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Data collection 

Enraf -Nonius  CAD-4 
diffractometer  

w/20 scans 
Absorption correction: 

Gaussian (Xtal3.4; Hall 
et al., 1995) 
Tmin = 0.779, Tma~ = 0.836 

6562 measured reflections 
2990 independent  reflections 

1582 reflections with 
I > 3o'(/) 

Ri,t = 0.041 
0max = 28.02 ° 
h = 0 --, 16 
k = 0 ---* 16 
l -  - 4 3  ~ 43 
3 standard reflections 

every  100 reflections 
intensity decay: 0.40% 

Refinement 

Refinement  on F (A/cr)ma~ = 0.009 
R = 0.027 Apmax = 1.33 e ,~-3 
wR = 0.028 Apmin = - 2 . 2 3  e ,~-3 
S = 0.976 Extinction correction: none 
1582 reflections Scattering factors from Inter- 
145 parameters  national Tables for X-ray 
H atoms not refined Crystallography (Vol. IV) 
Weighting scheme: see 

below 

Tab le  1. Selected geometric parameters  (,4, °) 

Mo l--Mo2 2.570 ( 1 ) M o 2 ~ 2  1.664 (4) 
MoltO1 1.682 (4) Mo2--O3 1,936 (4) 
Mol--433 1.916 (4) Mo2--O4 1.929 (4) 
MoI--O4 1.926 (4) Mo2--O5' 2.040 (4) 
Mol---O5 2.138 (4) Mo2---O6 i 2.017 (4) 
Mol---O6 2.220 (4) O5----C5o 1.423 (8) 
MoI--N 2.255 (5) O6--C6o 1.414 (9) 

Ol--Mol---O3 109.8 (2) O2--Mo2---O3 111.5 (2) 
Ol--Mol---O4 108.7 (2) O2--Mo2--O4 109.5 (2) 
OI--Mol---O5 93.4 (2) O2--Mo2--O5' 106.1 (2) 
Ol--Mol---O6 156.1 (2) O2--Mo2--O6 ~ 106.0 (2) 
OI--MoI--N 89.2 (2) O3--Mo2---O4 92.3 (2) 
O 3 - - M o I ~ 4  93.1 (2) O3--Mo2---O6 i 140.9 (2) 
O3--Mol---O5 155.7 (2) O3--Mo2--O5 i 85.8 (2) 
O3--Mol---O6 88.1 (2) O4---Mo2---O6 i 85.3 (2) 
O3--MoI--N 86.4 (2) O4---Mo2--O5 i 142.4 (2) 
O4---Mol--O5 86.0 (2) O6'--Mo2---O5 i 73.4 (1) 
O4--Mol--O6 85.1 (1) Mol---O3--Mo2 83.7 (1) 
O4---MoI--N 161.0 (2) Mol---O4---Mo2 83.6 (2) 
O5--Mo 1 ---06 67.6 ( 1 ) Mo 1 ---O5--Mo2 ii 110.6 (2) 
O5--Mol--N 86.8 (2) Mol---O6--Mo2 ii 108.2 (2) 
O6---Mo 1--N 75.9 (2) 

Symmetry codes: (i) ¼ +y,  7 _ x, 3 _ z; (ii) 7 _ y , x _  ¼, 3 _ z. 

The weightin~ scheme used was w = WF.Ws, where  WF(Fo < 
90) = (1=o/90) ~, WF(Fo > 160) = (160/Fo) 1"5 and WF(90 < Fo 
< 160) = 1, and Ws(sinO < 0.42) = (sin0/0.42) 2, Ws(sinO > 
0.55) = (0.55/sin0) 4 and Ws(0.42 < sin0 < 0.55) = 1. Of  the 

3 four peaks exceeding 1.0 e A -  in the final difference Fourier  
map, one ( 1 . 1 9 4 e A  -3) is located on an $4 special position 
in the middle of  the octanuclear  ring. The other three peaks 
(1.33, 1.091 and 1.035 e ~ - 3 )  lie closest to 0 6  [1.385(3) A], 
0 4  [1.296(4)A,] and 0 2  [0.561(5),~,], respectively. The two 
deepest  holes, with values of  - 2 . 2 3 2  and -2 .191  e ,~-3, are 
found on the Mo 1 and Mo2 positions. The remaining 11 holes, 
with values ranging from - 1 . 4 6 6  to - 1 . 0 1 4  e ,~-3, lie close 
to M o l  and Mo2. The relatively high number  of  peaks and 
holes results f rom the high symmet ry  of  the space group. 

