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3,11,19-Trithia|3.3.3]pyridinophane: Structural Diversity in Its Transition
Metal Complexes

Muthalagu Vetrichelvan,!?! Yee-Hing Lai,*!*! and Kum Fun Mok

Keywords: Coordination polymers / Macrocycles / Structural diversity / Transition metals / Zwitterions

The pyridine-containing aza-thia macrocycle 3,11,19-trithia-
[3.3.3]pyridinophane (10) and its complexes with Ni', Pd",
Cu!, Ag! and Hg" were synthesised and their crystal struc-
tures were determined. The Ni! and Hg" complexes (11, 12)
are mononuclear with 10 serving as an unusual quinquedent-
ate ligand. The Cu! complex 13 is also mononuclear with 10
being tetra-coordinated to a tetrahedral Cu'. Palladium(in)
forms a binuclear complex 14 which exists as an inorganic
zwitterion and both Pd" metal ions adopt the expected

square-planar geometry with facial coordination. Silver()
forms one-dimensional coordination polymers (15 and 16)
with 10 and these exhibit two different coordination modes,
namely tetrahedral and trigonal planar. It was found that the
macrocycle 10 did not show any selectivity among a series
of metal ions. The electronic and redox properties of several
complexes were studied.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Crystal engineering remains one of the most fascinating
areas of research in modern inorganic chemistry. It has
given rise to many remarkable structures by using transition
metals through the development of coordination polymers,
the construction of molecular architectures and the self-as-
sembly of complex molecular structures.l' ~'?! The coordi-
nation chemistry of pyridine-containing macrocycles is of
particular interest due to the effective coordination ability
of pyridine.['3] Parallel to this, binuclear macrocyclic com-
plexes have also attracted much attention as catalysts and
models for certain metalloenzymes.'*!5] There is also a
need to understand the nature and extent of metal-metal
interactions. Schroder et al.l'~ '8 and others!'®~22! have re-
ported a series of coordination polymers derived from Ag!
and thioether macrocycles 1—5 as well as other func-
tionalised thioether macrocycles.>?* The search for appro-
priate organic building blocks for the construction of coor-
dination polymers and the study of binuclear complexes led
us to investigate the ligand 10. The intramolecular layout
of the three pyridine rings in 10 means that it is able to
form a cone-like conformation similar to that of calixarenes
and thus 10 was expected to exhibit interesting com-
plexation properties.

We report herein a new synthetic route to the macrocycle
10 and the preparation of a series of its transition metal
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complexes 11—16. The solid-state structures of the metal
complexes, their electronic and redox properties and an ex-
traction study of the macrocycle are discussed. To the best
of our knowledge, complexes 15 and 16 are the first ex-
amples of one-dimensional Ag! coordination polymers exhi-
biting two different coordination geometries with the same
macrocyclic ligand. The palladium complex 14 is dinuclear
and exists as an inorganic zwitterion while Cu', Ni'l and
Hg" form mononuclear complexes 11—13 having different
degrees of coordination.

Results and Discussion

Syntheses

The macrocycle 10 was previously isolated as a side-prod-
uct in a reaction between bis(bromomethyl)pyridine and
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Scheme 1. Synthetic scheme for the preparation of the macrocycle 10

thioacetamide.*! An improved synthetic route to 10 was
employed in this work starting from known precursors?2®! 6
and 7 (Scheme 1) giving a 50% overall yield of 10. The reac-
tion between 6 and 7 to afford the diol 8 could be achieved
in two ways: in the presence of DBU/THF or with Na/etha-
nol. The latter was found to need a shorter reaction time
and gave a higher yield of 8. Treatment of the diol 8 with
thionyl chloride gave the dichloride 9 in a 90% yield. The
macrocycle [18]aneN;S; 10 was isolated in a 70% yield via
an intramolecular coupling reaction of 9 with sodium sulf-
ide under high-dilution conditions.!?7-?8]

The metal complexes 11—16 (Figure 1) of the macrocycle
10 were prepared by reactions of the ligand with the appro-
priate metal salts, respectively; details are given in the Exp.
Sect.

Structure Description of [Ni(10)(ClOy,),] (11)

In the crystal structure of the nickel complex 11 (Fig-
ure 2), the nickel centre is five-coordinate. Although the
macrocycle 10 has six donor atoms, a rare pentacoordinate
nickel is observed in this case, which is probably due to
a relatively large macrocyclic cavity. The asymmetric unit
contains two independent halves of the molecule. The OR-
TEP diagram of the complex is shown in Figure 2 (left) and
selected bond lengths and bond angles are given in Table 1
and Table 2, respectively.

The geometric parameter T, which is equal to zero for a
perfect square pyramid and becomes unity for a perfect
trigonal bipyramid,*! was calculated to be about 0.65, thus
indicating that the nickel in complex 11 adopts a distorted
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Figure 1. Structural diversity of complexes 11—16

trigonal bipyramidal geometry. Three pyridine nitrogens
form a trigonal plane and two of the benzylic sulfur atoms
occupy the axial positions of the trigonal bipyramids.
Pentacoordination is relatively rare for Ni'l, which more
often forms either high-spin octahedral or low-spin square-
planar complexes.*® In addition, Ni'' complexes with pen-
tadentate ligands are often hexacoordinate due to bonding
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Figure 2. (left) ORTEP drawing of the Ni'! complex 11; (right) packing diagram of complex 11 along the b-axis

to a solvent molecule or an anion.[3!1 A ligand with a 15- or
16-membered ring offers an ideal cavity for a six-coordinate
nickel ion. The 18-membered ring in 10 is supposedly suffic-
iently large for this purpose. In the novel Ni'' complex 11,
a pentacoordinate nickel is unusually entrapped by a hexa-
dentate macrocycle. This may be due to unfavourable steric
interactions or geometrical strain developed in the ligand if
all six donor groups in 11 are bonded to the Ni'l ion in an
octahedral arrangement.??] In addition hydrogen bonding
may play a role in stabilizing the helical structure of the
complex in the crystal packing [Figure 2 (right)] thus dis-
couraging the utilisation of the sixth coordination position
of the metal centre. This, we believe, is an unusual type of
geometry rarely reported in the literature.

