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(Abstract: Pentaphosphaferrocene [Cp*Fe(n’-P5)] (1a) repre-
sents an excellent building block for the template-directed
synthesis of spherical supramolecules. Here, the self-assem-
bly of 1a with Cu' and Cu" halides in the presence of the
template complexes [FeCp,][PF4l, [CoCp,]l[PFs] and [CoCp,] is
reported, testifying to the redox behavior of the formed su-
pramolecules. The oxidation or reduction capacity of these
reactive complexes does not inhibit their template impact
and, for the first time, the cationic metallocene [CoCp,] ™ is

N

\

enclosed in unprecedented anionic organometallic hosts.
Furthermore, the large variety of structural motifs, as icosa-
hedral, trigonal antiprismatic, cuboidal and tetragonal anti-
prismatic arrangements of 1a units are realized in the supra-
molecules [FeCp,]@[{1a};,(CuBr);,5] (3), [CoCp,] ;{[CoCp,]™
@[{1 a}gCUy45Bry5,5(CH;CN)G]* 1 (4),  {[Cp,Col* @[{1 a}s(Cul)yg
(CH;CN)g s]HICp,Col T @[{1 @)}CUo 456 4(CH;CN)gI* 73 (5), and
[{1 a}{(1 a),NH};Cu;4l,0(CH;CN),] (6), respectively.

/

Introduction

The self-assembly of DNA strands or enzyme-substrate-interac-
tions demonstrates that supramolecular chemistry is an inher-
ent feature of our daily life. During the last decades, this field
of chemistry was successfully implemented in non-biological
systems for the synthesis of large assemblies constructed by
small building blocks through the self-assembly approach.
Particularly intriguing is the synthesis of discrete spheres,
which can act as containers for small molecules or ions.”
Within this area, coordinative bonds turned out to be a power-
ful tool for the rational design of novel cages or capsules,
largely with di- or tridentate N, O or S donor ligands as con-
necting moieties.**

Due to the lack of phosphorus donors in this chemistry, we
have recently introduced pentaphosphaferrocenes [Cp®Fe(n’
P)l (1a: Cpf=Cp*=n>-CMe;; 1b: Cpf=CpH=1’-C;Me,Et;
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1c: CpP=Cp®"=n>-Cs(CH,CHy)s, 1d: Cp*=Cp®°=n’-Cs(4-
nBuC¢H,)s) in combination with Cu' salts (halides, triflates) for
the formation of neutral nano-sized supramolecules, which
show fullerene topology or beyond (Figure 1).*) With phospho-
rus as the donating element and possessing a fivefold symme-
try, the cyclo-Ps ligand in 1a-d holds an outstanding position
among the huge variety of building blocks. Notably, the ob-
tained spheres are prime examples of template-directed syn-
theses, and the flexible coordination behavior of CuX (X=dl,
Br, 1) as well as of the P ring gives rise to the adaptability of
this system. Accordingly, different sizes of the templates lead

Figure 1. Selected scaffolds of spherical supramolecules composed by 1a:
a) 80-vertex scaffold incorporating o-carborane; b) 90-vertex scaffold incor-
porating [(CpCr),(un*-Ass)]; ) 100-vertex scaffold incorporating a P, mole-
cule (only one position of the disordered P, molecule is shown).

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to the formation of different-sized supramolecules exhibiting
template-specific cavities (Figure 1).

Comparing the template properties, we not only succeeded
in incorporating stable molecules as for instance ferrocene,“
o-carborane!® (Figure 1a) and Cg,“" but were also able to sta-
bilize otherwise very reactive and labile species such as white
phosphorus and yellow arsenic by enclosure in a supramolec-
ular host (Figure 1¢c).” So far, all incorporated guests are neu-
tral compounds, which fit in the neutral host environment.
Hence, the question arises as to whether charged templates
such as [FeCp,]" or [CoCp,] " can also be used for a template-
directed formation of such supramolecules and whether this
has an influence on the molecular structure of the host. More-
over, how the supramolecular system will respond to the intro-
duction of a potentially redox active template is another ques-
tion to be answered.

