomel electrode (SCE). The electrochemical
measurements were conducted in 0.1 M (n-Bu)4NClO4

acetonitrile solutions at 20 oC.
Preparation of [NiL3](ClO4)2·2CH3CN (1). Caution!

Perchlorate salts of metal complexes with organic ligands
are often explosive and should be handled with great
caution. The complex [NiL2](ClO4)2 was prepared as
described before.7 To a warm acetonitrile suspension (20
mL) of [NiL2](ClO4)2 (1.0 g) was added an excess of n-
propylamine (0.5 mL). The mixture was stirred at room
temperature for 10 min. During this time the orange-red
solid went to the solution, and then a purple solid was
precipitated. The purple solid was filtered, washed with
methanol, and dried in air. The product was recrystallized
from hot acetonitrile-water (1 : 1) solution. Yield ~80%.
Anal. Found: C, 46.55; H, 7.67; N, 15.88. Calc. for
C34H66N10Cl2NiO8: C, 46.80; H, 7.62; N, 16.05%. FAB
Mass (m/z): 689 {[M-2CH3CN-ClO4]+} and 589 {[M-H-
2CH3CN-2ClO4]+}. IR (cm−1): 3340 [ν (N-H)], 3300 [ν (N-
H)], 3250 [ν (N-H)], 1630 [ν (C=N) of (-C(=NH)-NH-C],
and 1540 (-C(=NH)-NH-C). μeff = 2.88 μB. at 20 oC. 

Crystal structure analysis. Pale purple crystals of 1

suitable for X-ray study were grown from water-acetonitrile.
A single crystal was selected for indexing and intensity data
collection on CAD4 diffractometer. 4024 unique reflections
from 4328 collected reflections were obtained and were
corrected for Lorentz and polarization effects as well as
absorption corrections with 3ψ scans (88.2%). The structures
were determined by direct methods and refined by full-
matrix least-squares on F2 with reflections above 2σ level
using SHLEXS-97 and SHLEXL-97.18 All non-hydrogen

atoms were refined anisotropically except C(14), C(15), and
all O atoms at ClO4 which were distorted and then refined
isotropically. All hydrogen atoms were calculated using
riding models except H(1N), H(3N), and H(4N) which were
fixed at located positions from differential Fourier map. The
crystal and refinement data are listed in Table 1.

Results and Discussion

 
Crystal Structure. Figure 1 shows that the N-CH2-

C(=NH)-NH-(CH2)2CH3 pendant arms of 1 are coordinated
to the metal ion through the nitrogen atoms of the C=NH
groups. The complex has distorted octahedral coordination
geometry with an inversion center at the metal ion. The
macrocyclic ligand has a trans-III type N-conformation.9,19,20

The cyclohexane rings and the six-membered chelate rings
adopt chair conformations. 

Selected bond distances and angles of the complex are
listed in Table 2. One of the most remarkable structural
features of the complex is that the axial Ni-N(3) (pendant
arm) distance (2.088(3) Å) is considerably shorter than the
in-plane Ni-N(1) (2.115(3) Å) and Ni-N(2) (2.123(3) Å)
distances. This trend is in sharp contrast to those reported for
[NiL4](ClO4)2, [NiL5](ClO4)2, [NiL6](ClO4)2, and [NiL7]Cl2

(see Table 3).7-10 The Ni-N(3) distance is shorter than the
axial Ni-N (imidate ester pendant arm) distance (2.100(3) Å)
of [NiL5](ClO4)2.7 On the other hand, the in-plane Ni-N(1)

Table 1. Crystal Data and Structure Refinement for 1

 Formula (formula weight) C34H66Cl2N10NiO8 (872.56)
Crystal size /mm 0.45 × 0.45 × 0.50
Temp / oC 20(2)
Crystal system, Space group monoclinic, P21/n
a / Å 9.2686(8)
b / Å 14.6007(9)
c / Å 16.6454(8)
β / o 105.537(6)
V / Å3 2170.3(3)
Z 4
ρ (calcd) / g cm−3 1.335
F000 932
μ / cm−1 6.028
Theta range/ o 1.89-25.47
Index ranges −11 ≤ h ≤ 10, 0 ≤ k ≤ 17, 0 ≤ l ≤ 20
Reflections collected / unique 4328 / 4024 [R(int) = 0.0161]
Completeness to 2theta =25.97 1.000
Data / restraints / parameters 4024 / 0 / 245
GOF on F2 1.125
Final R indices [I > 2sigma(I)] R1 = 0.060, wR2 = 0.195
R indices (all data) R1 = 0.086, wR2 = 0.205
Largest diff. Peak and hole (eÅ−3) 0.893 and –0.785

Figure 1. X-ray structure of [NiL3]2+ in 1: (a) perspective view
with the atomic numbering scheme; (b) side view.
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Table 2. Selected Bond Distances [Å] and Angles [ o ] for 1

