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ABSTRACT: The activation of C–C bonds is of 
fundamental interest in the construction of complex 
molecules from petrochemical feedstocks. In the case of 
the archetypal aromatic hydrocarbon benzene, C–C 
cleavage is thermodynamically disfavoured, and is 
brought about only by transient highly reactive species 
generated in situ. Here we show that the oxidative 
addition of the C–C bond in benzene by an isolated metal 
complex is not only possible, but occurs at room 
temperature and reversibly at a single aluminium centre 
in [(NON)Al]- (where NON = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-
dimethylxanthene). Selectivity over C–H bond activation 
is achieved kinetically and allows for the generation of 
functionalized acyclic products from benzene.

From the seminal work of Kekulé onwards, the cyclic 
structure of benzene has played a central role in 
rationalizing structure and reactivity in organic 
chemistry.1,2 The recognition of enhanced 
thermodynamic stability for the planar C6H6 molecule 
arising from -electron delocalization proved critical to 
the development of the concept of aromaticity,3,4 which 
in turn has been used to rationalize why much of the 
chemistry of benzene (and related compounds) proceeds 
with net retention of the unsaturated C6 core.5 This 
principle extends to the reactions of benzene with metal 
complexes, which include complexation via the arene -
system,6 and activation of the exocyclic C–H bonds, for 
example via deprotonation or oxidative addition.7-9 Not 
unexpectedly, examples of metal-centred reactivity 
which lead to C–C bond cleavage in unstrained arenes are 
very rare, reflecting not only thermodynamic factors 
relating to aromatic stabilization, but also kinetic 
limitations due to the sterically protected and highly 
directional nature of the C–C bond.10-19 Oxidative 
activation of the C–C bond in benzene is therefore known 
only in conjunction with transient, highly reactive species 
which are generated in situ (such as carbenes or triplet 
silylenes).20-23 A well-known example is the Buchner ring 

expansion reaction, which classically involves the 
reaction of an unactivated arene with a   carbene derived 
from a diazo-acetic ester by a thermal, photolytic or 
transition-metal catalysed protocol.20,21

We recently reported the dimeric potassium aluminyl 
compound 1 (Scheme 1), which acts as an unprecedented 
aluminium nucleophile (e.g. in reactions with carbon- and 
metal-centered electrophiles), and which effects the 
formal oxidative addition of the C–H bond in benzene to 
give the corresponding aluminium(III) phenyl 
hydride.24,25 DOSY NMR measurements show that the 
dinuclear structure of 1 determined in the solid state by 
X-ray diffraction is retained in benzene-d6 solution. With 
the aim of investigating whether the chemistry of this 
system is dependent on its degree of aggregation, we set 
out to synthesize a related mononuclear compound by the 
addition of the K+ sequestering agent [2.2.2]cryptand 
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexa- 
cosane; Scheme 1).

Scheme 1. Sequestration of the potassium cations 

from dimeric 1 to generate monomeric aluminyl 

compound [K(2.2.2-crypt)][(NON)Al], 2.

The compound so generated, [K(2.2.2-crypt)] 
[(NON)Al] (2; where NON = 4,5-bis(2,6-diisopropyl-
anilido)-2,7-di-tert-butyl-9,9-dimethylxanthene), can be 
shown by X-ray crystallography to be monomeric in the 
solid state (Figure 1), featuring no short Al…Al or K…Al 
contacts (< 7 Å). The geometry at the aluminium centre 
is very similar to that found in 1,24 featuring Al–N 
[2.022(1) and 2.049(1) Å] and Al–O distances [2.175(1) 
Å] which are consistent with a formal metal oxidation 
state of +1 [cf. 1.963(2)/1.956(2) and 2.279(2) Å for 1].26 
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The 1H NMR spectrum of this compound in 
tetrahydrofuran-d8 solution shows resonances at chemical 
shifts different from those characteristic of dimeric 1 
(together with signals for the cryptand ligand which are 
shifted from those of free [2.2.2]cryptand), consistent 
with the existence in solution of separated [K(2.2.2-
crypt)]+ and [(NON)Al]- ions. 

