
 

 

Author Manuscript 

Title: New Avenues in s-Block Chemistry - Zero Oxidation State Beryllium Comple-
xes

Authors: Jason Laurence Dutton; Gernot Frenking

This is the author manuscript accepted for publication and has undergone full peer
review but has not been through the copyediting, typesetting, pagination and proofrea-
ding process, which may lead to differences between this version and the Version of
Record.

To be cited as: 10.1002/anie.201606244

Link to VoR: http://dx.doi.org/10.1002/anie.201606244



This article is protected by copyright. All rights reserved 

HIGHLIGHT          

 
 
 
 

New Avenues in s-Block Chemistry – Zero Oxidation State 
Beryllium Complexes  
Jason L. Dutton*[a] and Gernot Frenking,*[b] 

Keywords: Beryllium • s-block • low valent • carbenes  

Beryllium is surely the least investigated chemical element of the 
first octal row of the periodic table excepting inert neon. Part of 
the reason is that Be containing molecules are highly toxic which 
makes experimental studies potentially dangerous in unskilled 
hands. Beryllium compounds and salts are carcinogenic and 
they exhibit extreme long-term and potentially acute toxicity 
when they are inhaled. However, the element Be also plays a 
unique role among the s-block atoms. The combination of a 
closed-shell electronic ground state 1S (1s22s2) and the relatively 
high excitation energy 1S→3P(1s22s12p1) of 62.8 kcal/mol[1] 

makes it relatively difficult to form compounds with covalent 
electron-sharing bonds. This can be achieved with 
electronegative atoms such as halogen or oxygen, but the 
molecules in the condensed phase are either polymeric solids or 
they form complexes with a Lewis base. However, given the 
relatively high electronegativity of beryllium (1.57, c.f. Mg 1.31, 
Li 0.98) it likely has the richest potential for covalent 
organometallic chemistry of the s-block elements. Due to issues 
surrounding toxicity this chemistry is not well developed. 
Comparing elements with the greatest similarities to Be in terms 
of valence and electronegativity, in the Cambridge Structural 
Database (2014) there are 3504 entries for compounds 
containing Al-C bonds, 1386 for Zn-C, 647 for Mg-C and only 59 
for compounds containing Be-C bonds.[2] 
A very fruitful area of beryllium chemistry takes advantage of the 
high Lewis acidity of beryllium compounds, which exceeds that 
of most other main group atom centered compounds. Beryllium 
oxide BeO is the strongest neutral main group Lewis acid that is 
known.[3] Beryllium dihalides BeX2 with X = F, Cl form very stable 
complexes with Lewis bases[4]that were systematically studied 
by Dehnicke and coworkers.[5] The naked beryllium atom also 
exhibits strong Lewis acid character. Two theoretical studies 
predicted in 2013 that tricoordinated beryllium complexes 
[Be(L3)]  with ligands L = CO, PR3, NHC (N-heterocyclic 
carbene), yielding an electron octet at beryllium, could be 
potentially synthesized and isolated, either as free molecules (L 
= NHC, 1)[6] or as ligands in transition metal complexes 
[TM←Be(L3)] (see Scheme 1).[7] The theoretical work pointed in 
a direction where ingenious experiments, which were recently 
carried out by Braunschweig and coworkers have succeeded in 
a yet unexpected way.[8] 

The authors synthesized the complexes [Be(cAACMe)2] (2)  and  

[Be(cAACMe)(cAAC)Cy] (3) where two cyclic alkyl amino carbene 
(cAAC) ligands stabilize a beryllium atom in the formal zero 
oxidation state with the Be dicoordinated rather than 
tricoordinated as had been predicted for the NHC complexes 
(Figure 1). The cAAC ligand that was introduced by Bertrand[9] 

