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ABSTRACT: We report on the reductive C−C coupling of alkenes at a single main-group-metal center. Treatment of the
bis(boryloxy)aluminyl compound K[Al{OB(NDippCH)2}2] with ethene results in clean formation of a five-membered alumina-
cyclopentane via alkene dimerization. In the case of propene, similar chemistry occurs regio- and diastereoselectively to generate the
corresponding rac-3,4 disubstituted metallacycle. Isolation of an intermediate alumina-cyclopropane and quantum chemical analysis
allows the mechanism of these transformations to be elucidated, with coupling between the most hindered carbon centers in propene
being driven by the necessity to minimize steric interactions with the bulky aluminum-bound ligand scaffold. Although these
transformations are thermodynamically favorable and physically irreversible (no alkene regeneration under vacuum), chemical
reversibility can be effected through the addition of small unsaturated molecules (CO, CO2, alkynes), which leads to C−C bond
scission and the loss of one or both alkene equivalents. These findings expand the reactivity landscape of low-valent Al(I) reagents
and showcase main-group-mediated pathways that parallel classical transition metal chemistry.

The formation of carbon−carbon (C−C) bonds remains a
cornerstone transformation in synthetic chemistry, with

transition metal (TM) catalysis occupying a central role due to
its unmatched efficiency, selectivity, and mechanistic versa-
tility.1−5 Among various TM-catalyzed C−C bond-forming
processes, ethene oligomerization holds particular industrial
and mechanistic significance, for example in the formation of
1-hexene via the Phillips process (Figure 1a).3,6−8

Recent developments in main-group chemistry have begun
to challenge the traditional boundaries in small molecule
activation and catalysis.9−12 Low-valent p-block compounds�
once thought incapable of emulating the coordinative flexibility
and reactivity of transition metals�have been molded to coax
TM-like behavior in a variety of bond activation processes.9−12

Among these, nucleophilic aluminyl anions [AlX2]−, featuring a
low-coordinate Al(I) center that is isoelectronic with a
carbene, have emerged as versatile platforms for small-
molecule activation.13−16 These species possess a stereochemi-
cally active lone pair and an orthogonal formally vacant p-
orbital, enabling ambiphilic reactivity reminiscent of transition
metal complexes.13−16 Their pronounced nucleophilicity has
enabled the activation of diverse substrates, including the C−H
and even C−C bonds in benzene, as well as small molecules
such as CO2, N2O, CO, NH3 and H2.

13,14,17 Reactions with
alkenes have also been reported, albeit exclusively proceeding
via (2 + 1) cycloaddition to form alumina-cyclopropanes
(Figure 1b).16,18−22

In addition to aluminyl compounds, a variety of other low-
valent p-block species�including tetrylenes,23−34 diger-
mynes,35,36 disilynes,37,38 distannynes,39 distannenes,40 digal-
lynes,41 dialumenes,42,43 neutral Al(I)44−46 and cationic Al(III)
species,47,48 and distibenes49� have been shown to activate
ethene and other alkenes, often leading to 1,2-insertion or (2 +
1), (2 + 2) or (2 + 2 + 2) cycloaddition products. In
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(b) Al(III) metalla-cyclopropane complexes formed via Al(I)-
mediated ethene activation [Dipp = 2,6-diisopropylphenyl].

Communicationpubs.acs.org/JACS

© 2026 The Authors. Published by
American Chemical Society

21204
https://doi.org/10.1021/jacs.6c03691

J. Am. Chem. Soc. 2026, 148, 21204−21210

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debotra+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+Vasko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Job+J.+C.+Struijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+Dietz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Aldridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.6c03691&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jacsat/148/21?ref=pdf
https://pubs.acs.org/toc/jacsat/148/21?ref=pdf
https://pubs.acs.org/toc/jacsat/148/21?ref=pdf
https://pubs.acs.org/toc/jacsat/148/21?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.6c03691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://creativecommons.org/licenses/by/4.0/


addition�very recently�the catalytic trimerization of alkynes
by Al(I) has been reported, driven thermodynamically by the
formation of aromatic benzene products.50

