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The synthesis and characterization of [Cp°,Mo,P,S] (1) and
[Cp°2Mo0,P,S3] (2) (Cp® = 1-tBu-3,4-Me,CsH,) has been de-
scribed. The reaction of 1 in CH,Cl, with 2 equiv. of Cul in
MeCN under diffusion conditions gave [(Cp°,Mo,P,;S)3-
(Cul)y], (6a). The crystal structure of 6a consists of helical
substructures of opposed chirality which are formed by the
coordination of two Cu,l, rings to three phosphorus atoms of
the cyclo-P,S middle deck of 1. The resulting helix is con-
nected with four helices of the same chirality by front-back-
side P coordination of another 1 unit. Compound 6a can re-
versibly include or release CH,Cl, molecules without loosing
its crystalline character. Thus, storing crystals of 6a under
CH,Cl, results in the formation of 6a-0.55CH,Cl, (6b), the
unit cell volume increasing by 113.6 A3 per formula unit,

while in high vacuum the unit cell volume of 6b decreases to
the value of 6a. The reaction of 1 with Cul in the presence
of P,S; gave a mixture of two isomeric polymers 7 and 8 of
composition [(Cp°,Mo,P,S)(P4S3)(Cul),],. The crystal struc-
tures of both compounds 7 and 8 contain linear strands of
[1(Cul),], and [(P4S3)(Cul),], with planar Cu,l, rings as com-
mon interface. A two-dimensional framework is formed by
interpenetration of both types of strands. The analogous re-
action of the mixture of [Cp*,Mo,P,S] (Cp* = CsMes) and
P,S; with Cul gave [(Cp*2Mo,P,S)(P4S;3)(Cul),], (9). Contrary
to the structures of 7 and 8 in this compound coordination of
adjacent P atoms of the n3-P; ligand and the 1n2-PS dumbbell
leads to the formation of one-dimensional ribbons.

Introduction

There is much actual interest in the assembly of coordi-
nation polymers from copper halides and organic Lewis
bases.''! In particular linkers with N,2 P S or Se*! atoms
play an important role for the construction of supramolec-
ular organic-inorganic hybrid materials with interesting
physical properties. Recent developments focus on the si-
multaneous coordination of bifunctional PN or S,NI¢
containing organic ligands. Surprisingly little is known
about the coordination properties of bifunctional P,S li-
gands. A prominent example of a multifunctional inorganic
P.S ligand is the P4S; cage molecule. While it is possible to
involve one to four P atoms in copper coordination,[’! the
realization of simultaneous coordination of sulfur and
phosphorus by a metal ion has been achieved only with
Ag[WCA] compounds (WCA = weakly coordinating
anion).[®]
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Bis(cyclopentadienylmolybdenum) tripledecker com-
plexes containing a cyclo-Ps .S, (n = 1, 3) middle deck
(Scheme 1)P! are potential organometallic building blocks
for the construction of supramolecular networks with cop-
per(I) halides. This has been shown for the first time by the
P,S ligand complex [Cp*,Mo,(p,1n>3-P3)(1,n>-PS)] (Cp* =
n3-CsMes),” which forms a one-dimensional polymer with
CuL.'% In this compound P atoms in the positions 1 and 4
(Scheme 2) are involved in coordination, whereas the par-
ticipation of sulfur has been excluded by spectroscopic me-
ans. A further example of P,S tripledecker complexes is
[Cp*,Mo,(1,n>2-PS),S], in which the coexistence of two n>-
PS ligands and a singly bridging sulfur ligand has been es-
tablished in the form of two positional isomers A and B
(Scheme 1).I'1 No efforts have been made so far to combine
two such different types of multifunctional ligands like
[Cp*,Mo,P,S] and P4S; by copper halide building blocks.
It was also our intention to influence the formation of po-
tential polymers by replacing the Cp* ligand by Cp°® (Cp°
= 1-tBu-3,4-Me,CsH,). Apart from the synthesis and char-
acterization of [Cp°,Mo,P,S3:{W(CO)s},] the Cp° ligand
has been employed thus far only in group 5 metallocene
chemistry.l'?l As a result of this study we describe the for-
mation of an unprecedented helical framework from
[Cp°,Mo0,P4S] (1) and copper(I) iodide and the formation
of novel inorganic-organometallic hybrid polymers from a
mixture of 1 or [Cp*,Mo,P,S] with P4S; as competing con-
nector ligands and Cul.
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Scheme 1. Examples of tripledecker complexes with cyclo-Ps .S, (n
=1, 3) middle deck.-!?

Scheme 2. Connectivities and positions of main group atoms within
the middle deck of [Cp*,Mo0,P,S].I>-10

Results and Discussion

Synthesis of [Cp°,Mo,P5_,S,] (n =1, 3)

The reaction of [Cp°Mo(CO),], with P,4S5 in boiling tolu-
ene gave dark red [Cp°,Mo,P,S] (1), bright red
[Cp°.Mo0,P-S5] (2), yellow [Cp°Mo(CO),P5] (3), red
[Cp°,Mo0,(CO)4P>] (4), and dark brown [Cp°3;Mos(CO),-
P3S;] (5) [Equation (1)]. All compounds are sensitive
towards air and moisture. The composition of complexes 1-
5 has been confirmed by mass spectrometry and elemental
analyses. The 3'P NMR spectrum of 1 in C¢Dg is similar to
that of the related compound [Cp*,Mo,P,4S], for which the
presence of a p,n*3-Ps- and a pun>2-PS ligand has been
established.!

