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0-20 scans 
Absorption correction: 

scan (XEMP; Siemens,  
1991) 
Train -- 0 . 6 0 ,  Tmax -- 0.66 

8507 measured reflections 
6945 independent reflections 

Ri,t = 0.0575 
0max = 30 ° 
h = - l - - - ~  15 
k = - I  ---~ 19 
1 = - 2 1  -~ 21 
3 standard reflections 

every 97 reflections 
intensity decay: none 

Refinement 

Refinement  on F 2 
R(F) = 0.047 
wR(F 2) = 0.104 
S = 0.852 
6945 reflections 
252 parameters 
H-atom parameters  

constrained 
w = 1/[o-2(/7) + (0.0008)F 2] 

(z~/O')max ---- 0.002 

Apm~ = 0.578 e ,~-3 
Aprnin = - 0 . 7 2 0  e A. -3 
Extinction correction: 

SHELXL97 
Extinction coefficient: 

0.00012 (7) 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Table  3. Selected bond lengths (.4) for (III) 
ll--Cu6 2.552 (2) 13~-Cu5' 2.562 (2) 
II----Cu7 2.568 (2) [3---Cu6' 2.571 (2) 
II--Cu4 2.579 (2) Nal--O21 2.257 (7) 
Il--Cu5 2.588 (2) Nal  022 2.279 (3) 
12---Cu6' 2.545 (2) Nal---Ol 2.564 (6) 
I2---Cu5 2.551 (2) Nal---O4 2.628 (7) 
I2---Cu7' 2.568 (2) Nal--OI6 2.663 (7) 
12---Cu4 2.593 (2) Nal--OI0 2.839 (7) 
I3--Cu4 2.5217 t19) Nal---O7 2.886 (7) 
I3---Cu7 2.538 (2) Nal---OI3 2.897 (7) 

Symmetry code: (i) -x ,  2 - y, -z .  

Extinction was refined for all three structures but was minimal.  
Atoms C u l - C u 4  in (I) and (II), and atoms C u 4 - C u 7  in (III) 
all have 50% site occupancy.  

For all compounds ,  data collection: XSCANS (Siemens,  
1991); cell refinement:  XSCANS; data reduction: XSCANS; 
program(s)  used to solve structures: SHELXS86 (Sheldrick, 
1990); program(s)  used to refine structures: SHELXL97 
(Sheldrick, 1997); molecular  graphics: XP (Siemens,  1990) 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: SX1087). Services for accessing these 
data are described at the back of the journal. 
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Abstract 
In both title compounds, [Cd(Ct0HsN2)(H20)4]SO4, (I), 
and [Cd(SO4)(CIoH8N2)(H20)2]-H20, (II), the Cd H ion 
is octahedrally coordinated. In (I), the Cd 2+ ion is 
coordinated to a bipyridine and four water molecules, 
the structure being monomeric and strictly ionic in 
nature, and in (II), to a bipyridine, two water molecules 
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and two O atoms from two translationally related sulfate 
groups, thus defining polymeric chains along the unique 
crystallographic b axis. 

Comment 
The structural chemistry of divalent metals complexed 
with sulfur oxoanions has been of interest to us in the 
last few years. The case of Cd 2+, in particular, deserves 
special attention since the characteristics of the metal, 
with its complete d shell, and the properties of ligands 
such as thiosulfate, sulfite and sulfate, give rise to an in- 
teresting variety of patterns of coordination around the 
metal ion. In the case of the sulfate complexes, both 
monodentate as well as bridging modes of coordina- 
tion of the ligand (through two or three O atoms) have 
been reported (Rahmani et  al., 1996, and references 
therein). In the present paper, we report the structures 
of two closely related cadmium-sulfate compounds, 
namely tetraaqua(2,2'-bipyridyl-N,N')cadmium(II) sul- 
fate, (I), and ca tena-po ly[ [ [c f iaqua(2 ,2 ' -b ipyr idy l -N ,N ' )  - 
cadmium(II)]-#-(sulfato-O:O')] hydrate], (II), which ap- 
pear in the same synthesis process, and interconvert [(II) 
into (I)] on standing in contact with the mother liquor. 

