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The reactions of 3-methylpyridine-2-sulfonic acid (3-
mpSO3H) with CuII and 4-methylpyridine-2-sulfonic acid (4-
mpSO3H) with ZnII in water formed one-dimensional infinite
coordination polymers, [Cu(3-mpSO3)2]n (1) and [Zn(4-
mpSO3)2]n (2). Similarly, two-dimensional hydrogen-bonded
supramolecules of stoichiometries, [ML2(H2O)2] [L = 3-
methylpyridine-2-sulfonate (3-mpSO3), M = Mn (3), Fe (4),
Co (5), Zn (6); L = 5-methylpyridine-2-sulfonate (5-mpSO3),
M = Zn (7); L = pyridine-2-sulfonate (PySO3), M = Zn (8); L =
4-mpSO3, M = Co (9)], [Ni(3-mpSO3)2(H2O)2]·H2O (10) and
the one-dimensional hydrogen-bonded network
[VO(acac)(3-mpSO3)(H2O)] (11) (acac = acetylacetonate)
have been prepared. The ligands are tridentate [N,O-chelat-
ing-Cu-µ-O-bridging] in 1 and 2, while in all the other com-

Introduction

The hydrogen bonding and coordinative bond are the two
main principles involved in the synthesis of
supramolecules.[1�4] The intrinsic magnetic, optical, cata-
lytic and structural properties of the metal ions are the pre-
requisites, in the field of crystal engineering, for non-linear
optic, ferromagnetic, superconducting and gas-occlusion
materials. The self-assembled metal complexes having
one-, two-, or three-dimensional solid state networks are
expected to play vital roles in the specific functions of
materials.[5�8]

Pyridine-2-thione, the simplest prototype of heterocyclic
thioamides, has shown its versatility in the formation of a
wide range of mononuclear through to polynuclear com-
pounds with interesting structural novelties, magnetic, elec-
trochemical, spectral and conduction properties.[9�14] A re-
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pounds the N,O-chelating and uncoordinated O atoms are
engaged in intermolecular hydrogen bonding leading to the
formation of hydrogen-bonded networks. The geometry
around each metal center is octahedral (9) or distorted octa-
hedral (1−8, 10 and 11). The compounds 3−8, and 10 showed
novel π−π stacking interactions, not shown by 9 and 11. The
magnetic behavior of 3 and 11 indicates lack of any intermol-
ecular magnetic interactions. The position of the substituents
in the pyridyl ring and Jahn−Teller effect (CuII) appear to
determine the stacking interactions as well as the density of
ligands with regard to the formation of coordinative and hy-
drogen-bonded supramolecules.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

markable observation is that it can bind one to four metals
giving rise to polymetallic materials.[9,12] This unusual prop-
erty of pyridine-2-thiolates prompted us to investigate pyri-
dine-2-sulfonates, which are extensions of pyridine-2-
thiones involving oxidation of sulfur at the 2-position of the
pyridine rings. These pyridine-2-sulfonates possess one N
and three O atoms (N, 3O donor set) which could provide
several possibilities for coordinative and other types of
bonding interactions. It may be mentioned here that only
the limited coordination chemistry of pyridine-2-sulfonates
is known.[15,16]

The aerobic oxidation of sulfur in 2,2�-bis(3-methylpyri-
dine) disulfide in the presence of copper() bromide in
methanol generated 3-methylpyridine-2-sulfonic acid, which
subsequently formed an infinite one-dimensional polymer,
[Cu(3-mpSO3)2]n. A direct reaction of 3-methylpyridine-2-
sulfonic acid (3-mpSO3H) with ZnII bromide also formed a
two-dimensional hydrogen-bonded polymer, [Zn(3-
mpSO3)2(H2O)2].[17] These observations stimulated our
interest to systematically investigate the coordination be-
havior of pyridine-2-sulfonic acids. The oxidation of sulfur
by the metal ions and C�S bond cleavage reactions mimic
the metabolism of organic sulfur in mammals.[17,18]

In this paper, we report on novel coordination polymers
and hydrogen-bonded supramolecules prepared using pyri-
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dine-2-sulfonic acid, 3-, 4- and 5-methylpyridine-2-sulfonic
acids (Scheme 1) and divalent cations/oxocations, viz.
VO2�, Mn2�, Fe2�, Co2�, Ni2�, Cu2� and Zn2�. These
ligands might act as multidentate ones involving
N,O�chelation, N,O�chelation-Cu-µ-O-bridging, hydro-
gen bonding and π�π (pyridine ring based) interactions.
All these compounds are characterized using analytical
data, IR and NMR spectroscopy, X-ray crystallography
and magnetic moment studies.

Scheme 1

Results and Discussion

Compounds 1�11 were prepared by the reactions of di-
valent cations/oxocations with neutral pyridine/substituted
pyridine-2-sulfonic acids or their sodium salts. The reac-
tions may be labeled as metathetical ones with the exchange
of an anion with a metal salt by the RSO3 anion (R � Py,
x-Py, x � 3-Me, 4-Me, 5-Me) of a pyridine sulfonic acid.
Allowing the reaction mixture to stand at room temperature
gave crystals suitable for X-ray crystallography in many
cases, while in some other cases the volume of the reaction
mixture was reduced to obtain the crystals. The complexes
are soluble in water as well as in alcoholic solvents such
as ethanol, methanol etc. On the basis of stoichiometry, as
revealed by the elemental analyses, and later confirmed by
X-ray crystallography (vide infra), the complexes are gro-
uped into four types: (a) [ML2]n [L, M: 3-mpSO3, Cu (1),
4-mpSO3, Zn (2)]; (b) [ML2(H2O)2] [L, M: 3-mpSO3, Mn
(3), Fe (4), Co (5), Zn (6); 5-mpSO3, Zn (7); PySO3, Zn (8);
4-mpSO3, Co (9)]; (c) [Ni(3-mpSO3)2(H2O)2]·H2O (10) and
(d) [VO(acac)(3-mpSO3)(H2O)] (11) (Hacac �
acetylacetone). Type a compounds (1, 2) are found to be
one-dimensional covalently bonded infinite polymers, while
types b�d are hydrogen-bonded (noncovalent) one- or two-
dimensional (3�11) infinite polymers. Table 3 contains the
crystal data and Table 1 contains bond lengths and bond
angles of the compounds 1�11.

The major IR spectral bands of the compounds 1�11
and those of the ligands are listed in the Exp. Sect. The
presence of water is clearly identified by the well-defined,
strong bands of the ν(O�H) and δ(O�H) stretching vi-
brations. The compounds 3�6 and 10 show three ν(O�H)
peaks each, while 7�9 and 11 show only two such bands;
however, all show one δ(O�H) stretching vibration. The
splitting of the ν(O�H) peaks shows an unequivalent
chemical environment in the vicinity of the O�H groups
which are modulated by the hydrogen bonding; the com-
pounds 1 and 2 show no water peaks. The peaks due to the
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pyridine ring are relatively strong versus those due to the
methyl group. The sulfonate group RSO3

� shows strong
bands due to ν(S�O) vibrations generally found in the re-
gion 1300�1055 cm�1. The ν(C�S) peak of free 3-
mpSO3H at 1035 cm�1 shifts to the low energy region, and
were thus found in the region 1015�1031 cm�1; 1 showed
the largest shift.[19] Other ligands also show shifts in the
ν(C�S) peaks to lower energies in their complexes. A
characteristic peak due to the rocking mode of the methyl
group, δ(C�CH3) is assigned in the region 800�850 cm�1.
The absorption due to the vanadyl group, ν(V�O), is ob-
served at 974 cm�1 as a strong peak.