Despite these developments, the reductive C−C coupling of
alkenes at a single main-group center�akin to key mechanistic
steps in TM-catalyzed alkene oligomerization3,8�has not
previously been definitively realized.51 In an attempt to address
this, we have investigated the reactivity of anionic Al(I)
systems toward simple alkenes. Utilizing an N-heterocyclic
boryloxy aluminyl compound,17,52 we demonstrate C−C bond
formation from ethene to give a five-membered aluminacyclo-
pentane, and the extension of this chemistry to propene�
which gives rise to a similar coupling product in regio- and
diastereoselective fashion.
Exposure of a solution of K[Al{OB(NDippCH)2}2] (1) in

C6H6 to ethene at ambient temperature and pressure results in
an immediate color change from yellow to colorless,
accompanied by rapid formation of a crystalline material
subsequently identified as K[(C4H8)Al{OB(NDippCH)2}2]
(2) (Scheme 1). Compound 2 has been characterized by

multinuclear NMR spectroscopy, single-crystal X-ray diffrac-
tion (SCXRD) and elemental microanalysis. Its 1H NMR
spectrum displays a diagnostic high-field signal integrating to
4H at δH = −1.47 ppm, i.e. at a chemical shift similar to the
signals assigned to the Al−CH2 moieties of alumina-cyclo-
propanes I−IV (δH = 0.67 to −1.40 ppm), and consistent with
the formation of an Al(III) metallacycle.18,19,22,45 However, in
contrast to these systems, the molecular structure determined
by SCXRD (Figure 2) reveals a five-membered alumina-
cyclopentane ring, formed by the reductive coupling of 2 equiv
of ethene at aluminum. This reactivity is reminiscent of
classical TM-mediated ethene oligomerization (Figure 1a), and
stands in contrast to previously reported Al(I)-mediated
ethene activation, which uniformly involves reaction with one
equivalent of the alkene to give a (2 + 1) cycloaddition
products.18−20,45 More broadly, to our knowledge, this
chemistry represents the first definitive example of main-
group-mediated coupling of two equivalents of alkene at a
single metal center.
The symmetry-related Al−C bond lengths in 2 (1.979(1) Å)

are similar to those measured for previously reported alumina-
cyclopentanes (ca. 1.95 Å) − compounds which are typically

synthesized by a double salt metathesis reaction between an
Al(III) halide and a dilithio-alkyl reagent (LiCR2CH2)2.

53

Geometrically, the aluminum center in 2 is tetra-coordinated
by two N-heterocyclic boryloxy (NHBO) ligands and two
carbons from the metallacycle. The K+ counterion remains
encapsulated between the two oxygen atoms of the boryloxy
groups, as distinct from compounds I−III, which are dimeric
and feature K+ bridging between aluminacycle units.18,19,22

With this in mind�and to assess the specific role of the
counterion�we examined the corresponding reactivity of
“ n a k e d ” a l u m i n y l c o m p o u n d
[K(2.2.2-crypt)][Al{OB(NDippCH)2}2] (1′), in which the
K+ cation is sequestered by 2.2.2-cryptand. Exposure of 1′ to
ethene under comparable conditions yields the analogous
product [K(2.2.2-crypt)][(C4H8)Al{OB(NDippCH)2}2] (2′),
a charge-separated aluminacyclopentane�as confirmed by
SCXRD (Figure S25), albeit less cleanly and in lower yield
compared to 2 (36% vs 82%). These observations suggest that
the availability of K+ plays at least some role in the reaction
pathway for C−C bond formation in this system, consistent
with trends observed in several previously studied systems.19,52

To probe the broader scope and selectivity of this
aluminum-mediated C−C coupling chemistry, we examined
the reactivity of compound 1 toward propene. Under
conditions similar to those used with ethene, the reaction
affords the corresponding five-membered-ring product K-
[(C4H6Me2-3,4)Al{OB(NDippCH)2}2] (4) in 72% yield
(Scheme 1). The alumina-cyclopentane unit in 4 results
from the regio- and diastereoselective coupling of two
equivalents of propene. The solid-state structure determined
by SCXRD confirms that the Me substituents are found in the
3- and 4-positions of the AlC4 heterocycle, i.e., remote from
the sterically encumbered [Al{OB(NDippCH)2}2] unit. The
heterocycle features an anti configuration of the methyl groups,
in which both substituents occupy pseudoequatorial positions
within a chair-like conformer. Notably, this type of
regioselective reductive coupling of α-olefins (such as
propene) remains a challenge even for transition metal
complexes.54−56

