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ABSTRACT: In this work we have synthetized and characterized by X-ray diffraction
five cobalt complexes with 6-thioguanine (6-ThioGH), 6-thioguanosine (6-
ThioGuoH), or 2′-deoxy-6-thioguanosine (2′-d-6-ThioGuoH) ligands. In all cases,
these ligands coordinate to cobalt via N7 and S6 forming a chelate ring. However,
independently of reagents ratio, 6-ThioGH provided monodimensional cobalt(II)
coordination polymers, in which the 6-ThioG− acts as bridging ligand. However, for
2′-d-6-ThioGuoH and 6-ThioGuoH, the structure directing effect of the sugar residue
gives rise to mononuclear cobalt complexes which form extensive H-bond interactions
to generate 3D supramolecular networks. Furthermore, with 2′-d-6-ThioGuoH the
cobalt ion remains in the divalent state, whereas with 6-ThioGuoH oxidation occurs
and Co(III) is found. The electrical and magnetic properties of the coordination
polymers isolated have been studied and the results discussed with the aid of DFT calculations, in the context of molecular wires.

■ INTRODUCTION

Thiopurines are not naturally occurring nucleobases; however,
these compounds and their ribose derivatives are some of the
most active antimetabolites.1 In addition, their pharmacology
includes antitumor activity against certain tumors.2 For
instance, 6-mercaptopurine (6-MPH, Scheme 1) is one of the
most widely used antileukemic agents and is used in essentially
all modern acute lymphoblast leukemia treatment regimens,3

while 6-thioguanine (Scheme 1) is useful in treating myelocytic
leukemia.4,5

The interaction of this type of purine with metal ions has also
attracted interest with initial studies primarily focused on
understanding fundamental aspects of the coordination
chemistry6 and the possibility for developing new metal-
containing drugs.7 It has been found, for instance, that some
metal complexes of purine derivatives such as 6-MP, especially
those of platinum and palladium, show antitumor activity,
which can be enhanced with respect to the activity of the free
ligand.8,9

However, recent interest in potential applications of systems
containing metal ions and nucleobases in the context of
nanoelectronics based on DNA and related systems10−15

prompted us to consider such compounds as promising
candidates in the area of molecular materials. In particular,
the 6-mercaptopurine systems have the capability for
assembling metal ions, either as high nuclearity metal
complexes14,15 or, importantly, as 1D-coordination polymers,
e.g., [M(6-MP)2]n, which bear resemblance to the structure
initially suggested for M-DNA.16 Our first study focused on the
one-dimensional coordination polymer [Cd(6-MP)2]n and
demonstrated the isolation of single molecular chains of this
polymer on a surface. While these were found to be
insulating,15 further DFT studies carried out on analogous
[M(6-MP)2]n structures with a variety of transition metal ions
revealed that substitution with Cu(II), Fe(II), Ni(II), or Co(II)
should provide enhanced electrical conduction, on the basis of
the smaller calculated HOMO−LUMO gap.17 These studies
prompted us to attempt the synthesis of various metal
complexes and explore their electrical properties. We found
that Ni(II) forms the expected [Ni(6-MP)2]n and [Ni(6-
ThioG)2]n (6-ThioG = 6-thioguaninate) complexes as coordi-
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nation polymers and, in agreement with the theoretical
predictions, exhibit semiconducting behavior.12

Cobalt, adjacent to Ni in the periodic table, presents
interesting possibilities for inclusion in these thiopurine
systems. As with Cd and Ni, Co is capable of adopting the
necessary octahedral geometry for formation of the chainlike
structure and may do so at two different levels of oxidation, viz.,
+2 and +3. Additionally, this introduces the possibility for
magnetic effects, especially for d7 Co(II). Materials integrating
electrical and magnetic properties are of great interest in
magnetic semiconductors, dilute magnetic semiconductors, and
spintronic materials.18,19 As our previous theoretical studies
indicated that Co(II)-analogues of the 1D coordination
polymers, based on these types of ligands, should have a
significantly enhanced conductivity compared to Cd(II)
derivatives,17 it was therefore of interest to attempt to prepare
and study such materials.
Here we report on the reactions of cobalt ions with a series

of 6-thioguanine derivatives. We present 1-D coordination
polymers based on Co(II), along with studies on their electrical
properties. Additionally, we report the synthesis and character-
ization of Co(II) and Co(III) complexes of the corresponding
6-thioguanosine and 2′-deoxy-6-thioguanosine. These latter
highlight two different forms in which the ligand can coordinate
to the metal ions.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of reagent grade and were used as

commercially obtained. FTIR spectra (KBr pellets) were recorded on a
Perkin-Elmer 1650 spectrophotometer. Elemental analyses were
performed by the Microanalysis Service of the University Autońoma
de Madrid on a LECO CHNS-932 microanalyzer. Thermal analyses
(TG/DTA) were performed on a TA Instruments SDT 2960 thermal
analyzer in a synthetic air atmosphere (79% N2/21% O2) with a
heating rate of 5 °C min−1.
Synthesis of {[Co(6-ThioG)2]·2H2O}n (1). A mixture of

