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An aza-thia macrocycle 2,5,14,17-tetrathia[6](1,2)benzeno[6](2,6)pyridinophane (11) and its complexes with Ni(),
Pd(), Pt(), Cu(), Cu() and Ag() were synthesized and their crystal structures were determined. Ni() forms an
octahedral complex coordinated to NS3 of the ligand and two chlorine atoms of the metal salt; one of the sulfurs in
the ligand is uncoordinated. The crystal structures of [Pd�11][PF6]2 and [Pt�11][PF6]2 confirm a [NS3 � S]
coordination in both complexes. NMR spectroscopic studies indicate that only one form of each complex is present
in solution. Cu(), Cu() and Ag() complexes of the macrocycle adopt a geometry in between a square pyramid and a
trigonal bipyramid with NS4 coordination around the metal ions in [Cu�11][ClO4]2, [Cu�11][PF6] and [Ag�11][PF6].
The electronic and redox properties of [Pd�11][PF6]2, [Pt�11][PF6]2 and the copper complexes in acetonitrile have been
examined. The complexation behaviour of the macrocycle, 11, has also been studied in solution and found to lack
good selectivity towards the selected transition metal ions.

Introduction
The coordination chemistry of polyaza, polythia and mixed
aza-thia macrocyclic ligands has attracted much attention in
recent times. These macrocycles show the remarkable ability to
form stable and inert complexes with a wide range of d- and
p-block metals, in many cases forcing the metal centre to adopt
unusual coordination geometries or oxidation states.1–10 The
presence of sulfur donors as part of a macrocyclic ligand has
been shown to stabilize low valent metal complexes as well as to
have a marked influence on the coordination geometry at the
metal centre. Our interest in coordination chemistry focuses on
the study of macrocyclic ligands with mixed heteroatoms
since these are expected to exhibit novel metal coordination
properties. Examples of quinquedentate macrocycilc ligands
containing N and S are few although the coordination chemistry
of macrocyclic ligands such as 1–6 has been reported.11–15

To the best of our knowledge, the title compound 11 in this
work is the first example of a NS4 pyridine-containing quin-
quedentate macrocycle. We report herein the synthesis of the
[17]aneNS4 macrocycle, 11, its complexation behaviour with
platinum and the coinage group metals, and a UV-visible
absorption study. The redox properties of the palladium,
platinum and copper complexes, and the extraction properties
of the ligand 11 were also studied. The platinum and coinage
group metals were selected because of the ability of soft thio-
ether ligands to bind very effectively to soft metal ions. The
interest in this type of ligands is indicated by studies on the
coordination chemistry of the mixed donor macrocycles
[18]aneN2S4 and Me2[18]aneN2S4 summarized by Reid and
Schröder.16

Experimental
CAUTION! Perchlorate salts are potentially explosive and
should be handled with care.

† Presented at ISMC-2001 held in Fukuoka, Japan from July 15–20,
2001.

Electronic supplementary information (ESI) available: synthetic
scheme for macrocyclic complexes 12–17; views of 12, 15 and 16; cyclic
voltammograms of 13 and 14. See http://www.rsc.org/suppdata/dt/b2/
b206182a/

Materials and physical measurements
1H and 13C NMR spectra were recorded on a Bruker ACF 300
Fourier-transform spectrometer. All chemical shifts are
reported in ppm downfield from the tetramethylsilane internal
standard. Mass spectra were recorded on a VG Micromass 7035
spectrometer at 70 eV, electron impact being used. Elemental
analyses were performed by the Chemical and Molecular
Analysis Centre, Department of Chemistry, National University
of Singapore. The electronic spectra were recorded using a HP
8452A diode-array UV/Vis spectrophotometer. Cyclic voltam-
mograms were recorded using a single compartment three-D
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electrode cell. A platinum disc of 3 mm in diameter was used
as a working electrode. The counter electrode consisted of a
platinum wire. All the potentials were measured against the
Ag–AgCl couple. An EG&G Princeton Applied Research 273
potentiostat, controlled by M270 software, was used to measure
all the electrochemical data. Acetonitrile used for electro-
chemical studies was triply distilled under nitrogen from
calcium hydride and stored over 4 Å molecular sieves. TEAFB
employed as a supporting electrolyte was vacuum dried for
24 h prior to use. All solutions were purged with dry argon
for 15 min prior to any electrochemical study. The follow-
ing compounds were prepared according to the literature:
o-xylenebis(1-hydroxy-3-thiapropane),17 o-xylenebis(1-chloro-
3-thiapropane) 17 and 2,6-bis(mercaptomethyl)pyridine.18 All
solvents used in the reactions were dried by conventional
methods.

