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relaxed until the final minimum was reached. No anisotropic 
displacement parameters can be applied and, due to sytematic 
measurement errors, several isotropic displacement parameters  
remain  physically non-reasonable, i.e. close to zero. Final 
difference Fourier  maps  display residual peaks. The label 
and distance of  the closest atom sites are D260/0.71 ,~, and 
C33/0.98 ,~, for the I/4 and 1/5 phases, respectively. 

For both compounds,  data reduction: COLL5 (Lehmann & 
Larsen,  1974); program(s)  used to refine structures: CRYS- 
TALS (Watkin, Prout,  Carruthers  & Betteridge,  1996); molec- 
ular graphics:  CAMERON (Watkin, Prout  & Pearce, 1994); 
software used to prepare material  for publication: CRYSTALS. 
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Lists of atomic coordinates, displacement parameters, structure factors 
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Abstract 

The title compound, {2,2'-[butane-2,3-diylbis(nitrilo- 
1 - ethylidyne ) diphenolato- O,N, N,'O' }bis ( pyridine - N)- 
cobalt(Ill) tetrafluoroborate hydrate, [Co(C20H22NzO2)- 
(CsHsN)2]BFn.xH20 or [Co{o,-Me-sa12-(S,S)-bn}(py)2]- 
BF4.xH20 (py is pyridine), showed polymorphs of 
crystals grown at the same time; one crystallized in the 
hexagonal system (x = 1.5) with a very long c axis 
and the other was in the monoclinic system (x = 1.7). 
The cell axes of the two structures were related simply 
to each other by am ~- ah, bm ~- ah + 2bh and Cm ~-- 
Ch/2, where the axes of the hexagonal and monoclinic 
cells are identified by subscripts h and m, respectively. 
The complex cations, as well as the molecular arrange- 
ments in both structures, are quite similar to each other. 
The cation adopts octahedral coordination formed by the 
tetradentate salen-type Schiff base ligand in the basal 
plane and two trans pyridine ligands. The cation has 
an approximate twofold axis of rotation through the Co 
atom. The two methyl groups of the C--C bridge take 
an antiperiplanar conformation. The counter-ion is lo- 
cated nearly in the basal plane of the cation. The cations 
form dimers via 7r-Tr stacking between pyridine tings. 
Layers of cation dimers and anions stack alternately 
along c. The hexagonal structure includes 1.5 water 
molecules per Co atom and the monoclinic structure 
has 1.7 water molecules. 

Comment 
The molecular design of chiral tetradentate Schiff base 
complexes of manganese(Ill) and cobalt(III) is of great 
interest in the development of enantioselective oxy- 
genation or hydrogenation catalysts for olefins or ke- 
tones (Jacobsen, 1993, and references therein; Katsuki, 
1995; Nagata et al., 1995; Bernardo et al., 1996; Lam 
et al., 1996). In the course of our investigation of Co m 
complexes with chiral salen-type Schiff base ligands, 
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the title compound, (I), was prepared. In a preliminary 
check of the crystals prior to data collection, a poly- 
morphism of the compound was occasionally found. 
The crystals of the two polymorphs are quite similar 
in colour, as well as in crystal habit (hexagonal plates). 
Therefore, it was very difficult to distinguish them op- 
tically. 

(1) 

x = 1.5 (hexagonal) 
x = 1.7 (monoclinic) 

.BF4.xH20 

The molecular structures and packing features of 
both crystals closely resemble each other and numerical 
results (Table 1) are given only for the hexagonal 
structure. The coordination around the Co atom is a 
slightly distorted octahedron (Fig. la). The salen-type 
Schiff base lies in the basal plane as is commonly 
observed. The methyl groups on the C---C bridge (bn- 
Me) take antiperiplanar axial configurations owing to 

the steric effects of the a-methyl groups. The py 
iigands coordinate at t rans  positions with a coplanar 
disposition; their mean plane is almost perpendicular 
to the plane of the salen-type moiety. Thus, the cation 
has an approximate twofold axis of rotation through 
the midpoints of the basal N. .-N and O. . .O lines, 
though the py rings, as well as the salen basal plane, 
are slightly affected by repulsion from the bn-Me 
groups (see Fig. l b). The coplanarity of the py rings 
and the axial configuration of the bn-Me groups are 
distinct differences in comparison with a related salen 
compound with no o~-Me (Fukuda et al . ,  1997), in which 
the bn-Me groups take equatorial configurations and the 
py rings are twisted with respect to each other by about 
90 ° . 