CoSO4·7H2O (150 mg, 0.533 mmol) and 6-thioguanine (160 mg,
0.960 mmol), in a buffer acetic acid/sodium acetate solution (8 mL,
0.1 M, pH 4.5), was stirred at room temperature for 10 min, sealed in a
23 mL Teflon-lined autoclave and heated at 160 °C for 72 h. Then, the
autoclave was slowly cooled (0.3 °C/min.) to ambient temperature.
The resulting pink-red crystals were washed with water and dried in air

(140 mg, 63.6%, yield based on Co). Anal. Calcd (Found) for
C10H12N10O2S2Co: C, 28.11 (27.97) %; H, 2.83 (3.26) %; N, 32.78
(32.64) %; S, 15.01 (14.92) %. IR selected data (KBr, cm−1): 3436
(bs), 3309(s), 3126(s), 2945(m), 1651(vs), 1628 (vs), 1580(s),
1501(s), 1364(s), 1312(m), 1253(m), 1201(m), 1144 (w), 1027(w),
965(w), 932(m), 857(m), 826(m), 640(m), 574 (m). The purity of
the crystal samples has been checked by powder X-ray diffraction. The
same compound is obtained employing thioguanine:cobalt ratio 3:1 or
higher.

Synthesis of {[Co(6-ThioG)2]}n (2). Crystals of 2 were obtained
upon heating compound 1 at 90 °C. Anal. Calcd (Found) for
C10H8N10S2Co: C, 30.69 (30.51) %; H, 2.06 (2.03) %; N, 35.80
(35.93) %; S, 16.39 (16.22) %.

Synthesis of [Co(2′-d-6-ThioGuoH)3](NO3)2·2H2O (3). 2′-
Deoxy-6-thioguanine (86.03 mg, 0.304 mmol) was dissolved in
methanol (10 mL), and a solution of cobalt nitrate Co(NO3)2·6H2O
(68 mg, 0.234 mmol) also in methanol (3 mL) was added. The
mixture was refluxed, with stirring, at 60 °C overnight. After 24 h the
solution was filtered and left to crystallize at room temperature by slow
evaporation. After 5 days a crystalline precipitate was isolated by
filtration (65 mg, 31% yield), from which a small green single crystal of
3 suitable for X-ray structure determination was obtained. Anal. Calcd
(Found) for C30H44N18O20S3Co: C, 31.83 (31.81); H, 3.92 (3.94); N,
22.27 (22.14). IR selected data (cm−1): 3300 (w), 3200 (m), 2916
(m), 2845 (w), 1605 (s), 1375 (m), 1321(s), 1246 (m), 1202 (m),
1175 (m), 1092 (m), 1045 (w), 988 (m), 947 (m), 800 (m).723 (w),
603 (w). ES-MS: m/z (positive mode) 907.1469 (Calcd for [Co(6-
MP)3]

+ 907.1471).
Synthesis of [Co(6-ThioGuo)3]·1.5H2O (4). 6-Thioguanosine

(6-ThioGuoH) (74.4 mg, 0.248 mmol) was dissolved in mixture of
water (10 mL) and methanol (10 mL), and then 10 mL of an aqueous
solution of Co(NO3)2·6H2O (36.1 mg, 0.124 mmol) was added to the
mixture. The mixture was refluxed and stirred at 86 °C for 3 h; after
that, the pH of the solution was adjusted to 8 with NaOH and refluxed
again for 3 h more. The solution was then filtered and kept at room
temperature to afford 57 mg (48% yield) of dark green crystals suitable
for X-ray structure determination. Anal. Calcd (Found) for
C30H39N15O13.5S3Co·0.5NaOH: C, 36.00 (36.59); H, 3.98 (3.22); N,
20.99 (19.96). IR selected data (cm−1): 3248 (s), 3130 (s), 2972 (m),
2889 (s), 1591 (s), 1589 (s), 1371 (s), 1267 (s), 1192 (s), 1082(s),
982 (m), 935 (s), 873 (m), 630 (m). ES-MS: m/z (positive mode)
976.1069 (Calcd for [Co(6-MP)3]Na

+: 976.1060).
Synthesis of [Co(6-ThioGuo)(6-ThioGuoH)2](SO4)·3H2O (5). 2-

Amino-6-mercaptopurine ribose (75 mg, 0.250 mmol) was dissolved
in hot water (40 mL), and an aqueous solution (20 mL) of
CoSO4·7H2O (35 mg, 0.125 mmol) was added dropwise. After
complete addition, the pH was adjusted to pH 8 using NaOH. The
solution mixture was then refluxed for 3 h, allowed to reach room
temperature, and filtered off through Celite. The clear solution stood
at room temperature overnight, and crystals of the title compound
were formed (20 mg, 15% yield) Anal. Calcd (Found) for
C30H42N15O19S4Co: C, 32.64 (32.36); N, 19.87 (20.08); H, 3.99
(4.05); S, 9.61 (9.57). IR selected data (cm−1): 3104 (w), 1609 (vs),
1593 (vs), 1500 (m), 1464 (m), 1374 (s), 1276 (w), 1194 (s), 1085
(s), 1042 (m), 985 (w), 936 (s), 877 (w), 830 (w), 802 (w), 783 (s),
646 (m), 631 (m). ES-MS: m/z (positive mode) 955.1318 [Calcd for
Co(6-ThioGuo)(6-ThioGuoH)2]

