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Abstract: The polydentate macrocyclic ligands, 1,4,7,10-tetraazacyclododecane (L"), 1,4,8,11-tetra(2-hydroxye-
thyl)-1,4,8,11-tetraazacyclotetradecane  (L?); and acyclicpolydentate ligands; 3-(2-aminocyclohexylamino)-2-(2-
aminocyclohexylaminomethyl) propionic acid (L), 4,7,10-triazatridecane dinitrile trihydrochloride (L*), 2, 2'-(1,2-
diyl)bis(methylazanediyl)diethanol (L°) and 1,1’-(ethane-1,2-diylbis((2-aminoethyl) azanediyl)) dipropan -2-ol, (L)
were prepared and their structures were investigated by FTIR, NMR and MS. The stability constants of the nickel
(I complexes with these ligands were determined by spectrophotometric titration using a diode array UV-VIS
spectrophotometer equipped with peristaltic pump and pH meter. The values of the stability constants are
discussed in terms of the open chain or cyclic nature of the ligands. The effect of pendant group on the stability

of the complexes is discussed.
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0 Introduction polyprotic bases!", biologically important compounds™?,
sensors for the detection of metal ions and metal ion

For the past decade, linear or macrocyclic complexation™¥. Transition metal complexes of multide-
polyamines have been studied extensively. They are an ntate ligands with N and O donors are used as model
important class of compounds due to their role as systems for many metalloenzymes®"!, luminescence

ks H Wl (Date received):2011-12-20, W& Stks H Wl (Date revised):2011-03-06.,
The Scientific and Technological Research Council of Turkey(TUBITAK) (Project No.104T389)%t B H
* 3 I R A (Corresponding Author), E-mail : yakupbaran@yahoo.com



Hava Oza % .50t

%8 W

Ol B8 3R A 1 T 2 22 0 TR A5 N(IDFC 75 ) 9 2 5 5 4K 1681

sensing, light-emitting devices, inter-metallic commu-
nication, catalysts, molecular electronics, chromotropic

[12-16]

compounds, non-linear chromophores and in coor-

dination polymer chemistry!”.

Nickel has a very rich coordination chemistry ",
Nickel (I) complexes are rich in color variation. They
have coordination structures containing square-planar,
tetrahedral, square-pyramidal, trigonal-bipyramidal and
octahedral forms. Due to these properties of nickel (II)
complexes, a great number of studies relating to chro-
motropic metal complexes with applications as multi
functional molecular devices have been carried out!"*?.
In addition to these properties, metal ions may be part
of the active sites of enzymes. There has been a great
interest in the preparation of metal complexes which
could mimic these metalloprotein’s active sites'”'..
Potentiometric and spectrophotometric titration
methods are generally used to investigate the equilibria
in solutions to determine the acid-base constants >,
The potentiometric titration is used frequently due to
the simplicity of equipment and minimal time
requirement®. However, this method does not include
all aspects of solution chemistry. In order to gain
complete information about the species formed during
titration, spectrophotometric titrations are usually
carried out simultaneously™®. This technique shows how
much equilibrium exists in the solution during the study
and can be applied to structural analysis of compounds.
A great number of studies have reported on the stability
of nickel(Il) complexes with nitrogen and oxygen donor
atoms. Basallote and co-workers reported equilibrium
constants of mono- and bi-nuclear nickel complexes of
the hexaazamacrocycle ligand. The equilibrium cons-
tants of complexes were obtained from potentiometric
titration studies™. Krot and co-workers investigated the
stability constants of copper, nickel, silver and mercury
complexes of a tetra amide ligand using the potentio-
metric titration method and determined that the nickel

complexes are less stable than their copper analogues™”.