Synthesis

Macrocycle 11. A solution of o-xylenebis(1-chloro-3-thia-
propane) (1.77 g, 6.0 mmol) and 2,6-bis(mercapto-
methyl)pyridine (1.03 g, 6.0 mmol) in DMF (100 mL) was
added slowly over a period of 8–10 h to a well stirred suspen-
sion of Cs2CO3 (3.91 g, 12.0 mmol) in DMF (700 mL) main-
tained at 55–65 �C under an atmosphere of N2. The reaction
temperature was maintained at 55–65 �C for another 12 h. After
addition the mixture was cooled to room temperature and
stirred for a further 12 h. The DMF was removed under
vacuum and the resulting residue was extracted with dichloro-
methane, washed with aq. NaOH followed by water. The
organic layers were combined, dried and concentrated under
reduced pressure. The resulting residue was chromatographed
on silica gel using a mixture of hexane–ethyl acetate (4 : 1) to
give the macrocycle 11 as colourless crystals. Yield 51%; mp
102–104 �C. Analytical data: Found: C, 57.4; H, 5.8; N, 3.7; S,
31.4. Calc. for C19H23NS4: C, 57.9; H, 5.8; N, 3.8; S, 32.5%. MS:
m/z 393.6 (M�). 1H NMR (CDCl3): δ 7.65 (t, 1H), 7.35–7.20 (m,
6H), 3.88 (s, 4H), 3.82 (s, 4H), 2.8–2.7 (m, 8H). 13C NMR
(CDCl3): δ 158.5, 137.7, 135.9, 130.3, 127.6, 121.25, 37.9, 33.6,
32.2, 31.6.

Complex 12. A solution of 11 (102 mg, 0.26 mmol) in
dichloromethane (10 mL) was added to a solution of NiCl2�
6H2O (62 mg, 0.26 mmol) in methanol (10 mL). The mixture
was stirred for 1 h and diffusion of ether into the resultant
mixture gave green crystals of 12. The crystals were insoluble
in common organic solvents except DMSO. Yield: 68%; mp
195–197 �C (dec.). Analytical data: Found: C, 42.0; H, 4.3; N,
2.67; S, 21.7. Calc. for C19H23Cl2NNiS4: C, 43.6; H, 3.8; N, 2.67;
S, 24.5%. FAB MS m/z: 487.0 [Ni�11�Cl], 452.0 [Ni�11]. UV-Vis
(DMSO): λmax/nm (εmax/dm3 mol�1 cm�1): 240 (20656), 279
(21379), 308 (11598), 586 (41), 664 (39).

Complex 13. A solution of 11 (102 mg, 0.26 mmol) in
dichloromethane (10 mL) was added to PdCl2(CH3CN)2

(68 mg, 0.26 mmol) in methanol (10 mL) and the mixture was
stirred at room temperature for 10 h. Addition of a large excess
of NH4PF6 and concentration of the solution in vacuo afforded
red–orange complex 13. Yield: 72%; mp 176 �C (dec.). Analyti-
cal data: Found: C, 28.5; H, 2.4; N, 2.0; S, 15.5. Calc. for
C19H23NS4PdP2F12�H2O: C, 28.3; H, 2.8; N, 1.8; S, 15.8%. FAB
MS: m/z 644.4 [Pd�11�PF6], 499.5 [Pd�11]. 1H NMR (CD3CN):
δ 8.25 (t, 1H), 8.0–7.5 (m, 6H), 3.50–5.80 (m, 16H). 13C NMR
(CD3COCD3): δ 162.5, 161.5, 142.4, 132.1, 130.1, 129.3, 47.3,
46.1, 39.9, 38.2. UV-Vis (MeCN): λmax/nm (εmax/dm3 mol�1

cm�1) 240 (28320), 290 (30570) and 490 (154).

Complex 14. This complex was isolated as yellow crystals by
a similar procedure to that described for 13. Yield: 78%; mp
197–198 �C (dec.). Analytical data: Found: C, 25.2; H, 2.5; N,

1.9; S, 14.1. Calc. for C19H23NS4PtP2F12�H2O: C, 25.4; H, 2.5;
N, 1.6; S, 14.3%. FAB MS: m/z 733.5 [Pt�11�PF6], 588.5 [Pt�11].
1H NMR (CD3CN): δ 8.40 (t, 1H), 8.0–7.4 (m, 6H), 3.40–5.20
(m, 16H). 13C NMR (CD3COCD3): δ 164.2, 163.5, 144.2,
139.48, 133.54, 132.75, 47.7, 43.0, 41.0, 38.7. UV-Vis (MeCN):
λmax/nm (εmax/dm3 mol�1 cm�1): 230 (23520), 264 (21269).