Table 1�3 give a summary of important highlights of
compounds 1�11, bond parameters and crystal data,
respectively.

Coordination Polymers

Type a compounds (1, 2) belong to this category and have
one-dimensional polymeric structures. The reaction of cop-
per() bromide with 3-mpSO3H in a methanol/water mix-
ture formed monoclinic green crystals of empirical formula,
Cu(3-mpSO3)2 and X-ray crystallography has shown that it
exists as a one-dimensional covalently bonded polymer,
[Cu(3-mpSO3)2]n (1). It is interesting to note that the aerial
oxidation of 2,2�-bis(3-methylpyridine) disulfide in the pres-
ence of copper() bromide in methanol formed triclinic
green crystals with the same crystal structure as 1.[17] The
different crystal modifications may be the consequence of
the reaction conditions involved in the two cases (Table 2
and 3).

The reaction of 3-mpSO3H with zinc() bromide in water
did not form a polymer similar to 1, but rather a complex
with the stoichiometry, [Zn(3-mpSO3)2(H2O)2] (6, vide in-
fra) was formed. However, the related ligand, 4-mpSO3H
with zinc() bromide formed a complex of stoichiometry,
Zn(4-mpSO3)2 which is also an one-dimensional coordi-
nation polymer 2.

Figure 1 and 2 show the polymers along the c axis and a
axis, respectively, with the numbering schemes (3 metal
atoms shown in each case). The formation of 1 is believed
to take place by initially forming the moiety, trans-Cu(3-
mpSO3)2 (A) in which 3-mpSO3 forms five-membered rings.
This moiety (repeat unit) combines with another unit via
free oxygen atoms along the axial side forming the dimer
with eight-membered rings [Cu2O4S2 core] and this process
continues to finally form the one-dimensional infinite poly-
mer. In this polymer each Cu atom is bonded to 2 N and 4
O atoms; two N and two O atoms occupy trans positions
of the square plane of the CuN2O2 core and the geometry
around each Cu center is elongated octahedral. The axial
Cu�O [2.438(10) Å] bonds are longer than the equatorial
Cu�O bonds [1.989(8) Å] by ca. 0.45 Å. Further, the equa-
torial Cu�O and Cu�N [1.97(10) Å] bond lengths are close
to the sum of the covalent radii of Cu and O (1.93 Å) or
Cu and N (1.95 Å), respectively. The longer Cu�O axial
bonds lead to shorter S(1)�O(3) bonds and the free
S(1)�O(2) bond length is in between the two extremes.
These S�O distances are much less than the sum of the
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Table 1. Bond lengths (Å) and angles (°) for compounds 1�11

[ML2]n [CuL2]n (1) [ZnL2]n(2) [VOL(acac)(H2O)] (11)
L � 3-mpSO3 L � 4-mpSO3 L � 3-mpSO3

M(1)�O(1) 1.989(8) 2.111(1) V(1) �O(1) 2.171(2)
M(1) � O(3**) 2.438(10) 2.182(1) V(1)�O(4), O(5) 1.974(2), 1.975(2)
M(1)�N(1) 1.97(1) 2.069(1) V(1)�N(1) 2.155(2)
S(1)�C(1) 1.81(1) 1.790(2) S(1)�C(1) 1.786(2)
S(1)�O(1) 1.488(8) 1.469(1) S(1)�O(1) 1.467(2)
S(1)�O(2) 1.449(10) 1.433(1) V(1)�O(6) 1.588(2)
S(1)�O(3) 1.409(10) 1.462(1) V(1)�O(7) 2.060(2)
N(1)�M(1) �N(1*) 180.0 180.0 N(1)�V(1) �O(1) 76.04(6)
O(1)�M(1) �O(1*) 180.0 180.0 O(1)�V(1) �O(6) 169.59(8)
O(1)�M(1) �N(1) 86.1(4) 82.85(5) O(4) �V (1) �O(5) 89.75(7)
M(1)�O(1) �S(1) 118.4(5) 117.74(6) V(1) �O(1) �S(1) 123.13(9)
O(1)�S(1) �C(1) 101.8(5) 104.46(7) O(1) �S(1) �C(1) 103.13(10)
S(1) �C(1) �N(1) 115.3(9) 116.3(1) S(1) �C(1) �N(1) 113.7(1)
C(1) �N(1) �M(1) 116.7(8) 117.2(1) C(1) �N(1)�V(1) 121.8(1)

O(7) �V(1) �O(4) 91.08(8)
Intermolecular parameters

O(3) ··· O(7) 2.697(3)
O(2) ··· O(7) 2.730(3)

[ML2(H2O)2] [MnL2(H2O)2] (3) [FeL2(H2O)2] (4) [CoL2(H2O)2] (5) [ZnL2(H2O)2] (6)
L � 3-mpSO3

M(1)�O(1) 2.187(2) 2.137(2) 2.103(2) 2.155(1)
M(1)�O(4) 2.164(2) 2.109(2) 2.090(2) 2.095(1)
M(1)�N(1) 2.242(2) 2.175(2) 2.126(2) 2.109(1)
S(1)�C(1) 1.802(2) 1.796(2) 1.797(2) 1.797(2)
S(1)�O(1) 1.457(2) 1.459(2) 1.463(2) 1.458(1)
S(1)�O(2) 1.443(2) 1.444(2) 1.442(2) 1.443(2)
S(1)�O(3) 1.451(2) 1.446(2) 1.444(2) 1.447(1)
N(1)�M(1)�N(1*) 155.01(9) 157.1(1) 159.8(1) 158.12(8)
O(1)�M(1)�O(1*) 96.9(1) 96.5(1) 98.1(1) 97.76(9)
O(1)�M(1)�N(1) 76.28(6) 77.99(7) 80.0(7) 79.90(5)
O(4)�M(1)�O(4*) 82.8(2) 82.3(1) 83.7(1) 83.51(9)
M(1)�O(1)�S(1) 123.75(10) 123.0(1) 121.75(10) 120.37(7)
O(1)�S(1)�C(1) 104.8(1) 104.3(1) 104.4(1) 104.82(8)
S(1)�C(1)�N(1) 114.2(1) 114.1(1) 114.1(2) 114.6(1)
C(1)�N(1)�M(1) 120.5(1) 120.2(1) 119.4(1) 120.0(1)
Intermolecular parameters
O(2) ··· O(4) 2.814(3) 2.812(3) 2.837(3) 2.818(2)
O(3) ··· O(4) 2.718(3) 2.718(3) 2.729(3) 2.723(2)
Stacking interaction ca. 3.47 ca. 3.48 ca. 3.49 ca. 3.50

[ML2(H2O)2] [ZnL2(H2O)2] (7) [ZnL2(H2O)2] (8) [CoL2(H2O)2] (9) [NiL2(H2O)2]·H2O (10)
L � 5-mpSO3 L � PySO3 L � 4-mpSO3 L � 3-mpSO3