Further investigation of the reaction of 1 with propene by in
situ NMR monitoring suggests the formation of a transient
intermediate, subsequently shown to be the alumina-cyclo-
propane species, K[(C2H3Me)Al{OB(NDippCH)2}2], 3,
formed by uptake of a single equivalent of propene (Scheme
1). Prompt workup and crystallization enabled isolation of 3,
albeit as a mixture of crystals (with 4), leading to very poor

Scheme 1. Aluminyl-Mediated Reductive Coupling of
Ethene and Propene

Figure 2. Molecular structure of compound 2 in the solid state as
determined by X-ray crystallography. Thermal ellipsoids set at the
50% probability level; selected hydrogen atoms omitted, and ligand
carbon atoms shown in wireframe format for clarity.
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isolated yield (3%). Nonetheless, the structure of 3 can be
determined crystallographically (Figure 3) showing it to

feature a three-membered alumina-cyclopropane ring similar
to those reported for compounds I-IV (Figure 1), albeit with a
pronounced divergence in the Al−C bond lengths (d(Al(1)−
C(5) = 1.903(6) Å; d(Al(1)−C(5) = 2.056(7) Å; d(C(4)−
C(5) = 1.629(9) Å). This unsymmetrical ligation ultimately
proves to be important mechanistically, influencing the
selectivity in C−C coupling (see below).
From a broader perspective, and in contrast to compound

IV,45 none of compounds 2-4 releases alkene at room
temperature under high vacuum, indicating a lack of physical
reversibility under such conditions. Heating at 100 °C
ultimately leads to decomposition into complex mixtures,
indicating limited thermal stability at elevated temperatures.
In order the probe (i) the preferential formation of five-

membered alumina-cyclopentane 2 in the reaction of 1 with
ethene; (ii) the regio- and diastereoselectivity in the coupling
of propene by 1, we carried out mechanistic calculations using
Density Functional Theory (Gaussian16Rev.C02, PBE0-
GD3BJ/Def2-TZVP(PCM, benzene)//PBE0-GD3BJ/Def2-

SVP) using the complete molecular scaffolds of compounds
1-4 (including K+ counterion). In terms of the C−C coupling
of ethene, the reactions of aluminyl compound 1 with 1−3
equiv of ethene to give 3-, 5- or 7-membered metallacycles are
found to be sequentially more thermodynamically favorable
(by 40.5, 224.6, and 268.7 kJ mol−1, respectively; Figure 4).
The activation barriers associated with assimilation of
successive ethene molecules, however, become sequentially
higher (64.2, 95.0, and 273.2 kJ mol−1 for TS1−3,
respectively), reflecting (at least in part) increased steric
crowding at the aluminum center. In addition, uptake of the
second ethene molecule is (uniquely) characterized by
involvement of the potassium counterion, which is elevated
out of the AlO2 plane to establish a contact with the remote
carbon of the existing CH2CH2 ligand (ca. 3.5 Å in TS2).
Polarization of the C2 unit in this manner would be expected to
facilitate C−C bond formation by electron donation from the
incoming (second) alkene molecule (Figure 4, inset). This
mechanistic proposal is also consistent with the cleaner/higher
yielding C−C coupling effected experimentally by 1 (over
[K(2.2.2-crypt)]+ system 1′).
Similar calculations on the mechanism of propene coupling

show that the product formed (4)�which involves C−C bond
formation between the two most sterically encumbered alkene
carbons�is favored both thermodynamically and kinetically
(Figure 5). This isomer (with the Me groups in the 3- and 4-
positions of the metalla-cyclopentane ring) is more stable than
the alternative 2,4- and 2,5-regio-isomers by 17.9 and 39.7 kJ
mol−1, respectively. Kinetically, the transition state associated
with the formation of the 3,4-isomer from the corresponding
metalla-cyclopropane (3) is also significantly lower than those
associated with either of the alternative regio-isomers�each of
which requires alignment of the incoming propene Me group
toward the sterically encumbered aluminum center (ΔG⧧ =
67.4 vs 78.5 and 108.0 kJ mol−1). While steric factors clearly
influence the orientation of the incoming propene molecule, the
coordination geometry at the aluminum center in intermediate
3 (as determined both crystallographically and quantum

Figure 3.Molecular structures of compounds 3 (left) and 4 (right) in
the solid state as determined by X-ray crystallography. Thermal
ellipsoids set at the 50% probability level; second disorder component
and selected hydrogen atoms omitted, and ligand carbon atoms
shown in wireframe format for clarity.