Cp°3M03P4S T C]JOEMGQPQS:g + CPOMD(C0)3P1

Cp°2M(=3(CO)4 toluene 1 2 3
+ i
P,S; HO°C 4 Cp°Moy(CO)sP; + Cp°3Mos(CO),P;Sy
4 5 1)

The 3'P NMR spectrum of 2 in C¢Dg (20 °C) reveals a
singlet at 6 = —58.4 ppm, which remains invariable down to
—-110 °C (CD,CL/[Dg]THF). This means a shift of 20 ppm
to high field compared to [Cp*,Mo,P,S5]. The 3'P MAS
NMR spectrum of 2 exhibits a group of signals centered at
0 = —62.1 ppm (Figure 1). This indicates the existence of
different conformations of both cyclopentadienyl rings with
respect to the P,S; middle deck in the solid state
(Scheme 3), whereas in solution there is a rapid rotation of
the Cp° rings. By contrast, the 3'P MAS NMR spectrum of
[Cp°,Mo0,P,S5-{W(CO)s},] exhibits only one sharp signal at

= —63.8 ppm.l'!l The crystal structure determination of
the latter revealed an eclipsed conformation of Cp®° ligands
and the W(CO)s fragments coordinated at P atoms in posi-
tions corresponding to isomer A (Scheme 3). Thus, in this
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diadduct the correlation of spectroscopic with crystallo-
graphic data is in agreement with the existence of only one
conformer even in the solid state.[!!]

20 -40 -0 -80 -100 (ppm)

Figure 1. 3'P MAS NMR spectrum (121.49 MHz) of 2. Spinning
frequency 30 kHz, MAS probe 2.5 mm.

Scheme 3. Staggered conformations of the Cp® ligands with respect
to the c¢yclo-P,S; middle deck of 2. Positional isomers A (a) and B
(b) are considered.

Spectroscopic data of 3 and 4 are analogous to those of
related compounds with CsHs and Cp* ligands.[>>!3141 The
trinuclear complex 5 is an interesting by-product, which
crystallizes from benzene. Its composition follows from
mass spectrometry and X-ray diffraction analysis and is
supported by spectroscopic data. The IR spectrum shows
two strong vco frequencies at 1918 and 1830 cm™'. The 'H
NMR spectrum reveals three singlets for the tBu groups,
three signals for the methyl groups and five multiplets
(2:1:1:1:1) for the ring hydrogens. This pattern is in agree-
ment with three inequivalent Cp® rings. The *'P NMR spec-
trum in C¢Dg reveals a doublet at 6 = —120.8 ppm and a
triplet at 6 = 253.3 ppm in a ratio of 2:1 (3.Jp_p = 19 Hz).

Striking feature of the Cp°,Mo, tripledecker structure is
the middle-deck, which consists of two p,n*2-PS dumbbells
(averaged P-S bond lengths 2.055 A) and a dimetalla-di-
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thiophosphinato ligand (Figure 2). The sulfur atoms of this
ligand act as a chelating 3-electron ligand for a Cp°Mo-
(CO), fragment, thus extending the complex chemistry of
organodithiophosphinates.!'>] The tripledecker unit of 5
may formally be derived from 2A if one replaces the singly
bridging sulfur atom by P3 including the attached fragment
(Scheme 1).

Figure 2. Molecular structure of 5. Selected distances [A]: Mol-
Mo2 2.625(1), Mol-P1 2.464(1), Mol-P2 2.467(1), Mol-P3
2.438(1), Mol-S1 2.490(1), Mol1-S2 2.5635(1), Mo3-S3 2.518(1),
Mo3-S4 2.519(1), P1-S1 2.060(2), P2-S2 2.049(2), P3-S3 2.080(2),
P3-S4 2.081(3), P1--P3 2.634(2), P2-+-P3 2.604(2), S1---S2 2.936(2).

Copper(I) Iodide Coordination Polymers

[(Cp°2Mo2P,S)3(Cul)y],

The reaction of 1 with Cul in the molar ratio 1:2 gave
[(Cp°,Mo0,P,S)5(Cul),], (6a). Dark brown prisms, which are
insoluble in common solvents, were obtained by the dif-
fusion method. The composition was determined by X-ray
diffraction analysis and has been confirmed by elemental
analysis. The 3'P MAS NMR spectrum reveals broad and
superposed resonances because of the presence of eight
non-equivalent phosphorus atoms (see below).