M(1)�O(1) 2.189(2) 2.156(3) 2.118(1) 2.057(2)
M(1)�O(4) 2.073(2) 2.051(3) 2.071(2) 2.057(2)
M(1)�N(1) 2.102(2) 2.144(3) 2.120(2) 2.085(2)
S(1)�C(1) 1.787(2) 1.783(3) 1.785(2) 1.795(3)
S(1)�O(1) 1.454(2) 1.453(3) 1.466(1) 1.466(2)
S(1)�O(2) 1.448(2) 1.440(3) 1.448(2) 1.440(2)
S(1)�O(3) 1.442(2) 1.438(3) 1.447(2) 1.444(3)
N(1)�M(1)�N(1*) 161.07(9) 165.2(2) 180.0 169.6(1)
O(1)�M(1)�O(1*) 98.18(10) 93.0(2) 180.0 94.3(1)
O(1)�M(1)�N(1) 80.16(6) 80.7(1) 81.37(5) 82.27(8)
O(4)�M(1)�O(4*) 85.66(10) 86.1(2) 180.0 86.6(1)
M(1)�O(1)�S(1) 117.62(9) 118.6(1) 116.98(8) 120.1(1)
O(1)�S(1)�C(1) 104.29(9) 105.3(2) 103.85(8) 104.9(1)
S(1)�C(1)�N(1) 115.3(1) 116.0(2) 114.4(1) 114.0(2)
C(1)�N(1)�M(1) 118.8(1) 117.2(2) 116.7(1) 118.4(2)
Intermolecular parameters
O(2) ··· O(4) 2.760(2) 2.730(4) 2.769(2) 2.715(3)
O(3) ··· O(4) 2.748(2) 2.704(4) 2.741(2) �
O(3) ··· O(5) � � � 2.784(3)
O(4) ··· O(5) � � � 2.760(4)
Stacking interaction ca. 3.96 ca. 3.70 � ca. 3.82

covalent radii of S and O atoms (1.75 Å).[20] It shows partial
double bond character of the S�O bonds. The S(1)�C(1)
distance is close to that of a single covalent bond length
(1.79 Å) (Table 1).

The formation of polymer 2 can be viewed in a manner
similar to that of 1; however the axial Zn�O [2.182(1) Å]
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and equatorial Zn�O [2.111(1) Å] bond lengths are com-
parable and coupled with the bond angles, the geometry
around each zinc() center is close to an ideal octahedron.
It may be noted that the variations in coordinated bond
lengths are controlled by the metal-oxygen interactions. The
stronger M�O bonds lead to long S�O bonds and vice
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Table 2. A summary of important highlights of compounds 1�11

Compound Structure type Crystal system Space group π�π (Å)

[{Cu(3-mpSO3)2}n] (1) Coordination polymer monoclinic P21/n(no. 14) Nil
[{Zn(4-mpSO3)2}n] (2) Coordination polymer monoclinic P21/c(no. 14) Nil
Mn(3-mpSO3)2(H2O)2] (3) H-bonded polymer monoclinic C2/c(no. 15) 3.47
Fe(3-mpSO3)2(H2O)2] (4) H-bonded polymer monoclinic C2/c(no. 15) 3.48
Co(3-mpSO3)2(H2O)2] (5) H-bonded polymer monoclinic C2/c(no. 15) 3.49
Zn(3-mpSO3)2(H2O)2] (6) H-bonded polymer monoclinic C2/c(no. 15) 3.50
[Zn(5-mpSO3)2(H2O)2] (7) H-bonded polymer monoclinic C2/c(no. 15) 3.96
[Zn(PySO3)2(H2O)2] (8) H-bonded polymer monoclinic C2/c(no. 15) 3.70
[Co(4-mpSO3)2(H2O)2] (9) H-bonded polymer triclinic P1̄(no. 2) Nil
[Ni(3-mpSO3)2(H2O)2]H2O (10 H-bonded polymer monoclinic C2/c(no. 15) 3.82
[VO(3-mpSO3)(acac)(H2O)] (11) H-bonded polymer monoclinic P21/c(no. 14) Nil

Figure 1. One-dimensional infinite structure of [{Cu(3-mpSO3)2}n]
(1) along the c axis

Figure 2. One-dimensional infinite structure of [Zn(4-mpSO3)2]n (2)
along the a axis

versa. The S(1)�O(2) bonds of the RSO3 groups, which are
not involved in bonding to the metals in polymers 1 and 2
are also marginally affected by the change of the metal
(Table 1). The OMN bite angle is 86.1(4)° in the Cu poly-
mer and 82.85(5)° in the zinc polymer and this is probably
linked with the size of the metal center. The angles at O(1),
S(1), C(1) and N(1) are also affected by the bite angles.
The large bite angle at the CuI center is accompanied by a
relatively large angle at O(1) and smaller angles at S(1),
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C(1), and N(1), while the reverse trend is shown by the zinc
polymer. Thus in compounds 1 and 2, 3-mpSO3

� and 4-
mpSO3

� ligands act as N,O,O donor sets with one free
S�O bond in each case.

Structures of Mononuclear Units (Types b�d)

Compounds 3�9 (type b) have the same structural for-
mula, [ML2(H2O)2] and the differences lie in the nature of
the metal, presence of a methyl substituent in the pyridyl
ring and the position of the water ligands. Thus the com-
pounds, 3�6 have 3-mpSO3

� while 7�9 have 5-mpSO3,�,
PySO3

� and 4-mpSO3
� , respectively, as the anionic li-

gands. Further, H2O molecules occupy cis positions of the
octahedral compounds 3�8 (Figure 3) and trans positions
in compound 9 (Figure 4).

Compounds 3�8 are monoclinic with space groups,
C2/c, 9 has triclinic crystals with space group P1̄, and 3�6
are isomorphic. It shows that the position of water in the
octahedron and not the substituent of the pyridyl ring most
probably determines the crystal system (Table 2 and 3). Fig-
ure 3 (only structure of compound 3 shown) and Figure 4
(compound 9) show the numbering schemes of the com-
plexes. The molecular structure of each of compounds 3�9
consists of two N,O-chelating RSO3

� (R � Py, x-Py) li-
gands and two water molecules; the divalent metal center,
CoII is located on the crystallographic inversion center in
compound 9.

Figure 3. ORTEP drawing of [Mn(3-mpSO3)2(H2O)2] (3) showing
the numbering scheme
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Figure 4. ORTEP view of trans-[Co(4-mpSO3)(H2O)2] (9) showing
the numbering scheme

A discussion on the differences in the bond parameters
of 3�9 now follows. In these compounds, M(1)�O(1), O(1*
), N(1) and N(1*) bonds are related to the RSO3

� moiety
and M�O(4), O(4*) bonds refer to the coordinated H2O
molecules. The oxygen atoms of S�O(2) and S�O(3) bonds
are free and engage in the intermolecular hydrogen bonding
(vide infra). In compound 3, the M(1)�O(1) bond length,
2.187(2) Å, is close to the sum of the covalent radii of Mn
and O (2.12 Å ).[20] The Mn(1)�O(4) bond length, 2.164(2)
Å, is less than the Mn(1)�O(1) bond length and it shows
that water is relatively more tightly bonded to Mn(1). The
Mn(1)�N(1) bond length, 2.242(2) Å, is also close to the
sum of the covalent radii of Mn and N (2.14 Å).[20] The
trend in M(1)�O(1), O(4), N(1) bond lengths for com-
pounds 4�9 is similar. The metal�ligand bond lengths
clearly vary with the size of the central metal atom: Mn �
Fe � Co � Ni. The coordinated S(1)�O(1) bond is only
marginally longer than the uncoordinated S(1)�O(2), O(3)
bonds in all these compounds (Table 1). All these S�O
bond lengths are less than the sum of the covalent radii of
S and O atoms (1.75Å).[20] Finally, S(1)�C(1) distances lie
in the narrow range ca.1.783�1.802 Å and close to the sin-
gle covalent bond length (1.79 Å).