Figure 1. Molecular structures (a) of 2 and (b) of the anionic 
component of 3 as determined by X-ray crystallography. 
Benzene solvate molecules, most H atoms and counterion 
(for 3) omitted, and iPr and tBu groups shown in wireframe 
for clarity. Thermal ellipsoids set at the 35% probability 
level. Key bond lengths (Å) and angles (o): (for 2): Al–N 
2.022(1), 2.049(1), Al–O 2.175(1), N–Al–N 126.7(1), N–
Al–O 72.5(1), 72.7(1); (for 3) Al–N 1.966(1), 1.984(1), Al–
O 2.136(1), Al–C 1.980(1), 1.980(1), C–C 1.442(3), 
1.451(3), C=C 1.343(2), 1.352(3), 1.352(3).

While 1 reacts with benzene over a period of 96 h at 60 
oC (via C–H bond cleavage),24 the corresponding reaction 
with 2 proceeds at room temperature (in the dark), with 
conversion occurring over a period of 48 h into a single 
species which can be isolated in ca. 95% yield (Scheme 
2). This new compound (3) can be shown by 
microanalysis to be the product of the uptake of one 
molecule of benzene by 2, and is characterized in solution 
by three new signals in the 1H NMR spectrum, at 
chemical shifts (H = 7.21, 7.00, 5.97 ppm) characteristic 
of alkenic C–H bonds.27 The structure of 3 is confirmed 
unambiguously by X-ray crystallography (Figure 1), and 
is shown to result from C–C bond activation of the C6H6 
molecule at a single aluminium centre to give a seven-
membered AlC6H6 metallacycle. 

Scheme 2. Room temperature C-C bond activation of 

benzene by 2 to give metallacycle 3; facile exchange of 

the C6H6 fragment of 3 in the presence of C6D6.

The Al–C bond lengths [both 1.980(2) Å] are in line with 
other structurally characterized vinyl-aluminium 

species,28 and the C–C bond lengths [1.343(2), 1.442(3), 
1.352(3), 1.451(3) and 1.352(3) Å] are consistent with 
alternating C=C double and C–C single bonds within the 
metallacycle.26 

Previous examples of benzene C–C bond activation 
involve transient species generated in situ.20-23 By 
contrast, here we show by experimental and 
computational means that cleavage of the C–C bond in 
the C6H6 molecule by 2 is completely reversible, 
facilitated by the tractable (but reactive) nature of 2 and a 
thermally accessible barrier to dissociative loss of 
benzene from 3. Exchange of the C6H6 fragment within 
the metallacycle component of 3 with C6D6 can be 
brought about at temperatures in the range 60-80 oC to 
generate the per-deuterio analogue 3-d6 (Scheme 2). In 

situ NMR monitoring of the reaction as a function of 
temperature allows the activation parameters associated 
with the exchange process to be evaluated. The values 
determined for H‡ and S‡ (119.3(2.2) kJ mol–1 and 
23.9(6.5) J mol–1 K–1) are consistent with a dissociative 
mechanism for benzene substitution, and the magnitude 
of the free energy barrier G‡ (111 kJ mol–1 at 80 oC) is 
in line with that calculated by DFT methods for the 
transition state leading to ejection of the C6H6 moiety 
from 3 (vide infra).

As a further probe of the reversibility of benzene 
addition to 2, we examined the reactivity of both 2 and 3 
towards naphthalene (Scheme 3). We hypothesized that 
chemical reversibility (i.e. facile release of benzene from 
3) would be signaled by reactivity towards a molecular 
probe which is indistinguishable from that of the ‘naked’ 
aluminyl complex 2. In the case of 2, reaction with 
naphthalene at 80 oC generates a mixture of two isomeric 
products resulting from formal C–H oxidative addition at 
aluminium; the 2- and 1-naphthyl products (4a/b) are 
formed in a 3:2 ratio (Scheme 3 and ESI).29 Under 
analogous conditions, the reaction of 3 with naphthalene 
yields a near identical mixture of the same two products, 
thereby presenting further evidence that the C–C addition 
of benzene to 2 is chemically reversible under mild 
conditions.

Scheme 3. Reactions of 2 and 3 with naphthalene at 80 
oC to give a mixture of C-H activation products 

resulting from attack at the 1 and 2 positions.29

Page 2 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Figure 2. DFT-calculated (DFT-D3, PBE0, Def-TZVP) pathways for benzene C–C and C–H bond activation by 2'. For 
computational efficiency the backbone tBu groups of the NON ligand were replaced by methyl groups in all calculations. 
The ‘cut-down’ versions of compounds 2, 3 and 5 so modeled are labeled 2', 3' and 5'.

