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Table 2. I-- - and S- - -I contact distances (/i)

7.--1 4.106 (2) 13.--16" 3.776 (2)
6. 13" 3.776 (2) 15---17 3.336(2)
13- 13" 3.871(2) S5 - -I12" 3913 (4)
[ SR A 4.106 (2) S13---12 3.892(4)
5. 17" 4.133(2)

Symmetry codes: (i) { —x, y—1, 1 —zi(ii) x—1, ¥, 21 (i) | —x, 1 =y, =2
V) 4 —x, b +y, 8 — (V) —x, =y, —z(vi) L+ x, 5, 2.

H atoms were included at geometrically calculated positions
0.98 A from their parent C atoms, and during refinement were
constrained to ride on these with U,(H) = 1. 2U(C). The
highest difference electron-density peak lay 0.99 A from 12,
while the deepest trough was located 0.74 A from I6; these
therefore possess no chemical significance.

Data collection: STADI4 (Stoe & Cie, 1995a). Cell refine-
ment: STADI4. Data reduction: X-RED (Stoe & Cie, 1995b).
Program(s) used to solve structure: SHELXS96 (Sheldrick,
1990). Program(s) used to refine structure: SHELXL96
(Sheldrick, 1996). Molecular graphics: SHELXTL/PC (Sheld-
rick, 1994). Software used to prepare material for publication:
SHELXL96.

We thank EPSRC for provision of a four-circle
diffractometer and for a post-doctoral award (to WSL),
and the University of Nottingham for support.

Supplementary data for this paper are available from the IUCr
electronic archives (Reference: LN1058). Services for accessing these
data are described at the back of the journal.

References

Blake, A. J.. Devillanova. F. A., Gould, R. O.. Li, W.-S.. Lippolis.
V., Parsons, S.. Radek. C. & Schroder, M. (1998). Chem. Soc. Rev.
27, 195-205.

Blake, A. J., Gould, R. O., Li, W.-S., Lippolis, V., Parsons, S., Radek,
C. & Schroder, M. (1998). Angew. Chem. Int. Ed. Engl. 37, 293-
296.

Blake, A. J., Gould, R. O., Parsons, S., Radek, C. & Schroder, M.
(1995). Angew. Chem. Int. Ed. Engl. 34, 2374-2376.

Blake, A. J.. Li, W.-S.. Lippolis, V.. Parsons, S. & Schroder, M.
(1998). Acta Crysi. C54, 1408-1410.

Blake, A. J., Li. W.-S.. Lippolis. V. & Schroder, M. (1998). Acta
Cryst. C54. 299-302.

Blake, A. J.. Lippolis, V.. Parsons, S. & Schréoder, M. (1996). J. Chem.
Soc. Chem. Commun. pp. 2207-2208.

Blake. A. J., Lippolis, V., Parsons, S. & Schroder, M. (1998). Acta
Cryst. C54. 293-295.

Blake, A. J. & Schroder, M. (1990). Adv. Inorg. Chem. 35, 1-80.

Deplano, P., Devillanova. F. A.. Ferraro, J. R., Isaia. F., Lippolis, V.
& Mercuri, M. L. (1992). Appl. Specirosc. 46. 1625-1629.

Farrugia, L. J.. Norman. N. C. & Pickett. N. L. (1998). Acta Cryst.
C54, 476-479.

Jircitano, A. J., Colion. M. C. & Bowman Mertes. K. (1981). /norg.
Chem. 20. 890-896.

Menon. S. & Rajasekharan. M. V. (1997). Inorg. Chem. 36. 4983—
4987.

Sheldrick. G. M. (1990). Acta Cryst. Ad6, 467-473.

Sheldrick. G. M. (1994). SHELXTL/PC. Version 5.03. Siemens
Analytical X-ray Instruments Inc.. Madison, Wisconsin, USA.

Sheldrick. G. M. (1996). SHELXLY6. Program for the Refinement of
Crystal Structures. University of Gottingen, Germany.

Stoe & Cic (1995a). STADIA. Diffractometer Control Program for
Windows. Version 1.06a. Stoe & Cie, Darmstadt, Germany.

© 1998 Intenational Union of Crystallography
Printed in Great Britain - all rights reserved

1413

Stoe & Cie (1995b). X-RED. Data Reduction Program for Windows.
Version 1.08. Stoe & Cie. Darmstadi, Germany.

Tebbe, K.-F. & Buchem. R. (1997). Angew. Chem. Int. Ed. Engl. 36.
1345-1346.

