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A unique palladium inverse crown complex in [Cs,(18-crown-6),]%*
[(PdP'BuPh)g(PPh)I?>~ is presented where a neutral (PdP)s ring
hosts the dianionic PhP?>~ guest. Characterised by SC-XRD and
high-resolution mass spectrometry, its solution constitution in
THF is probed by DOSY and multinuclear NMR with quantitative
insight into its bonding by DFT calculations.

The label inverse crown has been applied loosely as initially it
was used in the context of inverse crown ‘ethers’.’ In these,
oxygen-based anions are encapsulated by cationic metal-ligand
cycles due to their topological similarity but with reversed Lewis
acidic (alkali metal)/Lewis basic (oxygen) positions compared
to those in Nobel Laureate Pederson’s conventional crown
ether complexes.> However, the subsequent synthesis of closely
related host-guest structures with a variety of different core
anions including alkoxides, arenes, hydrides, and metallocenes
led to the dropping of the ether label.” The cationic cycles are
generally heterobimetallic with the alkali metal connected to a
second metal such as magnesium or zinc via amide bridges."®
Construction of such heterobimetallic inverse crowns can
involve multiple deprotonative metallation reactions usually
with special selectivities that are challenging to do in the
absence of the two-metal cooperativities often operating in
inverse crown chemistry.””®

Alkali metal inverse crown structures containing transition
metals are scarce (Scheme 1, top). Examples are shown with Fe,
Ru, and Os,’ Fe and Cr'® and Mn."""? Harder’s group has taken
this chemistry to an exciting new level with their report of
redox-active inverse crowns composed of Mg(0) centres and Na*
ions that have found use in small molecule activation.'
Transition metal-only inverse crowns are often described as
metallacrowns and have been summarized in several review
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articles."*™® For palladium the metallacrown structures mostly
contain Pd(u) centres which are supported with N, O, S or P
donor ligands."?

For low valent Pd compounds the transition from metalla-
crowns to nanoclusters,’” so-called nano sheets'® or nano-
wires'® is fluid. A key difference is that such compounds
consisting of palladium rings or cages built by Pd-Pd bonds
supported by auxiliary ligands having no central guest or an
additional Pd atom at the centre of the nanocluster (selected
examples shown in Scheme 1, bottom)."®?°7>*

Herein, we present a unique inverse crown complex that has
been synthesised fortuitously during our studies of caesium
phosphide chemistry.**®> It has a spectacular structure and
unique composition.

During the reaction of Cs(18-crown-6)P‘BuPh with commer-
cially available Pd(PPh;), (Scheme 2), dark red crystals formed
reproducibly in yields of up to 30% in benzene at 60 °C and
were identified by SC-XRD methods as the inverse crown 1
with its eye-catching 12-membered host ring Pde(P‘BuPh)g
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Scheme 1 Reported transition metal alkali metal inverse crown structures
(top) and low valent Pd nanoclusters (bottom).
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Scheme 2 Reaction of Cs(18-crown-6)P'BuPh with Pd(PPhs)4 leading to
the inverse crown complex 1.

incorporating a PhP>~ fragment as a guest molecule (Fig. 1a—d).
The two negative charges are balanced by two fused 18-crown-6
coordinated Cs" cations.

The crystal structure of 1 is composed of six interconnected
Pd(I) atoms separated by six P‘BuPh bridges resulting in a
[PdePs] inverse crown host ring. Within the centre of this ring
is a PhP*>~ dianion incorporated as a so-called guest molecule.
The two negative charges are balanced by two 18-crown-6
coordinated Cs" cations fused via Cs2, with Cs1 bonded to
one palladium atom Pd2 (Fig. 1b). The dianionic [(PdP‘BuPh)s-
(PPh)]>~ moiety could be described as a system made up of 12
fused rings comprising 6 internal and 6 external (Pd,P) trian-
gles. As can be seen in Table S2 (see SI), the Pd-Pd distances
(2.66-2.67 A) are nearly all the same within experimental error
of each other and within the range of those earlier reported.>*>°
The Pd-P distances involving the peripheral P centres cover a
narrow range [2.258(2)-2.270(2) A] within the range of reported
systems.*”*® Shorter distances [2.235(2) and 2.247(2) A] are
found for Pd2. This is attributed to the additional short Pd2-
Cs1 bond [distance of 3.3004(11) A], which in turn increases the
positive partial charge at the Pd atom. Two distinct distances
between the palladium atoms and the central phosphorus atom
were found. Pd1, Pd3, Pd4 and Pd6 show shorter (approxi-
mately, 2.6 A) bonds whereas Pd2 and Pd5 exhibit longer
distances of 2.877(2) A and 2.726(2) A respectively, breaking
the symmetry of the [Pde¢Ps] core. This is reflected in the
different bond angles between the palladium atoms (Pd4-
Pd5-Pd6 and Pd1-Pd2-Pd3; the latter are narrower) and the
angles between two Pd atoms with the central P7 atom where
P7-Pd3-Pd2 (66.30(5)°) and P7-Pd4-Pd5 (62.27(5)°) are wider
compared to the others with approximately 59° (Table S3, SI).
The angles between the peripheral phosphorus atoms and the
two connected Pd atoms are in a very narrow range around 54°.
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The dihedral angle between the planes spanned by Pd1-Pd2-
Pd3 and Pd4-Pd5-Pd6 is 17° reflecting a slight concave distor-
tion from planarity as drawn (Fig. 1d).