Given the unprecedented reversibility implied by these 
experimental studies, DFT calculations were carried out 
in order to better understand issues of thermodynamics 
and kinetics relating to the activation of benzene by 2 
(Figure 2 and ESI). For computational efficiency the 
backbone tBu groups of the NON ligand were replaced by 
methyl groups in all calculations. These show that both 
C–C and C–H activation processes by model system 2' 
are exergonic, but to widely differing degrees (G = –17 
and –146 kJ mol–1, respectively), in line with the loss of 
aromaticity in the C6H6 molecule on formation of 3'. 
However, the rate-determining transition state leading to 
the formation of C–C activated 3' is calculated to be >20 
kJ mol–1 lower than that leading to the (phenyl)hydride 
compound 5', consistent with the observed formation of 
3' as the kinetic product. Also consistent with this model 
is the experimental observation that heating solutions of 
2 or 3 in benzene to 80 oC over an extended period leads 
to the formation of the thermodynamic product 5 
(although the reaction is not clean, generating a mixture 
of products thought to result from competing activation 
of the NON ligand backbone and the cryptand 
framework).30

Mechanistically, the formation of 3' from 2' proceeds in 
two steps via a bicyclic intermediate (Int), resulting from 
initial [2+1] cycloaddition of benzene at 
aluminium.20,21,31-33 The transition states associated with 
the formation of this intermediate and its further 
activation to give 3' are calculated to be similar in energy 
(+97 and +90 kJ mol-1), and in each case lower that 

calculated for C–H activation (120 kJ mol-1). These 
calculated barriers are consistent with the experimental 
observation of selective C–C activation by 2 at room 
temperature. The high-lying nature of the aluminium-
centred lone pair (the highest occupied molecular orbital, 
HOMO) for the monomeric [(NON)Al]- ion presumably 
facilitates the initial cycloaddition step, with the 
significant stabilization of this orbital in dimeric K+-
bridged [K(NON)Al]2 (i.e. 1),24 potentially underpinning 
differences in reactivity between 1 and monomeric 2 
toward benzene. Experimental data are also consistent 
with the idea of a facile initial [2+1] cycloaddition at the 
aluminyl centre: the reactions of 1 or 2 with ethene 
proceed rapidly at room temperature to generate 
metallacyclopropane complexes containing the 
[(NON)Al(2-C2H4)2]- unit in essentially quantitative 
fashion. In the case of the dimeric species 
[K(NON)Al(2-C2H4)2]2 (6) obtained from 1, structural 
authentication by X-ray crystallography reveals a C–C 
bond length for the coordinated C2 fragment [1.598(2) Å] 
which is significantly activated compared to ethene, and 
more consistent with a C–C single bond (see ESI).26 In 
the case of benzene activation, the corresponding bicyclic 
metallacyclopropane represents an intermediate species 
(i.e. Int), from which a 6π electrocyclic ring-opening 
process then generates the seven-membered heterocycle 
present in the product 3'. 

Given the ability of 2 to cleave C–C bonds under 
ambient conditions, we postulated that this system could 
be used in an unprecedented synthetic approach to access 
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acyclic derivatives (for example containing a linear cis, 
cis, cis triene fragment) from benzene by reactions with 
electrophiles. Accordingly, as proof of principle, the 
reactions of 3 with tin halides (such as Me2SnCl2) can be 
shown to proceed at room temperature to generate di-tin 
species bridged by an acyclic C6H6 fragment, in which the 
stereochemistry of the alkene units has been retained from 
the benzene precursor (Scheme 4). The structures of both 
the aluminium- (7) and tin-containing products (8) from 
this reaction have been confirmed crystallographically 
(see ESI).

Scheme 4. Generation of an acyclic product 

containing a cis, cis, cis triene fragment by the 

reaction of 3 with a tin electrophile.