Figure 4. DFT-calculated mechanism for the coupling of ethene by aluminyl compound K[Al{OB(NDippCH)2}2] (1).
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chemically; Figure 3 and the Supporting Information (SI))
appears to favor C−C bond formation involving the more
hindered carbon of the existing metalla-cyclopropane ring. As
such, atoms Al(1), O(1), O(1′) and C(5) in 3 define a very
close to trigonal plane (sum of angles = 359.5°), with C(4)
being projected above the plane, and the approach of the
second alkene molecule therefore being more facile from
below�favoring C−C formation involving C(5). This
pronounced deviation from the expected tetrahedral geometry
at Al(1) is presumably a consequence of the greater steric
loading at C(5) than C(4) (i.e., C(Me)H vs CH2). Finally, in
terms of diastereoselectivity, the formation of 4, rather than the
alternative meso isomer is driven by keeping the methyl groups
anti to one another in the transition state, i.e. is driven by steric
repulsions between the Me substituents (Figure 6). The
transition state associated with C−C coupling to give the
alternative meso isomer lies 10.6 kJ mol−1 higher in energy (at
ΔG⧧ = 78.0 kJ mol−1).

Although the formation of 2 and 4 shows no evidence of
physical reversibility, e.g. of alkene loss under vacuum, we
sought to probe the possibility for chemical reversibility by
examining their reactivity toward reagents known to trap either
alumina-cyclopropanes or the parent aluminyl species itself (as
might be formed by loss of one or both equivalents of alkene).
With this in mind, we examined the reactivity of 2 and 4
toward CO, CO2 and internal alkynes.
Exposure of 2 to CO2 under very mild conditions (1 atm,

ambient temperature) results in clean formation of the dimeric
carboxylation product 5 (Scheme 2), which can be shown by
SCXRD to feature a five-membered AlC3O heterocycle formed

by formal substitution of one of the ethene moieties of 2 by the
carbon and one oxygen atom from CO2. The solid-state
structure of 5 features two such units linked by a pair of O- and
arene-ligated K+ counterions (Figure S26). Chemical regener-
ation of ethene can also be demonstrated in the reaction of 2
with phenylacetylene (PhCCH). The release of ethene by
C−C bond scission can be demonstrated explicitly by in situ
1H NMR monitoring (Figure S18), and in this case, X-ray
crystallography shows that the aluminum-containing product is
K[(PhCC)(Et)Al{OB(NDippCH)2}2] (6) featuring one ethyl
and one phenylacetylide ligand, suggesting that deprotonation

Figure 5. DFT-calculated mechanisms for the coupling of propene by 1; (inset) product-determining transition state (two viewing angles).

Figure 6. Steric origins of diastereoselectivity in the C−C coupling of
propene.

Scheme 2. Reactions of 2 with CO2 and PhCCH
Demonstrating Chemical Reversibility in C−C Bond
Formation (with Accompanying Evolution of 1 or 2 equiv of
Ethene)a

aInset: molecular structure of compound 6 in the solid state as
determined by X-ray crystallography. Thermal ellipsoids set at the
50% probability level; hydrogen atoms omitted, and ligand carbon
atoms shown in wireframe format for clarity (see Figure S26 for the
X-ray crystal structure of compound 5).
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of the PhCCH substrate enables the formation of the Et ligand
from a C2H4 fragment. (Scheme 2). The significant steric
demands of the phenyl substituents presumably prevent the
formation of K[(PhCC)2Al{OB(NDippCH)2}2]�despite use
of excess PhCCH.
Chemical reversibility involving C−C bond scission can also

be demonstrated in the case of compound 4, which undergoes
clean carbonylation with CO to give 7 (plus propene) under
similarly mild conditions, i.e. room temperature, 1 atm.
pressure (Scheme 3). Formal substitution of one propene

