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[Cd™(u,-0%,0',0"-SO,)(terpy)],2H,0, 1-:2H,0 (terpy, 2,2":6',2"-terpyridine) was obtained from the reaction of
3CdSO,-8H,0 with terpy and consists of centrosymmetric dimeric units in which the two Cd(terpy)** moieties are
held together by two tridentate sulfato anions that act as chelators towards the two metal centres, one oxygen being
tri-coordinate. This coordination mode for the sulfato ligand has never been reported before in the solid state.
[Zn™(u,-0,0'-SO,)(terpy)],*2H,0, 2:2H,0, was obtained by using ZnSO,-7H,0 through a procedure similar to

that followed for 1-2H,0. Semi-empirical quantum mechanics and density functional structure optimisations were
performed at the AM1 and Becke3LYP/(6-31G**, S) levels. The computations reproduced well the main features of
the Zn(p,-0,0’-SO,),Zn unit as found in 2. A [Zn(imidazole),(O-OOCCH,),(0-SO,)I*” model was also optimised as

a model for ATP-sulfurylase from Saccharomices cerevisae.

Introduction

The sulfate anion is a macro-nutrient taken up from drinking
water and food, and is important for the biosynthesis of cys-
teine and other sulfur containing molecules. The reduction of
sulfur from oxidation state +6 to —2 takes place usually
through a catalytic cascade which involves first sulfurylase
enzymes, whereas the hydrolysis of the sulfate ester linkage is
carried out by sulfatases. Recently reported X-ray diffraction
studies showed that metal ions such as Mg(1), Zn(1r), Co(11) and
even Cd(1) are, or may be, present in enzyme systems that have
the sulfate anion as substrate, and play at least structural or
transport roles relevant to the sulfate itself.'* For instance, the
structure of an ATP-sulfurylase from Saccharomices cerevisiae,
contains metal ions such as Zn(i1), Co(11) and Cd(m).' Several
metal sites are thought to play a physiological role whereby
Ca(u) or Zn(m) or Co(1r) ions replace the Cd(ir) ion.' One of the
cadmium cations is linked to a sulfato anion, to two carb-
oxylato anions and to two histidine moieties (Scheme 1). Of
much interest, the effect of Cd(11) exposure on sulfate assimil-
ation in Saccharomices cerevisiae leads to a change of the
content of several biomolecules.’® It should also be noted that
metal-phosphato and —thiophosphato interactions related to
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Scheme 1 Drawing of a cadmium site in ATP-sulfurylase from
Saccharomices Cerevisiae taken from the Protein Data Bank
(Deposition Code 1G8F).*? Selected geometrical parameters are: a,
2.48; b, 1.50; c, 1.45; d, 1.47; e, 1.49; f, 2.16; g, 2.21; h, 2.36; i, 2.37; j,
2.37 Ak, 141°.

T Electronic supplementary information (ESI) available: Full listings of
atomic coordinates from X-ray diffraction experiments and from
molecular modelling calculations, atomic thermal displacements, bond
lengths and bond angles, and computed heat of formation and heat of
reaction for selected molecules and reactions, Figure relevant to
selected computed structures, and Figure relevant to vibrational modes.
See http://www.rsc.org/suppdata/dt/b3/b302779a/
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biological systems have been deeply investigated in aqueous
solutions. ¥

On the other hand, metal-sulfato species have been studied
for their important roles in catalysis,? in the field of porous-
framework materials,* in stabilising Pt(1)—Pt(11) species ** and
in the chemistry of “cisplatin® analogues.* The research works
published so far on ternary metal-sulfato—any organic ligand
(M(SO,)L) species are several. In fact a search from the
Cambridge Crystallographic Data Base (Release November
2002, CCDB)* which excludes all the pure inorganic metal—
sulfato compounds, listed ca. 330 M(SO,)L compounds with at
least a M—OSO; linkage. In spite of this, to our knowledge, a
systematic analysis of metal-sulfato complexes is still lacking.
The coordination modes shown so far by the sulfate are those
labelled I-VII in Scheme 2.

On the basis of this reasoning and as a continuation of a
research project devoted to the analysis of the coordination
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Scheme 2 Coordination modes of sulfate as revealed by X-ray
structural studies. Modes I-VII have been previously reported and
deposited at the Cambridge Crystallographic Data Base, November
2002 release.* Mode VIII has been found for the first time, to our
knowledge, in the structure of 1.

This journal is © The Royal Society of Chemistry 2003



Table 1 Selected crystal data and structure refinement for [Cd"(u,-0% 0’,0"-SO,)(terpy)],-2H,0, 1:2H,0 and [Zn"(u,-0,0'-SO,)(terpy)],2H,0, 2+

2H,0

Parameter 1-2H,0 2-:2H,0
Empirical formula C;0HpCd,NgOyS, C30Hp6NgO0S,Zn,
Formula weight 919.52 825.42
TIK 293(2) 293(2)
A 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1 (no. 2) P1 (no. 2)
Unit cell dimensions
alA 9.079(1) 9.705(1)
bIA 10.402(1) 9.767(2)
c/A 10.533(1) 10.322(1)
al® 119.23(1) 110.14(3)
pre 105.12(1) 116.62(1)
/° 99.54(1) 98.91(1)
VIA3 785.66(14) 763.47(19)
zZ 2 2
DJ/Mgm™? 1.943 1.795
/mm™! 1.556 1.780
Refinement method Full-matrix least-squares on F? Full-matrix least-squares on F?
Data/restraints/parameters 2545/0/234 2587/0/235
Goodness-of-fit on F* 1.084 1.060

Final R indices [I > 20(1)]
R indices (all data)

R1=0.0182, wR2 =0.0441
R1=0.0214, wR2 = 0.0454

R1=0.0302, wR2=0.0733
R1=0.0369, wR2 =0.0766

modes by phosphato®® and sulfato anions,* we planned the

synthesis and structural characterisation of some more sulfato-
containing compounds. We wish to report here on [Cd"-
(n,-0,0,0'-S0,)(terpy)],*2H,0, 1-2H,0 (terpy, 2,2':6',2"-
terpyridine), and [Zn"(u,-O,0’-SO,)(terpy)],-2H,0, 2:2H,0.
Interestingly, the X-ray diffraction study showed a new co-
ordination mode for the SO~ ligand for 1 (VIII), whereas the
coordination pattern for 2 is mode IIL.

