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Abstract: A systematic study on the reactivity
of the homodipnictogen tetrahedrane complexes

[{Cp'Mo(CO)a}o(.n**-Es)] (E = P, As, Sb; Cp
= °-CsHy/Bu) towards the disilylene [L™Si], and
digermylene [L™Ge], (L™ = PhC(NBu),) is presented.
Depending on the specific combination of tetrel and
pnictogen atom, a variety of novel silicon-pnictogen
and germanium-pnictogen heterocycles in different
bonding situations were obtained. This is a significant
development, as these metallacycles are unprecedented
and offer new possibilities for further reactivities. These
three- to five-membered pure inorganic heterocycles
include one Mo, one or two tetrel, and one or two
pnictogen atoms in each case. Especially for the heavier
pnictogen Sb, this cyclization behavior forming novel
three- and four-membered Si-Sb as well as five-
membered Ge-Sb ring systems has not been observed
so far. These results present unique examples of heavy

group 14/15 heterocycles.

Introduction

In recent decades, the activation and subsequent functional-
ization of molecular group 15 compounds has evolved into a
competitive area of research. Amongst them, organometallic
transformation reactions focus on white phosphorus (P4)['-]
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and to a minor extend on yellow arsenic (As)*3! with
their readily available yet highly reactive tetrahedral cage
structures, whereas bulk materials of grey arsenic and grey
antimony mostly behave inertly in chemical reactions, with
the exception of their nano-sized forms.[>3] One of the most
efficient and versatile main-group compounds for pnictogen-
pnictogen bond activation reactions are silylenes with a large
number of activation products known in literature which
are of great scientific as well as industrial interest. In com-
mon Py-activation pathways with silylenes, Si-functionalized
(poly)phosphorus cages,['*'®] chains,['®1°] and fragmentation
compounds!?*?? have been received whereas much less
reactivity is reported with the heavier As,. By far, only cages
and other cyclic compounds were isolated.[>’] Within the class
of main-group-functionalized pnictogen compounds, special
attention is placed on heterocyclic systems as they often
possess unique electronic and structural properties.[?>=?]
In 2011, the groups of H. Roesky and M. Driess inde-
pendently reported on a silicon-phosphorus congener of
cyclobutadiene, [(L™Si),P,] (L?" = PhC(NBu),; Figure 1:
I-P),[*22] with a planar Si,P, heterocycle possessing unique
electronic properties. Few years later, these findings were
extended towards the isostructural arsenic analogue: Using
a zirconocene-captured As, cage as transfer agent provided
four-membered [(L"Si),As,] (Figure 1: I-As)[l under mild
reaction conditions. Not being limited to silicon, similar
results were obtained for the heavier homologue germanium
by M. Driess and coworkers.*>*] Starting from phospha-
and arsaketenyl-functionalized germylene compounds, 47-
electron stabilized ring systems [(LBP™Ge),P,] (Figure 1:
II-P) and [(LBP™¢Ge),As,] (LBP™M = CH(CHNDipp),;
LBPI'Me = CH(CMeNDipp),; Dipp = 2,6-iPr,CsHj;; Figure 1:
II-As) with ylide-like Ge-As bonds were accessed by CO-
elimination. Subsequently, larger pnictogen-silicon congener
of benzene, [(LT'Si);E;] (E = P (Figure 1: III-P), As
(Figure 1: ITI-As)),l% with electron delocalization and alter-
nating pnictogen-silicon bonds were reported (Figure 1:
Group A).

To extend this research towards mixed group 14/15
heterocycles, our groups successfully proved that cyclo-E,
(n =3 < n <5) ligands stabilized by transition-metal units are
excellent building blocks for functionalization reactions with
different low-valent main-group compounds. The cyclo-Es lig-
ands of the air-stable pentaphospha- and pentaarsaferrocene
[Cp*Fe(n°-Es)] (E=P, As, Cp* = CsMes) initially reported by
Scherer(®3] evolved as multifaceted polypnictogen ligands
and their reactivity towards low-valent s-block[*7] as well

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://orcid.org/0000-0003-1675-5523
https://orcid.org/0000-0002-0492-0803
https://orcid.org/0000-0003-2182-5020
https://orcid.org/0000-0002-0915-3893
mailto:roesky@kit.edu
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202520366&domain=pdf&date_stamp=2025-11-22

Research Article

Angewandte

intemationalEdition’;, ChEMie

D
'd ~\
[Fel [Fel [Fel Lthé-\ [Fel
P—|-R
E E $\ PFRP P—$'P —\R
=\ _. / 4, \ ‘e \ P
LPhSi SiLPh | BDFRGe ‘Ge|BD-R p—Pp i LPhGe — _)\
\CED/ Ne# p~ it R \P//P P //P—P
Phs_/ LP"SiV/SiLP“ R
I-P and I-As I-P (R =H) FTEIN(siMes), P -Gel™ GeL™
Il-As (R = Me) v v Vill-A ViII-B
E
LPhSi/ \SiLF’h jommmmmmmmmmm e . [Fe] LSP: I(_;P;
| | e oen R E—le A hs — As
E\Si/E Henog ey 1o 3 ) / \ \As:lAs \As:lAs/
LPh ' . D,pp,“ . ' LPhSi’E—E As_TAs As_TAs
t i ;
I-P and ll-As  =----------=---------- [Fe] [Fe]
VI-P and VI-As Vil IX
Group A Group B Group C
. J

Figure 1. Selected examples of ring compounds based purely on main-group elements: silaphospha- and silaarsa-cyclobutadiene and benzene (Group

A), tetrylene-functionalized derivates of [Cp*Fe(n°-Es)] (E =P, As; Cp* = CsMes) obtained by reaction with mono- and disilylenes (Group B) as well
as digermylenes (Group C); (LP" = PhC(NBu),; LBP"H = CH(CHNDipp)y; LBP"Me = CH(CMeNDipp)2; Dipp = 2,6-iPr,CgH3; [Fe] = Cp*Fe).

as p-block[***] compounds has been thoroughly investigated
in the past years. A large structural diversity of products was
obtained using heavier group 14 species: reaction of mono-
and disilylenes with [Cp*Fe(n’-Ps)] afforded monophospho-
rus functionalization compounds (Figure 1: IV) as well as
the selective insertion of one or two silylene units in two
adjacent P-P bonds of the cyclo-Ps ligand yielding novel
cyclo-P,-SiPSi- (Figure 1: V) and cyclo-SiP,-ligands (Figure 1:
VI-P) stabilized by a transition-metal moiety.[**] Compared
to these results, reaction of the disilylene with [Cp*Fe(n’-
Ass)] provided the isostructural cyclo-SiAs, ring (Figure 1:
VI-As) with an envelope-conformation alongside with a
norbornadiene-like AsgSi-ligand (Figure 1: VII) in equal
amounts (Figure 1: Group B). The isostructural complex
of the latter compound was also formed when [Cp*Fe(n’-
Ass)] and the heavier digermylene were reacted (Figure 1:
IX).[] No alteration of the cyclo-Ps ligand itself, but a di-
functionalization accompanied with subsequent 1,2-migration
of one germylene unit yielding the isomers VIII-A and VIII-
B was observed in the reaction of the Ge(I) species with
[Cp*Fe(i’-Ps)] (Figure 1, Group C).[*Y] 1t is important to note
that the transition-metal atoms are not included in any of
these inorganic cycles, they are solely exocyclic -coordinated
(see Fe-atoms, Figure 1: IV to IX). Recently, R. Wolf and
coworkers expanded the scope of mixed group 14/15 hete-
rocycles, proving that heavier group 14/15 cyclopentadienyl
anions [SnP,]>~ and [PbP4]>~ as well as envelope-[P,4Sn] ring
structures are also accessible from white phosphorus using
heterometallic compounds.[*7#8! Additionally, mixed group
14/15 heterocycles can also be obtained by salt metathesis
reactions using mono-reduced [CoE;] (E = P, As)[“l as well
as [CoP4]P"1 complexes as starting materials. In view of this
state-of-the-art the question arose, if a synthetic pathway can
be established in which an access to novel chain, but especially
ring structures can be achieved in which also a transition metal
is incorporated into such systems.

Herein, we report our findings on novel group 14/15 metal-
lacycles, which are a new class of compounds that feature the
incorporation of a transition-metal into their ring structures.
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We showcase the functionalization of one of the simplest
organometallic E, ligand compounds, the homodipnicto-
gen complexes [[Cp‘Mo(CO),}2(11,7*2-E,)] (Scheme 1: E =
P (A),P11 As (B),P231 Sb (C)[334]; Cp* = 5°-CsHytBu) with
ditetrylenes [L™Si],%1 and [LP"Ge],[*! (L' = PhC(N/Bu),).
From these reactions, a variety of unprecedented three-
to five-membered mixed group 14/15 metallacycles were
obtained representing a variety of structural motifs and
electronic properties.