unit by CO is accompanied by an intra-annular 1,2-hydrogen
shift from the β-position of the metallacycle (presumably via a
keto−enol isomerization). Similar reactivity has been observed
by Coles and co-workers for compound II (as its [18-crown-6]
derivative) toward carbon monoxide.18 In this case, the CO
molecule inserts into the Al−C bond of the alumina-
cyclopropane, with the resulting four-membered ring isomer-
izing (with accompanying Al−C to Al−O conversion)
concomitant with the 1,2-hydrogen shift.
Chemical regeneration of propene is also evident in the

reaction of 4 with diphenylacetylene, PhCCPh (albeit not
selectively so). Heating 4 in the presence of PhCCPh at 90 °C
leads to mixture of products, from which 8 can be crystallized
in very low yield (ca. 5%). X-ray crystallography shows that 8
features a three-membered alumina-cyclopropene ring, imply-
ing that (for this product at least) both molecules of propene
are released (Scheme 3).50

In summary, we have demonstrated the first structurally
authenticated examples of single-site main-group-mediated
reductive coupling of alkenes, exploiting an aluminyl
compound supported by N-heterocyclic boryloxy ligands. In
the case of propene, this chemistry occurs regio- and
diastereoselectively to generate a rac-3,4-disubstituted alumi-
na-cyclopentane. Isolation of the intermediate metalla-cyclo-
propane and DFT analysis allows the mechanism of these
transformations to be elucidated, with coupling between the
most hindered carbon centers in propene being driven by

minimizing steric interactions with the bulky ligand scaffold.
Although these transformations are physically irreversible (i.e.
no “free” alkene is evolved under vacuum), chemical
reversibility can be effected through the addition of small
unsaturated substrates (CO, CO2, alkynes). In each of these
reactions C−C bond scission occurs with accompanying loss of
one or both alkene molecules; mechanistically, the very
substantial activation barriers associated with spontaneous
alkene loss from alumina-cyclopentane species (>250 kJ
mol−1) suggests that these reactions (in contrast to related
early d-block metal chemistry)57−59 occur via associative (or
even concerted) mechanisms, with assimilation of the substrate
facilitating alkene loss. As such, the transition state for the
associative reaction of CO2 with metallacyclopentene 2 is
calculated to be ca. 90 kJ mol−1 (cf. ca. 280 kJ mol−1 for ethene
dissociation).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c03691.

Complete synthetic and characterization data for new
compounds, representative spectra, and details of
quantum chemical calculations and optimized xyz-
coordinates (PDF)

Accession Codes
Deposition Numbers 2528441−2528444, 2528447−2528448,
2528533, and 2530544 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via the joint Cambridge Crystallographic Data Centre
(CCDC) and Fachinformationszentrum Karlsruhe Access
Structures service.

■ AUTHOR INFORMATION
Corresponding Authors

Debotra Sarkar − Inorganic Chemistry Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3QR, U.K.; Department of Chemistry, Indian Institute of
Technology Madras, Chennai 600036, India; orcid.org/
0009-0002-6578-2704; Email: debotrasarkar@iitm.ac.in

Petra Vasko − Department of Chemistry, University of
Helsinki, Helsinki FI-00014, Finland; orcid.org/0000-
0003-4202-6869; Email: petra.vasko@helsinki.fi

Simon Aldridge − Inorganic Chemistry Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3QR, U.K.; orcid.org/0000-0001-9998-9434;
Email: simon.aldridge@chem.ox.ac.uk

Authors
Job J. C. Struijs − Inorganic Chemistry Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3QR, U.K.; orcid.org/0000-0002-6051-2927

Maximilian Dietz − Inorganic Chemistry Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3QR, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.6c03691

Funding
EPSRC (EP/X020800/1, EP/S023828/1); Deutsche For-
schungsgemeinschaft (Walter Benjamin Fellowship); Research

Scheme 3. Reactions of 4 with CO and with PhCCPha

aInset: molecular structure of compound 7 in the solid state as
determined by X-ray crystallography. Thermal ellipsoids set at the
50% probability level; selected hydrogen atoms and second disorder
component omitted, and ligand carbon atoms shown in wireframe
format for clarity (see Figure S27 for the X-ray crystal structure of
compound 8).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.6c03691
J. Am. Chem. Soc. 2026, 148, 21204−21210