Experimental
Materials

Terpy (reagent grade, r.g., Fluka) was recrystallised from
EtOH-H,O0 1 - 10 (v/v). 3CdSO,-8H,0 and ZnSO,-7H,0O
(analytical grade, a.g., Merck and C. Erba, respectively) were
used without any further purification.

Synthesis

[Cd"(n,-0%,0",0"-SO ) (terpy)],-2H,0, 1-2H,0. A clear solu-
tion of terpy (Fluka, 24 mg, 0.103 mmol) in ethanol (95%,
3 mL) was mixed with a clear solution of 3CdSO,-8H,0O
(Merck, 80 mg, 0.104 mmol) in water (6 mL) (1 : 3, terpy : Cd
molar ratio). The mixture was heated at 353 K for 10 min and
then stored at 293 K. Crystals appeared within 48 h, whereas
single crystals suitable for X-ray diffraction analysis formed
after 8 weeks. The crystals were filtered off, washed twice with
cold water, twice with a few drops of ethanol and then stored at
278 K. Yield, 60%. Anal. Found: C, 38.63; H, 2.51; N, 8.90; S,
6.95. Calc. for C;,H,,Cd,N¢O,,S, (MW =919.52): C, 39.19; H,
2.85; N, 9.14; S, 6.97%. UV (H,0): 330 nm (& = 36905 dm® cm ™!
mol™"), 319 (39234), 281 (29426); UV (C,H;OH): 328 nm
(e, undefined), 316, 281.

[Zn"(n,-0,0'-SO )(terpy)l,:2H,0, 2:2H,0. A clear solution
of terpy (24 mg, 0.103 mmol) in ethanol (95%, 4 mL) was mixed
with a clear solution of ZnSO,-7H,0 (Merck, 30 mg, 0.104
mmol) in water (3 mL) (1 : 1, terpy : Zn molar ratio). The
mixture was heated at 353 K for 10 min and then stored at
293 K. Single crystals suitable for X-ray diffraction analysis
formed after 4 days. The crystals were filtered off, washed twice
with cold water, twice with a few drops of ethanol and then
stored at 278 K. Yield, 50%. Anal. Found: C, 43.01; H, 2.86; N,
9.73. Calc. for C;)H,6Zn,N¢O,,S, (MW = 825.42): C, 43.65; H,

3.17; N, 10.18%. UV (H,0): 331 nm (¢ = 36044 dm® cm™!
mol '), 319 (35824), 281 (29496); UV (C,H,0H): 329 nm
(&, undefined), 318, 281.

X-Ray crystallography

Data collection. Pale yellow prisms of 1-2H,0 (dimensions
0.20 x 0.15 x 0.10 mm) and 2-2H,0 (dimensions 0.30 X 0.20 x
0.10 mm) were selected at the polarising microscope and
mounted on a glass fibre. The diffraction data were collected
through a four-circle automatic Siemens P4 diffractometer, by
using graphite-monochromatised Mo-Ka radiation (4 =
0.71073 A). The accurate cell constants were determined via
full-matrix least-squares refinement of the values of 29 care-
fully centred randomly selected reflections in the range 10 <26 <
45° (Table 1). The data were collected at 293 £ 2 K, corrected
for Lorentz-polarisation, and then for the absorption effects
(w-scan technique). The independent observed reflections
(I > 20(1)) were 2545 out of a total of 3082 collected reflections
(R = 0.0084) for 1-2H,0 and 2284 out of a total of 2587
collected reflections (R;, = 0.0188) for 2-2H,0. Both structures
crystallise in the triclinic space group P1. Three standard reflec-
tions were monitored periodically (every 97 reflections) during
the data collection, no appreciable decay was observed.

Structure solution and refinement. The structures were solved
through the Patterson and Fourier techniques which allowed to
locate all the atoms. All the non-hydrogen atoms were treated as
anisotropic during the subsequent eight cycles of least-squares
refinement. The hydrogen atoms from terpy were located in
computed positions and left to ride on the atoms to which they
are linked. The H-atoms for the co-crystallised water molecule
were located from the Fourier-difference map and fully refined.
All the H-atoms were treated as isotropic in the refinement
cycles. For the structure of 2-:2H,0O the extinction coefficient
was refined and converged to 0.010(1). The agreement factors
converged to R1 =0.0182 and wR2 = 0.0441 for 1-2H,0 and R1
= 0.0302 and wR2 = 0.0733 for 2-2H,0O for the independent
observed reflections with 7 > 2a¢(I). All the calculations were
carried out using SHELXS97,° SHELXL97,” PARST97,? and
ORTEP32° computer programs contained in the WinGX
package ' implemented on Pentium IV machines.

CCDC reference numbers 205815 and 205816.

See http://www.rsc.org/suppdata/dt/b3/b302779a/ for crystal-
lographic data in CIF or other electronic format.
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Scheme 3 Molecular models used for the semi-empirical quantum mechanics calculations (and in part for the density functional calculations).

Overall charges are omitted for clarity purposes.

Spectroscopy

Solid state infrared spectra from a KBr matrix were obtained
using a Perkin-Elmer FTIR 1600 spectrometer. The UV spectra
were recorded by using a Perkin-Elmer EZ-201 spectrophoto-
meter (operating at 20 °C).

