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Abstract

Binuclear Ni(Il) complex {[Nix([20]-DCHDC)]Cl,}, with [2 + 2] symmetrical
N4O> compartmental macrocyclic ligand {H>[20]-DCHDC; 14,29-dimethyl-3,10,
18,25-tetraazapentacyclo-[25,3,1,04’9,112’16,019’24]ditriacontane-2,10,12,14,
16(32),17,27(31),28,30-decane-31,32-diol} containing bridging phenolic oxygen
atoms was synthesized by metal template condensation of 2,6-diformyl-p-cresol,
trans-1,2-diaminocyclohexane and nickel chloride hexahydrate. The reaction of
[Nix([20]-DCHDC)]Cl, with auxiliary ligands (L. ; ClOs, SCN, N3, NO,
and I') in methanol solution formed a new 5 complexes ; [Niy([20]-DCHDC)]
-(ClO4)2, [Nix([20]-DCHDC)(NCS):], [Nix([20]-DCHDC)(N:)2], [Nix([20]-DCHDC)
-(U-ONO)INO; - 1.5H,0, and [Niy([20]-DCHDC)I,]. Mononuclear Ni(Il) complex
(INi(H[20]-DCHDCQC)](ClO4), * 2H,0, with [2+2] symmetrical N4O, compartmental
macrocyclic ligand containing bridging phenolic oxygen atoms was synthesized
by metal template condensation of 2,6-diformyl-p-cresol, trans -1,2-diaminocyclohexane
and nickel perchloride hexahydrate. The reaction of [Ni(H,[20]-DCHDC)]
-(ClO4)2 + 2H,O with auxiliary ligand (L. ; SCN’) in methanol solution
formed [Ni([22]-DCHDC)(NCS),] + 3H»0. X-ray crystals and molecular
structures of [Niy([20]-DCHDC)](ClO4); * 2CH3CN and [Ni(H2[20]-DCHDC)]
-(ClO4), have been determined on a XRD. The binuclear [Niz([20]
-DCHDC)](CIO4), + 2CH3CN core structures are centrosymmetric with each
nickel(I) ion in the N,O, sites being four-coordinate by square-planar
geometry of interactions with two nitrogen and two oxygen atoms of the
binucleating ligand [20]-DCHDC. [Nix([20]-DCHDC)](CIO4); has two uncoordinated
perchlorate anions, two acetonitrile molecule in the crystal lattice. The
Ni-N(3) (acetonitrile) and Ni-O(16) (perchlorate) separation are 3.256 and
4.759 A, respectively. The interatomic Ni---Ni separation is 2.8078(10) A. In

_Vi_



the [Ni(H»[20]-DCHDC)](CIOs), crystals, the occupancy of central metal Ni(Il)
is 0.5 in two N,O, sites. The geometry about Ni(1) in the N,O, site is a
square-planar environment, and other NO, site is able to wvacant. The
macrocyclic complex adopts an essentially flat structure with the square-planar
nickel center bridged by the two phenoxide oxygen atoms. The sum of
angles at the nickel basal planes (NiN2O;) is almost exactly 360°, indicating
no plane distortion. Two phenol mean planes are not able to flat. The
in-plane Ni-to-donor distances range from 1.743(4) to 1.907(6) A. The
perchlorate ions occupy lattice sites. The Ni(1)*O(2) (perchlorate) separation
is 3.453(6) A.

- vii -



I. Introduction

Interest in exploring metal ion complexes with macrocyclic ligands has
been continually increasing owing to the recognition of their role played by
these structures in metalloproteines. Schiff base macrocycles have been of
great importance in macrocyclic chemistry. They were among the first
artificial metal macrocyclic complexes to be synthesized. The metal complexes
containing synthetic macrocyclic ligands have attracted a great deal of
attention because they can be used as models for more intricate biological
macrocyclic systems: metalloporphyrins (hemoglobin, myoglobin, cytochrome,
chlorophyll), corrins (vitamin Bj;) and antibiotics (valinomycin, nonactin).
These discoveries have created supramolecular chemistry and its enormous
diversity.'"”

Over the past decade, many studies have been focused upon metal
complexes of cyclic triamines which cleaving carboxyester,6 phos—phoeaster,7'll
RNA,'>"” DNA,"™" dipeptides and proteins.'® To our knowledge, few papers
published for the cytotoxic properties and the in vivo antitumor effects of
triazacyclic polyamines metal complexes.”’18

Ni(Il) complexes with polyamine ligands containing binding units suited for
the coordination of a single metal ion or for the dinuclear centers have proved
very useful. The structure of these synthetic dioxygen carriers, the kinetics and
thermo-dynamics of their formation is affected by the nature of the ligand. The
use of polynucleating ligands represents an evolution in synthetic Ni(Il) dioxygen
carriers. These ligands contain sufficient number of oxygen and nitrogen donor
atoms to coordinate more than one Ni(II) ion and can act as biomimetic models

. . . 19
of natural non-heme types carriers, such as hemerythrin and hemocyanin.

The Schiff base macrocyclic complexes, which form neutral or cationic



complexes with the metal of interest, fulfill these requirements, because they
are extremely rigid and display kinetic inertness towards metal release,
whereas exocyclic ligands are labile and easy to change.

Macrocyclic Schiff bases have been widely studied because they can
selectively chelate certain metal ions depending on the number, type and
position of their donor atoms, the ionic radius of the metal center, and
coordinating properties of counter ions.”’

This work performs synthesis, crystal X-ray diffraction studies and
physicochemical characterization of dinuclear Ni(II) and mononuclear Ni(Il)
complexes, with [2+2] symmetrical N4O, compartmental macrocyclic ligand
{H2[20]-DCHDC;14,29-dimethyl-3,10,18,25-tetraazapentacyclo-[25,3,1,
0*°,1">'°,0""**1ditriacontane-2,10,12,14,16(32),17,27(31),28,30-decane-31,32-diol }
containing bridging phenolic oxygen atoms was synthesized by condensation,

in the metal ions, of 2,6-diformyl-p-cresol and frans-1,2-diaminocyclohexane.



II. Experimental section

1. Physical Measurements

All chemicals were commercial analytical reagents and were used without
further purification. For the spectroscopic and physical measurements, organic
solvents were dried and purified according to the literature methods.
Nanopure quality water was used throughout this work. Microanalyses of C,
H, and N were carried out using LECO CHN-900 analyzer. Conductance
measurements of the complexes were performed at 25+1C using an ORION
162 conductivity temperature meter. IR spectra were recorded with a Bruker
FSS66 FT-IR spectrometer in_the range 4000-370 cm’ using KBr pellets.
Electronic absorption spectra were measured at 25C on a UV-3150
UV-VIS-NIR Spectrophotometer (SHIMADZU). FAB-mass spectra were
obtained on a JEOL JMS-700 Mass Spectrometer using argon (6 kV, 10 mA)
as the FAB gas. The accelerating voltage was 10 kV and glycerol or
m-nitrobenzyl alcohol (NBA) was used as the matrix. The mass spectrometer
was operated in positive ion mode and mass spectrum was calibrated by

Alkali-Csl positive.



2. Synthesis of Ni(I) Complexes

1) Preparation of 2, 6-diformyl-p-cresol

The synthesis of 2,6-diformyl-p-cresol was prepared according to the

methods previously repor“ced.zh22

2) Preparation of dinuclear Ni(Il) complexes

The dinuclear Ni(Il) complexes with [2+2] symmetrical N4O,
compartmental macrocyclic ligand {([20]-DCHDC)2+} containing bridging
phenolic oxygen atoms was synthesized by condensation of 2,6-diformyl

-p-cresol and trans-1,2-diaminocyclohexane, in the Ni(Il) ions (Scheme 1).
(1) [Ni(]20]-DCHDCO)|CL,

Nickel chloride hexahydrate (9.50 g), 2,6-diformyl-p-cresol (4.92 g), and
trans-1,2-diaminocyclohexane (3.42 g) in methanol (200 mL) were refluxed for
lday. The solution was concentrated under rota evaporation to approximate 50
mL and then it was on standing overnight at room temperature. The resulting
dark brown precipitate was filtered, thoroughly washed twice with methanol,

dried under vacuum over anhydrouse calcium chloride.



_ CH, _—
CH,
o)
i Q NiCly6H,0 Oi\ VAN /NI)
+ —_— Ni Ni cl,
OH NH, e N/ \0/ \N
L CH, |
[Ni,(]20]-DCHDC)]Cl,
Sat. NaClO4 )
> [Ni,([20]-DCHDC)](ClOy4),
NaSCN )
> [Niy([20]-DCHDC)(NCS);]
NaN3 .
> [Niy([20]-DCHDC)(N5),]
NaN02 .
> [Niy([20]-DCHDC)(ONO)]NO,. 1.5H,0
NaIz
> [Ni,([20]-DCHDO)I,]

Scheme 1. Synthesis of the dinuclear Ni(II) complexes of phenol-based

macrocyclic ligand.