Further proof of the structure was gained by electron spray
ionisation high resolution mass spectrometry (ESI-HRMS) giv-
ing a signal m/z = 1868.8382 (calc. 1868.84258) associated with
the monoanion [CsPde(P‘BuPh)e(PPh)]™ (Fig. 2 and Fig. S4 in
the SI). In the positive region, a signal at m/z = 397.0625 (calc.
397.06219) was detected for the corresponding Cs(18-crown-6)"
cation (see Fig. S5 in the SI for more details).

'H and *"P{'"H} NMR spectra of 1 showed very broad signals
of low intensity. However, "H NMR spectra showed one signal
at 8, = 1.41 ppm for the ‘Bu groups, a multiplet between 6.6—
7.1 ppm and a corresponding broad signal at 8.40 ppm for the
Ph groups of the terminal phosphides. For the central P bonded
phenyl group, a multiplet between 5.50-5.82 ppm was detected.
The crown ether in the cation showed a very broad signal at
814 = 3.11 ppm. The corresponding *'P{'"H} NMR shifts were
detected at d31p = 236.2 ppm as a doublet (>/pp = 151.1 Hz) for
the terminal phosphorus atoms and a very weak, very broad
signal at 229.9 ppm which is attributed to the central P atom.
Diffusion ordered spectroscopy (DOSY) methods in THF-dg
revealed that 1 dissociates in solution into a solvent-separated
ion pair giving a molecular mass for the anion My(exp.) =
2174 g mol™" differing by only 2% from [Cs(18-crown-
6)Pde(P‘BuPh)s(PPh)]” (My(calc.) = 2135 g mol ') and the
dication M,(exp.) = 777 g mol ' differing by 2% from
[Cs,(18-crown-6),]*" (My(calc.) = 794 g mol ') determined by
the method of Stalke (further details are given in the SI, Section
$2).**"*! Having both the anion bearing a Cs(18-crown-6)* and
the fused dication in solution indicates some sort of dynamic
exchange of one Cs(18-crown-6)" fragment.

Density functional theory (DFT) -calculations at the
dispersion-corrected RI-BP86-D3B]J/def2-SVP level were carried
out to gain more insight into the bonding situation in this new
type of inverse crown 1. To this end, we focused on the
interaction between the central PhP fragment and [Pd(PMe,)]s
core, a model system where the bulky ‘Bu and Ph substituents
attached to each phosphorus atom in 1 were replaced by
smaller Me groups. Our quantum theory of atom in molecules
(QTAIM, Fig. 3) calculations confirm the occurrence of the
[Pd¢Ps] core where the PhP moiety is mainly bonded to four
of the six Pd atoms (Fig. 3).
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Fig. 1 Molecular structure of 1 in the solid state. Hydrogen atoms and solvent molecules are omitted for clarity. (a) Full structure; (b) all organic groups
are omitted for clarity; (c) [Pdg(P'BUPh)g(PPh)I2~ dianion view from above; (d) [Pdg(P‘BuPh)g(PPh)12~ anion sideview. Selected bond distances (A) and

angles (°) are summarised in Table S2 and S3 in the SI.
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Fig. 2 ESI-HRMS of 1 in THF. Experimental (top) and calculated (bottom)
isotopic patterns for the fragment of the protonated anion [CsPde(P'BuPh)s-
(PPh)]™ at m/z = 1868.8382.

7 \ 7 Q’ \

b S\

& /B ‘/\ W
AN Tk AN\ ) | ||

Fig. 3 Contour line diagrams V2p(r) for [Pdg(PMey)(PP)I?~ in the Pt—-P—

Pd plane. Solid lines connecting the atomic nuclei are bond paths, while

the small green spheres indicate the corresponding bond critical points,
respectively.