Molecular modelling

Semi-empirical molecular orbital calculations. All the calcu-
lations were performed using the HyperChem 5.1 package.!
The molecular structure for SO,>~ (MOD-A) was optimised in
the gas phase at several levels of approximation (ZINDO/I1,
MNDO, MNDO/d, PM3 and AM1)."2 The best results in terms
of computed bond distances (when compared to experimental)
were obtained through the AMI1 level. Therefore the sub-
sequent calculations were performed at the AM1 level for all the
molecules. The other fully optimised molecules (Scheme 3) were
[Zn(0,0’-SO,)] (MOD-B), [Be(0,0'-SO,)] (MOD-B’),
[Zn(0,0'-S0,),*~ (MOD-C), [Be(0,0’-SO,),’~ (MOD-C"),
[Zn(u,-0,0’-S0,),Zn] (MOD-D), CH,=N-C(=CH,)-CH=N-
CH=CH-N(=CH,) (MOD-E) and (MOD-E’) (as a model
for terpy), terpy (MOD-E"), [MOD-E)Zn(u,-0,0’-S0,),Zn-
(MOD-E)] (MOD-F), [(MOD-E")Zn(0-SO,)] (MOD-G),
[(MOD-E")Zn(0-SO,),* (MOD-G’), [Zn(Im),(O-OOC-
CH,),(0-SO)* (MOD-H), the adduct MOD-F --- Be**,
MOD-FBe, with the Be?" cation at centre of cavity, and MOD-
HW with MOD-H inside of a box 12 x 12 x 18 A filled with 86
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water molecules. The starting structure for MOD-F was based
on the X-ray structure of 2; whereas the starting structure
for MOD-H was based on the X-ray structure of ATP-
sulfurylase,' and the starting structure for MOD-FBe was the
optimised MOD-F molecule to which the guest cation was
added via the graphical tools implemented in HyperChem.!!
The geometrical parameters for all the models were freely
refined without any restraints, except for MOD-E, and the
(MOD-E)Zn moiety of MOD-F and MOD-FBe whose atoms
were restrained to planarity, and MOD-G, MOD-G’ and
MOD-H whose Zn-N bond distances were restrained as
reported below (Results and discussion). All the molecules
were refined up to a RMS gradient of 0.04 kJ A~' except for
MOD-HW for which the final RMS gradient was 1.60 kJ A~
(407 cycles). The analysis of the vibration modes did not show
any negative frequencies. The UV spectra were computed by
using the ZINDO/S level on the structures previously fully
optimised at AMI.

Density functional calculations. All the density functional
calculations have been performed by using the GAUSSIAN98/
RevA.7" package implemented on an Origin 3800 SG machine
at CINECA (Inter-University Computing Center, Casalecchio
di Reno, Bologna, Italy). Geometry optimisations, population
analysis and vibration frequencies calculations have been
obtained by using the Becke3LYP method' and the LAN-
L2DZ " basis set for all the atoms, unless otherwise specified



Table2 Selected bond lengths (A) for [Cd™(,-0%, 0, 0"-SO,)(terpy)],*
2H,0, 1-2H,0

Table 3 Selected bond angles (°) for [Cd"(u,-0%,0',0"-SO,)(terpy)l,*
2H,0, 1-2H,0

CdI-N1 2.362(2) S1-04 1.435(2)
CdI-N1’ 2.318(2) NI-C2 1.353(3)
CdI-N1" 2.364(2) N1-C6 1.336(3)
Cd1-02 2.330(2) NI'-C2’' 1.338(3)
Cd1-03 2.555(2) N1'-C6’ 1.337(3)
Cd1-01.2 2.397(2) N1"-C2" 1.337(3)
Cd1-03_2 2.497(2) N1"-C6" 1.342(3)
S1-01 1.463(2) 01-Cdl_2 2.397(2)
S1-02 1.484(2) 03-Cd1_2 2.497(2)
S1-03 1.496(2) Cdl --- Cdl_2 4.028(1)

Symmetry transformations used to generate equivalent atoms:
2—x+1,—-y+1,—z+ 1L

(see below). The models analysed were: MOD-A (see above),
MOD-C, [Cd(0,0'-SO,),]*” (MOD-C’) and [Ca(0,0’-SO,),]*~
(MOD-C"), [Mg(0,0’-S0,),]* (MOD-C").

The molecules MOD-A through MOD-C"" were analysed by
using the 6-31G** basis set for the soft S atoms, whereas the
metal and oxygen atoms were treated by using the LANL2DZ
and 6-31G basis set,™* respectively. The solvent effects were
not taken into account for all the molecules. The geometri-
cal parameters have been fully optimised without any res-
traints. The optimisation of the geometry was carried out up to
the criteria implemented in GAUSSIANO9S (for maximum
force and RMS force shifts, 0.000450, 0.000300 Hartrees/
Bohrs, respectively; and for maximum displacement and RMS
displacement 0.001800, 0.001200 A, respectively). The analysis
for the vibration frequencies was carried out for all the
optimised molecules. No imaginary frequencies were com-
puted. Molecular drawings for the optimised models were
obtained through ORTEP32 package® (see above, X-ray
diffraction).

Results and discussion
X-Ray crystallography

[Cd"(n,-0%,0',0"-SO )(terpy)),:2H,0, 1-:2H,0. The neutral
binuclear complex particle contains two three-coordinate terpy
molecules, two three-coordinate sulfato anions and two hepta-
coordinate Cd(1) centres (Fig. 1, Tables 2 and 3). The structure
is centrosymmetric, the inversion centre being inside the cavity
built up by two metal ions, six oxygen atoms and two sulfur
atoms. The asymmetric unit consists of a cadmium centre, a
terpy molecule, a sulfato anion, and a co-crystallised water
molecule. The metal ion is linked to the three nitrogen atoms
from terpy and to four oxygen atoms, two of which are from a
sulfato anion and the other two from the symmetry related
anion. The sulfato anion has therefore three oxygen donors to
the metal centres, whereas the fourth oxygen atom acts as an
H-bond acceptor from the co-crystallised water molecule. The

Fig. 1 Drawing of [Cd"(u,-0%,0’,0"-SO,)(terpy)],-2H,0, 1-H,0. The
ellipsoids enclose 50% probability.

