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The hexaphosphaferrocene complex [Fe(nS—P3C2tBu2)2] (1) derived from the corresponding
1,2,4-triphosphospholyl anion reacts with CuX (X = CI, Br, I) in a 1:1 stoichiometry to give the
isostructural, one-dimensional polymeric compounds [{Cu(u3-X)}4{Fe(u.,n’:n'-P3C2tBuz)s}21x
(X=Cl1(2), Br (3),1(4)), which display a unique sinusoidal (CuX), ladder structure. In the reaction
with Cul a second one-dimensional polymeric compound [{Cus(u-T)(u3-1)2 }(CH3CN){Fe(u,n>:n -
P3CotBun)(13,n°:m ' -P3CatBus) }, (5) is formed. The reaction of 1 with CuX (X=Cl,Br,I)ina 1:2
stoichiometric ratio leads only in the case of CuCl to the formation of the new, oligomeric compound
[{Cu(u3-C1)}4(CH3CN), {Fe(u,n°:1!-P3C21Bus)s }2] (6), whereas in the case of CuBr and Cul the
polymeric compounds 3 and 5 were isolated. The reaction of 1 with Ag[AI{OC(CF3)3}4]inal:1
stoichiometric ratio results in the formation of [Ag{Fe(u,n’:n'-P3CstBus)s }21[AI{OC(CF3)3}4]

(7), which shows dynamic behaviour in solution.
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Introduction

The self organisation of discrete units to form
supramolecular aggregates and networks is still a fas-
cinating area of contemporary research [1]. Within
this area of chemistry, phosphaferrocene complexes
can be readily used as connecting moieties between
metal cations, e. g. Cu(I) and Ag(I), because the lone
pairs of electrons on the ring phosphorus atoms are
available for further coordination [2]. The most fa-
mous representative of this class of compounds, the
pentaphosphaferrocene, [Cp*Fe(nS—Ps)] (Cp* = n5—
CsMes), which belongs to the group of compounds
carrying “naked” phosphorus ligands, was widely
used in coordination chemistry. In its reaction with
CuCl, the formation of a one-dimensional polymeric
compound [Cu(u-C){Cp*Fe(n>:n':n'-Ps)}1, is ob-
served [3]. Two-dimensional polymeric compounds
[CuX{Cp*Fe(n>:n":n':n'-Ps)}1, (X =Br, 1) [3] were
isolated in the case of both CuBr and Cul. Furthermore,

by using the appropriate stoichiometry and working
under diluted conditions, the formation of spherical,
nano-sized complexes [{Cp*Fe(n>:n':n'n'ntnl-
Ps)}12{CuX}10{Cu2X3}5{Cu(CH3CN), }5] (X = CI,
Br) with fullerene-like symmetry was achieved [4],
which possess a 90-vertex inorganic framework. The
first example of a carbon-free analogue of the icosa-
hedral Cgyp molecule was obtained when reacting
the pentaphosphaferrocene with CuCl in presence
of ortho-carborane [5]. The product of this reac-
tion, (CoB1oH 2)@[{Cp*Fe(n3-Ps)}12(CuCl)], dis-
plays an icosahedral fullerene-like structure with an
encapsulated carborane molecule. Another example
for such an encapsulation reaction was obtained in
the presence of Cgg, resulting in the huge spheri-
cal compound Cgo@[CupeClasLy{Cp*Fe(n>-Ps)}3-
(CH3CN)g] (L = H;0), in which a whole fullerene
molecule is surrounded by another inorganic spheri-
cal molecule [6]. The reaction of [Cp*Fe(nS—Ps)] with
[Ag{Al(OC(CF3)3)4 }] results in the formation of a 1D
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polymer, which depolymerises into the monocationic
compound [{Cp*Fe(u,n:n%-Ps)}>,Ag]t when dis-
solved in CH,Cl, [7]. This compound shows a dy-
namic behaviour in solution, changing from the mono-
cationic to the dicationic species.

In the above mentioned examples with Cu(I)
halides, the pentaphosphaferrocene shows either a 1,2-
(type A), a 1,2,4- (type B) or a 1,2,3,4,5- (type C) co-
ordination mode of the cyclo-Ps-ring. The related co-
ordination types A’ and B’ can be expected, if, instead
of employing the pentaphosphaferrocene as connect-
ing unit, the isolobally related (P is isolobal with CR)
triphosphaferrocenes [CpRFe(nS—P3C2tBu2)] [CpR =
Cp, 1°-CsHytBus (Cp™)] would be used. The influ-
ence of the tBu groups attached to the neighbouring
carbon atoms on the potential coordination abilities of
the triphosphaferrocenes was recently investigated [8].
However, only coordination mode A’ was found so
far. Furthermore, the question arose, which coordina-
tion types would occur towards Cu(I) or Ag(I) cen-
tres, if the hexaphosphaferrocene [Fe(ns-P3C2tBu2)2]
(1) is used [9], since this ligand carries six phospho-
rus atoms (three on each tri-phospholyl unit). As yet,
the coordination ability of 1 has been studied only to-
wards organometallic moieties. For example, in the re-
action of 1 with [Fe;(CO)g] or [W(CO)5thf] coordina-
tion type D was observed, whereas in the reaction with
Ru3(CO) g the hexaphosphaferrocene acts as chelating
ligand displaying coordination mode E [10].