The Ni—N and Ni—S bond lengths in 11 are similar to
those reported in the literature.?>*] The Ni—N bond lengths
are typical of high-spin Ni'' complexes with nitrogen donor
atoms.’% The perchlorate anions have the expected tetra-
hedral geometry although the variation in bond lengths and
angles and the large thermal parameters suggest that some
degree of disorder is present.

The packing diagram of 11 in the solid state along the b-
axis is shown in Figure 2 (right). The adjacent molecules
are linked through weak intermolecular hydrogen bonding
of the type C1—O-+H—C via the benzylic C—H of the pyri-
dine units and the oxygen atom of the perchlorate anions.
The adjacent molecules are in an antiparallel array and
thereby the overall crystal packing appears as a helix involv-
ing two types of hydrogen bonding, with typical bond
lengths!347361 of 2.500A and 2.473 A, respectively. Such hy-
drogen bonding has been found to be important in influenc-
ing the nature of the molecular packing in solid-state struc-
tures.B” There is, however, no interaction between two ad-
jacent helices in the crystal packing of 11.

2088 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Structure Description of [Hg(10)(ClO,4),] (12)

A mononuclear mercury(l) complex of formula
Hg(10)(ClO,), is formed when either a 1:2 or a 1:1 ratio of
macrocycle 10 and metal salt were used. The X-ray struc-
ture of the complex shows that the mercury is coordinated
to three pyridine nitrogens and two thioether sulfurs of the
macrocycle. The geometric parameter t for the mercury
complex is 0.48, which indicates a distorted square-pyrami-
dal geometry. The ORTEP diagram of the complex is
shown in Figure 3 and Table 1 and 2 list the bond lengths
and bond angles around the metal ion. One of the thioether
sulfurs is not coordinated and it is in an exodentate position
even after complexation. Three pyridine nitrogens form a
perfect trigonal plane and two of the thioether sulfurs
occupy approximately axial positions. The bond angles are
very distorted due to two additional interactions of the me-
tal ion with oxygens of the two perchlorate anions. The
O---Hg distances are about 3.283 and 3.198 A, which are
too long to be considered as bonding interactions.[*¥l Due
to these weak HgO interactions, the mercury ion is
pseudo-seven coordinate. The N, —Hg distances in the
macrocycle are somewhat shorter than reported ear-
lier.3!

Similar to the nickel analogue, the mercury complex has
four five-membered rings and one nine-membered ring
which may explain the difference in bond angles and bond
lengths. In the solid state, there are some weak interactions
between mercury and oxygen atoms of the perchlorate
anions. In addition to that, hydrogen bonding of the type -
C---H-, with a bond length of 2.483 A, is also present be-
tween the benzylic hydrogen and the oxygen of the per-
chlorate anions. Due to these interactions, a chain-like
structure is formed.
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Table 1. Selected bond lengths (A) with e.s.d.’s in parentheses for
complexes 11—16

Table 2. Selected bond angles (°) with e.s.d.’s in parentheses for
complexes 11—-16