In all cases, the located Pd-P bond critical points feature
positive values of V?p, therefore suggesting donor-acceptor
(that is, dative) bonds.** Moreover, the central Pd—P bonds
involving the PhP moiety are significantly weaker than the
peripheral Pd-P bonds, as viewed from the computed lower
electron density (p) and delocalization indices (DI, see Fig. 3)
and supported by the computed lower Mayer bond orders
(approximately, 0.44 vs 0.82, respectively).

More quantitative insight into the central Pd-P bonds can be
gained by means of the energy decomposition analysis (EDA)
method (see details in the SI). To this end, we analysed the
interaction between the central PhP fragment and [Pd(PMe;)]s
core using two possible fragmentation schemes, namely (i)
[Pde¢Ps] and PhP?>~, as closed-shell singlets (which agrees with
the computed almost neutral natural charge of the palladium

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Plot of the individual components of the deformation densities Ar
and the associated orbitals of the fragments for [Pdg(PMe,)g(PPh)]>~. The
color code of the charge flow in the deformation densities is red — blue
and the eigenvalues Ax give the size of the charge flow. All data have been
computed at the ZORA-BP86-D3BJ/TZ2P//RI-BP86-D3BJ/def2-SVP
level.

atoms, ranging from —0.01 to —0.16¢) and (ii) [Pd¢Ps]>~ and
neutral phosphinidene PhP, either in their triplet or closed/
open-singlet states (Table S5 in the SI). Our calculations indi-
cate that the [Pd¢P¢]/PhP>~ fragmentation constitutes a reason-
able description of the bonding situation in [Pd¢(PMe,)e-
(PPh)>~, which is consistent with the positive V>p and natural
charges commented above. Despite that, the fragmentation
involving the charged, closed-shell [Pd¢Ps]*~ core and neutral,
open-shell singlet PhP cannot be ruled out as it exhibits a
comparable AE,y, strength.*’ Indeed, this particular bonding
situation has been found in related systems.*® In any case, it is
found that the interaction between the [Pds(PMe,)s] core and
PhP fragments is relatively strong (AEy,, ~ —200 kcal mol 1),
which is not surprising since it involves four Pd---P interac-
tions simultaneously (that is, approximately —50 kcal mol " per
Pd—P bond). Partitioning of the AE;,, into its energy contribu-
tors suggests that the electrostatic interactions dominate over
the orbital interactions (AEejseae contributing 69% to the total
AE;, for the [PdePe]/Pthf fragmentation, which is expected
given the charged nature of the PhP*~ fragment). Further
partitioning of the AE,; term with the natural orbital for
chemical valence (NOCV) extension of the EDA method
indicates that there exist three main orbital interactions
between the [Pd¢Ps] core and PhP*~ fragments, all of them
involving donor-acceptor interactions from lone-pairs located

Chem. Commun.
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at the PhP”~ moiety to the [PdePs] core (Fig. 4). The stronger
interactions occur from the donation of the p-type lone pairs at
the phosphorus atom to the LUMO and LUMO+2 of the core
(p1 and p2), while the third, weaker interaction (p3) involves the
s-type lone pair at P to the LUMO+1 of the core, a vacant orbital
involving the central Pd, moiety (for the corresponding NOCV
deformation densities involving the alternative [Pd¢Pe]>~/PhP
fragmentations, see also Fig. S8 in the SI).

In summary, we have fortuitously discovered an example of a
palladium inverse crown 1 consisting of a [PdePs] ring incor-
porating a PhP®>~ guest, which to the best of our knowledge is
unique. The two negative charges are balanced by two fused 18-
crown-6 coordinated Cs* cations. Multinuclear NMR spectro-
scopic studies revealed the existence of the inverse crown
structure in solution forming a solvent-separated ion pair.
The composition of 1 was further proven by high resolution
mass spectrometry. Quantum chemical methods including
QTAIM and EDA-NOCV calculations indicate that the inter-
action between the [PdgPg] core and the PhP®>~ host is strong,
indicative of its stability in solution, and is mainly electrostatic
with a significant contribution of donor-acceptor orbital inter-
actions from lone-pairs at the P atom of the PhP>~ to vacant
molecular orbitals of the core. From the DFT calculations,
although the [Pd¢Ps)/PhP>~ fragmentation seems a reasonable
description of the bonding situation in 1, the alternative
description as a phosphinidine Pds nanocluster stabilized by
six PPh’Bu ligands cannot be fully dismissed. The report of this
structure opens up an exciting new chapter in inverse crown
chemistry from both an alkali metal-transition metal and
phosphide bridge-phosphide core perspective.
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