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Chromium chemistry is attractive to researchers due toits interesting
structural arrangements and unusual Cr-Cr bonding interactions. However,

the exploration of polymeric Cr, (n > 3) clusters is challenging because of
the difficulty in achieving precise matching between the metal cores and
ligands. To the best of our knowledge, planar Cr, configurations beyond
the Cr;triangle have not been identified. In this study, we successfully
isolated and characterized a Cr; cluster using the Zintlion synthesis

route. This cluster exists within the ternary anion [Cr;Sn,Sb,,]* and the
nanoscale dimer fusion anion [(Crs),Sn,Sb;,]¢". Furthermore, we elucidated
the aromatic properties of the Cr;Sn, subunits through theoretical
computational analysis, this aromaticity substantially enhancing the
intrinsic stability of these Cr cluster species.

Chemical bonding is of fundamental interest in molecular chemistry.
Since the groundbreaking discovery of Re-Re complexes featuring
multiple bonds’, synthetic chemists and theorists have beeninterested
in the study of multiple bonds between transition metals due to their
unique bonding properties and electronic structures”>. Among these
investigations, binuclear Cr', complexes (Fig. 1a), which are typically
supported by a variety of organic ligands with diverse coordination
modes, have garnered substantial attention, with the primary aim to
achieve ultrashort Cr-Cr distances and extreme bond orders®. The
discovery of a fivefold-bonded Cr', dimer has established abenchmark
inthefield’, instigating asurge of research®***, Numerous theoretical
calculations have shown thatall of the electrons in the naked Cr, dimer
spontaneously form a closed-shell system that serves as a building
block to form various small Cr, (n = 3-11) clusters exhibiting unique
electronic structures and magnetic properties'®™®, Unlike theoretical
studies, experimental investigations of complexesincorporating Cr-Cr
have primarily focused on ligand-supported bimetallic systems, while
studies of Cr, clusters remain scarce, limiting the exploration of this
class of compound and the understanding of Cr-Cr bonding within
clusters. Recently, the trichromium complex [(*L)Cr,(thf)] (where ®L

represents 1,3,5-tris[o-(tert-butyldimethylsilylaminophenyl)amino]
cyclohexane and thf denotes tetrahydrofuran; Fig. 1b, top) with multiple
active sites has been isolated and found to exhibit promise in small-
molecule activation'*?°, Another notable example involves species
containing the octahedral Cr, core (Fig. 1b, bottom), belonging to the
MEgR, family (where M = Cr, Mo, Re, Fe; E =S, Se, Te; R = organofunc-
tional group)® . Based on the existingisolated Cr, (n = 2,3, 6) cluster
compounds, it is well established that organic ligands play a crucial role
indetermining their structure and electronic bonding. With anincreas-
ing number of atoms, however, transition metal clusters (for example,
Cr,) exhibit a proclivity to adopt polyhedral structures rather than
adhering toaplanar ring geometry due to the instability of the latter®.
Consequently, this poses a challenge for the experimental synthesis of
chromium cclusters, particularly those featuring planar configurations.

In contrast, there is considerable research activity in the field of
intermetalloid clusters. In these clusters, asingle metal atom or small
cluster fromthe d or fblock of the periodic table is encapsulated within
cages formed by p-block (semi)metal atoms®. So far, a diverse range
of clusters containing single or multiple interstitial transition metal
atom(s) have been successfully isolated from the reaction of Zintl
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precursors with organic transition metal precursors***'. Moreover, spe-
cificanionic clustersincorporating small planar transition metal frag-
mentsM,, (M =Au, Pd, Fe,n=3;M = Cu, n=4) have been experimentally
observed® %, Hence, the strategy of constructing anionic ligands with
larger cages from Zintl ions is anticipated to facilitate the encapsula-
tion of small or even metastable planar Cr, (n > 2) clusters. Despite the
ongoingresearch endeavours surrounding these compounds, however,
the designand synthesis of platforms that allow for the capture of large
metastable chromium cluster species remains unrealized.

In this study, we synthesized two Cr clusters, [Cr;Sn,Sb,,]*” and
[(Crs),SnSbs, 16, by the Zintl ion route under facile and controllable
conditions (Fig. 1c). X-ray diffraction analysis showed that the planar
Crsarray residesin a pentagonal-bipyramidal Cr;Sn, core surrounded
by a pure Sb or mixed Sn-Sb molecular cage, forming metal anions of
the Cr;Sn,monomer and fusion-grown dimer, respectively. The exist-
ence of the cyclic Crsplane was experimentally confirmed through the
isolation of the [CrsSn,Sb,,]*"and [(Cr),Sn,Sb,,]° clusters. This success
isattributed to the formation of the aromatic pentagonal-bipyramidal
CrsSn, centre, which may be the key intrinsic factorimproving the rela-
tive stability of the Crsarray. These findings open anew horizonin the
study of chromium cluster chemistry and to the further construction
of models for understanding Cr-Cr and Cr-metal bonding.

