
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713455674

Nickel(II) complexes of tricyclic N10-cage ligands
Ankur Rastogia; Anuraga; Ram Nayana

a Department of Chemistry, Hindu College, Moradabad 244001, India

First published on: 19 February 2010

To cite this Article Rastogi, Ankur , Anurag and Nayan, Ram(2010) 'Nickel(II) complexes of tricyclic N10-cage ligands',
Journal of Coordination Chemistry, 63: 4, 665 — 679, First published on: 19 February 2010 (iFirst)
To link to this Article: DOI: 10.1080/00958971003637059
URL: http://dx.doi.org/10.1080/00958971003637059

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713455674
http://dx.doi.org/10.1080/00958971003637059
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Journal of Coordination Chemistry
Vol. 63, No. 4, 20 February 2010, 665–679
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Macrocyclic ligands, 2,5,8,10,13,16,17,20,21,24-decaazatricyclo[7.7.4.4]tetracosane (DATT),
2,5,8,10,13,16,17,20,22,26-decaazatricyclo[7.7.5.5]hexacosane (DTCH), 2,5,8,11,14,17,19,22,
23,26-decaazatricyclo[8.8.4.49,18]hexacosane (DATH), and 2,5,8,11,14,17,19,23,24,28-
decaazatricyclo[8.8.5.59,18]octacosane (DATO), from template condensation of diethylenetria-
mine with nickel(II) complexes of macrocycles 1,3,6,8-tetraaza-2,2,7,7-tetrachlorocyclodecane
(TTCE), 1,3,7,9-tetraaza-2,2,8,8-tetrachlorocyclododecane (TTDE), 1,4,7,10-tetraaza-2,3,8,
9-tetrachlorocyclododecane (TTCD), and 1,4,8,11-tetraaza-2,3,9,10-tetrachlorocyclo-
tetradecane (TTTE), respectively, are described. Formulations of the tricyclic cage ligands and
their nickel(II) complexes have been confirmed by elemental analyzes, conductivity and
potentiometric measurements, and infrared, electronic, 1H-NMR, and mass spectral studies.
Highest enhancement of equilibrium constant for nickel(II) complex of DATT (by 1010) over that
of the corresponding tetraaza macrocycle of similar planar cavity ([10]-N4) is observed. The cage
effect on equilibrium constant decreases rapidly with increase in planar cavity size ([10]-
N4! [14]-N4) of the tricyclic ligand; it can be considered negligible in the DATO system where
nickel is well fitted in the planar cavity. A small variation in metal-ligand stability constants
(logK¼ 21–23) indicates that a low value due to poor fitting of the nickel in the planar cavity is
compensated by its encapsulation in the small spherical cavity. Thus, high and comparable
stability constant values are expected for planar tetraaza and spherical polyaza cavity systems in
which nickel ion can be nicely fitted.

Keywords: Nickel(II) complexes; Cage ligands; Potentiometric measurements

1. Introduction

Metal complexes of mono-, bi-, and polycyclic macrocycles with tetra [1–7] or poly
[8–11] donors have demonstrated quite unusual spectral, thermodynamic, or structural
properties. Polydentate cage ligands provide a sterically controlled coordination cavity
such that the complexes with unusual properties might result. Considerable efforts have
been made to design macrobicyclic cryptands [12–16], which form very stable complexes
with various metal cations contained within the central molecular cavity of the
cryptand. Graf and Lehn [17] reported a tricyclic cage ligand with molecular formula
C24H48N4O6 [(18)4-O6N4] that contains four bridgehead nitrogens and encapsulates
NHþ4 [18]. Polyether cryptands have unique applications in cation recognition,
transport, and catalysis. Additional features can arise from other tricyclic cage systems,
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particularly consisting of aza groups where donors can effectively encapsulate the guest

cation. Many aza-cryptand hosts for transition and main group cations have also been

reported [19]. Brooker et al. [20] studied complexes of a host derived from ‘‘cap unit’’
tris(2-aminoethyl)amine and ‘‘head unit’’ 3,6-diformylpyridazine which have a variety

of exciting properties, including unusual magnetic and redox behavior. This pyridazine

spaced Schiff-base ligand also acts as a binucleating host for hexa- or hepta-coordinate

cations. A polyaza cage 2,5,8,10,13,16,17,20,23-nonaazabicyclo[7.7.7]tricosane gener-

ated in template condensation of diethylenetriamine with trichloromethane coordinates

three copper(II) ions in its cavity [21].
Two nitrogens of cryptand participate in the bond formation along with oxygen

donors. Since the ligands have 3-D arrangement of binding sites, stability constants are

usually higher than those of similar 2-D ligand [22]. The values on average are a factor