~ 2+ 

.s@ 

H20~I ] '~OH2 H 2 O J  ] '~OH 2 
SO4 

H20 ', 

(I) (II) 

.H20 

Compound (I) is monomeric and strictly ionic in 
nature (Fig. 1). The anionic role is fulfilled by an 
isolated sulfate group, with rotational disorder along one 
of the S - - O  bonds, presenting two main orientations 
with an occupation ratio of 3:1. The C d  2+ ion, in turn, is 
coordinated to a bidentate bipyridine molecule through 
its two N atoms and to four water molecules which 
define an octahedral environment with a narrow spread 
of coordination distances [range: 2.246 (3)-2.345 (2) A], 
but with a large angular deviation from ideal values; viz 

those angles expected to be 90 ° range from 70.7 (l)  
to 114.7(1) ° and those expected to be 180 ° range 
from 147.8 (1) to 157.9 (1) ° (Table 1). The two charged 
entities interact strongly through a dense network of 
hydrogen bonding (Table 2), where all the H atoms of 
the coordinated water molecules take part, as well as all 
the O atoms of the anion. The latter seem to be highly 
interactive, as some short contacts involving bipyridine 
H atoms are also noticeable. 

In structure (II), there are two crystallographically 
independent but very similar chains parallel to b. Each 
is composed of Cd octahedra in which the sulfate 

_ O3A 
OIB t~t  I 
/ ~- -.i ~m,.l O3B 

K3,' ~ 0 4  

O2B O 1 W 
A O3W 

~ [ ~ O 4 W  

O2W 

"1 N2 

('8 C7 C4 

Fig. 1. The structure of (I) showing the numbering scheme used and 
displacement ellipsoids at the 40C/c probability level. The rotational 
disorder present in the ionic sulfate group along the $1--O4 bond 
has been represented by drawing in full line those sites with larger 
occupancies. 

O atoms occupy apical sites and the sulfate groups 
link neighboring Cd atoms along b (Fig. 2). The 
equatorial sites around cadmium are occupied by two 
bipyridyl N atoms and by two water molecules. The 
bidentate ligand imposes constraints on the angles 
around cadmium similar to those in (I), but the octahedra 
in (II) are otherwise less distorted than those in (I), 
as shown by the ranges of angles equivalent to those 
given for (I) above: molecule A, 72.2 (2)-97.5 (2) and 
165.1 (2)-176.5 (2) °, and molecule B, 71.5 (2)-95.9(2) 
and 161.2(2)-178.8(2) ° . The two chains are related 

~ ~ ~ but a approximately by a symmetry center at ~, _~, ~, 
least-squares fit of one chain onto the other showed 
an r.m.s, deviation in atom positions of 0.35 A and 
a maximum of 0.65 ,~, (between C2 and C9 of the 
bipyridyl ligands). 

In molecules A and B of (II), the sulfate ion is 
quite regular. Similar geometries have been found in 
other cadmium sulfate-bridged complexes (Caira et 
al., 1976; Rodesiler et al., 1987), but it seems to 
oppose a rather general trend observed in similarly 
coordinated sulfates bridging a variety of other cations. 
A search in the Cambridge Structural Database (CSD; 
Allen & Kennard, 1993) suggested that there is a 
tendency towards lengthening of the S---O bonds to 
the coordinated O atoms, as shown by the ratio S - -  
Ocoord/S--Onon-coord; in over 41 cases with R < 0.07, 
this ratio averaged 1.034 (5). 
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C 3 ~  C2B Cdl" 

, ~  ~ "  O4Bii 
C4B ~ -  ~ ~;~ __ O IWB O3A I O2A 4A 

02 W ~ ~ ~  S1A 0 

& ~ O 2 W B  £ 1 A ~ ~ O 2 W A  

CSB ~ CIOB OIB ~ 3B 

O4B 1~1! O2B ~ CgA 

I . ~ f ~  ~ ~ 1 ~ CSA 
II C2A- ~ O2A i C7A 

"- )  C3A C4A 

Cdl' 

Fig. 2. The structure of (II) showing the numbering scheme used and displacement ellipsoids at the 40% probability level. The way in which 
the two independent polymeric chains develop is suggested. 