N1'-Cd1-02 123.72(7) N1"-Cd1-03 136.05(7)

NI1'-Cd1-N1 69.96(7) 01_2-Cd1-03 90.85(7)

02-Cd1-N1 109.84(7) 04-S1-01 112.44(14)
NI1'-Cd1-N1" 69.32(7) 04-S1-02 110.07(12)
02-Cd1-N1" 85.03(7) 01-S1-02 110.60(12)
NI1-Cdl1-N1" 138.05(7) 04-S1-03 112.02(15)
N1'-Cd1-01_2 95.97(7) 01-S1-03 105.74(12)
02-Cd1-01_2 140.01(6) 02-S1-03 105.70(11)
NI1-Cd1-01_2 86.60(7) C6-N1-Cdl 124.49(17)
N1"-Cd1-01_2 107.17(7) C2-N1-Cdl 117.01(16)
N1'-Cd1-03_2 133.44(7) C6'-N1'-Cdl 118.89(15)
02-Cd1-03_2 87.88(7) C2'-N1'-Cd1 120.05(16)
N1-Cd1-03_2 135.31(7) C2"-N1"-Cdl 122.91(17)
N1"-Cd1-03_2 82.19(7) S1-01-Cd1_2 100.35(10)
01_2-Cd1-03_2 57.62(7) S1-02-Cd1 103.07(10)
N1'-Cd1-03 149.80(7) S1-03-Cd1_2 95.17(10)
02-Cd1-03 57.98(6) S1-03-Cdl1 93.2109)

N1-Cd1-03 81.17(7) Cd1_2-03-Cdl1 105.75(8)

Symmetry transformations used to generate equivalent atoms:
2—x+1,—-y+1,—z+ 1L

sulfato anion bridges two metal centres through the formation
of two four-membered chelate rings; one of the oxygen atoms
(namely O3) being linked to the two metal ions. This co-
ordination mode for sulfato ligand has not been reported
before. The metal ion coordinates to the N1, N1’, N1”, O2,
Ol 2 (2 —x + 1, =y + 1, —z + 1) atoms in a distorted
trigonal bipyramid arrangement; the N1 and NI1” atoms
occupy the apical positions and N1’, O2, O1_2 the equatorial
sites. Two additional longer bonds involve the bridging O3
and O3_2 atoms. The Cd-N bond lengths (2.362(2), 2.318(2)
and 2.364 (2) A for N1, N1’ and N1”, respectively, are in
agreement with the values previously reported for [Cd"-
(terpy)Cl,]*® and other similar Cd(i)-complexes with bipy
(2,2'-bipyridine)'* and phen (1,10-phenanthroline).!” The
Cd-O bond distances with the oxygen atoms from a sulfato
are 2.330(2) (02) and 2.555(2) (O3) A, whereas those with the
oxygen atom from the symmetry related sulfato are 2.397(2)
(01_2) and 2.497(2) (03_2) A. The bond angles at metal
which involve the oxygen atoms only, are in the range
57.62(7) (O1_2-Cd1-03_2) to 140.01(6)° (O1_2-Cd1-02),
the small values releating to the four-membered chelate rings.
It should be noted that thiosulfato anion in [(Me,-phen)Cd(u,-
S,S,0-S,0,),Cd(Me,-phen)] (Me,-phen = 2,9-Me,-1,10-phen-
anthroline),'® chelates a metal centre via S and O, the S atom
being linked to the two Cd centres of the dimer. On the other
hand, the structure of [(Me,-phen)Ni(u,-O*0’,S-S,0;),-
Ni(Me,-phen)] has the thiosulfato coordinated in a p,-0*0’,S-
S,0; mode.'®

The metal centre for 1 deviates by 0.3054(2) A from the plane
defined by the three nitrogen atoms from terpy and by 0.0712(3)
A from the plane defined by O1_2, 02, N1’. Bond distances and
angles within terpy are normal the dihedral angles between the
three pyridyl systems being 5.7 (rings 1/2), 10.0 (1/3) and 4.9°
(2/3). The S1-04 bond length is 1.435(2) A, whereas different
lengthening effects are observed for S-O bonds relevant to the
oxygen donors. The largest distance is found for S1-O3,
1.496(2) A (O3 bridges two metal centres). As expected the two
chelating SO,-groupings have the narrowest O-S-O bond
angles (105.7(1)°).

The co-crystallised water molecule (O1W) acts as a hydrogen
bond donor to 04 (O ++- O, 2.848(3) A; O -+ H-0 165(1)°)
and to 02_2 (2.847(3) A; 167(1)°). O1W is also a hydrogen
bond acceptor from C5 (O --- C, 3.316(3) A; O --- H-C
170(1)°) and C3’ (3.361(3) A; 121(1)°). The terpy systems from
different molecules are piled parallel each other, and the contact
distances are as short as 3.363(3) A, so that the crystal is stabil-
ised by extensive staking interactions between the m-systems
(Fig. 2).
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Table 4 Selected bond lengths (A) for [Zn"(u,-0,0’-SO,)(terpy)l,*
2H,0, 2-2H,0

Table 5 Selected bond angles (°) for [Zn"(u,-0,0’-SO,)(terpy)],*2H,0,
2:2H,0

Znl-N1 2.207(2) S1-04 1.441(2)
Znl-N1’ 2.080(2) N1-C2 1.344(4)
Znl-N1" 2.163(2) N1'-C2’ 1.336(4)
Znl1-03 1.956(2) N1"-C2" 1.343(4)
Znl-02_2 1.975(2) N1"-C6" 1.347(4)
S1-01 1.432(2) 02-Znl_2 1.975(2)
S1-03 1.495(2) Znl -+ Znl_2 4.148(1)

Symmetry transformations used to generate equivalent atoms:
2i—x+2;,—y+1;,—z+ 1.

Fig. 2 Stacking interactions which involve the terpy moieties for 1-
2H,0. The view is almost perpendicular to the mean plane of the
pyridyl rings.

Fig. 3 Drawing of [Zn"(u,-O,0'-SO,)(terpy)l,-2H,0, 2:2H,0. The
ellipsoids enclose 50% probability.