�103 larger for the alkali metal [2.2.2] cryptates as compared to alkali metal 18-crown-6

complexes in water. Lehn et al. [14] noted a remarkable increase in the stability of the

complexes formed by similar planar macrocycle with the cryptate effect on stability

more pronounced than that described as the macrocyclic effect. The effect is of
enthalpic origin [23, 24]. Aza macrocycles are particularly effective in complexing

transition metal ions, but very few log K values are available for nickel binding to

macrocycles of this type.
Here, we report the template syntheses and stability of a new category of nickel(II)

complexes of four tricyclic N10-cages. The cages 2,5,8,10,13,16,17,20,21,24-decaazatri-

cyclo-[7.7.4.4]tetracosane (DATT), 2,5,8,10,13,16,17,20,22,26-decaazatricyclo[7.7.5.5]-

hexacosane (DTCH), 2,5,8,11,14,17,19,22,23,26-decaazatricyclo[8.8.4.49,18]hexacosane
(DATH), and 2,5,8,11,14,17,19,23,24,28-decaazatricyclo[8.8.5.59,18]octacosane (DATO)

are generated by the condensation of earlier reported [25] nickel(II) complexes of

1,3,6,8-tetraaza-2,2,7,7-tetrachlorocyclodecane (TTCE), 1,3,7,9-tetraaza-2,2,8,

8-tetrachlorocyclododecane (TTDE), 1,4,7,10-tetraaza-2,3,8,9-tetrachlorocyclo-

dodecane (TTCD), and 1,4,8,11-tetraaza-2,3,9,10-tetrachlorocyclotetradecane (TTTE),

respectively, with diethylenetriamine (figure 1). The nickel(II) is octahedrally surrounded

in the spherical cavity of the cage by six aza groups. Themetal-free cage ligands have been
prepared and equilibrium studies involving nickel(II) ions have been made by

potentiometric measurement in aqueous solution. Cage effect on equilibrium constant

over that of the corresponding tetraaza macrocycle of similar planar cavity size has also

been described, and it has been concluded that an increase in the cage effect is associated

with decrease in the size of the planar cavity.

2. Experimental

2.1. Chemicals and reagents

Solvents and reagents were of reagent grade and used without purification. Solutions of
0.1770N NaOH, 0.02159N HNO3, and 1.0M KNO3 were prepared using G.R. grade

chemicals. Nickel(II) nitrate solution prepared in aqueous medium was estimated by

EDTA titrations [26]. Aqueous solutions of DATT�10HCl, DTCH�10HCl,

DATH�10HCl, and DATO�10HCl were prepared by direct weighing.
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2.2. Physical and chemical measurements

Elemental analyzes were performed by the Central Drug Research Institute, Lucknow.
Ionizable chlorides were determined by conductometric titrations [27]. The metal
complexes were decomposed and the nickel(II) content was estimated by complexo-
metric titration. A DDR conductivity meter (Type 304) was employed for conductivity
measurements. Infrared spectra (FT-IR) from 4000 to 350 cm�1 were recorded on a
Shimadzu 820 IPC spectrophotometer using KBr disks. Visible electronic spectra of
aqueous solutions of the complexes were measured by a Systronic Double Beam
Spectrophotometer (2203 Smart). 1H-NMR spectra were run on a Bruker DRX 300
(300MHz FT) in D2O solution using DSS as an internal standard. The ESIMS was
recorded on a MICROMASS QUATTRO II triple quadrupole mass spectrometer.
Sample dissolved in water was introduced into the electrospray ion (ESI) source
through a syringe pump at 5 mL per min. The ESI capillary was set at 3.5KV and the
cone voltage was 40V. The spectrum was collected in 6 s scans and the printouts are
average spectra of 6–8 scans.

2.3. Synthesis of nickel(II) complex of DATT

A mixture of 1,2-diaminoethane (4.00 g, 66.56mmol), carbon tetrachloride (10.24 g,
66.57mmol), and nickel hydroxide (3.08 g, 33.28mmol) in 200mL n-butanol was
refluxed for �8 h to synthesize [Ni(TTCE)(H2O)Cl]Cl as reported earlier [25].
Diethylenetriamine (6.86 g, 66.54mmol) was then added to the condensed mixture
with constant stirring and the resulting mixture was further refluxed for 3.7 h during
which reddish-brown precipitate changed to light brown, followed by brownish-violet.
The whole content was then treated with 100mL of water. The macrocyclic product was

Figure 1. Reaction scheme.
*Reference [25] en¼H2N�CH2�CH2�NH2, pn¼H2N�CH2�CH2�CH2�NH2, and trin¼H2N�CH2�CH2�NH�
CH2�CH2�NH2.
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extracted as red aqueous layer, while negligible amount of brown residue and wine-red
non-aqueous layer were rejected. Concentration and refrigeration of the red aqueous
solution produced violet crystals with reddish-brown impurity. The impurity was
removed by washing the crystals with methanol followed by benzene : ether (1 : 1) and
the crystals dried under reduced pressure (yield 6.16 g).

2.4. Synthesis of nickel(II) complex of DTCH

Carbon tetrachloride (10.35 g, 67.29mmol) was added to a stirred mixture of
1,3-diaminopropane (4.99 g, 67.31mmol) and nickel hydroxide (3.12 g, 33.65mmol) in
180mL of n-butanol. The mixture was refluxed for �6 h to yield the product
[Ni(TTDE)(H2O)2]Cl2, as described earlier [25]. To this cooled mixture, diethylene-
triamine (6.94 g, 67.34mmol) was addedwith constant stirring. The resultingmixture was
refluxed for 1.5 h during which violet precipitate initially formed, changed gradually to
bluish-violet. The whole content was then stirred with 100mL of water and filtered. The
wine-red, non-aqueous layer and negligible amount of dark brown residue were rejected
and the reddish-violet aqueous layer containing macrocyclic product was concentrated
and chilled to crystallize the product. The violet crystals obtained had red sticky impurity.
As the impurity was highly soluble in methanol, the crystals were washed with methanol
followed by benzene : petroleum ether (1 : 1) and dried (yield 6.69 g).

