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Abstract: The first Cs-symmetric 44-core-valence-electron
triangular palladium clusters, [{(SAY)(PAr;)Pd}s]*, have
been synthesized by activation of the C—S bond of isothioureas.
Owing to delocalized metal-metal bonding, these stable
complexes are the first noble-metal analogues of the -
aromatic cyclopropenyl cation [C;H;]*, with their all-metal
aromaticity involving d-type atomic orbitals.

The concept of aromaticity has fascinated chemists since the
early days of chemistry. It still represents a great tool for
understanding, describing, and predicting the properties of
molecules and materials."! The concept of metal aromaticity
has been developed to describe similar bonding properties
involving main-group elements.'""*! However, while organic
aromatic molecules, both naturally occurring or artificial, are
ubiquitous, most metal aromatic clusters remain elusive
compounds and are often observed in the gas phase.?! This
elusiveness has limited their exploitation despite the obvious
potential that their unique stereoelectronic properties hold
for applications from materials chemistry to catalysis.

The first example of a metal aromatic cluster character-
ized by X-ray was reported in 1995 for a main-group metal.
Robertson et al. reported a triangular organogallium bis-
anionic cluster featuring a D,-symmetric triangular core with
m-aromatic properties.®’! Then in 2012, Sadighi et al. intro-
duced a quasisymmetric trigold monocation as a noble metal
isolobal analogue of the o-aromatic [H;]" cation (Figure 1,
top).! This all-gold analogue of the simplest three-center,
two-electron bond is a significant breakthrough in noble-
metal cluster chemistry. Relativistic effects make its delocal-
ized metal-metal bond a combination of gold 6s atomic
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Figure 1. Noble-metal analogues of the smallest aromatic cycles.

orbitals. In contrast, transition metals with larger 4d/5s gaps
might be good candidates to generate an aromatic bonding
pattern involving unfilled d orbitals.

We report herein a family of triangular, 44-core-valence-
electron (cve) palladium clusters showing overall
C; symmetry, and that their nearly D;,-symmetric tripalla-
dium core is the first noble-metal analogue of the cyclo-
propenyl cation (Figure 1, bottom).

The first such cluster was serendipitously obtained upon
the reaction of the isothiourea 1af! with one equivalent of
[Pd(dba),] in the presence of an equimolar amount of tris(p-
fluorophenyl)phosphine in degassed dichloromethane at
room temperature (Scheme 1). A deep-red powder was

{SC7H7P(CgH4F)3Pd}a]"

1 equiv P(CgH4F)3 !

O  NHMe 1 equiv [Pd(dba),]

@/‘LN%

I —_—m
PTol GH,CI,, 0.01M,
1a Ar, RT, 4 h

Scheme 1. Activation of C—S bond by Pd’. dba =dibenzylideneacetone.

isolated in high mass return, and exhibited the peculiar
isotopic pattern expected for a tripalladium cluster by ESI*/
TOF. The mass peaks corresponded to the cation [{SC;H,P-
(CeH,F);Pd};]" (2), which exhibits the fingerprint of the thiol
component, but not that of the rest of the isothiourea, thus
suggesting that the C—S bond has been activated during the
reaction.

Addition of one equivalent of AgSbF¢ upon full con-
version of 1a allowed the growth of monoclinic red crystals of
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Figure 2. X-ray structure and asymmetric unit side view of complex 2.
Hydrogen atoms omitted for clarity. Thermal ellipsoids are shown at
50% probability.