Complex 11 Complex 11
Ni(1)—N(8) 2.088(3) Ni(1)—N(8A) 2.088(3) N(8)—Ni(1)-N(8A)  105.723) N(A)—Ni(1)=N(15) 127.14(9)
Ni(1)—N(15) 2.130(5) Ni(1)—S(10) 2.385(1)  N(8)—Ni(1)-N(15)  127.14(9) N(8A)—Ni(1)—S(10A) 80.24(1)
Ni(1)—S(10A) 2.385(1) Ni(2)—N(23) 2.077(3)  N(8)—Ni(1)=S(10A)  108.73(10) N(15)—Ni(1)—S(10A)  82.79(3)
Ni(2)—N(23A) 2.077(3) Ni(2)—N(30) 2.119(5)  N(SA)—Ni()—S(10)  108.73(10) N(8)—Ni(1)—S(10) 80.24(1)
Ni(2)—S(25) 2.379(1) Ni(2)—S(25A) 2.379(1)  N(15)—Ni(1)—S(10) 82.79(3) S(10A)—Ni(1)=S(10) 165.57(6)
N(23)—Ni(2)—=N(23B) 106.73(19) N(23)—Ni(2)—N(30) 126.64(9)
Complex 12 N(23B)—Ni(2)—N(30) 126.64(9) N(23)—Ni(2)—S(25B) 107.27(9)
N(23B)—Ni(2)—S(25B) 81.25(9) N(30)—Ni(2)—S(25B)  83.03(3)
Hg(1)—N(9) 2.332(4) Hg(1)-N(18) 2.363(4) N(23)—Ni(2)—S(25) 81.25(9) N(23B)—Ni(2)—S(25) 107.27(9)
Hg(1)—N(27) 2.401(4) Hg(1)—S(20) 2.553(2) N(30)—Ni(2)—S(25) 81.03(3) S(25B)—Ni(2)—S(25) 166.06(6)
Hg(1)-S(2) 2.577(1) S
omplex
Complex 13
N(9)—Hg(1)-N(18)  110.38(1) N(9)—Hg(1)-N@27)  125.87(1)
Cu(1)—N(18) 2.002(4) Cu(1)-N(9) 2.112(4) N(18)—Hg(1)=N(@27) 123.73(1) N(9)—-Hg(1)-S(20)  120.91(1)
Cu(1)—N(27) 2.132(4) Cu(1)—S(2) 2.315(2)  N(18)—Hg(1)—5(20) 74.72(1)  N(27)—-Hg(1)-S(20) ~ 77.83(1)
Cu(2)—N(48) 2.001(4) Cu(2)—N(57) 2.112(5) NO)-Hg(1)-S(2) 74.43(1) N(18)-Hg()-S(2)  121.4(1)
Cu(2)—N(39) 2.135(5) Cu(2)-S(32) 2.311(1) 1g1(27)1—H%(31)—S(2) 76.71(1)  S(20)—Hg(1)=S(2)  154.51(5)
omplex
Complex 14 N(18)—Cu(1)—N(9) 119.87(2) N(18)—Cu(1)—N(27) 120.81(2)
N(9)—Cu(1)-N(27)  100.48(2) N(I18)—Cu(1)-S(2)  133.52(1)
B B N(9)—Cu(1)-S(2) 87.09(1) N(27)—Cu(1)—S(2) 85.64(1)
ggﬁ;_g(lg) ggg;g; 538;_88 gg?gg; N(@48)—Cu(2)—N(57)  120.84(2) N(48)—Cu(2)-N(39) 119.952)
Pd(2)—N(15) 1.988(3) Pd(2)—S(11) 2240(1) NGD—Cu=-N@E9)  97452) N@§)—Cu(2)=S(32) 135.7002)
Pd(2)—S(20) 22752) Pd(2)—Cl(4) 2202(1) NGD-Cu@=S(32)  8537(2) N(9-Cu2)=S(32)  87.0002)
Complex 15 Complex 14
_ _ Cl(2)—Pd(1)—-CI(3) 179.69(5) Cl1(2)—Pd(1)—S(2) 94.14(4)
ﬁggg_gggg gi;ggig ﬁgzg—ls\?lgl)) g;ggg; CI(3)—Pd(1)—-S(2) 86.08(4) Cl(2)—Pd(1)—CI(1) 89.94(5)
Ag(2)—N(30) 2245(5) Ag(2)—S(2) A 35172 CI®=Pd)=CI(]) 89.83(5) S(2)—Pd(1)—CI(1) 175.09(4)
Ag(2)—S(20) 2'545(1) g ’ N(18)—Pd(2)—S(11) 87.58(10) N(18)—Pd(2)—S(20) 86.49(10)
g ) S(11)-Pd(2)-S(20)  168.39(5) S(20)—Pd(2)—Cl(4)  95.94(6)
Complex 16 Complex 15
ﬁgzigiggg ggéégiﬁ :g%:gzg) ;gi?g‘g NQ7)—Ag()-N©)  117.68(1) N(Q27)—Ag(1)-N(18) 117.86(1)
Ag(Z)—N(IS) 2.286(6) Ag(z)—S(Z) 2.486(1) N(©O)—Ag(1)—N(18) 104.77(1)  N(27)—Ag(1)—S(11)  149.58(8)
Ag(Z)—S(lA) 2.551(1) ¢ ' N(©)—Ag(1)—S(11) 78.65(9) N(18)—Ag(1)—S(11) 78.02(9)
£ : N(G0)-Ag2)—S(2)A  119.02) N(30)—Ag(2)—S(20) 111.6(2)
S2)A—Ag(2)—S(20)  129.08(3)
Close inspection of the complex crystal structure along Complex 16
the c-axis shows that there are six complex cations and six N()—Ag(1)-NQ) 119272 N()-Ag(1)=NG) 118.32()
. . R —Ag(l)— . —Ag(l)— .
perchlorate am.ons'packed alternately, resulting in a six- N@2)—Ag(1)~NG) 102.021) N(1)—Ag(1)-S(3) 148 30(1)
membered cyclic ring. The structure forms a hexagonal-  N(2)—Ag(1)-S(3) 79.08(1) N(3)—Ag(1)-S(3) 78.16(1)
shaped space, which may be useful for specific guests. N3)—Ag(1)-S3) 78.16(1) N(1S)—Ag(2)—-S(2)  124.93(2)
N(IS)-Ag(2)-S(1A)  99.502) S(Q2)—Ag2)—-S(1A)  135.11(4)

Structure Description of [Cu(10)(PFg)] (13)

Similar to the nickel complex, the copper complex 13 also
has two independent formula units present in one asymmet-
ric unit. The basic molecular geometries are essentially
identical, although some insignificant differences in bond
lengths and bond angles are observed. The ORTEP dia-
gram of the complex is shown in Figure 4 (left) and Table 1
and 2 provides selected bond lengths and bond angles.