2.5. Synthesis of nickel(II) complex of DATH

In the first step, [Ni(TTCD)(H2O)2]Cl2 was synthesized by introducing 3.05 g nickel
hydroxide (32.89mmol) in the reaction mixture of 11.04 g 1,1,2,2-tetrachloroethane
(65.77mmol) and 3.95 g 1,2-diaminoethane (65.72mmol) in 200mL n-butanol as
discussed above. To this cooled mixture, diethylenetriamine (6.78 g, 65.78mmol) was
added slowly with constant stirring giving a violet precipitate and then refluxed for
2.7 h, during which the solution changed to brown (after 15min), then gradually to dirty
brown and finally to red, and the amount of violet precipitate increased. The resulting
content was then treated with 100mL of water and filtered. Bluish-violet aqueous layer
was separated from pale-yellow, non-aqueous layer. Concentration and crystallization
of the aqueous solution yielded bluish-violet crystals, which were washed with
benzene : ether (1 : 1) and dried under reduced pressure (yield 8.21 g).

2.6. Synthesis of nickel(II) complex of DATO

A mixture containing 2.50 g nickel hydroxide (26.96mmol), 4.00 g 1,3-diaminopropane
(53.96mmol), and 2.50 g 1,1,2,2-tetrachloroethane (53.92mmol) in 200mL n-butanol
was refluxed for �8 h to yield blue nickel-TTTE complex. The mixture was then cooled
and 5.56 g of diethylenetriamine (53.94mmol) was added with constant stirring and
further refluxed for �45min, during which the color changed from blue to violet. The
whole content was then stirred with 100mL of water and macrocyclic product was
separated as violet aqueous layer. The colorless non-aqueous layer was rejected.
Concentration and refrigeration of the violet aqueous layer produced violet crystals
with pale sticky impurity. This impurity was removed by washing the crystals with
benzene : petroleum ether (1 : 1) and the crystals were dried under reduced pressure,
yield 7.88 g.

668 A. Rastogi et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
8
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



2.7. Preparation of metal-free macrocycles

The nickel(II) complexes of DATT (0.88 g, 1.70mmol), DTCH (0.95 g, 1.66mmol),
DATH (1.17 g, 2.11mmol), and DATO (1.12 g, 1.89mmol) were dissolved separately in
50mL of water and demetallation was achieved by adding concentrated HCl (5mL,
12N). Concentration and chilling of the resulting solutions yielded crystals of the ligand
hydrochlorides DATT�10HCl (white, fine crystals, yield 1.15 g), DTCH�10HCl (white,
fine crystals, yield 1.12 g), DATH�10HCl (white, crystalline powder, yield 1.48 g), and
DATO�10HCl (white, fine crystals, yield 1.35 g). The crystals were finally washed with
ether and dried.

2.8. Potentiometric titrations

The mixtures: (i) 0.00126N HNO3; (ii) 0.001M DATT�10HCl/DTCH�10HCl/
DATH�10HCl/DATO�10HCl þ (i); (iii) 0.001M Ni(NO3)2�6H2O þ (ii); (iv) 0.001M
Ni-DATO complex þ 0.0085M HCl þ (i); (v) 0.001M Ni-DATT/Ni-DTCH complex þ
0.009N HCl þ (i); and (vi) 0.001M Ni-DATH complex þ 0.0092N HCl þ (i) were
titrated pH-metrically at 25�C and at an ionic strength of 0.1M KNO3 using a Systronic
pH meter (m pH 362 system) with combined electrode. The initial volume of each
mixture was kept at 50mL. From the experimental data, titration curves (pH vs. moles
of alkali used per mole of ligand, a) were plotted and analyzed [28, 29] to obtain
information on metal–ligand equilibria. The titration curve of mixture (iii) coincides
with that of mixture (iv), (v), or (vi) of the corresponding ligand system.

3. Results and discussion

3.1. Synthesis

Syntheses of mononuclear tetraaza nickel(II) complexes of TTCE, TTDE, TTCD, and
TTTE in template condensation between 1,2-diaminoethane and carbon tetrachloride,
1,2-diaminoethane and 1,1,2,2-tetrachloroethane, 1,3-diaminopropane and carbon
tetrachloride, and 1,3-diaminopropane and 1,1,2,2-tetrachloroethane, respectively,
have been reported [25].