into synthetic chemistry has proved very successful for isolating 
mono-,[10] di-[11] and triatomic[12] adducts [En(cAAC)m]  (n = 1 - 3) 
for zero-valent atoms of groups 13 and 14.[13] cAACs are better 
σ donors and π acceptors  than NHCs[9], which leads to 
distinguishably different properties in their complexes.[14] The 
usage of cAAC complements the field of  ligand stabilized 
adducts  [En(NHC)2] of group 13 - 15 atoms that have been of 
ongoing interest for the past decade.[13b, 15] Braunschweig has 
now extended the range of such carbene stabilized zero 
oxidation state species to the s-block with these new complexes 
of beryllium. The synthesis consists of only 2 steps – first 
coordination of one cAACMe ligand with commercially available 
BeCl2. The second step is elegant, involving a reduction using 
KC8 in the presence of an added 2nd equivalent of cAACMe to 
give the complex 2. Attempts at reduction without the added 
ligand resulted in complicated mixtures. This method also 
allowed for the synthesis of heteroleptic complexes 
[Be(cAACR1)(cAACR2)], as the 2nd equivalent of cAAC could be 
varied, using the cyclohexyl substituted version in this case to 
give 3. Compound 3 is not however the first heteroleptic bis 
main-group carbene complex as claimed; these have recently 
been reported for carbodicarbenes C(NHC)(NHC’).[16] 
Importantly, this short synthesis minimizes the need for handling 
as well as the generation of Be containing waste. 

The authors made great efforts to elucidate the nature of the 
metal-ligand bonding in the beryllium complexes 2 and 3. Figure 
1 shows the essential features of the bonding situation which 
can be explained with the Dewar-Chatt-Duncanson (DCD) 
model[17] that is well known from transition metal chemistry.[18] 
Inspection of the occupied molecular orbitals and calculations 
with different electronic states and charges suggest that the  
interacting fragments are a beryllium atom in the excited 
1D(1s22s02p2) state and two cAAC ligands in the ground state. 
The latter electronic states are perfectly suited for σ-donation 
and π-backdonation following the DCD model. The σ lone-pair 
orbitals of the cAAC ligands donate into the vacant 2s AO  (in-
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phase combination +,+) and the 2p(σ) AO (out-of-phase +,- 
donation) of beryllium.  The doubly occupied out-of-plane p(π┴) 
AO of Be provides π-backdonation into the vacant p(π┴) AOs of 
the carbene carbon atoms. The plane is defined by the rings of 
the cAAC ligands which are nearly coplanar. The calculations 
indicate that the  (cAAC)←Be→(cAAC) π-backdonation is 
stronger than the total of (cAAC)→Be→(cAAC)  
σ-donation. This is in agreement with the calculated partial 
charges, which gave a positive charge of  +0.87 e at beryllium.  

Figure 1. Bonding situation in [Be(cAACR)2] 

The strong π component of the Be-C bonds indicates significant  
multiple bonding character which agrees with the rather short 
bond lengths of approximately 1.65 Å and the perfectly linear 
arrangement about the Be atom (Figure 2).   The measured 
values for the two compounds are between the standard Be-C 
single bond (1.77 Å) and Be=C double bond  (1.57 Å).[19] The 
authors ascribe the stability of the molecules to the strong 3-
center-2-electron π bond across the C-Be-C moiety.  

Figure 2. Solid-state X-ray structure of 2. Selected bond distances [Å] and 
angles [o]: Be(1)-C(1) 1.664(1), C(1)-Be(1)-C(1A) 180.0. 

The beryllium atom of the cAAC complexes still has a vacant  
p(πǁ‖)  AO which is not shown in Figure 1. The bonding analysis 
of Braunschweig et al. suggests that the hyperconjugative  
donation of the cyclic cAAC ligands to the p(πǁ‖)  AO is very 
weak, which should leave the Be atom open to further 
coordination. However, it appears that nucleophilic attack to the 
beryllium centre is sterically hindered by the bulky substituents 
which are in the plane of the five-membered rings (Figure 1). 
The complexes decompose with strong Brønsted acids but react 
cleanly with selenium and CO2 giving elemental beryllium and 
known adducts of the cAAC ligand with Se and CO2, 
respectively. These facile ligand exchange reactions also point 
to the validity of considering these compounds as carbene 
adducts of Be0.  
The last paradigm shifting advance in s-block chemistry was the 
2007 report from Jones of Mg(I) dimers stabilized by anionic β-
diketiminate or guanidinate ligands.[20] The Jones reagent is now 
used by many chemists worldwide as a soluble, powerful, yet 
highly controllable reducing agent. It will be interesting to see in 
the coming years if this new class of beryllium compound will 

unlock extensive new reactivity for the s-block or if the 
challenges associated with working on Be will see its potential 
perhaps go unfulfilled. 
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Braunschweig and co-workers have 
recently extended the chemistry of 
ligand stabilized zero oxidation state 
complexes to the s-block with the 
discovery of bis- cyclic alkyl amino 
carbene stabilized Be1. Through 
combined experimental and 
theoretical studies they have 
conclusively demonstrated that the 
complex is low-valent at beryllium. 
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