[MCp,]* cations have already been included into cavities of
various organic cavitands such as calixarenes,” thiacalixar-
enes,” pilararenes,” cyclodextrines®™ and cucurbiturils.”
[CoCp,] " salts can also intercalate in some layered inorganic
compounds, as for instance MoPS; or FePS," layered sul-
phides and selenides™ or mesoporous niobium oxide."” To
the best of our knowledge, there are no examples of the inclu-
sion of [MCp,]* cations into cavities inside inorganic- or organ-
ometallic-based molecules because the redox properties usual-
ly prevent the inclusion.

Furthermore, even though labile species (e.g. As,, P,) turned
out to be appropriate guests for pentaphosphaferrocene-de-
rived supramolecules, they have never shown any reactivity to-
wards the building blocks. Yet, particularly Cu in the oxidation
state + 1 is known for its redox activity. This fact sparked our
interest regarding the introduction of reducing agents such as
[CoCp,] as a guest, which is also applicable to other host-
guest systems.

Herein we report on the template-controlled self-assembly
processes of [Cp*Fe(’-Ps)] (1a) and CuX (X=Br, 1) and CuBr,,
respectively, in the presence of [FeCp,][PF4l, [CoCp,][PF] or
[CoCp,] as templates. Some self-assembly processes include
the oxidation or reduction of the template and the subsequent
incorporation of the cationic sandwich complex in an inorganic
host for the first time. In this way, different supramolecules are
obtained, some of which exhibit unprecedented scaffolds and
shapes  (Figure 2):  [FeCp,l@[{Cp*Fe(n’-Ps)},(CuBr),,51  (3),
[CoCp,] *3{[CoCp,] " @{Cp*Fe(N*-Ps)}CU,s »5Brag25(CHsCN)GI* 1 (4),
{[Cp,Col " @[{Cp*Fe(1-Ps)}s(Cul),5(CH;CN)g s JHICp,Col @
HCP*Fe(®Ps)}sCUaalyea(CHsCN)>}  (5), and  [{Cp*Fe(n’-
P)}{(Cp*Fe(m*-Ps)),NH}:Cuyglio(CH;CN),1-3.9CH,CN (6).

Results and Discussion

Considering that ferrocene is known as an appropriate guest
molecule for fullerene-like hosts,“@ the ferrocenium cation
[FeCp,] ™" is the natural choice. When a solution of 1a in CH,Cl,
is layered with a solution of [FeCp,][PF,] and CuBr in acetoni-
trile, the formation of brown plates of the 2D polymer
[(1a)CuBr],"*¥ (2a) and big dark blocks of [FeCp,]@[{Cp*Fe(n’*-
Ps)},(CuBr);,5] (3) at the phase boundary is observed already
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after one day. The X-ray structural analysis of 3 (trigonal, space
group R3) reveals a supramolecule constructed by 12 cyclo-Ps
ligands and 30 {Cu,P,} hexagons with a /,-Cg, fullerene topolo-
gy (Figure 2a). Due to CuBr vacancies, the ideal scaffold of 20
CuBr units is reduced to an average of 17.3 moieties in 3.1

Such a partly vacant (80—n) vertex host molecule containing
CuBr in its core was already observed once when o-carborane
was encapsulated (Figure 1a)."™ Furthermore, the known Cl-
derivative of this sphere is capable of the trapping of several
templates such as o-carborane“d [CpCr(1>-Asy)]“*? and
[FeCp,],*Y although crystallizing in the cubic crystal system.
Also in 3, one molecule of the sandwich complex is enclosed
within the cavity of the host. Surprisingly, neither [PF¢]~ nor an
additional Br~ as counterion is present, obviously, the neutral
metallocene is encapsulated. Diamagnetic ferrocene and the
paramagnetic ferrocenium cation can easily be distinguished
by EPR and NMR spectroscopy. The absence of a signal in the
EPR spectrum and the presence of a signal in the 'H NMR spec-
trum (0=4.16 ppm) give evidence of the incorporation of neu-
tral ferrocene. The reduction of [FeCp,]™ to [FeCp,] is most
probably enabled by oxidizing Cu™ to Cu®", suggesting that
an internal redox process occurred. To avoid this process,
CuBr, was used and, interestingly the same product 3 was ob-
tained showing no EPR signal of the ferrocenium cation, which
points to the fact that pentaphasphaferrocene itself can also
be redox-active, which was studied in the oxidation with a
thianthrenium salt and the reduction with KH."®