Condensation of two molecules of diethylenetriamine with one molecule of nickel(II)
complex of the tetraaza macrocycles TTCE, TTDE, TTCD, or TTTE yields a N10-cage.
The two amine molecules coordinate to nickel(II) complex of a tetraaza macrocycle
(figure 1) through secondary amine group. Ring closing is then favored involving
condensation of the two NH2 groups of each diethylenetriamine with opposite Cl
groups of the nickel coordinated tetraaza macrocycle to generate macrotricyclic
N10-cages DATT, DTCH, DATH, and DATO. The nickel(II) is octahedrally
coordinated by six aza donors in each macrotricyclic N10-cage cavity. A large increase
in the stability constant of nickel complexes of DATT, DTCH, or DATH over that of
the similar tetraaza ligand (described under solution stability) supports the cage
structure of the macrocycle. The cage effect on stability constant in the DATO system is
comparatively low, but since TTCD and TTTE are structurally similar, DATO (derived
from TTTE) is also expected to be a tricyclic cage macrocycle like DATH (derived
from TTCD).
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The structures of the compounds are supported by conductivity measurements,
potentiometric studies, elemental analyzes (table 1), IR, 1H-NMR, and mass spectra,
etc. Association of HCl with the nickel(II) complexes is confirmed by elemental
analyzes, conductivity measurements, IR spectra exhibiting bands due to the
protonation of uncoordinated secondary amine group, and by potentiometric studies.
These studies show that [Ni(DATO)]Cl2�1.5HCl�0.5H2O is a mixture of diprotonated
[Ni(H2DATO)]Cl4 and monoprotonated [Ni(HDATO)]Cl3 macromolecules, whereas
[Ni(DATH)]Cl2�0.8HCl�H2O is a mixture of unprotonated and monoprotonated
species. The remaining two complexes are pure monoprotonated macrocyclic
compounds. Further, the absence of bands due to free or coordinated primary amine
[30–32] in IR spectra of the complexes suggests the formation of condensed macrocyclic
ring. The presence of uncoordinated water in the metal complexes was confirmed by
heating at 120�C. The loss in weight corresponds to the water in the complex.
Metal-free cages and their metal complexes were separately dissolved in water, acidified
with HNO3 and ionizable chlorides were precipitated as AgCl by AgNO3 solution.
Precipitate was separated by filtration and rejected, while the filtrate was dried and then
fused with sodium to reduce chlorine (if any) bonded covalently to the macrocycle. The
resulting sodium extract was found free from chloride.

3.2. IR spectra

3.2.1. DATT system. The cyclic nature of [Ni(DATT)]Cl2�HCl�0.5H2O is supported by
the presence of bands only due to secondary amine at 3170 (very strong, very sharp), 3266
(very strong and sharp), and 1567 cm�1 (medium, very sharp). The first two vibrations
are assigned to N–H stretching, while the third is due to bending. Vibrational frequencies
at 2919 (strong, sharp), 2874 (strong, very sharp), 1450 (medium, very sharp), and
1090 cm�1 (very strong, sharp) are attributed to C–H asymmetric and symmetric
stretching, scissoring and �(C–N) vibrations, respectively. The presence of water is
supported by bands at 3439 (strong, sharp), 3322 (shoulder but sharp), and 1624 cm�1

(weak), respectively, ascribed to O–H asymmetric and symmetric stretching and bending.
Two medium bands at 497 (sharp) and 519 cm�1 (very sharp) are assigned to �(Ni–N).

The IR spectrum of DATT�10HCl shows a very strong but broad band in the region
3100–2800 cm�1 assigned to C–H stretching vibrations followed by a series of weak or
very weak but generally sharp bands at 2699, 2570, 2438, and 2399 cm�1 and a medium,
band at 2020 cm�1, due to amine hydrochloride group. The �(N–H) and �(C–H) bands
appear at 1527 (very strong, very sharp) and 1478 cm�1 (strong, sharp), respectively.
The N–H stretching vibration is absent, probably coupled with C–H vibrations. The
�(C–N) appears at 1186 cm�1. Other bands in the region 1600–500 cm�1 are associated
with whole ligand.

3.2.2. DTCH system. The IR spectrum of [Ni(DTCH)]Cl2�HCl�2H2O show vibrations
at 3266, 3173, 1568, 2920, 2874, 1449, and 1090 cm�1 assigned to �1(N–H), �2(N–H),
�(N–H), �as(C–H), �s(C–H), �(C–H), and �(C–N), respectively. These bands closely
resemble bands observed for nickel-DATT complex, due to structural similarity. Two
bands at 496 (shoulder but sharp) and 518 cm�1 (strong but sharp) are assigned to �(Ni–
N). Bands at 2558 (very weak) and 2106 cm�1 (weak) are due to protonated complex.
The presence of water is evident by bands at 3442, 3322, and 1624 ascribed to
asymmetric, symmetric stretching, and bending modes, respectively.
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The metal-free ligand hydrochloride spectrum shows a strong and broad band in the
region 3100–2800 cm�1 ascribed to C–H stretching followed by multiple bands from
2900 to 2200 cm�1 with a medium but prominent band at 2023 cm�1 assigned to4NHþ2
Cl� groups, similar to those observed in other amine hydrochloride systems. Bands at
1587 (very strong, sharp), 1485 (strong), and 1172 cm�1 (medium, sharp) are attributed
to �(N–H), �(C–H), and �(C–N) vibrations, respectively.