21208

https://pubs.acs.org/doi/10.1021/jacs.6c03691?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03691/suppl_file/ja6c03691_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2528441&id=doi:10.1021/jacs.6c03691
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2528444&id=doi:10.1021/jacs.6c03691
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2528447&id=doi:10.1021/jacs.6c03691
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2528448&id=doi:10.1021/jacs.6c03691
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2528533&id=doi:10.1021/jacs.6c03691
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2530544&id=doi:10.1021/jacs.6c03691
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debotra+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0002-6578-2704
https://orcid.org/0009-0002-6578-2704
mailto:debotrasarkar@iitm.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petra+Vasko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4202-6869
https://orcid.org/0000-0003-4202-6869
mailto:petra.vasko@helsinki.fi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Aldridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9998-9434
mailto:simon.aldridge@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Job+J.+C.+Struijs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6051-2927
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+Dietz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=sch3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03691/suppl_file/ja6c03691_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03691?fig=sch3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c03691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Council of Finland (359912, 338271); IITM NFIG
(RF25261391CYNFigure 009292).
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
D.S. is thankful to the IIT Madras NFIG (RF25261391CYN-
FIG009292), Deutsche Forschungsgemeinschaft (DFG; Wal-
ter Benjamin Fellowship) and the EPSRC (EP/X020800/1)
for financial support. M.D. thanks the Alexander von
Humboldt Stiftung for a Feodor Lynen postdoctoral fellow-
ship. J.J.C.S. thanks the EPSRC for studentship funding
through the OxICFM CDT (EP/S023828/1). P.V. wishes to
acknowledge CSC−IT Center for Science, Finland, for
computational resources.

■ ABBREVIATIONS
Dipp, 2,6-diisopropylphenyl

■ REFERENCES
(1) de Meijere, A. Organometallics in Organic Synthesis:
Introduction. Chem. Rev. 2000, 100 (8), 2739−2740.
(2) Song, F.; Wang, B.; Shi, Z.-J. Transition-Metal-Catalyzed C-C
Bond Formation from C-C Activation. Acc. Chem. Res. 2023, 56 (21),
2867−2886.
(3) Petit, J.; Magna, L.; Mézailles, N. Alkene oligomerization via
metallacycles: Recent advances and mechanistic insights. Coord.
Chem. Rev. 2022, 450, 214227.
(4) Peng, J.-B.; Geng, H.-Q.; Wu, X.-F. The Chemistry of CO:
Carbonylation. Chem. 2019, 5 (3), 526−552.
(5) Franke, R.; Selent, D.; Börner, A. Applied Hydroformylation.
Chem. Rev. 2012, 112 (11), 5675−5732.
(6) McGuinness, D. S. Olefin Oligomerization via Metallacycles:
Dimerization, Trimerization, Tetramerization, and Beyond. Chem.
Rev. 2011, 111 (3), 2321−2341.
(7) Sydora, O. L. Selective Ethylene Oligomerization. Organo-
metallics 2019, 38 (5), 997−1010.
(8) Agapie, T. Selective ethylene oligomerization: Recent advances
in chromium catalysis and mechanistic investigations. Coord. Chem.
Rev. 2011, 255 (7), 861−880.
(9) Weetman, C.; Inoue, S. The Road Travelled: After Main-Group
Elements as Transition Metals. ChemCatChem. 2018, 10 (19), 4213−
4228.
(10) Chu, T.; Nikonov, G. I. Oxidative Addition and Reductive
Elimination at Main-Group Element Centers. Chem. Rev. 2018, 118
(7), 3608−3680.
(11) Weetman, C. Main Group Multiple Bonds for Bond Activations
and Catalysis. Chem. Eur. J. 2021, 27 (6), 1941−1954.
(12) Power, P. P. Main-group elements as transition metals. Nature
2010, 463 (7278), 171−177.
(13) Hicks, J.; Vasko, P.; Goicoechea, J. M.; Aldridge, S. The
Aluminyl Anion: A New Generation of Aluminium Nucleophile.
Angew. Chem. Int. Ed 2021, 60 (4), 1702−1713.
(14) Coles, M. P.; Evans, M. J. The emerging chemistry of the
aluminyl anion. Chem. Commun. 2023, 59 (5), 503−519.
(15) He, M.; Hu, C.; Wei, R.; Wang, X.-F.; Liu, L. L. Recent
advances in the chemistry of isolable carbene analogues with group
13−15 elements. Chem. Soc. Rev. 2024, 53, 6626.
(16) Yan, C.; Kinjo, R. Three-Membered Aluminacycles. J. Am.
Chem. Soc. 2023, 145 (24), 12967−12986.
(17) Sarkar, D.; Vasko, P.; Ying, L.; Struijs, J. J. C.; Griffin, L. P.;
Aldridge, S. Dehydrogenative Dual Ammonia Activation and Transfer
by an N-Heterocyclic Boryloxy Aluminyl Compound. Angew. Chem.,
Int. Ed. 2025, 64 (20), No. e202502326.