Yield : 4.4151 g (43.9%)
Anal. Calc.(%) for Niy(C30H34N402)Cl,
C, 53.71 ; H, 5.11 ; N, 8.35
Found(%) C, 54.05 ; H, 5.01 ; N, 8.51
Solubility : MeOH, DMSO, DMF
Am (MeOH) : 169.3 ohm™'cm’mol”

(2) [Nix(J20]-DCHDC)](CI0,),

A solution of [Niy([20]-DCHDC)]Cl, (0.670 g) in methanol (150 mL) was
added dropwise a saturated aqueous NaClOy4 solution (4 mL) with stirring and
the mixture was refluxed for 6 h. The resulting orange precipitate were

filtered, thoroughly washed twice with methanol, and dried under vacuum.

Yield : 0.5325 g (67.4%)
Anal. Calc.(%) for Niy(CsoH34N40,)(ClO4)>
C, 45.10 ; H, 429 ; N, 7.01
Found(%) C, 44.83 ; H, 4.30 ; N, 7.04
Solubility : Acetonitrile, DMSO, DMF
A (MeOH) : 311 ohm™cm’mol’

(3) [Niz([20]-DCHDC)(NCS):]

A solution of [Nix([20]-DCHDC)]CI, (0.670 g) in methanol (150 mL) was
added dropwise of sodium thiocyanide (0.8107 g) with stirring and the
mixture was refluxed for 6 h. The resulting dark brown precipitate were
filtered, thoroughly washed twice with cold methanol, and dried under

vacuum.



Yield : 0.6101 g (85.2%)
Anal. Calc.(%) for Niy(CsoH34N4O2)(NCS),
C, 53.67 ; H, 479 ; N, 11.73
Found(%) C, 54.53 ; H, 5.05 ; N, 11.86
Solubility : MeOH, DMSO, DMF
Am (DMSO) : 65.4 ohm™ cm’mol”

(4 [Nix(J20]-DCHDC)(N3),]

A solution of [Niy([20]-DCHDC)]Cl, (0.670 g) in methanol (150 mL) was
added dropwise of sodium azide (0.6501 g) with stirring and the mixture was
refluxed for 6 h. The resulting dark brown precipitate were filtered,
thoroughly washed twice with cold methanol, and dried under vacuum.

Yield : 0.3826 g (55.9%)
Anal. Calc.(%) for Nix(CsoH34N402)(N3)»
C, 52.68 ; H, 5.01 ; N, 20.48
Found(%) C, 52.23 ; H, 5.00 ; N, 19.91
Solubility : MeOH, DMSO
Am (DMSO) : 40.1 ohm™cm’mol”

(5) [Niz([20]-DCHDC)(p-ONO)|NO; - 1.5H,0

A solution of [Niy([20]-DCHDC)]Cl, (0.670 g) in methanol (150 mL) was
added dropwise a solution of sodium nitrite (0.69 g) with stirring and the
mixture was refluxed whereupon the initial red-brown precipitate first turned
dark orange. The resulting dark brown precipitate were filtered, thoroughly

washed twice with methanol, and dried under vacuum.



Yield : 0.3236 g (43.5%)
Anal. Calc.(%) for Niy(CsoH34N4O02)(NO2)2(H20); 5
C, 51.73 ; H, 5.02 ; N, 11.31
Found(%) C, 5145 ; H, 494 ; N, 11.92
Solubility : MeOH
Am (MeOH) : 135.7 ohm™ cm’mol”

(6) [Ni2([20]-DCHDO)I;]

A solution of [Niy([20]-DCHDC)]Cl, (0.670 g) in methanol (150 mL) was
added dropwise of sodium Ilodine (1.4988 g) in methanol (50 mL)with
stirring and the mixture was refluxed for 6 h. The resulting dark brown
precipitate were filtered, thoroughly washed twice with cold methanol, and

dried under vacuum.

Yield : 0.6325 g (74%)
Anal. Calc.(%) for Nix(CsoH34N4O2)(I)2
C, 42.20 ; H, 4.01 ; N, 6.56
Found(%) C, 43.10 ; H, 4.18 ; N, 6.88
Solubility : MeOH, DMSO, DMF, Acetonitrile
Am (DMSO) : 68.1 ohm™ cm’mol”

3) Preparation of mononuclear Ni(Il) complexes
(1) [Ni(H2[20]-DCHDCQ)](CI104); - 2H,0

Nickel perchloride hexahydrate (21.94 g), 2,6-diformyl-p-cresol (4.92 g),

and frans-1,2-diaminocyclohexane (3.42 g) in methanol (200 mL) were refluxed



for 1day. The solution was concentrated under rota evaporation to
approximate 50 mL and then it was on standing overnight at room
temperature. The resulting red-brown precipitate was filtered, thoroughly
washed twice with methanol, dried under vacuum over anhydrouse calcium
chloride (Scheme 2).

Yield : 6.7499 g (57.8%)
Anal. Calc.(%) for Ni(CsoH36N402)(ClO4)2(H20),
C, 4630 ; H, 5.18 ; N, 7.20
Found(%) C, 46.28 ; H, 4.85 ; N, 7.12
Solubility : MeOH, DMSO, DMF, Acetonitrile

Am (Acetonitrile) : 322 ohm™cm’mol”

CH;

2 2 i ) N, o) .
Ni(C10,),6H,0 \ T
* e Ni/ (C10,),
0 OH O NH, \H,  MeOH N/ \O/H\

—

7

L CH, —

[Ni(H,[20]-DCHDC)](C10,), - 2H,0

NaSCN/methanol

[Ni(H,[20]-DCHDC)(NCS),] - 3H,0

Scheme 2. Synthesis of the mononuclear Ni(II) complexes of phenol-based

macrocyclic ligand.



(2) [Ni(H2[20]-DCHDC)(NCS),] - 3H,0

A solution of [Ni(H2[20]-DCHDC)](CIO4)2(H20), (0.778 g) in methanol
(150 mL) was added dropwise of sodium thiocyanide (0.8107 g) with stirring
and the mixture was refluxed whereupon the initial red-brown precipitate first
turned dark orange. The resulting red-brown precipitate were filtered,

thoroughly washed twice with water, and dried under vacuum.

Yield : 0.5554 g (77.5%)
Anal. Calc.(%) for Ni(Cs30H3sN4O2)(NCS)2(H20)3
C, 53.87 ; H, 593 ; N, 11.78
Found(%) C, 53.99 ; H, 529 ; N, 11.11
Solubility : MeOH, DMSO, DMF, Acetonitrile
A (DMSO) : 76.2 ohm™cm’mol”

_10_



3. X-ray Diffraction Measurements

1) [Ni2(20]-DCHDC)](CI0y); - 2CH;CN

Suitable crystals of [Niy([20]-DCHDC)](ClOs), - 2CH3CN were obtained by
slow evaporation of acetonitrile solutions of [Niy([20]-DCHDC)](CIO4),
complex at atmospheric pressure. The dark brown crystal of
[Niz([20]-DCHDC)](ClO4), + 2CH3CN  was attached to glass fibers and
mounted on a Bruker SMART diffractometer equipped with a graphite
monochromated Mo Ka ( = 0.71073 A) radiation, operating at 50 kV and 30
mA and a CCD detector, 45 frames of two-dimensional diffraction images
were collected and processed to obtain the cell parameters and orientation
matrix. The crystallographic data, conditions for the collection of intensity
data, and some features of the structure refinements are listed in Table 1,
and atomic coordinates were given in Table 2. The intensity data were
corrected for Lorentz and polarization effects. Absorption correction was not
made during processing. Of the 10649 unique reflections measured, 3834
reflections in the range 2.15° < B < 26.37° were considered to be
observed(/>20(/)) and were used in subsequent structure analysis. The
program SAINTPLUS® was used for integration of the diffraction profiles.
The structures were solved by direct methods using the SHELXS program of
the SHELXTL package and refined by full matrix least squares against F* for
all data using SHELXL. All non-H atoms were refined with anisotropic
displacement parameters (Table 3). Hydrogen atoms were placed in idealized
positions [Ui, = 1.2Ueq (parent atom)]. Hydrogen coordinates and isotropic

displacement parameters were given in Table 4.

_11_



Table 1. Crystal data and structure refinement for [Nix([20]-DCHDC)](CIO4); *

2CH;CN complex.

Empirical formula

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 26.37°

Absorption correction
Refinement method

Data / restraints / parameters

Goodness-of-fit on F*

Final R indices [/>2sigma(/)]

R indices (all data)

C34H40C12N6Ni2010
[Niz(C30H34N402)](ClO4)2(CH3CN),
881.04

173(2) K

0.71073 A

Monoclinic

Pz(l)/C

a = 9.2745(5) A a = 90°.

b = 18.9687(10) A

c = 11.0198(6) A "= 90°.
1880.06(17) A’

2

1.556 g/cm3

1.208 mm

912

0.40 x 0.30 x 0.30 mm’

2.15 to 26.37°.