Two exodentate sulfurs are not coordinated to the cop-
per(1) and all attempts to form a coordination polymer con-
taining other metal ions as a bridge between the molecules
by using these non-coordinated sulfurs failed. The molecule

Eur. J. Inorg. Chem. 2004, 2086—2095 www.eurjic.org

itself looks like a model of a person, with two exodentate
sulfurs as two folded arms, one pyridine as its head and
another two pyridines as two legs, as can be easily vis-
ualized from the space-filling diagram in Figure 4 (right).
The Cu! ion is encapsulated by the ligand 10 bonding
directly to three pyridine nitrogens (N9, N18 and N27 in
Cul and N39, N48 and N57 in Cu2) and one thioether
sulfur (S2 in Cul and S32 in Cu2). The remaining two sulf-
urs are not coordinated to the copper metal and are found
at an average non-bonding distance of 4.0 A. The Cu' ion

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2089
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Figure 4. (left) ORTEP drawing of the copper(1) complex 13; (right)
space-filling model of 13 (hydrogen atoms omitted for clarity)

is in a tetrahedral environment with N—Cu—N angles rang-
ing from 119.87(2) to 120.81(2)° for the eight-membered
rings and S—Cu—N angles ranging from 85.64(1) to
87.09(1)° for the five-membered rings. The Cu—N and
Cu—S distances are in the expected range.[**=%! In the
solid-state, the molecules are not discrete but form a net-
work structure through some hydrogen bonding and weak
interactions.

Structure Description of [10(PdCIl)(PdCl3)] (14)

The X-ray structure of the complex confirms the bi-
nuclear complex of formula [(10(PdCl)(PdCly)]. Figure 5
shows an ORTEP diagram of the complex and Table 1 lists
selected bond lengths for the metal coordination environ-
ment. The two palladium centres are not encapsulated by
the ligand but are in a facial coordination. This may be
because the cavity of the macrocycle is too small to accom-

2090 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

modate two palladium metal ions or to avoid the steric in-
teraction between the metal ions.

Each macrocyclic ligand coordinates to two palladium
ions and the structure comprises two different distorted
square-planar geometries. In Site A, Pd(1) is coordinated to
only one sulfur [Pd—S(2) 2.306 A] and three chlorine
anions (Pd—ClI 2.297, 2.305 and 2.316 A) and in Site B the
metal ion is coordinated to one pyridine nitrogen (Pd—N
1.988 A), two of the three sulfurs (Pd—S 2.240, 2.275 A)
and one chloride anion (Pd—CI 2.291 A). Thus the macro-
cycle acts simultaneously as a tridentate (NS,) and a mon-
odentate (S) ligand. The remaining two pyridine nitrogens
are not coordinated to the palladium metal and are oriented
away from it, with non-bonding distances of Pd(2)—N(27)
3.635 A and Pd(2)—N(9) 3.752 A. The Pd—N, Pd—S and
Pd—ClI distances are within the expected range.#+]

The distance between palladium and the non-bonded ni-
trogens [N(9) and N(27)] is sufficiently large to permit the
atoms to be non-interacting, but the nature of the macro-
cyclic ligand defines a limit for the furthest distance of the
non-bonded nitrogens. A value of about 3.6 A is intermedi-
ate between the normal distances for an inner-sphere or co-
ordinated ligand (ca. 2.0 A) and an outer-sphere or non-
coordinated ligand (ca. 4.0 A). This type of environment
may cause unusual and interesting effects in the solution
studies.[*®] Pd(1) deviates from the mean square plane (S2,
Cl1, CI2, CI3) by about 0.024 A, and Pd(2) deviates by
about 0.049 A. It is of interest to note the differences in the
Pd—Cl distances found for both coordination sites. Interest-
ingly, the charges of the two palladium centres [Pd(1) and
Pd(2)] in each neutral molecule are —1 and +1, respectively,
resulting in an inorganic zwitterion.

The intramolecular distance between the two palladium
atoms is about 6.9 A and a short inter-ionic distance of 4.1
A is observed between palladiums in adjacent dimeric units
within the unit cell. These distances are much longer than
the 2.751 A in palladium metal®¥ and preclude any metal-
metal interaction. When viewed along the a-axis, successive
layers of the complexes are arranged in an antiparallel fa-
shion [see Figure 6 (left)]. This is due to some hydrogen
bonding and other weak interactionsi® 37! in the crystal
lattice that are listed in Table 1 and 2. In this complex, the
three pyridine rings are arranged in a cone-like confor-
mation, as seen in Figure 6 (right). In the crystal packing
and along the c-axis there are rectangular voids of about
13.3 A due to these interactions and 71 stacking (3.347 A
to 4.168 /OX) of the pyridine rings. Water molecules are also
involved in the weak hydrogen-bonding networks.