The complex cations form dimers through rr-rr stack- 
ing between py rings, as shown in Fig. l(b). In the 
hexagonal structure, the dimers have a twofold axis at 
z = ~ and its equivalents; in the monoclinic structure, 

1 adjacent cations, related by the twofold axis at z = 
and its equivalents, are paired to form dimers. Thus, six 
cation dimers exist in both unit cells. The packing of the 
cations are shown in Fig. 2. The counter-ion is located 
nearly in the salicyl skeletal plane. The structures con- 
sist of alternate stacking of layers of cation dimers and 

CII 

C21 

C12 , , " ~ / ' P e , ~ , ~ ( ~  ~'-" C9 02 

C23 

C13 

C25 

C2 C3 

C 1 6 C f i ~ 1 5  N 2 - - C I S ~ ~ C ) ' ~ N 4  " 1"~, C7 CS'K"~) C5 

C29 

C4 2 

(a) (b) 

Fig. 1. (a) The complex cation of the hexagonal structure and (b) an example of the cation dimerization in the monoclinic structure. The 
displacement ellipsoids are drawn at the 40% probability level. 
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anions along c. A water molecule is bonded to each of 
the salen moieties through O----H---O hydrogen bonds 
(O3W in the hexagonal structure, and O7W, O8W and 
O9W in the monoclinic one). All the water molecules 
might also be linked by hydrogen bonds to each other. 

The molecular arrangement along c in the hexagonal 
structure is of an infinite helical type owing to the 65 
screw axis. In the monoclinic cell, there are two such 
equivalent chains running separately along c but with 
only a half unit of the hexagonal period, reflecting the 
difference between lattice spacings of c axes. One of the 
three anions was very much disordered around two sites; 
one shows a rotational disorder around a B - - F  bond on 
a twofold axis, while the other is positionally disordered 
near another twofold axis. The c/a ratio in the hexagonal 
cell is unusually large at about 9.73, and the material 
has a layer structure. Alcock & Hough (1972) argued 
on a layered tetragonal structure with an unusual long 
cell [c/a = 9.91; 3,3'-methylenebis(6-bromo-4-hydroxy- 
coumarin] that co-existence of high-order screw and 
twofold axes are essential to cause such layered stacking 
of molecules, since the molecular interaction was fairly 
weak along c but strong in the xy plane. Since short 
contacts in the xy plane are not found and the twofold 
axes contribute directly to the dimerization, this seems 
not to be the case for the present compound. 

If the b direction of every alternate cell in the 
monoclinic structure is reversed, by 180 ° around the 
a axis for example, the resulting hypothetical structure 
closely resembles the hexagonal one, as can be seen in 
Fig. 2, though there remains an ambiguity of the atomic 
y coordinates. The disordered anions mentioned above 
are located in or near (001), which is the boundary 
plane of this reversal operation. Therefore, the anion 
might play a role in the crystallization of the compound; 
that is, if the anion is ordered, the crystal takes the 
hexagonal structure which is probably more stable than 
the monoclinic one. 

The present work on the hexagonal structure suc- 
ceeded as a test study on the structure determination 
by means of four-circle diffractometry of a crystal with 
an extremely long axis. 

Experimental 

The  title c o m p o u n d  was synthesized by the addi t ion of  
an aqueous  solut ion ( 1 0 m l )  of  pyr idine (2 .45g ,  0.031 mol)  
and NaBF4 (3.4 g, 0.031 mol)  to a mixture  of  a ch loroform 
solution (10 ml) of c~-Me-sal2-(S,S)-bnH2 [1.0 g, 3.1 mmol; the 
Schiff base ligand was prepared from c~-methylsalicylaldehyde 
and (2S,3S)-butanediamine in methanol-chloroform, and the 
chiral diamine was resolved by a modification of a literature 

, 

(a) 

q~a 

~ O ~ o  ~ _ _ ¢ ~  

+b 

+C 

(b) 

Fig. 2. A comparison of cation arrangements (a) in the hexagonal structure and (b) in a hypothetical one based on the monoclinic cell (enclosed 
by cell edges). The structure (b) is constructed by stacking of the monoclinic cells alternately with +a and - a  directions along c. H atoms 
have been omitted for clarity. 
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method (Dickey et al., 1952)] and a methanol solution (10 ml) 
of Co(CH3COO)2.4H20 (0.78g, 0.031 mol) under argon, 
followed by passing air for 12 h to give dark-brown crystals 
(m~ '603  = +9.47mol  -~ d m - 3 c m  -~ in methanol containing 
an excess of pyridine). Crystals suitable for single-crystal 
X-ray structure analysis were grown by slow evaporation of a 
methanol solution of the complex. 