(18) Evans, M. J.; Neale, S. E.; Anker, M. D.; McMullin, C. L.;
Coles, M. P. Potassium Aluminyl Promoted Carbonylation of Ethene.
Angew. Chem., Int. Ed. 2022, 61 (16), No. e202117396.
(19) Hicks, J.; Vasko, P.; Goicoechea, J. M.; Aldridge, S. Reversible,
Room-Temperature C�C Bond Activation of Benzene by an Isolable
Metal Complex. J. Am. Chem. Soc. 2019, 141 (28), 11000−11003.
(20) Feng, G.; Chan, K. L.; Lin, Z.; Yamashita, M. Alumanyl-
Samarium(II): Synthesis, Characterization, and Reactivity Studies. J.
Am. Chem. Soc. 2024, 146 (11), 7204−7209.
(21) Sugita, K.; Nakano, R.; Yamashita, M. Cycloaddition of
Dialkylalumanyl Anion toward Unsaturated Hydrocarbons in (1 + 2)
and (1 + 4) Modes. Chem. Eur. J. 2020, 26 (10), 2174−2177.
(22) Feng, G.; Chan, K. L.; Lin, Z.; Yamashita, M. Al-Sc Bonded
Complexes: Synthesis, Structure, and Reaction with Benzene in the
Presence of Alkyl Halide. J. Am. Chem. Soc. 2022, 144 (49), 22662−
22668.
(23) Ohgaki, H.; Kabe, Y.; Ando, W. Reaction of a Germylene with
Ethylene: A Stable Digermacyclobutane via a Germirane Intermedi-
ate. Organometallics 1995, 14 (5), 2139−2141.
(24) Lai, T. Y.; Guo, J.-D.; Fettinger, J. C.; Nagase, S.; Power, P. P.
Facile insertion of ethylene into a group 14 element-carbon bond:
effects of the HOMO-LUMO energy gap on reactivity. Chem.
Commun. 2019, 55 (3), 405−407.
(25) Lai, T. Y.; Gullett, K. L.; Chen, C.-Y.; Fettinger, J. C.; Power, P.
P. Reversible Complexation of Alkynes by a Germylene. Organo-
metallics 2019, 38 (7), 1421−1424.
(26) Wendel, D.; Eisenreich, W.; Jandl, C.; Pöthig, A.; Rieger, B.
Reactivity of an Acyclic Silylsilylene toward Ethylene: Migratory
Insertion into the Si-Si Bond. Organometallics 2016, 35 (1), 1−4.
(27) Rodriguez, R.; Gau, D.; Kato, T.; Saffon-Merceron, N.; De
Cózar, A.; Cossío, F. P.; Baceiredo, A. Reversible Binding of Ethylene
to Silylene-Phosphine Complexes at Room Temperature. Angew.
Chem., Int. Ed. 2011, 50 (44), 10414−10416.
(28) Kelly, J. A.; Juckel, M.; Hadlington, T. J.; Fernández, I.;
Frenking, G.; Jones, C. Synthesis and Reactivity Studies of Amido-
Substituted Germanium(I)/Tin(I) Dimers and Clusters. Chem. Eur. J.
2019, 25 (11), 2773−2785.
(29) Hadlington, T. J.; Hermann, M.; Frenking, G.; Jones, C. Two-
coordinate group 14 element(ii) hydrides as reagents for the facile,
and sometimes reversible, hydrogermylation/hydrostannylation of
unactivated alkenes and alkynes. Chem. Sci. 2015, 6 (12), 7249−7257.
(30) Lips, F.; Fettinger, J. C.; Mansikkamäki, A.; Tuononen, H. M.;
Power, P. P. Reversible Complexation of Ethylene by a Silylene under
Ambient Conditions. J. Am. Chem. Soc. 2014, 136 (2), 634−637.
(31) 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 (24), 8134−8137.
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