2 (Figure 2). The crystals proved very stable to oxygen and
moisture at room temperature, and could be handled in air
without any precaution. A structure was obtained using X-ray
diffraction, which confirmed that 2 is a triangular cluster
exhibiting C; symmetry. The three metal-metal distances in 2
are exactly equal at 2.8872(1) A, which is below the sum of
their van der Waals radii (3.26 A). This distance is comparable
to that reported for 44 cve tripalladium clusters’® and to that
of some palladium(II) dimers showing d*-d® bonding inter-
actions.”! The three angles of the palladium triangle are 60.0°,
thus making the triangle perfectly equilateral. The Pd-S-Pd
and S-Pd-S angles are 78.40(3)° and 161.38(4)°, respectively,
and these six atoms (3Pd/3S) are coplanar (largest dihedral
angle is below 2°). The Pd—S and Pd—P distances are 2.284(2)
and 2.306(2) A, respectively, with the first sphere of coordi-
nation thus displaying near Ds, symmetry. The phosphines
point slightly out of the plane, as indicated by the corre-
sponding dihedral angle of 8.2(1)°, while the aryl groups of
the thiolates fragment are nearly perpendicular to the plane
containing the metals (112.3(1)°). Their ortho hydrogens are
2.89 A above the plane itself. Finally, all the phosphines on
the palladium centers point in the same direction, and all the
sulfur substituents point in the opposite direction, with
a perfect alternation (trans 1,2 relationships relative to the
Pd; cycle).

About 78 trinuclear palladium solid-state structures exist,
most of which have either 42 or 44 cve.® Only eight have 44
cve and just two feature the formal + 4/3 metal oxidation state
found in 2.°<! While there are some quasisymmetric struc-
tures among 44 cve clusters, only our system displays
a perfectly equilateral triangular core and an overall
C; symmetry.

Multinuclear NMR analyses of 2 only show a single
pattern of signals for each thiolate and phosphine fragment
and no peak splitting resulting from inhibition of the dynamic
processes was detected at —80°C. These observations indicate
that the highly symmetric arrangement found in the solid state
is maintained in solution. Also, 'H NMR chemical shifts of
the S-aryl fragments were unusually shifted upfield, which is
in sharp contrast with palladium thiolate complexes.”) For
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example the signal for the ortho protons H, resonates at
around 0 = 6.2 ppm versus the usual 6 =7.5 ppm region.”!
To examine the scope of the reaction, various isothioureas
and phosphines have been reacted with [Pd(dba),]. The
clusters 2-7 were isolated (Table 1). They all contain aromatic

Table 1: Synthesis of clusters 2 from isothioureas.
,‘;\r' SbFg
O  NHMe 1 equiv [Pd(dba),]

P 1equivPAry  ArP., «PAr3
N —» Pd-—Pd
A CH,Cl, RT /
" then AgSbFg

1a-

ae PAr3 27

Entry Substrate Ar Ar Product
Yield [96]!

1 1a 4-MeCH, 4-FC,H, 2:93
2 Ta 4-MeCgH, 4-MeC¢H, 3: 84
3 1b 4-NH,CH, 4-FCH, 4:75
4 lc Ph Ph 5:88
5 1d 4-OMeC4H, Ph 6: 81
6 Te 4-CIC¢H, 4-MeC¢H, 7: 91

[a] Yield is that of isolated product.

phosphines and sulfide moieties. Full conversion was
observed within one hour in chloroform, although partial
degradation occurred, as shown by multiple phosphorus
signals in the *'P NMR spectra of the crude residue. The
reaction is almost instantaneous in CCl,. However, the
desired complexes spontaneously decomposed within a few
minutes and could be isolated in trace amounts only. The low
concentration (0.01M) proved equally important to minimize
the formation of polymeric clusters.'”! Try as we might, we
could not isolate any amidine-containing intermediates, so the
fate of those fragments in 1 remains unknown. Finally, alkyl
phosphines led to intractable mixtures.

Overall, the observations suggest that m—m interactions
play a crucial role in the stabilization of the cationic clusters.
We were intrigued by the unique symmetry of the core of
these clusters. Such a high symmetry is often a telltale sign of
aromaticity, and we wondered whether aromaticity was the
origin of the former. We thus tried to gain better under-
standing of the bonding pattern through various theoretical
and experimental analyses.