Data collection: CAD-4 Software (Enraf-Nonius ,  1989). 
Cell refinement:  CAD-4 Software. Data reduction: Xtal3.4 
(Hall et al., 1995). Program(s)  used to solve structure: 
SIR92 (Altomare et al., 1994). Program(s)  used to refine 

structure: Xtal3.4. Molecular  graphics: ORTEPII (Johnson, 
1976). Software used to prepare material for publication: 
Xtal3.4. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: NA1365). Services for accessing these 
data are described at the back of the journal. 
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Abstract 

T h e  s t r u c t u r e  o f  t h e  t i t le  c o m p o u n d ,  [Fe(Cp)2] [FeC14]  

( C p  = c y c l o p e n t a d i e n y l ,  C5H5),  w a s  r e p o r t e d  in 1978 

in t he  n o n - c e n t r o s y m m e t r i c  s p a c e  g r o u p  Pna21 at r o o m  
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temperature [Paulus & Sch~ifer (1978). J. Organomet. 
Chem. 144, 205-213]. A low-temperature data set indi- 
cates a phase transition from the non-centrosymmetric 
space group to the centrosymmetric space group Pnma. 
Crystals of [Fe(Cp)2][A1C14] have also been studied at 
low temperature and are isomorphous with the FeC14- 
complex. 

Comment 
[Fe(Cp)2][FeC14], (I), was characterized in 1978 by 
X-ray crystallography at room temperature, in space 
group Pna21 (Paulus & Sch~ifer, 1978). Data have now 
been collected on this compound at a moderately low 
temperature (213 K), and the results are reported here. 

I F ~ I  + .Mcl~ 

(I) M = Fc 
(II) M = AI 

Statistical tests performed on the (highly redundant) 
area-detector data set of (I) strongly indicated centro- 
symmetry, with a mean IE 2-11 = 0.935 (with expected 
values of 0.968 for centrosymmetric and 0.736 for 
non-centrosymmetric). As a check, the structure was 
refined in both Pnma and Pna21. Refinement in the 
non-centrosymmetric group resulted in substantial corre- 
lation between atoms that would be related by mirror 
symmetry in the centrosymmetric group, with corre- 
lation coefficients ranging from 0.80 to 0.93. Fully 
anisotropic treatment in space group Pna21 was there- 
fore not possible, since the refinement would not con- 
verge. Refinement in Pnma also gave better residuals, 
even with only slightly more than half the number of 
parameters, i.e. 0.084 versus 0.088 (not converged) in 
Pna21 (weighted R, calculated on F 2 using all data). 

To assess our choice of space group further, we crys- 
tallized [Fe(Cp)2][A1CI4], (II), an isomorphous species 
that had not been characterized by X-ray diffraction. 
Data were collected from a regular crystal, also at a 
temperature of 213 K. Evidence of centrosymmetry was 
analogous to that for (I), i.e. the mean [E 2-11 = 1.050; 
there are correlation problems in Pna21, and the resid- 
uals are lower in Pnma (0.144 versus 0.153). 

Ferrocenium salts of 'innocent' counter-ions, such 
as SbF6- (Hendrickson et al., 1996), PF6- (Martinez 
& Tiripicchio, 1990), Tc04- (Origoriev & Kryutchkov, 
1993), SbCI4- (Yamin et al., 1996) or FeBr4- (Evans et 
al., 1992), among others, have various conformations 
(staggered, gauche or eclipsed) at room temperature. 
Crystals of [Fe(Cp)2]PF6 exhibit a phase change at high 
temperature, from P21/c (staggered disordered at 295 K) 
to Pm3 (eclipsed at 360 K; Webb et al., 1992). 