Acta Cryst. (1998). C54, 1413-1416

Ferrocene, Ferrocenium and a Bis(maleo-
nitriledithiolate) Complex of Nickel

MicHaEL W. DaY,? JiIngul QIN? aND CHULUO YANG?

“Beckman [nstitute, California Institute of Technology,
Pasadena, CA 91125, USA, and "Department of Chemistry,
Wuhan University, Wuhan 430072, People's Republic of
China. E-mail: mike@xray.caltech.edu

(Received 31 July 1997; accepted 9 February 1998)

Abstract

The crystal structure of the title compound, diferro-
cenium bis{bis[1,2-dimercaptoethene-1,2-dicarbonitril-
ato(2—)-§,5"Inickel(Ill)} ferrocene, is a 2:3 complex of
[Ni{C2S2(CN),},] and [Fe(CsHs),]. The structural data
suggest that the formula for this compound can be writ-
ten as [Fe(CsHs),]2[Ni{C2S2(CN)2 }21s.[Fe(CsHs)al.

Comment

Organometallic ~ charge-transfer ~complexes have
attracted attention in recent years, since some of
them exhibit interesting electronic or magnetic prop-
erties (Green er al., 1988). The [M(mnt);]"~ an-
ions {M = Ni, Pd or Pt; mnt = maleonitriledi-
thiolate, i.e. [C2S2(CN)2J*~} have a delocalized n-
electron system, and their redox potentials vary de-
pending on the metal. They are considered electron
acceptors and have formed quasi-one-dimensional con-
ductors, such as Ligy 75[Pt(mnt),].2H,O (Underhill &
Armad, 1981). On the other hand, ferrocene and
alkyl-substituted ferrocenes may be regarded as inter-
esting electron donors and can form charge-transfer
salts with various electron acceptors. Some such salts
are mixed-valence systems, with segregated stacks
of donors and acceptors, giving rise to conducting
solids such as [Fe(-CsHsMe),|(TCNQ), (Wilson et
al., 1979), where TCNQ is tetracyanoquinodimethane.
Other crystals may consist of mixed stacks of al-
ternating D*A™D*A~ (D = donor and A = accep-
tor), resulting in insulators which may exhibit in-
teresting cooperative magnetic phenomena; an exam-
ple is the ferromagnetic salt [Fe(-CsMes),](TCNE)
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[Fe(CsHs)2]2[Ni(C4N3S;)2]2.[Fe(CsHs),]

Fig. 1. A labeled view of the title compound, (I). showing 50% probability ellipsoids.

Miller et al.,, 1986), where TCNE is tetracyano-
ethylene. We have synthesized the title compound,
2[Fe(CsHs)2]".2[Ni{C3S2(CN), }2]~ .[Fe(CsHs):], (D).

2[Fe(CsHs),} 2 I {Fe(CsHs),

M

A drawing of the asymmetric unit of (I) is shown
in Fig. 1. The Ni complex is composed of two maleo-
nitriledithiolate ligands chelating an Ni atom, with the
four S atoms forming a square plane around the Ni
atom. The Ni atom is displaced from the plane of the
S atoms by only 0.006 (1) A, on average. The mean
Ni—S distance is 2.1490(11) A, and the mean C=N
bond length is 1.143 (4) A. These values are consistent
with the corresponding values in [Ni(mnt)>]~, but are
quite different from those in [Ni(mnt),]*>~ (McCleverty,
1968).

The crystal packing is shown in Fig. 2. The
[Ni(mnt),]~ anions form discrete stacks of four. These
stacks of four are two pairs, related by a center of
symmetry. The Ni atoms of each pair are separated by
3.539(1) A, and the pairs themselves are separated by
3.802 (1) A. Associated with each pair is a ferrocene
(containing Fe3), and each stack has a ferrocenium at
either end. That the former [Fe(CsHs),] is ferrocene and
not ferrocenium is suggested by the observation that
the Fe3—centroid distance and the Fe3—C distances are
approximately 0.05 A shorter than the correspond-
ing distances in the other two [Fe(CsHs);] moieties,
containing Fel and Fe2. The Fe—C distances for Fel

and Fe2 range between 2.070 (4) and 2.094 (4) 1?\, av-
eraging 2.081 (6) A. The corresponding values for Fe3
are 2.031(3)-2.042 (4) A, with a mean of 2.036 (3) A.
This is consistent with the corresponding distances in
both ferrocene (Dunitz et al., 1956) and ferrocenium

Fig. 2. A packing diagram of ().
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(Mammano et al., 1977). The other two [Fe(CsHs),]
moieties, containing Fel and Fe2, pack end-to-end in
columns of four, which are parallel to and overlapping
with the stacks of [Ni(mnt),]~ anions. The ferrocenium
columns also overlap each other.