3.2.3. DATH system. The bands assigned to stretching and bending modes of water in
the nickel complex of DATH are at 3454 (strong and broad) and 1626 cm�1 (shoulder),
respectively. Strong bands at 2947, 2882, and 1092 and a medium band at 1456 cm�1 are
attributed to C–H asymmetric, symmetric stretching, �(C–N) and �(C–H) modes. The
N–H vibrations of secondary amine are at 3171 (strong, very sharp), 3288 (very strong,
sharp), and 1591 cm�1 (medium) assigned to �(N–H) and �(N–H), respectively. The
�(Ni–N) is at 498 (medium but sharp) and 521 cm�1 (strong and very sharp).
Protonation is evident by weak peaks at 2747, 2363, and 2110 cm�1.

The IR spectrum of metal-free ligand hydrochloride indicates the absence of metal–
nitrogen or metal–oxygen bands. In addition, the absence of N–H stretching vibration
is due to the coupling with C–H stretching vibrations. The �(C–H) stretches are very
strong but broad in the region 3200–2800 cm�1. The bending N–H and C–H vibrations
are strong peaks at 1592 and 1483 cm�1, respectively; �(C–N) is at 1113 cm�1.

3.2.4. DATO system. The IR spectrum of [Ni(DATO)]Cl2�1.5HCl�0.5H2O shows
close correspondence to those of [Ni(DTCH)]Cl2�HCl�2H2O, [Ni(DATH)]Cl2�
0.8HCl�H2O, and [Ni(DATT)]Cl2�HCl�0.5H2O, and the spectrum of the metal-free
ligand also shows close similarity with other N10-cages.

The O–H stretching and bending modes of vibrations for water in the nickel complex
of DATO are at 3444 (strong and sharp) and 1624 cm�1 (weak but sharp), respectively.
Two bands assigned to �(N–H) are at 3266 (very strong, sharp) and 3171 (very strong,
very sharp), while �(N–H) is observed at 1566 cm�1 (medium but very sharp). Bands at
2918 (strong, very sharp), 2873 (strong, very sharp), and 1449 (medium but very sharp)
are ascribed to C–H asymmetric and symmetric stretching and bending vibrations,
respectively. The �(Ni–N) are observed at 519 cm�1 (medium but very sharp) and
496 cm�1 (weak but sharp). The band at 1090 cm�1 (very strong, very sharp) is
attributed to �(C–N).

The metal-free ligand hydrochloride shows a very strong and broad band at 3000–
2950 cm�1 assigned to C–H stretching followed by a series of weak but generally sharp
bands at 2967, 2568, 2436, and 2380 and a medium band at 2018 cm�1 due to amine
hydrochloride. No band is observed for �(N–H) while �(N–H) is at 1528 cm�1 (strong,
very sharp). The �(C–H) and �(C–N) bands are at 1480 (strong, sharp) and 1174 cm�1

(weak but sharp), respectively.

3.3. Comparison of DATO, DATT, DTCH, and DATH cage systems

Spectra of nickel(II) complex with DATO or DATH are a mixture of two compounds;
therefore, the mode of vibrations due to different functional groups recorded for
[Ni(DATO)]Cl2�1.5HCl�0.5H2O or [Ni(DATH)]Cl2�0.8HCl�H2O cannot be truly used
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for the comparison of bond orders. Hence, only �(Ni–N) vibration is discussed here to a
limited extent.

Hole size calculations based directly on X-ray data, as well as parallel calculations
involving molecular mechanics procedures, strongly suggest that 16-membered tetraaza
ring provides a cavity, which is near-ideal for nickel [33]. Thus, nickel is not well fitted
in the tetraaza planar cavity (XY-plane) or it is slightly away from the center of the
spherical cavity of 10 aza groups. The nickel may occupy a position in one of the two
smaller 3-D cavities of seven aza groups (four in XY-plane and three above or below
this plane). The �(Ni–N) vibration energy in nickel complexes with DATT, DTCH,
DATH, and DATO follows the order DATH4DATT4DATO4DTCH. The highest
frequency for DATH complex is due to its non-protonated species. Further, a higher
value for Ni-DATT complex than Ni-DATO or Ni-DTCH complex is probably due to
the best fitting of nickel(II) in the smaller 3-D cavity as mentioned above.

3.4. Electronic spectra

Electronic spectral measurements have confirmed octahedral geometry of the nickel
complexes. The visible electronic spectra of complexes of DATT, DTCH, DATH, and
DATO in aqueous solution are virtually identical, indicating that nickel ions are in
similar coordination environment. Each spectrum shows three absorption bands at
�12,560, �18,800, and �28,820 cm�1 (�53.0), which are attributed to d–d transition
and have been assigned as 3A2g!

3T2g,
3A2g!

3T1g (F), and 3A2g!
3T1g (P) of

octahedral nickel(II) [34].

3.5. 1H-NMR spectra

The 1H-NMR spectra of the hydrochloride of each ligand exhibit a singlet at 4.80 ppm,
which is expected for (NHþ2 þCH) resonances. Two multiplets in the regions 3.68–3.63
and 3.59–3.54, 3.59–3.55 and 3.50–3.46, 3.60–3.55 and 3.51–3.46, and 3.56–3.54 and
3.49–3.48 ppm in spectra of DATT, DTCH, DATH, and DATO hydrochlorides,
respectively, are due to protons of non-equivalent CH2 groups. The proton resonances
shift upfield, due to the successive addition of CH or CH2 group. Thus, bands (ppm)
follow the order: DATT4DTCH�DATH4DATO.

