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研究成果の概要（和文）：主要族元素を含む多層式多核サンドイッチ化合物は，新しい多面体クラスターであ
り，光素子や光データストレージ，データ伝送への利用の可能性から，最近大きな関心を集めている。しかし、
これらの錯体はどれも単離、同定されていなかった。本プロジェクトでは、シクロブタジエンジアニオンと主要
族元素のハロゲン化物との反応により、多くのハウゼン類やピラミダン類のようなサンドイッチ型クラスター化
合物の新しい合成戦略を見出した。ハウゼン類の二量化により、極めて特異な構造と反応性を有するビス（ハウ
ゼン）類の初めての合成に成功した。

研究成果の概要（英文）：The multidecker polynuclear sandwiches with the main group elements 
represent a novel class of polyhedral clusters which recently attracted a great interest due to 
their potential use in photonic devices, optical data storage and data transmission. However, none 
of these complexes were isolated and characterized. In the current project, we developed a new 
synthetic strategy towards such sandwich clusters based on the reaction of the cyclobutadiene 
dianions with the main group element halides forming a wide range of housenes or pyramidanes. By 
dimerization of housenes we succeeded in the preparation of the first representatives of bis
(housenes) which exhibited very unusual structural and reactivity features. 

研究分野：有機化学

キーワード： cluster　cyclobutadiene dianion　housene 　pyramidane　bis(housene)　group 14 element　group 
15 element　multidecker sandwich

  １版

令和

研究成果の学術的意義や社会的意義
We developed a synthetic route to unprecedented class of the main group clusters, bis(housenes) and 
their derivatives. Based on the magnetic and transport properties of these complexes, they can be 
used in molecular spintronics for quantum computing and high-performance nonlinear optics materials.
 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景  

Double-decker sandwich complexes (Scheme 1, A), such as 
ferrocene, found widespread applications in both synthetic 
organic chemistry and material science. Since then a variety of 
other metallocenes, including extended sandwich complexes 
(triple-decker, quadruple-decker, etc.), were prepared. However, 
if the multidecker complexes of the d-block elements are widely 
known, their s- and p-block element counterparts, that is 
multidecker sandwiches of the Main Group elements, are very 
rarely encountered being almost exclusively represented by those  Scheme 1 
featuring cyclopentadienyl ligands (Cp–E–Cp–E–Cp).   
 Multidecker sandwiches (Scheme 1, B) are better electron donors than conventional 
metallocenes, which makes them useful for the design of next generation advanced materials for 
nonlinear optics, information storage, data processing, and quantum computing devises.  
 A further development of multidecker complexes are binuclear 
sandwich compounds, in which a pair of the central atoms M is 
sandwiched between two cyclic polyene ligands [Scheme 2, C 
(double-decker) and D (multi-decker)]. The first representative of 
the complexes C [Cp*–Zn–Zn–Cp* (Cp* = C5Me5)] was reported 
only in 2004 [Carmona, Science 2004, 305, 1136]. However, if a 
few binuclear sandwiches of the type C with the d-block elements 
M were reported to date, none of them featuring Main Group 
elements M as the central atoms are currently known. Likewise, 
multidecker sandwiches of the type D are unknown for any 
elements M, both transition metals and Main Group elements.   Scheme 2 
 
２．研究の目的   
 Based on the above-described scientific background in the field, the purpose and the goal of 
our project was design of unique binuclear sandwiches of the Main Group elements with 
potentially advanced chemical and physico-chemical properties, as the response to increasing 
technological demand for the next generation electronic devices with enhanced functionality. 
Thus, the objective of this research project is the synthesis of unprecedented binuclear sandwiches 
of the Main Group elements of the type C and binuclear multidecker sandwiches of the type D 
(Scheme 2). Both types of sandwich complexes are of particular importance from fundamental 
and applied points of view. Thus, from the academic viewpoint, these compounds possess unique 
molecular architecture that the classical bonding theory fails to adequately describe. From the 
viewpoint of practical importance, such binuclear sandwiches are promising due to their enhanced 
electroconductive, magnetic and transport properties enabled by their unique structures with 
extended chain of electronic communication between the M–M fragments and cyclic polyene 
ligands. Moreover, given the theoretically predicted weakness of the bond between the apex and 
base in pyramidanes, such metal-rich clusters may serve as suitable thermal/photochemical 
precursors for ceramic composites and nanomaterials (nanoparticles, nanocrystals, nanowires). 
And even more so, binuclear sandwiches may also serve as useful chemical reagents, for example, 
as catalysts or hydrogen storage materials.  
 