In light of the above discussion on the assignment of
charges, the formula for the title compound is best writ-
ten as 2[FC(C5H5)2]+.2[Ni{C3$2(CN)2}2]_.[Fe(C5H5 )].

Experimental

The title compound was synthesized by the reaction between
[Fe(n-CsHs)»]Cl and Naa[Ni(mnt)-]. To a solution of Na)(mnt)
(0.93 g, S mmol; Davidson & Holm, 1967) in a mixture of
water (10ml) and ethanol (10 ml) was added an aqueous
saturated solution of NiCl,.6H,0 (0.6 g, 2.5 mmol), resulting
in a deep-red solution. Then an aqueous solution of [Fe(7n-
CsHs),]Cl {20 mi, previously prepared from 10 mmol [Fe(n-
CsHs)a] (McCleverty, 1968)} was added. The mixture was
allowed to stand overnight at room temperature. The resulting
black precipitate was filtered, washed with water, ethanol and
diethyl ether, and dried in air (460 mg, 35% yield based on
NiCl»). Single crystals suitable for X-ray diffraction studies
were obtained by recrystallization from a solution in aceto-
nitrile.

Crystal data

[Fe(CsHs)2]2[Ni(C3Na- Mo Ko radiatgon
S2)2]».[Fe(CsHs)-] A=071073 A

M, =1236.23 Cell parameters from 25

Triclinic reflections

Pl 6 =11.5-15.3°

a=12030(2) A p =2.08 mm™'

b=13652(3) A T=160K

c=15462(3) A Needle

a = 87.91(3)°

3 =77.62(3)°

v =72.56(3)°
V= 23653 (8) A’
Z=2

D, = 1736 Mg m~*

Data collection

Enraf-Nonius CAD-4
diffractometer
w scans
Absorption correction:
1 scan (North et al.,
1968)
Tmin = 0.67, Tax = 0.75
17 416 measured reflections
8310 independent reflections

Refinement

Refinement on F*

R[F? > 20(F*)] = 0.035
wR(F*) = 0.064
S=150

0.29 x 0.26 x 0.14 mm
Black

6820 reflections with

1> 2a()
Rin = 0.026
Omax = 25°
h=—12 — 14
k=-15—-16
I=—-17— 18

3 standard reflections
frequency: 60 min
intensity decay: 1.0%

(A/0)max = —0.002

Appax =037 e AT?
Apmin = —0.54 ¢ A~*
Extinction correction: none

1415

8300 reflections
724 parameters

All H atoms refined
w = lo(F})

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

Table 1. Selected geometric parameters (fi, °)

NiA—S4A 2.1482(11)  NiB—SI1B 2.1451 (1)
NiA—S2A 2.1498 (11)  NiB—S4B 21466 (11)
NiA—S3A 2150311y NiB—S3B 2.1474 (10)
NiA—S1A 2.1537(11)  NiB—S2B 2151010y
SIA—CIA 1.714.(3) S1B—CIB 1.714 (3)
S2A—C2A 1.706 (3) S2B—C2B 1.715(3)
S3A—C3A 1.718 (3) S3B—C3B 1.704 (3)
S4A---C4A 1.717(3) S4B- C4B 1.715¢3)
NSA—CSA 1.140 (4) NSB—C5B 1.143(4)
N6A—C6A 1.140 (4) N6B—C6B 1.147 (4)
N7A—C7A 1.149¢4) N78—C7B 1.145 (4)
N8A—C8A 1.139(4) N8B—CH8B 1.143(4)
S4A—NIA—S2A 86.64 (4) S4B—NiB—S38 92.72(4)
S4A—NiA—S3A 92.77(4) S1B—NiB—S2B 92.73(4)
S2A—NiA—S3A 17934 (4 S4B--NiB—S28B 87.70 (4)
S4A—NiA—SI1A 179.35 (4 S3B—NiB—S28B 179.19(4)
S2A—NIA—SI1A 92.71(4) N5B—C5B—CIB 179.6 (4)
S3A—NIA—SIA 87.87(4) N6B—C6B—C28B 178.4 (4)
NSA—C5A—CI1A 17754 N78—C7B—C38B 178.4 (4)
N7A—C7A—C3A 178.2(4) N8B—C8B—C4B 179.0 (4)
N6A—CH6A—C2A 1789 (4) SIA—NIA—NIB 88.96 (4)
N8A—C8A—C44 178.4 (4) S2A—NIA—NiB 91.52(4)
S1B—NiB—S48 179.49 (4) S3A—NIA—NIB 88.19 (4)
S1B—NiB—S38 86.85 (4) SIA—NIA—NIB 90.93 (4)