Ni-N(1) 2.115(3) Ni-N(2) 2.123(3)

Ni-N(3) 2.088(3) N(1)-C(1) 1.489(5)

N(3)-C(12) 1.287(5) N(4)-C(12) 1.332(5)

N(4)-C(13) 1.448(5) C(1)-C(2) 1.530(6)

C(2)-C(3) 1.538(7) C(3)-C(4) 1.486(8)

C(14)-C(15) 1.364(2)

N(1')-Ni-N(1) 180.0(2) N(3)-Ni-N(3') 180.0(2)

N(1)-Ni-N(2) 83.7(2) N(1)-Ni-N(2') 96.3(2)

N(1)-Ni-N(3) 95.3(2) N(3)-Ni-N(1') 84.8(2)

N(2)-Ni-N(3) 80.7(2) C(12)-N(3)-Ni 115.6(2)

C(11)-N(2)-Ni 110.7(2) C(12)-N(4)-C(13) 123.9(4)

N(3)-C(12)-C(11) 119.3(3) N(3)-C(12)-N(4) 126.3(4)

N(4)-C(12)-C(11) 114.4(3) N(4)-C(13)-C(14) 116.7(6)

Symmetry transformations used to generate equivalent atoms: −x, −y, −z

and Ni-N(2) distances are ca. 0.01 Å longer than the Ni-
N(secondary) and Ni-N(tertiary) distances, respectively, of
[NiL5](ClO4)2.7 The N(3)-C(12) bond distance (1.287(5) Å)
is ca. 0.03 Å longer than the N=C distance (1.258(5) Å) of
the imidate ester groups in [NiL5](ClO4)2.7 It is also seen that
the N(4)-C(12) distance (1.332(5) Å) is considerably shorter
than other N-C single bond distances (≥ 1.448(5) Å). The
N(3)-C(12)-N(4) and C(12)-N(4)-C(13) angles are 126.3(4)
and 123.9(4)o, respectively, indicating sp2-like hybridization
of the C(12) and N(4) atoms. The N(2)-Ni-N(3) and N(1)-
Ni-N(3) angles are 90.7(2) and 95.3(2)o, respectively.

Above crystallographic observations strongly indicate that
the shorter axial Ni-N(3) distance of 1, compared to that of
[NiL5](ClO4)2, is connected to the delocalized electronic
structure of the amidine groups (Eq. (1)); the lone pair of
electrons on the uncoordinated nitrogen atom (N(4)) is
partially delocalized across the whole amidine group, and
the donor nitrogen atom acts as a stronger Lewis base.11 

Spectra and Properties. As described above, 1 was
prepared in high yield by the reaction of [NiL2](ClO4)2 with
an excess of n-propylamine in acetonitrile at room temper-
ature. The complex is soluble in polar solvents such as water,
acetonitrile, and nitromethane. The FAB mass spectrum of 1
shows two groups of peaks at m/z 689 {[M-2CH3CN-
ClO4]+} and 589 {[M-H-2CH3CN-2ClO4]+}. In the infrared
spectrum, three strong peaks corresponding to ν (N-H) of
the coordinated secondary amino groups and the amidine
groups (-C(=NH)-NH-CH2-) were observed at 3250, 3300,
and 3340 cm−1. The spectrum also shows ν (C=N) and ν (C-
N) of the amidine groups at 1630 and 1540 cm−1, respec-
tively. The value of magnetic moment (2.88 μB at room
temperature) of 1 is consistent with a d8 electronic
configuration in octahedral coordination geometry. The
electronic absorption spectrum of the complex measured in
water shows maximum absorptions at 510 (ε = 8.0 M−1cm−1)
and 800 nm (ε = 7.5 M−1cm−1). The spectrum is comparable
with those of [NiL5]2+ and other related trans-octahedral
nickel(II) complexes.7-10 

In order to investigate the effects of the strong axial Ni-N
interactions on the redox properties of 1, its oxidation and
reduction potentials were measured by cyclic voltammetry.
The oxidation potential of [NiL5](ClO4)2 was also measured
for comparison. Cyclic voltammograms of 1 showed one-
electron oxidation and reduction peaks corresponding to
Ni(II)/Ni(III) and Ni(II)/Ni(I) processes, respectively. Table
3 shows that the oxidation and/or reduction potentials of 1
and [NiL5](ClO4)2 bearing two coordinated functional
pendant arms are much more negative than those of
[NiL8](ClO4)2 bearing two N-alkyl pendant arms, as
usual.8-10,20 The oxidation potential (+1.02 V vs. SCE) of
[NiL5](ClO4)2 is comparable with those of the trans-
octahedral nickel(II) complexes of L4, L6, and L7 (+1.09 ~
+1.15 V vs. SCE) (Table 3).7-10 However, interestingly, the
oxidation and reduction potentials (+0.78 and –1.68 V vs.
SCE) of 1 are considerably less positive and more negative,
respectively, than those of the nickel(II) complexes of L4-L7

and other related 14-membered tetraaza macrocycles bear-
ing two functional pendant arms.7-10,15 To our knowledge, 1
is a rarely prepared di-N-functionalized 14-memberd tetra-
aza macrocyclic nickel(II) complex that exhibits the
oxidation potential at +0.80 V vs. SCE. The relatively easy
oxidation of 1 must be resulted from the high electron
density on the metal ion caused by the strong axial Ni-N
(amidine group) interactions. 