[Zn"(n,-0,0’-SO )(terpy)l,:2H,0, 2:2H,0. The coordin-
ation sphere around the metal centre is pseudo-trigonal bi-
pyramidal (Fig. 3, Tables 4 and 5) with the nitrogen atom (N1')
from the central pyridyl ring of terpy and two oxygen
atoms (03, 02_2) from two bridging sulfato groupings at the
equatorial positions, and the two nitrogen atoms (N1, N1”)
from the external pyridyl rings of terpy at the apical sites. The
dimeric molecule has a crystallographic inversion centre mid-
way the two metal ions. Interestingly, the two sulfato anions
behave in a different fashion with respect to the same groupings
of 1. In fact, they bridge the metal centres through two distinct
oxygen atoms, and no oxygen atoms are linked to two metal
centres. Two oxygen atoms are terminal and not involved in
significant bonding interactions to the Zn(ir) ions. The Zn—-N
bond distances are 2.207(2), 2.163(2) and 2.080(2) A (central).
The Zn-O bond distances are 1.975(2) (02_2) and 1.956(2) A
(03), significantly longer than those found for [(Me,-phen)-
Zn(u,-0,0'-S0,),Zn(Me,-phen)],’* 3, that contains two
pseudo-tetrahedral zinc cations and a coordination ring
similar to that for 2. The selected geometrical parameters for
the sulfato ligands for 1, 2 and 3 are reported in Scheme 4. It is
evident that the S-O(t) (t, terminal) and S-O(d) (d, donor)
bond distances are close for the three complex molecules
and lie in the range 1.43-1.45 and 1.46-1.51 A, respectively.
The formation of two four-membered chelate rings for 1
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03-Znl1-02_2 107.32(10) 04-S1-02 108.77(15)
03-Znl-N1" 115.42(9) 01-S1-03 110.37(14)
02_2-Znl-N1' 134.70(10) 04-S1-03 107.54(14)
03-Znl-N1" 107.66(9) 02-S1-03 107.46(13)
02_2-Znl1-N1" 104.83(11) S1-03-Znl 135.48(13)
N1'-Znl-N1" 76.4509) C2'-N1'-Znl 118.33(18)
03-Znl-NI 91.87(9) C6'-N1'-Znl 120.57(19)
02_2-7Znl-N1 90.30(10) S1-02-Znl1_2 128.16(14)
N1'-Znl-N1 74.47(09) C2-N1-Znl 115.80(19)
N1"-Znl-N1 149.88(9) C6-N1-Znl 126.22(19)
01-S1-04 112.56(17) C2"-N1"-Znl 127.3(2)

01-S1-02 109.97(15) C6"-N1"-Znl 114.38(19)

Symmetry transformations
2i—x+2,—y+1,—z+ 1

used to generate equivalent atoms:

2496 2.555

9= TR e R i
2.397\ 1497 [5 339 \ : ‘1§ 1057
O 74 %0 O~ 70 .
< 1.484 110.6 112.5 [110.6
1463 M 1 X o
O35
1-2H,0
1 441? 126
) 108.8 X107.6
2 1:975 6-“%8@50 1.956 2 o o 7
1.432 110.0 07.5
o) 110.4
22H,0
1.437
1.499. 51513
an.QZA_O ?J\ooiﬂzn Zn——0
1.44

3, 19 [(Me,-phen)Zn(u2-0,0’-S04),Zn(Me;-phen)]

Scheme 4 Selected geometrical parameters (distances, A; angles, ©)
around the sulfur atoms for 1-2H,0, 2-2H,0, and 3."

leads to a larger strain around the sulfur atom, as shown by
the O-S-O bond angles which are in the range 105.7-
112.5°, whereas those for 2 are closer to the idealised values of
109.5°.

The elongated cavities of the Zn(u,-O,0’'-S0O,),Zn system for
2, align approximately along the crystallographic b axis in the
crystal structures (Fig. 4). The average inter-cluster distance is
about 9.767 A, which is the crystallographic repeat of the b axis.
The distance between two symmetry related O3 atoms (roughly
the diameter of the cavity) is 3.245 A. By taking into account
the van der Waals radius for oxygen (1.5 A),° a narrowest
cavity diameter of 0.245 A is estimated for 2. It should be noted
that the entrances of the cavity are hindered by C2-H and C6"—
H groupings from the pyridyl rings. As a consequence the cavity
is too small to host a water molecule. In fact, the co-crystallised
water molecule is external to the cavity. This analysis suggested
modelling investigations to shed light on the cavity conform-
ation (see below, semi-empirical molecular orbital methods)
in the gas phase. The complex molecules 2 are piled in a
way that the terpy moieties are almost perpendicular to a
line which connects the vertices of thecellat x =0, y=0,z=1,
and x =1, y =1, z = 0. Inter-atomic contact distances between
parallel terpy systems as short as 3.319 A show the presence of
strong inter-molecular stacking interactions between the
dimers.

The co-crystallised water molecule OIW is the hydrogen
donor to the terminal O4 atom (O --- O, 2.835A; O-H --- O,
160°) and to the metal-bound O2 atom (—x + 2, —y + 1, —2z)
(O--+0,2953A;0-H -+ 0, 169°).



Fig. 4 Cavities for 2:2H,0 as viewed approximately along the
crystallographic b axis.

Infrared data

Selected absorption bands are at 1112 (strong and broad) and
618 (medium) cm™' for 1-2H,0, and 1122 (strong and sharp)
and 614 (medium) for 2-2H,0 (Table 6). The spectrum of free
sulfate (the molecule belongs to the T 4 point group) consists of
two absorption bands at ca. 1140 cm™' (v;° stretching mode,
Vaym) and at ca. 614 cm™ (v,° bending mode, d,,,).>" The co-
ordination of sulfate to cations decreases the symmetry of the
group and the v,° and v,° modes are split. Furthermore, the
infrared-inactive v,” bending mode (free sulfate) gives an active
mode, and the Raman-active v;° mode (Vyyy) is made infrared-
active once the symmetry is lowered. In the case the SO,-site
symmetry is lowered from T4 to C,, as happens for ortho-
rhombic MgSO,, triplets centred at 1166 cm™' (v; modes) and
624 cm™' (v, modes) are found.”* The structure of 2 has C,,
symmetry at sulfato and the strong band at 1122 cm™' is there-
fore attributable to a v; mode. The other two v; modes are tenta-
tively assigned to the bands at 1225 and 1038 cm ™. The bands
at 657, 614 and ca. 590 cm™' (shoulder) are attributed to the v,
modes. The symmetry of the sulfato groups in 1 is C;. As a
consequence the absorption bands at 1112 cm™! (v; modes) and
618 cm™' (v, modes) are broad as they consist of several effects
close each other.