-11<=h<=9, -23<=k<=21, -13<=I<=13
10649

3834 [R(int) = 0.0392]

99.7 %

None

Full-matrix least-squares on F*
3834 / 0/ 245

1.071
R = 0.0580, wR, = 0.1507
Ry = 0.0743, wR, = 0.1622

R:ZHFO‘_

FL‘

IYIE|, R =[EwE - E Y wEy]

w =1/[0A(F,)+(0.0382P)+7.0524P] where P =(F,’+2F.>)/3.
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A” x 10°) for [Niy([20]-DCHDC)](C1O4), - 2CH3CN complex

x Yy z Uteq)
Ni(1) -83(1) 4294(1) 5361(1) 28(1)
o(1) 1192(3) 4891(2) 4812(3) 35(1)
N(1) 1079(4) 3512(2) 5409(3) 30(1)
N(Q2) -1420(4) 3760(2) 5931(4) 32(1)
c(1) 2332(4) 4735(2) 4335(4) 27(1)
C(2) 3017(4) 5268(2) 3772(4) 29(1)
C(3) 4214(5) 5083(2) 3273(4) 30(1)
C(4) 4746(5) 4395(2) 3312(4) 32(1)
C(5) 4089(4) 3888(2) 3892(4) 31(1)
C(6) 2885(4) 4040(2) 4411(4) 28(1)
C(7) 2257(5) 3472(2) 5005(4) 30(1)
C(8) 566(6) 2939(3) 6119(6) 50(1)
C(9) 1093(5) 2199(2) 5932(5) 39(1)
C(10) 425(7) 1686(3) 6696(8) 75(2)
c(11) -1154(7) 1759(3) 6586(8) 67(2)
C(12) -1717(5) 2501(2) 6700(5) 40(1)
C(13) -1049(6) 2995(2) 5890(6) 51(1)
C(14) -2555(5) 3999(2) 6283(4) 33(1)
C(15) 6030(5) 4211(3) 2742(5) 42(1)
Cl(1) 4819(1) 3189(1) 8617(1) 45(1)
0Q) 4575(7) 3249(3) 7294(5) 100(2)
0(3) 5404(7) 3824(3) 9190(5) 92(2)
0(4) 3506(6) 2970(3) 8926(6) 98(2)
0(5) 5919(6) 2636(3) 8949(6) 100(2)
NQ@) 497(9) 4744(4) 8071(8) 113(3)
C(16) 1423(7) 4722(3) 8967(7) 64(2)
c(17) 2595(7) 4724(4) 10076(6) 65(2)

U (eq) is defined as one third of the trace of the orthogonalized U T tensor.
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Table 3. Anisotropic displacement parameters (Az X 103) for [Nix([20]
-DCHDC)](ClO4), + 2CH3CN complex

Ul 1 U22 U3 3 U23 UI 3 Ul 2
Ni(1) 27(1) 23(1) 37(1) 1(1) 16(1) -1(1)
O(1) 36(2) 24(1) 56(2) 7(1) 29(2) 2(1)
N(1) 31(2) 24(2) 37(2) 3(2) 14(2) 1(1)
N(2) 32(2) 23(2) 45(2) 2(2) 19(2) -2(1)
C(1) 22(2) 27(2) 34(2) 1(2) 12(2) 0(2)
C(2) 26(2) 27(2) 36(2) 1(2) 13(2) -1(2)
C(3) 28(2) 32(2) 34(2) 1(2) 13(2) -3(2)
C4) 28(2) 37(2) 36(2) 1(2) 14(2) 3(2)
C(5) 26(2) 29(2) 41(2) -3(2) 13(2) 2(2)
C(6) 25(2) 27(2) 33(2) 0(2) 11(2) -2(2)
C(7) 29(2) 25(2) 38(2) 3(2) 12(2) 4(2)
C(8) 52(3) 33(2) 73(4) 16(3) 35(3) 6(2)
C(9) 36(2) 28(2) 56(3) 9(2) 21(2) 4(2)
C(10) 73(4) 44(3) 126(6) 38(4) 61(4) 18(3)
C(11) 57(3) 32(3) 129(6) 27(3) 52(4) 4(2)
C(12) 38(2) 34(2) 56(3) 11(2) 25(2) 1(2)
C(13) 48(3) 27(2) 89(4) 10(3) 39(3) 3(2)
C(14) 31(2) 29(2) 42(2) 7(2) 18(2) -2(2)
C(15) 37(2) 43(3) 54(3) 2(2) 27(2) 2(2)
CI(1) 47(1) 38(1) 50(1) 6(1) 12(1) -14(1)
0(2) 99(4) 117(5) 78(4) 10(3) 10(3) -41(4)
0(3) 126(4) 58(3) 90(4) -15(3) 24(3) -38(3)
0O(4) 100(4) 64(3) 159(6) 5(3) 86(4) -14(3)
0(%) 64(3) 72(3) 152(6) 9(4) 2(3) 1(3)
NQ3) 91(5) 98(5) 121(6) -34(5) -28(5) -2(4)
C(16) 56(4) 51(3) 79(4) -16(3) 6(3) -7(3)
Cc(17) 54(4) 68(4) 65(4) -5(3) 3(3) -15(3)
The anisotropic displacement factor exponent takes the form: 217 [h2 a’U" + .. +

2 hka'b U".
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Table 4. Hydrogen coordinates (x 10% and isotropic displacement parameters
(A% x 10%) for [Niy([20]-DCHDC)](ClOy), + 2CH3CN complex

x y z Utq
H(3) 4679 5439 2895 36
H(5) 4463 3420 3943 38
H(7) 2767 3034 5102 36
H(8) 973 3052 7024 60
H(9A) 785 2070 5035 46
H(9B) 2191 2177 6200 46
H(10A) 619 1201 6445 90
H(10B) 948 1743 7588 90
H(11A) -1421 1463 7239 81
H(11B) -1689 1566 5764 81
H(12A) -1425 2657 7584 48
H(12B) -2816 2511 6421 48
H(13) -1460 2841 5006 61
H(14) -3136 3668 6605 39
H(15A) 6256 3707 2859 50
H(15B) 6907 4487 3153 50
H(15C) 5757 4321 1846 50
H(17A) 3163 5162 10121 78
H(17B) 3254 4321 10063 78
H(17C) 2175 4688 10808 78
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2) [Ni(H;[20]-DCHDC)](C10y),

Suitable crystals of [Ni(H2[20]-DCHDC)](ClOs), were obtained by slow
evaporation of methanol solutions of [Ni(H,[20]-DCHDC)](ClO4),-2H,0O
complex at  atmospheric  pressure. The dark green crystal of
[Ni(H2[20]-DCHDC)](ClO4), was attached to glass fibers and mounted on a
Bruker SMART diffractometer equipped with a graphite monochromated Mo
Ka ( = 0.71073 A) radiation, operating at 50 kV and 30 mA and a CCD
detector ; 45 frames of two-dimensional diffraction images were collected and
processed to obtain the cell parameters and orientation matrix. The
crystallographic data, conditions for the collection of intensity data, and some
features of the structure refinements are listed in Table 5, and atomic
coordinates were given in Table 6. The intensity data were corrected for
Lorentz and polarization effects. Absorption correction was not made during
processing. Of the 9011 unique reflections measured, 3205 reflections in the
range 2.23° < B < 26.37° were considered to be observed(/>20(/)) and
were used in subsequent structure analysis. The program SAINTPLUS was
used for integration of the diffraction profiles. The structures were solved by
direct methods using the SHELXS program23 of the SHELXTL package and
refined by full matrix least squares against F for all data using SHELXL.
All non-H atoms were refined with anisotropic displacement parameters (Table
7). Hydrogen atoms were placed in idealized positions [Ui, = 1.2Uq (parent
atom)]. Hydrogen coordinates and isotropic displacement parameters were

given in Table 8.
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Table 5. Crystal data and structure refinement for [Ni(H,[20]-DCHDC)](ClO4),

complex

Empirical formula C30H36CIbN4NiO1o
[Ni(C30H36N402)](ClO4),

Formula weight 742.24

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/m

Unit cell dimensions a = 9.2033(5) A a=90" .
b = 14.6208(8) A £ = 99.8950(10)
c = 11.8316(7) A =90 .

Volume 1568.37(15) A’

zZ 2

Density (calculated) 1.572 g/em’

Absorption coefficient 0.854 mm”

F(000) 772

Crystal size 0.15 x 0.15 x 0.10 mm’

Theta range for data collection 2.23 to 2637 .