Complex 15. A solution of 11 (40 mg, 0.1 mmol) in dichloro-
methane (10 mL) was added to a solution of Cu(ClO4)2�6H2O
(38 mg, 0.1 mmol) in methanol (10 mL). A dark green crystal-
line complex of 15 was formed after stirring the mixture for
10–15 min. Yield: 85%. Analytical data: Found: C, 33.8; H, 3.7;
N, 2.2; S, 19.1. Calc. for C19H25Cl2CuNO9S4: C, 33.8; H, 3.7; N,
2.1; S, 19.0%. FAB MS: m/z 456.0 [Cu�11]. UV-Vis (MeCN):
λmax/nm (εmax/dm3 mol�1cm�1) 430 (3950), 598 (550).

Complex 16. A solution of AgNO3 (9 mg, 0.05 mmol) and a
large excess of NH4PF6 in methanol (8 mL) was diffused into a
solution of 11 (20 mg, 0.05 mmol) in dichloromethane (4 mL).
After 1 h, colourless crystals of complex 16 were formed that
were relatively light sensitive. The crystals were insoluble in
common organic solvents. Yield: 78%; mp 204 �C (dec.).
Analytical data: Found: C, 34.8; H, 3.6; N, 2.6; S, 20.1. Calc.
for C19H23AgNPF6S4: C, 35.3; H, 3.6; N, 2.2; S, 19.9%. FAB
MS: m/z 501.6 [Ag�11 � H].

Complex 17. A solution of 11 (44 mg, 0.112 mmol) in dichloro-
methane (10 mL) was added to a solution of CuCl2�2H2O (15
mg, 0.112 mmol) in methanol (10 mL). The precipitates formed
after stirring the solution for 3–4 h were removed by filtration.
The addition of a large excess of NH4PF6 to the filtrate fol-
lowed by slow evaporation of the solvents gave a yellow–green
precipitate of complex 17. Yield: 58%; mp 158–160 �C (dec.).
Analytical data: Found: C, 36.2; H, 3.7; N, 2.6; S, 28.0. Calc. for
C19H23NCuPF6S4: C, 37.9; H, 3.2; N, 2.4; S, 21.3%. FAB MS:
m/z 457.9 [Cu�11]. 1H NMR (CD3CN): δ 7.80 (t, 1H), 7.3–7.6
(m, 6H), 4.00 (s, 4H), 4.20 (s, 4H), 3.14 (t, 4H), 2.92 (t, 4H). 13C
NMR (CD3CN): δ 162.5, 142.7, 141.1, 137.4, 134.1, 128.8, 42.1,
41.5, 38.3, 36.7. UV-Vis (MeCN): λmax/nm (εmax/dm3 mol�1

cm�1): 426 (2334), 596 (304).

Crystallographic data collection and refinement

Details of the crystal data and refinement of the structures are
summarised in Table 1. All compounds were analysed at the
Chemical and Molecular Analysis Centre, Department of
Chemistry, National University of Singapore. Data collection
was carried out at 293 K using graphite monochromated
Mo-Kα radiation (λ = 0.71073 Å) on a Siemens CCD diffract-
ometer. Structures were solved by the Patterson (14 and 17)
or direct (11, 12, 13, 15 and 16) methods. All non-hydrogen
atoms were refined anisotropically, except for those of solvent
molecules where present. Refinement was by full-matrix least-
squares based on F 2 using SHELXL 93.19 Hydrogen atoms
were introduced at a fixed distance from carbon atoms and their
isotropic thermal parameters were on the riding mode of the
parent atoms.

CCDC reference numbers 188671–188677.
See http://www.rsc.org/suppdata/dt/b2/b206182a/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Syntheses

A common approach to the synthesis of sulfur-containing
macrocyclic ligands invokes carbon–sulfur bond formation in a
bimolecular cyclization reaction. Thus the ligand 11 was syn-
thesised by a coupling reaction (Scheme 1) between o-xylene-
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bis(1-chloro-3-thiapropane) 17 9 and 2,6-pyridinedimethane-
thiol 18 10 in a yield of about 50%. This macrocycle is soluble in
a number of organic solvents such as CH2Cl2, CHCl3 and
CH3CN, and could also be readily recrystallised from methanol
or acetone. The 1H NMR spectrum of the ligand shows three
distinct sets of resonances: multiplets for the aromatic protons
at 7.65–7.20 ppm, a pair of singlets for the benzylic protons at
3.88 and 3.82 ppm, respectively, and a multiplet at 2.82–2.70
ppm corresponding to overlapping methylene proton signals.
Colourless crystals of the macrocycle 11 were obtained by slow
evaporation of a solution of 11 in a mixture of CH2Cl2 and
methanol.