Compound 6a crystallizes in the space group /4,/a. The
crystal structure may be described by a three-dimensional
network, which contains at first glance folded four-mem-
bered Cu,l, rings and tripledecker molecules. There are two
crystallographically different organometallic linkers which
exhibit two different coordination modes with respect to the
Cu,l, rings. “Tripledecker 1” coordinates through P1, P2,
and P3 corresponding to the positions 1, 2, and 4 in the
middle deck. The structure refinement revealed, that S1 of
the PS dumbbell P1-S1 is pointing in two directions (S1
and Sla) and thus forcing the third P atom of the P; unit
also in two positions (P4 and P4a). These two orientations
were refined to be present in a ratio of 62:38. “Tripledecker
2” coordinates through positions 1 (P6) and 4 (P5) (Fig-
ure 3) to Cu,l,. Because the 4 axis of the space group runs
diagonally through the P4S-ring of this tripledecker unit
and none of these atoms lie exactly on this axis, all atoms
appear twice in a 50:50 ratio. Due to the fact, that the mid-
dle deck is attached to Cu,l, rings, only minor dislocations
between the two orientations are allowed and observed.
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Figure 3. Section of the crystal structure of 6a; S2 is covered by
Mo3. P1, P4 and SI represent 62%, P7, P8, and Sg 50% of the
disordered main group atoms. Selected distances [A] and angles
[°]: Mo-MOpean 2.677(1), Mo-S 2.481(3)-2.532(6), Mo-P 2.384(6)—
2.590(8), S1-P1 2.183(7), S1---P2 2.722(1), S2-P5 2.053(7), P1---P4
2.802(1), P2-P3 2.217(4), P3-P4 2.165(6), P6-P8 2.148(6), P7-P8
2.163(6), Cul-P1 2.250(2), Cul-P2 2.339(2), Cu2-P3 2.372(3),
Cu2-P6 2.223(5), Cu2-P5 2.243(5), Cu—Iean 2.672(2), Cul---Cu2
2.691(2); Cul-P2-P3 100.9(1), Cu2-P3-P2 90.6(1).

The cyclo-P,S middle deck of “tripledecker 17 coordi-
nates through vicinal atoms P2 and P3 of the P; ligand to
both Cu atoms of the folded Cu,I, ring. The corresponding
Cul-Cu2 distance is shortened to 2.691 A. Additionally, P1
of the PS dumbbell coordinates to Cul of the Cu,l, ring
of the next asymmetric unit. The assignment of Pl in the
dumbbell follows from correlation of spectroscopic and X-
ray crystallographic investigations in 1D-[(Cp*>,Mo0,P,4S),-
(Cul)s],,1'% which excludes the participation of sulfur as co-
ordination site. If one continues the alternating assembly of
“tripledecker 1” and Cu,l, rings a one-dimensional helix is
formed, which completes its repeat unit of 19.9 A by repeti-
tion of four asymmetric units (Figure 4 (top)) around the
4, axis of the space group.

The “tripledecker 2” coordinates through P5 of the PS
dumbbell and P6 of the P; ligand. The resulting front-back-
side coordination allows the connection of two opposed
Cu,l, four-membered rings, which are part of two separate
helices of the same sense (Figure 4 (middle)). Accordingly,
a central helix is connected with four helices of the same
chirality. Following the space group symmetry, the “triple-
decker 2” at z + 1/2 is acting in the same way, but now the
connected helices possess opposite chirality with respect to
the first group, running around the 43 axis. The resulting
crystal structure may then be described by a primitive pack-
ing of helical strands, in which adjacent strands have oppo-
site handiness (Figure 4 (bottom)).

Helical structures for (CuX), chains are already
known,!'! as well as the helical arrangement of an S,N li-
gand around a linear (Cul),, chain.!®! The helical structure
of 6a is unique in a sense that the fundamental building
blocks are forced by steric constraints. The structure con-
tains holes with some residual electron density, which seems
to be large enough for inclusion of solvent molecules, nei-
787
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Figure 4. Top: section of the left-handed helix of 6a. Shown is a
repeat unit, Cp®° rings are omitted for clarity. Middle: assembly of
left-handed helices of 6a in the lattice. Cp® rings are omitted for
clarity. Bottom: view of the 3D-network of 6a along the c-axis.
Left-handed helices are red, right-handed helices are green.

ther with residual electron density maps nor by the program
SQUEEZE!'"] reasonable electron maxima or electron num-
bers could be found. Compound 6a can reversibly include
CH,Cl, molecules without loosing its crystalline character.
After storing crystals of 6a under CH,Cl, they incorporate
solvent molecules in the inter-chain voids resulting in the
formation of 6a-0.55CH,Cl, (6b). This inclusion is ac-

788 www.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

companied by a unit cell volume increasing by 113.6 A per
formula unit. It is noteworthy that the single crystals keep
their quality during the process. In high vacuum (8 h) the
unit cell volume of 6b decreases to the value of 6a. The
crystals keep their shape and their diffraction pattern still
shows quite nice single separated reflections that can be eas-
ily indexed in the smaller unit cell. Therefore, the couple 6al
6b represents an interesting example of porous metal-or-
ganic polymeric compound that can reversibly absorb
CH,Cl, without losing its crystallinity.