Index ranges -11<=h<=11, -18<=k<=17, -14<=I<=8

Reflections collected 9011

Independent reflections 3205 [R(int) = 0.0666]

Completeness to theta = 28.29° 99.8 %

Absorption correction None

Refinement method Full-matrix least-squares on F

Data / restraints / parameters 3205 /0 / 217

Goodness-of-fit on F~ 1.176

Final r indices [/>20(])] Ri = 0.0811, wR, = 0.1984

R indices (all data) Ry = 0.1149, wR, = 0.2142

R=Y|E[-IFVIR], R =[SwE - wEy]

w =1/[0A(F,2)+(0.0404P)*+7.2146P] where P =(F,+2F.>)/3.
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Table 6. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A2 X 103) for [Ni(H,[20]-DCHDC)](ClO4), complex

x y z Uteq)
Ni(1) 936(1) 84(1) 4290(1) 18(1)
CI(1) 2574(2) 2831(1) 4503(2) 50(1)
o(1) -873(4) 511(3) 4443(4) 40(1)
00) 3191(6) 1965(4) 4949(5) 67(2)
003) 1178(6) 2965(5) 4815(6) 80(2)
0(4) 3554(6) 3560(4) 4966(5) 70(2)
0(5) 2472(7) 2829(4) 3271(5) 67(2)
N(1) 877(6) 726(4) 2880(5) 43(1)
NQ) 2774(6) 371(4) 4107(4) 41(1)
c(1) -1582(6) 1256(4) 4019(5) 31(1)
C(2) -2793(6) 1586(4) 4493(5) 34(1)
C(3) -3516(6) 2381(4) 4034(6) 38(1)
C(4) -3102(7) 2845(4) 3140(6) 45(2)
C(5) -1943(7) 2511(4) 2658(6) 43(2)
C(6) -1172(6) 1715(4) 3090(5) 35(1)
C(7) 42(6) 1423(4) 2552(6) 39(1)
C(8) 2086(7) 376(5) 2292(6) 44(2)
C(9) 2515(7) 1011(5) 1392(6) 44(2)
C(10) 3815(8) 601(6) 909(7) 58(2)
c(11) 5051(8) 376(6) 1819(6) 59(2)
C(12) 4649(7) 246(5) 2752(6) 42(2)
C(13) 3388(7) 184(5) 3246(6) 48(2)
C(14) 3348(7) -1110(4) 4595(5) 36(1)
C(15) -3910(9) 3693(6) 2649(9) 75(3)

U (g 1s defined as one third of the trace of the orthogonalized U T tensor.
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Table 7. Anisotropic displacement parameters (Az X 103) for [Ni(Hz[20]
-DCHDC)](CIO4), complex

UI 1 U22 U3 3 U23 UI 3 U] 2
Ni(1) 15(1) 19(1) 19(1) 2(1) 6(1) 5(1)
CI(1) 37(1) 58(1) 55(1) -14(1) 6(1) 13(1)
O(1) 35(2) 39(2) 49(3) 9(2) 13(2) 14(2)
0(2) 79(4) 57(3) 69(4) -4(3) 24(3) 22(3)
0Q3) 38(3) 108(5) 95(5) -24(4) 18(3) 14(3)
04) 55(3) 75(4) 73(4) -21(3) -10(3) 6(3)
0(%) 81(4) 70(4) 48(3) -14(3) 3(3) 4(3)
N(1) 41(3) 40(3) 55(4) 10(3) 25(3) 6(2)
N(2) 40(3) 50(3) 37(3) 5(2) 17(2) 11(2)
C() 27(3) 29(3) 38(3) -1(2) 4(2) 2(2)
C(2) 27(3) 34(3) 42(4) -4(3) 7(3) 6(2)
C@3) 30(3) 38(3) 47(4) 2(3) 8(3) 7(3)
C4) 36(3) 39(3) 61(5) 11(3) 11(3) 6(3)
C(5) 33(3) 45(4) 51(4) 10(3) 9(3) 0(3)
C(6) 27(3) 36(3) 42(4) 0(3) 3(2) 0(2)
C(7) 28(3) 47(4) 43(4) 8(3) 11(3) 1(3)
C(8) 39(3) 55(4) 41(4) 6(3) 16(3) 11(3)
C(9) 47(4) 45(4) 43(4) 8(3) 18(3) 4(3)
C(10) 53(4) 68(5) 59(5) 8(4) 28(4) -1(4)
C(11) 50(4) 81(6) 54(5) 5(4) 34(4) 4(4)
C(12) 35(3) 51(4) 42(4) -2(3) 16(3) 5(3)
C(13) 40(4) 55(4) 50(4) 2(3) 14(3) -1(3)
C(14) 34(3) 37(3) 39(4) 0(3) 10(3) 10(3)
C(15) 62(5) 63(5) 107(7) 38(5) 33(5) 33(4)
The anisotropic displacement factor exponent takes the form: -2TC[h’ a?u" + ..+

2 hka'b'U"].
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Table 8. Hydrogen coordinates (x 10% and isotropic displacement parameters
(A% x 10%) for [Ni(H2[20]-DCHDC)](ClO,), complex

X y z Uteq)
H(®3) -4324 2605 4357 46
H(5) -1661 2823 2025 51
H(7) 242 1765 1914 46
H(8) 1756 -218 1913 53
H(9A) 2796 1616 1738 52
H(9B) 1664 1098 765 52
H(10A) 3484 40 471 69
H(10B) 4149 1043 374 69
H(11A) 5467 952 2178 71
H(11B) 5830 75 1469 71
H(12A) 4348 -854 2426 50
H(12B) 5516 -328 3367 50
H(13) 3740 780 3609 57
H(14) 4189 -1357 4338 44
H(15A) -4699 3836 3082 90
H(15B) -4338 3587 1842 90
H(15C) -3219 4207 2703 90
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ITI1. Results and Discussion

1. IR spectra of the complexes

IR spectra of the nickel complexes were presented in Figure 1 ~ 8. The
characteristics of the complexes were listed in Table 1 and 2. The strong and
sharp absorption bands occurring at 1620~1652 cm’ are attributed to v(C=N)
of the coordinated [20]-DCHDC ligand,24’25 and the absence of any carbonyl
bands associated with the diformylphenol starting materials or nonmarcrocyclic
intermediates. The IR spectra displayed three C-H stretching vibrations from
3000 to 2800 cm’'. A strong bands at near ~1550 cm’ region associated
with the aromatic ring C=C vibrations. The sharp absorption bands occurring
at ~1230 cm’ regions are attributed to phenolic C-O stretching vibration.
The present complexes exhibited four C-H deformation bands at 1450, 1380,
1350 and 1320 cm’ regions and three out-of-plan vibration bands at 860,
820 and 770 cm’ regions. The bands occurring in the IR spectra of the
complexes in the 3500~3300 cm’ regions may probably be due to the
v(OH) vibration of the lattice water. A strong ionic ClO4 band at near 1107
em’ and 622 cm’ in [Niy([20]-DCHDC)](CIO4), complex.

The thiocyanate ion may act as an ambidentate ligand, bonding may occur
either through the nitrogen or the sulphur atom. The bonding mode may
easily be distinguished by examining the band due to the C-S stretching
vibration which occurs at 730-690 cm” when the bonding occurs through the
sulphur atom and at 860-780 cm” when it is through the nitrogen atom.”
The C=N stretching vibration of thiocyanato-complexes Ga-NCS (i.e. nitrogen

bound), the resulting band is strong and occurs in the region 2044 cm’'. The
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absorption vibrations due to the N-coordinated bonded NCS in
[Niz([20]-DCHDC)(NCS),] appear 2044 and 871 cm’.

In general, for azides the band due to the asymmetric Nj3 stretching
vibration is strong and occurs in the region 2015 cm’', while that due to the
symmetric vibration is much weaker and occurs in the region 1379-1238 cm’
and the band due to the deformation vibration is also weak and occurs at
680-410 cm.”” The absorption peak at 2015 em”’ in the [Ni2([20]-DCHDC)
-(N3)2] is assigned to the asymmetric stretching mode of coordinated azide.
The symmetric stretching frequency of coordinated azide is observed at 1346
cm’.