A l t h o u g h  not  all H a toms  have  been  loca ted  (see  
Exper imen ta l  and Table  4), the i n t e r m o l e c u l a r  d is tances  
sugges t  s t rong h y d r o g e n  b o n d i n g  b e t w e e n  the chains .  

Experimental 

Compounds (I) and (II) appeared at different stages of 
crystallization of the same starting preparation. This consisted 
of a mixture of an ethanolic solution of bipyridine and an 
aqueous solution of cadmium sulfate in a 1:1 molar ratio. 
Upon concentration, this preparation resulted in a gel. The 
latter was dissolved in boiling water and the resulting solution 
allowed to evaporate for ca three weeks, when a crop of 
needles of compound (II) began to appear. At the later stages 
of crystallization, a few small equidimensional prisms of phase 
(I) began to grow. Through a steady digestion of the earlier 
crystallized solid and subsequent conversion into crystals of 
the new ionic phase, the latter ended up appearing as the 
exclusive stable product at large solute concentration. 

Compound (I) 
Crystal data 

[Cd(C m H8 N2 ) (H2 0)4 ] 504 
Mr = 436.71 
Monoclinic 
P 2 t / c  

a = 10.262 (2) ,~ 
b = 12.073 (2) ,~, 
c = 12.357 (3) ,~, 
/3 = 92.47 (3) ° 
V = 1529.5 (5) ~3 
Z = 4  
D~ = 1.90 Mg m -3 
Om not measured 

Mo Ko~ radiation 
A = 0.71073 .A 
Cell parameters from 25 

reflections 
0 = 7.5-15.0 ° 
# =  1 . 6 0 m m - I  
T = 293 (2) K 
Prism 
0.25 x 0.20 x 0.16 mm 
Colorless 

Data collection 

Rigaku AFC-7S diffractom- 
eter 

~/20 scans 
Absorption correction: 

scan (Molecular 
Structure Corporation, 
19881 
Tmi, = 0.71, Tm~ = 0.77 

3717 measured reflections 
3527 independent reflections 

2916 reflections with 
1 > 20-(/) 

R,,t = 0.035 
0m,x = 27.51 o 
h = 0 ----, 13 
k = 0 --, 15 
1 = - 1 6 - - - ,  16 
3 standard reflections 

every 150 reflections 
intensity decay: <2% 

Refinement 

Refinement on F 2 
R[F 2 > 20-(/72)] = 0.035 
wR(F 2) = 0.095 
S = 1.046 
3527 reflections 
263 parameters 
H atoms treated by a 

mixture of independent 
and constrained refinement 

w =  1/[0.2(Fo z) + (0.061P) 2] 
where P = (F,~ + 2/7,.2)/3 

(A/a)m,x  < 0.01 
Apmax = 0.914 e ,~-3 
Apm,n = -0 .895  e ,~-3 
Extinction correction: 

SHELXL97 
Extinction coefficient: 

0.010 (1) 
Scattering factors from 

International Tables for  
Crystallography (Vol. C) 

Table  1. Se lec ted  bond  lengths ( .4 ) for  (I) 

C d I ~ ) I W  2.246 t31 SI--O2B .456(6) 
C d I ~ 3 W  2.255 (3) S I---O3A .465 (4) 
CdI--NI 2.332 (31 S I ~ I A  .463 (4) 
CdI--N2 2.334 131 S1--O4 .471 (21 
C d I ~ 4 W  2.334 t31 S I--O2A .481 (31 
C d l ~ 2 W  2.345 (2) S I ~ ) I B  .498 (71 
S I--O3B 1.444 (61 

Table 2. Hydrogen -bond ing  g e o m e t r y  (,4, o ) f o r  (I) 

