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Abstract: The chemoselective cleavage of a six-membered aromatic 
ring in biphenylene is reported using an aluminium(I) complex. This 
type of selectivity is unprecedented. In every example of transition 
metal mediated C–C s-bond activation reported to date, the reaction 
occurs at the central four-membered ring of biphenylene. Insight into 
the origin of chemoselecitivty was obtained through a detailed 
mechanistic analysis (isolation of an intermediate, DFT studies, 
activation strain analysis). We conclude that the divergent reactivity 
can be attributed to differences in both the symmetry and radial 
extension of the frontier molecular orbitals of the aluminium(I) 
fragment compared to common transition metal fragments.  

Reactions that break the strong C–C σ-bonds of hydrocarbons 
are finding increasing use in synthesis.[1,2] When more than 
one type of C–C σ-bond is present in the substrate, 
chemoselectivity becomes a central consideration. In nearly 
all cases, substrate bias dictates which C–C σ-bond breaks. 
Structural features such strained ring systems prejudice the 
reagent toward specific sites and determine the 
chemoselectivity of the reaction. Examples where reagent 
control overrides substrate bias are essentially unknown.  

 

Scheme 1 Chemoselectivity in the C–C s-bond activation of biphenylene. 

Biphenylene has been the subject of detailed study in C–C σ-
bond activation. The central C–C σ-bond of biphenylene has 
a low bond dissociation energy of 65.4 kcal mol-1.[3] Both the 
antiaromatic character and strain of the four-membered ring 
contribute to the weakening of this C–C σ-bond. If biphenylene 
undergoes C–C σ-bond activation, this weakest link is always 

the site of reactivity. For example, the oxidative addition of a 
range of transition metal complexes to the central ring of 
biphenylene has been studied in great detail (Scheme 1a).[4–

8] In cases where the substrate is asymmetric, directing groups 
can be used to define which C–C s-bond of the central ring 
reacts.[9,10] More recently, the reaction of the central C–C σ-
bond of biphenylene with an anionic aluminium(I) nucleophile 
has been reported.[11]  

The selectivity is unsurprising considering that alternative 
reactive sites of biphenylene require the dearomatisation of a 
benzene ring. The C–C bond of benzene is strong and is 
enforced by a combination of σ- and π-bonding. There are a 
number of transition metal[12–19] and main group[20–24] 
complexes that can effect the C–C σ-bond activation and 
dearomatisation of benzene units. Mechanistically, these 
systems show some common features: coordination of the 
metal complex to the arene p-manifold generates a strained 
metallocyclic intermediate from which C–C σ-bond activation 
evolves to form the observed products. None of these systems 
react with benzene units in the presence of more strained ring 
systems containing weaker C–C σ-bonds.  

We recently reported the activation of C–C σ-bonds of 
alkylidene cyclopropanes using the aluminium(I) complex, 1 
(Scheme 2).[25] Here we demonstrate σ-C–C bond activation 
of biphenylene using 1. To the best of our knowledge, this is 
first example of C–C s-bond activation with a main group 
reagent that leads to the direct installation of two metals into 
the fragmented carbon ring. Despite the substrate bias of 
biphenylene, the reaction is under reagent control and occurs 
with complete chemoselectivity for the strongest C–C σ-bonds 
of the six-membered arene ring. We provide a mechanistic 
rationale for this remarkable chemoselectivity and discuss its 
origin in the context of the divergent reactivity of transition 
metal and main group reagents. 

The reaction of 2 equiv. of 1 with biphenylene at 100°C for 3 
h yields a mixture of 2 and 3 in a 1:0.7 ratio (Scheme 2). 2 and 
3 are derived from the cleavage of the C2–C3 and C4–C5 bonds 
in biphenylene respectively. Both products incorporate 
metallocycles in which aluminium(III) centers are in 5-
membered rings. 2 crystallises readily from a concentrated 
toluene or THF solution of the reaction mixture at –35°C. 3 can 
be separated from 2 by extracting with THF and purified by 
recrystallising from toluene. Heating isolated samples of either 
2 or 3 result in their decomposition and no interconversion is 
observed between these two compounds in either purified or 
crude mixtures.  
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Scheme 2. C–C s-Bond activation of biphenylene with 1. Dip = 2,6-di-isopropylphenyl. 

Repeating the reaction of 1 with biphenylene at lower 
temperatures allowed the isolation of a reaction intermediate. 
After 7 days at 25°C addition of 1 to biphenylene yields 4 as a 
major product (Scheme 2). 4 is derived from a (4+1) 
cycloaddition of 1 to the C1 and C4 positions of an arene ring 
of biphenylene. Based on cross-over experiments, the 
formation of 4 is, at least, partially reversible (See Supporting 
Information for further details). The formation of 4 can be 
explained by a pericyclic reaction, specifically a [π4s+n2s] 
cycloaddition.[26–29] Formation of 4 generates a highly strained 
and dearomatized hydrocarbon framework that is primed for 
further reactivity. Addition of a further equiv. of 1 to 4 and 
heating to 100°C generates the 2 and 3 with similar yields and 
selectivity to that observed directly from 1 and biphenylene.  