Each of compounds 3�8 have a distorted octahedral ge-
ometry and the trans N(1)�M�N(1*) bond angles are in
the range, ca. 155�165°; however, compound 9 has a per-
fect octahedral geometry. The bite angle, O(1)�M(1)�N(1)
of the pyridine-2-sulfonates lie in the range, ca. 76�81° in
compounds 3�9 and these bite angles are less than those
shown by 1 (ca. 86°) and 2 (ca. 83°). Thus compound 1
showed the largest bite angle among complexes 1�9. The
coordinated H2O molecules are trans in compound 9 and
cause the O(4)�M�O(4*) bond angles to be ca. 82�86° in
complexes 3�8. The trend of bond angles at O(1), S(1),
C(1) and N(1) atoms is similar to that observed in com-
pounds 1 and 2 (Table 1).

Figure 5 and 6 show molecular structures with number-
ing schemes of compounds 10 (type c) and 11 (type d),
respectively. Compound 10 has two chelating 3-mpSO3

� li-
gands, two coordinated water molecules and one lattice
water molecule. It also crystallizes in the C-centered mono-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 356�367360

Figure 5. ORTEP view of cis-[Ni(3-mpSO3)2(H2O)2]·H2O (10)

Figure 6. ORTEP drawing of [VO(acac)(3-mpSO3)(H2O)] (11)

clinic space group C2/c (Table 2 and 3) and it has a molecu-
lar structure similar to that of 3 (Figure 3). The bond par-
ameters are also similar to those of compounds 3�9 except
that Ni(1)�O(1) and Ni(1)�(4) (coordinated H2O) have the
same bond lengths. Finally compound 11 formed mono-
clinic crystals with space group, P21/c and in this com-
pound the VO2� ion is coordinated by a water molecule
and two different chelating ligands, acac� and 3-
mpSO3

�(Table 3). The geometry around the vanadium()
center is distorted octahedral. The equatorial plane of the
vanadyl is occupied by the O atom of the water molecule,
N atom of 3-mpSO3

� and two O atoms of acac. One oxy-
gen atom of 3-mpSO3 occupies a position trans to the
V�O group. The bond angles and lengths show trends simi-
lar to those of compounds 3�10; the V�O bond as ex-
pected, is the shortest bond [V(1)�O(6) � 1.588(2) Å]. The
acac� ion forms bonds stronger than those formed by the
oxygen atom of 3-mpSO3

� or it may be the trans effect of
V�O bond which lengthens V(1)�O(1) bond vis-à-vis
V(1)�O(4), O(5) bonds which are short.

Hydrogen-bonded Supramolecules

The coordinated water molecules of mononuclear com-
pounds 3�11 as well as the lattice water molecule of 10 are
engaged in the formation of intermolecular hydrogen bonds
between the mononuclear units leading to the construction
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Table 3. Crystal data for compounds 1�11

1 2 3 4Compound

T/K 296 296 296 296
Empirical formula C12H12CuN2O6S2 C12H12N2O6S2Zn C12H16MnN2O8S2 C12H16FeN2O8S2
Mr 407.90 409.74 435.32 436.23
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/n(No. 14) P21/c(No. 14) C2/c(No. 15) C2/c(No. 15)
a (Å) 18.627(2) 4.993(1) 19.152(4) 19.069(2)
b (Å) 7.890(2) 14.691(1) 7.472(4) 7.427(2)
c (Å) 4.960(2) 10.194(1) 14.303(4) 14.224(2)
β [°] 89.96(2) 102.40(1) 125.709(10) 125.757(4)
V (Å3) 729.0(4) 730.4(2) 1661.9(9) 1634.8(4)
Z 2 2 4 4
Dcalcd. [g cm�3] 1.858 1.863 1.740 1.772
µ [mm�1] 1.817 2.00 1.090 1.223
F(000) 414.00 416.00 892.00 896.00
Data collected 2310 2430 2677 2637
Unique data(Rint) 2253(0.021) 2209(0.016) 2603(0.015) 2566(0.021)
Observed data [I �3σ(I)] 1726 1920 1999 1979
Final R [I �3σ(I)] 0.124 0.024 0.040 0.036
wR 0.192 0.039 0.053 0.053
Goodness of fit, S 5.29 1.55 1.71 1.76
∆ρmin., ∆ρmax. [e·Å�3] �2.98, 3.36 �0.58, 0.30 �0.69, 0.40 �0.55, 0.36

Compound 5 6 7 8

T/K 296 296 296 296
Empirical formula C12H16CoN2O8S2 C12H16N2O8S2Zn C12H16N2O8S2Zn C10H12N2O8S2Zn
Mr 439.32 445.77 445.77 417.71
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2/c(No. 15) C2/c(No. 15) C2/c(No. 15) C2/c(No. 15)
a (Å) 19.091(2) 19.058(1) 13.884(2) 13.714(3)
b (Å) 7.367(4) 7.381(1) 7.336(1) 7.150(3)
c (Å) 14.313(2) 14.321(1) 17.932(2) 15.985(3)
β [°] 126.063(6) 126.176(4) 114.065(7) 107.16(1)
V (Å3) 1627.4(6) 1626.2(3) 1667.7(4) 1497.6(7)
Z 4 4 4 4
Dcalcd. [g cm�3] 1.793 1.821 1.775 1.852
µ [mm�1] 1.357 1.813 1.768 1.962
F(000) 900.00 912.00 912.00 848.00
Data collected 2636 2630 2714 2433
Unique data(Rint) 2564(0.021) 2556(0.021) 2612(0.015) 2341(0.016)
Observed data [I �3σ(I)] 1776 2056 2274 1746
Final R [I �3σ(I)] 0.033 0.027 0.033 0.046
wR 0.043 0.038 0.054 0.065
Goodness of fit, S 1.25 1.34 1.34 2.19
∆ρmin., ∆ρmax. [e·Å�3] �0.48, 0.35 �0.47, 0.30 �1.13, 0.35 �1.42, 0.44

Compound 9 10 11

T/K 296 296 296
Empirical formula C12H16CoN2O8S2 C12H18 N2NiO9S2 C11H15NO7SV
Mr 439.32 457.10 356.24
Crystal system triclinic monoclinic monoclinic
Space group P1̄(No. 2) C2/c(No. 15) P21/c(No. 14)
a (Å) 7.430(2) 18.711(3) 13.759(2)
b (Å) 8.507(2) 8.364(2) 7.114(1)
c (Å) 7.207(1) 13.943(2) 15.503(1)
α [°] 99.01(2)
β [°] 95.35(2) 124.851(8) 103.660(8)
γ [°] 69.45(1)
V (Å3) 420.9(1) 1790.7(6) 1474.6(3)
Z 1 4 4
Dcalcd. [g cm�3] 1.733 1.695 1.605
µ [mm�1] 1.312 1.366 0.844
F(000) 225.00 944.00 732.00
Data collected 5276 2843 4796
Unique data(Rint) 2456(0.040) 2766(0.031) 4622(0.022)
Observed data [I �3σ(I)] 2131 1929 2899
Final R [I �3σ(I)] 0.034 0.040 0.034
wR 0.048 0.048 0.044
Goodness of fit, S 1.72 1.45 1.38
∆ρmin., ∆ρmax. [e·Å�3] �0.48, 0.31 �1.15, 0.47 �0.35, 0.26

of the two-dimensional (3�10) and one-dimensional (11)
supramolecules. Compounds 3�8 and 10 showed ad-
ditional noncovalent π�π interactions, not shown by com-
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pounds 9 and 11. The uncoordinated sulfonato oxygen
atoms and coordinated water molecules of compounds 3�6
containing 3-mpSO3