Molecular modelling

Semi-empirical molecular orbital calculations. Structures. The
computed S-O bond distance at the AM1 level for free sulfate
anion (MOD-A) is 1.463 A (found for uronium sulfate, 1.466—
1.483 A).22 The computed S—O(d) bond distances for [Zn(0,0’-
SO,)] (MOD-B, Fig. 5) are 1.642 A, whereas the computed
S-O(t) and Zn-O distances are 1.370 and 1.958 A, and
the O(d)-S-O(d) angle is 85.6°. On adding a second sulfato

Table 6 Selected infrared frequencies (cm ™', intensity in parentheses,

km mol™") for the sulfato-complexes as computed through Hessian
analysis applied to the structure-optimised molecules at the Becke3LYP
(LANL2DZ; 6-31G**, S) level as well as through AM1 semi-empirical
molecular orbital methods. The experimental frequencies as obtained at
the solid state (KBr pellets) are also reported for comparative purposes

Vibration
Molecule Vs Vs Vy
AM1
MOD-B 1197 [131.16] 1010 [212.74] 643 [162.76]
MOD-C 1045[181.03] 954 [535.10] 490 [84.22]
MOD-D 1140 [397.88] 835 [479.05] 692 [324.42)
MOD-F 1096 [325.64] 914 [224.54] 589 [121.34]
MOD-G 1105 [172.01] 1046 [225.43] 610 [128.64]
MOD-G’ 1019 [320.85] 978 [318.77] 590 [95.45]
MOD-H 1031 [181.16] 983 [155.79] 586[97.41]
DFT
[Mg(0,0'-SO,),I*~ 1208 [338.99] 1109 [824.84] 642 [15.54]

[Ca(0,0'-S0,),~
[Zn(0,0'-80,),]

1191 [341.83]
1205 [324.75]

[

1099 [874.34] 603 [145.15]

1101 [911.12] 623 [197.61]
[

[Cd(0,0'-SO,),I* 1196 [317.00] 1092 [970.83] 606 [155.81]
Experimental
1-:2H,0 1112 — 618
[strong, broad] [medium]
2-2H,0 1122 1038 614
[strong] [medium] [medium]

chelating ligand to MOD-B to form pseudo-tetrahedral
[Zn(0,0'-S0,),*~ (MOD-C), the computed S-O(d) distances
decrease to 1.549 A whereas the S-O(t) lengths increase to
1.410 A.

The optimised structure of [Zn(u,-0,0’'-S0,),Zn] (MOD-D)
has S-O(d) bond distances (1.522, 1536 A) shorter than the
corresponding ones for MOD-C. It should be noted that
each sulfato ligand behaves as a chelate towards one metal
centre and as monodentate towards a second one. The metal
centres are therefore three-coordinate. This coordination
arrangement for sulfato corresponds to mode IV (Scheme 2).
Only two structures that show this mode, to our knowledge,
have been reported so far; the pseudo-octahedral complex
[Ru™(u,-0,0',0"-S0,)(S,S’-(‘Pr,-thiophosphoryl)amide-1)-
(PPh;)],* for which the S-O(d) (chel) and S—-O(d) bond dis-
tances are 1.499 and 1.527, and 1.462 A, and the pseudo-
octahedral complex [Ru"(u,-0,0’,0"-SO,)(PPh,),(S-SO,)],*
for which the S-O(d) (chel) and S-O(d) bond distances are
1.498 and 1.489, and 1.469 A. The O(d)-S-O(d) bond angles
are 101.9° for both the structures when the chelating ring is
considered, whereas values in the range 109.2-110.8° have been
found for the other O(d)-S-O(d) angles. Therefore, MOD-D
reproduces well the trend of the experimental geometrical
parameters of the coordination ring even though the metal
considered for the computation is three-coordinate Zn(Ir)
instead of octahedral Ru(m, ). These findings encouraged us to
compute other binuclear metal-sulfato complexes.

MOD-E was optimised as a model for the terpy ligand in the
planar cis,cis conformation; it allows the optimisation of tern-
ary complex molecules at a low computational cost, when com-
pared to terpy. The computed intramolecular N - -+ N contact
distances for free MOD-E are ca. 5% (or less) larger than the
corresponding ones for optimised terpy (MOD-E").

The computed S-O(d) bond distances for [(MOD-E)-
Zn(u,-0,0'-S0,),Zn(MOD-E)] (MOD-F) are 1.510 A, in per-
fect agreement with the values found in the solid state for 2
(1.495 A). The computed S-O(t) bond distances are 1.384 and
1.415 A which compare well with the experimental values at the

| Dalton Trans., 2003, 2928-2936

2933




MOD-F

MOD-G’

MOD-H

Fig. 5 ORTEP drawings of the selected optimised structures through the semi-empirical molecular orbital AM1 method or through the hybrid
density functional DFT-Becke3LYP/(LANL2DZ; S, 6-31G**) method. The atom numbering is that used in the Tables of geometrical parameters

reported in the ESI.  Further model structures are also reported in the ESI.

solid state (1.436 A, average). The computed Zn-O(d) is
2.026 A (found 1.975 and 1.956 A). Even the computed bond
angles around the sulfur atoms (O(d)-S-O(d), 105.8° O(t)-S—
O(t), 116.9°; O(d)-S-O(t), 106.9-109.8° (range)) compare well
with experiment: 107.5°% 112.6° 107.6-110.4° (average). In con-
clusion, this level of theory represents adequately the sulfato
ligand in this type of bi-nuclear complexes.

