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Supramolecular chemistry based on weak interactions is
becoming increasingly important relative to conventional
molecular chemistry based on covalent bonds.!!! In particular,
the interaction of planar electron-deficient molecules has
developed into a rich area of research with ongoing applica-
tions in anion recognition,m molecular machines,”” or light-
emitting materials.) Prototypical examples of such electron-
deficient molecules include pyridinium cations,” electron-
deficient aromatic compounds,[z] and also, in some case,
organometallic derivatives, such as trimeric (perfluoro-o-
phenylene)mercury ([(0-C¢F,Hg)s], 1).**! The latter is
a planar trinuclear mercury derivative that readily engages
electron-rich aromatic hydrocarbons into weak donor-
acceptor interactions, leading to the formation of extended
binary adducts.’™®1 Remarkably, this molecule can also
interact with aromatic ligands bound to transition-metal
ions. This is for example the case of the simple metallocenes
[Cp,Fe] and [Cp,Ni], which interact with 1 to form double-
sandwich structures with the double-decker organometallic
species trapped between two molecules of 1 (arrangement I'in
Figure 1)." Inspired by these unusual architectures, we have
now decided to study how 1 would behave towards triple-
decker complexes containing a polyphosphorus middle deck.
Herein, we report the results of such an investigation with the
triple-decker complexes of the [(Cp*Mo),(n’-Py)] family
(Cp®=Cp, Cp*). As an added incentive for these studies,
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Figure 1. 1) The double-sandwich structure that is obtained when
reacting [Cp,Fe] or [Cp,Ni] with [(0-C¢F,Hg);]. I1) and Ill) Potential
assemblies that would be expected to form in a reaction with a triple-
decker sandwich complex containing a cyclo-Pg middle deck.

we also wanted to determine whether the structure and
formation of the adducts would be governed by Cp--Hg =«
interactions (type II) or hitherto unknown P---Hg interactions
of 1 involving the Py middle deck (type III, Figure 1).

We first studied the reaction of [(0-C4F,Hg);] (1) with the
known triple-decker sandwich [(Cp*Mo),(u-n°n°-P¢)] (2)® in
CH,Cl,. According to *'P and "’F NMR spectroscopy, these
two compounds do not interact in solution. This observation
was corroborated by the crystallization of the individual
components upon slow evaporation of the solvent. Realizing
that the bulk of the Cp* ligand might be responsible for this
lack of interaction, we decided to investigate the synthesis of
the Cp complex 3 in view of its interaction with 1 (Scheme 1).
Inspired by our finding that compound 2 can be obtained in
64% yield by reaction of [{Cp*Mo(CO),},] with P, in
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Scheme 1. Reaction of [{CpMo(CO),},] with P, in 1,3-diisopropylben-
zene.
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refluxing 1,3-diisopropylbenzene (DIB) rather than xylene,
for which a yield of only 1% was reported,’! we allowed
[{CpMo(CO),},] to react with P, at 205°C in DIB. Gratify-
ingly, this reaction afforded the expected compound
[(CpMo),(u-1°m°-Pe)] (3) as dark red crystals in an astonish-
ing 12% yield (Scheme 1). The dark
purple cluster [(CpMo)s(us-n'm'm'-
P)s] (4) was also isolated as a side
product of this reaction.”

The triple-decker sandwich com-
plex 3 was characterized by single-
crystal X-ray diffraction analysis
(Figure 2). Tt consists of a planar
cyclo-P;, middle deck stabilized by
CpMo fragments. All three rings are
almost planar and parallel. The P—P
distances are very similar, with an
average length of 2.177(2) A.

The triple-decker 3 shows a very
low solubility in CH,Cl, and THF
when compared to its Cp* analogue
and no solubility in alkanes. The
'"HNMR spectrum of 3 in CDCIl; shows a singlet at
2.54 ppm for the Cp protons, which represents a large upfield
shift for the n’-bound Cp ring. This is induced by the
anisotropy of the aromatic cyclo-P, ring, which was also
observed for the methyl groups of Cp* in compound 2.°! In
the *P NMR spectrum in CDCl,, only one singlet at
—351.5ppm is observed that is shifted to higher field,
compared to 2 (—315 ppm).