Here we report the synthesis of L', L2 L% L* L°
and L° and present the stability constants of nickel(Il)
complexes obtained by spectrophotometric titration

and subsequent global analysis of the data with
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Fig.1 Structures of ligands
1 Experimental

1.1 Chemicals and methods

All reagents were obtained commercially and used
as received without further purification. Solvents were
purified according to the standard methods prior to use.
L' was purchased from Sigma-Aldrich Chemical
Company. Mass spectra were measured with a GC-MS,
Thermo Finnigan Trace DSQ. NMR spectra were
obtained with a Varian 300 MHz spectrometer.
Spectrophotometric titration was measured with a UV-
Vis, HP 8453 Diode Array Spectrophotometer. For the
spectrophotometric titration acid or base solution was
added to 1 ¢cm quartz cell with a peristaltic pump (Cole
Palmer, Masterflex) and the pH value of the solutions
was measured with an Orion pH meter combined with a
Metrohm semi-micro electrode. FTIR spectra were
recorded with a Perkin Elmer BXII spectrometer. The
molar magnetic susceptibilities of the complexes were
measured on powdered sample at room temperature
using a Sherwood Scientific Magnetic Susceptibility
Balance.
1.2 Synthesis of ligands
1.2.1 Synthesis of 1,4,8,11-tetra(2-hydroxyethyl)-

1,4,8,11-tetraazacyclo decane, L?-4H,0

Ethylene oxide (2.01 mL, 40 mmol) was added to a
solution of cyclam (1.38 g, 4 mmol) in water (15 mL) at
0 °C on a magnetic stirrer for six hours and warmed to
room temperature. Solvent volume was reduced by a
rotary evaporator and the solution was left for

crystallization. Clear colorless crystals formed and were
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washed with ice-cold water (2 mlL) and dried under

vacuum. Yield 1.1 g, 63%."H NMR (300 MHz, 25 °C,

CDCls, 8, J (Hz)): 5.11 (s), 3.59 (t, J=5.45, 2H), 2.27 (s),

2.49(s), 2.43(t, J=6.12), 2.13(m). *C NMR (300 MHz,

25 C, CDCl,, 8): 58.9, 56.5, 51.4, 51.7, 21.5, m/z: 377

(M*), FTIR (ATR, em™): v(OH): 3 349.

1.2.2  Synthesis of 3-(2-aminocyclohexylamino)-2-(2-
aminocyclohexylaminomethyl) propionic acid,
L*-4HC1-2H,0

L’ was prepared by template synthesis from bis
(cyclohexane-1,2-diamine)copper (II) , triethylamine,
diethylmalonate and formaldehyde in methanol. The
aqueous solution of copper(ll) perchlorate hexahydrate
(11.28 g, 30.00 mmol) was added to a solution of 1,2-
diaminocyclohexane (6.85 g, 60.00 mol) in deionized
water (300 mL) on a magnetic stirrer. The reaction
mixture was warmed to 50 “C and was stirred at this
temperature for 2 h. Then the solution was cooled to
room temperature and Bis (cyclohexane-1,2-diamine)
copper(Il) perchlorate was separated by filtering.

The solution of bis (cyclohexane-1,2-diamine)
copper(Il) perchlorate (6.00 g, 12.00 mmol) in 250 mL
methanol was heated to 50 °C while stirring magneti-
cally and to this solution, triethylamine (6 mL, 43.05
mmol) and diethylmalonate (1.90 mL, 12.00 mmol) were
added. Then, a solution of formaldehyde (37 % aqueous
solution, 3 mL) in methanol (50 mL) was added drop
wise to the reaction mixture and the solution was stirred
for 16 h at 50 °C. The color of the reaction mixture
converted to purple-red during to this time. This
solution was diluted to 2 L with distilled water and then
the solution was passed through a column (35x3.5 ¢m)
of SP Sephadex C-25 resin (Na* form) and eluted with
0.2 mol - L' NaClO, solution. After a while, two bands,
one narrow and one broad, were observed. Both bands
were collected and controlled. It was observed that a
small amount of macrocyclic compound formed. The
solvent of the acyclic compound was evaporated and
dried. 5 mL of triethylamine was diluted to 25 mL with
deionized water and added to the solution of acyclic
compound (3.5 g) in methanol (200 mL). The reaction
mixture was stirred on a magnetic stirrer at 60 °C for 12