The metal complexes 11–15 of the macrocycle 11 were pre-
pared by mixing the appropriate metal salts and the ligand, and
the details are given in the Experimental section. The reaction
of copper() chloride dihydrate with one molar equivalent of
the ligand 11 followed by addition of an excess of NH4PF6 gave
unexpectedly a copper() complex 16. The stoichiometric form-
ula of [Cu�11][PF6] was fully supported by its mass spectrum
and the results from an elemental analysis both of which indi-
cated the presence of only one PF6

� counter anion. This was
further confirmed by an X-ray crystallographic analysis with
the coordination environment and bond distances to Cu incon-
sistent with a copper() complex. However, the pale colour of
the solid complex isolated from the reaction might indicate the
presence of the copper() complex as a minor product.

The reduction of Cu() ion without a reducing agent is an
interesting phenomenon in relation to the action of ligands
having sterically hindered conformations. This type of auto-
reduction may happen either due to the electronic properties of
the donors of the ligand or the geometry of the complexes
formed. In this case we believe that the geometry of the metal
complexes may have played a vital role. If the sulfur atoms in 11
are replaced by oxygen such auto-reduction does not occur,
which further supports the above explanation. Hence, if the

Scheme 1 Synthetic scheme for the preparation of the macrocycle 11.

geometry of a complex could be controlled to result in a prefer-
ence for Cu() over Cu(), the reduction of copper() complexes
and thus synthesis of copper() complexes may be made
possible. The auto-reduction of copper() to copper() in this
system is however not fully understood.

Structure description of 11

The crystal structure of 11 (Fig. 1) shows that the macrocycle is
non-planar and the two aromatic rings lie at an angle of 36.1�.
The torsion angles of S–CH2–CH2–S (174.8 and 180.0�) demon-
strate the propensity for this linkage to adopt an anti con-
formation and that all four sulfur atoms are in exodentate
positions. The presence of o-xylyl and pyridine rings did not
result in any endodentate sulfur atoms with the increase in ring
rigidity. However, it may cause, among the four C–C–S–C link-
ages, two of them to adopt the gauche conformation and the
other pair show an anti conformation. Selected bond distances
and angles are summarized in Table 2.

Structure description of complex 12

Green crystals of 12 suitable for X-ray diffraction study were
obtained by a slow diffusion of diethyl ether into a solution of
the complex in CH2Cl2–MeOH mixture. The crystal structure
of 12 (Fig. 2) shows that the complex is six-coordinated with a
distorted octahedral geometry. A square plane made up of
three benzylic thio-ethers and one chlorine atom of the metal
salt coordinated to the nickel [Ni–S(2) 2.380(1), Ni–S(5)
2.524(1), Ni–S(17) 2.405(1) and Ni–Cl(1) 2.375(1) Å] with
pyridine N(24) and Cl(2) occupying the axial positions of the
octahedron. Deviation from the square plane is only about 0.02
Å. The Ni–N(24) bond distance in the nickel complex falls
within the range of 2.03–2.16 Å observed previously for
coordinate bonds from neutral nitrogen atoms in high spin
nickel() complexes of macrocyclic ligands.20 The mean Ni–S
and Ni–Cl bond distances are also within the ranges observed
for octahedral nickel() complexes.21–26 Angles around the
nickel centre are close to 90� [N(24)–Ni–Cl(1) 88.55(6), N(24)–

Fig. 1 ORTEP 39 drawing of the macrocycle 11.
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Table 2 Selected bond distances (Å) and angles (�) with e.s.d.s in parentheses for the ligand 11 and the complexes 12–17

Macrocycle 11

C(1)–S(2) 1.803(3) S(5)–C(6) 1.800(3) S(2)–C (3) 1.810(3)
C(12)–C(13) 1.504(4) C(3)–C(4) 1.449(5) C(13)–S(14) 1.822(3)
C(4)–S(5) 1.808(3) S(17)–C(18) 1.815(3) C(6)–C(7) 1.515(4)
      
C(1)–S(2)–C(3) 102.4(2) C(5)–C(6)–C(7) 110.2(2) C(1)–C(23)–N(24) 117.3(2)
C(6)–C(7)–C(8) 118.9(3) C(3)–C(4)–C(5) 115.6(3) C(6)–C(7)–C(12) 122.2(3)
C(4)–C(5)–C(6) 102.1(2) C(19)–N(24)–C(23) 118.1(2) C(4)–C(3)–S(2) 114.3(3)
S(2)–C(1)–C(23) 115.2(2)     
      