Herein we report on the synthesis and characterisa-
tion of the first one-dimensional polymers [{Cu(us-
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X)}4{Fe(u,n>:n'-P3CotBur)s }2l, (X = Cl (2), Br
(3). I (@), [{Cu3(u-D(u3-D)2 }(CH3CN){Fe(u,nm -
P3C2tBU2)(,U3,TISZT]1—P3C2tBU2)}]n (5), and the
oligomeric  compound  [{Cu(u3-Cl)}4(CH3CN);-
{Fe(u,n’:n'-P3CytBuz)s }2] (6) formed in the reac-
tions of hexaphosphaferrocene 1 with Cu(I) halides.
Furthermore, we describe the synthesis and discuss
the NMR spectroscopic data of the coordination dimer
[Ag{(Fe(t,n°:n"-P3C2rBuz)2 }2][AI{OC(CF3)3 }4]
(7), which was obtained from the reaction of 1 with
Ag[AI{OC(CF3)3}4].

Results and Discussion

Complexes 2—6 are formed in the reaction of 1
with CuX (X = CI, Br, I) in solvent mixtures of
dichloromethane and acetonitrile at r.t. by slow dif-
fusion reactions (Scheme 1). They are stable under
dinitrogen, and the crystals of 2—5 are insoluble in
common solvents, whereas 6 dissolves under decom-
position in 1:1 mixtures of CH,Cl, and CH3;CN.
The products 2, 3 and 4 can be obtained by react-
ing the hexaphosphaferrocene and the copper halide
in a 1:1 stoichiometric ratio. They consist of one-
dimensional, polymeric (CuX), ladder structures, co-
ordinated by the hexaphosphaferrocene molecules 1,
which act as chelating ligands in the already known
1,1’-coordination mode. Double-strand (CuX),, stair-
case structures are well known in literature [11], but
in this case, the 1D polymeric (CuX), ladder shows
a unique sinusoidal form, due to the steric influence
of the two fert-butyl groups on the carbon atoms in
the phospholyl ligand. In the 1:1 stoichiometric re-
action of 1 with CuCl and CuBr, the polymeric com-
pounds 2 and 3 are formed exclusively, whereas in
the reaction with Cul an additional product (§) is
formed. The molecular structure of 5 displays an ir-
regular (Cul), chain, which is coordinated by the
hexaphosphaferrocenes. The Cul chain consists of
(Cugyly) stairs, which are interconnected by {(LCu),I,}
four-membered rings (L = CH3CN). In compound 5,
the hexaphosphaferrocenes again act as chelating lig-
ands, but in a new 1,2,1’-coordination mode. When re-
acting 1 with CuX (X=Cl, Br,I)in a 1 : 2 stoichiomet-
ric ratio, only in the case of X = Cl a new oligomeric
compound (6) was obtained, whereas in the cases of
X =Br, I compounds 3 and 5 were formed. The molec-
ular structure of 6 consists of a (CuyCly) stair, which is
coordinated by two hexaphosphaferrocenes in a 1,1’-
coordination mode and by two acetonitrile ligands. The
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Scheme 1. Formation of coordination polymers and oligomers from 1 upon reaction with CuX (X = CI, Br, I) and
Ag[AI{OC(CF3)3}4]. (1) + CuX ( X = Cl, Br, I), 1:1 stoichiometry, CH,Cl,/CH3CN; (2) + Cul, 1:1 stoichiometry,
CH;Cl,/CH3CN; (3) + CuCl, 1: 2 stoichiometry, CH,Cl,/CH3CN; (4) + Ag[AI{OC(CF3)3 }4], 1: 1 stoichiometry, CH,Cl,.

formation of Cuy Xy stairs (X = Cl, Br, I) and of (Cul),
four-membered rings as observed in § is well known in
the literature [11, 12].

Crystals of 7 are formed in the reaction of 1
with Ag[AI{OC(CF3)3}4] in a 1:1 stoichiometric
ratio. Although the determination of the molecular
structure of 7 was hampered, because all crystals
of 7 from several independent reactions were pseudo-
merohedrically twinned, the refinement indicated that
the silver cation is coordinated by two hexaphospha-
ferrocenes (1), resulting in a dimeric monocationic
compound (Scheme 1), in which 1 shows most likely
the known 1,1’ coordination mode. In contrast to the
obtained polymeric compounds 2-5, 7 is soluble in
CH,Cl, and shows a dynamic behaviour in solution.

The reaction of 1 with CuX (X = Cl, Br, I) in a
1 : 1 stoichiometric ratio

The 1D-polymeric compounds [{Cu(u3-Cl)}s-
{Fe(u,n>n'-P3CarBuz)a}aln (2), [{Cu(uz-Br)}s-

{Fe(u,n’n'-P3CarBuz)a }oln (3) and [{Cu(us-1)}4-
{Fe(u,n’:n'-P3CytBuy), }2], (4) are isostructural. A
section of their molecular structure is exemplified in
Fig. 1, whereas Fig. 2 shows the unique sinusoidal
form of the Cu-halide ladder structure of 2.