h. Then the mixture was cooled to room temperature

and diluted to 2 L with deionized water. The diluted
solution was passed through a column (35x4 ¢m) of SP
Sephadex C-25 resin  (Na* form) and the column was
eluted with 0.2 mol - ! NaClO, solution. Bands observed
in the column were collected and the solution was
concentrated to 300 mL by rotary evaporation. This
solution and 3 mol -L.™" HCI solution were simultan-
eously added over 2 hours drop wise from dropping
funnels to Zn powder while stirring on a magnetic
stirrer at room temperature. Then the solution was
heated to 50 °C and stirred 30 min at this temperature.
The solution was cooled to room temperature and was
filtered on celite to remove Cu and residual Zn. The
clear solution was diluted to 2 L with deionized water
and the solution was passed through a column (35x%3
cm) of Dowex 50 Wx2 resin  (H* form) and the column
was eluted for a while with deionized water and
afterwards with 1 mol -L™" HCI solution to remove Zn**
ions. Elution continued until no further Zn** ions were
present (checked by the addition of NaOH solution to
eluent in order to observe Zn(OH),). When the forma-
tion of jelly Zn(OH), finished, the column was eluted
with 3 mol - L. HCL. After evaporation of the solvent by
a rotary evaporator, the white colored crude product was
obtained. Then the crude product was recrystallized in
hot methanol and L* was obtained as a white powder
(Ci¢HxN,0, - 4HC1 - H,0), L. Yield: 2.1 g, 52%. C,sH3Cl,
N,0,-4HCI-2H,0O (Caled. C, 38.95; H, 7.97; N, 11.36)
found %: C, 38.79; H,7.81; N,11.44). 'H NMR (300
MHz, D,0, d,] (Hz)): 1.28~2.11 (m, 16 H), 2.13~2.46
(m, 6H), 3.31~3.73(m, 9H). “C NMR (300 MHz, D,0,
6): 19.3, (2C); 19.4 (2C); 22.8; 23,1; 26.1 (2C); 33.7;
40.6; 41.6; 47.4 (2C); 54.6; 56.4; and 173.3. m/z: 314
(M*), FTIR (ATR, em™): »(COOH): 1 711 vs (br), 2 017
m, 1 6125, 1514 s, »(NH): 3 369, 3 152.
1.2.3  Synthesis of 4,7,10-triazatridecanedinitrile
trihydrochloride, L*-3HCI
4,7,10-Triazatridecanedinitrile  trihydrochloride
was synthesized by condensation of diethylenetriamine
(dien) and acrylonitrile according to the literature /.
Acrylonitrile (3.19 g, 60.00 mmol) was added drop wise
(2.58 g, 25

mmol), and the mixture was stirred for 20 h at room

to a magnetically stirred dien solution
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temperature. The crude product was purified as the
trihydrochloride by recrystallization from methanol/
water/HCl and L* -3HCI was obtained as a white
powder. Yield: 3.20 g, 40%. C,\H,y\Ns3HCI (Calc. C,
37.69; H, 6.96; N, 21.98) found%: C,37.43; H,7.11; N,
21.84). '"H NMR (300 MHz, D,0, 6, J (Hz)): 2.49(t, J=
6.81, 4H), 2.55(t, J=5.97, 4H), 2.83(t, J=4.45,4H), 2.89
(t, J=5.77,4H). *C NMR (300 MHz, D,0, ): 120.2(2C);
46.9(2C); 46.5(2C); 46.3(2C); 17.9(2C); m/z: 210 (M*),
FTIR (ATR, em™): »(NH 3%): 2667, 2 435; v(CN): 2 661.
1.2.4  Synthesis of 2,2'-(ethane-1,2-diyl)
bis(methylazanediyl))diethanol, 1.’

Ethylene oxide (3.02 g, 60.00 mmol) was added
dropwise to a solution of N,N'-dimethylethylenediamine
(2.00 g, 22.68 mmol) in methanol (50 mL) at 0 C and
the reaction mixture was stirred for 12 h. Then the
reaction mixture was warmed to the room temperature
and solvent volume was reduced by a rotary evaporator.
The solution was left for crystallization and L’ was
obtained as a viscose oil. Yield: 2.7 g, 76%. CsHxN,0,
(Caled. C,38.88; H,8.16; N,11.33) found%: C,38.79; H,
7.88; N, 11.28).). 'H NMR (300 MHz, D,0, 8, J (Hz)):
3.83(t, J=6.0, 4H), 2.78(t, J=6.0, 4H), 2.53(t, J=6.0,4H),
2.23 (s, 6H). ®C NMR (300 MHz, D,0, d): 58.6(2C);
58.1(2C); 53.6(2C); 41.7(2C); m/z: 176.99 (M*), FTIR
(ATR, em™): »(OH): 3270 br.