We used the crystalline structure of 2 as the starting
geometry with different DFT functionals (BP86, B3LYP, and
MO06). To exclude any bias from para substituents on aryls, the
same study was carried out on complex 5. The optimizations
were then performed without any symmetry constraint. No
matter which linear or cyclic combination of fragments was
used as an initial geometry, the optimization led invariably to
the same, quasisymmetric triangular structure, thus suggesting
it has a global-minimum character. Indeed all the calculated
atomic charges of the same elements were nearly identical
and the largest differences in bond lengths were in the ppm
range in all cases. The geometry calculated at the M06/def2-
svp level of theory provided the best correlation with the
solid-state structure, with only slightly elongated bonds (Pd-
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Figure 3. Selected molecular orbitals of 5. The orbitals evenly involve

the three metal atoms. Energies are given relative to the HOMO, and
atomic orbital contribution is indicated within brackets. Phenyl groups
are omitted for clarity.

Pd, Pd-S, and Pd-P deviations by 0.04, 0.07, and 0.03 A,
respectively).

Figure 3 highlights the most interesting molecular orbitals
of 5, which evenly involve all the three metal atoms. The
HOMO is clearly a delocalized, three-center, two-electron
bond. This molecular orbital arises from the combination of
d,»_,» atomic orbitals (top left) and its symmetry makes it a o-
molecular orbital. The other valence d orbitals are mainly
engaged in back donation to the sulfur atoms. For example,
HOMO-1 (top right, —0.41 eV) originates from d,, metal
orbitals. The antibonding repulsion in the Cj;-symmetric
framework is minimized by their combination with sulfur
p orbitals in a hexagonal array. The same features are
observed when modeling complex 2 (see the Supporting
Information).

Singularly, the HOMO-6 (Figure 3; bottom left) results
from the overlap of the d.. orbital of each metal atom, thus
lying far below the HOMO at —1.23 eV. This interaction is in
sharp contrast with the resulting d. bonding one in palla-
dium(IT) dimers,”! where in most cases the metal square-
planar coordination imposes a limited axial overlap of
d,. orbitals in clamshell or paddlewheel structures. Indeed
the resulting partially bonding molecular orbital is often the
HOMO of these complexes. In a symmetric triangle the
overlap is instead maximized and the HOMO—6 contributes
to metal-metal bonding in our case. Most excitingly,
HOMO-6 is a O orbital, characterized by a)two nodal
surfaces perpendicular to the C; axis of the molecule and
b) a plane of symmetry (that of the triangle). A similar
outcome occurs for modeling complex 2, where the calculated
Pd-Pd distance is 2.90 A (0.02 A shorter than in 5) and the
molecular orbital displaying d,. overlap becomes the
HOMO-9, which is 1.24 eV below the HOMO of 2.

The HOMO-36 of 5 (Figure 3; bottom right) results from
the partial overlap of d, atomic orbitals instead. It lies
—2.51 eV below the HOMO and its symmetry makes it a n-
molecular orbital (in complex 2 this MO is again HOMO-36,
at —2.57 eV).
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Single-point calculations at the MP2 and B2PLYP levels
provided molecular orbitals comparable to those obtained by
DFT. Indeed, HOMO, HOMO-6, and HOMO-36 closely
resemble the molecular orbitals calculated for d-orbital and 6-
aromatic early-transition-metal oxo clusters produced by
laser vaporization and investigated in situ.”) In our 44 cve
clusters the cyclic delocalization makes the three palladium
atoms equivalent, and thus explains the structural observa-
tions (one bond length and one angle for the Pd; triangle).

Natural bond orbital analyses on 2 and 5§ were performed
to confirm the original atomic orbital contribution to the
delocalized bond responsible for aromaticity. Both complexes
present a delocalized bonding HOMO resulting from a com-
bination of atomic orbitals having a main d-type character
(between 49 and 94 % using different basis sets), together
with a smaller p-type hybridization (between 4 and 27 %).
These results confirm that clusters show d-orbital aromaticity.

AdNDP analysis is another useful tool to assess the
presence of aromaticity.''! On the model cluster,
(PdSHPH,);", in which aromatic rings were replaced by
hydrogen atoms, this method confirmed the presence of
a multicenter, delocalized, three-center, two-electron bond
between the three palladium atoms with a o-like symmetry.™?

