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Designing a r0p2 singlet ground state carbene
from dicationic carbones†

J. Philipp Wagner

Carbenes with a r0p2 singlet ground state are rare and little is known

about their chemistry. Here, we study the potential formation of such

carbenes by removal of two electrons from carbones/donor-substituted

allenes. The desired electron configuration becomes favorable in the

case of bis-diiminium substitution (CAAC motif).

The chemistry of carbenes:CR2, can be understood from the
distribution of their two non-bonding electrons over a s and a p
frontier orbital (Fig. 1A).1 When each of these orbitals carries a
single electron with parallel spin alignment as in the case of
parent methylene (:CH2), a triplet ground state ensues facilitat-
ing a radical-like reactivity. Long-lived versions of triplet car-
benes can be realized by delocalization of the unpaired
electrons and steric protection of the spin centres.2 Likewise,
the two nonbonding electrons can pair up in the low-lying
s orbital resulting in a s2p0 ground state displaying concerted
reactivity. This situation gains favour when the s orbital is
lowered by introduction of electronegative substituents while
the p orbital is elevated through conjugation with, for instance,
lone pairs of electrons. Stable derivatives of such s2p0 singlet
carbenes, especially N-heterocyclic ones, have created a tremen-
dous impact on diverse areas of chemistry.3–7

The s0p2 configuration is located 59 kcal mol�1 above the
ground state in methylene making it much harder to stabilize
this state.8 In principle, p-acceptors can be gainfully employed
for this task, but this still often leaves the triplet as the ground
state like in a recently reported diboryl carbene with a gap of
more than 10 kcal mol�1 to the s0p2 singlet.9 Hoffmann and
Borden suggested that the experimentally known 2H-imidazol-
2-ylidene can be characterized as a s0p2 singlet ground state
carbene while it was previously rather thought of as a carbo-
diimide (Fig. 1B).10,11 The uncommon ground state becomes

possible because the carbene’s lone pair is part of an aromatic
sextet and the vacant s orbital raises in energy through interaction
with the in-plane lone pairs of the nitrogen atoms. Our lab has
shown that this results in unusual chemistry, such as a preference
for least-motion reactions with H2 and alkenes12 as opposed to
other ordinary carbenes13,14 as well as a swift reaction with triplet
oxygen at cryogenic temperatures15 despite the commonly encoun-
tered spin state selectivity of carbenes.16,17

A major breakthrough in the chemistry of s0p2 carbenes has
recently been accomplished with the isolation of rhodium-

Fig. 1 The usually high-lying s0p2 configuration of carbenes (A) becomes
the ground state in 2 (B) and 4 (C) facilitating their unusual chemistry. The
removal of two electrons from carbones can lead to the potential for-
mation of dicationic carbenes (C).
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coordinated diphosphinocarbene 4 building on previous work
on ephemeral metalated carbenes (Fig. 1C).18–20 While dona-
tion of electron density from the metal centre into the s orbital
stabilizes this carbene, negative hyperconjugation of the p
electrons was also discussed to play a role. The importance of
the latter interaction suggests that a similar electronic structure
could be achieved in carbodiphosphoranes by removal of two
electrons to obtain a dicationic carbene (Fig. 1C). Carbodipho-
sphoranes can be considered as carbones – singlet carbon
atoms formally coordinated by two s-donor ligands bestowing
the carbon atom with two lone pairs of electrons.21–24 Carbo-
dicarbenes and carbon suboxide are further experimentally
known (‘hidden’) congeners of this compound class25,26

prompting us to explore their viability as carbene precursors
through formal removal of one lone pair from the central
carbon atom. Therefore, we optimized the dications in Fig. 2
in their respective singlet and triplet states at the B3LYP-D3/
def2-TZVPP level of theory and further computed the singlet–
triplet gap with the more accurate G4MP2 method where
possible.27,28

The simplest dicationic carbone derivative, diphosphonium
ion 5, indeed appears to adopt the electronic structure of a
carbene displaying carbon-centred frontier orbitals with a
doubly occupied s orbital and vacant p orbital in its singlet
state (see ESI† for all orbitals).‡ The C–P bonds are slightly
shorter than the expected single bond length29 and the Wiberg
bond index (WBI) comes out near unity. The P–C–P angle of
139.71 is rather large for a singlet carbene which becomes

understandable from the repelling substituents of like charge.
The wide angle favours the triplet making it the ground state by
a substantial 23.1 kcal mol�1 (G4MP2). Since the lowest singlet
corresponds to the s2p0 configuration, we performed a state
averaged NEVPT2 calculation with a CAS(2,2) reference to study
the s0p2 state, locating it at 73.8 kcal mol�1 above the ground
state. This result reveals that negative hyperconjugation to
phosphonium groups is far from sufficient to stabilize the
s0p2 state and re-emphasizes the role of the metal in 4.18

A comparable geometric and electronic structure is observed
for the methylated diphosphonium ion 6.

We reasoned that a more powerful electron acceptor is
required, turning to carbon suboxide dication 7 in the follow-
ing. The bent singlet state again assumes a s2p0 configuration
with a large singlet–triplet gap of 22.3 kcal mol�1. Natural
resonance theory (NRT) predicts a dominant carbene structure
with a weight of 63.6% in which two acylium ions carry the
positive charges. The bending of the molecule is in line with
the presence of a lone pair at the central carbon atom. The
molecule is stabilized by in-plane delocalization of the carbe-
ne’s nonbonding electrons producing mesomeric structures
with a ketene unit. This might explain the Wiberg bond index
of 1.328 and the rather short C–C bond distance of 1.38 Å,
which is closer in length to a typical double than a single bond.