2 is obtained only in low yield, whereas 3 and 4
can be isolated in moderate yield. The polymeric com-
pounds 2 —4 consist of a one-dimensional (CuX), (X =
Cl, Br, I) double-strand, which is coordinated from
both sides by the hexaphosphaferrocene molecules 1,
which adopt a 1,1’-chelating coordination mode. One
of the two neighbouring phosphorus atoms from each
tri-phospholyl ligand coordinates to the copper atoms.
The unique phosphorus atoms of the tri-phospholyl lig-
ands do not coordinate due to their sterical hindrance
caused by the neighbouring carbon atoms, carrying
tert-butyl substituents. These bulky substituents do not
only hamper the coordination of the single P atoms, but
they also cause a sinusoidal form of the copper halide
ladder structure. To the best of our knowledge, these
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Fig. 1. Section of the 1D ladder structure of [{Cu(u3-X) }4{Fe(

%/ G

1,n3:m -P3CarBun)a bl (X =C1(2); X = Br 3); X =1 (4)).

tert-Butyl groups are omitted for clarity. Selected bond lengths (A) and angles (deg) for 2: Cu(1)-Cl(1) 2.437(3), Cu(2)-CI(3)
2.390(3), Cu(1)-P(1) 2.173(4), Cu(2)-P(5) 2.188(4), P(1)-P(2) 2.109(5), P(4)-P(5) 2.118(5); CI(2)-Cu(1)-P(1) 122.1(1),
P(5)-Cu(2)-CI(3) 114.6(1); for 3: Cu(1)-Br(1) 2.520(1), Cu(2)-Br(3) 2.513(1), Cu(1)-P(1) 2.220(1), Cu(2)-P(5) 2.203(1),
P(1)-P(2) 2.127(1), P(4)-P(5) 2.115(1); Br(2)-Cu(1)-P(1) 115.4(2), P(5)-Cu(2)-Br(3) 109.1(2); for 4: Cu(1)-1(1) 2.664(1),
Cu(2)-I(3) 2.657(1), Cu(1)-P(1) 2.248(3), Cu(2)-P(5) 2.250(3), P(1)-P(2) 2.124(3), P(4)-P(5) 2.119(3); I(2)-Cu(1)-P(1)

116.91(8), P(5)-Cu(2)-1(3) 106.99(8).

Fig. 2. View of the sinusoidal ladder structure of 2. Tert-butyl
groups are omitted for clarity.

are the first examples of sinusoidal copper halide lad-
der structures.

In comparison with 2-4 the 1D-polymeric
compound [{Cus(u-T)(u3-1)2 }(CH3CN){Fe(u,n:n!-
P3C2tBU2)(,U3,TISZT]1—P3C2tBU2)}]n (5) shows a
structurally different 1D-polymeric Cul strand. A
section of the molecular structure is depicted in Fig. 3.
It consists of (Cuyly) stairs, which are connected via
[(LCu),I;] four-membered rings (L = CH3CN). The
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(Cu,l,) backbone is coordinated by hexaphosphafer-
rocene molecules, which once again act as chelating
ligands, however, in the new 1,2,1’-coordination
mode, in which the chelating hexaphosphaferrocene
molecules coordinate via the two neighbouring phos-
phorus atoms of one tri-phospholyl ligand and via
one of the two adjacent phosphorus atoms of the
second tri-phospholyl ligand. The unique phosphorus
atoms are again sterically hindered because of the
tert-butyl-groups on the neighbouring carbon atoms
and do not coordinate. Each copper atom is tetrahe-
drally coordinated, either through the coordination of
three iodine atoms and one phosphorus atom (copper
atoms in the (Cul)y stairs) or via two iodine atoms,
one phosphorus atom and one acetonitrile ligand
(copper atoms in the (Cul), ring). Even when the
hexaphosphaferrocenes act as chelating ligands, the
tri-phospholyl rings remain planar, and they become
even more parallel (the tilt angles are 5.8 and 6.0° in 2,
4.5 and 5.6° in 3, 4.5 and 4.9 in 4 and 4.7° in 5) than
in the uncoordinated molecule 1 (8°) [9].

The Cu-X bond lengths [X = CI: 2.336(1)—
2.490(1) A (2); X = Br: 2.458(1)-2.532(1) A (3);