2+: 955.1308].
The thermogravimetric analysis of compound 5 confirms the

proposed formula. A first mass loss of 4.42%, taking place from room
temperature up to 80 °C, is attributed to the release of the three
crystallization water molecules (calcd 4.89%). The resulting anhydrous
compound is stable up to 230 °C, after which it suffers several
decomposition processes to lead Co2O3 above 540 °C (expt 7.67%,
calcd 7.51%). The trivalent oxidation state of the metal center was
confirmed by means of susceptibility measurements that showed the
diamagnetic character of the compound. The absorption band at 1042
cm−1 in the IR spectra of compound 5 confirms the presence of
SO4

2‑counterions.20

X-ray Data Collection and Structure Determination. Suitable
crystals were mounted on glass fibers, and these samples were used for

Scheme 1. Representation of the Artificial Nucleobases Used
in This and Related Works: (a) 6-Mercaptopurine, (b) 6-
Thioguanine, (c) 6-Thioguanosine, and (d) 2′-Deoxy-6-
thioguanine
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data collection. The single crystal X-ray diffraction data were collected
on a Agilent Technologies Supernova (1, 293(2) K, λCu Kα = 1.541 84
Å; 2, 363(2) K, λCu Kα = 1.541 84 Å) and a Rigaku Saturn (3 and 4,
150 K, silicon double crystal monochromated synchrotron radiation: λ
= 0.688 90 Å) diffractometers, and a Bruker SMART 1K CCD (5,
120(2) K, silicon[111]-monochromated synchrotron radiation: λ =
0.7020 Å). Information concerning data collection is summarized in
Table 1. The structures were solved by direct methods using the SIR97
program (1, 2, and 5) and SHELXTL (3 and 4).21 Full matrix least-
squares refinements were performed on F2 using SHELXL97.22 All
non-hydrogen atoms were refined anisotropically. The hydrogen
atoms of the purine bases were either positioned geometrically and
allowed to ride on their parent atoms, or located at the Fourier
difference map and fixed at that position (hydroxyl and water O−H).
Calculations were performed using the WinGX crystallographic
software package or SHELXTL.23

In compound 5, only very small specimens were obtained, and the
low quality of the X-ray diffraction data only allowed a preliminary
crystal structure solution. The ribose residue of the guanosine was
refined using soft restraints on its C−C and C−O bond distances. The
contribution of the missing solvent molecules and counterions was
subtracted from the reflection data by the SQUEEZE method24 as
implemented in PLATON.25 No attempt to localize the hydrogen
atoms was performed. Only cobalt and sulfur atoms were refined
anisotropically. Selected bond lengths and hydrogen bonding
interactions are listed in Tables 2 and 3.

Conductivity Measurements. The dc electrical conductivity
measurements were carried out with the four or two contacts methods
(depending on the crystal size) on up to six single crystals of
compound 1 in the temperature range 300−400 K since the resistance
at room temperature exceeded the detection limit of our equipment (5
× 1011Ω), precluding its study at low temperatures. The contacts were
made with Pt wires (25 μm diameter) using graphite paste. The
samples were measured in a Quantum Design PPMS-9 equipment. All
the conductivity quoted values have been measured in the voltage
range where the crystals are Ohmic conductors. All the measured
crystals showed similar conductivity values and thermal behaviors. The
cooling and warming rates were 0.5 and 1 K/min, and the results were
similar in the cooling and warming scans.

Magnetic Measurements. Variable temperature susceptibility
measurements were carried out in the temperature range 2−300 K
with an applied magnetic field of 0.5 T on a ground polycrystalline
sample of 1 (3.67 mg) with a SQUID magnetometer (Quantum
Design MPMS-XL-5). The susceptibility data were corrected for the
diamagnetic contributions of the sample as deduced by using Pascal’s
constant tables. The isothermal magnetization was measured in the
same sample at 2 K with magnetic fields in the range 0−5 T.

Computational Methods. Our first-principles calculations were
carried out using the linear combination of atomic orbitals (LCAO)
method, implemented in the SIESTA code.26,27 We employ two
different exchange-correlation functionals: the nonlocal van der Waals
density functional (vdWDF) of Dion et al.28,29 as implemented in the