In conclusion, we show here that (i) that a highly 
electron rich (but well characterized) ‘bottle-able’ 
aluminium complex can be used to oxidatively activate 
the C–C bond in benzene; (ii) that this process is 
reversible; and (iii) that it can be used to ultimately 
synthesize functionalized acyclic compounds from 
benzene.
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Supporting Information. Full synthetic and characterizing 
data for new compounds, representative NMR spectra, 
details of crystallographic and computational studies (PDF). 
CIFs for X-ray crystal structures (CCDC: 1899005-
1899011).

AUTHOR INFORMATION

Corresponding Author

simon.aldridge@chem.ox.ac.uk (SA)
jose.goicoechea@chem.ox.ac.uk (JMG)

Funding Sources

The Leverhulme Trust (grant number RP-2018-246, JH), the 
Oxford SCG Centre of Excellence and the Academy of 
Finland (PV, project number 314794).

ACKNOWLEDGMENT 

The use of the University of Oxford Advanced Research 
Computing (ARC) facility is acknowledged.

REFERENCES

1. Kekulé, F. A. Sur la constitution des substances aromatiques. 
Bulletin de la Societe Chimique de Paris 1865, 3, 98–110.

2. Kekulé, F. A. Untersuchungen über aromatische 
verbindungen. Liebigs Annalen der Chemie und Pharmacie 
1866, 137, 129–136.

3. Hofmann, A. W. On insolinic acid. Proc. Royal Soc. 1855, 8, 
1-3.

4. Rocke, A. J. It began with a daydream: The 150th anniversary 
of the Kekulé benzene structure. Angew. Chem. Int. Ed. 2015, 
54, 46–50.

5. Smith, M. B.; March, J. March’s Advanced Organic 

Chemistry: Reactions, Mechanisms and Structure; John Wiley 
& Sons: Hoboken, NJ, 2007.

6. Kundig, P. (Ed) Transition Metal Arene π-Complexes in 

Organic Synthesis and Catalysis, Topics in Organometallic 
Chemistry; Springer: New York, NY, 2004.

7. Schlosser, M. (Ed) Organometallics in Synthesis Third 

Manual; John Wiley & Sons: Hoboken, NJ, 2013.
8. Green, M. L. H.; Knowles, P. J. Formation of a tungsten 

phenyl hydride derivative from benzene. J. Chem. Soc. Chem. 

Commun. 1970, 1677.
9. Labinger, J. A.; Bercaw, J. E. Understanding and exploiting 

C–H bond activation. Nature 2002, 417, 507–514.
10. Gozin, M.; Weisman, A.; Ben-David, Y.; Milstein, D. 

Activation of a carbon–carbon bond in solution by transition-
metal insertion. Nature 1993, 364, 699–701.

11. Jones, W. D. The fall of the C–C bond. Nature 1993, 364, 676–
677.

12. Jun, C. H. Transition metal-catalyzed carbon–carbon bond 
activation. Chem. Soc. Rev. 2004, 33, 610–618.

13. Sattler, A.; Parkin, G. Cleaving carbon–carbon bonds by 
inserting tungsten into unstrained aromatic rings. Nature 2010, 
463, 523–526.

14. Wendel, D.; Porzelt, A.; Herz, F. A. D.; Sarkar, D.; Jandl, C.; 
Inoue, S.; Rieger, B. From Si(II) to Si(IV) and back: reversible 
intramolecular carbon–carbon bond activation by an acyclic 
iminosilylene . J. Am. Chem. Soc. 2017, 139, 8134–8137 
(2017).

15. Liu, L. L.; Zhou, J.; Cao, L. L.; Andrews, R.; Falconer, R. L.; 
Russell, C. A.; Stephan, D. W. A transient vinyl-
phosphinidene via a phosphirene–phosphinidene 
rearrangement. J. Am. Chem. Soc. 2018, 140, 147–150.

16. Ellis, D.; McKay, D.; Macgregor, S. A.; Rosair, G. M.; Welch, 
A. J. Room temperature C–C bond cleavage of an arene by a 
metallacarborane. Angew. Chem. Int. Ed. 2010, 49, 4943–
4945.

17. Hu, S.; Shima, T.; Hou, Z. Carbon–carbon bond cleavage and 
rearrangement of benzene by a trinuclear titanium hydride. 
Nature 2014, 512, 413–415.