Linkage isomerism is possible in the case of metal complexes containing
the unit NO,. Coordination to the metal atom may occur through the nitrogen
atom, resulting in a nitro-complex, or through an oxygen atom, resulting in a
nitrito-complex. Nitro-complexes exhibit bands due to asymmetric and
symmetric -NO; stretching wvibration and, in addition, one due to a NO;
deformation vibration.”’ The nitrito-complexes exhibit bands due to asymmetric
and symmetric -ONO stretching vibrations which are well separated and occur
at 1485-1400 cm” and 1110-1050 cm’, respectively. Nitro-groups in metal
coordination complexes may exist as bridging or as end groups. Terminal
nitro-groups absorb at 1485-1370 cm” and 1340-1315 cm’ due to the
asymmetric and symmetric stretching vibrations of the NO, group,

2829 Nitrito-complexes do not have a band near 620 cm” which is

respectively.
present for all nitro-complexes. Nitro- groups acting as bridging units
(M-ONO-M) between two metal atoms absorb at 1485-1470 em’ and at
about 1200 cm’', these bands being broader than those for terminal nitro-
groups.26 The strong absorption peaks at 1450 and 1238 cm’ in the
[Ni2([20]-DCHDC)(U-ONO)INO; * 1.5H>O are assigned to a bridging bidentate

ligand Ni-ONO-Ni. And stretching bands of NO, counter ion are observed at
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1327 and 1272 cm’. A strong ionic ClO4 band at near 1089 cm’ and 622
em” in [Ni(H,[20]-DCHDC)](ClO4)»2H,0 complex. The absorption vibrations
due to the N-coordinated bonded NCS™ in [Ni(H2[20]-DCHDC)(NCS),] - 3H,O

appear 2044 and 869 cm’.
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Table 9. Characteristic IR absorptions

(H2[20]-DCHDC) for the Ni(II) complexes

(em™)

of macrocyclic

ligand

Assignments
Compounds Macrocycle
¥(CH) HC=N) ¥(C=C) WC-0)
[Nix([20]-DCHDC)]Cl, 3003 2939 2864 1625 1560 1242
[Nix([20]-DCHDC)](C104); 3045 2945 2862 1624 1562 1242
[Nix([20]-DCHDC)(NCS)s] 3028 2941 2862 1624 1556 1234
[Niy([20]-DCHDC)(N3),] 3016 2931 2860 1625 1541 1240
[Ni2([20]-DCHDC)(p-ONO)]NO; -
3016 2933 2860 1627 1542 1240
1.5H,O
[Nix([20]-DCHDC)I;] 2999 2939 2856 1620 1558 1240
[Ni(H,[20]-DCHDC)](C104),2H,0 3041 2939 2864 1635 1558 1240
[Ni(H2[20]-DCHDC)(NCS),] + 3H,0 3030 2939 2860 1635 1556 1234
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Table 1. continued

Assignments
Compounds Macrocycle
i(CH) fioop(CH)

[Ni»([20]-DCHDC)]Cl» 1452 1386 1344 1326 871 823 767
[Ni»([20]-DCHDC)](ClO4) 1460 1388 1348 1328 873 842 757
[Niy([20]-DCHDC)(NCS).] 1454 1388 1344 1307 867 821 757
[Ni2([20]-DCHDC)(N3)2] 1450 1388 1346 1301 869 829 767
[Ni2([20]-DCHDC)(p-ONO)]NO; -

1452 1388 1348 1301 869 829 765
1.5H,O
[Nix([20]-DCHDC)L,] 1454 1382 1346 1309 871 823 757
[Ni(H,[20]-DCHDC)](C104),2H,0 1450 1384 1353 1311 866 821 771
[Ni(H,[20]-DCHDC)(NCS),] * 3H,O 1444 1386 1355 1309 869 823 771
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Table 10. Characteristic IR absorptions (cm™) of exocyclic molecules for the

Ni(Il) complexes

Compounds Assignments

[Nix([20]-DCHDC)]Cl,

[Nix([20]-DCHDC)](C104), 1107(br), 622 W(ClOs ionic)

2044 (vs) ; v(C=N) N-bonded NCS ;

[Ni2([20]- DCHDC)(NCS). ] 874(w) ; W(C-S) N-bonded NCS

3440 (br) ; v(OH) lattice H.O
[Ni2([20]-DCHDC)(N3)2] 2015 (vs) ; vas(NNN) coord. N3~
1238 (m) ; v(NNN) coord. N3 ;

[Niy([20]-DCHDC)L,]

[Ni2([20]-DCHDC)(E-ONO)]NO; * 3438 v(OH) lattice H,O
1450(s), 1238(m); bridging NO,, Ni-ONO-Ni

1.5H,O 1348 (s), 1272(m) ; ionic NO,

. ; 3336 (br) ; v(OH) lattice H,O
[Ni(H>[20}-DCHDC)](C104)>2H0 1089(br), 622 W(CIO; ionic)
3425 (br) ; v(OH) lattice H.O
[Ni(H2[20]-DCHDC)(NCS),] - 3H,0 2044 (br, vs) ; v(C=N) N-bonded NCS ;
869(w) ; W(C-S) N-bonded NCS
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Figure 1. FT-IR spectrum of [Niy([20]-DCHDC)|Cl, complex.
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Figure 2. FT-IR spectrum of [Nix([20]-DCHDC)](ClO4), complex.
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Figure 3. FT-IR spectrum of [Niy([20]-DCHDC)(NCS),] complex.

_29_



Transmittance (%)

100

95

90

85

80

75

70 —
4000 3500

T T T T T T T T T T T T
3000 2500 2000 1500 1000 500

Wavenumbr (cm™)

Figure 4. FT-IR spectrum of [Niy([20]-DCHDC)(N3),] complex.
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Figure 5. FT-IR spectrum of [Nix([20]-DCHDC)(H-ONO)INO; * 1.5H,O
complex.
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Figure 6. FT-IR spectrum of [Niy([20]-DCHDC)I;] complex.
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Figure 7. FT-IR spectrum of [Ni(H2[20]-DCHDC)](ClO4), - 2H,O complex.
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Figure 8. FT-IR spectrum of [Ni(H,[20]-DCHDC)(NCS)2] complex.
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2. FAB-mass spectra of the complexes

The FAB mass spectra of the Ni(Il) complexes were shown in Figure 9~16,
and summarized at Table 11. The molecular ion loses the exocyclic ligands
resulting in the formation of the fragment [Ni,([20]-DCHDC)]". All these
species are well observed in the FAB mass spectra at m/z 598 region.
a-cleavage peaks of one cyclohexane from the [Niy([20]-DCHDC)]" ion in the

formation of the fragment [NiyL,)] are observed at m/z 516 region.

CH, CH,

QAT 000
/\/\ /N N\

CH; CH;

[Nix([20]-DCHDC)]" (m/z 598) [Niz(Lo)]” (m/z 516)

Removal peaks of one nickel ion from the [Niy([20]-DCHDC)]" ion in the
formation of the fragment [Ni([20]-DCHDC)]" is observed at m/z 540. The
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FAB mass spectra of the complexes contain peaks corresponding to the
[H,[20]-DCHDC]" fragment ion at m/z 484 region. This indicates that the
species [Niy([20]-DCHDC)]" undergoes demetallation to give the tetraazadioxa
macrocycle H,[20]-DCHDC under FAB conditions. These peaks are associated
with peaks of mass one or two greater or less, which are attributed to
protonated/deprotonated forms. This also accounts for the slight ambiguities in
making assignments. Removal peaks of one exocyclic ligand resulting in the
formation of the fragment [Niy([20]-DCHDC)(L,)]" (L. = CI' ClO4, NCS’, Ny
and NOy) are observed at m/z 635.1, 699.4, 662.4, 647.4 and 644.1
respectively.

The FAB mass spectra of [Ni(Hz[20]-DCHDC)](ClO4), complexes contain
peaks corresponding to the [Ni(H2[20]-DCHDC)(C1O,)]" fragment ion at m/z
740.2 region. Removal peaks of one perchlorate ion from the
[Ni(H;[20]-DCHDC)](ClO4), + 2H20 complexes in the formation of the
fragment [Ni(H,[20]-DCHDC)(CIO4)]" is observed at m/z 641.2 region.
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Table 11. FAB-mass spectra for the Ni(Il) complexes

macrcocyclic ligand (H[20]-DCHDC)