Synthesis and characterization

Synthesis of compounds 1and 2

The cluster [{K(18-crown-6)},Cpl,[CrsSn,Sb,,] (1a) was prepared by
treating an ethane-1,2-diamine (en) solution of the ternary Zintl precur-
sor K¢SnSb, with dicyclopentadienyl chromium (CrCp,) under heating
inthe presence of1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6).
Following the synthesis of complex1a, CrCp, was treated with asolution
of precursor KgSnSb, ineninthe presence of4,7,13,16,21,24-hexaoxa-1,
10-diazabicyclo[8.8.8]hexacosane (2.2.2-crypt) to produce the cluster
[CriSn,Sb,,]* asits [K(2.2.2-crypt)]* salt, [K(2.2.2-crypt)],[CrsSn,Sb,,]
(1b). With theintention of delving deeper into the reactivity of this sys-
tem, the fusion dimer product [{K(18-crown-6)},Cpl,[K(18-crown-6)],[
(Crs),Sn,Sb,,]-en, (2) was obtained by continuously stirring the heated
reactionsolution atroom temperature, following the synthesis route
used for compound1a. To further verify the relationship between the
anions [CrsSn,Sb,,]* and [(Crs),SnSbs,]1¢” within the two aforemen-
tioned compounds, we heated an en solution of compound 1ain the
presence of the KsSnSb, precursor. By employing identical methods,
we successfully isolated crystals of compound 2 from the resulting
solution. This discovery suggests that the [Cr;Sn,Sb,,]* monomer may
actasaviable intermediate in solution, facilitating the formation of
nanoscale dimer clusters of [(Crs),Sn¢Sb,,]® through a sophisticated
assembly process. The synthesis of these complexes has introduced
chromium clusters into the Zintl ion system, breaking through the
traditional construction strategy for Cr,-containing compounds. To
the best of our knowledge, the structures of Cr-related Zintl clusters
arerelatively simple: mostare Cr(CO), (n =3 or5) fragments acting as
electron acceptors bound to the corresponding anions through sim-
ple coordination®~*, while another example is a Cr, dimer stabilized
by a cyclic polyantimony anion*. The formation of fusion product 2
can be viewed as an oxidative coupling of two units of cluster 1a, and
thus a controllable aggregation to a larger two-dimensional array of
lacanbeenvisaged.

Characterization

Crystals1a,1b and 2 were structurally characterized by single-crystal
X-ray diffraction (SC-XRD). Complexes 1a and 1b crystallize in the
orthorhombic space group P2,2,2 and the monoclinic space group
P2,/c, respectively (Supplementary Figs. 2 and 4). The cluster
[CrsSn,Sb,,]* crystallizes with 18-crown-6 (in1a) and 2.2.2-crypt (in1b)
ascation-sequestering agents; the former exhibits extensive disorder,
whereas in the latter, the degree of disorder is significantly reduced,
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Fig. 1| Synthesis of multi-bonded dichromium and chromium cluster-
containing species using different synthetic strategies. a, A classical route for
the synthesis of multi-bonded dichromium compounds supported by organic
ligands using an alkali metal reductant. b, Synthetic routes to currently known
chromium cluster compounds supported by organic ligands. ¢, This work: two
planar Cr;clusters surrounded by inorganic anionic cages were prepared by a
Zintlion synthetic route involving a highly charged inorganic reducing support.
r.t., room temperature.

with only slight disorder observed in the anion moieties. Therefore,
the following discussion on the structure of the [CrsSn,Sb,,]*" anion
is mainly based on that in compound 1b. In the solid-state structure
of [CrSn,Sb,,]*", the nearly planar Crs unit combines with five sur-
rounding Sb, dumb-bells in the same horizontal plane, forming alarger
equatorial plane denoted Crs(Sb,);, while the Cr;Sn, core resides in a
cage created by a framework comprising 20 Sb atoms (Fig. 2a). The
polyanionic Sb,, unit can be viewed as alarge pentamer cage, namely,
(Sb,)s, formed by butterfly-shaped Sb, subunits via exo-Sb-Sb bonds.
This larger polyatomic cage can also be viewed as a further expansion
of the middle-sized (Sb,);* and (Bi,),* units in the clusters [Ln@Sb,,]*
(ref. 49), [U@Bi,,]* (ref. 50) and [Th@Bi,,]* (ref.51). The characterized
Sb,, outer backbone differs from the dodecahedral shape observedin
the Sb@Pd,,@Sb,, cluster™, revealing the flexibility of the architecture
of Sb,, encapsulating different metal cores.

