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We report the first disubstituted hetero-ten-vertex closo cluster [(CrGeg)Cr,(CO)y3]*~ with three adjacent
Cr(CO), units adopting both 7° and n' coordination modes, which was synthesized through the reaction
of “KGe,g;” with (MeCN);Cr(CO); and Cr(CO)s in ethylenediamine (en) solution. In contrast to the n'-Cr
atoms forming localized two-center two-elelctron (2c-2e) Cr-Ge bonds, the hetero atom 7°-Cr exhibits
versatile bonding mechanisms including three 5c-2e and five 8c-2e delocalized bonds which account for
Hiickel aromaticity. Intricate multi-center bonding patterns delineate the multiple local o-aromatic char-
acters of the title cluster displaying explicit spherical aromaticity.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The chemistry of Group 14 zintl ions covers extensive studies
of nine-atom deltahedral clusters, whereas those of ten-atom closo
clusters remain relatively limited [1-10]. Albeit two homoatomic
clusters E1g2~ (E = Ge, Pb) have been isolated from solution reac-
tions [11,12], most of the structurally characterized ten-atom clus-
ters are doped with at least one metal atom. At variance with
most heteroatomic clusters capped by transition-metal fragments,
such as [(n*-E9)M(CO)3]*~ (E = Sn, Pb; M=Cr, Mo, W) [13,14],
[E9Zn-Ph]3-~ (E = Si, Ge, Sn, Pb) [15], [NHCPIPPMSng]3~ (M = Cu,
Ag, Au) [16], [E9Cd(CsH5)]?~ (E = Sn, Pb) [17] and [GegNi-CO]3~
[18], alternative coordination modes have been observed, for ex-
ample, one Mo(CO); fragment in the [(3°-Pbg)Mo(CO);]*~ occu-
pying a waist vertex [19]. Recently, another ten-vertex cluster
[Geg(Mo(CO)3), ] with two waist vertices replaced by Mo(CO)3
fragments has also been reported [20]. The inherent stability of
closo architecture imparts to elusive substitution on such type
of clusters. Not much has been known about the functional-
ized clusters, since only one monosubstituted ten-vertex cluster
[Ge1oMn(CO)4]3- was isolated [21]. Herein, we report the isola-
tion of a disubstituted hetero ten-vertex closo cluster derivative
[K(2.2.2-crypt)]4][(CrGeq)Cry(CO);3]-tol (1). Structural characteriza-
tion and calculations revealed an unusual arrangement of three
adjacent Cr(CO), fragments, wherein both 7° and n' coordination
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modes jointly interpret the sophisticated bonding pattern which
further leads to multiple local aromaticity in the title cluster.

The title cluster [(CrGeg)Cr,(CO)3]*~ (1a, Fig. 1) was obtained
from the reaction of “KGeqg;” with (MeCN);Cr(CO); and Cr(CO)g
in en in the presence of 2.2.2-crypt. Single-crystal X-ray diffraction
reveals that the complex crystallizes in the triclinic space group
P1 and the asymmetric unit contains one crystallographically dis-
tinct 1a with four [K(2.2.2-crypt)]*™ cations as well as one solvent
molecule of toluene, and an interaction was observed between one
carbonyl group of 1a and [K(2.2.2-crypt)]* (Fig. S2 in Supporting
information).

Strong signals of the parent anions {H[K(2.2.2-crypt)],[GegCr3
(CO)13]}~ and {H,[K(2.2.2-crypt)][GegCr3(CO)13]}~ (Fig. 2 and Fig.
S6 in Supporting information) were observed in the electrospray
ionization mass spectra (ESI-MS) of 1 in DMF. In addition, the ESI-
MS revealed a signal of {H,[K(2.2.2-crypt)][GegCr,(CO)g]}~ (Fig. S5
in Supporting information) ion losing one Cr(CO)s fragment. The
successful isolation of the [(1°-Pbg)Mo(CO);]*~ reminded us the
possible existence of [(17°-Geg)Cr(CO);]4~. However, all attempts to
obtain [GeqCr,(CO)g]*~ and [(1°-Geg)Cr(CO);]* by changing the
precursor and reaction conditions proved unsuccessful.