It has been well known that most uncoordinated organic

Table 3. Selected bond distances and redox potentials of various
trans-octahedral nickel(II) complexes

Complex 
Ni-N or Ni-O (Å) Potential (V vs. SCE) a

In-plane Axial Ni(II)/Ni(III) Ni(II)/Ni(I)

[NiL1](ClO4)2 b 1.952(4) c +1.08 −1.28

1 2.115(3) 2.088(3) +0.78 −1.68(i) d

 2.123(3)

[NiL4](ClO4)2 e 1.903(4) 2.302(3) +1.09

 2.204(3)

[NiL5](ClO4)2 2.097(3) f 2.100(3) f +1.02 

 2.118(3) ) f

[NiL6](ClO4)2 g 2.085(4) 2.149(4) +1.14 −1.13(i)

2.099(4)

[NiL7]Cl2 h 2.095(5) 2.255(4) +1.15 −1.15(i)

2.109(4)

[NiL8](ClO4)2b 1.981(2) c +1.60(i) −1.04
aMeasured in 0.1 M (n-Bu)4NClO4 acetonitrile solution. bRef. 20.
cAverage in-plane Ni-N bond distance. di = irreversible. eRefs. 7 and 8.
fRef. 7. gRef. 9. hRef. 10.
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amidines are readily hydrolyzed in aqueous solutions.

However, 1 was recrystallized from hot HClO4 (0.1 M) or

NaOH (0.1 M) solution without any considerable hydrolysis.

This clearly shows that the coordinated amidine pendant

arms of the complex are resistant to hydrolysis in the

aqueous solutions. All our attempts to isolate the free

macrocyclic ligand L3 from the reaction of 1 with an excess

of NaCN were unsuccessful; even after refluxing (> 6 h) an

aqueous solution of the mixture, the only complex isolated

from the solution was the reactant 1. This result is quite

different from the behaviors of most 14-membered tetraaza

macrocyclic nickel(II) complexes ([NiL]2+) that readily react

with CN− ion to produce [Ni(CN)4]
2− and free macrocycle

(L).5,7-10,20 One of the reasons for the exceptional inertness of

[NiL3]2+ against hydrolysis and decomposition may be the

strong interactions between the central metal ion and the

pendant amidine groups.

Conclusion

This work shows the preparation, crystal structure, and

chemical properties of 1 bearing two pendant amidine

groups that bind the metal ion strongly. The compound is a

rarely prepared trans-octahedral macrocyclic nickel(II)

complex, in which the axial Ni-N(functional pendant arm)

distance is considerably shorter than all of the in-plane Ni-N

(macrocyclic skeleton) distances. The oxidation and reduc-

tion potentials of 1 are remarkably less positive and more

negative, respectively, than those of [NiL5](ClO4)2 or other

related nickel(II) complexes. Furthermore, the complex is

quite resistant to hydrolysis and is unusually inert against

ligand substitution. Such chemical properties of 1 can be

attributed to the relatively strong axial Ni-N interactions.

Supplementary material. Crystallographic data of 1 are

available from the Cambridge Structural Database (CCDC

259503). Copies of the data can be obtained free of charge,

on application to CCDC, 12 Union Road, Cambridge CB2

IEZ, UK (http://www.ccdc.cam.ac.uk, fax: +44-1223-336-

033, or e-mail: deposit@ccdc.cam.ac.uk).
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Table 4. Electronic Absorption Spectral Data for the Nckel(II)
Complexes

Complex λmax, nm (ε, M−1cm−1) a 

1
 b 510(8)   800(7.5)

[NiL4](ClO4)2
 b 525(6.9) 

[NiL5](ClO4)2
 c,d 513(12) 800(5.5)

[NiL6](ClO4)2 
f 516(7.2) 

[NiL7](ClO4)2
 f 530(6.0) 

527(6.4) g

[NiL8](ClO4)2
 h 486(103) 

aMeasured in water at room temperature unless otherwise specified. bThe
band around 320 nm is obscured by intense charge transfer band. cRefs. 7
and 8. dMeasured in DMSO. eRef. 9. fRef. 10. gMeasured in acetonitrile.
hRef. 20.