Results and Discussion

Reduction Chemistry with Si(l) Compound [L™"Si],

Reaction of [L™Si],*! with the molybdenum diphosphorus
complex [{Cp*Mo(CO),},(,n*?-P,)] (A) at room tempera-
ture resulted in the highly selective formation of 1 as a new
product (Scheme 2) along with traces of the literature-known
I-P (Figure 1).?'?2] The latter compound can be identified
as a singlet at —164.9 ppm when the reaction is monitored
by 3'P{'H} NMR spectroscopy. Interestingly, due to the high
reactivity of [LF"Si],, the Mo-Mo bond was broken during
this reaction which is a rather rare conversion mode for
these species.’~%! Initially, small amounts of yellow crystals
of I-P were precipitated and removed from the reaction
mixture. Subsequently, dark-violet crystals of 1 were obtained
by slow evaporation of the toluene mother liquor. Single
crystal X-ray diffraction (SCXRD) analysis of 1 (Figure 2)
reveals a five-membered MoSiP heterocycle as central core
structure featuring an envelope-geometry. Both silicon and
phosphorus atoms are assembled in-plane while the ring-
molybdenum atom with its Cp‘ and carbonyl ligands is lifted
out of plane by 110.26(6)° towards the P1 and 126.58(6)°
towards the Si2 atom, respectively. The Sil-P2 (2.123(2) A)
and Si2-P2 (2.199(2) A) distances are in the respective
double (~2.09 A)I®! and single (~2.25 A)!®] bond range
and are comparable with Si-P distances in the cyclo-P,-SiPSi
ligand in V (Figure 1) (for structural validation see discussion
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Scheme 2. Reactivity of [{Cp‘Mo(CO)2}, (n,n%2-E2)] (E=P (A), As (B), Sb (C); Cp* = n°-CsH4tBu) towards interconnected disilylene [LP"Si], (left)
and digermylene [L""Ge]; (right, LP" = PhC(NtBu),). Yields of single crystals are given in parenthesis.

of Raman spectra vide infra).[*2] The Si1-P1 (2.283(2) A) as
well as the Mo1-P1 (2.5412(12) A) and Mo1-Si2 (2.519(2) A)
bond lengths are slightly longer than their corresponding
single bonds.’'] Compound 1 also shows the coordinative
versatility of the molybdenum unit as both transition-metal
atoms are coordinated differently which has been observed
in previous reactions performed by our group:®l Mol
within the heteronuclear ring system has a square-pyramidal
geometry, while the exocyclic Mo2 atom is only coordinated
by four ligands in a piano-stool coordination environment.
The Mo2-P1 distance of 2.324(2) A also hints towards having
double bond character as it is slightly shorter than the
theoretically expected single bonds (~2.49 A vs.~2.25 A, for
structural validation see discussion of Raman spectra vide
infra).[%*®!] Compound 1 is very well soluble in common polar
and non-polar solvents, but readily decomposes in chlorinated
solvents (CH,Cl,, CHCl3) accompanied with immediate color
change from deep violet to orange and yellow, respectively.
The 'P{'H} NMR spectrum of 1 reveals a broad singlet at
555.2 ppm for the di-molybdenum coordinated phosphorus

Angew. Chem. Int. Ed. 2025, e20366 (3 of 11)

nucleil®! and a doublet at —148.8 ppm (*Jpp = 56 Hz)
corresponding to the di-coordinated phosphorus atom with
the former being strongly downfield-shifted by ca. 704 ppm
compared to the latter signal. The ?’Si{'H} NMR spectrum
shows a doublet at 126.5 ppm ("Js;p = 113 Hz) and a multiplet
resonance at 58.0 ppm. Interestingly, the 'H NMR spectrum
of 1 indicates a dynamic behavior in solution. Only very
broad resonances are seen at room temperature but cooling
a toluene-dg solution of 1 to 273 K and below led to a
well-defined sharp pattern (Figure S3).

To evaluate the bonding properties in 1, vibrational
investigations using Raman spectroscopy were carried out.
For additional validation, the results were compared with
those obtained by quantum chemical calculations (for full
discussion of data cf. Supporting Information). The thereby
obtained local force constants nicely describe the situation
of the potential curve close to the equilibrium distance
between two atoms and thus are particularly suitable for
estimating molecular bond strengths.[**] On the basis of
these theoretical calculations (see Table S2) a local force
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b) electronic bonding situation
of 1 (top view)

Figure 2. Left side: Molecular structure of 1in the solid state. Hydrogen
atoms are omitted for clarity. Selected bond distances [A] and bond
angles []: Mo1-P12.5412(12), Mo1-Si2 2.519(2), Mo2—P1 2.324(2),
P1-Si1 2.283(2), P2-Si1 2.123(2), P2-Si2 2.199(2); Si2-Mol1-P176.84(5),
Mo2-P1-Mo1 129.63(5), Si1-P1-Mo1 110.26(6), Si1-P1-Mo2 119.19(6),
Si1-P2-Si2 92.53(7), P2-Si1-P1113.78(7), P2-Si2—Mo1 126.58(6). Right
side: Electronic bonding situation in 1 supported by determined force
constants (Raman spectroscopy).

constant of 1.194 mdyn A-! for the Mol-P1 bond within
the heterocycle and a value of 2.189 mdyn A~' for the
exo-Mo2-P1 bond are determined. Since, to our knowledge,
no Mo-P force constants are known in the literature, the
value in [Mo(CO)sPMes] as an example of a typical Mo-P
single bond was calculated for comparison (f(Mo-P) = 1.155
mdyn A~!, see Supporting Information). From these findings,
we conclude that the bond between Mo2 and P1 is best
described as double bond, which is also supported by the
rather divergent bond lengths of P1 towards both Mo atoms
(P1-Mol 2.5412(12) A and P1-Mo2 2.324(2) A). Significant
differences are also observed within the derived local force
constant values of the three Si-P bonds: The smallest value is
1.53 (Sil-P1) followed by 1.84 (Si2-P2) and 2.42 mdyn A~
(Si1-P2) with the latter local force constant being in line with
a double bond for Si1-P2 (Figure 2, right). Additionally, the
isosurface plots of the localized molecular orbitals (MOs)
describing the Si—P and Mo-P 7 -bonds as well as of the Si-Mo
dative bond are depicted in Figure 3.

Compared to the selective formation of five-membered
heterocycle 1 from diphosphorus complex A, reaction of
[{CpMo(CO),}2(u,n*?-As;)] (B) (Scheme 2) with Si(I)
species [LP'Si], yielded orange crystals of the diarsine 2 as
SCXRD analysis revealed (Figure 4, left). Upon reaction with
[LPSi],, the Mo-Mo bond and one of the two Mo—As bonds
at each arsenic atom of B are cleaved while the As—As single
bond remains intact. The resulting diarsine (As,) core adopts
a trans-bent geometry caused by one lone pair of electrons
at each arsenic atom.[®] Its As—As single bond distance of
2.4905(3) A is significantly longer than in the precursor B
(2.312 A).[5] Both pnictogen atoms are bonded towards
one Mo as well as one Si unit forming a purely inorganic
MoAsSi three-membered ring system which is only the second
example of a three-membered As/group 14 metallacycle
bearing a transition-metal atom after the seminal reports
of a NiAsSi triangle by T. Hadlington and M. Driess.[]
The observed Mo-As distances are with a mean value of
2.745 A considerably elongated compared to the expected
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single bonds (~2.59 A),l%'] whereas the Mo-Si and As-Si
bond lengths are ca. 0.1 A shorter (mean values: 2.399 versus
~2.54 A and 2.264 versus ~2.37 A).l9!] All three single bonds
within both MoAsSi triangles are of comparable sizes. The
MoAsSi-heterocycles in 2 are stabilized by the respective
organometallic ligands and represent the first example of
a diarsenic compound connecting two mixed transition-
metal/group 14 rings by the pnictogen atom. Compound 2
is virtually insoluble in common organic solvents such as
THE, toluene and diethylether as well as hydrocarbons. Only
in more polar solvents like chlorinated solvents (CHCI;,
CH,Cl,) it dissolves with decomposition after few minutes (cf.
Supporting Information). In the »Si{'H} NMR spectrum, a
singlet at 118.4 ppm for the Si atoms in 2 is observed.