Hence, for the incorporation of a cation, a more stable com-
plex might be required. Therefore, the 18-valence-electron
complex [CoCp,][PFs] was used as a template. Applying the
same conditions as before, the formation of brown plates of
the polymer [(1a)CuBr], (2a)!® as the minor product and
small reddish rhombohedra of [CoCp,]*;{[CoCp,] " @[{Cp*Fe(r’-
P5)}sClUsa 5Brag,5(CH;CN),]*} (4) as the major product can be
observed after a few days. The X-ray structural analysis of 4 re-
veals an unprecedented spherical supramolecule, which does
not follow the fullerene topology. It contains eight molecules
of 1a, which are arranged by the vertices of a square antiprism
(Figure 2b). This overall number of P units in the sphere is ex-
ceptional because fullerene-like species usually contain 12
cyclo-Ps ligands.” There is only one CuBr-containing supramo-
lecule known with 24 units of 1a,"” and another one, however
Cul-based, with 10 Ps rings, possessing a cube-like scaffold
(Figure 1¢).1*

The CuBr scaffold in 4 consists of a severely disordered
middle  framework with the sum composition of
CU;625Bri525(CH;CN)g, which is completed from above and
below by bowl-like {Cu,Brs}~ fragments (Figure 3a). The analo-
gous {Cuyls} bowl is also a part of the scaffold of a Cul-con-
taining supramolecule (Figure 1¢).*“"® The middle part can fur-
ther be divided into anionic {Cu,(u;-Br)Br,}~, neutral {Cu,(ps-
Br)Br(CH,CN)} and cationic {Cu,(us-Br)(CH;CN),}* fragments
with partly occupied Cu and Br positions." In total (middle
part and two ‘bowls’), a sum formula of [{Cp*Fe(n’>-Ps)}s-
CUy45Brag,5(CH;CN)(]* results for the inorganic host. The nega-
tive charge is balanced by four [CoCp,]* cations. Three of
them are located in the outer sphere; the fourth one fits exact-
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Figure 2. Schematic view of scaffolds (left), scaffolds (middle) and molecular structures (right) of the obtained supramolecules 3-6 with [FeCp,]/[CoCp,]/
[CoCp,][PF,] as template. Hydrogen atoms, minor parts of disorder and solvent molecules are omitted for clarity. Incorporated templates are displayed in a

space-filling model.

ly into the cavity of the supramolecule (Figure 2b). Hence, the
building blocks 1a and CuBr adapt to the cationic template by
forming an unprecedented anionic host, which displays the
first negatively charged inorganic assembly of this series, here
incorporating [Cp,M]*.

Encouraged by this result, we became interested in the in-
vestigation of the potential of the neutral moiety [CoCp,] as a
template. For this purpose, a dark green solution of 1a and
CoCp, (molar ratio 1a:CoCp,=3:1) in CH,Cl, is layered over a
solution of CuBr in CH;CN. In doing so, the formation of a met-
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allic mirror was observed, most likely of Cu®. Nonetheless, after
some days, in addition to the formation of brown plates of the
2D polymer [(1a)CuBr], (2a),"** small red plates are formed.
The X-ray structure analysis of these plates reveals the same
charged sphere 4, as that isolated when using [CoCp,][PF].
Having 19 valence electrons, [CoCp,] serves as a strong and
widely used reducing agent. Hence, Cu™ is reduced by the
metallocene to give elemental Cu and the formed [CoCp,]* is
again incorporated to give 4 in 51% crystalline yield. To avoid
the loss of copper during this reaction, CuBr was exchanged

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Typical fragments in CuX frameworks (X =Br, I): Bowl-like frag-
ments (a) {Cu,Brs}~ in the scaffold of 4 and (b) {Cu,ls(CH;CN)} in 5a; caps
(c) {CusBr,}~ in 4 and (d) {Cu;Br(CH,CN),** in 6; and {Cu,l,(CH;CN),} and
{Cugls(CH;CN),}~ fragments in 5a and 5b.

c)
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for its corresponding Cu" salt. And, in fact, the self-assembly
process leads again to the formation of small plates of 4 after
the reduction of Cu" to Cu'. Unfortunately, the yield could not
be increased by this method because the polymeric by-prod-
uct 2a™ is also formed during this reaction. These results
nicely demonstrate the suitability of [CoCp,]™ as a template
because the novel supramolecule 4 is formed in all three sys-
tems: 1a/[CoCp,][PF¢]/CuBr, 1a/[CoCp,]/CuBr and 1a/[CoCp,]/
CuBr,.