Fig. 3. Section of the 1D-polymeric struc-
ture of 5. tert-Butyl groups are omitted
for clarity. Selected bond lengths (A) and
angles (deg): Cu(1)-I(1) 2.645(1), Cu(2)-
— I(1) 2.623(1), Cu(2)-1(3) 2.796(1), Cu(3)-
I(3) 2.604(1), Cu(3)-I(2) 2.564(1), Cu(2)-
I(2) 2.620(1), Cu(1)-P(1) 2.255(1), Cu(2)-
P(4) 2.254(1), Cu(3)-P(5) 2.423(1), P(1)-P(2)
2.115(1), P(4)-P(5) 2.113(1); I(1)-Cu(1)-N
104.6(3), N—Cu(1) —P(1) 108.5(4), I(3)-Cu(3)-
P(5) 101.64(9), I(1)-Cu(2)-P(4) 121.8(1).
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X =L 2.611(1)-2.702(1) A 4), X = I: 2.564(1)-
2.796(1) A (5)] are within the expected range [13, 14].
The Cu-P distances are between 2.173(1)
and 2.190(1) A in 2, 2.203(1) and 2.229(1) A
in 3,2.248(3) and 2.252(3) A in 4, and 2.254(1) A and
2.423(1) A in 5. The bond lengths between the two
neighbouring phosphorus atoms in the coordinated
hexaphosphaferrocenes [2.109(1)—2.118(1) A i 2,
2.103(1)-2.137(1) A in 3, 2.119(3)-2.126(3) A
in 4, and 2.115(1)-2.113(1) A in 5] are compara-
ble to those in uncoordinated 1 (2.112(5) A) [9].
Interestingly, the chelating coordination has a small
influence on the distances between the iron atom
and the P and C ring atoms of 1 [Fe-P: 2.333(1)—
2.387(1) A in 2, 2.332(1)-2.380(1) A in 3, 2.328(3) -
2.388(3) A in 4, 2.333(1)-2.399(1) A in 5; Fe—C:
2.174(1)-2.256(1) A in 2, 2.161(1)—2.252(1) A in 3,
2.193(10)-2.219(9) A in 4, and 2.184(1)-2.253(1) A
in 5] in comparison to the uncoordinated sand-
wich complex 1 [Fe-P: 2.330(3)-2.359(3); Fe—C:
2.197(11), 2.222(12)]. The average Fe—P distance
becomes slightly longer upon coordination, whereas
the Fe—C distances are partly elongated, but partly also
shortened compared to those in 1.

The reaction of 1 with CuX (X = Cl, Br, I) in a
1 : 2 stoichiometric ratio

The applied 1:2 stoichiometric ratio between the
hexaphosphaferrocene 1 and CuX (X = CI, Br, I) re-
sults in the formation of the already described com-
pounds 3 and 5 for X = Br, I, however, in case
of X = Cl green, parallelepiped-shaped crystals of
the poorly soluble oligomeric compound [{Cu(u;s-
C1)}4(CH3CN), {Fe(u,n>:n'-P3CotBus)s }2] (6) were
isolated. The best solubility was observed in mix-
tures of CH;Cl, and CH3CN (1:1), but according
to the NMR data, 6 dissolves under decomposition.
The 3'P{'H} NMR spectra of dissolved crystals of 6
show three signals at 67.8 (pseudo-triplet), 52.9 (mul-
tiplet) and 31.2 ppm (multiplet) with relative inten-
sities of 1:1:1, which resembles the spectrum of
the starting material 1 (also with similar coupling
constants), whereas the resonances of 6 are partly
shifted to higher field (¢f. 3'P{'H} NMR spectra
of 1: 79.0, 71.0 and 32.0 ppm). The molecular struc-
ture of 6 consists of a (CuyCly) stair, which is co-
ordinated by two hexaphosphaferrocene molecules.
The hexaphosphaferrocenes act once again as chelat-
ing ligands in a 1,1’ coordination mode. Two cop-

Fig. 4. Molecular structure of the oligomeric compound 6.
tert-Butyl groups are omitted for clarity. Selected bond
lengths (A) and angles (deg): Cu(1)-Cl(1) 2.419(1), Cu(2)—
CI(2) 2.338(1), Cu(2)-CI(1) 2.390(1), Cu(1)-CI1(2) 2.323(1),
Cu(1)-P(1) 2.183(1), Cu(2)-P(4) 2.203(1), Cu(2)-N(012)
2.022(1), P(1)-P(2) 2.116(2), P(4)-P(5) 2.113(2); CI(2)-
Cu(1)-CI(1) 109.80(1), Cu(1)-Cl(1)-Cu(2) 99.70(1), P(1)-
Cu(1)-CI(1) 118.35(1), P(4)—Cu(2)-CI(1) 112.58(1).

per atoms are additionally coordinated by two acetoni-
trile ligands. The molecular structure of 6 is shown in
Fig. 4.

The hexaphosphaferrocene molecules coordinate
with one of the two neighbouring phosphorus atoms
to the copper atoms of the CuCl stair-like structure.
The sterically hindered phosphorus atoms do not take
part in the coordination. Each copper atom is in a tetra-
hedral coordination sphere. The Cu—Cl bond lengths
are between 2.323(1) and 2.419(1) A and are therefore
in good agreement with the Cu—Cl bond lengths in 2.
The Cu-P distances range from 2.183(1) to 2.203(1) A
and thus are slightly longer than those in 2 (2.173(1)—
2.190(1) A), but slightly shorter than those in 3
(2.203(1)-2.229(1) 10%) and considerably shorter than
those observed in 4 (2.248(3)-2.252(3) 10%) and 5
(2.254(1)-2.423(1) A). The P—P bond lengths (P1-P2:
2.116(1), P4-P5: 2.113(1) A) are in a very good
agreement with those in 1 (2.112(5) A), 2 (2.109(1)-
2.118(1) A), 3 (2.103(1)-2.137(1) A), 4 (2.119(3)—
2.126(3) A) and 5 (2.115(1) A, 2.113(1) A). Fi-
nally, the distances between the central iron atom
and the tri-phospholyl ligands are again only slightly
changed in comparison those in 2, 3, 4 and 5,
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and in a good agreement with the bond lengths
observed in 1. In 6, the Fe-P distances are be-
tween 2.340(1) and 2.369(1) A and the Fe-C dis-
tances between 2.199(1) and 2.234(1) A. Again, the tri-
phospholyl ligands are planar and approximately par-
allel with an angle between the planes of 5.7°.