Table 1. Single-Crystal Data and Structure Refinement Details for Compounds 1−5

1 2 3 4 5

formula C10H12CoN10O2S2 C10H8CoN10S2 C30H43CoN17O17S3 C30H39CoN15O13.50S3 C30H42CoN15O19S4
weight (g mol−1) 425.33 391.31 1068.92 980.87 1103.96
cryst syst triclinic triclinic trigonal trigonal trigonal
space group P1̅ P1 ̅ P3 P3 P3
a (Å) 3.6653(3) 3.7380(4) 23.970(4) 18.815(5) 19.225(3)
b (Å) 9.6754(12) 9.3077(12) 23.970(4) 18.815(5) 19.225(3)
c (Å) 11.3399(11) 10.9407(11) 6.6297(11) 6.5787(18) 6.618(2)
α (deg) 110.236(10) 106.416(10) 90° 90° 90°
β (deg) 96.556(7) 99.161(8) 90° 90° 90°
γ (deg) 100.513(8) 99.614(10) 120° 120° 120°
V (Å3) 364.08(6) 351.33(7) 3298.8(14) 2016.9(9) 2118.2(8)
Z 1 1 3 2 2
ρcalcd (g cm−3) 1.940 1.850 1.614 1.615 1.731
μ (mm−1) 12.246 12.517 0.578 0.615 0.701
reflns collected 2275 2215 10941 19985 2771
unique data/params 1466/115 1419/106 6189/609 6695/378 2771/178
reflns I ≥ 2σ(I) 1329 1203 5232 5233 1705
GOF (S)a 1.075 1.074 1.163 1.028 1.711
R1b/wR2c [I ≥ 2σ(I)] 0.0408/0.1103 0.0463/0.1146 0.1022/0.2615 0.0557/0.1542 0.1769/0.4291
R1/wR2 (all data) 0.0460/0.1162 0.0571/0.1264 0.1166/0.2785 0.0717/0.1655 0.2203/0.4687

aS = [∑w(Fo
2 − Fc

2)2/(Nobs − Nparam)]
1/2. bR1 = ∑∥Fo| − |Fc∥/∑|Fo|.

cwR2 = [∑w(Fo
2 − Fc

2)2/∑wFo
2]1/2; w = 1/[σ2(Fo

2) + (aP)2 + bP] where P
= (max(Fo

2, 0) + 2Fc2)/3 with a = 0.0683 (1), 0.0637 (2), 0.2000 (3), 0.1069 (4), 0.2000 (5), and b = 0.0759 (1).

Table 2. Selected Bond Lengths (Å) for Compounds 1−5

1 2 3 4 5

Co1−N7 2.087(3) 2.088(3) Co1−N7 2.067(8) 1.985(4) 1.96(3)
Co1−S6 2.5289(8) 2.5372(9) Co1−S6 2.397(2) 2.3035(13) 2.287(9)
Co1−S6ia 2.6416(8) 2.6676(10) S6−C6 1.689(9) 1.733(4) 1.83(3)
Co1···Co1i 3.6653(3) 3.7380(4) Co2−N27 2.054(7) 1.998(4) 1.99(3)
S6−C6 1.748(3) 1.741(3) Co2−S26 2.463(2) 2.3276(13) 2.282(10)

S26−C26 1.664(9) 1.737(4) 1.69(3)
Co3−N47 2.030(10)
Co3−S46 2.467(4)
S46−C46 1.724(12)

aSymmetry codes: (i) x + 1, y, z.
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SIESTA code30 and the revPBE version of the generalized gradient
approximation (GGA) in order to compare with our previous results
in a similar system.13 We use a basis of optimized double-ζ orbitals
including polarization orbitals, and norm conserving pseudopoten-
tials,31 adding partial core corrections32 for Co. The initial structures
were obtained from the atomic coordinates determined by X-ray
diffraction analysis of the crystal, and the geometries were optimized
until the residual forces were less than 0.05 eV/Å.

■ RESULTS AND DISCUSSION
The coordination chemistry of thio-containing purine deriva-
tives is quite well established,6 in part due to the fact that some
of these compounds present interesting biological activity. As
ligands they offer a variety of binding sites for coordination to
metal ions, with the S6 and/or the N7 being the preferred
positions for binding. The coordination versatility of these
compounds has allowed a wide range of different structural
types of complex to be prepared.6

The reaction carried out between CoSO4 and 6-thioguanine
under solvothermal conditions (in a buffer acetic acid/sodium
acetate) yields compound 1, which consist of a 1D polymeric
complex of formula {[Co(6-ThioG)2]·2H2O}n. This compound
is isostructural with the previously reported Ni(II) derivative,

and similar to some cadmium and nickel mercaptopurine
analogues.12,33 The crystal structure consists of parallel neutral
chains of [Co(6-ThioG)2]n and crystallization water molecules
which interact among them and with the hydrogen atoms of N2
and C8 of the 6-thioguaninato ligand by means of hydrogen
bonding (Figure S1). The coordination polymer is based on
stacked centrosymmetric [Co(6-ThioG)2] entities, which are
linked together through axial Co−S bonds, forming a linear
chain along the crystallographic a-axis with an intrachain
Co···Co distance of 3.665 Å. The deprotonated thioguanines
act as bridging ligands, chelating one metal center through the
N7 and S6 while also binding to a second cobalt atom from the
adjacent entity also through S6. Two thioguanine bases
chelated to the same metal center are parallel but not coplanar
(interplanar distance 1.342 Å), probably as a result of steric
hindrance between the S6 and C8(H). The stacking of the
centrosymmetric [Co(6-ThioG)2] entities produces parallel
offset face-to-face aromatic interactions established between
thioguanines on the same side of the chain. The overlap region
involves the imidazolic ring and the pyrimidinic rings of
adjacent purines (Figure 1). The geometrical parameters are in

the typical ranges for this type of noncovalent interactions
(centroid···centroid distance = 3.277(4) Å; dihedral angle
between rings = 2.5(3)°; lateral offset = 0.84 Å).34