D--H. • -A D--H H. • .A D. . .A D--H. • .A 
0 1W--H I WA. • .O 1B' 0.80 (61 1.88 ~61 2.680 ( 151 17(1 (61 
OI W--H1WA-.-OIA' 0.80 (61 1.88161 2.681 (61 169(61 
OIW---HI WB-. .O1A" 0.80(41 1.97(41 2.751 (6) 162(41 



1460 [ C d ( C l o H 8 N 2 ) ( H 2 0 ) 4 ] S O 4  A N D  [ C d ( S O 4 ) ( C I o H 8 N 2 ) ( H 2 0 ) 2 ] - H 2 0  

O 1 W - - H 1 W B . . O 2 B  ii 
0 2  W--H2  WA. 
O2 W---I-12 WB. 
0 2  W--H2  WB. 
03  W---H3 WA. 
03  W---H3 WA. 
03  W---H3 WB. 
0 4  W- -H4  WB. 
O4W--H4WB. 
O4 W---H4 WA- 
O4W---H4WA- 

0.80 (4) 2.12 (4) 2.75 (2) 135 (3) 
• 0 4  ~ 0.75 (3) 2.08 (3) 2.845 (4) 177 (3) 
• O2A 0.77 (3) 1.98 (3) 2.735 (5) 164 (3) 
• O2B 0.77 (3) 1.96 (4) 2.722 (141 165 (3) 
• O3A i~i 0.78 (3) 1.90 (2) 2.688 (6) 170 (2) 
• O3B ii~ 0.78 (3) 1.85 (3) 2.636 (I 5) 172 (3) 
• 0 4  0.77 (4) 1.95 (4) 2.717 (4) 166 (4) 
• O2ff ~ 0.76 (4) 2.03 (5) 2.722 (15) 150 (4) 
• O2A" 0.76 (4) 2.01 (4) 2.764 (5) 165 (4) 
• O3B iii 0.77 (3) 2.42 (3) 3.15 (2) 157 (2) 
• O3A u' 0.77 (3) 1.95 (3) 2.703 (6) 162 (3) 

0.93 2.24 3.160(151 169 

z; (ii)  1 - x , y -  ½,½ - z; (iii) 
Z. 

C4----H4A- • .O I B iv 

Symmetry codes: (i) x, ½ - y, ½ + 
1 - x , - y , - z ;  ( iv)  1 + x ,  ½ - y,  ½ + 

C o m p o u n d  ( H )  

Crystal data 

[ C d ( S O a ) ( C 1 0 H 8 N z ) ( H 2 0 ) 2 ] . -  

H20 
Mr = 418.69 
Monoclinic 
P21/c 
a = 20.998 (4) ,~ 

a 

b = 6.823 (1) A 
c = 20.001 (4) A 
/3 = 94.88 (3) ° 
V = 2855.1 (9) ,~3 
Z = 8  
Dx = 1.948 Mg m -3 
O n  not measured 

Data collection 
Rigaku AFC-7S diffractom- 

eter 
w/20 scans 
Absorption correction: 

scan (Molecular 
Structure Corporation, 
19881 
Train - 0.61, Tmax = 0.75 

6739 measured reflections 
6544 independent reflections 

Refinement 

Refinement on F 2 
R[F 2 > 2o'(F2)] = 0.047 
wR(F 2) = 0.119 
S = 1.016 
6544 reflections 
408 parameters 
H atoms treated by a 

mixture of  independent  
and constrained refinement 

Mo Ka radiation 
A = 0.71073 ,~, 
Cell parameters from 25 

reflections 
0 = 7 .5-15 .0  ° 
t z -  1.71 m m  -~ 
T = 293 (2) K 
Needle 
0.40 × 0.18 × 0.16 mm 
Colorless 

4224 reflections with 
I > 2o(/)  