3.6. Mass spectra

The mass spectra (ESIMS) obtained for DATT�10HCl, DATH�10HCl, and
DTCH�10HCl and related molecular fragmentation pattern have been very useful in
completing the characterization of the cage macrocycles. A representative mass
spectrum of DTCH�10HCl and the corresponding molecular fragmentation are given in
‘Supplementary material’. The spectra have been further analyzed on the basis of
isotopic abundance of different nuclei, particularly that of chlorine and the most
abundant peak has been taken into consideration. The spectra of DTCH�10HCl,
DATT�10HCl, and DATH�10HCl exhibit peaks at m/z 732, 719, and 738 attributable to
the molecular ions [M� 2H]þ, [Mþ 13H]þ, and [Mþ 4H]þ, respectively. The isotopic
distribution for these molecular ions cannot be analyzed as the intensity of the peaks is
very weak [32, 35, 36]. Also, the peaks at m/z 698 and 694 for [M� 8H]þ and
[M�HCl� 4H]þ ions in the DATT�10HCl and DATH�10HCl spectra, respectively, do
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not show isotopic distribution due to similar reason. The isotopic peaks for most of the
other fragments associated with the HCl molecules can be seen in the spectra. In DTCH
system, the fragment ion [M� 2HClþ 7H]þ at m/z 669 shows isotopic distribution at
m/z 665 (35.7%), 667 (90%), 669 (100%), 671 (63%), 673 (24%), and 675 (6%). The
intensity of these peaks also corresponds to the intensity as calculated for isotope
abundances for a combination of eight chlorine atoms [37]. The isotope peak intensity
in other fragments does not correspond to the calculated intensity, probably due to
spurious contributions from protonated molecular ions or weak background peaks [37].
But, as the number of chlorine atoms increases in the fragment, the number of peaks
increases. Thus, the number of chlorine atoms/HCl molecules can be recognized from
the isotopic distribution exhibited by the spectrum. The number of isotopic peaks in
fragment ions [M� 3HClþ 8H]þ and [M� 6HCl�NH� 9H]þ are six (m/z 630–640)
and five (m/z 490–498), respectively. In fragments [M� 4HClþH]þ and
[M� 5HCl�NH� 3H]þ at m/z 589 and 540, respectively, all isotopic peaks are not
visible due to their poor intensity.

In the spectrum of DATT�10HCl, peaks that span from m/z 665 to 675 (six peaks),
from 630 to 640 (six peaks), from 490 to 496 (four peaks), and from 418 to 422 (three
peaks) are attributable to [M�HCl�H]þ, [M� 2HCl]þ, [M� 6HClþ 5H]þ and
[M� 8HClþ 4H]þ ion, respectively. The number of isotope peaks for these fragments
corresponds to the peaks as reported for similar number of Cl atoms in literature.
Similarly, the DATH�10HCl mass spectrum shows peaks that span from m/z 665 to 675
(six peaks), from 490 to 496 (four peaks), from 445 to 447 (two peaks), and 419 and 421
(two peaks) as expected for [M� 2HClþ 6H]þ, [M� 6HCl�NH� 9H]þ,
[M� 8HClþ 3H]þ, and [M� 9HClþ 13H]þ ions, respectively.

All three spectra show peaks corresponding to hydrochloride free ligands at m/z 341,
382, and 371 attributable to [DATT�H]þ, [DATHþ 12H]þ, and [DTCHþH]þ ions,
respectively, further confirming formation of macrocycles. Each spectrum exhibits some
common peaks, which are expected for [C10H23N7þH]þ, [C10H21N5� 4H]þ, and
[C4H11N3þ 3H]þ atm/z 243, 207, and 104, respectively. The fragmentm/z 104 is common
in all the systems. The fragments at m/z 243 and 207 are common in DATT and DTCH
systems due to structural similarity, while the corresponding fragments are different in
DATH system. These fragment structures for DATH system are shown below:

The fragment ions arising from the thermal cleavage of the ligands DATT�10HCl and
DATH�10HCl are summarized below:

DATT�10HCl:104 [C4H11N3þ 3H]þ, 113 [C5�H11N3]
þ, 129 [C5H12N4þH]þ, 141

[C6H14N4�H]þ, 158 [C7H16N4þ 2H]þ, 181 [C8H17N5� 2H]þ, 207 [C10H21N5� 4H]þ,
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243 [C10H23N7þ 2H]þ, 288 [C12H28N8þ 4H]þ, 303 [C12H29N9þ 4H]þ, 316
[C13H31N9þ 3H]þ, 341 [M� 10HCl�H]þ, 355 [M� 10HClþ 13H]þ, 384
[M� 9HClþ 6H]þ, 418 [M� 8HClþ 4H]þ, 493 [M� 6HClþ 5H]þ, 634 [M� 2HCl]þ,
669 [M�HCl�H]þ.

DATH�10HCl: 104 [C4H11N3þ 3H]þ, 181 [C8H19N5� 4H]þ, 207 [C10H21N5� 4H]þ,
243 [C10H23N7þ 2H]þ, 316 [C14H32–N8þ 4H]þ, 341 [C15H35N9]

þ, 355 [C16H37N9]
þ,

382 [M� 10HClþ 12H]þ, 419 [M� 9HClþ 13H]þ, 445 [M� 8HClþ 3H]þ,
492 [M� 6HCl�NH� 9H]þ, 668 [M� 2HClþ 6H]þ, 694 [M�HCl� 4H]þ,
738 [Mþ 4H]þ.