Complex 12

Ni–S(2) 2.380(1) Ni–N(24) 2.084(2) Ni–S(5) 2.524(1)
Ni–Cl(1) 2.375(1) Ni–S(17) 2.405(1) Ni–Cl(2) 2.362(1)
      
N(24)–Ni–Cl(1) 88.55(6) S(5)–Ni–Cl(1) 169.21(3) N(24)–Ni–Cl(2) 176.10(6)
S(5)–Ni–Cl(2) 95.41(3) S(2)–Ni–N(24) 84.52(7) S(17)–Ni–Cl(1) 92.24(3)
S(2)–Ni–S(17) 167.61(3) Cl(1)–Ni–Cl(2) 95.35(3) S(5)–Ni–N(24) 81.47(6)
      

Complexes 13 and 14
 13, M = Pd() 14, M = Pt()

M–N(24) 2.024(6) 2.026(5)
M–S(2) 2.260(2) 2.262(2)
M–S(5) 2.312(2) 2.2980(1)
M–S(17) 2.326(2) 2.3074(1)

   
N(24)–M–S(2) 84.02(2) 84.0(2)
N(24)–M–S(5) 171.8(2) 171.0(2)
N(24)–M–S(17) 85.02(2) 85.31(2)
S(2)–M–S(5) 89.54(8) 89.59(7)
S(2)–M–S(17) 162.23(7) 163.45(6)
S(5)–M–S(17) 102.49(7) 102.24(6)

   

Complexes 15–17
 15, M = Cu() 16, M = Ag() 17, M = Cu()

M–N(24) 2.005(1) 2.378(3) 2.103(3)
M–S(2) 2.314(1) 2.648(1) 2.554(1)
M–S(5) 2.484(1) 2.644(1) 2.379(1)
M–S(14) 2.340(1) 2.480(1) 2.259(1)
M–S(17) 2.326(1) 2.875(1) 2.706(1)

    
N(24)–M–S(2) 85.10(8) 77.16(7) 82.09(10)
N(24)–M–S(14) 132.89(7) 125.36(7) 122.05(10)
N(24)–M–S(5) 115.96(7) 118.06(7) 122.00(10)
S(2)–M–S(5) 88.87(3) 82.73(3) 85.77(4)
S(2)–M–S(17) 169.66(3) 144.84(3) 157.94(4)
S(5)–M–S(14) 111.13(3) 111.38(3) 114.65(4)
S(5)–M–S(17) 95.62(3) 93.60(3) 92.43(4)

Ni–S(2) 84.52(7) and Cl(1)–Ni–S(17) 92.24(3)�]. The nickel
atom is slightly displaced (0.23 Å) out of the equatorial NS3Cl
plane towards the axial Cl atom. Selected bond lengths and
angles are summarized in Table 2.

Three five-membered and one ten-membered chelate rings
are formed after complex formation. In this type of mixed
donor system, ether and thio-ether donor atoms are expected to
bind relatively more weakly to nickel than the nitrogen donors.
As a consequence, any cumulative ring strain arising from the
two five-membered fused rings (with pyridine nitrogen) might
be expected to be relieved by changes in the bond lengths in the
remaining five-membered chelate ring incorporating the sulfur
donors. This results in one of the SCH2CH2S linkages adopting
a gauche conformation accompanied by unequal Ni–S bond
lengths [Ni–S(2) 2.380(1), Ni–S(17) 2.405(1) and Ni–S(5)
2.524(1) Å]. The equatorial Ni–Cl(1) bond [2.375(1) Å] is com-
paratively longer than the axial Ni–Cl(2) bond [2.362(1) Å] to
maintain the square plane. The second SCH2CH2S linkage

adopts an anti conformation resulting in a non-bonded S donor
atom, S(14). A 14-membered macrocyclic ligand has a cavity
which is usually too small for the nickel() ion to fit in,12

whereas 15- and 16-membered ring macrocycles have a nearly
ideal cavity size for the high-spin nickel() ion. Consequently
one of the SCH2CH2S linkages in 12 has a folded configuration
as described earlier (five-membered chelate ring) and another
SCH2CH2S linkage is projected in such a way that one of the
benzylic sulfur atoms is further away from the nickel() centre
and remains uncoordinated.

The packing diagram for complex 12 along the a-axis shows
that, in the solid state, two Ni�11�Cl2 units are linked by hydro-
gen bonding between axial Cl(2) and the aromatic hydrogen of
the o-xylyl group of the adjacent macrocycle and hence a
ribbon like structure is obtained. The Ni–Cl � � � H–C-type of
hydrogen bonding associated with this complex has a C � � � H
distance of 2.842 Å and a Ni–Cl–H angle of 99.7�. The two
adjacent ribbons are arranged in an anti-parallel fashion with a
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distance of 3.975 Å and there is no interaction between
adjacent ribbons.