With compound 3 in hand, we decided to attempt its
assembly with 1 in CH,Cl, (Scheme 2). While no adduct

Figure 2. Molecular
structure of 3. H
atoms are omitted for
clarity.
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Scheme 2. Formation of the one-dimensional stacking compounds 5.

precipitation could be observed, slow diffusion of a layer of
hexane into the reaction mixture resulted in the formation of
orange crystals of the polymeric adduct [1-3], (5). The
3P NMR spectrum of 5 in CD,Cl, shows a sharp singlet that is
only shifted by 1.74 ppm when compared to that of pure 3.
This small shift as well as the absence of coupling to the 'Hg
nuclei suggests that the complex is extremely labile and exists
mostly in a dissociated form in solution. In agreement with
this conclusion, the field desorption mass spectrum of 5 only
shows the peaks for the pure starting materials.
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A systematic analysis of the single crystals obtained from
this reaction indicates that polymeric § crystallizes with
a varying number m of interstitial CH,Cl, molecules, leading
to [5:(CH,Cl,),.]. (1<m<2; 5a-d). All of these different
solvates were obtained from solutions stored at —28°C,
+4°C, and at room temperature, indicating that temperature
cannot be used to selectively obtain a single solvate.
Elemental analysis revealed that the interstitial CH,Cl,
molecules are completely removed upon drying in vacuum.
Interestingly, recrystallization of 5 from a warm CH,Cly/
hexane mixture results in the isolation of pure complex 3
along with a new adduct (6) as orange plates. Structural
characterization of this new adduct indicated that it consists
of discrete [1-3-1] supersandwiches with a molecule of 3
trapped between two molecules of 1.

The crystal structures of 5Sa—d indicate that the structure
of the primary [1-3], polymeric chain is not drastically
affected by the varying number of interstitial CH,Cl, mole-
cules. In all cases, molecules of 1 and 3 alternate to form one-
dimensional stacks (Figure 3 a) that run parallel to each other
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Figure 3. a) Representation of the crystal structure of 5a, showing the
one-dimensional polymeric stack. b) Crystal structure of 6, showing the
slanted stacks consisting of independent sandwich units. H atoms are
omitted for clarity.

in the crystalline lattice. In each stack, the triple-decker
complex 3 lies between two successive molecules of 1 with two
opposite P atoms of the P, ring pointing towards the center of
the closest Hg; triangle. Compound 6 on the other hand can
be defined as a discrete supersandwich [1-3-1] complex in
which opposite P atoms of the P4 unit also point to the center
of the closest Hg; triangle. In the crystal, these supersandwich
units form slanted stacks which are shown in Figure 3b. The
shortest observed intermolecular Hg--Hg distance for 6 is
3.5742(4) A, which is slightly longer than 3.512 A found for
1-acetone!"” or 3.564 A found for pure 1! but significantly
exceeds 3.3996 A that is found for the double sandwich
structure of 1 with [Cp,Ni]”' and also 3.41 A that was
calculated for the dimer [HgMe,],!'"” in the solid state.
Figure 4 shows a section of the crystal structure of Sa as an
example to explain the assembly of the compounds 5 and 6.
The phosphorus atoms P1 and P4 are located above the center
of the three Hg atoms of molecule 1, but the resulting P—Hg
distances are not equivalent. There is a lively discussion in the
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Figure 4. Section of the one-dimensional polymer in 5a. H atoms are
omitted for clarity.

literaturel'>*¥ about the van der Waals radius of mercury(II)
in its different compounds, with reported values from 1.7 A
up to 2.2 A. Table 1 compares the shortest P—Hg distance (sh.
dy,p), the average P—Hg distance (J dy,p), and also the
average distance between the center of the three Hg atoms of

Table 1: Selected distances d [A] and angles ¢ [°] of the different crystal
phases of 5.