When the heavier complex [{Cp*Mo(CO),},(,n%2-
Sby)] (C) was reacted with the disilylene [L™Si],, the
distibine species 3, which is isostructural to 2 was obtained as
red, plate-shaped crystals from a C¢Dg solution (Scheme 2).
However, the formation of byproducts, which could not be
isolated was seen in the NMR spectra. SCXRD analysis
unequivocally disclosed the molecular structure of the
distibine 3 with two MoSbSi-triangles connected to each
other by their pnictogen atoms (Figure 4, right). Both Sb
atoms of the non-centrosymmetric distibine (Sb,) unit are
coordinated by one Mo and one tetrel atom. The resulting
trans-bent orientation along the distibine is characteristic
for heavier main-group elements due to the presence of
a lone pair of electrons at each of the Sb atoms.[%] The
Sb1-Sb2 bond distance of 2.8456(4) A lies in the range
of typical Sb-Sb single bond lengths found in distibines
R,Sb, (2.64-3.03 A)I¥] and is in good agreement with
the bis(stibahousene) by V. Lee et. al. having a nearly
identical Sb-Sb bond distance of 2.8773(4) A.l%! The bond
distances and angles within both MoSbSi heterocycles are
comparable and show the same tendencies of elongated
Mo-pnictogen (2.919 versus ~2.78 A)l%] as well as shortened
Sb-Si (2.469 versus ~2.56 A)I%!] and Mo-Si (2.417 versus
~2.54 A)l?' distances as found in 2. In contrast, the fold-
angles along the Sb,-unit differ significantly by approximately
12° (Si1-Sb1-Sb2 versus Si2-Sb2-Sbl) and 14° (Mol-
Sb1-Sb2 versus Mo2-Sb2-Sbl). Compound 3 shows a
similar insolubility in organic solvents like THF, toluene,
and hydrocarbons as its lighter congener 2. In CH,Cl,
crystals of 3 dissolve under decomposition within seconds
accompanied by a change of color from dark orange to yellow,
preventing any characterization by *C{'H} and ?’Si{'H} NMR
spectroscopy. To the best of our knowledge, both complexes 2
and 3 represent the first isostructural diarsine and distibine
compounds with interconnected inorganic three-membered
ring systems at both pnictogen atoms and the first mixed
transition-metal silastibine heterocycle reported up to
date.

Vibrational spectroscopic investigations of the isostruc-
tural compounds 2 and 3 were conducted using Raman
spectroscopy and accompanied by computational density
functional theory (DFT) calculations (cf. Supporting Informa-
tion, section IV). In these molecules the pnictogen—pnictogen
bonds are of particular interest. For 2, the theoretical local
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Figure 3. Isosurface plots (values & 0.06 e) of the localized MOs describing the Si—P and Mo—P 7-bonds (LMOs 265 and 262) as well as the dative

Si-Mo bond (LMO 233) of 1.

02

Figure 4. Molecular structure of 2 (left) and 3 (right) in the solid state. Hydrogen atoms and non-coordinating solvent molecules are omitted for
clarity. Selected bond distances [A]: For 2: Mo1-As1 2.7528(3), Mo1-Si1 2.4039(6), Mo2-As2 2.7351(3), M02-Si2 2.3943(6), As1-As2 2.4905(3),
As1-Si1 2.2677(6), As2-Si2 2.2602(6); For 3: Si1-Sb1 2.4621(7), Sb1-Mo1 2.9077 (4), Mo1-Si1 2.4138(7), Sb1-Sb2 2.8456(4), Si2—Sb2 2.4763(7),

Sb2-Mo2 2.9306(4), Mo2-Si2 2.4195(7).

force constant value of the inter-pnictogen bond amounts to
0.94 mdyn A~ and is thus in good agreement with a weak
As-As single bond compared to that in yellow arsenic (Asy,
1.674 mdyn A~").[®l A comparable situation is found for
the Sb—Sb bond in distibine 3. A local mode force constant
value of 0.779 mdyn A-lis found, which is also in agreement
with a weak Sb-Sb single bond after comparison to the single
bond in the theoretically isostructural antimony tetrahedrane
(Sby, 1.224 mdyn AL, for detailed discussion cf. Supporting
Information, section IV).[®l The occurrence of the five-
membered metallacycle in the case of phosphorus in contrast
to the smaller three-membered heterocycles observed in the
heavier homologues arsenic and antimony can hardly be
explained by a single reason, but the thermochemical results
are in line with the experimental findings: The calculations
confirm the thermodynamic stability of the experimental
structures of 1 (68 kJ mol~! more stable than the hypothetical
three-membered P ring structure) as well as of 3 (33 kJ
mol~! more stable than the analogous five-membered ring
compound). In contrast, the energy difference in the case of
arsenic is quite small and theoretically determined to be 14 kJ
mol~! more favorable to the five-membered ring compound,
whereas the slightly less stable three-membered ring with
an As-As single bond is found experimentally in the solid
state.

While upon the reaction of [{Cp‘Mo(CO),}»(1,n*2-P5)]
(A) with [L"Si], compound [(L™Si),P,] (I-P, Figure 1)?22]
was formed as side product, the isostructural four-membered
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ring [(LP"Si,)Sb,] (4) was isolated as a by-product in small
amounts within the same reaction leading to 3 (treatment of
[{Cp*Mo(CO), ) (,n*2-Sb,)] (C) with [LP'Si],). Compound 4
was formed as red blocks alongside the red plates of 3 in
a concentrated C4Dg solution (Scheme 2). SCXRD analysis
revealed the structure of the previously unknown 4 as the
silicon-antimony congener of cyclobutadiene. The formation
of 4 was not surprising as the reaction of A with disilylene
[LPSi], also verifiably led to the formation of small amounts
of the four-membered ring compound I-P (Figure 1).[21:%]
Compound 4 resembles a planar Si;Sb, core structure with
both di-coordinated (‘naked’) antimony atoms adopting a
trigonal-planar geometry when the lone pairs of electrons
are considered (Figure 5). The Si-Sb bond lengths with
a mean value of 2.502 A are in between expected Si-Sb
double (2.40 A)®! and Si-Sb single bonds (2.56 A),°!]
strongly indicating a delocalization of electrons within the
four-membered ring, making compound 4 as 24-disila-
1,3-distibacyclobuta-1,3-diene the heaviest silicon-pnictogen
analogue of cyclobutadiene up to date. The Sb-Si-Sb bond
angles, with an average value of 109.0° are clearly wider in
comparison to its lighter phosphorus and arsenic analogue
(I-PP21-221: 107.56°; I-As [°]: 108.61°). The interatomic Si- - - Si
separation of 2.9045(1) A clearly rules out any bonding
interaction between both silicon atoms. Since 4 was only
formed in very tiny amounts and co-crystallization with
complex 3 always occurred, full characterization via NMR,
and IR spectroscopy was not possible.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Molecular structure of 4 in the solid state. Hydrogen atoms are
omitted for clarity. Selected bond distances [A] and angles [°]: Sb1 — Sil
2.502(4), Sb1-Si2 2.496(4), Sb2-Si12.502(4), Sb2-Si2 2.503(3);
Si2-Sb1-Si1 71.05(11), Sil-Sb2-Si2 70.95(11), Sb2-Si1-Sb1108.90(13),
Sb1-Si2-Sb2 109.08(13).

To investigate the electronic properties within the Sb,Si,
ring of 4 calculations of the nucleus independent chemical
shift (NICS)!" were derived by DFT calculations. To provide
a better comparability, calculations were also performed
for the isostructural compounds [(L™Si),P,] (I-P)[?'?2] and
[(LP'Si),As,] (I-As).I% The results fit well with the reported
NICS values (Table S3). For the heaviest cyclobutadiene
analogue 4 negative values [NICS(1) = —2.34 and NICS(0)
= —5.77] are obtained that are in a comparable range to
the other two species I-P and I-As. Therefore, the formally
expected antiaromatic behavior can be ruled out. Instead,
the bonding situation in the Si,Sb, four-membered system
within 4 is best described to be zwitterionic. This is in line
with the Mulliken atomic charges of Si and the respective
pnictogen atom (cf. Table S3). To evaluate the bond strength
of the Si—pnictogen bond in the newly obtained compound 4
as well as its lighter homologues I-P and I-As, their local
Si-pnictogen force constants were calculated and compared
with the experimentally determined force constants of the
compounds [E(SiHj3);] (for E = P: 1.85, As: 1.67, Sb:
1.40 mdyn A1) It turns out that for all three compounds
the force constants expected for these strongly ionic Si-
pnictogen bonds are only slightly enhanced compared to the
bonds in [E(SiH;);]. This nicely fits to the findings by H.
Roesky et. al.[?!]