Moreover, if Cul is used in the reaction with 1a in the pres-
ence of [Cp,Col, brown plates of the polymer [(1a)Cul],
(2b)™@ and small red prisms of {[Cp,Col  @{Cp*Fe(n’-
Ps)}s{Cuglst, {Cu, 11 {Cu,ls(CH;CN)}Y 4{Cu(CH;CN)}IHICp,Col *
@[{Cp*Fem*-Ps)}{Cu,lsh{Cu,l 1 {Cully JCu(CH;CN)}I> 3 (5) are
formed. Compound 5 crystallizes in the monoclinic space
group P2,/c. Its structure reveals two different supramolecules,
the neutral host sphere {Cp*Fe(’-Ps)ks{Cuylsh ¢
{Cu,l,1L{Cu,ls(CH;CN)Y g{Cu(CH5CN)}]  (5a) and  the anionic
host supramolecule [{Cp*Fe(1’-Ps)}s{Cuylsh{Cusl,}{Cull,,-
{Cu(CH;CN)}g]*~ (5b) (Figure 2¢,d). Both of them consist of
eight units of 1a, four of them in a 1,2,3,4,5- and the other
four in a 1,2,3,4-coordination mode of the cyclo-P; ligand. The
extended Cul framework can be explained as a combination of
different fragments. In 5b, four {Cu,l,}*~ fragments appear as
two different structural isomers linked by additional
{Cu(CH,CN)}* groups and partly occupied {Cul} units (Fig-
ure 3e). From above and below, the sphere is completed by
bowl-like {Cuyls}~ fragments as observed in 4 and in a supra-
molecule containing ten cyclo-P; units, respectively (also see
Figure 1¢).* Hence, for the host 5b, the sum formula
[(1 @)gCUy4 4l56.4(CH;CN)}I*~ with a 91-vertex scaffold results (Fig-
ure 2d). Its elongated cavity ranges from 4.9 A in width and
6.7 A in length and is therefore perfectly suitable for the en-
capsulation of a cobaltocenium cation, which has a length of
6.6 A. This leads to the monoanionic host-guest supramolec-
ular complex [(CoCp,)"@5b]". In 5a, instead of some {Cu,l,}*~
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fragments, a bowl-like {Cuyls}” and {Cu,ls(CH;CN)} fragments
(Figure 3b) prevail to construct a neutral 96-vertex scaffold of
the sum formula [(1 a)g(Cul),5(CH;CN)yg] (Figure 2¢c). Its inner di-
ameter (4.9 A x 7.1 A) is once more large enough for the en-
capsulation of a small molecule. Hence, one [CoCp,] ™ is incor-
porated resulting in a monocationic host-guest complex
[(CoCp,)*@5a]*. Thus, it balances the negative charge of
[(CoCp,) *@5b]~. Compound 5 can therefore be described as a
unique supramolecular ion pair [(CoCp,)"@5a]"[(CoCp,)™
@5b] ™. The outer diameter reaches values of 2.67 nm for 5b
and 2.99 nm for 5a, respectively.”® The dianionic 5b host is
smaller than the neutral 5a due to the difference in the Cul
scaffold: In 5b, the shortest bridge between neighbouring
cyclo-Ps ligands is a single Cu atom coordinating P atoms in
1,2-positions. In 5a, the corresponding cyclo-P; ligands are
linked by Cu and longer Cu,l-bridges, which leads to a longer
size of two opposite faces of the underlying cube in the scaf-
fold of 5a. For comparison, the 80- and 90-vertex nanoballs
(Figure 1a,b) have a size of 2.2 nm, whereas fullerene Cg,
amounts to only 0.7 nm.”