The influence of the Cp® ligand on the formation of the
helical network in 6 is evident by a comparison with the
well investigated reaction of [Cp*,Mo,P,S] with CuX (X =
Cl, Br, I): The products of composition [(Cp*,Mo,P4S),-
(CuX);], are one-dimensional polymers in which linear
strands of alternating organometallic [Cp*,Mo,P,S] build-
ing blocks and (CuX); clusters bear pending [Cp*,Mo,P,S]
units, which are coordinated by the exo-P atom of the Ps
ligand (Figure 5).['% One may speculate that the unusual
side-on coordination of the Cu,l, ring to adjacent P atoms
of the P; ligand in 6a/6b may lead to the helical folding of
an originally linear structural motif.

Figure 5. Section of 1D-[(Cp*,;Mo0,P,S),(Cul);],.['% H atoms are
omitted for clarity in the pending units of [Cp*,Mo,P,S] whereas
the Cp* ligands are omitted in the linear units.

Inorganic-Organometallic Hybrid Coordination Polymers

The unexpected coordination properties of 1 prompted
us to investigate its coordination behavior towards Cul in
the presence of P4S;. This cage molecule provides two P
atoms of the basis and the apical P atom for the construc-
tion of a two-dimensional network in (P,4S;)(Cul);.'® In a
control  experiment the competitive reaction of
[Cp*,Mo0,P4S] and P4S; with Cul has been investigated.

[(Cp°:Mo,P,S)(P4S3)(Cul),l,

The reaction of a mixture of 1, P,S; and CH,Cl, with a
solution of Cul in MeCN gave two different kinds of red
platelets which were separated manually. X-ray diffraction
structure analysis revealed that compounds 7 and 8 have
similar composition [(Cp®>Mo0,P4S)(P4S5)(Cul),],. Accord-
ingly, elemental analysis of the crystalline material reflects
the composition of the mixture.

The crystal structures of both compounds 7 and 8 con-
tain linear strands of [1(Cul),], and [(P4S3)(Cul),],, which

Eur. J. Inorg. Chem. 2011, 785-793
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are linked by planar Cu,l, four-membered rings (see Fig-
ures 6, 8). Both the inorganic and organometallic building
blocks are trans-connected by this ring giving rise to a
crosswise pattern of strands within the ac plane. It is strik-
ing that in the structure of 7 the apical P atoms (P5) of the
cage molecules point in the same direction. The coordina-
tion of the cyclo-P,S middle deck is achieved by P1 of the
n3-P5 and P4 of the n?-PS ligands and the Cp® ligands are
oriented approximately parallel with respect to the ac plane
in 7 (Figure 7).

Figure 6.  Section of the crystal structure of 2D-
[(Cp°,M0,P,S)(P4S3)(Cul),], (7). Selected distances [A] in 7: Mo—
Mo 2.673(1), Mo-P 2.396(2)-2.621(2), M0-S,can 2.483(2), S1-P4
2.071(4), S-P (P4S3)mean 2.095(3), P1-P2 2.172(4), P2-P3 2.132(3),
P6-P7 2.219(3), P7-P7a 2.241(4), Cu-Ican 2.645(1), Cu-P,can
2.271(3), Cul-++Cu2 2.907(1).

Figure 7. Section of the crystal structure of 7; view down the a-
axis.

The structure of 8 differs from that of 7 by an alternate
orientation of the P,S; cages (Figure 8). Other differences
are incorporation of CH,Cl, molecules between the layers
and the tilted Mo—Mo axes by 11° with respect to the bc
plane what also affects the packing of the Cp® ligands. Con-
comitantly, there is a simultaneous disorder of P4S; cages
and Cu,l, rings caused by a switch of the coordination sites
from one P atom (P5) to the other (P6) within the P; basis.

FEur. J. Inorg. Chem. 2011, 785-793

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

The most striking difference between the structures of 7 and
8 is that P4S; undergoes a reorientational switch from one
Cu,l, ring to the other. As a consequence the coordination
sites of the basis P atoms are involved as well as the incli-
nation angles of the four-membered rings and the main-
group atoms of the cyclo-P4S middle decks within each
strand.

Figure 8. Section of the triclinic structure of 8; P2 is covered by S4.
Only the 67% majority of the polymer (see text) is shown; solvent
molecules are omitted for clarity. Selected distances [A]: Mo-Mo
2.683(1), S-P 1.972(6)-2.21(2), P-P 2.051(6)-2.503(7), Cu-P
2.236(2)-2.312(5), Cu-TI 2.607(1)-2.659(1), Cur**Cuppean 2.878(1).