Reduction Chemistry with Ge(l) Compound [L™ Ge],

Next, we tested the reactivity of the dipnictogen com-
pounds A, B, and C towards the dimeric germylene [L"Ge],
(Scheme 2, right). *'P{'H} NMR spectroscopic investigations
of the reaction mixture of A and [L™Ge], show the slow
formation of an intermediate §' with two doublets at 54.4
and —203.3 ppm having coupling constants of 198 Hz.
However, a complete consumption of A by [L™Ge], was
not achieved, regardless of the used equivalents of [LP"Ge],.
Instead, the 3'P{'H} signals of the initial species 5 disap-
peared after some time and the formation of a new singlet
at —44.0 ppm belonging to the final reaction product 5§ arose
with almost complete transformation at room temperature
after nine days. Due to the preequilibrium to § the final
product was isolated in low yields. SCXRD analysis of the
isolated orange crystals obtained from a concentrated C¢Dg
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Figure 6. Molecular structure of 5 in the solid state. Hydrogen atoms
and non-coordinating solvent molecules are omitted for clarity. Selected
bond distances [A] and angles [*]: Gel-Mo1 2.6132(10), Gel-P1
2.2453(13), Ge2-Mol 2.5954(8); Ge2—P12.2368(14); P1-Gel-Mol

110.97 (4), P1-Ge2-Mo1 111.90(4), Ge2-Mo1-Gel 62.71(2), Ge2—-P1-Gel
74.41(4).

solution disclosed the formation of 5 containing a planar,
diamond-shaped MoGe,P-ring as core motif (Figure 6).
Both Ge atoms adopt a distorted tetrahedral geometry
enclosing the ‘naked’ di-coordinated P atom. The Ge-P
bond lengths between 2.2453(13) and 2.2368(14) A in 5
are slightly shorter than the respective distances in the -
diketiminate stabilized dimer II-P.**] As the Ge—P bond
distances in 5 fall within the range of the respective double
and single bonds,[®! a partial double bond character due
to delocalization of electrons within the GePGe subunit is
suggested. The molybdenum atom within the four-membered
heterocycle bridges both amidinato-coordinated Ge units
and adopts a distorted square-pyramidal coordination envi-
ronment. As the formation of 5 monitored by 3!'P{'H}
NMR spectroscopy was unambiguously accompanied with the
consumption of the intermediate 5 the isolated compound 5
is most likely a decomposition product of §' by loss of one
Mo unit and one phosphorus atom. Unfortunately, neither
the intermediate §’, nor a possible decomposition species
being determined in the 3'P{!H} NMR spectrum could be
isolated.

The reaction of diarsenic complex B with digermylene
[L*"Ge], yielded red crystals of compound 6 (Scheme 2)
with its molecular structure being determined by SCXRD
analysis (Figure 7, left). NMR investigations show that other
side products are formed, which could not be isolated.
In this transformation, the Mo-Mo bond of B is cleaved,
accompanied by the insertion of one amidinato-substituted
Ge fragment in each of the Mo-As single bonds. The core of
6 consists of two fused inorganic MoGe,As, and MoAs; rings
which are sharing one As-As single bond forming a hetero-
bicyclo[3.1.0]hexane scaffold. The resulting bicyclic diarsine
compound features an As—As single bond of 2.3478 A being
almost 0.15 A shorter than the respective single bond in the
linear diarsine 2. The isosceles MoAs, triangle is flipped out
of plane of the five-membered MoGe,As, heterocycle with a
dihedral angle of 69.85°, respectively and shows equal bond
angles and single bond distances on both sides of the isosceles
triangle. Within the inorganic MoGe,As, ring system, the
almost equal Ge-As and Ge-Mo distances match well with

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 7. Molecular structure of 6 (left) and 7 (right) in the solid state. Hydrogen atoms are omitted for clarity. Selected bond distances [A]: For 6:
As1-As2 2.3478(9), As1-Gel 2.4350(9), As1-Mo2 2.6542(8), As2-Ge2 2.4752(9), As2-Mo2 2.6457(8), Gel-Mo1 2.6078(8), Ge2—Mo1 2.6306(8); For 7:
Sb1-Sb2 2.7090(6), Sb1-Mo1 2.8265(6), Sb1-Gel 2.6271(6), Sb2—Mo1 2.8495(6), Sb2—-Ge2 2.6875(6), Mo2—-Gel 2.6242(6), Mo2-Ge2 2.6208(7).

expected single bonds (~2.42 and ~2.59 A)[S!] obtaining
average values between 2.4551 and 2.619 A, respectively.
Considering the slightly shortened single bond between the
pnictogen atoms, a delocalization of electrons within the
GeAs,Ge unit can be clearly ruled out. To evaluate the As—
As bond strength in 6 by means of theoretical methods, the
local force constants and the Wiberg Bond Indices (WBI)
from a Natural Bond Orbital (NBO) population analysis
were determined and compared to that of As, as well
as of 2 (cf. Table S4). The As—As force constant in 6 is
almost identical to that in As,, thus confirming its single-
bond character. However, the one in 2 is significantly weaker
compared to a single bond. Values of the WBI confirm our
findings.

Reacting the heavier complex [{Cp‘Mo(CO),},(u.n%2-
Sb,)] (C) with digermylene [L*"Ge], lead to the formation
of the hetero-bicyclo[3.1.0]hexane distibine 7 (Scheme 2) in
the form of red, rod-shaped crystals obtained from a THF/n-
hexane mixture (Figure 7, right). SCXRD analysis disclosed
the structure of 7, which features an inorganic bicyclic
structure and is isostructural to the diarsine 6 (Figure 7,
left). The bicycle consists of a MoGe,Sb, and a MoSb,
ring sharing a Sb-Sb bond with a length of 2.7090(6) A,
slightly elongated in comparison to expected single bonds
distances (~2.61 A).I°!l As within the bicyclic diarsine 6,
the MoSb, triangle adopts a dihedral angle of 71.975°
relative to the MoGe,Sb, ring system and has equal bond
distances between the transition-metal and the pnictogen
atom with 2.838 A in average. Considering the inorganic five-
membered MoGe,Sb, ring, both Ge-Sb bond distances of
2.6573 A are in good agreement with theoretical single bonds,
excluding any electron delocalization within the GeSb,Ge
unit. Additionally, the Ge-Mo bond lengths are in good
agreement with the respective distances in the isostructural
diarsine compound 6 having a mean value of 2.623 A.

Within the reaction of C with [LP"Ge],, red crystals of a
second reaction product were obtained by slow evaporation of
the solvent from a THF-solution (Scheme 2). The molecular
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Figure 8. Molecular structure of 8 in the solid state. Hydrogen atoms
and non-coordinating solvent molecules are omitted for clarity. Selected
bond distances [A] and angles [’]: Sb1-Sb2 2.8252(7), Sb1-Sb1*
2.8196(14), Sb1'-Mo 2.8773(10), Sb2-Ge2 2.7335(8), Sb2-Gel 2.664(2),
Mo-Gel 2.5746(13), Gel-N4 2.000(2), Gel-N3 2.018(2), Ge2-N1
2.012(2), Ge2-N2 1.998(2); Sb1~Sb1-Sb2 88.42(3), Sb1-Sb1-Mo
98.65(4), Sb2-Sb1-Mo‘ 103.05(2), Gel-Sb2-Sb1 88.31(3), Gel-Sb2-Ge2
100.41(4), Ge2-Sb2-Sb1106.62(2), Gel-Mo-Sb1* 74.28(3), Mo—Gel-Sb2
130.00(3).

structure of the bicyclic pentalene-type heteroatomic system 8
with two fused MoGeSb; cycles (Figure 8) was deduced
by SCXRD analysis. The main structural feature of 8 is
a trans-configurated Sby-chain with the inner Sb-Sb bond
being shared by both five-membered MoGeSb; heterocycles.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 3. Overview of the obtained ring types of group 14/15 hetero metallacycles incorporating a transition-metal unit. Stabilizing ligands are

omitted for clarity.