The dicationic carbodicarbene 8 displays a much smaller
singlet triplet gap of 3.5 kcal mol�1. The outermost, carbon-
centred orbitals are of s- and p-type with the former being
doubly occupied. Although the NRT analysis predicts a rather

Fig. 2 Structures of the herein considered singlet dications and their singlet–triplet gaps at the B3LYP-D3/def2-TZVPP and G4MP2 levels of theory.
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complex set of structures, drawing a carbene appears reason-
able since the imidazolium substituents can well support the
positive charges.

The short C–C bond distances of 1.37 Å and the Wiberg
bond index well above one cast doubt on the assignment of a
carbene structure featuring two single bonds to the central
atom in the case of 8. Close inspection of the molecular orbitals
reveals the presence of a doubly occupied p-type orbital that is
all-bonding along the central C–C–C unit and not counteracted
by a higher-lying filled orbital of strongly antibonding charac-
ter. While the structure of the bis-benzimidazolium carbene 9
is comparable to 8, dication 10 with its saturated backbone
should not be regarded as a carbene. The latter molecule’s
LUMO still corresponds to a carbon-centred p orbital, but the
two highest occupied orbitals are associated with the nitrogen
atoms’ lone pairs; the carbene s orbital only represents the
HOMO�2. In addition, the central C–C–C unit of dication 10
does not linearize in its triplet state as seen for molecules 5–9.

So far, some of the considered carbone dications can well be
considered as carbenes, but their singlet states pertain to the
conventional s2p0 configuration. Hence, we reckoned that the
carbone’s substituents (ligand L) are required to be stronger p-
acceptors which is seen realized in the cyclic alkyl amino
carbene (CAAC) motif.30 Although the neutral precursor might
not necessarily correspond to a carbone but rather to a donor-
substituted, linear allene, the singlet dication 11 indeed dis-
plays the desired s0p2 configuration (Fig. 3, top). The p orbital
presents a significant coefficient of the atomic 2p orbital at the
carbene carbon atom and indicates resonance with the neigh-
bouring iminium ion groups acting as powerful electron sinks
to stabilize the unconventional singlet state. Natural resonance
theory confirms this analysis assigning the carbene as the
dominant mesomeric structure (weight 30.2%) with delocaliza-
tion of the lone pair facilitated by the iminium ions.

Despite this initial success, carbene 11 still prefers a triplet
ground state by 10.9 kcal mol�1. This motivated us to employ a
second mode of stabilization targeting the carbene’s s orbital.
A look at the LUMO in Fig. 3 shows that the vacant orbital is
perfectly aligned for hyperconjugation with the five-membered
rings’ vicinal C–C bonds. Hence, we decided to bring the silicon

b effect to use and placed SiMe2 groups at the relevant position
yielding dication 12. This additional mode of stabilization
helped to tip the balance finally predicting a s0p2 singlet
ground state for 12. The singlet–triplet gap amounts to
�5.7 kcal mol�1 at the G4MP2 level of theory.

Natural resonance theory produces a number of structures
featuring silylium ion centres which is understandable from
the elongated carbon–silicon bonds in 12 (2.06 Å). The central
C–C bonds assume the length of a typical double bond bringing
the carbene character of the dication once again into question.
Therefore, we decided to verify the nature of the molecule by
studying its single bond insertion reactivity. The relevant
transition state for the insertion of the central carbon atom
into the dihydrogen molecule is depicted in Fig. 4 and comes
with a barrier of 21.9 kcal mol�1. As expected for s0p2

carbenes,12 the reaction mode corresponds to a s-approach
but deviates from the least-motion trajectory because the reac-
tion centre is blocked by the two N-methyl substituents. The
favourable bond insertion reactivity corroborates the nature of
12 as a s0p2 singlet ground state carbene.

In summary, we have demonstrated that some carbone
dications can be viewed as carbenes. The unconventional
s0p2 state becomes energetically accessible by stabilizing the
p orbital through conjugation with iminium ions (CAAC scaf-
fold) and destabilizing the s orbital via hyperconjugation with
carbon–silicon bonds. The experimental realization of such
carbenes appears to be a worthwhile but challenging
endeavour.
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Notes and references
‡ We note that the singlet dications considered herein do not display a
plane of symmetry with the exception of 7 rendering a rigorous
definition of s and p orbitals unattainable.Fig. 3 Frontier orbitals of 11 and its dominant resonance structures.

Fig. 4 Transition state of the hydrogen insertion reaction of 12.
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22 R. Tonner, F. Öxler, B. Neumüller, W. Petz and G. Frenking, Angew.
Chem., Int. Ed., 2006, 45, 8038–8042.

23 G. Frenking, R. Tonner, S. Klein, N. Takagi, T. Shimizu, A. Krapp,
K. K. Pandey and P. Parameswaran, Chem. Soc. Rev., 2014, 43,
5106–5139.

24 G. Frenking, M. Hermann, D. M. Andrada and N. Holzmann, Chem.
Soc. Rev., 2016, 45, 1129–1144.

25 R. Tonner and G. Frenking, Angew. Chem., Int. Ed., 2007, 46,
8695–8698.

26 C. A. Dyker, V. Lavallo, B. Donnadieu and G. Bertrand, Angew.
Chem., Int. Ed., 2008, 47, 3206–3209.

27 P. J. Stephens, F. J. Devlin, C. F. Chabalowski and M. J. Frisch,
J. Chem. Phys., 1994, 98, 11623–11627.

28 L. A. Curtiss, P. C. Redfern and K. Raghavachari, J. Chem. Phys.,
2007, 127, 124105.
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