The host-guest interactions in 4 and 5 are different in com-
parison to those in 3 (Figure 2). In the latter, relatively weak m—
7t stacking took place between both Cp ligands of the [FeCp,]
guest and two opposite cyclo-Ps ligands of the host (interpla-
nar distances 3.95-4.15 A). In the complexes 4 and 5, no stack-
ing interactions are observed with [Cp,Co] ™", which is reasona-
ble for the supramolecule 4 with its antiprismatic and, hence,
non-parallel orientation of the Ps rings (Figure S8 in the Sup-
porting Information). In 5, there is no m-n stacking even de-
spite a parallel orientation of the cyclo-Ps rings of both the
neutral and the anionic hosts. The cube-like arrangement of
the cyclo-P5 rings would allow both Cp ligands of the MCp, to
be involved in the m interactions. The host cavity sizes would
still be suitable with their cyclo-Ps-cyclo-Ps distances [cf. aver-
age of 11.34 A (3), 11.38 A (5b) and 11.86 A (5a)]. Yet, the par-
allel arrangement of the P; rings on the inner surface of the
cavity might be not good enough, because they are not exact-
ly opposite. For this reason, in the case of both hosts in 5, only
slipped stacking with the guest metallocene molecules could
have taken place. Most probably, a face-to-face stacking as in 3
is more favourable than the slipped one. Therefore, the guest
molecule chooses the orientation in the cavity, where only nu-
merous H--P and H--X van der Waals contacts are formed with
the host molecules 4 or 5. The shortest H--P (2.88-2.92 A) and
H--Br contacts (2.94-2.95 A) are all normal van der Waals con-
tacts. In 5, only H- (2.79-3.07 A) contacts are shortened with
respect to van der Waals radii, and the H--P contacts are all
longer than 3 A. To investigate the possible ordering of the
[CoCp,]" cationic host, an additional X-ray diffraction experi-
ment for 4 was measured at 10 K at the DESY PETRA IIl syn-
chrotron (beamline P11).2" The experiment showed that no or-
dering takes place and therefore no specific interactions are re-
sponsible for the host-guest interactions.

In the presence of the [CoCp,]" cation, a number of iodo-
cuprates of oligomeric (up to [Cugl;]*7) and 2D polymeric
structures are known to be formed in acetonitrile solutions.”?
When synthesizing 5, no iodocuprates were observed, but

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Envelope conformation of six cyclo-Ps rings in 6.

from time to time, black plates of [{Cp*Fe(n’-Ps)}{(Cp*Fe(n’-
P5)),NH};Cuygl;0(CH5CN),1-3.9CH;CN (6) could be obtained. Com-
pound 6 crystallizes in the monoclinic space group P2,/c and
its X-ray structure analysis shows a further unprecedented su-
pramolecule of a hemispherical, lens-like shape (Figure 2e). It
contains nine pentaphosphaferrocene moieties, with six of
them showing an envelope conformation of the Ps ring. The
“out-of-plane” phosphorus atom also bears a substituent,
which is attributed to a NH group.”® The nitrogen atom
bridges two neighbouring [Cp*Fe(n*-P5)] units to give three
[{Cp*Fe(n*-Ps)1L,NHI*~ moieties per supramolecule (Figure 4).
Similar complexes were obtained in our group as a result of
the nucleophilic attack of 1Ta by NH,~, an intermediate com-
plex [{Cp*Fe(n*-P)LNHI* detected by *'P NMR spectroscopy
and a final product [{Cp*Fe(n*Ps)L,NI*", the latter being also
characterized by X-ray structure analysis.*” The [{Cp*Fe(n*-
P:)lL,NHI>~ units in 6 and the trianion [{Cp*Fe(n*-Ps)}L,NI*" dis-
play a similar envelope conformation of the cyclo-Ps ligand and
reasonably elongated P—N bond lengths when protonation is
taken into account ([{Cp*Fe(n*Ps)LNI*": 1.688(3)-1.693(3) and
6: 1.697(17)-1.736(9) A). In 6, these bent Ps rings still show a
1,2,3,4,5-coordination mode, whereas the remaining three
units of 1a bearing planar cyclo-P; ligands show a 1,2-coordi-
nation mode. The scaffold furthermore contains 16 tetrahedral-
ly coordinated Cu™ and 10 I~ ions, which are either terminal or
bridging (W, or ). In total, the supramolecule is neutral (3
[{Cp*Fe(n*-Ps)1L,NHI>", 10 I, 16 Cu™). Due to the interconnect-
ed cyclo-Ps ligands, compound 6 does not provide any accessi-
ble cavity, hence no encapsulation of the template is observed.
The outer size of the supramolecule amounts to 1.65X%
2.48 nm.” Unfortunately, all attempts to isolate 6 in significant
amounts failed.”?