The overall cohesiveness of the crystal structure is ensured by
means of hydrogen bonding interactions that each polymeric
chain establishes with four adjacent chains. The hydrogen bond
interactions take place between the 6-thioguaninate ligands of
different chains both through the Watson−Crick edge (N2-
(H)···N1: 3.009(8) Å) and through the Hoogsteen face
(N9(H)···N3: 2.871(7) Å). The packing of the chains gives
rise to channels parallel to the crystallographic a axis
(representing 12.4% of the unit cell volume with ca. 6.2 ×
6.3 Å2 dimensions) that are occupied by crystallization water
molecules that, based on the presence of short donor···acceptor
atom distances, seem to be tightly hydrogen bonded among
themselves (O1w···O1w: 2.935 and 3.225 Å) and to the
metallo-polymer chains (N2(H)···O1w: 3.169 Å; C8-
(H)···O1w: 3.303 Å) (Figure S1). The supramolecular
interactions between the water molecules and complex
polymeric chains although not imperative for the cohesion of
the crystal structure (compound 2 is a evidence of that)

Table 3. Hydrogen Bonding Parameters (Å, deg) in
Compounds 3 and 4

H···A D···A D−H···A

Compound 3
N1−H···O2w 1.83 2.703(14) 170
N2−H···O61 2.08 2.926(16) 161
N2−H···O36ia 2.00 2.832(12) 158
O16−H···O56ii 1.98 2.813(16) 160
O17−H···O72iii 2.02 2.841(14) 154
N21−H···O71 1.94 2.748(11) 153
N22−H···O57iv 2.01 2.846(14) 158
N22−H···O71 2.19 2.946(13) 144
O36−H···O1w 2.06 2.825(19) 151
O37−H···O36iv 1.84 2.637(12) 144
N41−H···O63 1.86 2.737(15) 178
N42−H···O62 2.01 2.865(16) 165
O56−H···N43 1.98 2.808(14) 174
O57−H···O1wv 1.97 2.80(2) 167
O1w−H···O30 2.21 3.09(2) 150
O1w−H···O63vi 2.59 3.38(4) 139
O2w−H···O16vii 1.87 2.71(2) 162
O2w−H···O62 1.86 2.70(2) 158
Compound 4
N2−H···N21 2.12 2.976(5) 165
O16−H···O36i 1.83 2.645(8) 160
O17−H···O37ii 1.89 2.690(7) 162
O18−H···O38ii 2.17 2.937(6) 141
N22−H···N1 2.19 3.047(5) 165
O36−H···N23 1.96 2.750(5) 160
O37−H···O1wiii 1.76 2.615(11) 154
O38−H···O17iv 2.07 2.850(8) 163
O1w−H···O1wv 1.87 2.702(14) 154
O1w−H···O16vi 1.85 2.670(12) 145

aSymmetry codes for compound 3: (i) −x + y + 2, −x + 2, z + 1, (ii)
−y + 1, x − y, z + 2, (iii) −y + 1, x − y, z + 3, (iv) x, y, z + 1, (v) x, y, z
− 1, (vi) −y + 2, x − y, z, (vii) −x + y + 1, −x + 1, z − 1. Symmetry
codes for compound 4: (i) −y + 1, x − y, z + 1, (ii) −x + y, −x, z + 2,
(iii) x, y, z − 1, (iv) −y, x − y, z − 1, (v) −y + 1, x − y + 1, z, (vi) −x +
y + 1, −x + 1, z − 1.

Figure 1. Fragment of the polymeric chain in compound 1 showing
the labeling scheme.
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reinforce the complementary hydrogen bonds established
between thioguanines belonging to adjacent chains and
therefore contribute to the robustness of the crystal structure.
At the same time it exerts a subtle influence on the Co···Co
distance as will be discussed later.
The magnetic properties of compound 1 confirm the

presence of high spin Co(II) ions with a room temperature
χmT value of ca. 2.6 cm3 K mol−1, which lies in the normal
range (2.4−3.2 cm3 K mol−1) observed for high spin Co(II)
octahedral complexes and higher than the expected value for an
S = 3/2 spin ground state, because of the orbital contribution
arising from the ground 4T1g term.35−37 When the temperature
is lowered, the χmT product shows a continuous decrease to
reaching a value of ca. 0.15 cm3 K mol−1 at 2 K (Figure 3). This
behavior indicates the presence of weak antiferromagnetic
interactions in compound 1 (note that although isolated
paramagnetic Co(II) complexes also show a decrease of the
χmT product with decreasing temperatures, due to the spin−
orbit coupling, this decrease is smoother and does not lead to
values as low as 0.15 cm3 K mol−1).35−37 The weak
antiferromagnetic interaction is confirmed by the presence of
a rounded maximum at ca. 5 K in the χm versus T plot (inset in
Figure 2). This weak antiferromagnetic coupling can be

attributed to the presence of double thio-bridges connecting
the Co(II) ions along the chain with relatively long Co−S bond
distances of 2.5289(8) and 2.6416(8) Å.
On heating 1, the water molecules of crystallization are

released while the crystals remain intact, producing compound
2. Hence, the crystal structure of 2 retains the 1D polymeric
nature of the [Co(6-ThioG)2]n chains and the associated
supramolecular interaction between the chains (Figure 3).
However, the unit cell suffers a small shrinkage in volume of
12.8 Å3. This is the common behavior when solvent of
crystallization is removed, but what is more unusual is that this
shrinkage takes place with an elongation in the propagation
direction of the polymeric complex, in this case that of the
crystallographic a-axis. This produces a slight lengthening of the
Co···Co distance within the chain (0.073 Å), together with an
increase in the Co−S−Co bond angles of ca. 2% (from
90.26(2)° to 91.77(3)°) and in the average Co−S bond
distances of ca. 1% (from 2.5853(8) Å to 2.6024(10) Å). These
three changes are expected to decrease the orbital overlap and,
hence, the electron delocalization and the electrical con-
ductivity when passing from compound 1 to 2.