The structure reported by Paulus & Sch/ffer (1978) 
was deduced from data collected at room temperature, 
where the space group is Pna2~ and the Cp ligands are 
rotated 11 (2) ° away from the eclipsed conformation. 
At the lower temperature of the present study, the 
average structure has mirror symmetry and the space 
group is Pnma. Similar behavior for ferrocene has 
been thoroughly studied at different temperatures using 
X-rays (Seiler & Dunitz, 1979a,b, 1982) and neutrons 
(Takusagawa & Koetzle, 1979). 

It is apparent that the structures of both (I) and (II) 
are significantly affected by rigid-body motion, most 
noticeably the Cp rings. In fact, it is precisely the 
conformation of the rings that determines whether or 
not the mirror planes in Pnma are present. The C--C 
bond distances in both compounds were analyzed for 
rigid-body motion (Schomaker & Trueblood, 1968) and 
were found to suffer significant librational shortening. 
In our analysis, the [FeCp2] + groups were treated 
independently of the [MCI4]- ions, and the H atoms 
were removed. Before the corrections, the average ° C - -  
C distance was 1.385 (7)A for (I) and 1.387 (6)A for 
(II). The corrections for the C- -C distances range from 
0.032 to 0.035 A, and bring the average C---C distance 
to 1.42 (2).& for both (I) and (II), which is essentially 
the expected value for the C- -C distance of cyclopenta- 
dienyl ligands (Seiler & Dunitz, 1979b). 

CI• 
C 4 ' ~  

CI' C4 

C2~ C) 2' ~ ~ c ' ~  

c3 ~b 

C12 

C13 

Fig. 1. The molecular structure of (I), drawn with 50% probability 
displacement ellipsoids and with H atoms shown as arbitrarily sized 
spheres. 

The five atoms making up each Cp ring are planar, to 
within 0.008 ,g, for (I) and 0.004 A for (II). In compound 
(I), atom Fel is 1.701 (2),4, from the least-squares 
plane defined by atoms C1-C3, and 1.695 (2)A from 
the least-squares plane defined by atoms C4-C6. The 
planes make an angle of 1.6 (2) °. In (II), the Fe atom 
is 1.698 (4),4, from the least-squares plane defined by 
atoms CI-C3, and 1.695 (4) A from the least-squares 
plane defined by atoms C4-C6. The two planes form an 
angle of 1.8 (3) ° . 
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T h e  w e i g h t e d  a v e r a g e  F e - - C 1  b o n d  d i s t a n c e  in (I) 
is 2 .184  ( 2 ) A ,  and  the  w e i g h t e d  a v e r a g e  AI---C1 b o n d  
d i s t a n c e  in (II) is 2 . 1 2 4 ( 2 ) A .  T h e s e  are e s sen t i a l ly  
equa l  to the  a v e r a g e  va lues  in the  C a m b r i d g e  S t ruc tu ra l  
D a t a b a s e  (Al l en  & K e n n a r d ,  1993):  2 .18 (1 ) ,~ ,  for  

u n a s s o c i a t e d  FeIHCI4 (97 s t ruc tu res )  and  2 .12 (1 ) ,~ ,  for  

u n a s s o c i a t e d  AIC14 (103 s t ruc tures) .  

Orthorhombic 
Pnma 
a = 13.788 (6) ,~, 
b = 8.643 (2) .~, 
c = 12.009 (6) A, 
V =  1431.1 (10),~3 
Z = 4  
D~ = 1.647 Mg m -3 
Dm not measured 

Cell parameters from 250 
reflections 

0 = 9 .1-20.8  ° 
# = 1.831 mm -I 
T = 213 (2) K 
Block 
0.27 × 0.21 × 0.19 mm 
Dark blue 

Experimental 

Compounds  (I) and (11) were prepared in diethyl ether by 
stirring stoichiometric amounts of  Fe(Cp)2 and PhlC12 with 
FeCI3 [for (I)] or AIC13 [for (II)]. Crystals of  both compounds  
were grown by slow diffusion of  hexanes into dichloromethane 
solutions. 