The almost identical Sb-Sb bond distances of 2.8196(14) A
(inner bond) and 2.8252(7) A (outer bond) are in the usual
Sb-Sb single bond range and comparable to compounds
featuring a cyclo-Sb, core.[”?! Both Sby-chain ends are each
bound towards two Ge moieties with one major difference:
Gel inside the heterocycle adopts a tetravalent state, being
connected to one Sb and one Mo atom closing the MoGeSb;
metallacycle. In contrast, the exocyclic Ge2 fragment is only
coordinated by its amidinato ligand and the Sb2 atom, with
the respective lone pair still being located at the germanium
atom, thereby retaining its germylene character. The N-Ge2-
Sb2 bond angles range from 100.26(7)° to 105.47(6)° and
are clearly widened up compared to other germylenes. The
Gel-Sb2 bond length of 2.664(2) A is similar to those in
other digermanium substituted antimony compounds with the
germanium atoms in a tetravalent state,[”*] while the distance
between the exocyclic germylene atom and the Sb atom rep-
resents a slightly elongated single bond with 2.7335(8) A.[6]
Germylene units being present in polyphosphorus systems
have been reported by our groups in the past,[*’] but have not
been observed for the heavier pnictogen homologue, making
compound 8 the first bis(germylene)-functionalized polystib-
ine complex with the two fused MoGeSbs-heterocycles
resembling a distorted, heterocyclic version of a hetero-
bicyclo[3.3.0]octane-like structure. By means of theoretical
methods, the Sb-Sb bonds in 7 and 8 were compared with
those in Sby. As with the arsenic homologues, the local
force constant in 7 is comparable to that of the single bond
in Sby,. However, the force constant in 3 is significantly
weaker. The strength of the Sb-Sb bonds in 8 represent a
borderline case between 7 and 3 (cf. Table S4). Values of the
WBI confirm our findings, although the local force constant
values represent a much more sensitive indicator on the bond
strength.

Conclusion

In summary, we have investigated the reactivity of
organometallic homodipnictogen complexes [{Cp‘Mo
(CO)2 )2 (,n*2-Ey)] (E = P, As, Sb) towards the low-valent
disilylene [LP'Si], and digermylene [LP"Ge],. As result,

Angew. Chem. Int. Ed. 2025, €20366 (8 of 11)

unprecedented three-, four- and five-membered hetero-
metallacycles and a pentalene-type hetero-metallabicycle
were obtained (Scheme 3). In contrast to most of the previous
reported reactions of these compounds,*’°1 the Mo-Mo-
bond is broken in all the reactions discussed here. This
result is due to the high reactivity of the low-valent group
14 compounds used as precursors. The results obtained
demonstrate a substantial deviation in reactivity compared to
the findings of previous investigations.

In detail, by usage of the Si(I) compound, the Mo,E,
tetrahedrane complexes were converted into a five-membered
MoP,Si, heterocycle 1 and the isostructural siladiarsine 2 and
siladistibine 3 with two MoAsSi-/MoSbSi triangles connected
by a pnictogen—pnictogen single bond, respectively. Addition-
ally, the heaviest silicon-pnictogen analogue of cyclobutadi-
ene [(LP"Si),Sb,] 4 was isolated within this reaction series.
With the heavier tetrel Ge, a novel four-membered MoGe,P
heterocycle 5 was obtained from A, while the reaction of
the Ge(I) compound with the organometallic Mo, E, tetrahe-
dranes of arsenic B and antimony C gave the unprecedented
isostructural hetero bicyclo[3.1.0]Jhexane products 6 and 7
with a three-membered MoE, ring fused to an MoGe,E,
heterocycle by shared pnictogen—pnictogen single bonds.
Additionally, a novel bis(germylene)-functionalized polystib-
ine compound 8 with a centrosymmetric, trans-arranged
Sb,-chain within a hetero-bicyclo[3.3.0]octane-like scaffold
was isolated in the same reaction of C with [LP"Ge],. In
conclusion, by the reaction of the disilylene and digermylene
with the tetrahedral Mo,E, (E = P, As, Sb) complexes
an unusual Mo-Mo-bond cleavage occurs, and the resulting
transition-metal fragments contribute to the formation and
stabilization of the unique heavier group 14/15 heterocycles.
All reaction products also prove the importance of the
transition-metal fragment as essential part to build unique
examples of transition metal incorporated heavier group
14/15 heterocyclic compounds.

Supporting Information

The authors have cited additional references within the
Supporting Information.!’+?]

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB0|7 SUOWIWIOD dAIERID 8|qedljdde au Aq peusenob a1e sajole O ‘88N 4O Sa|nJ 10} Areiqi 8ulUO /8|1 UO (SUORIPUOD-PU-SWBYW0D" A3 1M ARe.q 1 BU1IUO//SARY) SUORIPUOD PUe SWie L 83 8S *[5202/2T/e0] uo ArigiTauliuo A8|im ‘@1bojouyos L and Ininsul Bynss|e X Ag 998025202 @IUe/z00T OT/I0p/W0d" &3] im" AReiqjpuluo//Sdiy woy pepeojumoq ‘0 ‘€LLETZST



GDCh
~~

Acknowledgements

The authors are grateful to the Deutsche Forschungsgemein-
schaft (DFG) (470309834 RO 2008/21-1 and Sche 384/45-1).
We acknowledge support by the state of Baden—Wiirttemberg
through bwHPC and DFG through grant no. INST 40/575-
1 FUGG (JUSTUS2 cluster). Helga Berberich is thanked
for help with VT-NMR measurements and Nicole Klaasen is
thanked for conducting elemental analysis.

Open access funding enabled and organized by Projekt

DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

Data for this paper are available at radar4chem [https://
radar.products.fiz-karlsruhe.de/] at https://doi.org/10.22000/

wgcemd26rdc3zsvj.

[93]

Keywords: Antimony . Arsenic . Heterocycles . Insertion .
Phosphorus

(1]
(2]
(3]
(4]

(5]

(6]

(7]

(8]

]

(10]
(11]

(12]

Angew. Chem. Int. Ed. 2025, e20366 (9 of 11)

M. Scheer, G. Balazs, A. Seitz, Chem. Rev. 2010, 110, 4236-4256,
https://doi.org/10.1021/cr100010e.

N. A. Giffin, J. D. Masuda, Coord. Chem. Rev. 2011, 255, 1342—
1359, https://doi.org/10.1016/j.ccr.2010.12.016.

S. Khan, S. S. Sen, H. W. Roesky, Chem. Commun. 2012, 48,
2169-2179, https://doi.org/10.1039/c2cc17449a.

A.D. Fanta, R. P. Tan, N. M. Comerlato, M. Driess, D. R. Powell,
R. West, Inorg. Chim. Acta 1992, 198-200, 733-739, https://doi.
org/10.1016/S0020-1693(00)92418-6.

R. P. Tan, N. M. Comerlato, D. R. Powell, R. West, Angew. Chem.
Int. Ed. Eng. 1992, 31, 1217-1218, https://doi.org/10.1002/anie.
199212171.

A. E. Seitz, M. Eckhardt, A. Erlebach, E. V. Peresypkina, M.
Sierka, M. Scheer, J. Am. Chem. Soc. 2016, 138, 10433-10436,
https://doi.org/10.1021/jacs.6b07389.

A. E. Seitz, M. Eckhardt, S. S. Sen, A. Erlebach, E. V.
Peresypkina, H. W. Roesky, M. Sierka, M. Scheer, Angew.
Chem. Int. Ed. 2017, 56, 6655-6659, https://doi.org/10.1002/anie.
201701740.

M. Haimerl, C. Schwarzmaier, C. Riesinger, A. Y.
Timoshkin, M. Melaimi, G. Bertrand, M. Scheer, Chem. -
Eur. J. 2023, 29, 202300280, https://doi.org/10.1002/chem.
202300280.

W. Fang, 1. Douair, A. Hauser, K. Li, Y. Zhao, P. W. Roesky, S.
Wang, L. Maron, C. Zhu, CCS Chem. 2022, 4,2630-2638, https://
doi.org/10.31635/ccschem.021.202101485.

A. Hauser, L. Miinzfeld, P. W. Roesky, Chem. Commun. 2021,
57,5503-5506, https://doi.org/10.1039/D1CC01475G.

N. Reinfandt, A. Hauser, L. Miinzfeld, P. W. Roesky, Chem. Sci.
2022, 13, 3363-3368, https://doi.org/10.1039/D1SC05797A.

C. Schoo, S. Bestgen, A. Egeberg, S. Klementyeva, C.
Feldmann, S. N. Konchenko, P. W. Roesky, Angew. Chem.
Int. Ed. 2018, 57, 5912-5916, https://doi.org/10.1002/anie.
201802250.

Research Article

(13]

(14]

(15]

[16]

(17]

(18]

(19]
[20]

(21]

(22]

(23]
[24]
(2]
[20]
[27]
(28]
[29]
(30]
(31]
(32]

(33]

(34]

3]
36]

(37]

(38]

(39]

Angewandte

intemational Edition’y, Chemie

C. Schoo, S. Bestgen, A. Egeberg, J. Seibert, S. N. Konchenko, C.
Feldmann, P. W. Roesky, Angew. Chem. Int. Ed. 2019, 58, 4386—
4389, https://doi.org/10.1002/anie.201813370.