Structure Description of [(10)Ag,(CH3;CN)(PFg),].. (15)
and [(10)Ag>(CH3CN)(BFy),].. (16)

X-ray analysis of complex 15 shows that it is a one-di-
mensional coordination polymer. The ORTEP diagram of
the asymmetric unit of the coordination polymer is shown
in Figure 7 (top). One Ag' resides in the cavity of the mac-
rocycle, coordinated by three N and one S donors; it adopts
a distorted tetrahedral geometry with (N,S)—Ag—(S,N)

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2086—2095
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Figure 5. ORTEP diagram of the binuclear palladium complex 14

Figure 6. (left) Packing in complex 14 showing the molecules arranged into antiparallel sheets along the a-axis; (right) cone conformation

in the packing of complex 14

angles ranging from 78.02(9) to 149.58(8)°, Ag—N bond
lengths between 2.213(3) and 2.436(4) A and an Ag—S dis-
tance of 2.532(1) A. The second Ag! is coordinated to two
S-donors from two different macrocyclic molecules with
distances of 2.454(1) and 2.517(1) A and an acetonitrile sol-
vent molecule(Ag—N—C—CHj; 2.245 A), with a trigonal
planar geometry. The silver-acetonitrile nitrogen atom dis-
tance of 2.245 A falls in the range of 2.18—2.33 A reported
previously.*”! Consequently all six donors of each macro-
cyclic molecule are engaged in coordination. The second
Ag' deviates by about 0.13 A from the trigonal plane. Two
different modes of coordination in a single silver complex
are uncommon and the two modes of coordination are
shown in Figure 7 (bottom).

Eur. J. Inorg. Chem. 2004, 2086—2095 www.eurjic.org

Adjacent linear chains are arranged an antiparallel man-
ner, most likely stabilized by the n-r stacking interaction of
the pyridine rings. The distance between the m-m pyridine
rings is about 3.6 A, close enough for an interaction. The
PF¢ counteranion is situated nicely in the voids between
adjacent linear polymer layers and the linear polymers are
arranged in a zig-zag fashion along the c-axis. Selected
bond lengths and bond angles are summarised in Table 1
and 2.

The four-coordinate Agl has a long-range interaction
with two fluorine atoms of the counterion (Agl---F 3.379
and 3.562 A) and hence a pseudo-octahedral geometry is
observed. The trigonal planar geometry of the Ag(2) centre
is stabilized by interaction of one of the fluorine atoms of

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2091
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Figure 7. (top) ORTEP diagram of an asymmetric unit of the coordination polymer 15; (bottom) the two coordination modes of silver

in the coordination polymer 15

the counterion PFg, at a distance of 2.883 A, resulting in a
pseudo four-coordination. A polymeric disilver complex
with two different geometries (tetrahedral and linear) was
reported previously®! with a small macrocycle. To the best
of our knowledge, this is the first example of a polymeric
complex with a pyridine-containing macrocycle with two
different modes of four- and three-coordination. The dis-
tance between Agl and Ag2 is 5.742 A and the intermolecu-
lar distance between Ag2 and Agl of the adjacent macrocy-
cle is about 5.9 A, which is significantly longer than the
sum of their van der Waals radii.

There is no major difference in the X-ray structure when
the metal salt is changed from AgPF¢ to AgBF,. The com-
plex formed with AgBF, is also a coordination polymer,
with two different coordination modes of silver, with the
formula C,3H,4Ag,B,FsN4S;3. One of the fluorine atoms in
BF, in the complex 16 is disordered. The bond lengths and
bond angles are similar to those of complex 16 listed in
Table 1 and 2. The intra- and intermolecular Ag—Ag dis-
tances (5.865 A and 5.657 A respectively) are different from
those in complex 15. No good quality single crystals could
be obtained when AgNO; was used.

UV/Vis and Redox Properties of the Complexes

The UV/Vis absorption spectrum data of the dinuclear
palladium complex is given in the Exp. Sect. The palladium

2092 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

complex is orange and shows an absorption maximum at
374 nm with a further intense absorption band at 272 nm.
A peak of this type is absent in most mononuclear com-
plexes and seems to be characteristic of dinuclear palladium
complexes, possibly arising from a metal-metal interaction.
From previous work the absorption at 272 nm can be as-
signed to the spin-allowed 4d,« — 5p, transition.[*”! The pg
orbital is a hybrid of the 5p,(Pd) and n* (ligand) orbitals.
Whether this kind of interaction would lead to some net
metal-metal bonding still remains uncertain.

The redox properties of complexes 15 and 16 have been
studied by cyclic voltammetry in acetonitrile solution with
tetrabutylammonium perchlorate as the supporting electro-
lyte. Two irreversible reductions are observed at —1.1 and
—0.25V for complex 15 and —1.4 and —0.35 V for complex
16 together with an intense desorption spike at 0 V at a
scan rate of 200 mV+s~'. Both reductions correspond to a
one-electron transfer of Ag! to Ag’. No oxidation waves
are observed in the cyclic voltammograms up to +2.0 V.
However, for complex 15 there is an oxidation peak ob-
served at —1.25 V. Similar potential ranges have been re-
ported for related macrocyclic silver complexes.>”]

Extraction Studies

The complexing abilities of the macrocycle 10 with the
selected metal cations Ag', Cd™, Cu"l, Co™, Hg™, Ni'l, Pb!
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and Zn'" were assessed by solvent extraction of the metal
chlorides from aqueous solutions into chloroform. The pro-
cedure was based on the method used by Kumar et al. and
Nishimura et al., in their investigation of mixed nitrogen
and sulfur/oxygen-donor cyclophanes.>!:321 The extraction
results, presented in Table 3, indicate that the macrocycle
has poor selectivity and it extracts all the metals appreci-
ably. Among these metals, macrocycle 10 exhibits a slightly
higher preference for Ni'. The observed extraction selec-
tivity order is Ni'' > Co"! > Zn'" > Pb" > Cu!! > Cd" >
Hg'' > Agl.

