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E-Li E = Ge, Sn

The developed strategy allows for a synthetic approach towards organometallic compounds featuring
E-Li bond (E = Ge, Sn), from which a_ variety of germole derivatives can be prepared. The latter
compounds are important as prospective ligands for transition metal complexes for advanced
materials.

We comprehensively investigated reactivity of the novel Main Group element
polyhedral clusters, pyramidanes, towards a range of nucleophilic reagents, first of all,
organolithium reagents. In these reactions, pyramidanes revealed an unprecedented electrophilic
behavior, which allowed for the smooth approach to a variety of organometallic derivatives featuring

E-Li (E = Ge, Sn) bonding. The latter compounds can be readily functionalized with appropriate
electrophiles, forming a series of synthetically useful metallole derivatives.

Based on this (and previous) research, we made general conclusions regarding the reaction pathways
and mechanisms in the reaction of the cyclobutadiene dianion derivative with the Main Group element
halides.

Main Group element chemistry

cluster calculations cyclobutadiene dianion germanium group 14 element organolithium com
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1. WFZEBIss S W07 5t [Background]

Pyramidanes C[C4R4], as Wade-Mingos nido-clusters, are among the most challenging and
fundamentally important anti-van’t Hoff-Le Bel configurations. Comprehensively theoretically
studied, organic pyramidanes still elude experimental realization, and only within the last couple
of decades, the first isolable representatives of the pyramidanes family with the main group
element at the apex of the square-pyramid were synthesized. The most unusual structural feature
of pyramidanes is their tetracoordinate apical atom which has a unique inverted tetrahedral
configuration (Scheme 1, A). Hypothetically, apart from the structure A with the covalent apex-
to-base E-C bonds satisfying requirements of the classical bonding theory, there are other non-
classical resonance extremes representing pyramidane as either ionic or as a donor-acceptor
complex of the apex E and the base [C4R4]: [cyclobutadiene dication—apex dianion] complex B,
[neutral cyclobutadiene—apex dicarbene] complex C, and [cyclobutadiene dianion—apex dication]
complex D (Scheme 1). Of all the potential contributors B-D, only the role of D has been
experimentally and computationally appreciated, whereas the contribution of B was suggested
only theoretically, and the contribution of C has never been considered before. Earlier theoretical
treatments acknowledged the critically important presence of a lone pair at the apical atom
(Scheme 1, E), and accordingly, pyramidanes E were described as possessing very high Lewis
basicity which implies their categorization as primarily nucleophilic reagents. Alternatively, one
could consider another resonance form contributing to the overall structure of pyramidane,
namely, bicyclic carbene F (Scheme 1). Given the carbenic nature of F and thus the intrinsic
presence of both lone pair and vacant orbital at its divalent center E, one can now reasonably
expect dual Lewis basicity—Lewis acidity for this species, theoretically predicted in pyramidanes.
Apart from their appealing structures and non-classical apex-to-base bonding situation, peculiar
reactivity of pyramidanes with retention (or opening) of their tetracyclic polyhedral framework is
of particular importance, being however almost unexplored to date.
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2. W HEY [Objectives]

Based on the existing scientific background in the field, the purpose and the goal of our project
is further development of the synthetic approaches towards pyramidanes with the Main Group
element at the apex or at the base of the square-pyramid. Thus, the objective of this research
project is the synthesis of novel pyramidanes, and comprehensive study (both experimental and
computational) of their unique molecular architecture which the classical bonding theory fails to
adequately describe. The comprehensive investigation of the peculiar reactivity of pyramidanes,
caused by their unique apex-to-base bonding nature, is another fundamental goal of this project.
Specifically, reaction of pyramidanes with organolithium reagents (such as MeL.i) is expected to
lead to the generation of the Frustrated Lewis Pairs (FLP’s) (see Scheme 2 below), that can be
indispensable for the small molecules activation, including transition metal-free catalytic
hydrogenation of unsaturated hydrocarbons by the Main Group element compounds, and
activation and utilization of the greenhouse gas (CO,). Moreover, pyramidanes were expected to




serve as the thermal (or photochemical) precursors for ceramic composites and nanomaterials,
whereas multi-decker sandwich complexes derived upon transmetalation of pyramidanes with
transition metals can be promising in molecular spintronics (information storage and quantum
computing) and high-performance nonlinear optics (photonic devices).