The structure of [(CrGeg)Cry(CO)i3]*~ is best described as a
hetero-ten-atom closo cluster [CrGeg] with a waist vertex occupied
by the Cr(CO); and two coordinated Cr(CO)s fragments on the po-
sitions of Ge2 and Ge9 in n':n'-coordination modes. Not only the
shape of [CrGeg] defines it as a closo cluster but its charge and
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Fig. 1. Structure of [(CrGeg)Cry(CO)i3]*~ (1a) (thermal ellipsoids of heavy atoms
drawn at 50% probability). DFT-optimized bond distances are available in Support-
ing information.
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Fig. 2. Negative ion mode ESI mass peak corresponding to {H[K(2.2.2-
crypt)],[GegCr3(CO)3]}~. The recorded experimental data is shown in black
with the calculated isotopic distributions in red.

electron count. The anionic cluster 1a with a total of 22 skele-
ton electrons, provided by 9 Ge-atoms (2 electrons each) and one
Cr(CO); fragment (0 electron) as well as the charge (4 additional
electrons), is in accordance with the Wade-Mingos rules for a ten-
atom closo cluster [22,23].

Insertion of the Cr(CO); fragment results in the distorted ten-
vertex cage with a compressed Ge, square (2.6659(11)-2.8670(11)
A) and an extended CrGe; square (2.8104(12)-3.0324(12) A). The
Ge-Ge distances range from 2.5073(11) A to 2.8670(11) A and
are comparable to those observed in other germanium clusters
[24-31]. The very long Cr-Ge bond distances (Cr1-Ge6/Cr1-Ge7:
2.8814(13) A [2.9061(14) A) are located in the extended CrGes-
square, while the shortest (Cr1-Ge9: 2.5199(14) A) is the bond be-
tween the Cr-vertex and the Ge-atom exo-bonded to Cr(CO)s, only
0.02-0.06 A shorter than other distances at the exo-bonded germa-
nium atoms (Cr3-Ge9/Cr1-Ge2/Cr2-Ge2: 2.5413(14) Aj2.5571(14)
Aj2.5824(14) A). Overall, the Cr-Ge bond distances in 1a span
a wider range compared with those in the reported cluster
Geg[Si(SiMe3 )3]3Cr(CO)3~ (2.6462(13)-2.6957(14) A) [32].

DFT calculations at the PBEO/ma-TZVP level revealed distinct
bonding modes of 7°-Cr(CO); and n'-Cr(CO)5 in 1a [33-36]. The
valence-electron count for hetero cage [Cr(Geg)]*~ is 40, ascribed
to 36 electrons from nine Ge atoms and 4 negative charges. An
adaptive natural density partitioning (AdNDP) scheme consisting of
7 lone pairs (LPs) of Ge atoms [37,38], 2 two-center two-electron
(2c-2e) Cr-Ge bonds formed by the exo-bonded Ge2/Ge9 and the
n1-Cr2/Cr3, and multi-center units ([Ges], [CrGe;], [CrGey4]) that
partition the cage into three aromatic regions (Fig. 3). The [CrGey]
is capped by [Ges] and [CrGe;] at opposite positions. Both [Ges]
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Fig. 3. AANDP and EDDB results for 1a. Isovalue: 0.03. EDDBg is the EDDB cal-
culated for a fragment excluding external resonance effects. Levels of theory:
PBEO/ma-TZVP for AANDP, and CAM-B3LYP/ma-TZVP//PBEO/ma-TZVP for EDDB.
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Fig. 4. Magnetic responses of 1a showing spherical aromatic characters. Blue, red
isosurfaces correspond to shielding and deshielding effects. Isovalue: 3.0. Level:
B3LYP/def2-SVP.