These different theoretical analyses together indicate that
the core of these cationic Pd; clusters features three
equivalent palladium atoms and a fully delocalized three-
center, two-electron bond between them, a bond which
originates from d-type atomic orbitals. They are thus aromatic
noble-metal analogues of the m-aromatic, Ds,-symmetric
cyclopropenyl cation [C;H;]". To the best of our knowledge,
d-orbital aromaticity in stable triangular clusters of transition
metals has not been reported to date."” In contrast to this, the
same theoretical analyses on two models of representative 42
and 44 cve tripalladium clusters, which are commonly
considered non-aromatic ([{Pd(CO)PPhs};] and
[Pdy(CO),dppm;]**), did not reveal any delocalized orbital
among their three metal atoms (see the Supporting Informa-
tion for details).

We used nucleus-independent chemical shift (NICS)
analyses!'¥ to confirm the presence of an aromatic ring in
our clusters. This theoretical tool is routinely used to evaluate
the aromaticity of cyclic molecules by calculating the absolute
magnetic shielding of a series of relevant points of the space
around the cycle of interest. Thus, for an aromatic system,
negative shifts should be measured along the perpendicular
axis.

Figure 4 shows plots of the calculated NICS,, as a function
of the distance from the center of the palladium triangle. This
probe represents the component of the magnetic tensor
perpendicular to the plane of interest (thus called “zz”).l¥!
The chemical shifts for complex § are always negative up to
5 A above the metal triangle, in perfect agreement with the
presence of an aromatic ring.

We then considered the theoretical tricationic analogue S-
NO, where the two delocalized electrons responsible for the
metal aromaticity have been formally removed. NICS,, values
in 5-NO are always positive, either using the geometry of § or
that obtained upon full reoptimization of 5-NO.™! This
behavior is exactly expected for a non-aromatic molecule.

www.angewandte.org
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Figure 4. Plot of calculated NICS,, and experimental NMR data.

The isotropic values NICS(1) were 6 =—9.68 ppm for
aromatic cation 5 and 6 =+ 1.95 ppm for the non-aromatic
trication 5-NO, thus following the same trend as NICS,,.
Furthermore, the negative NICS,, value (6= —4.5ppm)
obtained for 5 at 3.0 A above the plane matches the
experimentally observed 'HNMR signals of the ortho
protons on the sulfide substituent, positioned nearly perpen-
dicular to the palladium triangle, at a distance of 2.89 A. They
resonate at 0 =6.22 ppm, thus 1.4 ppm below the resonances
usually observed in Pd-S-Ar fragments. Their experimental
upfield shifts are consistent with the presence of an aromatic
ring as they would lie in its deshielding cone.!®

The aromatic delocalization should also lead to an
experimentally measurable intense diamagnetic susceptibil-
ity.'”! We measured the magnetic susceptibility of selected
clusters by SQUID experiments. The complex 4 exhibited
ay Tof 0.41 emuKmol ™' at 300 K, while the trinuclear cluster
[{PA(CO)PPh;};] has a y T value roughly one order of
magnitude lower at 0.031 emuKmol™' at 300 K (see the
Supporting Information). For comparison, a value around
0.5 emuKmol ' at room temperature is expected for a para-
magnetic molecule with spin '/, (such as 2,2,6,6-tetramethyl-
piperidin-1-oxyl, TEMPO), while regular, non-aromatic dia-
magnetic derivatives shows no significant susceptibility at all.
These experimental observations thus support the aromaticity
of 4 and the non-aromaticity of [{Pd(CO)PPh;};]. In addition,
the susceptibility of 4 is nearly independent from temperature
in the 20-300 K range, and in perfect agreement with the
presence of a ring current in an otherwise diamagnetic
molecule.'

To conclude, the activation of the C—S bond of isothio-
ureas generates unprecedented aromatic Cs-symmetric 44 cve
triangular palladium clusters. The d orbital metal aromatic
core of these complexes is the first noble-metal analogue of
the Ds,-symmetric, st-aromatic cyclopropenyl cation [CsH;]".
Our report opens a new branch in the bench-stable aromatic
triangular metal cluster family, after [Aus]* ! and [Ga;]*~ ",
whose aromaticity involve s- and p-atomic orbitals, respec-
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tively. Further work will examine the consequences of this
new mode of bonding on reactivity.
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