3.7. Solubility, conductivity, and other data

As ions, the ligand hydrochlorides and their metal complexes are highly soluble in
water, but poor in other polar solvents like methanol, ethanol, DMF, and DMSO. The
ligands are white and crystalline, but the complexes are violet (crystals) except that of
DATH, which is bluish-violet. The molar conductivity values suggest the presence of
0.8 HCl molecules in DATH, 1.0HCl molecules in DATT and DTCH, and 1.5 HCl
molecules in DATO complex molecules. The number of ionizable chlorides, recorded in
table 1, supports the presence of additional HCl. The [Ni(DATH)]Cl2�0.8HCl�H2O and
[Ni(DATO)]Cl2�1.5HCl�0.5H2O complexes are 2.8 : 1 and 3.5 : 1 electrolytes exhibiting
conductance values of 388 and 371Ohm�1 cm2mol�1, respectively. Conductance values
in the range 308–330Ohm�1 cm2mol�1, determined for [Ni(DATT)]Cl2�HCl�0.5H2O
and [Ni(DTCH)]Cl2�HCl�2H2O, are consistent with 3 : 1 electrolytes. All the complexes
have decomposition points from 230�C to 295�C. These complexes were heated to
120�C to remove water of crystallization. The metal-free ligand DATO�10HCl
decomposes before its melting point at 245�C, whereas remaining ligand hydrochlorides
have melting points in the range 190–290�C (table 1).

Table 2. Equilibrium constants for nickel(II) complexes of DATT, DTCH, DATH, and DATO (25�C,
m¼ 0.1M KNO3).

Equilibria
number Reactiona

log K

DATT system DTCH system DATH system DATO system

(1) H10A
10þ
ÐH9A

9þ
þHþ �3.36� 0.02 �3.25� 0.07 �3.36� 0.60 �3.42� 0.03

(2) H9A
9þ
ÐH8A

8þ
þHþ �3.68� 0.05 �3.67� 0.03 �3.59� 0.50 �3.96� 0.03

(3) H8A
8þ
ÐH7A

7þ
þHþ �3.84� 0.03 �3.86� 0.06 �3.98� 0.80 �5.62� 0.02

(4) H7A
7þ
ÐH6A

6þ
þHþ �4.87� 0.10 �4.14� 0.08 �4.77� 0.02 �6.44� 0.06

(5) H6A
6þ
ÐH5A

5þ
þHþ �6.87� 0.08 �5.97� 0.05 �6.64� 0.10 �7.02� 0.07

(6) H5A
5þ
ÐH4A

4þ
þHþ �7.37� 0.06 �7.02� 0.10 �7.13� 0.09 �7.65� 0.05

(7) H4A
4þ
ÐH3A

3þ
þHþ �9.47� 0.02 �8.58� 0.02 �7.63� 0.04 �9.80� 0.08

(8) H3A
3þ
ÐH2A

2þ
þHþ �9.93� 0.05 �9.75� 0.06 �9.67� 0.06 �10.10� 0.03

(9) H2A
2þ
ÐHAþþHþ �10.29� 0.03 �10.19� 0.04 �10.13� 0.02 �10.48� 0.02

(10) HAþÐAþHþ �10.55� 0.08 �10.36� 0.07 �10.56� 0.08 �10.86� 0.06
(11) Ni2þþHAþÐNiHA3þ 19.83� 0.12 17.74� 0.04 12.46 �0.16 22.05� 0.18
(12) Ni2þþAÐNiA2þ 21.96� 0.17

(11.09)
20.90� 0.18

(. . .)
21.20� 0.10

(16.40� 0.10)
23.11� 0.26
(22.20)

(13) NiHA3þ
ÐNiA2þ

þHþ �8.40� 0.06 �7.20� 0.07 �6.83� 0.10 �9.80� 0.05

aA¼DATT/DTCH/DATH/DATO; values in parenthesis represent the values for the corresponding tetraaza macrocycle
with similar planar cavity.
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3.8. Solution stability

Proton–ligand equilibria between pH 3.0 and 11.0 (table 2) are shown by titration
curves (figure 2) of the hydrochlorides of each N10-cage DTCH, DATT, DATH, or
DATO. Four inflections at a¼ 3 (very weak), 4 (steep), 6 (very steep), and 10 (very
steep) in the titration curve of DATT hydrochloride indicates that equilibria (1)–(3)
below a¼ 3, (5) and (6) between a¼ 4 and 6, and (7)–(10) between a¼ 6 and 10 coexist,
whereas the fifth proton independently dissociates from H6A

6þ between a¼ 4 and 5.
The corresponding curves for DTCH and DATO systems exhibit only two inflections:
(DTCH at a¼ 4 (weak) and 7 (steep), and DATO at a¼ 2 (weak) and 6 (very steep)).
For DTCH equilibria (1)–(4), below a¼ 4, (5)–(7) between a¼ 4 and 7, and (8)–(10)
beyond a¼ 7 also coexist. Similar coexistence of equilibria (1) and (2), (3)–(6), and (7)–
(10) is indicated below a¼ 2, between 2 and 6, and 6 and 10, respectively, in the DATO
system. A weak inflection at a¼ 4, followed by two-steep inflections at a¼ 7 and 10 is
also indicated by titration curves of the DATH system, where equilibria (1)–(4), (5)–(7),
and (8)–(10) separately coexist in the different range of a values (figure 2).