� ligands connect each mononuclear
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unit via the intermolecular hydrogen bonds, O(2)··· H-O(4)
and O(3)··· H�O(4) (Table 1) to form two-dimensional hy-
drogen-bonded networks parallel to the bc plane. For ex-
ample, Figure 7 shows the H bonded network of compound
3 parallel to the bc plane. In the two-dimensional network,
the adjacent molecules along the b axis have the same orien-
tation, while the neighboring molecules along the c axis
have inverted structures of the original molecule and are in
the opposite orientation to the original. All of the pyridine
rings of the 3-mpSO3

� ligands are stacked by relatively
strong π�π interactions (ca. 3.47Å) as shown for the crystal
packing of 3 in Figure 8. Compounds 4�6 have the same
hydrogen and π�π stacking patterns and their intermolecu-
lar parameters are listed in Table 1.

The hydrogen bonding in compound 8 containing the
pySO3

� ligand forms a two-dimensional network parallel

Figure 7. H bonded network of [Mn(3-mpSO3)2(H2O)2] (3) parallel
to the bc plane

Figure 8. Crystal packing of [Mn(3-mpSO3)2(H2O)2] (3) when
viewed along the b axis
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Figure 9. H bonded network of [Zn(PySO3)2(H2O)2] (8) parallel to
the ab plane

to the ab plane (Figure 9). The two dimensional hydrogen-
bonded sheets are stacked over each other by π�π interac-
tions (ca. 3.70 Å) of the pyridine rings in an offset geometry
as shown in Figure 10.

Figure 10. Crystal packing of [Zn(PySO3)2(H2O)2] (8) when viewed
along the b axis

The hydrogen-bonded network of compound 7 contain-
ing the 5-mpSO3

� ligand is also similar to that of 8. Fig-
ure 11 shows that the pyridine rings of the 5-mpSO3

� li-
gands are most weakly stacked over each other (ca. 3.96 Å),
as compared to the aromatic stacking in the crystals of
3�6, 8 and 10. Therefore, the calculated density for 7
(1.775 g·cm�3) is clearly less than that for compound 6
(1.821 g·cm�3) even though the two zinc complexes have a
common chemical formula. It may be further noted that the
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Figure 11. Crystal packing of [Zn(5-mpSO3)2(H2O)2] (7) when
viewed along the b axis, geometry as shown in Figure 10

stacking interaction in compound 6 (ca. 3.50 Å) is stronger
than that in compound 8 (above).

It may be interesting to add here that the stoichiometry
of zinc() complexes 6�8 is different from that of 2 which
is a one-dimensional polymer as described earlier. The ex-
ceptional behavior can be ascribed to the steric effect of the
methyl group at the 4-position in the pyridine ring of the
4-mpSO3

� ligand in 2. The methyl group sticking out along
the Zn(1)-N(1)···C(3) line is probably unfavorable for the
formation of hydrogen-bonded networks similar to those of
complexes 6�8.

In compound 9, the hydrogen-bonded network is spread
out parallel to the ac plane (Figure 12) and it does not show
any π�π interaction in the crystal structure (Figure 13) un-
like that shown by compound 5. The methyl group at the
4-position in the 4-mpSO3

� ligand elongates the structure
of 9 along the Co(1)-N(1)···C(3) line and this structural
elongation may be the main factor for the absence of π�π
interactions in its crystal structure. In compound 10, two
uncoordinated oxygen atoms of 3-mpSO3

� [O(2), O(3)] par-

Figure 12. H bonded network of [Co(4-mpSO3)2(H2O)2] (9) parallel
to the ac plane
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Figure 13. Crystal packing of [Co(4-mpSO3)2(H2O)2] (9) when
viewed along the c axis

ticipate in intermolecular hydrogen bonds with the coordi-
nated and lattice water molecules leading to the formation
of two-dimensional hydrogen-bonded networks (Figure 14).
The H bonded sheets are stacked by the π�π interactions
of the pyridyl rings in an offset geometry (Figure 15). Fi-
nally for compound 11, the self-assembly of the mononu-
clear complexes results in the formation of a one-dimen-
sional supramolecular structure along the crystallographic
b axis (Figure 16).

Figure 14. H-bonded network of [Ni(3-mpSO3)2(H2O)2] ·H2O (10)
parallel to the bc plane

Magnetic Properties

The magnetic measurement studies of compounds 3 and
11 were carried out in order to check for possible magnetic
exchange interactions, if any, between adjacent metal cen-
ters of the hydrogen-bonded networks. The variable tem-
perature magnetic susceptibility studies revealed that these
compounds are typical paramagnetic compounds with
ground spin-states of S � 5/2 for 3 and S � 1/2 for 11. The
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Figure 15. Crystal packing of [Ni(3-mpSO3)2(H2O)2]·H2O (10)
when viewed along the b axis

Figure 16. One-dimensional hydrogen-bonded network of com-
plex 11

magnetic behavior indicates that the intermetallic distances
(7.11�7.47 Å) in these network structures are too long to
cause any intermolecular magnetic interactions. Other com-
plexes (1, 4, 5, 9 and 10) also showed typical paramag-
netic behavior.

Solution Phase Behavior

The NMR spectroscopic data of the ligands and zinc()
complexes recorded in CD3OD solvent are listed in the Exp.
Sect. The ligand spectra are broad as well as partially re-
solved in view of the exchange of a proton between a N
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atom and sulfonate SO3 groups and after the deprotonation
of the complexes, the spectra generally become sharp as
well as better resolved indicating metal�ligand interaction.
Consider first PySO3 and its compound 8, three pyridyl ring
protons show a high-field shift and the magnitude of the
shift varies as follows: H(4) � H(5) � H(3). The H(6) pro-
ton close to the N coordinating center can be considered
as essentially unchanged. The same trend is shown by the
compounds 2, 6 and 7. The methyl group of 3-mpSO3

� in
compound 6 shows a low-field shift, but the 4-and 5-methyl
groups of compounds 2 and 7 show high-field shifts. This
difference is understandable in view of the deshielding influ-
ence of the sulfonate group, which exerts the largest effect
on the methyl group at the 3-position. This is in line with
the relatively low up-field shift of H(3) protons of com-
pounds 2, 7 and 8 which are close to the SO3 group. NMR
spectroscopic studies reveal one very interesting observation
that electron density of pyridyl rings is highly polarized and
the H(4) (or, 4-Me) and H(5) (or, 5-Me) protons experience
high diamagnetic shielding. The NMR spectrum of com-
pound 6 shows that the group 3-mpSO3

� has distinctly dif-
ferent behavior, which was also reflected in the solid state
(compounds 3�6, vide supra).