[(Cp*3:Mo,PS)(P,S3)(Cul),l,

Red insoluble needles of composition [(Cp*,Mo,P,S)-
(P4S3)(Cul),], (9) were obtained by slow diffusion of a
CH;CN solution of Cul into a solution of equimolar
amounts of [Cp*,Mo,P,S] and P4S; in CH,Cl,. The struc-
ture of 9 was determined by X-ray crystallography and the
composition was confirmed by elemental analysis. The 3'P
MAS NMR spectrum of 9 shows rather broad signals (Fig-
ure 9), but it is possible to identify the resonances of the
different building blocks by comparison with spectra of
[Cp*,Mo,P,S]!  and P,Ss;-containing polymers, e.g.
(P4S5)(Cul);.78 Thus, the signals at § = —350, 300 and
330 ppm are part of the ABMX spectrum of [Cp*>,Mo,P,4S],
belonging to the n3-P; ligand. Whereas two resonances are
relatively sharp that at 6 = 330 ppm is significantly broad-
ened. Although the 3'P-9¥%>Cu coupling of this signal can-
not be resolved by simulation of the spectrum, it is clear
from correlation with the crystallographic result that the
lateral P atom P13 is coordinated to copper while P14 and
P15 are not. Unfortunately, the signal of the n?-PS dumb-
bell, which may be expected as a multiplet at 6 = —110 ppm,
is superposed by the very broad signal at 6 = —100 ppm.
The latter may be assigned to the P; basis of the P4S; cage,
which should give rise to a singlet and a multiplet. A cou-
pling with copper may also be expected for the apical P
atoms P4 and P8 what may explain the broad resonance
centered at & = 80 ppm. Corresponding chemical shifts for
(P4S3)(Cul); are 82.2 for the apical and -94.9 and
—94.2 ppm for the basal P atoms, while the3!P-°¥°>Cu cou-
pling constants range from 700 to 1600 Hz.[™
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Figure 9. Comparison of experimental 3'P MAS NMR spectra of
[Cp*,M0,P,S] (a; probe 2.5 mm, spinning frequency 30 kHz) and
9 (b; probe 2.5 mm, spinning frequency 34 kHz). Spinning side
bands are indicated by an asterisk.

The crystal structure of 9 is composed of Cu,l, four-
membered rings bearing trans-coordinated P4S; and triple-
decker building blocks. Each P,S; cage bridges two Cu,l,
rings by its apical P atom and one of the basal P atoms.
The organometallic unit employs the lateral P atoms P13
(P9) of the n3-P; ligand and adjacent P12 (P16) atoms of
the n2-PS dumbbell for coordination (Figure 10). This re-
sults in two sinoidal strands which are connected in an anti-
parallel manner to give 1D-ribbons. These are stacked in
the crystal along the a-axis (Figure 11). Between these rib-
bons are two fairly huge solvent accessible voids of 968 A3,
but it was not possible to build reasonable molecules from
residual electron maxima. Compared to the structures of 7
and 8 P atoms in positions 3 and 4 contribute to coordina-
tion (Scheme 2) and not positions 1 and 4.

One crystallographic problem is inherent to many struc-
tures of molybdenum tripledecker complexes with a P4S
middle deck and P4Ss cages: both structural subunits tend
to show positional disorder. In compound 9 here, where the
middle deck is only fixed by two P atoms to the connecting
copper, these P atoms statistically belong either to the PS
dumbbell or to the P; fragment. This is in agreement with
the originally found orthorhombic space group Cmc2, for
9, in which only one symmetry independent P and Cu atom
is possible to describe this binding situation. To elucidate
this disorder situation, we decide to describe the structure
in the monoclinic subgroup Clcl wherein all five atoms of
the middle deck can be described independently, inclusive
their disorder. The refined occupation factor for the two
orientation possibilities reaches a 53:47% statistic distribu-
tion.

The difficulty with the P4S; cage is to distinguish be-
tween apical and basal P atoms, despite the fact, that nor-
mally the apical and one basal P atom are bound to copper.
The situation in compound 9 is typical for this disorder, if
it is described in space group Clcl: the two bound P atoms
and the intermediate S atom are fully occupied and show

790 www.eurjic.org
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Figure 10. Section of the crystal structure of 1D-[(Cp*,Mo,P,S)-
(P4S5)(Cul),],, (9). Only one set of the disordered main group ele-
ments is shown. Selected distances [A]: Mo1-S7 2.507(6), Mol1-P9
2.434(7), Mol-P10 2.522(6), Mol-Pll 2.449(11), Mol-P12
2.429(7), Mo3-S8 2.516(8), Mo3-P13 2.419(6), Mo3-P14 2.516(8),
Mo3-P15 2.415(14), Mo3-P16 2.425(6), S1-P1 2.090(10), S1-P4
2.068(9), S2-P2 1.962(14), S2-P4 2.120(8), S3-P3 1.990(12), S3-P4
2.137(10), S7-P12 2.185(9), P1-P3 2.139(10), P1-P2 2.122(8), P9—
P10 2.179(9), P10-P11 2.085(15), Cul-Pl 2.320(9), Cul-P12
2.260(8), Cu2-P5 2.276(9), Cu3-P13 2.272(7), Cud-P4 2.309(8), I-
CUpean 2.62(1).

Figure 11. Section of the crystal structure of 9; view down the a-
axis.

normal displacement factors. For the remaining two S and
two P atoms, eight-electron maxima are available. From dis-
tances to the already existent atoms and between the found
maxima, one can clearly assign two sets of peaks to the
missing basal P atoms or to the bridging S atoms. The re-
fined occupation for the two orientations again nearly
reaches statistic distribution with 54:46%.