Table 3. Relative selectivity in extraction of metal ions by macrocy-
cle 10

Metal ion Cd" Cu' Co™ Pb" Hg" Ni'' Ag! Znl!
% Extraction 76 77 84 78 69 8 50 83

Conclusions

A hexadentate macrocyclic ligand containing mixed do-
nor atoms, namely [18]aneN;S; (10), has been synthesised
by a new synthetic route and characterised by analytical
and spectroscopic methods. The Ni'l, Pd!, Pt"!, Cul, Ag'
and Hg' complexes 11—16 of 10 have been prepared and
their crystal structures investigated by X-ray crystallogra-
phy. From the X-ray crystal structures of the complexes,
10 forms mononuclear complexes with nickel, copper and
mercury metal ions, a binuclear complex with palladium
and coordination polymers with silver. Both nickel and
mercury adopt an unusual geometry due to the ligand con-
formation. The binuclear palladium complex exists as an
unusual inorganic zwitterion and a cone conformation of
the macrocycle was achieved upon metal ion complexation.
The silver complex formed a one-dimensional coordination
polymer with two different modes of coordination of silver.
Changing the anion of the silver salt does not result in any
structural changes in the silver complex. The electronic
spectra of the complexes were also investigated. The extrac-
tion ability of the macrocycle shows a slightly higher prefer-
ence for nickel(m1). The solid-state packing diagrams in the
X-ray structures of the complexes were explained by hydro-
gen bonding and other weak interactions.

Experimental Section

Materials and Physical Measurements: '"H and '3C NMR spectra
were recorded on a Bruker ACF 300 Fourier-transform spec-
trometer. All chemical shifts are reported in ppm downfield from
a tetramethylsilane internal standard. Mass spectra were recorded
on a VG Micromass 7035 spectrometer at 70 eV in electron impact
mode. 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 vol-
tammograms were recorded using a single compartment three-elec-
trode cell. A platinum disc of 3 mm in diameter was used as a
working electrode. The counter electrode consisted of a platinum

Eur. J. Inorg. Chem. 2004, 2086—2095 www.eurjic.org

wire. All the potentials were measured against the Ag/AgCl couple.
An EG&G Princeton Applied Research 273 potentiostat, con-
trolled by M270 software, was used to measure all the electrochemi-
cal data. Acetonitrile used for electrochemical studies was triply
distilled under nitrogen from calcium hydride and stored over 4-A
molecular sieves. Tetrabutylammonium perchlorate employed as a
supporting electrolyte was vacuum dried for 24 h prior to use. All
solutions were purged with dry argon for 15 minutes prior to any
electrochemical study. The following compounds were prepared ac-
cording to the literature: 2,6-bis(mercaptomethyl)pyridine (6),1°3
and 2-bromomethyl-6-hydroxymethylpyridine (7).154

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

2,6-Bis|(6-hydroxymethyl-2-pyridylmethyl)sulfanylmethyl]pyridine
(8): Compound 6 (1.00 g, 5.85 mmol) was added to a solution of
sodium ethoxide prepared by dissolving sodium metal (0.27 g,
11.70 mmol) in anhydrous EtOH (200 mL) and the mixture was
stirred for 1 h. A solution of compound 7 (2.35 g, 11.70 mmol) in
anhydrous EtOH (75 mL) was then added dropwise over 2 h while
the reaction mixture was maintained at solvent refluxing tempera-
ture. The reaction mixture was allowed to stir for an additional 2 h
and cooled to room temperature. The solvent was removed under
reduced pressure yielding an orange oil. The crude product was
extracted with CH,Cl, and the organic phase was washed with
water followed by saturated sodium chloride solution. The solvent
was removed and the residue was chromatographed on silica gel
(hexane/acetone, 1:1) to give the desired diol 8 as colourless crys-
tals. Yield: 1.95 g (81%); m.p. 83—85 °C. MS: m/z = 413.2 [M*].
'H NMR (CDCl,): § = 7.50—7.60 (m, 3 H), 7.20—7.30 (m, 4 H),
7.10 (d, J = 7.62 Hz, 2 H), 4.71 (s, 4 H), 4.30 (br., 2 H), 3.82 (s, 4
H), 3.80 (s, 4 H) ppm. 3C NMR (CDCls): § = 158.9, 157.8, 157.3,
137.2, 121.6, 121.3, 118.6, 64.5, 37.2, 37.0 ppm.

2,6-Bis|(6-chloromethyl-2-pyridylmethyl)sulfanylmethyl|pyridine (9)
Thionyl chloride (1.04 g, 8.71 mmol, 20% excess) was added slowly
with a syringe to a solution of the diol 8 (1.50 g, 3.63 mmol) in
CH,Cl, (75 mL) and the mixture was stirred for 6 h at room tem-
perature. A saturated solution of NaHCOj; (50 mL) was added and
the mixture was stirred for 1 h. The organic layer was separated
and dried. The solvent was removed under reduced pressure yield-
ing brown oil which solidified on standing at 0 °C. Yield: 1.50 g
(91%). "H NMR (CDCls): § = 7.62 (m, 2 H), 7.52 (t, J = 7.62 Hz,
1 H), 7.30 (m, 4 H), 7.20 (d, J = 7.62 Hz, 2 H), 4.60 (s, 4 H), 3.76
(s, 4 H), 3.72 (s, 4 H) ppm. 13C NMR: § = 158.3, 157.8, 156.0,
137.5, 122.5, 121.3, 120.8, 53.3, 37.3, 37.2 ppm. Dichloride 9 de-
composes slowly upon standing and was therefore used for the fol-
lowing reaction without further purification.