Conclusions

The location of methyl substituents at the 3-position of
the pyridyl ring (3-mpSO3 ligand) appears to be most suited
to induce close π�π stacking interactions (3.47�3.50 Å), a
prerequisite for possible electrical conductivity properties.
PySO3

� in compound 8 showed π�π stacking interactions
of medium strength (3.70 Å) and the 5-methyl substituent
in compound 7 appears to disfavor such interactions lead-
ing to a very weak interaction, ca. 3.96 Å. The stacking in
[Ni(3-mpSO3)2(H2O)2] ·H2O (10) is weakened by the pres-
ence of water of hydration which increases π�π stacking
distance to 3.82 Å compared to other 3-mpSO3 analogs
(compounds 3�6). Interestingly the methyl substituent at
the 4-position totally disfavors the π�π stacking interac-
tions as for example in compound, [Co(4-mpSO3)2(H2O)2]
(9), because of elongation of the structure along the Co(1)-
N(1)···C(3) line. Compound 11 has a columnar one-dimen-
sional structure, which is not suited for such stacking inter-
actions. An analysis of metal�oxygen and metal�nitrogen
bond lengths (Table 1) reveals that (i) along the axial side
Cu�O bond is weakest, while the Cu�N bonds are shortest
and (ii) that water forms very strong metal�oxygen bonds
in all the water ligated compounds (3�11). The longer
Cu�O axial bonds are due to Jahn�Teller distortion. Thus
copper() water ligation appears to be energetically less fav-
ored over copper() polymer formation as in compound 1.
The factors for the formation of the coordination polymer
[{Zn(4-mpSO3)2}n] (2), unlike hydrogen-bonded compound
of type 9, are not well understood. However, the compact
polymeric structure as in 2 appears energetically more fav-
ored.
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Experimental Section

Materials and Physical Measurements: All chemicals were pur-
chased from Aldrich, Nacharai Tesque, and Wako Pure Chemical.
All reagents and solvents were used without further purification.
Infrared spectra in the range 4000�400 cm�1 were recorded on
KBr discs with a JASCO FTIR 420 spectrophotometer. The 1H
NMR spectra were measured with a JEOL Lambda 400 spec-
trometer. The magnetic susceptibilities were measured with a Quan-
tum Design SQUID magnetometer MPMS. Elemental analyses
were carried out by the Analytical Center of Graduate School of
Science in Osaka City University.

Synthesis of Ligands: Pyridine-2-sulfonic acid and its methyl-substi-
tuted analogs were prepared by the oxidation of the corresponding
pyridine-2-thiones as reported in the literature.[21] The substituted
pyridine-2-thiones, namely, 1-H-x-methylpyridine-2-thiones (x � 3,
4, 5) were synthesized via sulfhydrylation of their corresponding 2-
bromopyridines.[22] 1-H-x-methylpyridine-2-thione (2.25 g,
0.018mol) was dissolved in 40 mL of glacial acetic acid and then
6.5 mL (0.058 mol) of 30% hydrogen peroxide was added to the
mixture. The reaction mixture was heated to 80 °C with stirring
until the color of the thione completely disappeared. After removal
of the solvent by evaporation under a reduced pressure, the re-
sulting residue was recrystallized from water/methanol (1:1, by vol-
ume) to afford colorless crystal of x-methylpyridine-2-sulfonic ac-
ids.

Caution! The mixture of acetic acid and hydrogen peroxide produces
potentially explosive materials. It is preferable that only limited
amounts are prepared at a time, while the temperature is maintained
with care. Stirring of the reaction mixture should also be well con-
trolled.

Pyridine-2-sulfonic Acid (PySO3H): Yield 1.77 g (55%). C5H5NO3S
(159.17): calcd. C 37.73, H 3.17, N 8.80; found C 37.72, H 3.09, N
8.77. IR: ν̃ � ν(N�H) � ν(O�H) 3445 (br. w), 3198 (m), 3132
(s) cm�1; ν(C�H) 3110�2931 (w); δ(N�H) � δ(O�H) 1618 (s);
ν(C�N) 1600 (s); ν(C�C) 1520 (s); δ(C�H) 1459 (s), 1417 (w),
1359 (w); ν(S�O) 1303 (s), 1269 (vs), 1247 (vs), 1206 (vs), 1166 (s),
1148 (vs), 1090 (s); ν(C�S) 1041 (vs) cm�1. 1H NMR (400 MHz,
[D4]methanol, 22 °C): δ � 8.76 (br. s, 1 H, 6-H), 8.69 (t, JH,H �

10.3 Hz, 1 H, 4-H), 8.36 (br. s, 1 H, 5-H), 8.10 (br. s, 1 H, 3-
H) ppm.

3-Methylpyridine-2-sulfonic Acid (3-mpSO3H): Yield 1.75 g (50%).
C6H7NO3S (173.2): calcd. C 41.61, H 4.07, N 8.09; found C 41.52,
H 4.04, N 8.08. IR: ν̃ � ν(N�H) � ν(O�H) 3210 (m), 3165 (s)
cm�1; ν(PyC�H) 3106 (s), 3055 (s); δ(N�H) � δ(O�H) 1614 (m);
ν(C�N) 1594 (w); ν(C�C) 1511 (s); δ(C�H) 1459 (m),1446 (m),
1388 (m); ν(S�O) 1316 (m), 1292 (m), 1269 (vs), 1251 (vs), 1237
(s), 1217 (vs), 1210 (sh), 1186 (s), 1158 (s), 1146 (m), 1112 (m);
ν(C�S) 1035 (vs); δ(C�CH3) 816 (m), 802 (m). 1H NMR
(400 MHz, [D4]methanol, 22 °C): δ � 8.53 (d, JH,H � 6.7 Hz, 2
H, 4-H, 6-H), 7.99 (t, JH,H � 6.7 Hz, 1 H, 5-H); 3.27 (s, 3 H,
CH3) ppm.

4-Methylpyridine-2-sulfonic Acid (4-mpSO3H): Yield 1.93 g (55%).
C6H7NO3S (173.2): calcd. C 41.61, H 4.07, N 8.09; found C 41.51,
H 4.22, N 8.06. IR: ν̃ � ν(N�H) � ν(O�H) 3532 (br. vs), 3466
(br. vs), 3363 (m), 3238 (m) cm�1; ν(PyC�H) 3091 (m), 3064 (w);
ν(MeC�H) 3008�2858 (w); δ(N�H) � δ(O�H) 1626 (s); ν(C�N)
1602 (m); ν(C�C) 1516 (m); δ(C�H) 1463 (br. s), 1367 (w);
ν(S�O) 1297 (m), 1271 (vs), 1245 (vs), 1225 (s), 1200 (m), 1133
(m), 1112 (m); ν(C�S) 1054 (vs); δ(C�CH3) 836 (vs). 1H NMR
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(400 MHz, [D4]methanol, 22 °C): δ � 8.57 (d, JH,H � 5.9 Hz, 1 H,
6-H), 8.20 (s, 3-H, 1 H), 7.92 (d, JH,H � 5.9 Hz, 1 H, 5-H), 3.24
(s, 3 H, CH3) ppm.