An initial DFT calculation carried out on the analogous
[Co(6-MP)2]n polymer (6-MP = 6-mercaptopurinato) gave a
HOMO−LUMO gap of 0.78 eV,13 a value 0.1 eV higher than
that calculated for the corresponding Ni(II) analogue.
However, as we reported, for Ni(II) coordination polymers
the 6-ThioG derivative shows conductivity values 2 orders of
magnitude higher than the 6-MP analogue,12 and hence
electrical measurements of 1 were of interest.
The dc electrical conductivity measurements of six crystals of

compound 1 found very low room temperature conductivity
values ca. 10−11 to 10−12 S cm−1 and semiconducting behavior,
with activation energies in the range 1.4−1.6 eV (Figure 4). As

expected for semiconducting materials, at higher temperature
(400 K) the conductivity is notably higher with values in the
range 10−6 to 10−7 S cm−1. All the attempts to measure the
electrical conductivity of crystals of compound 2 lead to lower
conductivity values, below our detection limit. As already
mentioned, a possible reason explaining this difference may be
the lengthening of the Co···Co distance, the Co−S−Co bond
angles, and the Co−S bond lengths.
In order to understand the physical measurements, we

computed the DFT electronic structure of {[Co(6-Thio-
G)2]·2H2O}n as isolated chains as well as packed using the
experimental X-ray lattice parameters, but allowing the atomic
coordinates to relax (Supporting Information for additional
information). Calculations were made with the vdW functional
in order to ensure that the interactions between the polymer
chains were well described in the calculation of the electronic
structure of the crystal. We repeated the calculations using the

Figure 2. Thermal variation of the χmT product for compound 1.

Figure 3. Crystal packing of compounds 1 and 2 viewed along the
crystallographic a axis. Dotted lines represent hydrogen bonds.

Figure 4. Thermal variation of the dc electrical conductivity of
compound 1. Inset shows the Arrhenius plot.
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GGA functional to compare the results with those with the
vdW-functional and with the band structure of [Co(6-MP)2]n
presented in our previous work.13 The band structures we
obtain with the two exchange-correlation functionals are
quantitatively very similar for {[Co(6-ThioG)2]·2H2O}n in
both the crystal and the isolated chain. We also computed the
anhydrous [Co(6-ThioG)2]n form to verify the effect of the
water molecules on the conducting properties of the system.
Analysis of the density of states (DOS) of both polymers
indicates that the water molecules do not alter the electronic
structure to any appreciable extent within an interval of ± ∼1.0
eV of the HOMO−LUMO region, as shown in Figure 5.

Finally, we have also investigated the electronic structure of
{[Co(6-ThioG)2]·OH·H2O}n. This was to further explore the
possible role of the water-derived species present in the crystal
lattice. The substitution of one water molecule by an OH−

anion simulates charge doping, and generates holes in the
valence band. The calculated energy gap values suggest that the
antiferromagnetic ground state is the most reasonable one since
it gives a much higher energy gap (even if it is still below the
experimental one). The ferromagnetic ground state gives a too
low energy gap. Furthermore, the antiferromagnetic ground
state agrees with the experimental one found with the SQUID
measurements. The difference between the energy gap obtained
from the calculations and the experimental data may simply be
attributed to crystal defects, mainly Co(II) vacancies in the
chain leading to a charge localization of the charge since the
delocalization is hindered. The effect is an increase in the
resistivity and in the activation energy.

DFT calculations also provided details of the compounds
magnetic structure, and we have obtained degenerate
antiferromagnetic and ferromagnetic ground states in {[Co(6-
ThioG)2]·2H2O}n, with magnetic moments of 3.0 μB per Co
atom. These magnetic ground states differ from the magnetic
moment of 1.0 μB per Co atom that we found previously for a
system with a structure based on the [Co(6-MP)2]n frame-
work.13 Figure 6 shows the band structures of the

ferromagnetic and antiferromagnetic solutions for {[Co(6-
ThioG)2]·2H2O}n. Note that although the calculations indicate
that the ferro- and antiferromagnetic ground states are
degenerate, the presence of crystal defects and vacancies (as
suggested by the dc conductivity measurements, see below)
leads to a slight lowering of antiferromagnetic state, to become
the ground state. This is in agreement with the SQUID
measurements, that show the presence of a very weak
antiferromagnetic coupling.
In an effort to prepare nucleoside analogues of 1, a number