of phenol-based

complex m/z Assignments
459.2 | [Ni(Lo)+H]" 458.1
484.6 | [Hx([20]-DCHDC)]" 484.3
. 516.1 | [Nix(La)] 516.1
[Niz([20]-DCHDO)ICL 541.3 | [Ni([20]-DCHDC)+H]" 540.2
598.1 | [Niy([20]-DCHDC)]" 598.1
635.1 | [Nix([20]-DCHDC)(C1)+2H]" 633.1
459.2 | [Ni(Ly)+H]" 458.1
516.1 | [Niz(Loo)]" 516.1
[Ni»([20]-DCHDC)](ClOx4), 541.3 | [Ni([20]-DCHDC)+H]" 540.2
598.1 | [Niy([20]-DCHDC)]" 598.1
699.4 | [[Nix([20]-DCHDC)(C104)+2H]" | 697.1
541.2 | [Ni([20]-DCHDC)+H]" 540.2
[Nix([20]-DCHDC)(NCS).] 598.1 | [Nix([20]-DCHDC)]" 589.1
662.4 | [Nix([20]-DCHDC)(NCS)+6H]" | 656.1
516.1 | [Nix(Loo)-H]" 516.1
. 541.2 | [Ni([20]-DCHDC)+H]" 540.2
[Nix([20]-DCHDC)(N3)2] 598.1 | [Nix([20]-DCHDC)]" 598.1
647.4 | [Niy([20]-DCHDC)(N3)+7H]" | 640.1
516.1 | [Niz(Lao)]" 516.1
[Niz([20]-DCHDC)(1-ONO)INO; 541.2 | [Ni([20]-DCHDC)+H]" 540.2
- 1.5H,0 598.1 | [Nix([20]-DCHDC)]" 598.1
644.1 | [Nix([20]-DCHDC)(NO,)]" 644.1
. 541.2 | [Ni([20]-DCHDC+H)]" 540.2
[Ni([20]-DCHDO)L] 598.1 | [Nix([20]-DCHDC)]" 598.1
541.2 | [Ni(H,[20]-DCHDC)-H]" 542.2
[Ni(H,[20]-DCHDC)](C104)2H,0 641.2 | [[Ni(H,[20]-DCHDC)(CIO,)]" | 641.2
741.4 | [Ni(H2[20]-DCHDC)(CIO4),+H]" | 740.1
541.2 | [Ni(H,[20]-DCHDC)-H]" 5422
[Ni(H2[20]-DCHDC)(NCS),] * 3H,0 _ .
598.6 | [[Ni(H2[20]-DCHDC)NCS-H]" | 600.2
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Figure 9. FAB mass spectrum of the [Niy([20]-DCHDC)]|ClL.
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Figure 10. FAB mass spectrum of the [Nix([20]-DCHDC)](C10O4)..
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Figure 11. FAB mass spectrum of the [Nix([20]-DCHDC)(NCS),].
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Figure 12. FAB mass spectrum of the [Niy([20]-DCHDC)(N3).].
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Figure 13. FAB mass spectrum of the [Niy([20]-DCHDC)(u-ONO)INO; -
1.5H,0.
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Figure 14. FAB mass spectrum of the [Niy([20]-DCHDC)I,].
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Figure 15. FAB mass spectrum of the [Ni(H[20]-DCHDC)](ClO4), * 2H,0.
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Figure 16. FAB mass spectrum of the [Ni(H2[20]-DCHDC)(NCS).] + 3H,0.
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3. Electronic absorption spectrum of Ni(Il) complexes

The electronic absorption spectra of Ni(Il) complexes at room temperature
were represented in Figure 17~23 and summarized Table 12. The electronic
absorption spectrum of this solution is typical of six-coordinate nickel(Il)
complex indicating that species existing in solution is [Nix([20]-DCHDC)
—(OH2)2]2+. Much weaker bands are found at lower energy, associated with
d-d transitions. However, strong absorptions at 300 - 450 nm are clearly
associated with ligand to metal charge transfer transitions, which reflect the
presence of highly delocalized T marcrocyclic framework. The ground state of
d® in an octahedral coordination is 3A2g. Two d-d bands observed for the
complex at 13,717 cm’”’ (e = 84 Mlcm'l), 18,051 cm’” (e = 19.2 Mlcm'l) can
be attributed in an octahedral model to the transition. Thus, these bands may
be assigned to the spin allowed transitions “As, — “Tae (F) and ‘A — Ty,
(F), respectively. 3A2g — 3T1g (P) transition is not separated by the transfer
effect to visible range of charge transfer transitions and absorptions of

marcrocycle ligand.™
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Table 12. Electronic spectral data (Ams . nm, £ ; M’ cm) for the Ni(Il)

macrocyclic complexes

Complexes medium Rmax (E) medium Ainax

MeOH 330sh (7944), | solid 450, 622
[Niy([20]-DCHDC)]Cl,

401(8744)
DMSO 389 (10333) | solid 380, 494sh,
[Niy([20]-DCHDC)](C104), o1
. DMSO 392 (10690), | solid 397sh, 525,
[Niy([20]-DCHDC)(NCS),] 419sh (10212) 508

DMSO 389 (14181) | solid 463, 546sh,
[Ni([20]-DCHDC)(N;).]

[Ni5([20]-DCHDC)(2-ONO)]NO, - | DMSO 386 (12640) | solid 446, 544
1.5H,0
DMSO 393 (9588), solid ~ 407sh, 470,
420sh (9005) 597sh
DMSO 418 (13120) | solid 382sh, 480

[Nix([20]-DCHDC)I,]

[Ni(H,[20]-DCHDC)](C104),2H,0

DMSO 332sh (10969),| solid 495, 603sh

[Ni(Hz[20]-DCHDC)(NCS).] - 3H,0 420 (13882)
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Figure 17. Electronic absorption spectrum of [Nix([20]-DCHDC)]Cl, in (a)
methanol (1.0x10™* M) and (b) solid (BaSOy).
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Figure 18. Electronic absorption spectrum of [Nix([20]-DCHDC)](ClO4), in (a)
DMSO (1.0x10™* M) and (b) solid (BaSOy).
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Figure 19. Electronic absorption spectrum of [Niy([20]-DCHDC)(NCS),] in (a)
DMSO (1.0x10™* M) and (b) solid (BaSOy).
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Figure 20. Electronic absorption spectrum of [Niy([20]-DCHDC)(N3);] in (a)
DMSO (1.0x10™* M) and (b) solid (BaSOs).
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Figure 21. Electronic absorption spectrum of [Niy([20]-DCHDC)(k-ONO)INO; -
1.5H,0 in (a) DMSO (1.0x10™* M) and (b) solid (BaSOx)
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Figure 22. Electronic absorption spectrum of [Niy([20]-DCHDC)I;] in (a) DMSO
(1.0x10™* M) and (b) solid (BaSOy).
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Figure 23. Electronic absorption spectrum of [Ni(H2[20]-DCHDC)](Cl1O4),-2H,0O
in (a) DMSO (1.0x10™ M) and (b) solid (BaSO).
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Figure 24. Electronic absorption spectrum of [Ni(H2[20]-DCHDC)(NCS),] *+ 3H,O
in (a) DMSO (2.5x10* M) and (b) solid (BaSOy).
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4. Crystal Structures of Complexes

1) [Ni2(20]-DCHDC)](CI0y); - 2CH;CN

Crystals of [Niy([20]-DCHDC)](ClO4),-2CH3;CN  suitable for X-ray
diffratration study were obtained by slow evaporation of acetonitrile solution
of the [Nix([20]-DCHDC)](ClO4), complex.

Two formula units comprise the unit cell with half of the binuclear
complex in the asymmetric unit. An ORTEP drawing of asymmetric unit and
core structure (top view) for the complex are given in Figure 24 and 25,

respectively.

Figure 25. Structural representation of asymmetric unit of [Niy([20]-DCHDC)]
-(ClO4); * 2CH3CN complex.
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Figure 26. An ORTEP view of core structure (top view) for the binuclear
complex showing 50% probability thermal ellipsoids and labels for non-H

atoms.
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The crystal structure of this complex is composed of binuclear cation of
the indicated formula and noninteracting perchloride anions. These results are
backed up by the molar conductivity (w = 311 ohm'lcmzmol'l) which agreed
with assignment of the structure as [Ni»([20]-DCHDC)](CIOs),.

N\ N\

N( o) N()#
95.03°(14) " 99-36°(13) “\( 95.03°(14)
89.09°(15) Ni(1)80.64°(13) 89.09°(15) Ni(1)# 80.64°(13)

13
95.30°(14) 99.36°(13 95.30°(14)

N2 O()#

The binuclear cation, [Niz([ZO]—DCHDC)]2+ shows two square-planar
environment, where the nickel(Il) ions are coordinated by basal planes (N»O.),
respectively. The binuclear core structures are centrosymmetric with each
Ni(Il) ion in the N(imine);O, sites being four-coordinate by square-planar
geometry of interactions with two nitrogen and two oxygen atoms of the
binucleating ligand [20]-DCHDC. The macrocyclic complex adopts an
essentially flat structure with the two square-plane nickel centers bridged by
the two phenoxide oxygen atoms; the dihedral angle between the plane
defined by N(1), O(1), and O(1)# and the plane defined by Ni(1)#, O(1), and
O(1)# is 178.01°. The sum of angles at the nickel basal planes (NiN,O,) is
almost exactly 360° (359.79°), indicating no plane distortion.

The angle of C(1)-O(1)-O(1)# is 166.55°. This value is smaller than the
ideal value of 180°, indicating that the two phenol mean planes are not able
to flat. The interatomic Ni(1):--Ni(1)# separation is 2.8078(10) A. The
in-plane Ni-to-donor distances range from 1.827(3) to 1.842(3) A. The
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perchlorate ions and acetonitrile molecules occupy lattice sites. The Ni-:*N(3)
(acetonitrile) separation is 3.256 A. The Ni--*O(16) (perchlorate) separation is
4.759 A.