Complex 2 crystallizes in the orthorhombic space group Pbcn.
The asymmetric unit of 2 contains one [(Crs),Sn,Sb,;,]1® anion, two
[{K(18-crown-6)},Cp]" cations and four [K(18-crown-6)en]” cations,
with the cations distributed on both sides of the anion (Fig. 2b and
Supplementary Fig. 6).Inaddition, the unit cell displays an elongated
c axis (Supplementary Fig. 7), as indicated by its unit cell parame-
ters (Supplementary Table 1). The monomer structure of the anion
[(Crs),Sn¢Sb;,]¢ resembles that of [CrsSnSb,,]*” as they both possess a
pentagonal-bipyramidal Sn,Crcore. [(Crs),SnSb,,]® canbeseenasa
formal fusion of two [CrsSn,Sb,¢] unitsin the horizontal direction, shar-
ing two Sb atoms and connected by two additional Sn atoms; it canalso
be seenas two [Cr;Sn,Sb,,] subunits bridged by a Sn,Sb, unit (Fig. 2h).
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Fig. 2| Molecular structures of [Cr;Sn,Sb,,]* and [(Cr;),SnSb,,]°". a,b, Top
views of [CrsSn,Sb,,]* (@) and [(Crs),Sn¢Sb;, ¢ (b). The ellipsoids are drawn at the
50% probability level; en molecules and the positional disorder of the Sb atoms
in[CrsSn,Sb,,]* have been omitted for clarity. c-e, Side views of [CrsSn,Sb,,]*
(c)and [(Crs),Sn¢Sbs,]° (d,e). The structures are drawn as space-filling models;

the numbers represent the dimensions (van der Waals lengths) in different
directions. f-h, The pentagonal-bipyramidal Cr;Sn, core in [Cr;Sn,Sb,,]*" ()
and the (Sn,Cr,Sb), (g) and Cr,Sn,Sb, (h) fragments in [(Crs),Sn,Sb,,]®". The
structures are shown as ball-and-stick models; the average bond lengths are
givenin angstrom.

From an overall structural perspective, similar to [CrsSn,Sb,,]*, the
two Cr;planesin [(Crs),Sn,Sb,,]¢, which are connected by n*-Sb atoms
(Fig.2g), are encompassed within alarger Sn,Sb,s heterometallic ring.
Asillustrated in Fig. 2b, the two Cr, rings interconnected by Sb atoms
are positioned adjacent to each other and aligned in a parallel man-
ner within the macrocycle. Moreover, the distinct separation of the
two Cry units, as evidenced by the elongated Cr-Cr distance (-3.0 A),
clearly indicates the absence of any significant bonding interactions
between them.

The Cr-Cr bond lengths in [CrsSn,Sb,,]*™ (2.544(6)-2.622(7) A
in1aand 2.547(3)-2.650(3) A in 1b) are slightly shorter than those in
[(Cr5),Sn,Sbs,]¢ (2.619(4)-2.674(4) A), but significantly exceed those
in[Cr,Sb,]* (2.32 A) and other organic ligand-supported multi-bonded
Cr-Crcomplexes*”°, In cluster [Cr,Sn,Sb,,]*", the Cr-Sn bond length
(average 2.762 A) for the capping Sn atoms to the planar Cr subunit
is slightly shorter than that in [(Cr5),Sn,Sb;,]¢” (average 2.780 A). In
contrast, the Cr-Snbond within the centrally linked Sn,Sb,Cr, moiety
(Fig. 2h) of the [(Crs),Sn,Sb;,]¢ cluster is relatively short (average
2.694 A) and the Cr-Sbbond (average 2.719 A) in this unitis also shorter
than the Cr-Sb bonds in other moieties (average 2.745 A). The Sn-Sb
distances between the capping Sn atoms on the central Crsring and the
surrounding Sb atoms are longer than 3.2 A, indicating that these Sn
atoms prefer to form a closed deltahedral Cr;Sn, cluster with the Cr;
plane rather than a continuous shell with the Sb,, or Sn,Sb,; ring, as
in the SngBi, shellin [Pd,SngBi ]* (ref. 34). It is interesting to note that
the van der Waals size of the cluster changes substantially during the
growthand fusion of the clusters, expanding horizontally from -12.18 A
t0-~19.08 A, while experiencing a vertical compression from -6.55 Ato
~6.15 A (Fig. 2c—e).