Compound (I) in the hexagonal system 
Crystal data 

[Co(C20H22N202)(C5H5 N)2 ]- 
BF4.1.5H20 

Mr = 653.2 
Hexagonal 
P6522 
a = 10.422 (6) ,~, 
c = 101.433 (7) ,~, 
V = 9541 (8) ,~3 
Z =  12 
Dx = 1.36 Mg m -3 
Dm not measured 

Cu Ko: radiation 
= 1.5418 ,~, 

Cell parameters from 25 
reflections 

0 = 25.9-28.5 ° 
/z = 4.77 min -  
T = 298.2 K 
Hexagonal plate 
0.60 x 0.50 x 0.30 mm 
Dark brown 

Data collection 
Rigaku AFC-5R diffractom- 

eter 
w scans 
Absorption correction: 

analytical (de Meulenaer 
& Tompa, 1965) 
Train = 0.170, Tma~ = 0.298 

13 193 measured reflections 
6231 independent reflections 

(plus 68 Friedel-related 
reflections) 

Refinement 

Refinement on F 
R = 0.054 
wR = 0.059 
S = 1.892 
3903 reflections 
390 parameters 
H atoms not refined 
w = l/[cr2(Fo) 

+ 0.000271F,,12] 
(A/or)max = 0.001 
Apmax = 0 . 4 4  e ,~-3 
Apmi, = -0 .13  e ~ - 3  

3903 reflections with 
I > 1.5o(/) 

Rint = 0 . 0 5 0  

0max = 72 -5  ° 

h = - l l  --* 11 
k = 0 ---~ 10 
I = 0 ---~ 125 
4 standard reflections 

every 150 reflections 
intensity decay: 3.2% 

Extinction correction: 
Zachariasen (1967) type 
2 Gaussian isotropic 

Extinction coefficient: 
0.009 (2) 

Scattering factors from 
International Tables for 
Crystallography (Vol. C) 

Absolute structure: see 
below 

Flack parameter = 0.003 (3) 
(Hack, 1983) 

Table  1. Selected geometric  parameters  (,4, o ) f o r ( l )  in 
the hexagonal  system 

C o I - - O I  1.867 (3) C o l - - N 2  1.916 (5) 
Col---O2 1.866 (4) C o l - - N 3  1.994 (4) 
C o I - - N  I 1.904 (4) Co I - - N 4  1.993 (4) 

O I - - C o l ~ O 2  83.5 (2) O 2 ~ C o l - - N 4  87.5 (2) 
O l - - C o l - - N l  94.5 (2) N l ~ o l - - N 2  87.6 (2) 
O t - - -CoI - -N2  177.8 (2) N I - - C o l - - N 3  90.7 (2) 
O I - - C o l - - N 3  87.2 (2) N l - - -Co l - -N4  94.2 (2) 
O I - - C o I - - N 4  89.2 (2) N 2 - - C o I - - N 3  93.7 (2) 
O 2 ~ C o I - - N  l 177.3 (2) N 2 - - C o I - - N 4  89.8 (2) 
O 2 - - C o I - - N 2  94.5 (2) N3-- -CoI- -N4 174.1 (2) 
O2--Co I - -N3  87.5 (2) 

C o m p o u n d  (I) in the monoclinic system 
Crystal data 

[Co(C20H=N202)(CsHsN)2]- 
BF4.1.7H20 

Mr = 657.3 
Monoclinic 
C2 
a = 10.305 (2) ,~, 
b = 18.047 (3) ,~, 
c = 50.764 (2) * 
fl = 92.463 (9) ° 
V = 9432 (2)/~3 
Z =  12 
D~ = 1.39 Mg m -3 
D,, not measured 

Mo Ko~ radiation 
A = 0.7107 ,~, 
Cell parameters from 25 

reflections 
0 = 18.5-19.g ° 
/.t = 0.609 m m -  
T = 298.2 K 
Hexagonal plate 
0.50 x 0.35 x 0.25 mm 
Dark brown 

Data collection 
Rigaku AFC-5R diffractom- 

eter 
w/20 scans 
Absorption correction: 

~p scan (North et al., 
1968) 
Tmi, = 0.74, Tmax = 0.86 

16 927 measured reflections 
16 139 independent 

reflections 
(plus 788 Friedel-related 
reflections) 

13 942 reflections with 
F 2 > 2a (F  2) 

Rim = 0.054 
0max = 27.5 ° 
h = 0 ---, 13 
k = - 2 3  ~ 19 
l = - 6 5  ---, 65 
4 standard reflections 

every 150 reflections 
intensity decay: 1.2% 

Refinement 

Refinement on F 
R = 0.056 
wR -- 0.069 
S = 2.990 
14 486 reflections 
1152 parameters 
H atoms not refined 
w = 1/[a2(Fo) 

+ 0. 00022 lFol 2] 
(A/or)max = 0.057 

Aprnax = 0.89 e ~ - 3  
Apmin = - - 0 . 4 4  e ~ - 3  
Extinction correction: none 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Absolute structure: see 
below 

Hack parameter = 0.05 ( 1 ) 
(Flack, 1983) 

Some methyl and water H atoms were found in difference 
syntheses; other cationic H atoms were located by geometrical 
calculations [C- -H  = 0.95 ,~, and Ui~o = 1.2U~(C)]. The water 
molecules are distributed in several positions; the distributions 
are not the same but similar in both structures. Some water 
molecules were refined to be less than unit occupancy; 1.5 
water molecules are included per Co atom in the hexagonal 
structure, (1), and 1.7 molecules are included in the monoclinic 
structure, (2). The water H atoms were not determined. 