Figure 27. The molecular packing diagram of [Niy([20]-DCHDC)](ClOs), -
2CH;CN.
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Table 13. Bond lengths (A) for [Niy([20]-DCHDC)](CIO4), - 2CH;CN

complex

Ni(1)-N(1) 1.827(3) C(4)-C(15) 1.516(6)
Ni(1)-N(2) 1.828(3) C(5)-C(6) 1.403(5)
Ni(1)-O(1)#1 1.841(3) C(6)-C(7) 1.453(6)
Ni(1)-0(1) 1.842(3) C(8)-C(13) 1.461(7)
Ni(1)-Ni(1)#1 2.8078(10) C(8)-C(9) 1.517(6)
0(1)-C(1) 1.324(5) C(9)-C(10) 1.514(7)
O(1)-Ni(1)#1 1.841(3) C(10)-C(11) 1.446(8)
N(1)-C(7) 1.279(5) C(11)-C(12) 1.519(7)
N(1)-C(8) 1.484(6) C(12)-C(13) 1.526(6)
N(2)-C(14) 1.289(5) C(14)-C2)#1 1.452(6)
N(2)-C(13) 1.495(6) CI(1)-0(4) 1.405(5)
C(1)-C(6) 1.411(6) CI(1)-0(3) 1.407(5)
C(1)-C(2) 1.414(5) CI(1)-0(2) 1.424(6)
C(2)-C(3) 1.399(5) CI(1)-0(5) 1.447(5)
C(2)-C(14)#1 1.452(6) N@3)-C(16) 1.140(9)
C(3)-C(4) 1.393(6) C(16)-C(17) 1.424(9)
C(4)-C(5) 1.375(6)

Symmetry transformations used to generate equivalent atoms:
#1; -x+1, y, z

_60_



Table 14. Angles [] for [Niy([20]-DCHDC)](CIOs), -+ 2CH3CN complex

N(1)-Ni(1)-N(2)
N(1)-Ni(1)-O(1)#1
N(2)-Ni(1)-O(1)#1
N(1)-Ni(1)-O(1)
N(2)-Ni(1)-0(1)
O(1)#1-Ni(1)-0(1)
N(1)-Ni(1)-Ni(1)#1
N(2)-Ni(1)-Ni(1)#1
O(1)#1-Ni(1)-Ni(1)#1
O(1)-Ni(1)-Ni(1)#1
C(1)-0(1)-Ni(1)#1
C(1)-0(1)-Ni(1)
Ni(1)#1-O(1)-Ni(1)
C(7)-N(1)-C(8)
C(7)-N(1)-Ni(1)
C(8)-N(1)-Ni(1)
C(14)-N(2)-C(13)
C(14)-N(2)-Ni(1)
C(13)-N(2)-Ni(1)
O(1)-C(1)-C(6)
0(1)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-C(14)#1
C(1)-C(2)-C(14)#1
C(4)-C(3)-C(2)

89.09(15)
174.76(14)
95.30(14)
95.03(14)
175.76(14)
80.64(13)
135.27(11)
135.61(11)
40.33(8)
40.31(9)
128.8(3)
129.2(3)
99.36(13)
123.5(4)
125.8(3)
110.4(3)
124.1(4)
125.5(3)
110.3(3)
119.9(3)
120.2(4)
119.9(3)
118.5(4)
118.5(4)
122.9(4)
122.1(4)

C(5)-C(4)-C(3)
C(5)-C(4)-C(15)
C(3)-C(4)-C(15)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-C(7)
C(1)-C(6)-C(7)
N(1)-C(7)-C(6)
C(13)-C(8)-N(1)
C(13)-C(8)-C(9)
N(1)-C(8)-C(9)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(11)-C(12)-C(13)
C(8)-C(13)-N(2)
C(8)-C(13)-C(12)
N(2)-C(13)-C(12)
N(2)-C(14)-C(2)#1
0(4)-CI(1)-0(3)
0(4)-Cl(1)-0(2)
0(3)-CI(1)-0(2)
0(4)-CI(1)-0(5)
0(3)-CI(1)-0(5)
0(2)-CI(1)-0(5)
N(3)-C(16)-C(17)

118.4(4)
120.9(4)
120.7(4)
122.2(4)
118.8(4)
118.6(4)
122.6(3)
125.7(4)
107.6(4)
113.3(5)
116.8(4)
109.2(4)
115.8(5)
116.3(5)
108.9(4)
107.4(4)
113.6(5)
116.7(4)
125.3(4)
114.0(3)
110.0(4)
109.8(3)
108.9(3)
109.7(3)
104.1(4)
177.6(8)

Symmetry transformations used to generate equivalent atoms:

#1 x+1, y, z

_61_



2) [Ni(H2[20]-DCHDC)](C10,),

Suitable crystals of [Ni(H2[20]-DCHDC)](ClOs), were obtained by slow
evaporation of methanol solutions of [Ni(H,[20]-DCHDC)](ClO4),-2H,0O
complex at atmospheric pressure.

Two formula units comprise the unit cell with half of the mononuclear
complex in the asymmetric unit. An ORTEP drawing of asymmetric unit and
core structure (top view) for the complex are given in Figure 27 and 28,

respectively.

Figure 28. Structural representation of asymmetric unit of [Ni(H[20]-DCHDC)]
-(ClO4)2 complex.
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Figure 29. An ORTEP view of core structure (top view) for the mononuclear
complex showing 50% probability thermal ellipsoids and labels for non-H

atoms.
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The crystal structure of this complex is composed of mononuclear cation of
the indicated formula and noninteracting perchloride anions. These results are
backed up by the molar conductivity (w = 322 ohm'lcmzmol'l) which agreed
with assignment of the structure as [Ni(H»[20]-DCHDC)](ClOs),. The mononuclear
cation, [Ni(H2[20]—DCHDC)]2+ shows two square-plane environment, where the
nickel(I) ions are coordinated by basal planes (NiN,O), one side. The
occupancy of central metal Ni(I) is 0.5.

The geometry about Ni(1) in the N,O, site is a square-planar environment,
and other N,O, site is able to vacant. The macrocyclic complex adopts an
essentially flat structure with the square-planar nickel center bridged by the
two phenoxide oxygen atoms the dihedral angle between the plane defined by
N(1A), O(1), and O(1A) and the plane defined by Ni(1), O(1), and O(1A) is
179.15°. The sum of angles at the nickel basal planes (NiN»O,) is almost
exactly 360°(359.97°), indicating no plane distortion. The angle of
C(1)-O(1)-O(1A) is 162.80°. This value is smaller than the ideal value of
180°, indicating that the two phenol mean planes are not able to flat. The
in-plane Ni-to-donor distances range from 1.743(4) to 1.907(6) A. The
perchlorate ions occupy lattice sites. The Ni(1):--O(2) (perchlorate) separation
is 3.453(6) A.
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Figure 30. The molecular packing diagram of [Ni(H»[20]-DCHDC)](ClO4),.
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Table 15. Bond lengths (A) for [Ni(H2[20]-DCHDC)](C104), complex

Ni(1)-O(1)#1 1.743(4) C(1)-C(2) 1.416(8)
Ni(1)-0(1) 1.816(4) C(2)-C(3) 1.402(8)
Ni(1)-N(2) 1.865(5) C(2)-C(14)#1 1.448(8)
Ni(1)-N(1) 1.907(6) C(3)-C(4) 1.365(9)
Ni(1)-Ni(1)#1 2.617(2) C(4)-C(5) 1.382(9)
CI(1)-0(3) 1.409(5) C(4)-C(15) 1.511(9)
Cl(1)-0(4) 1.442(6) C(5)-C(6) 1.412(9)
CI(1)-0(5) 1.444(6) C(6)-C(7) 1.442(8)
CI(1)-0(2) 1.450(6) C(8)-C(9) 1.516(9)
0(1)-C(1) 1.323(7) C(8)-C(13) 1.524(9)
O(1)-Ni(1)#1 1.743(4) C(9)-C(10) 1.534(9)
N()-C(7) 1.295(8) C(10)-C(11) 1.462(10)
N(1)-C(8) 1.500(8) C(11)-C(12) 1.525(9)
N(2)-C(14) 1.294(8) C(12)-C(13) 1.522(9)
N(@2)-C(13) 1.489(8) C(14)-CQ)#1 1.448(8)
C(1)-C(6) 1.394(8)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1, y, z
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Table 16. Angles [] for [Ni(H2[20]-DCHDC)](ClO4), complex

O(1)#1-Ni(1)-0(1)
O(1)#1-Ni(1)-N(2)
O(1)-Ni(1)-N(2)
O(1)#1-Ni(1)-N(1)
O(1)-Ni(1)-N(1)
N(2)-Ni(1)-N(1)

O(1)#1-Ni(1)-Ni(1)#1

O(1)-Ni(1)-Ni(1)#1
N(2)-Ni(1)-Ni(1)#1
N(1)-Ni(1)-Ni(1)#1
0(3)-Cl(1)-0(4)
0(3)-CI(1)-0(5)
0(4)-C1(1)-0(5)
0(3)-C1(1)-0(2)
0(4)-C1(1)-0(2)
0(5)-C1(1)-0(2)
C(1)-0(1)-Ni(1)#1
C(1)-0(1)-Ni(1)
Ni(1)#1-O(1)-Ni(1)
C(7)-N(1)-C(8)
C(7)-N(1)-Ni(1)
C(8)-N(1)-Ni(1)
C(14)-N(2)-C(13)
C(14)-N(2)-Ni(1)
C(13)-N(2)-Ni(1)
O(1)-C(1)-C(6)