The compositions of complexes 1 and 2 were rationalized by
electrospray ionization mass spectrometry (ESI-MS; Supplementary
Fig. 8) and energy-dispersive X-ray (EDX) spectroscopy (Supplemen-
tary Figs. 14-16). ESI-MS of 1a was performed in acetonitrile solution

and displayed peaks arising from [Sn,CrSbs]* (m/z=1,344.8620),
[K(18-crown-6)Sn,CrsSbs1* (m/z=1,496.4176) and other related frag-
ment peaks (Supplementary Figs. 9-13). Under ESI-MS gas-phase con-
ditions, the parent anion [CrsSn,Sb,,]*" lost two Sb atoms, resulting
in the prominent peak of [Sn,CrSb;]*, indicating that the parent
anion was unstable to the analytical conditions. Furthermore, crys-
talline samples of 1a analysed by electron paramagnetic resonance
(EPR) spectroscopy showed asingle paramagnetic signal with a central
g-value 0f 2.042, confirming its paramagnetic nature (Supplementary
Fig.17). Theoretical calculations revealed that the ground state of the
[CriSn,Sby,]* cluster has aspin state S =1, with two unpaired electrons
distributed across the atoms of the Cr; plane. For compound 2, despite
many attempts, we were unable to obtain pertinent and valid data from
ESI-MS and EPR experiments, suggesting the inherent instability of the
compound under the test conditions.

Theoretical analysis

Next, we carried out a theoretical analysis to further rationalize the
chemicalbonding and related characteristics of the [Cr,Sn,Sb,,]* and
[(Crs),Sn¢Sb;,]¢ clusters. The favoured spin state for such species was
verified using the Perdew-Burke-Ernzerhof (PBE) functional to range
fromS=0toS=2,indicating that S =1is preferred for [Cr;Sn,Sb,,]*
and [(Cr),SnSb;,1°” (Supplementary Table 4). Interestingly, for
[(Cr),SnSb,,]¢, the favoured optimized structure with S = 1deviates
significantly fromthe experimental SC-XRD structure, while the struc-
tural parameters with S = 2 closely approximate the experimental data
(Supplementary Table 6). Thus, the quintet state (S = 2) was further eval-
uated asitbetter accounts for the electronic ground state foundin the
experimentally characterized [(Crs),Sn,Sb;,]¢ cluster. This discrepancy
between the electronic ground state and the experimental results for
[(Crs),Sn,Sb, 1 may also manifestin certain high-nuclear clusters®**,
To estimate the separation of the frontier orbitals in the character-
ized clusters, we evaluated the gap between the highest-occupied
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and lowest-unoccupied molecular orbitals (the HOMO-LUMO gap)
for the S = 0 spin state. HOMO-LUMO gaps of 0.78 and 0.88 eV were
obtained for [CrSn,Sb,,]*” and [(Cr,),Sn,Sb;,]°, respectively, sug-
gesting a semiconductor-like behaviour for such species, as is often
found for Zintlions™.

Furthermore, we used canonical molecular orbital analysis at
the PBEQ/def2-tzvp level and adaptive natural density partitioning
(AANDP) analysis to elucidate the chemical bonding. The optimized
structures demonstrate Cr-Crbond lengthsin [Cr;Sn,Sb,,]* 0f 2.515-
2.639 A and in [(Cr5),Sn,Sb;,]1°” of 2.667-2.792 A, in close agreement
with the experimental SC-XRD values (2.539(6)-2.650(3) A for the
former and 2.615(4)-2.676(4) A for the latter), supporting the spin
states evaluated for these species. The results of the AANDP analysis
for [CrsSn,Sb,,]* show one centre-two electron (1c-2e) lone-pair
electrons (20 Sb 5slone pairs, 5 Cr 4slone pairs and 2 Sn 5slone pairs),
2c-2e o bonds (5 Cr-Cr o bonds in the Cr; ring and 25 Sb-Sb ¢ bonds
inthe outer Sb,, skeleton) and a specific type of 3c-2e o bond (10 Cr-
Sb-Cr o bonds) that complete the bonding picture within the Cr;Sn,
core and the outer Sb,, skeleton. Moreover, three core delocalized
7c-2e o bonds in the Cr;Sn, unit and two global delocalized 27c-1e
electrons distributed throughout the overall cluster account for the
remaining eight electrons (Supplementary Fig. 19). Notably, the set
ofthree 7c-2e o bonds in the Cr;Sn, core, amounting to six electrons,
adheres to the 4n + 2 Hiickel rule, revealing the aromatic nature of
this unit (Fig. 3). Compared with [CrsSn,Sb,,]*", the AANDP bonding
pattern in the [(Cr,),Sn,Sb,,]1°” cluster exhibits subtle variations. The
analysis revealed that the 1c-2e lone pairs include 30 Sb Sslone pairs,
6 Sn 5s lone pairs, 10 Cr 3d lone pairs and 10 Cr 4s lone pairs, while
the localized 2c-2e o bonds consist of 30 Sb-Sb 2c-2e o bonds in the
outer Sb skeleton and 4 Cr-Cr 2c-2e o bonds in each Cr; ring. Thus,
the bondinginthe Cr;ring differs fromthat observed in [Cr,Sn,Sb,,]*,
which features five Cr-Cr o bonds. In [(Cr),Sn,Sb;,]%", the absence of
theseindividual bonds enables the formation of four 3c-2e Cr-Sb-Cr
o bonds (occupation numbers (ON) =1.75 |e]) connecting the two Cr,
units, representing a judicious allocation of electrons crucial for the
stability of the overall structure. Inaddition, 16 3c-2e o bonds, involv-
ing 8 Cr-Sb-Cr o bonds and 8 Cr-Sb-Sn ¢ bonds, intricately connect
the two inner CrsSn, units to the outer Sn,Sb,s skeleton. Two delocal-
ized 7c-2e o bonds and one 7c-1e electron in each Cr;Sn, unit as well
astwo global delocalized 46¢-1e electrons account for the remaining
12 electrons in the system (Supplementary Fig. 20). Remarkably, the
presence of six electronsin each Cr;Sn, unitinboth [Cr,Sn,Sb,,]* and
[(Crs),Sn,Sb,,]°, reveals that the aromatic motifhas been preservedin
the building block unit during the fusion process (Fig. 3). This unique
property might play a crucial role in maintaining the overall stability
ofthese clusters, particularly inlarger fused structures, as found here.