Structure description of complexes 13 and 14

X-Ray structural determination of the palladium complex 13
indicates that the macrocycle adopts a formal [4 � 1] coordin-
ation sphere (Fig. 3) at Pd(). The N-donor of the pyridine

moiety [Pd–N 2.024(6) Å] and three of the four S-donors of the
thio-ether linkages [Pd–S(2) 2.260(2), Pd–S(5) 2.312(2), Pd–
S(17) 2.326(2) Å] constitute a slightly distorted square planar
arrangement at the Pd() ion. The fourth S-donor [S(14)]
occupies an apical site with a long range interaction to the
metal centre [Pd � � � S(14) 3.036 Å] and the palladium is dis-
placed 0.095 Å out of the NS3 mean plane towards the apical
sulfur atom [S(14)]. Related long range apical interactions to
Pd() metal ion ranging from 2.9 to 3.2 Å have been reported
previously in which a [4 � 2] or [4 � 1] coordination sphere is
imposed by the macrocyclic ligands.1–4,12

The basal angles N(24)–Pd–S(5) and S(2)–Pdi–S(17) are
171.82(2) and 162.23(7)� respectively, which are in fair agree-
ment with angles expected for a square pyramidal geometry

Fig. 2 ORTEP drawing of the Ni() complex 12.

Fig. 3 ORTEP diagram of the cationic complex of 13.

around a d8-metal ion. To form a square pyramidal geometry,
the fourth sulfur atom occupies an apical site in which the
SCH2CH2S linkage adopts a gauche conformation (torsion
angles of about 60�). This leads to unequal metal–sulfur bond
distances and angles in the complex (refer to Table 2).

The single crystal structure of the platinum complex [Pt�11]-
[PF6]2 is iso-structural (Fig. 4) to [Pd�11][PF6]2. The main
difference in the Pt() complex is a longer bond distance
between the metal centre and the sulfur atom occupying the
apical position of the square pyramid [Pt–S(14) 3.140 Å] and
that the Pt() has a displacement of 0.068 Å out of the mean
plane defined by the basal donor atoms towards the apical
sulfur atom. A [4 � 2] or [4 � 1] coordination sphere is also
common among macrocyclic Pt() complexes reflecting the
preference of a square planar coordination by the d8-metal
ion.12,26 Selected bond lengths and angles of both palladium
and platinum complexes 13 and 14 are summarized in Table 2.

In the solid state, complexes 13 and 14 do not exist as discrete
molecules but they are packed with some weak interactions.
Both the complexes are crystallised with one water molecule.
Three weak interactions of the type F � � � H–C are observed 27

(bond distances for 13: 2.385, 2.403 and 2.521 Å; for 14: 2.413,
2.494 and 2.521 Å). The existence of C–H � � � F hydrogen
bonding is still being debated.28 The resultant structure along
the b-axis looks like a two-dimensional honeycomb while along
the c-axis, a wave-like pattern is observed in both. The main
difference between the complexes 13 and 14 is an additional
weak interaction of the type H � � � S–C (2.935 Å) observed in
the platinum complex and hence more extensive intermolecular
interactions in the wave pattern of its crystal packing.

Structure description of complexes 15–17

Single crystals of the copper() complex 15 were obtained by
ether diffusion of an acetonitrile solution of the complex. It is
crystallised with one molecule of water. Using liquid diffusion
of reactants, crystals suitable for X-ray diffraction studies were
obtained for complex 16. Quality crystals of the pale green
complex of 17 were obtained by the slow solvent evaporation of
its solution in a CH2Cl2–MeOH mixture. The crystal structures
of 15, 16 and 17 are shown in Figs. 5, 6 and 7 respectively. The
molecular formulae for the above complexes are also confirmed
by mass spectrometry and elemental analysis.