 

Figure 1. The structure of (a) 3 and (b) 4 by single crystal X-ray diffraction. 

All products have been characterised by multinuclear NMR 
spectroscopy and single-crystal X-ray diffraction. The 
connectivity of 2 is evident in the solid-state structure however 
the ring-opened biphenylene unit is disordered over four sites 
(See Supporting Information for further discussion). 
Regardless, the 1H NMR spectrum is consistent with the 
structural assignment. Characteristic alkene signals for the 
protons attached to C3 and C4 resonate at δH = 5.32 and 7.44 
ppm respectively. Compound 2 contains two contiguous 
stereocentres at the C5 and C6 position. The relative 
stereochemistry is determined by the cis-fused ring junction 

and has been confirmed by 1D NOE experiments. The crystal 
structure of 3 clearly shows the rupture of the aromatic ring. 
The aluminium centres of 3 are related by C2-rotation around 
the perpendicular bisector of the C1–C2 bond. This compound 
again contains two contiguous stereocentres, now at the C1 
and C2 positions, which impose a trans-fused ring junction and 
C2-symmetry (Figure 1). 

DFT calculations were used to explore the mechanism of C–
C σ-bond activation (Figure 2).[30,31] The (4 + 1) cycloaddition 
of 1 to biphenylene was found to proceed via a single 
transition-state TS-1 (ΔG‡298K = 28.5 kcal mol-1) and forms 4 
directly. Disruption of the antiaromaticity of the central ring of 
biphenylene likely determines the selectivity of the (4+1) 
addition. NICS calculations show that this ring has less 
antiaromatic character in 4 (NICS(0) = 5.3) than in 
biphenylene (NICS(0) = 18.3) (Scheme 2). The (4+1) 
cycloaddition of 1 to the C3 and C6 positions of biphenylene 
was also considered computationally. Both the transition state 
and product were found to be higher in energy than the 
pathway toward the formation of 4 (Supporting Information, 
Figure S5). Intermediate 4 has two chemically distinct alkene 
systems. 1 has previously been shown to perform (2+1) 
cycloadditions with alkenes.[24,32–34] Addition of 1 to the more 
sterically hindered alkene (C2=C3) of 4 was found to proceed 
via a low energy transition state TS-2 to form Int-1.[25,34] Int-1 
is the product of an overall 4e– reduction of the arene ring of 
biphenylene with two equiv. of 1. NBO analysis of TS-1 and 
TS-2 show that the nucleophilicity of 1 is a key driver towards 
the installation of the two aluminium centres (see supporting 
information for further detail). Int-1 incorporates two 
aluminium centres at the bridgehead positions of a 
norbornane (AlA) and norcarane (AlB) skeleton on opposite 
faces of the reduced arene ring.  

Subsequent isomerisation of Int-1 to Int-2 occurs via transition 
state TS-3. This reaction involves a concerted rearrangement 
of the ring framework of Int-1 with two four-membered 
metallocycles forming from one three-membered and one five-
membered metallocycle. The relief of strain from the ring-
expansion of the aluminocyclopropane is the likely 
thermodynamic driving force of this reaction. From Int-2 C–C 
σ-bond activation can occur by two different pathways. These 
pathways both involve a [1,3]-sigmatropic shift and a step that 
breaks the C–C σ-bond, however the order of these processes 
differs between the two. C2–C3 σ-bond activation is possible 
directly from Int-2 via TS-4 to form Int-3. TS-4 is an early 
transition state in which a key bond cleavage step triggers a 
series of bond migrations to form Int-3. A subsequent [1,3]-
sigmatropic shift of [AlA] along the C3---C5 allyl system via TS-
5 results in formation of the observed product 2.  
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Figure 2. Calculated reaction pathway for the formation of 2 and 3 from 1 and biphenylene. Energies in kcal mol-1. All calculations performed at the M06l/6-31G** 
(C, H, N)/SDDAll (Al) level of theory with single point dispersion (D3) and solvent (benzene) corrections. 

 

Alternatively, [AlA] can perform a [1,3]-sigmatropic shift along 
the C2---C6 allyl system in Int-2 via TS-6 to form Int-4. The 
aluminium centres in Int-4 are related by C2-rotation around 
the perpendicular bisector of the C4–C5 bond and this 
symmetry is preserved into the product. Activation of the C4–
C5 σ-bond from Int-4 occurs via TS-7 and results in formation 
of 3.  