To further evaluate the aromatic properties of the Cr;Sn, core in
the characterized clusters [CrsSn,Sb,,]* and [(Crs),Sn,Sb,,]¢", we calcu-
lated the nucleus-independent chemical shiftaccounting for an applied
field oriented perpendicular to the Crsring plane (NICS,,). The NICS,,
values at the centre of the Cr;Sn, core in these two new clusters were
calculated to be -8.96 and -30.97 ppm, respectively, consistent with
the aromatic nature of the system core. These values reveal an enhance-
ment oftheshielding regionin the dimer structure due to the extension
oftheshielding region through the fusion of the two units. In addition,
the overall aromatic nature of [CrsSn,Sb,,]* and [(Cr),Sn.Sb,,1 is
further evidenced by their isochemical shielding surfaces (ICSSs;
Fig.4). These findings underscore that the aromatic properties of these
systems primarily emanate from theinner Cr;Sn, core and extend to the
overall cluster structure in both the monomer and dimer forms as an
inorganic all-metal cluster counterpart of cyclopentadienide (Cp~) and
its fused-ring derivatives such as cyclobutal[1,2:3,4]dicyclopentene’®.

To elucidate the bonding interactions between the cluster core
(CrsSn, in [CrsSn,Sb,e]*~ and [(CrsSn,)Sbl, in [(Crs),Sn,Sb;,]¢7) and
the surrounding pure Sb or mixed Sn-Sb molecular cages in the two

Delocalized o electrons in CrgSn,

7c-2e CrgSn, bonds
ON =1.96 |e]

2 x 7c-2e CrgSn, bonds
ON=1.95|e|

7c-2e CrgSn, bonds
ON=1.78 |e]

2 x 7c-2e CrgSn, bonds
ON=1.85[e]

7c-2e CrgSn, bonds
ON =175 le|

2 x 7c-1e CrgSn, bonds
ON=0.87le]

Fig. 3| AANDP bonding patternsin [Cr;Sn,Sb,,]* and [(Cr;),Sn,Sb;,]°". a, Three
local delocalized 7c-2e 6 bonds in the internal Cr;Sn, motif of [CrsSn,Sb,,]*".

b, Four local delocalized 7c-2e and two 7c-1e o bonds in the internal CrsSn,
motifs of [(Crs),Sn,Sb;,]%".

clusters, we performed an energy decomposition analysis (EDA).
The fragmentation interactions of the clusters [Cr;Sn,Sb,,]*  and
[(Crs),SnSb;,]¢ in different charge states were calculated (Table 1
and Supplementary Tables 2 and 3). In the [Cr;Sn,Sb,,]* system, the
[Sby,]¢” and [Sn,Crs]** fragments were identified as optimal for eluci-
dating the bonding between the central core and the anionic ligand,
with an orbital interaction (AE,,;) of —1,078.6 kcal mol™. Within this
context, the fragments demonstrated a binding energy (AE;,,) of
-1,074.2 kcal mol™, with electrostatic interactions (64%) exerting a
more pronounced influence than covalentinteractions (36%), primar-
ilyduetothelower degree of electron transfer between the fragments.
In the case of [(Cr;),Sn¢Sb,,]°7, the results in Table 1 reveal that the
interaction between the [Sn,Sb,s]% and [{(Sn,Cr;)Sb},]** fragments
provides the most accurate description of the bonding scheme. The
binding energy between these fragments is —1,398.0 kcal mol™, with
electrostaticinteractions (62%) prevailing over covalent interactions
(38%) due to reduced orbital overlap. Moreover, steric hindrance
is primarily attributed to Pauli repulsion (AE,,;). In both clusters,
electrostatic interactions dominate the cluster stabilization, which
to some extent is indicative of their ionic nature.