1.2.5 Synthesis of 1,1'-(ethane-1,2-diylbis((2-
aminoethyl)azanediyl))dipropan-2-ol, L°
(2.32 g, 40 mmol) was added

dropwise to solution of triethylenetetraamine (2.92 g, 20

Propylene oxide

mmol) in methanol (50 mL) at 0 °C and the reaction
mixture was stirred for 12 h. Then, the reaction mixture
was warmed to room temperature and solvent volume
was reduced by a rotary evaporator. The solution was
left for crystallization and L’ was obtained as a viscose
oil. Yield: 2.9 ¢, 55%. C,HxN,O, (Caled. C,54.93; H,
11.52; N, 21.35 found%: C,54.73; H,11.48; N,21.28 ).
'H NMR (300 MHz, D,0, 8, J (Hz)): 3.89(m, 2H), 3.28(t,
J=6 Hz, 4H), 2.71(t, J=6,4H), 2.49(t, J=6 Hz, 4H), 2.43
(t, J=3, 4H), 1.22 (d J=6, 6H). *C NMR (300 MHz, D,0,
0): 66.1(2C); 61.1(2C); 58.6(2C); 53.7(2C); 41.8(2C);
21.5(2C) m/z: 263.11 (M*), FTIR (ATR, cm™): »(OH):
3275 br, (NH): 3357,3 190.

1.3 Synthesis of the NiL' complex

A solution containing (1.13 mmol, 0.36¢) L' and
1.15 mmol, 0.27g) NiCL,6H,0 in 80 mL argon saturated
water was stirred and heated at 60 “C for several hours.
The green solution was then diluted to 500 mL with
water, filtered and sorbed onto a column of SP
Sephadex C25 (Na* form) resin (20x5 ¢m). Upon elution
0.125 mol -L.7! NaClO,, two bands were separated. A
green band eluted with 0.2 mol - L' NaClO,. This band
was stable in acidic medium which was the initial
indication of macrocyclic complex. The green band was
reduced in volume by rotary evaporation and left to
crystallize. The solid product was dried in vacuum
desiccators. Anal. Caled. for: [NiL'|Cl,-2H,0; CsHy,Ni
CLN,O,(%): C, 28.44; H, 7.16; N, 16.58. Found(%) C,
28.37; H, 7.11; N, 16.49. FTIR (ecm™, KBr): »(N-H),
3178, v(Ni-N), 543.
1.3.1 Synthesis of the NiL* complex

All the other complexes are prepared by the same
method. Yield: 68% , Anal. Calcd. for [NiL?|CL.H,0:
CisHuNiCLN,O5(%) C, 41.25; H, 8.08; N, 10.69. Found
(%): C,41.37; H, 8.11; N, 10.51. FTIR(cm™, KBr): »(N-
H), 3166, v(Ni-N), 566.
1.3.2  Synthesis of the NiL* complex

Yield: 73%, FTIR (KBr, cm™): Anal. Caled. for:
[NiL|Cl, - H,0; C,H3 NiCLN,O (%): C, 44.68; H, 8.44;
N, 13.03. Found (%) C, 44.57; H, 8.41; N, 13.09. FTIR
(em™, KBr): »(N-H), 3 149, v(Ni-N), 577.
1.3.3  Synthesis of the NiL* complex

Yield: 66%, Anal. Calcd. For %: [NiL*Cl|Cl - 2H,0;
CioHx; NiCl,NsOy(%) C, 32.04; H, 6.18; N, 18.64. Found
(%): C,32.13; H, 6.11; N, 18.59. FTIR(¢cm™, KBr): »(N-
H), 3182, »(Ni-N), 559.
1.3.4  Synthesis of the NiL’ complex

Yield: 75%, Anal. Calcd. For % : [NiL°]Cl,- H,0;
CsHuNiCLN,O5(%): C, 29.67; H, 6.85; N, 8.65. Found
(%) C,29.57; H, 7.01; N, 8.69. FTIR (cm™, KBr): »(N-
H), 3176, v(Ni-N), 571.
1.3.5 Synthesis of the NiL° complex