３．研究の方法   
 Our proposed synthetic strategy is based on the use of the readily available cyclobutadiene 
dianion salt derivatives 1 (Scheme 3), which were recently developed in our group [Lee et al.: J. 
Am. Chem. Soc. 2004, 126, 4758; J. Am. Chem. Soc. 2011, 133, 5103] and which have already 
been proven 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 such cyclobutadiene dianion derivatives with 



the Main Group element halides EX3, a wide range of pyramidanes 2 and housenes 
(bicyclo[2.1.0]pentenes) 3 with the element E of the Groups 13 and 15 as the core atom can be 
prepared (Scheme 3). The subsequent dimerization of the latter cage compounds 2 and 3 under 
the reductive dehalogenation conditions may then result in the formation of either 
bis(pyramidanes) 4 or bis(housenes) 5 (Scheme 3). As bis(housenes) 5 are valence isomers of the 
target bis(pyramidanes) 4, the thermal or photochemical isomerization of the former may produce 
the desired binuclear sandwich complexes of the type 4. Moreover, repetition of the path B for 
bis(pyramidanes) 5 may produce the poly(housene)-type structures, which may also exist in the 
form of isomeric binuclear multidecker poly(pyramidanes).  

 

Scheme 3 
 
４．研究成果   
 During the course of the current project studies, we found that the outcome of the reaction of 
the cyclobutadiene dianion derivative 6 (Scheme 4) with the Main Group element halides EX3 is 
totally governed by the nature of the element E. Thus, when E is the group 13 element (for 
example, B) the product is pyramidane 7, whereas when E is group 15 element (such as P or Sb) 
the product is housene 8 (Scheme 4). The reason for such a sharp distinction between the group 
13 and group 15 elements was thoroughly elaborated by the DFT computations.  
 Reduction of housene 8 (E = Sb) resulted in the formation of the target bis(stibahousene) 9, 
which was isolated and fully characterized including X-ray structure determination (Scheme 4). 
This cluster 9 is a first representative of a new type of Main Group element cluster compounds. 
It has unique structural and reactivity features, for example, it readily undergoes cycloelimination 
of the cyclobutadiene moieties, thus potentially serving as a hypothetical [:Sb–Sb:]-fragment 
transfer reagent. On the other hand, reduction of (halobora)pyramidanes 7 [which was expected 
to produce bis(pyramidane) of the type 4, see Scheme 3] quite unexpectedly formed derivative of  

 
Scheme 4 



 
 
the borole dianion 10 (Scheme 4) [Lee et al.: J. Am. Chem. Soc. 2018, 140, 6053]. The reason 
why reduction of 7 proceeded not at the B–X bond (as was initially expected) but at the C4-base 
instead was clearly explained by calculations: LUMO of 7 is mostly located at the carbon base 
whereas *-orbital of the B–Cl bond lies much higher (LUMO+8). According to our experimental 
(7Li NMR, X-Ray) and computational (NICS) data, borole dianion derivative 10 is 6-electron 
aromatic species, and as such it may serve as a novel type ligand for transition metal complexes 
of the sandwich and half-sandwich types.     
 All novel compounds were isolated in pure form and were fully characterized, 
spectroscopically and crystallographically. The mechanisms of their formation, as well as their 
peculiar structural features and bonding situations were thoroughly studied by the high-level 
computations.  
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