Electron density difference analysis revealed the interactions
between the core and shell fragments and the directional flow of elec-
trons from the core to the outer skeleton (Supplementary Figs. 21
and 22). The contributions of both the core and outer fragments of
[Cr,Sn,Sby,]* and [(Crs),Sn,Sbs;,]1¢” to the molecular orbitals (MOs) are
shown in detail in Supplementary Fig. 23. Notably, the overall energy
distributions of the orbitalsin both clusters are consistent, with similar
relative contributions from the fragmentsin each system. The results
of the density of states analysis (Supplementary Fig. 23), combined
with the AANDP and EDA findings, reveal the crucial contribution of
the aromatic Cr;Sn, units to the overall stability. Calculation of the
Voronoiand Hirshfeld charges gave the expected values (Supplemen-
tary Tables 7and 8), with the highly negatively charged cluster having a
charge distributionsimilar to a Faraday cage, contributing to the overall
aromatic properties evidenced by the ICSSs (Fig. 4).
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Top view

[CrsSn,Sbye]*

[(Crg),SngSbol®

Fig. 4| Calculated ICSSs of [Cr;Sn,Sb,,]* and [(Cr;),SnSb;,]* . a,b, Top and
side views of [CrsSn,Sb,,]* (@) and [(Crs),Sn¢Sb,1°” (b). The yellow and green
regions correspond to negative and positive ICSS values, respectively. ICSS
isosurface =+7 ppm.

Table 1| Results of the EDA of [Cr;Sn,Sb,]* and
[(Crs),SneShs,]° at the PBE/TZ2P-ZORA level

[CrsSn,Sb,]* (triplet)
[s n;Cr5]2+—[szo]6'

[(Crs),SneSh,]* (quintet)
[{(Sn,Cr5)Sb},1**~[Sn,Sb,]*

Interacting fragments

AE,,, (kcalmol™) -1,074.2 -1,398.0
AE,,; (kcalmol™) +1,921.5 +3,917.2
AE, s (kcalmol™)? -1,920.0 (64) -3,314.0 (62)
AE,, (kcalmol™)? -1,078.6 (36) -2,001.2(38)

“The values in parentheses represent the percentage contribution to the total attractive
interactions: AE,, (the electrostatic interaction)+AE,,, (the orbital interaction). TZ2P, triple-§
plus the double-polarization; ZORA, zeroth-order regular approximation.

The favoured triplet spin state for [Cr;Sn,Sb,,]* and quintet spin
state for [(Cr,),Sn,Sb,,1°” suggest ferromagnetic coupling between
spins within the overall cluster structure. To explore the location of
the unpaired electrons, we calculated the respective spin density iso-
surfaces. Theresults show that the unpaired electrons predominantly
resideatthe Crcentresin the Cr;rings, without substantial sharing with
the outer Sb,, or Sb,, framework or the apical Snatoms (Supplementary
Fig. 24). Thus, variation of the composition of the M; rings could be
useful for modifying the spin-state characteristics by incorporating
paramagnetic or diamagnetic transition metal centres. Therefore,
the characterized [CrSn,Sb,,]* and [(Cr),Sn,Sb;,]° clusters can be
viewed as useful platforms for identifying different isostructural para-
magnetic clusters.

Conclusion

We have synthesized and characterized the anionic clusters
[CrsSn,Sb,]* and [(Cr5),SnSb,,]1¢” featuring planar Cr; motifs. The
monomer species underwent useful aggregation through oxidative
coupling to form dimer species, allowing the further connection of
several units in a two-dimensional array to be envisaged. The planar
Crsunitinthe clusters collaborates with two Snatoms on either side of
the plane, forming a pentagonal-bipyramidal polyhedral Cr;Sn, core
embedded in asubstantial metal cage composed of pure Sb or binary
Sn-Sb. In addition, the outer Sb,, backbone can adopt an open-shell
configuration, in contrast to the dodecahedral contour of Sb@Pd,,@
Sb,, clusters. Theoretical calculations elucidated the unique aromatic-
ity inherent in the CrsSn, core, representing a crucial element for the
stable existence of both the planar Cry motif and the entire anionic
cluster. In addition, these species can be seen as inorganic all-metal
counterparts of the organic cyclopentadienyl (Cp~) aromatic ringand
its fused derivatives. The discovery of planar Cr;in these synthetic

clusters has expanded the research scope of chromium chemistry,
offering a model for investigating metal-metal bonding and inspir-
ing new research avenues for the design and synthesis of this series of
species, encouraging the preparation of other clusters with variable
spin states featuring isostructural characteristics.