M. M. D. Roy, M. J. Ferguson, R. McDonald, Y. Zhou, E.
Rivard, Chem. Sci. 2019, 10, 6476-6481, https://doi.org/10.1039/
C9SCO01192G.

D. Reiter, P. Frisch, D. Wendel, F. M. Hormann, S. Inoue,
Dalton Trans. 2020, 49, 7060-7068, https://doi.org/10.1039/
DODTO01522A.

1. Alvarado-Beltran, A. Baceiredo, N. Saffon-Merceron, V.
Branchadell, T. Kato, Angew. Chem. Int. Ed. 2016, 55, 16141—
16144, https://doi.org/10.1002/anie.201609899.

Y. Xiong, S. Yao, M. Brym, M. Driess, Angew. Chem. Int. Ed.
2007, 46, 4511-4513, https://doi.org/10.1002/anie.200701203.

S. Khan, R. Michel, S. S. Sen, H. W. Roesky, D. Stalke, Angew.
Chem. Int. Ed. 2011, 50, 11786-11789, https://doi.org/10.1002/
anie.201105610.

X. Sun, A. Hinz, P. W. Roesky, CCS Chem. 2022, 4, 1843-1849,
https://doi.org/10.31635/ccschem.022.202101709.

Y. Wang, T. SzilvaSi, S. Yao, M. Driess, Nat. Chem. 2020, 12,
801-807, https://doi.org/10.1038/s41557-020-0518-0.

S. S. Sen, S. Khan, H. W. Roesky, D. Kratzert, K. Meindl, J.
Henn, D. Stalke, J. P. Demers, A. Lange, Angew. Chem. Int. Ed.
2011, 50, 2322-2325, https://doi.org/10.1002/anie.201005866.

S. Inoue, W. Wang, C. Prisang, M. Asay, E. Irran, M. Driess,
J. Am. Chem. Soc. 2011, 133, 2868-2871, https://doi.org/10.1021/
ja200462y.

R. C. Fischer, P. P. Power, Chem. Rev. 2010, 110, 3877-3923,
https://doi.org/10.1021/cr100133q.

W. G. Xu, Y. C. Zhang, S. X. Lu, R. C. Zhang, J. Mol. Model.
2009, 75, 1329-1336, https://doi.org/10.1007/s00894-009-0496-z.
T. Sasamori, N. Tokitoh, Dalton Trans. 2008, 1395-1408, https://
doi.org/10.1039/B715033D.

P. P. Power, Organometallics 2007, 26, 4362-4372, https://doi.org/
10.1021/0m700365p.

Y. Wang, G. H. Robinson, Chem. Commun. 2009, 5201, https://
doi.org/10.1039/b908048a.

P. P. Power, Chem. Rev. 1999, 99, 3463-3504, https://doi.org/10.
1021/cr9408989.

M. Driess, Coord. Chem. Rev. 1995, 145, 1-25, https://doi.org/10.
1016/0010-8545(95)09102-5.

V. Y. Lee, A. Sekiguchi, Angew. Chem. Int. Ed. 2007, 46, 6596~
6620, https://doi.org/10.1002/anie.200604869.

E. Rivard, P. P. Power, Inorg. Chem. 2007, 46, 10047-10064,
https://doi.org/10.1021/ic700813h.

D. Scheschkewitz, Chem. - Eur. J. 2009, 15, 2476-2485, https://
doi.org/10.1002/chem.200801968.

S. Yao, Y. Grossheim, A. Kostenko, E. Ballestero-Martinez, S.
Schutte, M. Bispinghoff, H. Griitzmacher, M. Driess, Angew.
Chem. Int. Ed. 2017, 56, 7465-7469, https://doi.org/10.1002/anie.
201703731.

S. Yao, Y. Xiong, T. Szilvasi, H. Griitzmacher, M. Driess, Angew.
Chem. Int. Ed. 2016, 55, 4781-4785, https://doi.org/10.1002/anie.
201600701.

O. J. Scherer, T. Briick, Angew. Chem. Int. Ed. Engl. 1987, 26,
59-59.

O. J. Scherer, C. Blath, G. Wolmershéuser, J. Organomet. Chem.
1990, 387, C21-C24, https://doi.org/10.1002/anie.198700591.

R. Yadav, M. Weber, A. K. Singh, L. Miinzfeld, J. Gramiiller, R.
M. Gschwind, M. Scheer, P. W. Roesky, Chem. - Eur. J. 2021, 27,
14128-14137, https://doi.org/10.1002/chem.202102355.

L. Adlbert, M. Weber, C. Riesinger, M. Seidl, M. Scheer,

Chem. Sci. 2025, 16, 15446-15454, https://doi.org/10.1039/
D5SC04242A.
F. Riedlberger, S. Todisco, P. Mastrorilli, A. Y. Timoshkin, M.

Seidl, M. Scheer, Chem. - Eur. J. 2020, 26, 16251-16255, https://
doi.org/10.1002/chem.202003393.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLIOD aA1e1D) 8|aedt|dde 8Ly Aq peusenob afe sejofe YO ‘88N JO S8|nJ oy Akeiq18UIIUO /8|1 UO (SUORIPLIOD-pUR-SLLIRILID A 1M ALRIq | BUI|UO//SdNY) SUORIPUOD pUe Swiie | 38U &8s *[5202Z/2T/c0] Uo AriqiTauliuo A8|im ‘eifojouyos L Ind Imnsu| jeynssied A 99025202 @I1Ue/200T 0T/I0p/u0d A3 1M Akeiq 1 jpuluo//Sdny woiy pepeojumod ‘0 ‘€LLETZST


https://radar.products.fiz-karlsruhe.de/
https://radar.products.fiz-karlsruhe.de/
https://doi.org/10.22000/wgccmd26rdc3zsvj
https://doi.org/10.22000/wgccmd26rdc3zsvj
https://doi.org/10.1021/cr100010e
https://doi.org/10.1016/j.ccr.2010.12.016
https://doi.org/10.1039/c2cc17449a
https://doi.org/10.1016/S0020-1693(00)92418-6
https://doi.org/10.1016/S0020-1693(00)92418-6
https://doi.org/10.1002/anie.199212171
https://doi.org/10.1002/anie.199212171
https://doi.org/10.1021/jacs.6b07389
https://doi.org/10.1002/anie.201701740
https://doi.org/10.1002/anie.201701740
https://doi.org/10.1002/chem.202300280
https://doi.org/10.1002/chem.202300280
https://doi.org/10.31635/ccschem.021.202101485
https://doi.org/10.31635/ccschem.021.202101485
https://doi.org/10.1039/D1CC01475G
https://doi.org/10.1039/D1SC05797A
https://doi.org/10.1002/anie.201802250
https://doi.org/10.1002/anie.201802250
https://doi.org/10.1002/anie.201813370
https://doi.org/10.1039/C9SC01192G
https://doi.org/10.1039/C9SC01192G
https://doi.org/10.1039/D0DT01522A
https://doi.org/10.1039/D0DT01522A
https://doi.org/10.1002/anie.201609899
https://doi.org/10.1002/anie.200701203
https://doi.org/10.1002/anie.201105610
https://doi.org/10.1002/anie.201105610
https://doi.org/10.31635/ccschem.022.202101709
https://doi.org/10.1038/s41557-020-0518-0
https://doi.org/10.1002/anie.201005866
https://doi.org/10.1021/ja200462y
https://doi.org/10.1021/ja200462y
https://doi.org/10.1021/cr100133q
https://doi.org/10.1007/s00894-009-0496-z
https://doi.org/10.1039/B715033D
https://doi.org/10.1039/B715033D
https://doi.org/10.1021/om700365p
https://doi.org/10.1021/om700365p
https://doi.org/10.1039/b908048a
https://doi.org/10.1039/b908048a
https://doi.org/10.1021/cr9408989
https://doi.org/10.1021/cr9408989
https://doi.org/10.1016/0010-8545(95)09102-5
https://doi.org/10.1016/0010-8545(95)09102-5
https://doi.org/10.1002/anie.200604869
https://doi.org/10.1021/ic700813h
https://doi.org/10.1002/chem.200801968
https://doi.org/10.1002/chem.200801968
https://doi.org/10.1002/anie.201703731
https://doi.org/10.1002/anie.201703731
https://doi.org/10.1002/anie.201600701
https://doi.org/10.1002/anie.201600701
https://doi.org/10.1002/anie.198700591
https://doi.org/10.1002/chem.202102355
https://doi.org/10.1039/D5SC04242A
https://doi.org/10.1039/D5SC04242A
https://doi.org/10.1002/chem.202003393
https://doi.org/10.1002/chem.202003393

GDCh
) —

[40]

(41]

[42]

(43]

(44]

(45]

[40]

(47]

(48]

[49]

(50]

[51]

(52]
(53]
(54]
[55]

[56]

(571

(58]

[59]

(60]
[61]

(62]

(63]

Angew. Chem. Int. Ed. 2025, €20366 (10 of 11)

R. Yadav, B. Goswami, T. Simler, C. Schoo, S. Reichl, M. Scheer,
P. W. Roesky, Chem. Commun. 2020, 56, 10207-10210, https:/
doi.org/10.1039/DOCC03920A.