The cavity size for MOD-F is significantly larger than that for
2. In fact the shortest distance between two opposite O(d)
atoms is 4.077 A in MOD-F and 3.245 A in 2. This means that
the distances between the two van der Waals surfaces is ca. 1.08
A. We thought that such a cavity could host small cations such
as Be?, A" or even Li* (ionic radii 0.31, 0.50, 0.60 A).? For
this reason the models MOD-FBe, MOD-FAI, MOD-FLi were
built and submitted to optimisation. Interestingly, MOD-FBe
converged, with the alkaline-earth cation almost at the centre
of the cavity. The Zn -+ Zn intramolecular contact distances
increased to 5.500 A, whereas the S—O(d) and S—O(t) bond dis-
tances converged to 1.637 and 1.361 A, respectively, upon
adduct formation. MOD-FAl and MOD-FLi did not converge.

The coordination arrangements for [(terpy)Zn(O-SO,)]
(MOD-G) and [(terpy)Zn(0O-SO,),*~ (MOD-G’) are pseudo-
square-planar and pseudo-trigonal bipyramidal, respectively.
The two sulfato ligands and the central nitrogen atom of
MOD-G’ occupy two equatorial positions (restraints: Zn—-N
(middle) and Zn-N (peripheral), 2.08 and 2.18 A). The S-O(t)
bond distances for MOD-G’ converged to the range 1.417—
1.438 A, whereas the Zn-O bond distance converged to
2.017 A.

The fully optimised structure of MOD-H has a pseudo-tri-
gonal pyramidal coordination arrangement (see Fig. 5). Two
oxygen atoms from distinct carboxylato ligands (monodentate)
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and the nitrogen atom of an imidazole ligand occupy the equa-
torial positions, an oxygen atom from sulfato and a nitrogen
atom from the second Im occupy the axial positions. The freely
refined Zn—O(S) bond distance is 2.016 A, whereas the Zn-O-
( C) bond distances are 2.157 and 2.163 A. Both of the acetates
are monodentate towards the metal. The C-O(d) bond dis-
tances are 1.302 A, whereas the C—-O(t) bond distances are
1.261 A.

The aggregate MOD-HW has an overall structure close to
that of MOD-H. The Zn-O(S), S-O(d) and S-O(t) bond dis-
tances are 2.105, 1.466 and 1.434 A, respectively. Most of the
water molecules cluster around the sulfato ligand causing a
lengthening effect on the Zn—O(S) distance.

Spectroscopy. The computed infrared spectra for selected
models are briefly reported and commented especially for the
vibrations relevant to the sulfato ligand (see Table 6). The spec-
trum for MOD-F has selected frequencies at 1096 (325.64 km
mol™!, vy(asym) SO,(t)) and 914 cm™' (224.54). The motion
v(asym) SO,(d) has frequency 826 cm™' (779.91), whereas the
vibration v(sym) SO,(d) has frequency 816 cm™' (357.83). A
v,(bending) for sulfato occurs at 589 cm ™' (121.34). The values
compare well with the data reported above for 2-H,O and are
red-shifted by just 20 cm ™' with respect to experiment.

The computed spectra for MOD-G and MOD-G’ have
selected frequencies at 1105 (172.01) and 1019 cm™' (320.85),
vs(asym) SO,(t), at 1046 (225.43) and 978 cm™' (318.77),
vs(asym) SOj;(t) combined with motions on terpy, at 610
(128.64) and 590 cm™' (95.45), at 559 (44.15) and 530 cm!
(102.09), both mostly v,(bending) sulfato. The frequencies
compare well with the corresponding ones for MOD-F, and
help assigning the spectra of monodentate-sulfato derivatives.
The computed infrared spectrum for MOD-FBe has selected



effects at 1249 (107.01, stretching SO(t)) and 585 cm ™' (116.81,
bending SO,), showing that the adduct formation has a signifi-
cant blue shift for the stretching motion.

The computed spectrum for MOD-H has selected frequen-
cies relevant to the v; stretching modes at 1031 (181.16, com-
bined with some CH;-bending), 983 (155.79) and 949 cm™!
(115.00). The v, bending modes occur at 586 (97.41) (see ESI 1),
and at 520 cm™' (76.40). Other vibrations are at 1680 (261.94,
v C-0O(d)) and 1951 cm™' (467.12, v C=0(t)). The frequencies
relevant to sulfato are very close to the corresponding ones for
MOD-G and MOD-G’ and this shows that terpy-metal—
sulfato systems should vibrate similarly to the metal sites in
sulfurylase.

The computed UV spectrum of MOD-D has only a weak
absorption at 230 nm (0.042 oscillator strength) and is due to
transition #12 between MO #30 (mostly O(t) atomic orbitals
with a small contribution of O(d) aos) and MO #33 (LUMO,
mostly zinc aos with small contributions from oxygen aos). This
means that the ZnSO, grouping is a poor chromophore in the
ultraviolet region. The computed spectrum for MOD-F has an
intense absorption at 302 nm (1.974) (due to transition #6
between MO #82 and MO #85). The datum compares well with
the absorptions at 331 and 319 nm in the spectrum of 2-2H,0.
The computed UV spectrum for MOD-G and MOD-G’ has an
intense band at 329 nm (0.779). The computed UV spectrum of
MOD-H has effects at 249 (0.233, transition #15, from MO #60
mostly Im and carboxylato aos to MO #67, LUMO, pure Im
aos) and 233 (0.217 transition #23, MO #58, contribution from
Im aos carboxylato aos and smaller contribution from sulfato
aos, to MO #68, pure Im aos). Therefore UV spectroscopy for
L-metal-sulfato systems is dominated by the transitions rele-
vant to the m-conjugate groupings present in the L ligand.

Heat of formation and the MOD-FBe adduct. The conform-
ations of the Zn(S0O,), moiety for MOD-F and MOD-G are
very similar to each other but different from that of 2. A model
structure, namely MOD-G”, with the torsion angles for the
Zn(0-50,), grouping equal to that of 2 was built by starting
from MOD-G'. The computed heat of formation for MOD-G’
and MOD-G” is —771.7485 (see ESIt) and —732.2272 kI,
respectively. Even though the difference (ca. 37.6560 kJ) is a low
limit estimation for the energy required to change the con-
formation of the coordination ring for 2, it suggests that the
rearrangement can be reached through heating, or linking
interactions between the cavity atoms and an approaching
small positive cation. In fact the beryllium adduct was regularly
optimised. The heat of formation reaction of the MOD-FBe
adduct from MOD-F and Be*" is —1344.8011 kJ.