S5a 5b 5c 5d
sh. dugp 3.195(3) 3.262(2) 3.295(2) 3.268(1)
& dugr 3.340(3) 3.330(2) 3.328(2) 3.385(2)
& dn, 2.619(3) 2.643(2) 2.599(2) 2.676(2)
Prigs gy 0 17.77(2) 59.98(4) 18.61(2)
©ro_re 0 70.20(3) 19.22(5) 70.30(2)

1 to the closest P atom ((J dp.,) that are found for each crystal
structure Sa—d. Even when taking the shortest value for the
van der Waals radius of mercury (1.7 A) into account, the
observed P—Hg distances in Sa—d are considerably shorter
than the sum of the van der Waals radii for Hg and P (3.6 A).
These long P—Hg distances are consistent with very weak
interactions and also exceed on average the intermolecular
P—Hg distances (3.129(2) A or 3.246(1) A) found for the
mercury(II) phosphido compounds Hg(PR,), (R=Bu,™
SiMe;™) that form dimers in the solid state. The observed
distances can be compared very well to the S—Hg distances
found in 1-(SMe,);"! (3.24-3.47 A).

The crystal structures Sa-d show the biggest differences
when looking at the arrangement of consecutive molecules of
1 or 3 along the stacking axis. The angles @y,3_pey and @pg_pg
(Table 1), describe the dihedral angle of either two consec-
utive molecules of 1 or 3. It has to be noted, that since 1 shows
a threefold symmetry in respect to the stacking direction, the
maximum or minimum value for @ p,y is 0° and 60°,
respectively, which would result in an eclipsed or staggered
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arrangement of the three Hg atoms of 1 along the stack. The
same consideration for 3 shows that the twofold symmetry
with respect to the stacking axis results in a maximum value
for @ps_py Of 90°. This would describe a perpendicular
arrangement of two consecutive P4 rings. The notable
variation observed in the @y,;_p,y and @pe_py angles indicate
that rotation of the unit along the stacking direction may be
facile, leading to structures of similar energy.

DFT calculations!” on the experimentally observed
geometry of 6 shows that the phosphorus atoms possess
a lone pair of electrons each. Those of P1 and P4 (see
Figure 4) are directed toward the middle of the Hg; triangle
(Figure 5). This arrangement suggests that an orbital inter-

~

Figure 5. a) Isosurface of the HOMO-2 in 6 representing the Mo—Mo
bond as well as the contribution of the phosphorus lone pairs.

action with a corresponding acceptor orbital (that is, the
LUMO of 1™ containing atomic orbital contributions from
Hg) is possible, at least from a geometric point of view.
However, the calculations show that the electronic structure
of 6 is approximately the superimposition of the electronic
structure of the separated fragments.

In summary, we have presented the synthesis of the
hitherto unknown triple-decker complex [(CpMo),(p-1°mn°-
P¢)] (3) whose formation is accompanied by that of the novel
paramagnetic cluster [(CpMo)s(us-n'm'm'-P)¢] (4). Mixing 3
with the trinuclear mercury complex 1 in CH,Cl, results in the
formation of adducts with polymeric (5) or discrete super-
sandwich structures (6). A common feature of these adducts is
the observed perpendicular intercalation of a molecule of 3
between two molecules of 1. This unique arrangement is
supported by multiple P---Hg interactions that are shorter
than the sum of the van der Waals radii and that involve
opposite atoms of the Py units and the three mercury atoms of
the Hg; complex. Although the coordination chemistry of
1 has been widely investigated, adducts with direct P---Hg
interactions had never been observed prior to this work. We
also note that despite their noted weakness, the formation of
P--Hg interactions is definitely favored over that of Hg-Cp
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m interactions that have been observed in the ferrocene and
nickelocene adducts of 1.7}
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