3. W7D )51k [Research Methods]

The proposed synthetic strategy is based on the use of the readily available cyclobutadiene
dianion derivatives 1 (Scheme 2) which have already been used as an indispensable tool for
preparation of a variety of sandwich and half-sandwich complexes of transition metals [reviews
by Lee et al.: Angew. Chem. Int. Ed. 2007, 46, 6596; Chem. Soc. Rev. 2008, 37, 1652]. By the
reaction of these cyclobutadiene dianion derivatives with the Main Group element halides E'*X,
(E" = group 14 element) and E"¥'"*X; (E"*''> = group 13 or 15 element), a variety of pyramidanes
2 with the E'*'¥" element as the apical atom can be prepared [Lee et al.: J. Am. Chem. Soc. 2013,
135, 8794; Organometallics 2016, 35, 346; J. Am. Chem. Soc. 2018, 140, 6053] (Scheme 2).

The metalation of pyramidanes 2 with MeLi followed by the reaction with the bulky phosphine
ArPX may produce the P-functionalized pyramidane derivatives 3 (Scheme 2). The latter may
undergo further metalation with MeLi followed by the reaction with the bulky borane Ar’,BX to
end up with the formation of the doubly-functionalized P, B-pyramidane derivatives 4 (Scheme 2),
as a new type of P.B-FLP that can be useful for activation of small molecules (see above).
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4. WF5ERE [Research Results]

During the course of the current project studies, a range of pyramidanes 2 with the Main Group
element E at the apex of the square-pyramid were prepared, in accord with the proposed synthetic
strategy outlined in the above Scheme 2. However, the reaction of these pyramidanes 2 with
organolithium reagents (including MeLi) proceeded in a totally different way, compared to the
expected pathway outlined in Scheme 2, that is the attack of RLi occurred not at the Me;Si-
substituent but at the apical atom E instead [Lee et al.: Chem. Eur. J. 2024, 30, ¢202401806].
Namely, the reaction of both germa- and stannapyramidanes 2 with a range of organolithium
reagents RLi (R = alkyl, aryl, etc.) very rapidly and cleanly produced a novel type of the
organometallic compound 5 featuring E-Li bonding (Scheme 3, structure 5). Being formally the
product of activation of the C-Li bond in RLi by the pyramidane 2 (in its bicyclic carbene
resonance form), compound 5 unexpectedly features tricoordinate (instead of the expected
tetracoordinate) E-center. As the appropriate bonding model, 5 can be viewed as the carbene
[R(Clca-base)E:] whose lone pair tightly coordinates to the Li atom. Accordingly, germanium atom
acquires a positive charge (as a formal germylium ion) that is counterbalanced by the negative
charge delocalized within the [C2—C3—C2#]-moiety of the Cs-base (Scheme 3). Compounds 2 are
metastable, disproportionating in solution to form a mixture of the cyclobutadiene dianion 1,
pyramidane 2, and transient germylene [R.Ge:] (Scheme 3). As the compounds containing E-Li
bond, 5 are highly reactive towards electrophiles, such as alkyl/aryl halides, readily forming a
mixture of stereoisomeric housene derivatives 6 identified by their characteristic NMR spectral
pattern (Scheme 3). Initially formed housenes 6 gradually isomerize in solution at room
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temperature forming the corresponding metalloles 7 that were isolated and fully characterized
(Scheme 3). 7 are expected to serve as prospective ligands for sandwich and half-sandwich
transition and main group metal complexes, as the precursors for advanced materials. The peculiar
structural features, bonding nature, and mechanisms for the formation of anionic compounds 5,
as well as housenes 6 and germoles 7 derived from them, were comprehensively studied both
experimentally (X-ray crystallography, NMR spectroscopy, HRMS, and UV-spectroscopy) and
computationally (sophisticated high-level DFT calculations).

Based on these results, and also on the results of our previous investigations, general
conclusions of the interaction of cyclobutadiene dianion with the Main Group element halides
have been made [Lee et al.. Chem. Commun. 2023, 59, 10067] (Scheme 4). Thus, upon the
reaction of the cyclobutadiene dianion 1 with group 13 element halides E'*X;, either pyramidane
8 (E” = B) or heterole 9 (E'* = Al) were obtained. The reaction of the cyclobutadiene dianion
with group 14 element halides E'*X, produced pyramidanes 10 (E'* = Ge, Sn, Pb). And the
reaction of the cyclobutadiene dianion with group 15 element halides E'°X; resulted in the
formation of housenes 11 (E'* = P, Sb).
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