Density functional computations. The computed S-O bond
distances for free sulfate as obtained by using the (6-31G**,
S,0) basis set (BS1) are 1.526 A (see also ref. 5¢), and compare
well with the experimental values in the solid state from
accurately refined X-ray structures for not metal-bound sulfate
anion.?*® The lengthening effect of bond distances introduced
by theory with respect to experiment, in the solid state was
previously noted.? In the case the (6-31G**, S; 6-31G, O) basis
set (BS2) is used, the optimised S—O bond distance is 1.537 A,
elongated by just 0.7% (0.01 A) with respect to the compu-
tations at BS1. This small effect suggested to perform the sub-
sequent computations on the metal-sulfato species at BS2. The
computed S-O(t) bond distances for the [M(O,0-SO,),]*
(MOD-C, -C', -C”, -C"") molecules increase slightly in the order
1.493 (Mg), 1.493 (Zn), 1.496 (Cd), 1.498 A (Ca), and show a
significant shortening when compared to the computed values
for free sulfate. The computed M—O(S) bond distances are
2.015 (Mg), 2.047 (Zn), 2.232 (Cd), 2.352 A (Ca) and correlate
well with the ionic radii (coordination number, cn, 4) for the
divalent metal cations? (the value for Ca** has been estimated
as 1.02 from the values from ref. 25 for cn 10 and 8). The com-
puted O(d)-S-0O(d) and O(t)-S—-O(t) bond angles for MOD-C

through MOD-C" are 97.9, 114.0° (Mg), 98.5, 114.0° (Zn),
100.6, 113.9° (Cd), 100.3, 113.8° (Ca), respectively. The results
show that the metal ligation to sulfate changes the structural
arrangement around sulfur, from pure tetrahedral (7'4) in free
sulfate to C,, symmetry for metal bound-sulfato. The magni-
tude of effects on structural parameters by Zn(1) is similar to
that by Mg(1) and larger than those by Cd(11) and Ca(i). The
search of published real structures that contains the M(O, O-
SO,),>” groupings gave seven results; the complexes contain
Ho(un), Y (1), Tb(1ir), Dy(i), Er(i), Yb(ur)?” and Th(1v),? cat-
ions that are also linked to four water molecules, and four urea
molecules. In the case of the Ho(m) derivative the S-O(d) and
S-O(t) bond distances are 1.492 and 1.458 A, respectively.

The energies for the formal complex formation reactions
computed from the total electronic energies without any correc-
tion for the basis set superposition effect are —3293.2179 (Zn),
—3155.1166 (Mg), —3083.8329 (Cd) and —2721.0075 kJ (Ca),
respectively. The computed frequencies for the S—O stretching
motions are in the ranges 1208-1109 (Mg), 1205.4-1100.7 (Zn),
1195.7-1091.9 (Cd), and 1190.7-1099.1 cm™! (Ca). The values
compare well with the corresponding ones at the AM1 level for
MOD-C (Tables 6).

Conclusions
Novelty

The work produced a series of results on the coordinating
properties of sulfate. The synthesis and crystal growth of two
new metal-sulfato complexes unveiled an unprecedented
arrangement for SO,*~ that forms a strong p,-0*0’,0" bridge
between two Cd** cations by donating via three oxygen atoms
and gives a compact Cd(SO,),Cd cavity with a short Cd --- Cd
intra-dimer contact (4.028 A). The distance between the two
p-O? oxygen atoms is 3.049 A so that the two van der Waals
spheres are almost in close contact. The close approach of
the two SO,>” anions is stabilised via two intra-dimer
(N)C-H - - - O(S) hydrogen bonds (C --- O, 3.079 A) and is
reflected in the high density of the crystals (1.943 g cm™?). These
data mean that compact small clusters of SO, or SO,/PO,
groups as stabilised by metal ions and suitable hydrogen bonds
can be formed in living systems and may intervene in the
efficient transport of sulfate and in the formation of mixed
phospho-sulfate esters.

Cavity

Unexpectedly, in the case of the smaller zinc cation the
coordination cavity is less compact than that for the larger
cadmium derivative, and the density of crystals of 2is 1.795 g
cm . Because of the coordination mode w,-0,0’-SO,, the
cavity for 2 is reasonably more flexible than that for 1 (even
though still too narrow to accommodate small species, diameter
of ca. 0.25 A). However, the molecular modelling study showed
that the cavity is flexible enough to host a Be*" cation at the
centre of the hole (MOD-F and MOD-FBe). This suggests a
potential selective capturing ability by 2 and similar Zn(1)-
complexes, towards Be?* cations.

Biology

Metal-sulfato complexes acquire increasing interest because
the importance of speciation studies related to toxic/essential
metal ions in aqueous systems (such as drinking and other types
of waters) or in living systems. The percentage of species of the
type [M(0,0-SO,)] and [M(0,0-SO,),]*" could be relatively
high in the case of large concentrations of sulfate anion. If the
aqueous system contains heteroaromatic ligands such as imid-
azole or pyridine derivatives, binuclear complexes with bridging
sulfato can be formed, as shown for Zn and Cd in this work
or for Mn,' Co,”® and Cu?® by other workers. The structural
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variability of sulfate shown through the coordination modes
I-VII and the new mode VIII found for 1-2H,0 is an interesting
point as regards the so called “sulfate shift”'? (a term similar to
“carboxylate shift” or “phosphate shift”) which is related to the
different bridging modes of biologically important groups,
that play subtle and important roles in a huge number of
catalytic processes.

Finally, the experimental and theoretical analysis from this
work shows that infrared spectroscopy and semi-empirical
molecular orbital calculations at the AMI level are low-cost
and suitable tools to analyse metal-sulfato complexes and their
adducts with enzymes.
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