C o m p o u n d  (I) 

Crystal data 

[Fe(CsHs)2][FeC14] Mo Ka radiation 
Mr = 383.68 A = 0.71073 
Orthorhombic Cell parameters from 250 
Pnma reflections 
a = 13.7463 (8) ,~, 0 = 9 .1-20.8  ° 

o 

b = 8.6401 (4) A # = 2.755 m m -  
c = 11.9943 (12) ,~, T = 213 (2) K 
V = 1424.6 (2) ~3 Prism 
Z = 4 0.22 × 0.19 × 0.12 mm 
Dx = 1.789 Mg m -3 Dark red 
Dm not measured 

Data collection 

Nonius FAST diffractometer 
~v scans 
Absorption correction: 

multi-scan (Blessing, 
1995) 
Tmin = 0.546, Tma~ = 0.722 

7402 measured reflections 
1348 independent reflections 

1252 reflections with 
I > 2o'(/) 

Rint = 0.045 
0ma~ = 25.29 ° 
h = - 1 6  + 16 
k =  - 1 0 - - ,  10 
l = - 12 + 14 

Data collection 

Nonius FAST diffractometer 
scans 

Absorption correction: 
multi-scan (Blessing, 
1995) 
Tmm = 0.591, Tmax = 0.717 

6947 measured reflections 
1351 independent reflections 

Refinement 

Refinement on F 2 
R[F 2 > 2o.(F2)] = 0.059 
wR(F 2) = 0.144 
S =  1.146 
1351 reflections 
82 parameters 
H atoms not refined 
w = 11[o'2(/7o2) + (0.05P) 2 

+ 5.1P] 
where P = (FOe + 2F, e)/3 

1146 reflections with 
I > 2o-(/) 

Rint = 0.055 
0max = 25.08 ° 
h = - 16 ~ 16 
k = - 10 ~ 10 
l = - 1 4  ~ 11 

(A/o.)max = 0.001 
Apmax = 0.939 e .~-3 
Apmin = - 0 . 4 9 2  e ,~-3 
Extinction correction: none 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

H atoms were located in difference maps, but their positions 
were not included as refined parameters. Each H atom was 
allowed to 'ride' on the attached C atom at a distance of  
0.94 A, with an isotropic displacement parameter set at 1.2 
times the equivalent isotropic parameter of  the C atom. 

For both compounds,  data collection: MADNES (Pflugrath 
& Messerschmidt,  1992); cell refinement: MADNES; data re- 
duction: SHELXTL (Sheldrick, 1996); program(s) used to solve 
structures: SHELXTL; program(s) used to refine structures: 
SHELXL93 (Sheldrick, 1993); molecular  graphics: SHELXTL; 
software used to prepare material for publication: SHELXL93. 

Refinement 

Refinement on F 2 
R[F 2 > 2o.(F2)] = 0.035 
wR(F 2) = 0.084 
S = 1.179 
1348 reflections 
82 parameters 
H atoms not refined 
w = I/[O.2(FOe) + (0.03P) 2 

+ 2.2P] 
where P = (Fo e + 2F,?)/3 

Compound (II) 
Crystal data 

[Fe(CsHs)2][AICI4] 
Mr = 354.81 

(A/o')max = 0.001 
Apmax = 0.692 e ,~-3 
z~Pmin = - 0 . 4 4 5  e A, -3 
Extinction correction: none 
Scattering factors from 

International Tables for 
Crystallography (Vol. C) 

Mo Ka  radiation 
A = 0.71073 A, 

We  are g ra t e fu l  to the  Na t iona l  S c i e n c e  F o u n d a t i o n  

for  s u p p o r t  o f  this  work .  