R. Yadav, T. Simler, B. Goswami, C. Schoo, R. Koppe, S. Dey, P.
W. Roesky, Angew. Chem. Int. Ed. 2020, 59, 9443-9447, https://
doi.org/10.1002/anie.202002774.

R. Yadav, T. Simler, S. Reichl, B. Goswami, C. Schoo, R. Koppe,
M. Scheer, P. W. Roesky, J. Am. Chem. Soc. 2020, 142, 1190
1195, https://doi.org/10.1021/jacs.9b12151.

C. Riesinger, G. Balazs, M. Seidl, M. Scheer, Chem. Sci. 2021,
12,13037-13044, https://doi.org/10.1039/D1SC04296C.

X. Sun, A. K. Singh, R. Yadav, D. Jin, M. Haimerl, M. Scheer, P.
W. Roesky, Chem. Commun. 2022, 58, 673-676, https://doi.org/
10.1039/D1CC06182H.

X. Sun, A. Hinz, S. Schulz, L. Zimmermann, M. Scheer, P. W.
Roesky, Chem. Sci. 2023, 14, 4769-4776, https://doi.org/10.1039/
D3SCO0806A.

S. Reichl, C. Riesinger, R. Yadav, A. Y. Timoshkin, P. W. Roesky,
M. Scheer, Angew. Chem. Int. Ed. 2024, 63, €202316117, https://
doi.org/10.1002/anie.202316117.

Y. Liu, F. F. Westermair, 1. Becker, S. Hauer, M. Bodensteiner,
C. Hennig, G. Balazs, F. Meyer, R. M. Gschwind, R. Wolf, J.
Am. Chem. Soc. 2025, 147, 7083-7093, https://doi.org/10.1021/
jacs.4c18423.

J. A. Kelly, V. Streitferdt, M. Dimitrova, F. F. Westermair, R. M.
Gschwind, R. J. F. Berger, R. Wolf, J. Am. Chem. Soc. 2022, 144,
20434-20441, https://doi.org/10.1021/jacs.2c08754.

M. Piesch, S. Reichl, M. Seidl, G. Balazs, M. Scheer, Angew.
Chem. Int. Ed. 2021, 60, 15101-15108, https://doi.org/10.1002/
anie.202103683.

K. Trabitsch, S. Hauer, G. Balazs, J. J. Weigand, R. Wolf,
Organometallics 2025, 44,1721-1727, https://doi.org/10.1021/acs.
organomet.5c00214.

O. J. Scherer, H. Sitzmann, G. Wolmershéuser, J. Organomet.
Chem. 1984, 268, C9-Cl12, https://doi.org/10.1016/0022-
328X(84)85105-0.

P J. Sullivan, A. L. Rheingold, Organometallics 1982, 1, 1547—
1549, https://doi.org/10.1021/0m00071a032.

L. Diitsch, C. Riesinger, G. Balazs, M. Scheer, Chem.-Eur. J.
2021, 27, 8804-8810, https://doi.org/10.1002/chem.202100663.

J. R. Harper, A. L. Rheingold, J. Organomet. Chem. 1990, 390,
c36-c38, https://doi.org/10.1016/0022-328X(90)85042-W.
S.S.Sen, A. Jana, H. W. Roesky, C. Schulzke, Angew. Chem. Int.
Ed. 2009, 48, 8536-8538, https://doi.org/10.1002/anie.200902995.
S.Nagendran, S. S. Sen, H. W. Roesky, D. Koley, H. Grubmiiller,
A. Pal, R. Herbst-Irmer, Organometallics 2008, 27, 5459-5463,
https://doi.org/10.1021/0m800714f.

P. A. Shelyganov, M. E. Moussa, M. Seidl, L. Zimmermann, W.
M. da Silva, M. Scheer, Dalton Trans. 2023, 52, 18137-18142,
https://doi.org/10.1039/D3DT03490A.

L. Zimmermann, C. Riesinger, M. Scheer, Inorg. Chem.
2024, 63, 11168-11175, https://doi.org/10.1021/acs.inorgchem.
4c00867.

L. Zimmermann, M. A. Land, C. Riesinger, C. L. B. Macdonald,
M. Scheer, Chem. Commun. 2025, 61, 6973-6976, https://doi.org/
10.1039/D5CC01162K.

P. Pyykko, M. Atsumi, Chem.—Eur. J. 2009, 15, 12770-12779,
https://doi.org/10.1002/chem.200901472.

P. Pyykko, M. Atsumi, Chem.—Eur. J. 2009, 15, 186-197, https:/
doi.org/10.1002/chem.200800987.

L. Zimmermann, C. Riesinger, G. Balazs, M. Scheer, Chem.—
Eur. J. 2023, 29, 202301974, https://doi.org/10.1002/chem.
202301974.

T. A. Budzichowski, M. H. Chisholm, K. Folting, W. E. Streib,
M. Scheer, Inorg. Chem. 1996, 35, 3659-3666, https://doi.org/10.
1021/ic9512921.

Research Article

[64]

65]
[66]

(67]

68]

(69]

[70]

(71]

(72]

[73]

[74]

[75]

[70]
(771

(78]

[79]
(80]
(81]
(82]
83]
(84]
(85]

(86]

(87]

(88]

Angewandte

intemationalEdition’;, ChEMie

R. Koppe, H. Schnockel, Z. Anorg. Allg. Chem. 2000, 626,
1095-1099, https://doi.org/10.1002/(SICI)1521-3749(200005)
626:5(1095::AID-ZA AC1095)3.0.CO;2-N.

H. J. Breunig, R. Rosler, Coord. Chem. Rev. 1997, 163, 33-53,
https://doi.org/10.1016/S0010-8545(97)00008-8.

T. J. Hadlington, T. Szilvési, M. Driess, J. Am. Chem. Soc. 2019,
141, 3304-3314, https://doi.org/10.1021/jacs.9b00159.

49 distibines R2Sb-SbR2 (R#pnictogen, coordination number
of Sb set to 3) were found in the Cambridge Structural Database
(Version 5.45). To limit the results, only distibine compounds
with acyclic substituents R or ring systems not being connected
to the respective second Sb atom were considered.

V. Y. Lee, K. Ota, Y. Ito, O. A. Gapurenko, A. Sekiguchi, R. M.
Minyaev, V. I. Minkin, H. Gornitzka, J. Am. Chem. Soc. 2017,
139, 13897-13902, https://doi.org/10.1021/jacs.7b07712.

A. J. Kornath, A. Kaufmann, S. Cappellacci, J. Mol. Spectrosc.
2009, 255, 189-193, https://doi.org/10.1016/j.jms.2009.04.004.

P. V. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao, N. J. R.
van Eikema Hommes, J. Am. Chem. Soc. 1996, 118, 6317-6318,
https://doi.org/10.1021/ja960582d.

H. Biirger, U. Goetze, W. Sawodny, Spectrochim. Acta,
Part A 1970, 26, 671-683, https://doi.org/10.1016/0584-8539(70)
80113-1.

27 cyclo-Sby compounds (coordination number of Sb set to
3) were found in the Cambridge Structural Database (Version
5.45). To limit the results, only cyclo-Sby compounds with acyclic
substituents R or ring systems not being connected to the
respective second Sb atom were considered.

S. Roller, M. Dréger, H. J. Breunig, M. Ates, S. Giiles, J.
Organomet. Chem. 1989, 378, 327-337, https://doi.org/10.1016/
0022-328X(89)85360-4.

M. F. Guns, E. G. Claeys, G. P Van Der Kelen, J. Mol
Struct. 1980, 65, 3-17, https://doi.org/10.1016/0022-2860(80)
85174-X.