3,11,19-Trithia[3.3.3]pyridinophane (10): A catalytic amount of
NaOH was added to a solution of Na,S-9H,0 (0.58 g, 2.40 mmol)
in 95% ethanol (250 mL). This was maintained under N, at room
temperature and a solution of 9 (1.10 g, 2.40 mmol) in EtOH
(100 mL) was added dropwise over a period of 6 h. The resulting
mixture was then heated to reflux for 6 h. The bulk of the EtOH
was removed under reduced pressure and the residue was extracted
with chloroform. The organic layer was washed with 0.1 M aqueous
NaOH followed by water and dried. The solvent was removed and
the residue was recrystallised from acetone to give compound 10.
Yield: 0.68 g (68%); m.p. 158—160 °C. C,;H,N3S;5 (411.60): calcd.
C 61.28, H 5.15, N 10.21; found C 60.57, H 5.34, N 10.20. MS:
m/z = 411.1 [M*]. 'TH NMR (CDCl;): = 7.59 (t, J = 7.62 Hz, 3
H), 7.27 (d, J = 7.62 Hz, 6 H), 3.81 (s, 12 H) ppm. *C NMR: § =
157.7, 137.4, 120.7, 36.7 ppm.
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Complex 11: A solution of Ni(ClO,4),6H,0 (72.0 mg, 0.18 mmol)
in acetonitrile (5 mL) was added to a solution of 10 (40.0 mg,
0.09 mmol) in CH,Cl, (5mL). The mixture was stirred for 4 h.
Slow concentration of the solution gave green crystals of complex
11. Yield: 53.0 mg (82%). C,1H,;N3NiS;(ClO,),-2H,0-(CH,Cl,),
(960.04): caled. C 30.03, H 3.25, N 4.38, S 10.02; found C 25.92,
H 3.64, N 4.40, S 9.85. FAB-MS: m/z = 469 [Ni-10].

Complex 12: A solution of Hg(ClO,4),-6H,0 (39.0 mg, 0.10 mmol)
in methanol (5mL) was added to a solution of 10 (20.0 mg,
0.05 mmol) in CH,Cl, (5mL). A colourless solid precipitated im-
mediately. Diffusion of diethyl ether into a solution of the complex
12 in acetonitrile resulted in isolation of colourless crystals of 12.
Yield: 23.0 mg (60%). C51H,  HgN3S;5(Cl04),-2H,0 (847.14): caled.
C 29.77, H 2.95, N 4.96, S 11.36; found C 29.17, H 2.45, N 4.84,
S 10.96. FAB-MS: m/z = 610.9 [Hg-10].

Complex 13: Cu(CH;CN)4(PF¢) (37.0 mg, 0.10 mmol) was added
to a solution of 10 in a mixture of CH,Cl, (5§ mL) and methanol
(5 mL). The reaction mixture was stirred for 3 h and the solution
was concentrated. Slow addition of diethyl ether precipitated light
grey crystals of the copper(l) complex 13. Yield: 29.0 mg (96%);
m.p. 136—138 °C (dec.). CyH, CuF¢N;PS; (620.13): caled. C
40.67, H 3.41, N 6.78, S 15.51; found C 42.10, H 3.63, N 7.01, S
15.65. FAB-MS: m/z = 474.0 [Cu-10].

Complex 14: A mixture of 10 (40.0 mg, 0.09 mmol) in CH,Cl,
(10 mL) was added to [PdCl,(CH3CN),] (52.0 mg, 0.18 mmol) in
methanol (10 mL) and the mixture was stirred at room temperature
for 6 h. On standing dark-orange crystals of complex 14 precipi-
tated from the solution. Yield: 68.0 mg (91%); m.p. 212215 °C
(dec.). C;H,CI4N5Pd,S;-H,0 (784.28): caled. C 32.16, H 2.95, N
5.35; found C 32.18, H 2.93, N 4.93. FAB-MS: m/z = 517.0 [Pd-10],
552.5 [Pd-10-Cl], 624.0 [Pd,-10-H], 658.0 [Pd,-10-Cl]. UV/Vis: Lyax
(e) = 272 (13658), 374 nm (23030 M~ ' cm™1).

Table 4. Crystallographic data for complexes 11—16

Complex 15: A solution of AgNOj; (25.0 mg, 0.14 mmol) in aceto-
nitrile (5 mL) was added to a solution of 10 (30.0 mg, 0.07 mmol)
in CH,Cl, (5 mL) and the mixture was stirred for 4 h. Addition of
a large excess of NH4PF followed by partial removal of the solvent
afforded a white solid. Recrystallisation of this solid from methanol
gave a light-sensitive colourless precipitate. Colourless crystals of
complex 15 were obtained by diffusion of diethyl ether into a solu-
tion of 15 in acetonitrile. Yield: 60.0 mg (86%); m.p. 154—156 °C
(dec.). '"H NMR (CD;CN): § = 7.88 (t, J = 7.62Hz, 3 H), 7.47
(d, J = 7.62 Hz, 6 H), 4.10 (s, 12 H) ppm. 3C NMR: § = 157.7,
140.5, 124.8, 38.3 ppm. FAB-MS: m/z = 518.0 [Ag-10], 625.9
[Ag,-10-H].