85.37(19)
94.9(2)
178.8(2)
176.5(2)
91.7(2)
88.0(2)
43.76(13)
41.61(14)
138.68(18)
133.27(17)
109.7(4)
111.2(4)
108.2(4)
110.1(4)
109.0(4)
108.6(3)
130.6(4)
130.2(4)
94.63(19)
125.4(5)
125.1(4)

109.0(4)
125.9(5)
123.8(4)

110.1(4)
120.9(5)

O(1)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-C(14)#1
C(1)-C(2)-C(14)#1
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(3)-C(4)-C(15)
C(5)-C(4)-C(15)
C(4)-C(5)-C(6)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
N(1)-C(7)-C(6)
N(1)-C(8)-C(9)
N(1)-C(8)-C(13)
C(9)-C(8)-C(13)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
N(2)-C(13)-C(12)
N(2)-C(13)-C(8)
C(12)-C(13)-C(8)
N(2)-C(14)-C(2)#1

120.0(5)
119.1(5)
118.8(6)
118.8(5)
122.3(5)
122.4(6)
118.9(6)
121.5(6)
119.6(6)
121.1(6)
119.7(5)
122.7(5)
117.7(6)
124.5(6)
114.8(5)
105.7(5)
111.5(6)
109.6(6)
111.8(6)
114.4(6)
109.1(6)

116.2(6)
105.3(5)
110.3(6)

124.3(5)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1, y, z
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IV. Conclusion

Binuclear Ni(II) complex {[Nix([20]-DCHDC)]Cl:}, with [2 + 2] symmetrical
N4O> compartmental macrocyclic ligand {H,[20]-DCHDC; 14,29-dimethyl-3,10,
18,25—tetraazapentacyclo—[25,3,1,04’9,112’16,019’24]ditriacontane—2,10,12,14,
16(32),17,27(31),28,30-decane-31,32-diol} containing bridging phenolic oxygen
atoms was synthesized by metal template condensation of 2,6-diformyl-p-cresol,
trans-1,2-diaminocyclohexane and nickel chloride hexahydrate. The reaction of
[Nix(J20]-DCHDC)]Cl, with auxiliary ligands (L. ; ClOs, SCN’, N3, NO, and
I) in methanol solution formed a new 5 complexes; [Niy([20]-DCHDC)]
-(ClO4)2, [Nix(J20]-DCHDC)(NCS),], [Nix([20]-DCHDC)(N3),], [Nix([20]-DCHDC)
-(1-ONO)INO; * 1.5H,0, and [Niy([20]-DCHDC)I;]. Mononuclear Ni(Il) complex
(INi(H2[20]-DCHDC)](CIO4), * 2H,0), with [2+2] symmetrical N4O, compart
-mental macrocyclic ligand containing bridging phenolic oxygen atoms was
synthesized by metal template condensation of 2,6-diformyl-p-cresol, trans-1,2
-diaminocyclohexane and nickel perchloride hexahydrate. The reaction of
[Ni(H;[20]-DCHDC)](CIO4), *+ 2H,O with auxiliary ligand (L, ; SCN’) in
methanol solution formed [Ni(H2[22]-DCHDC)(NCS),] + 3H-O.

X-ray crystals and molecular structures of [Niy([20]-DCHDC)](ClOs), -
2CH;CN have been determined on a X-ray diffractometer. In [Niy(]20]
-DCHDC)](ClO4), complex, a total 3837 reflections at the 20(/) significance
were used to give final discrepancy indices of R; = 0.0580 and wR, =
0.1507. The complex crystallizes in the monoclinic space group P»(l)c in a
cell having the dimensions a = 9.2745(5) A, b = 18.9687(10) A, and ¢ =
11.0198(6) A. The calculated density is 1.556g/cm3. Two formula units
comprise the unit cell with half of the binuclear complex in the asymmetric

unit. The binuclear core structures are centrosymmetric with each nickel(I)
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ion in the NO, sites being four-coordinate by square-planar geometry of
interactions with two nitrogen and two oxygen atoms of the binucleating
ligand [20]-DCHDC. [Niy([20]-DCHDC)](C1O4); - 2CH3CN has two unco
-ordinated perchlorate anions, two acetonitrile molecule in the crystal lattice.
The Ni-N(3) (acetonitrile) separation is 3.256 A. The Ni-O(16) (perchlorate)
separation is 4.759 A, The interatomic Ni---Ni separation is 2.8078(10) A.
The in-plane Ni-to-donor distances range from 1.827(3) to 1.842(3). The
macrocyclic complex adopts an essentially flat structure with the two
square-plane nickel centers bridged by the two phenoxide oxygen atoms; the
dihedral angle between the plane defined by N(1), O(1), and O(1)# and the
plane defined by Ni(1)#, O(1), and O(1)# is 178.01°. The sum of angles at
the nickel basal planes (NiN»O,) is almost exactly 360° (359.79°), indicating
no plane distortion. The angle of C(1)-O(1)-O(1)# is 166.55°. This value is
smaller than the ideal value of 180°, indicating that the two phenol mean
planes are not able to flat.

X-ray crystals and molecular structures of [Ni(H»[20]-DCHDC)](CIO4), have
been determined on a Bruker SMART diffractometer. In [Ni(H»[20]-DCHDC)]
-(ClO4), complex, a total 3205 reflections at the 20(/) significance were used
to give final discrepancy indices of R; = 0.0811 and wR, = 0.1984. The
complex crystallizes in the monoclinic space group Px(l)c in a cell having
the dimensions a = 9.2033(5) A, b = 14.6208(8) A, and ¢ = 11.8316(7) A.
The calculated density is 1.572 g/cm3. Two formula units comprise the unit
cell with half of the mononuclear complex in the asymmetric unit. The
occupancy of central metal Ni(Il) is 0.5. The geometry about Ni(1) in the
N,O, site is a square-planar environment, and other N»O, site is able to
vacant. The macrocyclic complex adopts an essentially flat structure with the
square-planar nickel center bridged by the two phenoxide oxygen atoms the
dihedral angle between the plane defined by N(1A), O(1), and O(1A) and the

_69_



plane defined by Ni(l), O(1), and O(1A) is 179.15°. The sum of angles at
the nickel basal planes (NiN»O,) is almost exactly 360° (359.97°), indicating
no plane distortion. The angle of C(1)-O(1)-O(1A) is 162.80°. This value is
smaller than the ideal value of 180°, indicating that the two phenol mean
planes are not able to flat. The in-plane Ni-to-donor distances range from
1.743(4) to 1.907(6) A. The perchlorate ions occupy lattice sites. The
Ni(1):--O(2) (perchlorate) separation is 3.453(6) A. A strong ionic ClOs band
at near 1107 cm” and 622 cm’ in [Nix([20]-DCHDC)](CIOs), complex. The
absorption  vibrations due to the N-coordinated bonded NCS in
[Ni([20]-DCHDC)(NCS),] appear 2044 and 871 cm’. The absorption peak at
2015 cm’ in the [Nix([20]-DCHDC)(N3),] is assigned to the asymmetric
stretching mode of coordinated azide. The symmetric stretching frequency of
coordinated azide is observed at 1346 cm’. The strong absorption peaks at
1450 and 1238 em’ in the [Niy[20]-DCHDC)(U-ONO)INO; - 1.5H,0 are
assigned to a bridging bidentate ligand Ni-ONO-Ni. And stretching bands of
NO, counter ion are observed at 1327 and 1272 cm’. A strong ionic ClO4
band at near 1089 cm’ and 622 cm’ in [Ni(H,[20]-DCHDC)](ClO4),2H,0
complex. The absorption vibrations due to the N-coordinated bonded NCS
and ionic NCS  groups in [Ni(H2[20]-DCHDC)(NCS),] - 3H,O appear 2044
and 869 cm’. The [Niy([20]-DCHDC)]" species of these complexes are well
observed in the FAB mass spectra at m/z 598 region. a-Cleavage peaks of
one cyclohexane from the [Niy([20]-DCHDC)]" ion in the formation of the
fragment [Niy(L,)]  are observed at m/z 516 region. Removal peaks of one
nickel ion from the [Niy([20]-DCHDC)]" ion in the formation of the fragment
[Ni([20]-DCHDC)]" is observed at m/z 541. The FAB mass spectra of all the
complexes contain peaks corresponding to the [Hy[20]-DCHDC]" fragment ion
at m/z 484 region. This indicates that the species [Niy([20]-DCHDC)]"

undergoes demetallation to give the tetraazadioxa macrocycle H>[20]-DCHDC
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under FAB conditions. These peaks are associated with peaks of mass one or

two greater or less, which are attributed to protonated/deprotonated forms.
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