All obtained supramolecular compounds 3-6 are insoluble
in common solvents as n-hexane, toluene, Et,0 and THF. In
some cases, however, they show a very low solubility in
CH;CN, CH,CI, or mixtures of these solvents, enabling a mass
spectrometric characterization,"” with fragments of even up to
[{Cp*Fe(’-P5)}Cu,Brgd ™ (at m/z=1962.3) for 3 appearing in the
corresponding ESI spectra. Furthermore, this method is also
well-suited for the detection of the template, although no con-
clusion about its charge can be made. In the cationic ESI mass
spectrum of 4 and 5, an exemplary peak at m/z=188.9 corre-
sponding to [CoCp,]* is observed.

In addition, all products show solubility in pyridine, accom-
panied by the fragmentation of the host and thus the release
of the guest. This is evidenced by both the 'H and *'P{'"H} NMR
spectra, which only show signals corresponding to the free 1a.
As an example, for dissolved crystals of 3, a sharp singlet at
0=143.5 ppm in the *'P{'"H} NMR spectrum (cyclo-Ps) and a sin-
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glet at 0=1.34 ppm in the '"H NMR spectrum (Cp* ligand) are
obtained corresponding to the free 1a,"¥ a consequence of
which is the release of the template, which also can be detect-
ed by NMR or EPR spectroscopy as well as mass spectrometry.
Thus, in the '"H NMR spectrum of 3, in pyridine, a singlet at 6 =
4.16 ppm is assigned to the Cp ligands of ferrocene (litera-
ture:? § =4.04 ppm in cyclohexane-d;,). In the respective EPR
spectra of 3, 4 and 5 in pyridine solution, no signal can be de-
tected, which is in agreement with the presence of the neutral
18 VE complex [FeCp,] in 3 as well as of the cationic 18 VE
complex [CoCp,]* in 4 and 5.

Conclusion

For the first time, the formation of supramolecules in the pres-
ence of redox-active agents was demonstrated. Even the pres-
ence of the reducing agent [CoCp,] as well as of the oxidant
[FeCp,l[PF¢] does not inhibit the formation of supramolecules
based on pentaphosphaferrocene 1a and CuX (X=Br, I). In
contrast, their respective oxidation and reduction are accom-
panied by their incorporation in the in situ formed supra-
molecular hosts. In the presence of [FeCp,][PF], the sphere 3
of the I,-Cq, topology is formed consisting of 12 fragments of
1a. According to EPR data, the sphere is templated by neutral
[FeCp,] guest, a product of the reduction of the [FeCp,]™*. In
contrast, under similar conditions, [CoCp,] is oxidized by Cu'
now forming the charged template [CoCp,]*. This resulting
cationic organometallic complex was successfully included into
three different supramolecules 4, 5a and 5b, possessing novel
topologies. It was also proved that the direct synthesis starting
from the [CoCp,][PF,] salt results in the same products 4, 5a
and 5b. Therefore, this approach allowed us to isolate and
structurally characterize both neutral and anionic supramole-
cules with unprecedented scaffolds that differ in shape, the
number of Ta moieties and the halide used. In the fourfold
positively charged supramolecule 4, eight units of 1a form a
square antiprism, whereas in 5, they are arranged in two di-
verse cubes, one being neutral (5a), the other being twofold
negatively charged (5b). These host-guest assemblies with the
cuboidal scaffolds 5 form a unique ion pair [(CoCp,)"@5a]"
[(CoCp,)*@5b]~. Remarkably, the host-guest complexes 4 and
5 display the first inorganic-based spheres incorporating
[CoCp,]™.
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