The intensities were collected at 160 K and averaged in point
group 1. The variances [0(F7?)] were derived from counting
statistics plus an additional term, (0.0147)?, and the variances
of the merged data were obtained by propagation of error
plus the addition of another term, (0.014(1))2. The structure
was solved by direct methods. The initial solution contained
the positions of all the non-H atoms. After three cycles of
least-squares refinement, the H atoms were revealed as the 30
strongest features of the difference Fourier map. All H atoms
were refined freely. The 30 C—H distances range between
0.78 (4) and 1.00(4) A, with an average of 0.91 (4) A. The
H-atom U values ]i(:, between 0.018 (9) and 0.05 (1) A%, with
a mean of 0.03 (1) A”. Refinement was carried out on F~ for
all reflections, except for ten with very negative F~.

Data collection: CAD-4 Software (Enraf-Nonius, 1989).
Cell refinement: CAD-4 Software. Data reduction: CRYM
(Duchamp, 1964). Program(s) used to solve structure:
SHELXS86 (Sheldrick, 1990). Program(s) used to refine struc-
ture: SHELX193 (Sheldrick, 1993).

We thank the NSF, USA, for Grant CHE-8219039 to
purchase the diffractometer. We also wish to thank Seth
R. Marder for his invaluable contribution to this work.

Supplementary data for this paper are available from the IUCr
clectronic archives (Reference: BK1370). Services for accessing these
data are described at the back of the journal.
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Abstract

The title compound, [K(CeH:N307)(Ci3H2Os5)],, or
[K(B15C5)Pic], where Pic is picrate, was synthesized
and its crystal structure shown to be an infinite linear-
chain polymer with the K(B15C5) moieties bridged
by the picrate groups. The K* ion is surrounded by
eight O atoms in a distorted triangular dodecahedral
arrangement. The macrocycle ligand bonds to K* using
all five O atoms [K—O 2.760(2)-2.970(2) A]. The
K* ion is bonded to the bridging picrate anion via a
nitro and the phenolic O atom [K—O 2.808(2) and
2.871 (2)A respectively], and also via another nitro
O atom of an adjacent symmetry-related picrate anion
[K—O 3.060(2) A].

Comment

Benzo-15-crown-5 [B15C5] is well known to form 1:2
(metal-ligand) complexes with potassium salts because
the K* ion is too large to fit into the cavity of the

© 1998 International Union of Crystallography
Printed in Great Britain - all rights reserved

[Fe(CsHs)212[Ni(C4N»S;)215.[Fe(CsHs)a]

15-membered ring. Crystal structure analyses of such
compounds have revealed that the K* ion is ten-
coordinate, being ‘sandwiched’ between two crowns and
with no interaction with the counter-anion (Mallinson &
Truter, 1972; Bhagwat et al., 1981; Weber & Czugler,
1982; Sheldrick & Poonia, 1986; Mao er al., 1993).
We now report the synthesis and crystal structure of a
novel 1:1 complex of potassium picrate with benzo-15-
crown-3, [K(B15C5)Pic], where Pic is picrate.

@

JO\N

o %
o

[K(B15C5)Pic]

A view of [K(B15C5)Pic] showing the K* coordina-
tion is given in Fig. 1. In the crystal, there is an infinite
linear-chain polymer extending along the b-axis direc-
tion, with K(B15C5) moieties bridged by picrate anions
in a head-to-tail manner to form [K(B15C5)Pic]
chains. We are not aware of any similar polymer in
metal-crown ether complex chemistry.

Fig. 1. A view of the asymmetric unit of the title compound with the
two orientations of the disordered nitro group shown. Anisotropic
displacement ellipsoids are drawn at the 30% probability level. H
atoms are not shown and the symmetry code is as in Table I.

Fig. 2 shows part of the extended chain structure
in which the K* cation is involved in ion—dipole
interactions to the five O atoms of the 15-membered
ring and two interactions with a chelate picrate anion,
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