18. Szyszko, B.; Latos-Grażyński, L.; Szterenberg, L. A facile 
palladium-mediated contraction of benzene to 
cyclopentadiene: transformations of palladium(II) p-
benziporphyrin. Angew. Chem. Int. Ed. 2011, 50, 6587-6591 
(2011).

19. Jakoobi, M.; Tian, Y.; Boulatov, R.; Sergeev, A. G. Reversible 
insertion of Ir into arene ring C–C bonds with improved 
regioselectivity at a higher reaction temperature. J. Am. Chem. 

Soc. 2019, 141, 6048-6053.
20. Buchner, E.; Curtius, T. Uber die einwirkung von 

diazoessigather auf aromatisch kohlenwasserstoffe. Ber. 

Dtsch. Chem. Ges. 1885, 18, 2377–2379.
21. Hubert, A. J.; Noels, A. F.; Anciaux, A. J.; Warin, R.; Teyssie, 

P. Transition-metal-catalyzed reactions of diazo compounds. 
2. Addition to aromatic molecules: catalysis of Buchner's 
synthesis of cycloheptatrienes.  J. Org. Chem. 1981, 46, 873–
876.

22. Kira, M.; Ishida, S.; Iwamoto, T.; Kabuto, C. Excited state 
reactions of an isolable silylene with aromatic compounds. J. 

Am. Chem. Soc. 2001, 124, 3830–3831.
23. Suzuki, H.; Tokitoh, N.; Okazaki, R. A novel reactivity of a 

silylene: the first examples of [1+2] cycloaddition with 
aromatic compounds. J. Am. Chem. Soc. 1994, 116, 11572–
11573.

24. Hicks, J.; Vasko, P.; Goicoechea, J. M.; Aldridge, S. 
Synthesis, structure and reaction chemistry of a nucleophilic 
aluminyl anion. Nature 2018, 557, 92–95.

25. Hicks, J.; Mansikkamäki, A.; Vasko, P.; Goicoechea, J. M.; 

Page 4 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Aldridge, S. A nucleophilic gold complex. Nature Chem. 
2019, 11, 237-241.

26. Cordero, B.; Gómez, V.; Platero-Prats, A. E.; Revés, M.; 
Echeverria, J.; Cremandes, E.; Barragán, F. Covalent radii 
revisited. Dalton Trans. 2008, 2832–2838.

27. Abraham, R. J.; Canton, M.; Griffiths, L. Proton chemical 
shifts in NMR: Part 17. Chemical shifts in alkenes and 
anisotropic and steric effects of the double bond. Mag. Res. 

Chem. 2001, 39, 421–431.
28. See, for example: Üffing, C.; Ecker, A.; Köppe, R.; 

Merzweiler, K.; Schnöckel, H. Two isomers with an Al4C8 
framework. Chem. Eur. J. 1998, 4, 2142–2147.

29. While 3 only reacts with naphthalene at 80oC due to the 
necessity to dissociate benzene, in the case of the ‘naked’ 
aluminyl system 2, the reaction can also be studied at lower 
temperatures At room temperature 2 reacts with naphthalene 

via a formal [4+1] cycloaddition reaction across the 1 and 4 
positions of the arene.

30. 5 can be prepared independently from dimeric 
[K(NON)Al(Ph)H]2

24 and [2.2.2]cryptand (see ESI).
31. Zhu, H.; Chai, J.; Fan, H.; Roesky, H. W.; He, C.; Jancik, V.; 

Schmidt, H.-G.; Noltemeyer, M.; Merrill, W. A.; Power P. P. 
A Stable aluminacyclopropene LAl(2-C2H2) and its end-on 
azide insertion to an aluminaazacyclobutene. Angew. Chem. 

Int. Ed. 2005, 44, 5090–5093.
32. Swamm, R. J.; Anker, M. D.; Lein, M.; Coles, M. P. Reduction 

vs. addition: the reaction of an aluminyl anion with 1,3,5,7-
cyclooctatetraene. Angew. Chem. Int. Ed. 2019, 58, 1489–
1494.

33. Bakewell, C.; White, A. J. P.; Crimmin, M. R. Reversible 
alkene binding and allylic C–H activation with an 
aluminium(I) complex. Chem. Sci. 2019, 10, 2452–2458.

Page 5 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Page 6 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60