In all three complexes 15–17, the central metal atom is
coordinated to all five donor atoms of the macrocycle 11. Bond
angles and distances around the metal centre confirm that the
metal centre adopts a coordination geometry that lies inter-
mediate between a square pyramid or trigonal bipyramid. This

Fig. 4 ORTEP diagram of the cationic complex of 14.
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Table 3 Spectroscopic data for complexes 12–15 and 17

Complex Solvent Solution colour λmax/nm (εmax/dm3 mol�1 cm�1)

Ni�11�Cl2, 12 DMSO Green 240 (28320), 279 (21379), 308 (11598), 586 (41), 664 (39)
Pd�11�(PF6)2, 13 CH3CN Red–orange 240 (28320), 290 (30570), 490 (154)
Pt�11�(PF6)2, 14 CH3CN Light yellow 230 (23520), 264 (21269)
Cu�11�(ClO4)2, 15 CH3CN Dark green 430 (3950), 598 (550)
Cu�11�PF6, 17 CH3CN Light green 426 (2334), 596 (304)

is further illustrated by a calculation of the degree of trigonality
(τ) described by Addison et al.29 The coordination geometry
around copper in complexes 15 and 17 is thus better described
as a square-based pyramidal distorted trigonal bipyramid

Fig. 5 ORTEP diagram of the cationic complex of 15.

Fig. 6 ORTEP diagram of the cationic complex of 16.

Fig. 7 ORTEP diagram of the cationic complex of 17.

(SBPDTB) and that for the silver complex 16 as a trigonal bi-
pyramidal distorted square-based pyramid (TBDSBP).30

In both the copper complexes 15 and 17, the pyridine
nitrogen and two of the benzylic sulfur atoms form the trigonal
plane [N(24), S(5) and S(14)] and the remaining two sulfur
atoms [S(2) and S(17)] occupy the axial positions of the trigonal
bipyramid. The Cu() and Cu() metal ions deviate by �0.015
and 0.148 Å respectively from the trigonal plane towards the
axial S(2) donor atom. In Cu() the equatorial bond lengths are
comparatively longer than the axial Cu–S bonds, but in the
Cu() complex, the reverse is observed. This difference is mainly
due to differences in the conformation of the SCH2CH2S
linkages in the Cu() and Cu() complexes (see Figs. 5 and 7).
Selected bond lengths and angles for complexes 15–17 are given
in Table 2.

The mean equatorial Cu()–S bond distance of 2.412 Å and
the Cu()–N distance of 2.005(2) Å in 15 are comparable with
literature values.31–34 Interestingly the mean equatorial Cu()–S
distance of 2.319 Å is shorter while the Cu()–N distance of
2.103 Å is longer than the corresponding values in the copper()
complex 17. However, the Cu()–N distance is comparable with
reported values for most Cu() complexes containing pyridine
or substituted pyridine.35

The geometry around Ag() ion in complex 16 is better
regarded as a very distorted trigonal bipyramid, which may be
due to the larger metal ion and the size constraint in the macro-
cycle (Fig. 6). In its crystal structure, the trigonal plane is
formed by the pyridine nitrogen [N(24)] and two of the benzylic
sulfur atoms [S(5) and S(14)]; the other two sulfur atoms [S(2)
and S(17)] occupy approximately axial positions. The S(2)–Ag–
S(17) angle (144.84�) is considerably smaller than 180�. The
Ag() ion is lies 0.33 Å above the equatorial plane, towards S(2).
Like the Cu() complex 17, the axial Ag–S bonds in 16 are
comparatively longer than the equatorial bonds (see Table 2;
Fig. 7). The Ag–N(24) and mean Ag–S bond lengths are com-
parable with reported values in the literature.16

In the crystal packing of complex 15, dimers are found to be
connected through weak S � � � S (3.467 Å) interaction and
thereby resulting in linear chains but there is no interaction
between the chains. The dimer is associated with three types of
weak interactions: S � � � S (3.647 Å), two S � � � O (3.190 and
3.166 Å) and two C–H � � � O–Cl (2.456 and 2.561 Å). Unlike
complex 15, there is no interaction between the dimers in com-
plex 17 because of the presence of PF6

� anions between them.
The dimer is associated with only two types of interactions:
C–H � � � S (2.805 Å) and C–H � � � F (2.556 Å). A similar type
of packing is observed in complex 16. The only difference is
that its dimers are connected through two PF6

� molecules: one
on each side and thereby a linear chain-like structure is
obtained. There are four hydrogen bondings of the type C–
H � � � F observed (2.441 and 2.498 Å) in between the dimers.
The dimer experiences four interactions: two Ag � � � S (3.925
Å) and two Ag � � � H (3.331 Å) and there is a perfect square
plane observed in this dimer [S(14A), Ag(1), Ag(2) and S(14B)].