Methods

All manipulations and reactions were performed under a N, atmos-
phere using standard Schlenk or glove-box techniques. The solvents
en (Aldrich, 99%) and toluene (Aldrich, 99.8%) were freshly distilled
from sodium-benzophenone. Acetonitrile (Aldrich, 99.8%) and
N,N-dimethylformamide (Aldrich, 99.8%) were distilled from CaH,
under N, and stored under N, before use. 2.2.2-Crypt (Sigma-Aldrich,
98%) and 18-crown-6 (Sigma-Aldrich, 98%) were dried under vacuum
for 1day before use. The precursor K;SnSb, was synthesized from
a stoichiometric mixture of the elements according to a previously
reported synthetic procedure”. CrCp, was synthesized following a
literature procedure™.

Synthesis of [{K(18-crown-6)},Cpl,[CrsSn,Sb,,] (1a)

In a 10 ml vial, KgSnSb, (92 mg, 0.100 mmol) and 18-crown-6 (98 mg,
0.370 mmol) were dissolved in 2.5 ml en and stirred at 50 °C for 0.5 h
toyield abrownsolution. CrCp, (30 mg, 0.165 mmol) was added slowly
to this mixture over 0.5 h and then stirred vigorously at 60 °C for 2 h.
The mixture was centrifuged and the liquid supernatant transferred
to atest tube, then carefully layered with toluene (3.0 ml) to allow for
crystallization. After 2 weeks, black block crystals of 1awere observed
inthe test tube with ayield of ~29% (based on CrCp,).

Synthesis of [K(2.2.2-crypt)],[Cr;Sn,Sb,,] (1b)

In a 10 ml vial, KgSnSb, (92 mg, 0.100 mmol) and 2.2.2-crypt (115 mg,
0.305 mmol) were dissolved in 2.5 ml en and stirred at 50 °C for 0.5 h
toyield abrownsolution. CrCp, (23 mg, 0.127 mmol) was added slowly
to this mixture over 0.5 h and then stirred vigorously at 70 °C for 3 h.
The mixture was centrifuged and the liquid supernatant transferred
to atest tube, then carefully layered with toluene (3.0 ml) to allow for
crystallization. After 3 weeks, black block crystals of 1b were observed
inthe test tube with ayield of -18% (based on CrCp,).

Synthesis of [{K(18-crown-6)},Cpl,[K(18-crown-6)1,[(Crs),Sn,S
bsol-en, (2)

Method 1.Ina10 mlvial, K;SnSb, (92 mg, 0.100 mmol) and 18-crown-6
(98 mg, 0.370 mmol) were dissolvedin 2.5 mlenand stirred at 50 °C for
0.5htoyield abrownsolution. CrCp, (30 mg, 0.165 mmol) was added
slowly to this mixture over 0.5 hand then stirred vigorously at 60 °C for
3 h.Subsequently, the solution was gradually cooled to room tempera-
turewithstirringand the reaction allowed to continue for afurther2 h.
The mixture was centrifuged and the liquid supernatant transferred
to atest tube, then carefully layered with toluene (3.0 ml) to allow for
crystallization. After 10 weeks, black flake crystals of 2 were observed
inthe test tube with ayield of -13% (based on CrCp,).

Method 2. In a10 ml vial, 1a (57 mg, 0.001 mmol) and K;SnSb, (18 mg,
0.020 mmol) were dissolved in 2.0 ml en to yield a brown solution and
then stirred vigorously at 60 °C for 2 h. Subsequently, the solution was
gradually cooled to room temperature with stirring and the reaction
allowedto continueforafurther2 h. The mixture was centrifuged and the
liquid supernatanttransferred to atest tube, then carefully layered with
toluene (2.0 ml) toallow for crystallization. After 8 weeks, black flake crys-
tals of 2were observed inthe test tube with ayield of ~9% (based on 1a).

Note. Smallamounts of amorphous solid by-products were generated
during the synthesis and crystallization of compounds1and 2, some
of which originated from degraded Sn or Sb, while others remained
unidentified. Regarding mutual conversion, crystals of both1and 2
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may coexist in the same reaction, but only one corresponding com-
pound was observed in each reaction system during the experiments.
Furthermore, no evidence was found of compound 2 converting into
compoundlinthese experiments.