Conclusions

In conclusion, the introduction of the Cp® ligand (Cp° =
1-tBu-3,4-Me,CsH,) into the chemistry of dimolybdenum
tripledecker complexes with mixed group 15/16 element li-
gands gave among others [Cp®,Mo,P4S] (1), which turned

Eur. J. Inorg. Chem. 2011, 785-793
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out as a new phosphorus-rich multifunctional building
block in polymeric coordination chemistry.l'”l A new type
of dynamic helical porous metal-organic framework!?’! has
been formed by interaction of the cyclo-P4S middle deck of
1 with Cul, which is able to reversibly absorb CH,Cl, with-
out loosing its crystalline character. The role of the second-
ary building unit®®!! is taken over by the multi-functional
organometallic complex 1 while bent Cu,l, rings serve as
inorganic knots. Attempts to introduce an inorganic linker
into the system by adding P4S; as competitive reagent gave
one- and two-dimensional organometallic-inorganic hybrid
polymers 7-9. In these products planar Cu,l, rings serve as
knots combining inorganic and organometallic linkers in a
surprisingly selective manner, what may open new perspec-
tives for the synthesis of novel hybrid polymers.

Experimental Section

General: All manipulations were carried out under an inert atmo-
sphere using Schlenk-line techniques and dry solvents. Elemental
analyses were performed by the Mikroanalytisches Laboratorium,
University of Regensburg. IR spectra were obtained with a Varian-
Digilab Scimitar FTS800 spectrometer, FD mass spectra were mea-
sured on a Finnigan MAT95 spectrometer. The 'H and 3'P NMR
spectra were recorded on Bruker Avance 300 and 400 instruments,
respectively. 3'P MAS NMR spectra were recorded on a Bruker
Advance 300 spectrometer using a double resonance 2.5 mm MAS
probe. The 3'P resonance was 121.495 MHz. The spectra were ac-
quired at MAS rotation frequencies of 30 (2) and 34 kHz, a 90°
pulse length of 2.3 ps and with relaxation delays between 120 and
450s. [Cp°Mo(CO),], was prepared via decarbonylation of
[Cp°Mo(CO);],, whereas [Cp°Mo(CO)s], was synthesized from
Mo(CO)s and Cp°Lil?? in boiling THF, followed by subsequent
oxidation of the resulting Li{Cp°®Mo(CO);] according to standard
procedures.3]

Synthesis of [Cp°Mo(CO),l,: A mixture of Cp°Li (3.01g,
19.27 mmol), Mo(CO)s (4.55 g, 17.23 mmol) and THF (100 mL)
was refluxed for 19 h. After cooling of the dark red solution the
solution of Fe,(SO4);*9H,0 (10 g) and acetic acid (5 mL) in H,O
(100 mL) was added. Then the resulting bright-red precipitate of
[Cp°Mo(CO);], (4.00 g, 6.07 mmol, 71 %) was filtered, washed with
water, acetone and Et,O. The dry powder was suspended in toluene
(150 mL) and then refluxed for 48 h. From time to time the flask
was purged with N,. After concentration the dark solution was
filtered with toluene over SiO, (column 10 X 4 cm). After evapora-
tion of the solvent red [Cp°Mo(CO),], [3.63 g, 6.03 mmol, 70%
based on Mo(CO)4] was obtained. '"H NMR (300 MHz, C¢Dg): &
=1.17 (s, 18 H, CMe3), 1.83 (s, 12 H, Me), 4.68 (s, 4 H, CH) ppm.
IR (KBr; veo): Vv = 1938 (vs), 1875 (vs), 1838 (vs) cm.
Co6H34M0,0, (602.43): caled. C 51.84, H 5.69; found C 51.54, H
5.72.