UV-Visible spectroscopic study of complexes 12–15 and 17

The details of the electronic absorption of the complexes is
given in Table 3. The absorption peaks for palladium complex
13 are observed at 290 and 490 nm. The higher energy band is
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attributed to the intense π–π* transitions and the less intense
lower energy band can be assigned to a CT transition. Similar
transitions appeared at 230 and 264 nm in the platinum com-
plex 14. Both the transitions are considered as intra-ligand
transitions as they fall below 400 nm. The copper() complex
15 is intensely coloured with strong absorption bands at 430
and 598 nm, the former being relatively more intense. These two
bands are attributed to S(σ)  Cu() and S(π)  Cu()
charge-transfers, respectively. These bands are of considerable
interest as the intense visible absorptions exhibited by the blue
copper proteins are attributed to similar S  Cu charge-
transfers, although a coordinated mercaptide sulfur (cysteine) is
involved in the latter case.36

Redox properties of complexes 13, 14, 15 and 17

The redox properties of [M�11]2�[PF6]
�

2 (M = Pd and Pt) 13
and 14 were monitored by cyclic voltammetry using acetonitrile
as a solvent and tetraethylammonium tetrafluoroborate was
used as a supporting electrolyte. The potential window was
selected in the range of �0.3 to �2.0 V vs. Ag/AgCl. At this
potential the macrocycle 11 and the supporting electrolyte were
found to be inert. In the cyclic voltammograms of the Pd()
and Pt() complexes, only one irreversible reduction peak was
observed in each case. The peak shifted to a more negative
potential with increasing scan rate. The broad irreversible
reduction peaks appeared at �0.994 and �1.368 V for 13 and
14 respectively. The above results suggest that the reduction of
the Pd() and Pt() complexes occurs at relatively accessible
potentials. The Pd() and Pt() radical species generated were
transient and quenched rapidly. Attempts are in progress in our
laboratory to stabilize the Pd() and Pt() complexes by modify-
ing the structural and donor nature of the macrocyclic ligands.

The cyclic voltammograms of [Cu�11]2�[ClO4]
�

2 15 and [Cu�
11]2�[PF6]

� 17 are shown in Fig. 8. For 15 it was found that E½

occurs at 0.7 V vs. Ag/AgCl, and the cathodic reduction peak
occurs at 0.57 V. The CuI/II couple appears to be a reversible
system with well-defined anodic and cathodic peaks. The E½

value of 17 is essentially identical to that of 15 at 0.7 V while the
cathodic reduction peak occurs at 0.6 V. The ∆E value is slightly
decreased (0.1 V) which indicates that the electron transfer
process involves lower energy thus implying a less stable com-
pound. This is consistent with a shift in the cathodic reduction
potential to a less positive value going from 17 to 15 indicating
a relatively more stable compound. The E½ values of the com-
plexes 13–15 and 17 are comparable to values reported in the
literature.16 The relatively poor solubility of the nickel complex
12 in most organic solvents prevented a study of its redox
chemistry.

Fig. 8 The cyclic voltammogram of (i) complex 15 and (ii) complex
17.

Metal ion extraction study

The complexing ability of the macrocycle 11 to selected transi-
tion metal cations Ag(), Cd(), Cu(), Co(), Hg(), Ni(),
Pb() and Zn() was assessed by solvent extraction of the metal
chlorides from aqueous solutions into chloroform. The pro-
cedure employed was similar to those reported by Kumar et al.
and Nishimura et al. in their investigation of cyclophanes with
mixed nitrogen and sulfur/oxygen donors.37,38 The results from
our work are summarized in Fig. 9. The overall observation was
that 11 does not show any significant selectivity among the
series of metal ions but it extracts all these metal ions
appreciably. An approximate extraction selectivity order is
Cu(), Ni(), Co(), Pb() > Cd(), Hg() > Ag() > Zn().
Thus, 11 exhibits a relatively low preference for Zn().

Conclusion
A new pentadentate macrocyclic ligand [17]aneNS4 11 contain-
ing mixed donor atoms has been synthesized by using a high-
dilution procedure and characterized by spectroscopic and
X-ray crystallographic studies. Its Ni(), Pd(), Pt(), Cu(),
Ag() and Cu() complexes 12–17 were prepared and their
crystal structures were investigated by using X-ray crystallo-
graphy. The macrocycle 11 serves as a tetradentate ligand in the
Ni() complex 12; it behaves like a tetradentate ligand in the
Pd() and Pt() complexes 13 and 14 but there is a weak inter-
action between the fifth sulfur atom in 11 with the metal ion. In
the Cu(), Ag() and Cu() complexes 15–17 the macrocycle 11
truly acts as a pentadentate ligand. The above observation
illustrates the flexibility of the macrocycle 11 in adopting
different structural conformations and coordinating behaviour
to bind to the various metal ions effectively. The extraction
property of the macrocycle 11 shows poor selectivity among
a series of metal ions but it exhibits a significantly lower prefer-
ence for the Zn() ion.
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