and [CrGe4] have three five-center two-electron bonds that ac-
count for 5c-6e o aromaticity, while [CrGe;] is 8c-10e o -aromatic
with 5 eight-center two-electron bonds [39,40]. All three units fol-
low the Hiickel 4n+2 rule (n = 1 for 5c-6e and n = 2 for 8c-
10e). Taking into account the external resonance effects, the elec-
tron density of delocalized bonds (EDDB) of the [CrGeg]*~ cage is
15.62e which is 71% of the total 22e from two 5c-6e and one 8c-
10e aromatic systems and comparable to the degree of delocaliza-
tion in all-metal aromatics such as 3LizAl,~ and 3Be,Bg [41,42].
Considering only local resonances (Fig. 3), the EDDBg calculated
for [Ges] (2.53e, 0.51e per atom), [CrGe;] 5.81e (0.73e per atom)
and [CrGey] (1.72e, 0.34e per atom) indicate the delocalization is
stronger within the [CrGe;] unit and weaker for the [CrGe4] where
the atomic contribution (Fig. S9 in Supporting information) of Cr1
(0.20e) is smaller than those of four Ge atoms (0.28-0.61e).
Hence, the [Cr(Geg)]*~ can be considered an overall spheri-
cal aromatic hetero cage featuring three local o-aromatic units
[43,44]. The iso-chemical-shielding surfaces (ICSS) demonstrate
magnetic shielding cones along three canonical directions (x, ,
z) regardless of the irregular shapes caused by the interference
of n'-Cr atoms and CO ligands (Fig. 4), similar to the typical re-
sponse of spherical aromatic species under an external magnetic
field [45,46]. Nucleus-independent chemical shift (NICS) at the ge-
ometry center is considerably negative (—49.2 ppm) with com-
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Fig. 5. Principle interacting orbital (PIO) analyses on 1a using 1°-Cr(CO); and
GegCry(C0)yp as fragments in (a-c), and n'-Cry(CO)s and Cr(CO)3GegCr(CO)s as frag-
ments in (d). The top three PIO pairs contribute 30% + 27% + 14% = 71% of total
interaction between the 7°-Cr1 and the rest part of the cage. PBI: PIO-based bond
index. Isovalue for surfaces: 0.05 a.u.

ponents NICSyx, NICSyy, and NICS;, being —62.1 ppm, —51.5 ppm
and —34.0 ppm [47], respectively, further supporting the signifi-
cant aromaticity of [Cr(Geg)]*~.

Although the AdNDP scheme for 1a suggests that the 5°-
Cr1 participates in the multi-center bonding in both [CrGe;] and
[CrGey4] units, the interaction between Cr1 and five adjacent Ge
atoms can be represented by three principle interacting molecu-
lar orbitals (PIMOs) (Figs. 5a-c) which are also well delocalized
within the corresponding [Cr1Ges| unit which could be considered
6c-6e o-aromatic with 2.31e of EDDB (0.38e per atom) [48,49].
The multi-center bonds of [Cr1Ges] do not belong to the proposed
AdNDP scheme, however, neither do they contradict the latter be-
cause the different manifestations of local aromaticity actually root
in the same system with complicated resonance effects. On the
other hand, the n!-Cr2/Cr3 forms only localized 2c-2e bonds with
Ge atoms (Fig. 5d).

In conclusion, we report the synthesis and characterization
of [(CrGeg)Cry(C0)y3]*~, a difunctionalized ten-vertex Zintl cluster
where one n>-Cr(CO); and two n'-Cr(CO)s adopt entirely differ-
ent bonding modes in the interaction with the Geg moiety. Within
an AANDP scheme with well-partitioned valence-electrons, the 1°-
Cr1 serves as a member of both the 5c-6e [CrGe4] and the 8c-10e
[CrGe;] o-aromatic systems while the 5c-6e [Ges] accounts for the
rest multi-center bonds in 1a. Analyses of magnetic response and
electron delocalization confirmed the spherical aromatic character
of 1a. Focusing on the bonding between n>-Cr(CO); and the re-
maining moiety of 1a, we found three 6c-2e bonds that could re-
sult in another local o -aromatic unit which is the Cr[Ges] contain-
ing the n°-Crl. In contrast, the '-Cr2 and n'-Cr3 are attached to
the hetero ten-atom cage [CrGeg]*~ via only localized 2c-2e Cr-Ge
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bonds. Our findings demonstrate the first synthesis of a disubsti-
tuted hetero-ten-vertex closo cage, [(CrGeq)Cr,(C0O);3]*~, with the
sophisticated bonding patterns and aromatic characters disclosed.
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