Yield: 58%, Anal. Caled. For %: [NiLf]Cl,:H,0;
C,H5,NiCLN,O5(%): C, 35.15; H, 7.87; N, 13.66. Found
(%): C, 35.27; H,7.71; N, 13.59. FTIR(cm™, KBr): »(N-
H), 3174, v(Ni-N), 579.
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1.4 Electronic spectra

The electronic spectra data for the Ni(Il) complexes
are given in Table 1. There are four bands for the Ni(Il)
complexes in UV-Vis spectrum. The low intensity
bands around 560 and 950 nm could be assigned to d-
d, Laporte forbidden, spin allowed transitions of Ni(Il)
ions. The medium intensity bands around 380 nm are
due to metal-ligand charge transfer processes.

Table 1 Absorbance changes in Ni-L complexes during

spectrophotometric titration

Complex A/ nm Ay / nm A3/ nm
Ni-L! 360A | 565A 950A |
Ni-L? 405A 1 665A 1
Ni-L? 345A 1 545A 1 895A 1
Ni-L* 392A T —370 600A T 900A T —
Ni-L? 385AT—375  650A T —620 1020A 1
Ni-L¢ 360A T 560A T 940A T

1.5 Magnetic measurements

The Ni (I) complexes with the all ligands are
diamagnetic indicating the square planer structure of
the complex.
1.6 Spectrophotometric titrations

Stability constants of the complexes were
measured with an automatic titration set up consisting
of a computer interfaced to an Agilent HP 8453 Diode
Array Spectro-photometer with a stirrer under a
thermostated cell holder, a peristaltic pump, Cole
Palmer and an Orion pH meter combined with an
Metrohm semi-micro electrode. The electrode was
calibrated with pH value of 4.0 and 7.0 buffers for
measurements in aqueous solutions. Argon-saturated
solutions of the ligands (1.2 mmol) and the nickel(Il)
(1.2 mmol) containing 0.1 mol L ™ NaClO, for the
adjustment of ionic strength were titrated with base, 0.1
mol -L. " NaOH, in 1 cm quartz cell and the cell
compartment was thermostated to  (25+0.1) C during
titration. The cell was containing a pH electrode and a
capillary tip from peristaltic pump. The UV-Vis
spectrum was determined during the titration at 60 sec
intervals over the wavelength range of 350~1 100 nm
Fig.2 shows typical 2D absorption spectra of NiL’
during spectrophotometric titration as a function of pH

value. Fig.3 shows speciation graph for the complex

formation of Ni(Il) with L°. The measurements were
made over the pH value range of 2.0 to 11.0. Triplicate
data analyses were performed for each complex. Data
analysis was carried out using the nonlinear least-
square fitting program Specfit/32. An initial guess for
the equilibrium constants were entered and these

values iteratively refined until the best fit was achieved.

Absorbance / a.u.

400 500 600 700 800
Wavelength / nm
Fig.2 2D original measured electronic spectra as a
function of wavelength for NiL? complex during
the spectrophotometric titration at 298 K, /=0.1

mol - L' NaClO,
1004, NiL

60+

40

Relative concentration / %

pH value

Fig.3 Speciation graph for the complexation of Ni(Il)
with L’

2 Results and discussion

2.1 Stability of the complexes

All the macrocyclic and acyclic complexes are
colored solid and stable at room temperature. They are
soluble in water. Each Ni(Il) ion is coordinated to four
nitrogen atoms in the NiL!, NiL? NiL*® and NiL¢
complexes. The Ni(Il) ion is incorporated into ligands to
form square planer environment. The other ligands L*
and L’ which have N5 and N,O, donor atoms form also