The reaction of 1 with Ag[AI{OC(CF3)3}4] ina
1 : 1 stoichiometric ratio

The reaction of 1 with Ag[AI{OC(CF3)3}4]inal:1
stoichiometric ratio in CH,Cl, results in the formation
of yellow-brown needles of 7. The crystal structure
analysis was not completely successful [15], because
the crystals were pseudo-merohedrically twinned.
However, the structure refinement indicates that one
silver cation is coordinated by two hexaphospha-
ferrocene molecules 1, resulting in compound 7
(Scheme 2). The elemental analysis of the isolated
crystals was in agreement with the suggested molecu-
lar composition. Moreover, the proposed composition
derived from the X-ray crystal structure analysis was
confirmed by the ESI mass spectra through the ob-
servation of the molecular cation at m/z = 1143. In-
terestingly, the base peak most likely corresponds to
the tripledecker complex [{(1°-P3CptBus)Fe}o(u,n*-
P4)] (m/z = 698), which is unknown so far. Its forma-
tion is reasonable, however, since a polymeric com-
pound, which contains a similar tripledecker complex
[Cp"'Fea(,n*-P4)] (Cp” = n°-CsH,tBuy) is formed
in the reaction of [Cp”/Fe(n°-P3CytBu,)] with CuCl
in a 1:2 stoichiometric ratio [8]. The X-ray crystal-
lographic data established the position of the heav-
ier atoms and gives evidence for the molecular struc-
ture 7-1 (Scheme 2). However, it is uncertain if a
square-planar arrangement or a spiro-type coordina-
tion is adopted. The only compound, in which a sil-
ver cation is distorted tetrahedrally coordinated by the
chelating 1,1’-diphosphaferrocene [Fe(n5 -PC4Mey)s],
was described by Cowley and coworkers in 1993 [16].

B o+
—=
" S
P |
Fe RS Ny P
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./P_ = N, Scheme 2. Proposed
o = molecular structures of

the cation of 7.

The 3'P{'H} NMR spectrum of 7 in CD,Cl,
at r.t. displays three broad signals at 82.3, 60.6
and —37.7 ppm (starting material 1 [9]: 79.0 (Pa),
71.0 (Pg) and 32.0 (Pc) ppm, Scheme 2) without
any detectable coupling to the '7/1Ag nuclei and
an integration ratio of approximately 1:1:1. The
signal at 60.6 ppm (broad doublet) shows a split-
ting of 393 Hz, which also appears in the signal at
—37.7 ppm (broad doublet). The shift to higher field
of these two signals (probably belonging to the phos-
phorus atoms Pg and Pc) compared to those of un-
coordinated 1 indicates a coordination of the adja-
cent phosphorus atoms to Ag™. The room-temperature
'"H NMR spectrum of 7 displays two singlets at 1.66
and 1.55 ppm, whereas only one signal for the chem-
ically equivalent fert-butyl groups in 7-I would be ex-
pected. According to these results, it is more likely
that structure 7-II (Scheme 2), in which the hexaphos-
phaferrocene 1 shows a dynamic 7 coordination, is
present in solution. This is in accord with compounds
containing Ag™ as the connecting metal ion, which
are known to undergo rearrangement in solution [7].
Variable-temperature >'P{'H} and '"H NMR spectra
were recorded. When the temperature is reduced, the
signals become very broad (in both the 3'P{'H} and
'H NMR spectrum), whereas new, broad signals ap-
pear G'P{"H} NMR at 92 ppm, 'H NMR at 0.05 ppm).
However, it is doubtful that the variable-temperature
NMR data show the conversion of 7-II to the solid-
state structure 7-1.

The results have shown that the hexaphospha-
ferrocene 1 is a promising and useful ligand for
Cu(l) and Ag(). It acts as a chelating ligand
and shows in addition to the favoured 1,1’-ligation
also the new 1,2,1'-coordination mode. The co-
ordination compounds obtained starting from CuX
[X= CI (2), Br (3), I (4,5)] are either insoluble
ID-polymeric compounds or the oligomeric com-
pound 6, which dissolves under decomposition. With
Ag[AI{OC(CF3)3}4] the monocationic coordination
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compound 7 was obtained, which undergoes rearrange-
ment in solution.

The ready attachment of 1 to polymeric CuX units
poses the interesting question whether these systems
could behave as “supported catalysts” in view of the
availability of several “unused” phosphorus lone pairs
on the coordinated P3C,tBu; rings and their potential
to interact with rhodium or palladium metal centres.

Experimental Section

All manipulations were carried out under an atmo-
sphere of dinitrogen using standard Schlenk techniques.
All solvents were dried using standard procedures and dis-
tilled freshly before use. [Fe(nS—P3C2tBu2)2] (1) [9] and
Ag[AI{OC(CF3)3 }4] [17] were prepared according to the lit-
erature.