O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard,
H. Puschmann, J. Appl. Crystallogr. 2009, 42, 339-341, https://
doi.org/10.1107/S0021889808042726.

G. M. Sheldrick, Acta Crystallogr. Sect. A. 2008, 64, 112-122,
https://doi.org/10.1107/S0108767307043930.

G. M. Sheldrick, Acta Crystallogr. Sect. A. 2015, 71, 3-8, https://
doi.org/10.1107/S2053273314026370.

R. Ahlrichs, M. Bér, M. Hiser, H. Horn, C. Kolmel, Chem. Phys.
Letr. 1989, 162, 165-169, https://doi.org/10.1016/0009-2614(89)
85118-8.

A. D. Becke, Phys. Rev. A: At. Mol. Opt. Phys. 1988, 38, 3098—
3100, https://doi.org/10.1103/PhysRevA.38.3098.

J. P. Perdew, Phys. Rev. B: Condens. Matter 1986, 33, 8822-8824,
https://doi.org/10.1103/PhysRevB.33.8822.

J. P. Perdew, Phys. Rev. B: Condens. Matter 1986, 34, 7406-7406,
https://doi.org/10.1103/PhysRevB.34.7406.

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010,
132, 154104, https://doi.org/10.1063/1.3382344.

O. Treutler, R. Ahlrichs, J. Chem. Phys. 1995, 102, 346-354,
https://doi.org/10.1063/1.469408.

P. Deglmann, K. May, F. Furche, R. Ahlrichs, Chem. Phys. Lett.
2004, 384, 103-107, https://doi.org/10.1016/j.cplett.2003.11.080.
D. Rappoport, F. Furche, J. Chem. Phys. 2007, 126, 201104,
https://doi.org/10.1063/1.2744026.

Y. Tao, W. Zou, S. Nanayakkara, E. Kraka, J. Chem. Theory
Comput. 2022, 18, 1821-1837, https://doi.org/10.1021/acs.jctc.
1c01269.

W. Zou, Y. Tao, M. Freindorf, D. Cremer, E. Kraka, Chem.
Phys. Lett. 2020, 748, 137337, https://doi.org/10.1016/j.cplett.
2020.137337.

E. B. Wilson, The Theory of Infrared and Raman Vibrational
Spectra. McGraw-Hill, New York 1955.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLIOD aA1e1D) 8|aedt|dde 8Ly Aq peusenob afe sejofe YO ‘88N JO S8|nJ oy Akeiq18UIIUO /8|1 UO (SUORIPLIOD-pUR-SLLIRILID A 1M ALRIq | BUI|UO//SdNY) SUORIPUOD pUe Swiie | 38U &8s *[5202Z/2T/c0] Uo AriqiTauliuo A8|im ‘eifojouyos L Ind Imnsu| jeynssied A 99025202 @I1Ue/200T 0T/I0p/u0d A3 1M Akeiq 1 jpuluo//Sdny woiy pepeojumod ‘0 ‘€LLETZST


https://doi.org/10.1039/D0CC03920A
https://doi.org/10.1039/D0CC03920A
https://doi.org/10.1002/anie.202002774
https://doi.org/10.1002/anie.202002774
https://doi.org/10.1021/jacs.9b12151
https://doi.org/10.1039/D1SC04296C
https://doi.org/10.1039/D1CC06182H
https://doi.org/10.1039/D1CC06182H
https://doi.org/10.1039/D3SC00806A
https://doi.org/10.1039/D3SC00806A
https://doi.org/10.1002/anie.202316117
https://doi.org/10.1002/anie.202316117
https://doi.org/10.1021/jacs.4c18423
https://doi.org/10.1021/jacs.4c18423
https://doi.org/10.1021/jacs.2c08754
https://doi.org/10.1002/anie.202103683
https://doi.org/10.1002/anie.202103683
https://doi.org/10.1021/acs.organomet.5c00214
https://doi.org/10.1021/acs.organomet.5c00214
https://doi.org/10.1016/0022-328X(84)85105-0
https://doi.org/10.1016/0022-328X(84)85105-0
https://doi.org/10.1021/om00071a032
https://doi.org/10.1002/chem.202100663
https://doi.org/10.1016/0022-328X(90)85042-W
https://doi.org/10.1002/anie.200902995
https://doi.org/10.1021/om800714f
https://doi.org/10.1039/D3DT03490A
https://doi.org/10.1021/acs.inorgchem.4c00867
https://doi.org/10.1021/acs.inorgchem.4c00867
https://doi.org/10.1039/D5CC01162K
https://doi.org/10.1039/D5CC01162K
https://doi.org/10.1002/chem.200901472
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1002/chem.202301974
https://doi.org/10.1002/chem.202301974
https://doi.org/10.1021/ic951292l
https://doi.org/10.1021/ic951292l
https://doi.org/10.1002/(SICI)1521-3749(200005)626:5%3C1095::AID-ZAAC1095%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3749(200005)626:5%3C1095::AID-ZAAC1095%3E3.0.CO;2-N
https://doi.org/10.1016/S0010-8545(97)00008-8
https://doi.org/10.1021/jacs.9b00159
https://doi.org/10.1021/jacs.7b07712
https://doi.org/10.1016/j.jms.2009.04.004
https://doi.org/10.1021/ja960582d
https://doi.org/10.1016/0584-8539(70)80113-1
https://doi.org/10.1016/0584-8539(70)80113-1
https://doi.org/10.1016/0022-328X(89)85360-4
https://doi.org/10.1016/0022-328X(89)85360-4
https://doi.org/10.1016/0022-2860(80)85174-X
https://doi.org/10.1016/0022-2860(80)85174-X
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1016/0009-2614(89)85118-8
https://doi.org/10.1016/0009-2614(89)85118-8
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.33.8822
https://doi.org/10.1103/PhysRevB.34.7406
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.469408
https://doi.org/10.1016/j.cplett.2003.11.080
https://doi.org/10.1063/1.2744026
https://doi.org/10.1021/acs.jctc.1c01269
https://doi.org/10.1021/acs.jctc.1c01269
https://doi.org/10.1016/j.cplett.2020.137337
https://doi.org/10.1016/j.cplett.2020.137337

Angewandte

%Ch Research Article ermerqaizieny) Chermie

[89] J. J. Turner, J. A. Timney, J. Mol. Spectrosc. 2022, 387, 111662,
https://doi.org/10.1016/j.jms.2022.111662.

[90] J. Baker, P. Pulay, J. Am. Chem. Soc. 2006, 128, 11324-11325,
https://doi.org/10.1021/ja0618503.

[91] T. Lu, J. Chem. Phys. 2024, 161, 082503, https://doi.org/10.1063/
5.0216272.

[92] T. Lu, E Chen, J. Comput. Chem. 2012, 33, 580-592, https://doi.
org/10.1002/jcc.22885.

[93] Deposition numbers 2488338 (for 1), 2488339 (for 2), 2488340
(for 3), 2488341 (for 4), 2488342 (for 5), 2488347 (for 6),

2488343 (for 7), and 2488344 (for 8) contain the supplementary
crystallographic data for this paper. These data are provided free
of charge by the joint Cambridge Crystallographic Data Cen-
tre and Fachinformationszentrum Karlsruhe Access Structures
service.

Manuscript received: September 16, 2025
Revised manuscript received: November 07, 2025
Manuscript accepted: November 10, 2025
Version of record online: mm, mmm

Angew. Chem. Int. Ed. 2025, €20366 (11 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLIOD aA1e1D) 8|aedt|dde 8Ly Aq peusenob afe sejofe YO ‘88N JO S8|nJ oy Akeiq18UIIUO /8|1 UO (SUORIPLIOD-pUR-SLLIRILID A 1M ALRIq | BUI|UO//SdNY) SUORIPUOD pUe Swiie | 38U &8s *[5202Z/2T/c0] Uo AriqiTauliuo A8|im ‘eifojouyos L Ind Imnsu| jeynssied A 99025202 @I1Ue/200T 0T/I0p/u0d A3 1M Akeiq 1 jpuluo//Sdny woiy pepeojumod ‘0 ‘€LLETZST


https://doi.org/10.1016/j.jms.2022.111662
https://doi.org/10.1021/ja0618503
https://doi.org/10.1063/5.0216272
https://doi.org/10.1063/5.0216272
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885

	Pure Molecular Inorganic Rings: Mixed Group 14/15 Metallacycles
	 Introduction
	 Results and Discussion
	 Reduction Chemistry with Si(I) Compound [LPhSi]2
	 Reduction Chemistry with Ge(I) Compound [LPhGe]2

	 Conclusion
	 Supporting Information
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