of reactions with either 6-thioguanosine (6-ThioGuoH) or 2′-
deoxy-6-thioguanosine (2′-d-6-ThioGuoH) and Co(II) ions
were explored. We have been able to isolate and crystallo-
graphically characterize compounds from the following
reactions: (i) 2′-d-6-TGH with Co(NO3)2 in refluxing
MeOH yielded green crystals of compound [CoII(2′-d6-
ThioGuoH)3](NO3)2·2H2O (3), (ii) 6-ThioGuoH with Co-
(NO3)2 in a refluxing 1:1 H2O:MeOH mixture adjusted to pH
8 that yielded dark green crystals of compound [CoIII(6-
ThioGuo)3]·1.5H2O (4), and (iii) 6-ThioGuoH with CoSO4 in
aqueous solution at pH 8 that yielded, after recrystallization,
compound [CoII(6-ThioGuo)(6-ThioGuoH)2](SO4)·3H2O
(5). Compounds 3−5 contain discrete octahedral complexes
with the cobalt atom lying on a 3-fold rotation axis. The
molecular structures of these complexes are shown in Figures
7−9. In each compound, three thio-nucleoside ligands chelate
the metal center through the S6 and N7 donor atoms, giving
rise to the same five-membered chelate rings present in 1 and 2.
The coordination sphere of the metal center corresponds to a
chiral, trigonally elongated, fac-N3S3 octahedral environment.
Variations in the metal ion oxidation state and the protonation
state of the ligand (Figure 10) in all three instances were
observed and are discussed in the following descriptions of the
unique structures of 3, 4, and 5.

Figure 5. Density of states of [Co(6-ThioG)2]n (a) and {[Co(6-
ThioG)2]·2H2O}n (b). Red and black lines correspond to majority and
minority spin states, respectively. Shaded blue curve shows the
projected DOS on the water molecules. The Fermi level is at the zero
of the energy scale.

Figure 6. Band structures of {[Co(6-ThioG)2]·2H2O}n in (a)
ferromagnetic solution, red and black lines correspond to majority
and minority spin states, respectively; and (b) antiferromagnetic
solution, the Fermi level is at the zero of the energy scale.
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In an attempt to synthesize a coordination polymer between
Co(II) and 2′-d-6-ThioGuoH, the ratio of metal to ligand used
in the synthesis of the previously reported Cd(II)/6-

mecaptopurine system was followed.14 This resulted in a single
crystal of 3, [Co(2′-d-6-ThioGuoH)3](NO3)2·2H2O, suitable
for X-ray analysis, and no further attempts to control the

Figure 7. Crystal packing of [Co(2′-d-6-ThioGuoH)3]2+ entities showing the supramolecular interactions in compound 3.

Figure 8. Supramolecular assembly of [Co(6-ThioGuo)3] entities in compound 4 showing the presence of 1D channels running along the c axis. The
crystallization water molecules placed inside the channels have been omitted for clarity.

Figure 9. Crystal structure of compound 5 showing the presence of 1D channels running along the c axis. The sulfate counterions and water
molecules placed inside the channels have been omitted for clarity. Dashed lines indicate hydrogen bonds.
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reactant ratio were made. Compound 3 contains three
independent molecules in the unit cell: two Λ isomers and
one Δ isomer. The Co−S bond lengths range from 2.397(3) to
2.469(5) Å while the Co−N distances span 2.035(12)−
2.065(10) Å. The metal ion oxidation state is Co(II), charge
balanced by two nitrate anions in the crystal lattice, with the
coordinating 2′-d-6-ThioGuoH being in the neutral, formally
thione, form in contrast to the anionic form in 1 and 2 (Figure
10). Concomitant with this fact is the shorter average CS
bond length (CS range = 1.662(10)−1.723(14); CSAv =
1.688 Å) compared to that found in 4 (vide inf ra).
In compound 4, [Co(6-ThioGuo)3]·1.5H2O, two independ-

ent molecules are found in the unit cell. Here, the 6-
thioguanosine ligands are deprotonated at N(1), in keeping
with the basic pH of the reaction, and can be considered as the
anionic thiol form, 6-TG− (Figure 10). In line with this is the
expected increase in the C6−S6 bond lengths (in the range
1.733(4)−1.742(4) Å with an average value of 1.738 Å),
compared to the thione form in 3 and 5 (vide inf ra). As there is
no other anion in the crystal structure, the oxidation state of the
metal center corresponds to Co(III). This increase in oxidation
state is reflected in the slight decrease in the metal−ligand bond
lengths, viz., Co−S = 2.3039(13)−2.3266(13), Co−SAv = 2.315
Å; Co−N = 1.985(4)−1.996(4), Co−NAv= 1.991 Å, compared
to 3. Room temperature magnetic susceptibility measurement
indicates the diamagnetic nature of compound 4, consistent
with an octahedral low-spin d6 configuration.
A previous study33 has shown that the major structural effect

of N(1) protonation/deprotonation is an increase in the C(6)−
N(1)−C(2) angle in the former case. In keeping with this, the
C(6)−N(1)−C(2) angles in compound 3 (119.0(10)−
123.6(7)°) are larger than in 4 (117.1(3)−117.3(3)°).
Moreover, the C(6)−N(1) bond length of the protonated
ligands in 3 is longer, range 1.358(13)−1.388(13) Å, compared
to the deprotonated form in 4 (1.321(6)−1.328(6) Å). This
again is consistent with the assignment of the two tautomeric
forms in the respective complexes, thione in 3 and the thiol-
form in 4 (Figure 10), and illustrates the ability of the ligand to
coordinate well to either oxidation state of the metal.
The X-ray analysis of 5 with formula [Co(6-ThioGuo)(6-