Synthesis of [{Cu(p3-Cl)} 4 Fe(1t,n° 1" -P3C2tBuz )2 }21n
(2)

A solution of CuCl (16 mg, 0.16 mmol) in 10 mL of
CH;3CN was layered onto a solution of [Fe(nS—P3C2tBu2)2]
(1) (85 mg, 0.16 mmol) in 10 mL of CH,Cl, at r.t. After
complete diffusion of the phases, the solution was filtered
and reduced to half the volume. After some weeks bright-
green, very thin needles of 2 were formed. The mother liquor
was decanted, and the crystals were washed with pentane and
dried under vacuum. Yield: 5 mg (0.003 mmol, 4 %). Due
to the low yield no other analytical data besides the crystal
structure analysis were collected.

Synthesis of [{Cu(p3-Br)}4{Fe(i,n° 0! -P3CtBuz)2 2 In
(3)

A solution of CuBr (23 mg, 0.16 mmol) in 10 mL of
CH3CN was layered onto a solution of [Fe(nS-P3C21Bu2)2]
(1) (85 mg, 0.16 mmol) in 10 mL of CH,Cl, at r.t. After
complete diffusion of the phases, the solution was filtered
and reduced to half the volume. After a few weeks dark-
green needles of 3 were formed. The mother liquor was de-
canted, and the crystals were washed with pentane and dried
under vacuum. Yield: 25 mg (0.02 mmol, 20 %). — Anal.
for C41H74Br4Clo,CugFes Py caled. C 29.07, H 4.40; found
C 29.08, H 4.60.

Synthesis of [{Cu(pi3-)}4{ Fe(u,n’:0n"-P3C3tBuz)2}21n (4)
and [{Cuz(u-1)(u3-1)2}(CH3CN){Fe(11,n’ 1" -P3C;tBuy)-
(w30’ :n!-P3CatBuz)}In (5)

A solution of Cul (31 mg, 0.16 mmol) in 10 mL of
CH3CN was layered onto a solution of [Fe(nS-P3C21Bu2)2]
(1) (85 mg, 0.16 mmol) in 10 mL of CH,Cl, at r.t. Af-
ter complete diffusion of the phases brown rod-shaped crys-

tals of 4 and brown cuboidal crystals of 5 were formed.
The mother liquor was decanted and the crystals were
washed with pentane and dried under vacuum. Yield: 31 mg
(0.026 mmol, 47 %). — Anal. for Co3H4| CusFel3NP¢Cl; (5):
caled. C 22.72, H 3.40, N 1.15; found C 22.65, H 3.44,
N I.16.

Synthesis of [{Cu(113-Cl)}4(CH3CN)>{Fe(u,n° ' -
P3C>tBuj ), /2] (6)

A solution of CuCl (24 mg, 0.24 mmol) in 5 mL of
CH3CN was layered onto a solution of [Fe(nS—P3C2tBu2)2]
(1) (62 mg, 0.12 mmol) in 5 mL of CH,Cl; atr. t. After com-
plete diffusion of the phases, the reaction mixture was filtered
and layered with Et;O. Green parallelepiped-shaped crys-
tals of 6 were formed within three weeks. The mother liquor
was decanted, and the crystals were washed with hexane and
dried under vacuum. Yield: 47 mg (0.031 mmol, 52 %). —
Anal. for C44H78C14CU4F62P12N22 caled. C 33.78, H 5.00,
N 1.75; found C 33.52, H 5.09, N 1.28. - 3!P{'H} NMR
(400 MHz, 298 K, CD,Cl,/CH3CN): 8 = 67.9 (m), 52.9 (m)
and 32.2 ppm (m).

Synthesis of [Ag{Fe(u,n° :n'-P3C5'Buy)» 2 J[Al{OC-
(CF3)3}4] (7)

A solution of Ag[AI{OC(CF3)3}4] (184 mg, 0.16 mmol)
in 10 mL of CH,Cl, was mixed with a solution of
[Fe(n°-P3CytBuy),] (1) (85 mg, 0.16 mmol) in 10 mL
of CH;Cl, at r.t. A small amount of a brown precipi-
tate was filtered off, and the clear green solution was kept
at 8 °C for one week, during which time yellow-brown
needles of 7 formed. The mother liquor was decanted,
and the crystals were washed with hexane and dried un-
der vacuum. Yield: 59 mg (0.028 mmol, 34 %). — Anal.
for Cs¢H7oP12Fep AgAlO4F56: caled. C 31.8, H 3.4; found
C 31.97, H 3.51. — '"H NMR (400 MHz, 298 K, CD,Cl,):
0 = 1.55 (s, tBu), 1.66 ppm (s, tBu). — 'H NMR (400 MHz,
193 K, CDyCly): 8 = 0.05 ppm (s, broad). — 3!'P{'H}
NMR (400 MHz, 298 K, CD,Cl,): § = 82.3 (m), 60.6 (m)
and —37.7 ppm (m). — 3'P{'H} NMR (400 MHz, 193 K,
CD,Cly): & = 92 ppm (very broad). — '°F NMR (300 MHz,
298 K, CD;,Clp): 8 = —75.6 ppm (s, [AI{OC(CF3)3}4]17). -
MS (ESI): cations: m/z (%) = 1143.2 (6) [M]", 698.3
(100) [(P3C21Bu2)Fe([,t,n4-P4)Fe(P3C2tBu2)]+; anions: m/z
(%) =967.2 (100) [AI{OC(CF3)3}4] .