Reaction of [Cp°Mo(CO),|, with P,S;: The suspension of
[Cp°Mo(CO),], (1.15 g, 1.92 mmol) and P4S; (0.42 g, 1.92 mmol)
in toluene (100 mL) was refluxed for 17 h. After removal of the
solvent the dark brown residue was chromatographed on SiO, (col-
umn 20 X4 cm). With toluene two bands were eluted. Repeated
chromatography of the first band (column 8 X 4 cm) gave after elu-
tion with pentane yellow [Cp°Mo(CO),P;] (3; 65 mg, 4%), dark
red [Cp°,Mo,P,S] (1; 166 mg, 13%), and bright red [Cp°,Mo,-
(CO)4P5] (4; 98 mg, 8%). Low pressure chromatography of the sec-
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ond band (Merck Lobar Lichroprep Si60) gave after elution with
toluene/pentane, 1:1 bright red [Cp°,Mo0,P,S;5] (2; 79 mg, 6%) and
dark brown [Cp°3sMo3P3S,] (5; 39 mg, 3%). 1: '"H NMR (300 MHz,
Cg¢Dg): 0 = 1.19 (s, 18 H, CMe3), 1.75 (s, 6 H, Me), 1.89 (s, 6 H,
Me), 4.67 (s, 4 H, CH) ppm. 3'P{'"H} NMR (121 MHz, C¢Dy): 6
= 344.1 (ddd; A), 323.3 (ddd; B), —-150.9 (ddd; M); -386.6 (ddd,
X); Jpp(AB) = 17, Jpp(AM) = 60, Jpp(AX) = 378, Jpp(BM) = 4,
Jpp(BX) = 394, Jpp(MX) = 20 Hz ppm. FD MS (toluene): m/z =
646.1 [M™]. C5,H34Mo0,P,S (646.35): caled. C 40.88, H 5.30, S 4.96;
found C 41.20, H 5.34, S 4.83. 2: '"H NMR (300 MHz, C¢Dy): 6 =
1.27 (s, 18 H, CMe3), 1.99 (s, 12 H, Me), 5.37 (s, 4 H, CH) ppm.
SIP{'TH} NMR (121 MHz, C¢Dg): 6 = —58.4 (s) ppm. *'P MAS
NMR (121 MHz): 6 = —-62.1 ppm. FD MS (toluene): m/z (%) =
324.0 (20) [M?*], 647.1 (100) [M*]. C2,H34M0,P,S5 (648.54): calcd.
C 40.74, H 5.28, S 14.83; found C 40.96, H 5.24, S 14.58. 3: 'H
NMR (300 MHz, C¢Dg): 6 = 0.98 (s, 9 H, CMe3), 1.55 (s, 6 H,
Me), 4.50 (s, 2 H, CH) ppm. 3'P{'"H} NMR (121 MHz, C¢Dy): 6
= -333.8 (s) ppm. FD-MS (toluene): m/z = 396.1 [M*]. IR (KBr;
veo): V= 1986 (vs), 1947 (vs) 4: '"H NMR (300 MHz, C¢Dg): d =
1.16 (s, 18 H, CMes), 1.82 (s, 12 H, Me), 4.68 (s, 4 H, CH) ppm.
SIP{'H} NMR (121 MHz, C¢Dy): 6 = —48.9 (s) ppm. FD MS (tolu-
ene): m/z = 664.2 [M*]. IR (KBr; vco): ¥V = 1980 (w), 1940 (sh),
1877 (s), 1837 (vs). 5: 'TH NMR (300 MHz, C4Dg): 6 = 1.12 (s, 9
H, CMe3), 1.17 (s, 9 H, CMe3), 1.21 (s, 9 H, CMe3), 1.86 (s, 6 H,
Me), 2.04 (s, 6 H, Me), 2.17 (s, 6 H, Me), 4.90 (m, 2 H, CH), 4.91
(m, 1 H, CH), 4.92 (m, 1 H, CH), 5.26 (m, 1 H, CH), 5.27 (m, 1
H, CH) ppm. 3'P{'H} NMR (121 MHz, C¢Dg): 6 = 253.3 (t),
—120.8 (d), Jpp = 19 Hz ppm. FD MS (toluene): m/z = 1012.3 [M*].
IR (KBr; veo): v = 1918 (s), 1830 (s).

[(Cp°:Mo0,P,S)3(Cul)y], (6a): Cp°,Mo,P,S (100 mg, 0.15 mmol)
was dissolved in CH,Cl, (10 mL) and layered with a solution of
Cul (59 mg, 0.31 mmol) in CH3CN. Dark rods of 6a (yield 55 mg,
41%) were isolated, washed with diethyl ether and dried in vacuo.
CesH102CuglsMogP5S; (2700.84): caled. C 29.35, H 3.81, S 3.56;
found C 29.22, H 3.49, S 3.55.

|Cp°;Mo,P,S(P,S3)(Cul),], (7/8): A solution of 1 (75mg,
0.12 mmol) and P4S; (25 mg, 0.12 mmol) in CH,Cl, (10 mL) was
layered with a solution of Cul (44 mg, 0.24 mmol) in CH3CN. Red-
brown platelets consisting of a mixture of 7 and 8 (yield 40 mg,
27%) crystallized, which were separated manually. Cy,H3,Cu,I,M-
0,PsS, (1247.34): caled. C 21.18, H 2.75, S 10.28; found C 20.85,
H 2.34, S 10.33.

[Cp*;M0,P,S(P4S3)(Cul)y], (9): A mixture of [Cp*,Mo,P,S]
(74 mg, 0.12 mmol), P4S; (26 mg, 0.12 mmol) and CH,Cl, (10 mL)
was layered with a solution of Cul (45 mg, 0.24 mmol) in CH;CN.
Bright red needles of 9 (46 mg, 31%) were isolated, washed with
diethyl ether and dried in vacuo. CoH3oCu,Il,Mo,PgS, (1219.28):
caled. C 19.70, H 2.48, S 10.52; found C 19.56, H 2.52, S 10.26.
3IP MAS NMR (121 MHz): § = =350 (m), —100 (m), 80 (m), 300
(s), 330 (m) ppm.