The formation of both 2 and 3 is calculated to be highly 
exergonic and is consistent with these reactions being non-
reversible. The C–C σ-bond activation steps have the highest 
activation barriers in the formation of 2 (ΔG‡298K = 29.4 kcal 
mol-1) and 3 (ΔG‡298K = 29.6 kcal mol-1) from 1 and 
biphenylene.[35] In both cases, C–C σ-bond activation 
originates from a highly strained metallocyclic intermediate in 
which aluminium centers occupy positions in two separate 
metallocyclobutane rings. C–C cleavage via TS-4 and TS-7 
relieves the strained 4-membered rings in Int-2 and Int-4 
respectively. These steps occur without any significant 
change in the NPA charge at the aluminium(III) centres. The 
computationally predicted selectivity for the formation of 2 in 
preference to 3 (ΔΔG‡298K = 0.2 kcal mol-1) is consistent with 
experiment. The small (ΔΔG‡ ~1 kcal mol-1) difference in 
activation energies between C–C σ-bond activation steps (TS-
4 and TS-7) and the (4+1) cycloaddition step (TS-1) is 
reflected experimentally: formation of 2 and 3 is observed 
during the synthesis of 4.  

The oxidative addition of 1 to the central C1–C7 σ-bond of 
biphenylene was also explored computationally. While the 
overall reaction is highly exergonic (ΔG298K = –64.9 kcal mol-
1), the transition state is high in energy (TS-8, ΔG‡298K = 42.0 

kcal mol-1) and unlikely to be accessible under the reaction 
conditions (Supporting Information, Figure S4).  

A deeper consideration of the key transition states can be 
used to rationalise the remarkable chemoselectivity of this 
system. Transition states for oxidative addition are typically 
destabilised by steric repulsion due to the requirement for a 
close – and side-on – approach of the C–X bond to the metal 
to achieve orbital overlap (e.g. X = C, H, Halogen). The 
oxidative addition of biphenylene to transition metal 
complexes has been calculated to involve a side-on approach 
and the synchronous breaking of the C–C σ-bond and 
formation of both M–C bonds along the reaction 
coordinate.[36,37]  

1 differs from common transition metal fragments in terms of 
both the symmetry and energy of the frontier molecular 
orbitals. The HOMO and the LUMO of 1 are orthogonal to one 
another and the 3p orbitals which contribute to them have a 
smaller radial extension than the 4d and 5d orbitals of 2nd and 
3rd row transition metals. In line with these differences, TS-8 
is unusual and is not consistent with a symmetric approach of 
the C–C bond to the metal. TS-8 has an asymmetric geometry 
and involves close approach of the metal to only one carbon 
atom of the breaking C–C σ-bond.  

Activation strain analysis (ASA) was used to interrogate this 
phenomenon further.[38–40] Similar methodology has been 
used to explore the factors controlling C–H and C–C bond 
oxidative addition at an alumanyl anion.[41] The ASA profile 
derived from TS-8 was generated (Figure 3a). In this profile, 
EInt decreases modestly along the reaction coordinate and a 
high degree of distortion in biphenylene is required before a 
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favourable interaction between the two fragments is observed. 
This is further supported by the complex curvature of the 
reaction coordinate as a function of the Al–C bond distance. 
For comparison, the profile associated with TS-1, and the 
(4+1) cycloaddition is provided. While both TS-1 and TS-8 
proceed via an initial nucleophilic attack of 1 onto biphenylene, 
the ASA profile TS-1 shows a steady increase in Edist(Biph) 
that is offset by a steady decrease in Eint (Figure 3b). The data 
allow us to conclude that the oxidative addition of the weak C–
C s-bond of biphenylene to 1 is unfavourable due to the high 
degree of biphenylene reorganisation that is required for 
effective orbital overlap.  
 

 

 
 

Figure 3. Activation strain analysis of the reaction profiles derived from TS-8 
(a) and TS-1 (b). 

 

In summary, we report a remarkable chemoselective C–C s-
bond activation reaction involving the stable six-membered 
ring of biphenylene. This selectivity is unprecedented. 
Transition metal complexes react exclusively with the weakest 
C–C s-bond of the four-membered ring of biphenylene, 
typically by an oxidative addition step. The divergent reactivity 
of 1 from transition-metal systems is a direct consequence of 
the orthogonality and limited radial extension of the frontier 
molecular orbitals of the aluminium reagent. This reagent 
cannot easily reach a stable transition state for oxidative 
addition of a s-C–C bond – due to the strain required to 
achieve orbital overlap – instead this it reacts preferentially 
with the flat and accesible p-system of the substrate opening 
up an alternative pathway for s-C–C bond activation.  

X-ray crystallographic data 2-4 are available from the 
Cambridge Crystallographic Data Centre (CCDC 2023760-
2023762) and as a .cif file, full details of the experiments and 
calculations are available as a .pdf. NMR spectra and 
computational coordinates are available at 
dx.doi.org/10.14469/hpc/7325. 
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Al goes for Ar: The chemoselective cleavage of an arene ring in biphenylene is reported using an aluminium(I) complex. The 
reaction proceeds with complete integrity of the central four-membered ring despite this ring containing the weakest C–C σ-bond in 
the hydrocarbon scaffold.  

 