SC-XRD analysis

Suitable single crystals of the title compounds were selected for
SC-XRD analysis. The crystallographic datawere collected onaRigaku
XtalAB ProMMOO7 DW diffractometer using graphite-monochromated
Cu Ka radiation (1=1.54184 A). The structures of 1a, 1b and 2 were
solved using direct methods and then refined to convergence using
SHELXL-2014 and Olex2 (refs. 59-61), with the non-hydrogen atoms
refined anisotropically during the final cycles. All hydrogen atoms of
the organic molecule were placed according to geometrical consid-
erations and added to the structure factor calculations. We used the
PLATON SQUEEZE procedure to remove solvent molecules that could
notbe modelled properly®’. We refined the structure using the rational
restraints of anisotropy (SIMU, ISOR and DFIX for K(18-crown-6) frag-
ments) and omitted the most disagreeable reflections. Significant
atomic disorder was observed in the Sb,, portionin compoundslaand
1b. Despite theimplementation of the corresponding treatments, the
impact of this disorder on atomic statistics could not be fully resolved.
Inaddition, the 18-crown-6 molecule in 1a exhibits a significant procliv-
ity for disorder, necessitating the treatment of atomic disorder and
the implementation of the corresponding constraints. The crystal-
lographic data for the title compounds are summarized in Supple-
mentary Table 1. The crystallographic data for 1a, 1b and 2 are freely
available from the Cambridge Crystallographic Data Centre under
CCDCentries 2212806,2212807 and 2322476, respectively.

ESI-MS investigations

Negative ion mode ESI-MS analysis of acetonitrile solutions of crystal
samples was performedonanLTQ lineariontrap spectrometer (Agilent
ESI time-of-flight mass spectrometer, 6230). The spray voltage was
5.48 kV, the capillary voltage was 30 V and the capillary temperature
was 300 °C. Samples were prepared inside a glove box and rapidly
transferred to the spectrometerinanairtight syringe by direct infusion
with aHarvard syringe pump at 0.2 ml min™.

EDX analysis

EDX analysis was performed on a field emission scanning electron
microscope (JEOL,JSM-7800F). Data acquisition was performed with
anacceleration voltage of 15 kV and an accumulation time of 60 s.

EPR spectroscopy
EPR experiments were carried out using acommercial Bruker ELEXSYS
E580 spectrometer (Xband, 9 GHz) at 95 K.

Theoretical methods

AdNDP analysis. Canonical molecular orbital analysis, conducted
using Gaussian 16 (ref. 63) at the PBEO/def2-tzvp level®*, and AANDP®
analysis were used to elucidate the chemical bondinginthestructures.
Orbital compositions were analysed using Multiwfn 3.8 (ref. 66).

EDA analysis. A detailed EDA analysis® was conducted using the
Amsterdam Modeling Suite program®®*® with the all-electron triple-€
Slater basis set plus the double-polarization basis set in conjunction
with the generalized gradient approximation PBE functional to quan-
titatively elucidate theinterfragmentalinteractions. The scalar relativ-
istic effect of metals was considered using ZORA’*"". The frozen-core
approximationwas applied to the 1s?4p°® shells for Sb, the 1s*4p° shells
for Sn and the 1s*2p® shells for Cr, leaving the remaining valence elec-
trons to participate in the interactions. The precision of the spatial
integration was set to normal and the wave functions of the a- and
B-electrons for the open shell system were obtained by iteration.

Theinteractionenergy (AE;,) between two fragments can be quan-
titatively decomposed into electrostatic interactions (A£,,,), the Pauli
repulsion energy (AE,,;) and the orbital interaction energy (AE,,,):
AE, = AEp i + AE g0 + AE . AEp, refers to the short-range crowding
between the occupied orbital of one segment and the occupied orbital
of another segment, AE,, represents the attraction of local charges
and can be understood as ionic properties, and AE,, refers to the
interaction between orbitals that leads to charge transfer (sharing),
referring to covalence. Fragments with the least energy change during
bond formation are the optimal choice to represent the bonding situa-
tion objectively. The smallest absolute value of the orbital interaction
energy (AE,,,) is used asameasure for the most appropriate representa-
tion of amolecule when the binding situation is not clear’>”>,

Electron density difference analysis. The parameter settings for the
electron density difference analysis were computed using Gaussian
09 (ref. 74) at the PBEO/def2-tzvp level and plotted using Multiwfn®.

Solvent and counterion effects were taken into account via
the Conductor like Screening Model” using en as the solvent in all
calculations.

Data availability

Crystallographic data for the structures reported in this paper have
been deposited at the Cambridge Crystallographic Data Centre under
depositionnumbers CCDC 2212806 (1a), 2212807 (1b) and 2322476 (2)
and are freely available via https://www.ccdc.cam.ac.uk/structures/.
Allother data supporting the findings of this study are available within
the paper and its Supplementary Information.
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