5-Methylpyridine-2-sulfonic Acid (5-mpSO3H): Yield 1.75 g (50%).
C6H7NO3S (173.2): calcd. C 41.61, H 4.07, N 8.09; found C 41.57,
H 4.09, N 8.08. IR: ν̃ � ν(N�H) � ν(O�H) 3475 (br. vs), 3417
(br. vs), 3250 (sh), 3175(sh) cm�1; ν(PyC�H) 3101(m); ν(MeC�H)
3000�2800 (w); δ(N�H) � δ(O�H) 1634 (s); ν(C�N) 1620 (m);
ν(C�C) 1556 (m); δ(C�H) 1458 (m), 1436 (m); ν(S�O) 1301 (m),
1267 (vs), 1218 (vs), 1153 (s), 1137 (m); ν(C�S) 1048 (vs);
δ(C�CH3) 849 (s). 1H NMR (400 MHz, [D4]methanol, 22 °C): δ �

8.60 (s, 1 H, 6-H), 8.52 (d, JH,H � 7.7 Hz, 1 H, 4-H), 8.23 (d,
JH,H � 7.7 Hz, 1 H, 3-H); 3.60 (s, CH3, 3 H) ppm.

Syntheses of Compounds 1�11

[{Cu(3-mpSO3)2}n] (1): A solution of copper() bromide (0.20 g,
0.90 mmol) in 3 mL of water was placed at the bottom of an H-
shaped cell, and a solution of 3-mpSO3H (0.31 g, 1.8 mmol) in
3 mL of water was settled at the other bottom of the cell. The
bridging part of the cell was slowly immersed with a methanol/
water mixture (1:1 by volume), and the cell was kept steady for 2
weeks. Pale blue crystals of 1 were formed at the bridging part of
the cell. Yield 0.140 g (38%). C12H12CuN2O6S2 (407.90): calcd. C
35.30, H 2.94, N 6.86; found C 35.28, H 2.92, N 6.76. IR: ν̃ �

ν(PyC�H) 3086 (m) cm�1; ν(MeC�H) 3015�2828 (w); ν(C�N)
1589 (m); ν(C�C) 1580 (w); δ(C�H) 1451 (s), 1374 (w); ν(S�O)
1280 (vs), 1208 (m), 1170 (vs), 1147 (vs), 1075 (m); ν(C�S) 1041
(w), 1015 (s); δ(C�CH3) 847 (m), 813 (s).

[{Zn(4-mpSO3)2}n] (2): An aqueous solution of 4-mpSO3H (0.14 g,
0.80 mmol) was neutralized with a diluted aqueous sodium hydrox-
ide solution, and the solvent was evaporated to dryness under re-
duced pressure. The residue was dissolved in 3 mL of water. The
resulting solution was mixed with a solution of zinc() bromide
(0.091 g, 0.40 mmol) in 1 mL of water. The mixture was stirred for
10 minutes. and subsequently allowed to stand for 1 month at room
temperature to obtain colorless crystals of 2. Yield 0.038 g (23%).
C12H12N2O6S2Zn (409.74): calcd. C 35.14, H 2.93, N 6.83; found
C 35.15, H 2.90, N 6.73. IR: ν̃ � ν(PyC�H) 3087 (m) cm�1;
ν(MeC�H) 2900�3070 (vw); ν(C�N) 1612 (s); ν(C�C) 1551 (w);
δ(C�H) 1437 (m), 1401 (m), 1376 (m); ν(S�O) 1285 (sh), 1277
(vs), 1240 (s), 1172 (vs), 1137 (s), 1114 (s); ν(C�S) 1042 (s), 1024
(s) (νC�S); δ(C�CH3) 849(s).). 1H NMR (400 MHz, [D4]me-
thanol, 22 °C)(ppm): δ � 8.52 (br. d, 1 H, 6-H), 7.90 (s, 1 H, 3-H),
7.50 (s, br., 1 H, 5-H), 2.73 (s, 3 H, CH3) ppm. Compounds 7 and
9 were prepared similarly.

[Mn(3-mpSO3)2(H2O)2] (3): A solution of manganese() acetate
(0.10 g, 0.58 mmol) in 2 mL of water was added to a solution of 3-
mpSO3H (0.20 g, 1.2 mmol) in 4 mL of water and the mixture was
stirred for 10 minutes. The solution was kept steady for a week to
yield colorless crystals of 3. Yield 0.096 g (38%). C12H16MnN2O8S2

(435.32): calcd. C 33.08, H 3.68, N 6.43; found C 33.17, H 3.67, N
6.43. IR: ν̃ � ν(O�H) 3409 (br. vs), 3352 (br. vs), 3253 (br. s) cm�1;
ν(PyC�H) 3090 (w); ν(MeC�H) 3050�2800 (vw); δ(O�H) 1657
(s); ν(C�N) � ν(C�C) 1583 (m); δ(C�H) 1455 (m), 1415 (w),
1392 (w); ν(S�O) 1238 (vs), 1217 (s), 1191 (vs), 1154 (s), 1123 (w),
1076 (m); ν(C�S) 1029 (vs); δ(C�CH3) 839 (m), 804 (s). Com-
pounds 8 and 10 were prepared similarly.

[Fe(3-mpSO3)2(H2O)2] (4): A vial containing iron() chloride tetra-
hydrate (0.16 g, 0.80 mmol) was placed under argon to displace the
air, and then 2 mL of degassed water was added to the vial to
dissolve the salt. A solution of 3-mpSO3H (0.28 g, 1.6 mmol) in
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5 mL of degassed water was added dropwise to the metal-contain-
ing solution by a syringe. The mixture was allowed to stand for 2
days, yielding yellow crystals of 4, stable in air and moisture. Yield
0.069 g (20%). C12H16FeN2O8S2 (436.23): calcd. C 33.01, H 3.67,
N 6.42; found C 33.04, H 3.68, N 6.46. IR: ν̃ � ν(O�H) 3417 (br.
vs), 3349 (br. vs), 3253 (br. s) cm�1; ν(PyC�H) 3092 (w), 3064 (w);
ν(MeC�H) 3020�2881 (w); δ(O�H) 1658 (s); ν(C�N) � ν(C�C)
1581 (m); δ(C�H) 1456 (m), 1416 (w), 1391 (w); ν(S�O) 1238 (vs),
1217 (w), 1194 (s), 1154 (s), 1125 (w), 1076 (m); ν(C�S) 1027 (s);
δ(C�CH3) 840 (m), 804 (s).

[Co(3-mpSO3)2(H2O)2] (5): A solution of cobalt() bromide hexa-
hydrate (0.10 g, 0.31 mmol) in 2 mL of water was added to a solu-
tion of 3-mpSO3H (0.11 g, 0.62 mmol) in 5 mL of water and the
mixture was stirred for 10 minutes. The solution was concentrated
slowly to ca. 3 mL in a dessicator under water vapor pressure, yield-
ing reddish purple crystals of 5. Yield 0.049 g (36%).
C12H16CoN2O8S2 (439.32): calcd. C 32.78, H 3.64, N 6.37; found
C 32.73, H 3.64, N 6.37. IR: ν̃ � ν(O�H) 3433 (br. vs), 3358 (br.
vs), 3260 (br. s) cm�1; ν(PyC�H) 3092 (w), 3065 (w); ν(MeC�H)
3000�2827 (vw); δ(O�H) 1657 (s); ν(C�N) � ν(C�C) 1586 (m);
δ(C�H) 1458 (s), 1391 (w); ν(S�O) 1241 (vs), 1219 (m), 1186 (vs),
1152 (s), 1127 (m), 1076 (m); ν(C�S) 1027 (vs);); δ(C�CH3) 841
(m), 805 (s).