Crystal structure determinations

Details of the crystal structure determination are listed
in Table 1. The crystal structure measurements of com-
pounds 2 —7 were carried out on an Oxford Diffraction Gem-
ini R Ultra CCD diffractometer with CuKy radiation (A =
1.54180 A). The structures were solved using either SIR-
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Table 1. Crystallographic data of the polymeric and oligomeric compounds 2 — 6.

Crystallographic data 2 - CH3CN 3 - 2CH,Cl,
Empirical formula Cy4H75Cl4Cuy- C4yH76BrsClyCuy-
FezPlzN FCzP]z

M; 1473.37 1779.97

Crystal size, mm? 0.323x0.020x0.017  0.15x0.04x0.02

T,K 150(1) 150(1)

Crystal system triclinic triclinic

Space group P1 P1

a, A 12.181(1) 13.656(3)

b, A 16.557(2) 15.084(2)

¢, A 16.816(2) 16.387(3)

o, deg 102.32(1) 96.499(12)

B, deg 127.02(1)(2) 105.397(17)

Y, deg 92.59(1) 91.813(15)

v, A3 3090.7(5) 3226.7(11)

z 2 2

Pealeds cm ™3 1.58 1.83

W, mm™ 9.9 12.4

F(000), e 1500 1768

hkl range +12, £16, +16 —14<h<15
—17<k<17
—18<1< 18

Refl. measd. / unique 12577 112577 23838 /10078

Rint a 0.0594

Param. refined 397 637

R(F)/wR(F?)" (all refl.)  0.0817/0.2295 0.0478 /0.1108

GoF (F2)° 0.988 0.879

Apgn (max / min), eA=3  1.001/-0.522 0.920/ —1.051

4 - 2CH,Cl, 5 - CH,Cl, 6

C42H76Cly Cuy- Cy3Hy1 Cus- C44H78ClyCuy-
FCzI4P12 FCI3NP6C12 FezPlzNz
1967.97 1215.49 1514.42
0.3820%x0.0934%x0.0443  0.32%x0.11x0.08 0.18x0.10x0.06
123(1) 123(1) 123(1)
triclinic triclinic triclinic

P1 P1 Pl

14.0754(6) 11.1717(15) 11.1315(7)
15.2164(8) 13.4627(16) 11.4506(7)
16.4891(9) 13.8104(17) 15.6164(9)
97.484(4) 88.261(10) 96.948(5)
106.520(4) 66.465(13) 95.840(5)
93.736(4) 84.304(11) 118.448(6)
3337.5(3) 1894.8(5) 1708.1(2)

2 2 1

1.96 2.13 1.47

23.7 27.9 9.0

1912 1164 772
—16<h<8 +12, £15, £15 —12<h<12
—17<k<17 —12<k<13
—18<h<19 —17<1<17
20936/ 11116 23978 /5219 30315 /5346
0.0548 0.0492 0.0759

637 366 320
0.0646/0.1788 0.0335/0.0858 0.0359/0.0927
0.999 0.974 0.997

3.088/ —1.834 1.719/ —0.838 0.838/—0.631

2 The measured crystal was a two-domain non-merohedral twin, the twin law is a twofold rotation about the axis [0 0 1]. The intensities were
integrated separately for both orientation matrices and then combined to a SHELXL HKLF5-format file considering an overlap threshold.
This special format does not allow further merging of equivalent reflections in SHELXL, no R;, can be given. Due to the crucial question of
determining the intensities of partially overlapped reflections correctly, all final R values are slightly enlarged; ® R1 = X||Fy| — |F||/Z|Fo |,
WR2 = [Zw(Fo? — F.2)2/Zw(Fy?)?])'/?; © GoF = [Ew(Fy? — F:2)? / (obs — Mparam)] '/

97 [18] or SHELXS-97 [19] and refined using SHELXL-
97 [20] with anisotropic displacements for non-hydrogen
atoms. Hydrogen atoms were located in idealised positions
and refined isotropically according to the riding model. Only
a moderate data set could be collected for compound 7, since
the obtained crystals were twinned.

CCDC 749554 (2), 749555 (3), 749556 (4), 749557 (5)
and 749558 (6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of

charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

This work was comprehensively supported by the Deut-
sche Forschungsgemeinschaft (DFG) and the Fonds der
Chemischen Industrie. J.F.N thanks the Alexander von
Humboldt Foundation for the award of a research prize. The
authors would like to thank Dr. Ulf Vogel for measuring and
solving the crystal structure analysis of 6.

[1] Recent review articles: a) W. Huang, H.-B. Zhu, S.-H.
Gou, Coord. Chem. Rev. 2006, 250, 414—-423; b) N.C.
Gianneschi, M. S. Masar III, C. A. Mirkin, Acc. Chem.
Res. 2005, 38, 825-837; ¢) M. Ruben, J. Rojo, F.J.
Romero-Salguero, L. H. Uppadine, J.-M. Lehn, Angew.
Chem. 2004, 116, 3728 —3747; Angew. Chem. Int. Ed.
2004, 43, 3644 —-3662; d) L. Carlucci, G. Ciani, D. M.
Proserpio, Coord. Chem. Rev. 2003, 246, 247 —289;

e) G.F. Swiegers, T.J. Malefetse, Coord. Chem. Rev.
2002, 225,91 -121.