In (1), the hexagonal cell had an extremely elongated c 
axis. Therefore, the intensity measurement was made using 
an w-scan technique with CuKa  radiation. A relatively 
large crystal which showed sharp diffraction peaks was 
selected for data collection because weakness of high-angle 
intensities and difficulty in resolving neighbouring reflections 
were expected, as are commonly observed for crystals with 
large cell dimensions. Even with a narrow receiving slit 
(1 x 0.75 °) and small scan widths, however, resolution of the 
neighbouring peaks was insufficient for some reflections at 
special settings, as indicated, for example, by very unbalanced 
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or high background(s); these reflections showed larger or 
smaller structure amplitudes than those of the equivalents. 
The deviations were up to several ten percent of the IF,,[ 
values in most cases and several hundred percent in extreme 
cases for weak reflections. Such reflections were mainly 
concentrated in a limited region of the reciprocal lattice space, 
i.e. +h+k+l (0 = 10 ° ~ 50 ° and l = 10 ---, 50 depending 
on h and k); after they were removed (695 in total), the 
equivalent reflections were averaged and used for the structure 
determination. Owing to the mechanical blind regions of the 
diffractometer, 574 high-angle reflections (62.5 ° < 0 < 66 °) 
could not be measured. The absorption correction was made 
by an analytical calculation using the crystal shape of the 
hexagonal plate. Water molecules were all isotropic. Large 
residual electron densities were not found in voids which could 
possibly contain some disordered water molecules. 

In (2), the data collection was carried out first with an 
w-scan technique using Cu Ka radiation, and then with an 
w/20 scan using MoKa  radiation, and finally some Bijvoet 
pairs were added to increase the number of reflections; thus, 
the effectiveness of the structure refinement gradually grew. 
The greatest problem, however, was the determination of the 
locations of the disordered anion near the (001) plane. A 
rigid group refinement was finally adopted for the positionally 
disordered anion formed by the B4, F13, F14, F15 and F16 
atoms. In spite of prolonged calculations, the maximum Ale 
ratio was not less than 0.06. The y coordinate of the Co atom 
was fixed in the structure refinement. Water molecules were 
disordered at several sites. These and the disordered anions 
were refined isotropically. Large residual electron densities 
were not found in voids. 

The absolute structure in each case was determined from 
about 100 selected Bijvoet pairs with large differences, by 
refinement of the inverted structure to significantly higher 
residuals, and by refinement of the Flack (1983) parameter. 

For both compounds, data collection: MSC/AFC Diffrac- 
tometer Control System (Rigaku Corporation, 1991); cell re- 
finement: MSC/AFC Diffractometer Control System; data re- 
duction: TEXSAN (Molecular Structure Corporation, 1995); 
program(s) used to solve structures: PAT1T in DIRDIF92 
(Beurskens et al., 1992); program(s) used to refine structures: 
TEXSAN; molecular graphics: ORTEPII (Johnson, 1976); soft- 
ware used to prepare material for publication: TEXSAN. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: CF1272). Services for accessing these 
data are described at the back of the journal. 
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Abstract 

A novel cyclic dinuclear zinc complex with maleate 
dianions as the bridging ligands, di-p-maleato-bis-  
[aqua(2,2'-bipyridine)zinc(II)] dihydrate, [Zn2(CaH204)2- 
(CloHsN2)2(H20)]2.2H20, has been characterized by 
X-ray analysis. The complex lies about a crystallo- 
graphic inversion centre. The zinc centre has distorted 
square-pyramidal geometry with two bipy N atoms, 
a carboxylate O atom and an aqua O atom forming 
the base; the Z n - - N  bond lengths are in the range 
2.1021 (15)-2.120 (2),~, and the Zn---O bond lengths are 
in the range 1.9709 (13)-2.125 (2),~,. A maleate O atom 
completes the coordination sphere in the apical site, with 
a Z n - - O  bond length of 2.0223 (13),~. The Z n . . . Z n  
distance is 5.281 (1) A. 

Comment 

Dinuclear zinc complexes  with N- and O-donor  ligands 
have been of considerable interest since such systems 
of two Zn atoms are known to exist at the active site of 
some zinc-containing enzymes,  such as phospholipase 
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