Rint = 0.032 
0ma~ = 27.50 ° 
h = - 2 7  + 27 
k =  - 8  ---~ 0 
l = 0 ---~ 25 
3 standard reflections 

every 150 reflections 
intensity decay: < 2 %  

w = l / [ o . 2 ( F o  2) + (0.086P) 2] 
where P = (Fo 2 + 2F~)/3 

(z~/o . )max < 0 . 0 1  

Apmax  = 0.681 e ,~-3 
Aprnin  = - 0 . 8 6 6  e ,~-3 
Extinction correction: none 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Tab le  3. Selected bond lengths (]i) f o r  (H) 
CdlA---OI WA 2.277 (5) CdlB--O2WB 2.225 (5) 
CdlA----O2WA 2.288 (4) CdlB--OI WB 2.280 (5) 
CdlA--NIA 2.287 (4) CdlB--NIB 2.301 (5) 
CdlA----O2A' 2.293 (4) CdlB---OaB" 2.314 (4) 
CdlA--N2A 2.299 (5) CdlB--N2B 2.331 (5) 
CdlA---OIA 2.332 (4) CdlB--OIB 2.345 (41 
SIA---O1A 1.461 (4) S1B--O2B 1.460 (5) 

S IA--O2A 1.463 (4) S IB---O3B 
S IA--O4A 1.471 (5) S 1B--O4B 
S IA----O3A 1.475 (5) S I B----OI B 

Symmetry codes: (i) x, 1 + y, z; (ii) x, y - 1, z. 

1.463 (4) 
1.474 (5) 
1.474 (4) 

Table  4. Contact distances (A) fo r  (II) 
O I WA. .O3A' 2.776 (7) 02WB. • .O2B 
O l W A . . O I  W 2.689 (7) 02WB. • -O4A" 
OI W B . . O 2 W  2.708 (91 Ol  W- - .O3A 
OI W B . . O 3 B "  2.765 (8) OI W. • .O4B'" 
0 2 W A . . 0 4 A  2.651 (7) O2W. • .O3A 
0 2 W A . . O 2 B ' "  2.812 (8) 02  W. • -O3B 

2.667 (7) 
2.713 (6) 
2.907 (7) 
2.924 (7) 
2.991 (8) 
2.833 (7) 

S y m m e t r y  codes :  ( i ) x ,  1 + y , z ;  (ii) x , y  - l , z ;  (iii) x, -~ - y, ½ + z; ( iv) 
x, ½ - y , : -  ½. 

In the case of  the disordered sulfate anion in (I), soft metric 
restraints were applied to the S - - O  and O - - O  distances so 
as to ensure a meaningful  geometry. H atoms attached to 
carbon and unequivocally defined by the stereochemistry were 
placed at their calculated positions and allowed to ride on their 
host atoms ( C - - H  = 0.96 A). Water H atoms were located by 
difference Fourier synthesis and subsequently refined with a 
restrained O - - H  distance; in the case of  (I), all eight water H 
atoms were found, while in (II), only seven out of a total of  
12 could be located confidently. 

For both compounds,  data collection: MSC/AFC Diffrac- 
tometer Control Software (Molecular Structure Corporation, 
1988); cell refinement: MSC/AFC Diffractometer Control 
Software; data reduction: MSC/AFC Diffractometer Control 
Software; program(s) used to solve structures: SHELXS97 
(Sheldrick, 1990); program(s) used to refine structures: 
SHELXL97 (Sheldrick, 1997); molecular graphics: XP in 
SHELXTLIPC (Sheldrick, 1994); software used to prepare ma- 
terial for publication: PARST (Nardelli, 1983) and CSD (Allen 
& Kennard, 1993). 

T h i s  w o r k  was  par t ia l ly  s u p p o r t e d  by a C O N I C E T  
gran t  (P IP  0470 /98) .  We thank  the  S p a n i s h  R e s e a r c h  
C o u n c i l  ( C S I C )  for  p r o v i d i n g  us w i th  a f r e e - o f - c h a r g e  
l i cense  to the  C S D  sys t em.  

S u p p l e m e n t a r y  data  for this paper  are ava i l ab le  f rom the I U C r  
e lec t ron ic  a rch ives  (Refe rence :  H A l 2 6 0 ) .  Serv ices  for acces s ing  these  
data  are desc r ibed  at the back  o f  the j ou rna l .  
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