[2] M. Scheer, Dalton Trans. 2008, 4372 —4386.

[3] J. Bai, A. V. Virovets, M. Scheer, Angew. Chem. 2002,
114, 1808—-1811; Angew. Chem. Int. Ed. 2002, 41,
1737 - 1740.

[4] a) J. Bai, A.V. Virovets, M. Scheer, Science 2003,
300, 781 -783; b) M. Scheer, J. Bai, B.-P. Johnson,



A. Schindler et al. - Hexaphosphaferrocene [Fe(nS-P3C2tBu2)2]

1437

(5]

(6]

(7]

(8]

(9]
(10]

[11]

[12]

R. Merkle, A.V. Virovets, C.E. Anson, Eur. J. Inorg.
Chem. 2005, 4023 -4026. ¢) M. Scheer, A. Schind-
ler, J. Bai, B.-P. Johnson, R. Merkle, R. Win-
ter, A.V. Virovets, E. V. Peresypkina, N.A. Blatov,
M. Sierka, H. Eckert, Chem Eur. J., DOI:10.1002/
chem.200902554.

M. Scheer, A. Schindler, C. Groger, A.V. Virovets,
E. V. Peresypkina, Angew. Chem. 2009, 121, 5148 —
5151; Angew. Chem. Int. Ed. 2009, 48, 5046 — 5049.
M. Scheer, A. Schindler, R. Merkle, B.-P. Johnson,
M. Linseis, R. Winter, C. E. Anson, A. Virovets, J. Am.
Chem. Soc. 2007, 129, 13386 —13387.

M. Scheer, L.J. Gregoriades, A. V. Virovets, W. Kunz,
R. Neueder, 1. Krossing, Angew. Chem. 2006, 118,
5818 —5822; Angew. Chem. Int. Ed. 2006, 45, 5689 —
5693.

S. Deng, C. Schwarzmaier, U. Vogel, M. Zabel, J. F.
Nixon, M. Scheer, Eur. J. Inorg. Chem. 2008, 4870 —
4874.

R. Bartsch, P. B. Hitchcock, J. F. Nixon, J. Chem. Soc.,
Chem. Commun. 1987, 1146 —1148.

R. Bartsch, A. Gelessus, P. B. Hitchcock, J. F. Nixon,
J. Organomet. Chem. 1992, 430, C10-C14.

A.J. Blake, N.R. Brooks, N.R. Champness, P.A.
Cooke, A.M. Deveson, D. Fenske, P. Hubberstey,
W.-S. Li, M. Schroder, J. Chem. Soc., Dalton Trans.
1999, 2103 - 2110, and refs. cited therein.

a) A. Camus, G. Nardin, L. Randaccio, Inorg. Chim.
Acta 1975, 12, 23-32; b) M.R. ChurchilOl, K.L.
Kalra, Inorg. Chem. 1974, 13, 1427 -1434; c) H. V. Ly,
M. Parvez, R. Roesler, Inorg. Chem. 2006, 45, 345 —
351.

[13]

[14]

[15]

[16]

(17]
(18]

[19]

[20]

a) C. Ganesamoorthy, M. S. Balakrishna, P.P. George,
J.T. Mague, Inorg. Chem. 2007, 46, 848-858;
b) S. Ramaprabhu, N. Amstutz, E.A.C. Lucken,
G. Bernardinelli, J. Chem. Soc., Dalton Trans. 1993,
871-875.

E. Cariati, D. Roberto, R. Ugo, P.C. Ford, S. Galli,
A. Sironi, Inorg. Chem. 2005, 44, 4077 —4085.

Since all crystals of 7 unfortunately were twinned, only
an incomplete crystal structure analysis could be per-
formed. The unit cell at 7 = 123 K was determined
as a monoclinic, C-centred unit cell with: a = 27.210,
b = 17.516, ¢ = 18.089 A, B = 109.39°, and V =
8132.23 A3.

D.A. Atwood, A.H. Cowley, S.M. Dennis, Inorg.
Chem. 1993, 32, 1527 -1528.

L. Krossing, Chem. Eur. J. 2001, 7, 490 —502.

A. Altomare, M.C. Burla, M. Camalli, G.L. Cas-
carano, C. Giacovazzo, A. Guagliardi, A.G.C. Mo-
literni, G. Polidori, R. Spagna, SIR97, A Program for
the Automatic Solution of Crystal Structures by Di-
rect Methods; see: J. Appl. Crystallogr. 1999, 32, 115 —
119.

G. M. Sheldrick, SHELXS-97, Program for the Solution
of Crystal Structures, University of Gottingen, Gottin-
gen (Germany) 1997. See also: G. M. Sheldrick, Acta
Crystallogr. 1990, A46, 467 —473.

G. M. Sheldrick, SHELXL-97, Program for the Refine-
ment of Crystal Structures, University of Gottingen,
Gottingen (Germany) 1997. See also: G. M. Sheldrick,
Acta Crystallogr. 2008, A64, 112—-122.