Evaluated equilibrium constant values for reactions (1)–(10) are given in table 2.
Overall basicity of the N10-cage molecule follows the order:
DATO4DATT4DTCH�DATH. The highest basicity of DATO is probably due
to its flexibility and presence of large number of methylene groups. Flexibility of DATT
is reduced compared to that of DTCH, DATH, or DATO. The number of methylene
groups in DATT and DATH is small compared to DTCH. Thus, availability of lone
pairs is, comparatively, decreased in DATT. However, probably due to its smaller size,
solvation is greater making the lone pair available (increased) for protonation.

Figure 2. pH vs. a curves for N10–cage systems: (1) DATO�10HCl, (2) DATT�10HCl, (3) DATH�10HCl,
(4) DTCT�10HCl, (5) Ni2þ�DATO�10HCl, (6) Ni2þ�DTCH�10HCl, (7) Ni2þ�DATT�10HCl and (8)
Ni2þ�DATH�10HCl (DATO/DATT/DATH/DTCH¼ 0.001M).
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The formation of NiHA3þ in solution is evident from the titration curves of 1 : 1,
nickel(II)–ligand systems, which show very weak, steep or very steep inflections at a� 9
(DATT or DTCH – steep, pH� 6.5; DATH – very weak, pH� 6 and DATO – very
steep, pH� 6.4). A gradual color change from green to violet in each titration mixture
containing nickel(II) below the pH of inflection also supports their formation. Further
increase in a value, up to 10 under the experimental pH condition, shows dissociation of
Hþ from the monoprotonated nickel(II) complex NiHA3þ. The titration curves also
exhibit steep or very steep inflections at a¼ 10 at different pH (DATT� 10.0,
DTCH� 7.8, DATH� 8.5, and DATO� 10.8). No color change beyond a¼ 9 indicates
that each non-protonated species is violet. Equilibrium constants for the protonated
and non-protonated complexes are reported in table 2. The equilibrium constants for
the non-protonated nickel(II) complexes of cages follow the order:
DATO4DATT4DATH4DTCH.

Nickel(II) forms mononuclear complex with 1,4,7,11-tetraazacyclotetradecane
(cyclam). A high value of equilibrium constant (logK¼ 22.2 at 25�C, m¼ 0.1M; by
spectrophotometric method) for this complex has been reported earlier [38]. The cage
DATO, a derivative of cyclam, also forms a nickel(II) complex with enhanced
equilibrium constant (log K¼ 23.11 at 25�C, m¼ 0.1M). Nickel(II) close to the center of
the large decaaza spherical cavity is suitably fitted in the planar tetraaza cavity.
However, its fitting is poor in the spherical large cavity. About 10 times higher value is
attributed to either a poor cage effect or chelate effect due to increase in chelate ring
numbers or both. The log K values (�21) for the nickel(II) complexes of DTCH and
DATH are comparable because of the similarity in planar cavity ([12]-N4). A lower
value than that for DATO may be because of the reduction in planar cavity size that
force the metal to shift from the center of the planar cavity (or center of the large
spherical cavity). Thus, metal ion is poorly fitted either in planar or large spherical
cavities.

In potentiometric measurement, Thöm and Hancock [39] studied the interaction
between nickel(II) cyclen ([12]-N4 cavity ring) at 25�C and reported the stability
constant (log K¼ 16.40� 0.10) of the complex formed. Here, an increase in the K value
for nickel complex of DTCH or DATH over similar tetraaza ligand complex is
approximately 105; the value is enhanced in DATT in spite of further reduction in the
size of planar and spherical cavities as compared to those in DTCH or DATH. The
enhancement is probably due to smaller spherical cavity of seven4NH groups (four in
XY-plane and three above or below this plane) to a size where the nickel(II) is suitably
encapsulated (well fitted) by five 4NH groups. The sixth coordination position is
occupied by the4NH group of the other cavity and the corresponding metal-nitrogen
bond length is slightly larger. The formation constant for nickel(II) complex of
1,3,6,8-tetraazacyclodecane (logK¼ 11.9) has been recently reported [40]. The cavity
size of this [10]-N4 ligand is equivalent to that of planar cavity of DATT. The enhanced
stability of DATT complex over that of this ligand (difference of �1010) is due to the
cage effect.

In addition to the cavity size effect on stability constant of the nickel complex of the
cage macrocycle discussed above, comparatively low solvation of the cage macrocycle
can also be responsible for high value of logK for its metal complex. Similarly, the
availability of two additional binding sites in the cage to form an octahedral complex
will further increase the stability constant. However, a comparison of increased stability
constant value of the nickel complex of the cage macrocycles over that of the
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corresponding similar tetraaza planar ligand (cage effect) indicates that major
contribution on stability is from the spherical cavity suitable for a nice fit of the cation.
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