square planer geometry. Magnetic measurements of the
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complexes support for the square planer geometry. All
the complexes exhibit diamagnetism in solid state at
room temperature. Pendant groups in L% L* and L°
ligands do not involve in coordination and stay as
dangling group in the complexes. This is supported by
FTIR study of the complexes and ligands. The O-H
stretching vibration of the ligands does not change after
complex formation. The trend in stability order for
diamagnetic Ni(Il) complexes are observed that Ni (II)
ions prefer the smallest macrocycle L'. The same effect
is found for the open-chain tetraazaamines L°~L?. The
larger the cavity, the more their complexes are
destabilized by the presence of six membered rings.
Large differences in stability constants within the series
are observed for the nickel(ll) complexes of macrocyclic
and acyclic ligands .When NiL' stability is compared
with open chain analogue NiL?, stability decreases from
21.61 to 17.93. As the number of chelate rings increase,
stability of the complexes decrease for the Ni(Il) ions/®.
When the intermediate in a five-membered chelate ring
is compared with the six-membered chelate ring, it is
observed that in the five-membered chelate ring, the
free donor group will possess increased entropy. As a
result, the small size chelate ring will show greatest
entropy increase while the larger ring chelate will show
a decrease in entropy. This effect may be observed
when NiL' is compared with NiL% NiL? has two six
membered rings while NiL' has no six membered ring,
as a result stability decrease from 21.61 to 19.52. The
enhanced stability of the macrocyclic ligand over its
acyclic analogue is explained by the macrocyclic effect.
Solvation of the ligands is also important during
complexation. Macrocycles are thought to be less
solvated than their acyclic analogues which leads to an
enhancement of the thermodynamic stability for cyclic
ligands over their acyclic analogues. Pendant groups on
the nitrogen atoms will cause a decrease in the basicity

of the nitrogen donor atoms and as a result of this, the

stability of the complexes will decrease. There is a
wealth of stability constant data for the polyazamacro-
cycles with different metal ions™?*. Macrocycles can be
organized to select particular metal ions from solution
and can be used in metal ion extractions. Selectivity of
the macrocycles can be altered in different ways. By
changing cavity size and adding pendant groups to the
nitrogen atom in the ring, the selectivity of the

macrocycles changes.
3 Conclusions

For the most of the complexation titrations, one
protonated complex species is observed which can be
assigned to protonation of the primary amine or one of
the secondary amines in the macrocycle. It is expected
that the stability and selectivity of the ligands with
nickel (I) can be classified according to the parameters
mentioned. NiL'' complex is the most stable. The
macrocyclic effect, number of rings and ring size cause
nickel(I) to bind to L' selectively. The stability of the
Nil? decreases when compared to the NiL'. The cavity
size, change in basicity of the donor atoms and steric
effect cause a decrease in the stability of the nickel (II)
complex with L2 L° and L’ ligands are the acyclic
analogue of L' and L? respectively. The stabilities of
NiL® and NiL’ decrease as expected. The least stable
complex is NiL’> with an alkylated secondary amine and
two oxygen donor atoms. The stability constant of NiL*
is 12.31 with three donor nitrogens which do not
saturate the coordination sphere of the nickel (II) .
Tetradentate coordination has been established for
nickel (I) with all of the ligands studied. Similar
complex formation constants are observed for
macrocyclic Nill' and Nil? since nickel(Il) is bound to

the macrocyclic plane in the same manner. Table 2

shows the stability constants of the complexes at 20 °C,
1=0.1 mol-L ' NaClO,

Table 2 Stability constants of the complexes at 20 °C, I=0.1 mol- L NaClO,

Ligand Metal M, L, H lgBy.1.n Equilibria, K lgKy, 1.u
L' Ni* 110 ML 21.61 M+L = ML 21.61+0.4
111 MLH 25.42 ML+H = MLH 3.81+0.1
L’ Ni** 110 ML 19.52 M+L = ML 19.52+0.3
111 MLH 24.10 ML+H = MLH 4.58+0.1
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Continued Table 2

L Ni** 110 ML
111 MLH
L! Ni** 110 ML
111 MLH
L’ Ni** 110 ML
111 MLH
L° Ni* 110 ML
111 MLH

15.42 M+L = ML 15.42+0.2
18.66 ML+H = MLH 3.24+0.1
12.31 M+L = ML 12.31+0.3
16.44 ML+H = MLH 4.13+0.1
11.21 M+L = ML 11.21£0.2
14.28 ML+H = MLH 3.07+0.1
17.93 M+L = ML 17.93+0.4
22.12 ML+H = MLH 4.19+0.2
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