ThioGuoH)2](SO4)·3H2O is of poor quality, but is included
here as it illustrates the possibility of complex formation with
inequivalent forms of coordinated nucleoside (Figure 10). As in
1 and 2, the 6-thioguanosinate ligand is bound to the metal
center through S6 and N7 donor positions, and these generate
a trigonally elongated fac-N3S3 octahedral environment. Two
crystallographic independent complexes, with opposite chilar-
ity, Δ and Λ, are found in the unit cell, with metal−ligand bond
lengths in the expected range (Co−S = 2.282(10)−2.287(9) Å;
Co−N7 = 1.96(3)−1.99(3) Å). Although the X-ray diffraction
data was of low quality, the C−S distances of 1.69(3) and

1.83(3) Å indicate the presence of both neutral (thione isomer)
and deprotonated (anionic thiol isomer) guanosine, in
agreement with the proposed formula.
While none of these nucleoside-containing compounds

feature the coordination polymer chain seen in 1 and 2, there
are some noteworthy aspects of the crystal packing of 3−5. In 4
and 5 the monomeric entities are held together by means of
complementary hydrogen bonds. Symmetry-related N2-
(H)···N1 (3.019(17) Å) interactions between two adjacent
ligands give rise to R2

2(8) ring formations38−40 which afford 2D
supramolecular sheets of Δ/Λ [Co(6-ThioGuo)3]. Additional
hydrogen bonding interactions, involving the hydroxyl groups
of these sugar residues, hold the layers together to generate the
overall 3D supramolecular structure in which 1D channels
extend along the crystallographic c axis. Crystallization water
molecules occupy these channels establishing strong hydrogen
bonding interactions with the ribose. The ribose group of the
coordinated thioguanosine molecules presents a hydrophilic
rim to the channel in which the water molecules (4) (Figure
11) and sulfate counterions (5) are located. Discussion of water

aggregates or substructures in coordination compounds are of
contemporary interest. The water molecules in these aggregates
can adopt a great variety of arrangements.41−50

Although the crystal structure of compound 5 did not allow
the location of hydrogen atoms, the similarities of the unit cell
parameters and the hydrogen bonding donor−acceptor
distances with those of compound 4 would indicate a similar
supramolecular architecture. In 4 the channels have approx-
imate dimensions 7.6 × 6.1 Å2 representing 7.1% of the unit
cell volume. The equivalent value for 5 indicates a larger, 9.3 ×
9.3 Å2, channel occupying 16% of the unit cell volume. This
expansion to the unit cell is likely due to the inclusion of SO4

2‑

counterions.
In 3, the monomeric entities do not establish direct hydrogen

interactions between the thioguanines. Instead, they are
connected by means of hydrogen bonding interactions
mediated by a nitrate anion and a water molecule. The nitrate
anion interacts with the N6(H)/N1(H) face of a guanine to
establish an R2

2(8) ring, with N6(H) of a second thioguanine

Figure 10. Formal representations of the thione (left) and thiol (right)
forms of 6-thioguanine found in 4 and 5, respectively.

Figure 11. Hydrophilic nature of the 1D channels found in compound
4.
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and a crystallization water molecule forming an R3
3(10) ring.

Apart from these interactions the hydrogen bonding capability
of the hydroxyl groups of the deoxyribose provides further
connectivity throughout the crystal structure leading to a 3D
network that does not feature channels as seen in compounds 4
and 5.

At this point it is worthwhile to discuss the different nature
of the complexes formed in the structures reported here. The
thioguanine-containing compounds produce crystal structures
composed of infinite [Co(thioguaninate)2] chains, while those
based on thioguanosine show discrete tris-complexes. This
latter stoichiometry is found despite not using a 3:1 ligand/
metal ratio in the reactions. This finding suggests the sugar
residue exhibits some structure directing effect on complex
formation. The steric hindrance from this group would hinder
the parallel stacking of the planar [Co(thioguaninate)2] units
that completes the octahedral surrounding around the cobalt
atom leading to chain formation, as seen in 1 and 2. Instead,
coordination of a third thioguanosine, to complete the
coordination sphere, is favored.
In summary, the compounds reported here add to the rather

limited number of complexes based on thioguanine derivatives.
A search of the CSD shows only three records for M = Ni(II),
Ir(III), and Co(III), although in the Ir(III) and Co(III) cases
other coligands are present.12 Moreover, a recent review53

shows that the number of oligomeric and polymeric
nucleobase-coordination compounds is limited compared to
mononuclear species. Therefore, compounds 1 and 2 represent
examples of the particularly small group of metal-containing 6-
thioguanine complexes which show extended bonding motifs.
On the other hand, the supramolecular crystal structure of
compounds 4 and 5 continues a recently developed route for
the generation of porous materials based on the use of
complementary hydrogen bonding between nucleobases linked
to discrete coordination entities.54
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