Crystal Structure Determination: Crystallographic data of the crys-
tal structure determinations for 5, 6, 7, 8, and 9 are given in Table 1.
The structures were solved by direct methods and refined on F? by
full-matrix least-squares (SHELXL97 program) with all reflections.
Hydrogen atoms were considered in calculated positions. Solvent
molecules in the structures of 6a, 8 and 9 are strongly disordered
and could not be localized.

6a: The refined structure of 6a contains eight large voids of 323 A3
and four small ones of 73 A3. Although the big void seems to be
large enough for inclusion of solvent molecules, it looks “empty”
because there are no big electron density peaks there and according
to the PLATON/SQUEEZE calculations it contains only 10 ¢. 6b:
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Table 1. Crystallographic data of 5-9.

5 6a 6b
Formula C35Hs5;Mo30,P5S, CecHi102CuslyMogP 583 Co6.55H103.1Cl.1CuglyMogP 583
M, 1012.8 2700.7 2747.4
Crystal size [mm?) 0.16 X 0.05x 0.03 0.40x 0.35x 0.14 0.33x 0.28 X 0.19
Crystal system monoclinic tetragonal tetragonal
Space group C2/e 14/a 14\/a
a[A] 20.363(5) 31.316(1) 30.970(1)
b [A] 24.524(5) 31.316(1) 30.970(1)
c[A] 15.950(5) 19.907(1) 21.302(1)
a _ _ _
s 93.6(1) - -
» _ _ _
v [A3] 7949(4) 19522.8(5) 20431.2(3)
Z 8 8 8
Peata [gem 3] 1.692 1.839 1.786
4 [mm™] 10.981 19.665 19.056
7 [A] 1.54184 1.54184 1.54184
Temperature [K] 123 123 123
Scan range 2.82<O <62.23 3.86<O <66.56 3.81<6O <73.20
Reflections collected 23431 18502 20612
Reflections observed [I>26(1)] 5244 7260 7139
Parameters 439 452 484
Absorption correction multi-scan analytical multi-scan
Transmission, min./max. 0.734/0.273 0.251/0.028 1/0.298
Residual density [e A= 0.083/-0.590 3.659/-1.700 2.680/-0.833
Ry, wR, (I > 20) 0.024/0.059 0.057/0.151 0.072/0.199
Ry, wR; (all data) 0.032/0.062 0.064/0.156 0.091/0.211

7 8 9
Formula C] 1H17CUIMOP4SZ C24H3gC14C11212M02P884 C40H60CU4I4MO4P16S8
M,, 623.7 1417.1 2438.5
Crystal size [mm?] 0.17x0.07 X 0.02 0.25x0.20 < 0.03 0.36x0.11 x0.02
Crystal system orthorhombic triclinic monoclinic
Space group Pnma Pl Cc
a[A] 19.124(1) 13.141(1) 13.346(1)
b [A] 19.255(1) 13.512(1) 27.117(1)
c[A] 10.409(1) 14.645(1) 23.186(1)
a - 110.5(0) -
p - 97.3(1) 90
y - 107.5(1) -
V(A3 3833.0(3) 2242.5(1) 8391.1(3)
zZ 8 2 4
Peaa [gem 3] 2.161 2.099 1.930
u [mm] 24.468 3.589 22.336
2 [A] 1.54184 0.71073 (Mo-K,) 1.54184
Temperature [K] 123 123 123
Scan range 4.59< 0 <67.14 3.08< @ <3281 3.26< O <66.60
Reflections collected 8862 30887 11185
Reflections observed [/>2c6([)] 3132 10839 7383
Parameters 220 426 694
Absorption correction analytical analytical multi-scan
Transmission, min./IDnax. 0.624/0.153 0.701/0.421 1.000/0.030
Residual density [e A~3] 1.284/-0.719 3.026/-1.891 1.221/-1.025
Ry, wR, (I > 20) 0.030/0.078 0.043/0.103 0.055/0.144
R, wR, (all data) 0.033/0.081 0.064/0.107 0.065/0.151

The structure of the helical chains in 6b is almost the same as in
6a but the volume of both types of inter-chain voids increases from
323 to 477 A3 and from 73 to 90 A3, respectively. The residual elec-
tron density inside the big void increases significantly from 10 to
97 e that roughly corresponds to two CH,Cl, molecules. We ap-
proximated the electron density peaks in the big void of 6b by two
disordered CH,Cl, molecules that partly occupy their positions.
The resulting content of 0.55CH,Cl, molecules per one formula
unit is less than was predicted by PLATON probably because of
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serious positional disorder that cannot be fully approximated. 7:
The residual electron maxima give some hints that the P,S middle
deck shows the usual positional disorder, but to such a small
amount that it can be ignored for this crystal. 8: One of the two
CH,Cl, molecules in the structure of 8 could be refined, whereas
the other one is located around the inversion center at (0, 0, 0.5)
and must show disorder. 9: Within the two solvent accessible voids
in the unit cell of 9 SQUEEZE found 214 ¢ each, which may be
filled with CH5CN or CH,Cl, or a mixture of both of them.
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CCDC-791440 (for 6b), -791441 (for 5), -791442 (for 9), -791443
(for 8), -791444 (for 7), -791445 (for 6a) 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.
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