Complex 16: A solution of AgBF, (15.0 mg, 0.16 mmol) in aceto-
nitrile (5 mL) was added to a solution of 10 (30.0 mg, 0.08 mmol)
in CH,Cl, (5 mL) and the mixture was stirred for 4 h. Slow concen-
tration of the solution gave colourless crystals of complex 16. Yield:
55.0 mg (90%); m.p. 144—146 °C (dec.). '"H NMR (CD;CN): § =
7.87 (t, J = 7.62Hz, 3 H), 7.46 (d, J = 7.62 Hz, 6 H), 4.02 (s, 12
H) ppm. *C NMR: & = 157.8, 140.4, 124.7, 38.2 ppm. FAB-MS:
mlz = 518.0 [Ag-10], 605.0 [Ag-10-BF,], 711.9 [Ag,-10-BF,-H].

Crystallographic Data Collection and Refinement: Details of the
crystal data and refinement of the structures are given in Table 4.
Data collection was performed at 293 K using graphite-monochro-
mated Mo-K, radiation (A = 0.71073 A) on a Siemens CCD dif-
fractometer. Structures were solved by Patterson or direct methods.
All non-hydrogen atoms were refined anisotropically, except for
those of solvent molecules where present. Refinement was done by
full-matrix least- squares based on F? using SHELXL-93.55 Hy-
drogen atoms were introduced at a fixed distance from carbon
atoms and their isotropic thermal parameters were based on a rid-
ing mode of the parent atoms.

11 12 13 14 15 16

Chemical formula C,H, C1LN3NiOgS5 C,H,,ClL,HgN;05S, CyH, CuFgN3PS; C,;Hp3CIyN;OPd,S; Cp3HyAg,F1oNyP,Ss Cp3H,iAg,BoFgN,Ss

Molecular mass 669.20 811.08 620.10 784.20 958.32 842.00

T (K) 293(2) 293(2) 293(2) 293(2) 293(2) 223(2)

A(A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal system orthorhombic monoclinic triclinic monoclinic triclinic triclinic

Space group Pnna P2,/c Pl P2/n Pl P1

a(A) 16.4967(2) 14.3417(6) 10.6984(9) 12.3992(6) 9.2186(1) 9.0413(2)

b (A) 22.1884(1) 12.3088(5) 15.4046(1) 14.5148(7) 11.2790(2) 11.021(2)

¢ (A) 14.6190(1) 14.8581(6) 16.6414(1) 14.3996(6) 16.9920(2) 14.667(3)

a(°) 90.0 90.0 114.333(2) 90.0 108.726(1) 96.548(4)

L) 90.0 92.872(2) 96.459(2) 92.093 94.227(1) 101.866(4)

7 () 90.0 90.0 90.262(2) 90.0 92.723(1) 96.730(4)

V(A3 5351.07(8) 2619.59(1) 2479.2(4) 2589.8(2) 1663.95(4) 1405.9(5)

z 8 4 4 4 2 2

p (Mg/em?) 1.661 2.057 1.661 2.011 1.913 1.989

u# (mm~1) 1.210 6.371 1.260 2.066 1.552 1.693

F (000) 2736 1576 1256 1544 940 828

Crystal size (mm?) 0.32 X 0.18 x 0.15 0.20 X 0.14 X 0.11 0.15 X 0.12 X 0.10 0.20 X 0.20 X 0.08 0.20 X 0.20 X 0.05 0.68 X 0.50 x 0.14

0 range (°) 1.67 to 27.09 1.42 to 27.49 1.45 to 30.03 2.13 to0 30.92 1.91 to 28.34 1.88 to 25.00

Index ranges -20=h=16 -18=h=18 -15=h=15 -loe=h=17 -l1=h=12 -10=h=10
—-8=k=26 -15=k=10 —2l=k=21 —20=k=20 —-l4=k=15 -3=k=13
-18=7/=18 -17=1=19 —23=/=123 -10=71=19 -2=]=22 -17=1=17

Reflections collected 30061 17925 28159 21186 15423 11550

Independent reflections
Max and min transmission

5767 R(int) = 0.0559
0.942 and 0.658

5894 R(int) = 0.0495
0.694 and 0.496

13929 R(int) = 0.0367
0.928 and 0.692

7547 R(int) = 0.0273
0.928 and 0.701

7885 R(int) = 0.0177
0.928 and 0.770

4953 v(int) = 0.0699
0.675 and 0.418

Data/restraints/parameters 5766/0/347 5894/0/343 13929/0/631 7547/0/304 7883/27/451 4953/108/392
Goodness of fit on F? 1.061 0.758 0.958 0.982 1.042 1.172

Final R indices R1 = 0.0539 R1 =0.0374 R1 = 0.0807 R1 = 0.0460 R1 = 0.0422 R1 = 0.0559
[1 > 20(1)] wR2 = 0.1274 wR2 = 0.0568 wR2 = 0.2339 wR2 = 0.1157 wR2 = 0.1154 wR2 = 0.1482
R indices R1 = 0.0903 R1 = 0.0750 R1 = 0.1490 R1 = 0.0668 R1 = 0.0568 R1 = 0.0586
(all data) wR2 = 0.1522 wR2 = 0.0624 wR2 = 0.2582 wR2 = 0.1239 wR2 = 0.1263 wR2 = 0.1512

Largest difference
peak and hole (e:A~3)

0.814 and —0.556

1.378 and —0.734

0.864 and —0.483

1.301 and —1.119

1.057 and —0.583

0.957 and —0.786

2094
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