[Zn(3-mpSO3)2(H2O)2] (6): A solution of zinc() bromide (0.091 g,
0.40 mmol) in 2 mL of water was added to a solution of 3-mpSO3H
(0.14 g, 0.80 mmol) in 5 mL of water, and the mixture was stirred
for 10 minutes. The solution was left for two weeks to yield color-
less crystals of 6. Yield 0.040 g (22%). C12H16N2O8S2Zn (445.77):
calcd. C 32.30, H 3.59, N 6.28; found C 32.30, H 3.58, N 6.26. IR:
ν̃ � ν(O�H) 3424 (br. vs), 3356 (vs), 3255 (vs) cm�1; ν(PyC�H)
3093 (m), 3066 (m); ν(MeC�H) 3025�2856 (w); δ(O�H) 1655 (s);
ν(C�N) 1587 (s); ν(C�C) 1541 (w); δ(C�H) 1454 (s), 1419 (w),
1391 (m); ν(S�O) 1282 (m), 1237 (vs), 1197 (vs), 1157 (vs), 1127
(s), 1078 (s); ν(C�S) 1031 (vs); δ(C�CH3) 842 (m), 806 (s). 1H
NMR (400 MHz, [D4]methanol, 22 °C): δ � 8.60 (d, JH,H �

4.9 Hz, 1 H, 6-H), 7.99 (d, JH,H � 7.7 Hz, 1 H, 4-H); 7.59 (dd,
JH,H � 4.9, 7.7 Hz, 1 H, 5-H), 3.41 (s, 3 H, CH3) ppm.

[Zn(5-mpSO3)2(H2O)2] (7): Yield 0.068 g (34%). C12H16N2O8S2Zn
(445.77): calcd. C 32.30, H 3.59, N 6.28; found C 32.43, H 3.58,
N 6.20. IR: ν̃ � ν(O�H) 3359 (vs), 3245 (s) cm�1; ν(PyC�H) �

ν(MeC�H) 3100�2900 (vw); δ(O�H) 1649 (s); ν(C�N) 1598(m);
ν(C�C) 1577 (w); δ(C�H) 1473 (m), 1378 (m); ν(S�O) 1298 (m),
1233 (vs), 1207 (vs), 1157 (s), 1125 (s); ν(C�S) 1030 (vs);
δ(C�CH3) 835 (s). 1H NMR (400 MHz, [D4]methanol, 22 °C): δ �

8.58 (s, 1 H, 6-H), 8.02 (d, JH,H � 8.2 Hz, 1 H, 4-H), 7.95 (d,
JH,H � 8.2 Hz, 1 H, 3-H); 3.05 (s, 3 H, CH3) ppm.

[Zn(PySO3)2(H2O)2] (8): Yield 0.016 g (31%). C10H12N2O8S2Zn
(417.71): calcd. C 28.73, H 2.87, N 6.70; found C 28.84, H 2.82, N
6.70. IR: ν̃ � ν(O�H) 3335 (br. vs), 3240 (s) cm�1; ν(PyC�H)
3107(m); δ(O�H) 1650 (s); ν(C�N) 1596 (s); ν(C�C) 1568 (w);
δ(C�H) 1470 (m), 1436 (s); ν(S�O) 1300 (m), 1235 (vs), 1205 (vs),
1170 (s), 1159 (s), 1101 (m), 1056 (m); ν(C�S) 1032 (vs). 1H NMR
(400 MHz, [D4]methanol, 22 °C): δ � 8.72 (d, JH,H � 5.1 Hz, 1 H,
6-H), 8.18 (t, JH,H � 7.8 Hz, 1 H, 4-H), 8.08 (d, JH,H � 7.8 Hz, 1
H, 3-H), 7.69 (t, JH,H � 6.2 Hz, 1 H, 5-H) ppm.

[Co(4-mpSO3)2(H2O)2] (9): Yield 0.130 g (38%). C12H16CoN2O8S2

(439.32): calcd. C 32.78, H 3.64, N 6.37; found C 32.94, H 3.64, N
6.42. IR: ν̃ � ν(O�H) 3375 (br. vs), 3260 (br. s) cm�1; ν(PyC�H)
3081 (m); ν(MeC�H) 2964�2834 (w); δ(O�H) 1654 (s); ν(C�N)
1611 (s); ν(C�C) 1555 (w); δ(C�H) 1473 (m), 1438 (m), 1405 (m),
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1376 (m); ν(S�O) 1240 (vs), 1188 (vs), 1141 (s), 1113 (s), 1036 (s);
ν(C�S) 1018 (vs); δ(C�CH3) 847 (s).

[Ni(3-mpSO3)2(H2O)2].H2O (10): Yield 0.12 g (66%).
C12H18N2NiO9S2 (457.10): calcd. C 31.50, H 3.94, N 6.13; found
C 31.78, H 3.90, N 6.23. IR: ν̃ � ν(O�H) 3453 (br. vs), 3366 (br.
vs), 3266 (br. s) cm�1; ν(PyC�H) 3094 (m), 3066 (m); ν(MeC�H)
3000�2800 (vw); δ(O�H) 1655 (s); ν(C�N) � ν(C�C) 1588 (m);
δ(C�H) 1457 (s), 1391 (m); ν(S�O) 1243 (vs), 1186 (vs), 1155 (vs),
1077 (s); ν(C�S) 1026 (vs); δ(C�CH3) 843 (s), 807 (s).

[VO(acac)(3-mpSO3)(H2O)] (11): A solution of bis(acetylacetona-
to)vanadium() oxide (0.11 g, 0.40 mmol) in 2 mL of methanol
was added to a solution of 3-mpSO3H (0.14 g, 0.80 mmol) in 5 mL
of water. The navy blue mixture was stirred for 5 minutes and left
at room temperature for 2 days to afford navy blue crystals of 11.
Yield 0.098 g (68%). C11H15NO7SV (356.24): calcd. C 37.05, H
4.24, N 3.93; found C 37.17, H 4.27, N 3.96. IR: ν̃ � ν(O�H)
3324 (br. vs), 3222 (br. vs) cm�1; ν(PyC�H) 3092 (w); ν(MeC�H)
3001�2884 (w); δ(O�H) 1648 (s); ν(C�N) � ν(C�C) � ν(C�O)
1578 (vs), 1525 (vs); δ(C�H) � ν(CH�C) 1452 (m), 1430 (m), 1366
(vs); ν(S�O) 1284 (s), 1259 (vs), 1192 (vs), 1156 (s), 1077 (m);
ν(C�S) 1031 (vs); ν(V�O) 974 (vs); δ(C�CH3) 841 (m), 811 (s).

X-ray Crystallography: For all crystals intensity data were collected
on a Rigaku AFC-7S diffractometer with a graphite-monochrom-
ated Mo-Kα radiation (λ � 0.71069 Å) at 296 K using the ω�2θ
scan technique to a maximum 2θ value of 60.° Three standard re-
flections monitored after every 150 reflections were used for the
crystal decay corrections. The observed reflections [I � 3σ(I)] were
extracted from the unique reflections, and the data were corrected
for Lorentz and polarization effects. An absorption correction was
applied using the empirical ψ-scan method. All crystallographic
calculations were carried out using teXsan programs.[23] The struc-
ture was solved by the direct methods (SIR92),[24] and refined with
full-matrix least-squares techniques,[25] with anisotropic displace-
ment parameters for the non-hydrogen atoms. Some hydrogen
atoms were located on difference Fourier maps and refined iso-
tropically, the rest were located in calculated positions and included
in the refinement. Table 3 contains crystal data for complexes
1�11. CCDC-205227 to -205236 for complexes 1�5, 7�11, respec-
tively, and -116650 for complex 6 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) � 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk]
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