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: FG1462). Services for accessing these 
data are described at the back of the journal. 
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Abstract 
The title compound, [Cu(C6C1204)(CI4HI2N204)- 
(H20)].0.5CH3CN, adopts a slightly distorted square- 
pyramidal geometry around the five-coordinated Cu n 
atoms, where the bidentate benzoquinone anion and the 
bidentate bipyridine ligand form the basal plane. The 
elongated apical position is occupied by a water mol- 
ecule. The acetonitrile solvate molecule is disordered. 

Comment 
Attempts to build new metallic molecular materials 
using the oxalate ligand leads to three- and two- 

~ Systematic name: aqua(3,6-dichloro-4,5-dihydroxy-l,2-benzoquinon- 
5 I I I ato-O4,O )(dimethyl 2,2 -bipyridine-4,4 -dicarboxylato-N,N )copper(II) 

acetonitrile hemisolvate. 

dimensional compounds (Decurtins et al., 1994; Pellaux 
et al., 1997), while the 3,6-dichloro-4,5-dihydroxy- 
1,2-benzoquinone ligand (CA 2-) has the potential for 
building up one-dimensional or two-dimensional tran- 
sition metal polymers. The structures of several such 
polymers have been determined. Among these are the 
one-dimensional structures of [Cu(CA)(H20)2],, (Cueto 
et al., 1992), {[Cu(CA)(H20)m](G)},, (m = 2, G = 
2,5-dimethylpyrazine and phenazine; m = 1, G = 
1,2,3,4,6,7,8,9-octahydrophenazine; Kawata et al., 1996) 
and [Cu(CA)(CH3OH)2],, (Kawata et al., 1994), and 
the two-dimensional sheet structure of [Cu(CA)(pyz)],, 
(pyz = pyrazine; Kawata et al., 1994). We have recently 
succeeded in synthesizing the two chain compounds 
[Mn(bipy)(CA)],, (bipy = 2,2'-bipyridine; Zheng et al., 
1996) and [Cu(DCMB)(CA)],, (DCMB - 3,Y-dicarbo- 
methoxy-2,2'-bipyridine) (Decurtins, Schmalle, Zheng 
& Ensling, 1996). In our attempt to build new one- or 
two-dimensional bimetallic systems from an analogous 
precursor, [Cu(4-DCMB)] 2+ (4-DCMB = 4,4'-dicarbo- 
methoxy-2,2'-bipyridine), and a manganese(II) salt, a 
mononuclear compound, (I), was obtained. 

M e  
\ 
o 

C1 ~ ' ' ~  0 
o ! 0.2 [" il 

o ~ o /  \ N ~ ' .  
• I f II o 

o / 
Me 

(I) 

.0.5CH3CN 

The molecular structure of (I) is shown in Fig. 1. 
It exhibits a slightly distorted square-pyramidal coor- 
dination geometry about the Cu n atom. Two N atoms 
from the 4-DCMB ligand [Cu--N = 1.984(2) and 
1.985 (2) A, N1A--Cu--N1B = 81.7 (1) °] and two O 
atoms from the CA 2- ligand [Cu--O = 1.938 (2) and 
1.947 (2) A,, O1---Cu--O2 - 84.0 (1) °] occul~y the basal 
plane. All four atoms deviate by 0.007 (1)A from this 
plane. The Cu atom is pulled out of this least-squares 
plane [0.218(1),~] towards the apically coordinated 
Ol l  atom [Cu- -Ol l  = 2.216(2) A]. The structure 
could be closely related to the mononuclear compound 
[Cu(DHBQ)(bipym)(H20)].5H20 (DHBQ is the dian- 
ion of 2,5-dihydroxy-l,4-benzoquinone and bipym = 
2,2'-bipyrimidine; Decurtins, Schmalle, Schneuwly & 
Zheng, 1996), where the bond lengths Cu--N [1.983 (3) 
and 2.004 (3) A] and Cu--O [ 1.928 (3) and 1.947 (3) A] 
are comparable to those in the title compound, and 
the bond angles N - - C u - - N  [82.1 (1) °] and O---Cu-- 
O [85.1 (1) °] are only slightly larger. The two pyridine 
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