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A crystalline doubly oxidized carbene

Ying Kai Loh1 ✉, Mohand Melaimi1, Milan Gembicky1, Dominik Munz2 & Guy Bertrand1 ✉

The chemistry of carbon is governed by the octet rule, which refers to its tendency  
to have eight electrons in its valence shell. However, a few exceptions do exist, for 
example, the trityl radical (Ph3C∙) (ref. 1) and carbocation (Ph3C+) (ref. 2) with seven 
and six valence electrons, respectively, and carbenes (R2C:)—two-coordinate 
octet-defying species with formally six valence electrons3. Carbenes are now 
powerful tools in chemistry, and have even found applications in material and 
medicinal sciences4. Can we undress the carbene further by removing its non- 
bonding electrons? Here we describe the synthesis of a crystalline doubly oxidized 
carbene (R2C2+), through a two-electron oxidation/oxide-ion abstraction sequence 
from an electron-rich carbene5. Despite a cumulenic structure and strong 
delocalization of the positive charges, the dicoordinate carbon centre maintains 
significant electrophilicity, and possesses two accessible vacant orbitals.  
A two-electron reduction/deprotonation sequence regenerates the parent carbene, 
fully consistent with its description as a doubly oxidized carbene. This work 
demonstrates that the use of bulky strong electron-donor substituents can 
simultaneously impart electronic stabilization and steric protection to both vacant 
orbitals on the central carbon atom, paving the way for the isolation of a variety of 
doubly oxidized carbenes.

Carbenes constitute a class of neutral two-coordinate carbon species 
with six valence electrons. They violate the octet rule, a fundamental 
tenet governing main group elements. Since the discovery that strong 
π donor substituents permit their isolation under standard labora-
tory conditions6,7, stable carbenes have become powerful tools in the 
chemical and material sciences4.

Can we further deviate from the octet rule by removing one or two of 
the non-bonding electrons from the carbene centre? This would lead 
to either a radical cation or a doubly oxidized carbene. Early studies 
showed that the diphenylcarbene radical cation (Ph2C∙+) can be tran-
siently generated by single-electron oxidation of diazodiphenylmeth-
ane (Ph2CN2) followed by N2 liberation, and could be spectroscopically 
characterized8–11 (Fig. 1). More recently, several groups have explored 
the oxidation of N-heterocyclic carbenes (NHCs) and cyclic (alkyl)
(amino)carbenes (CAACs) with various oxidants12–15. In all cases the 
reaction afforded the conjugate acid of carbenes. It was proposed 
that this was the result of the generation of the desired carbene radical 
cations that abstract H∙ from the solvent16. NHC radical cations have 
also been invoked as key intermediates in the emerging field of NHC 
single-electron transfer catalysis17,18.

Doubly oxidized carbenes (R2C2+) are hitherto hypothetical species 
that have never been discussed in the literature. This might be due to the 
transient nature of the carbene radical cations, which decompose/react 
before the second oxidation could occur. Doubly oxidized carbenes 
possess two vacant orbitals around the dicoordinate carbon atom, 
rendering them isoelectronic with borinium ions (R2B+) (refs. 19–21), 
an extremely electron-deficient class of boron cations22,23. However, 
doubly oxidized carbenes bear an extra positive charge, and thus they 
are expected to be substantially more electrophilic.

We recently demonstrated that an acyclic carbene bearing two 
strongly donating N-heterocyclic imine (NHI)24–26 substituents fea-
tures exceptional nucleophilicity, enabling the dearomatization 
of a proximal inert arene ring5. We reasoned that the electron-rich 
nature of the bis(imino)carbene, coupled with its flexible acyclic 
framework, is an ideal platform to access a doubly oxidized carbene. 
Here we report the synthesis and isolation of a crystalline dication 
derived from a bis(imino)carbene through a two-electron oxidation/ 
oxide-ion abstraction strategy that bypasses the carbene radical 
cation.

Synthesis and characterization of doubly oxidized 
carbene 12+

To bypass the generation of a carbene radical cation, we set out to 
explore an alternative strategy for the oxidation of bis(imino)carbene 
1. We envisaged a two-step approach, first by carbene coordination 
to a two-electron oxidant, then removing the oxidant along with two 
electrons. Accordingly, treating 1 with I2 as the two-electron oxidant 
formed the (iodo)carbenium ion as evidenced by in situ 1H nuclear 
magnetic resonance (NMR) (Fig. 2a and Supplementary Fig. 27)27. How-
ever, all attempts to abstract both iodides were unsuccessful, possibly 
due to the strong halophilicity of the target doubly oxidized carbene 
(vide infra). This prompted us to exchange the iodides for O2−, which 
could be easily achieved through a one-pot procedure from 1. Thus, 
treating 1 with I2 and then NaOSiMe3 afforded the neutral bis(imino)
carbonyl compound 2 (ref. 28). Gratifyingly, subjecting 2 to triflic 
anhydride as the O2− abstracting agent29 led to a new species. The 
1H NMR spectrum shows only one set of signals associated with the 
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two NHI units. The central carbon signal appears at 119.8 ppm in the 
13C{1H} NMR, in excellent agreement with density-functional theory 
(DFT) calculations for the target dication 12+ (PBE0/def2-TZVPP//
r2SCAN-3c; 124.8 ppm). The 19F NMR spectrum shows only one signal at 
−77.9 ppm, which is in the typical range observed for an uncoordinated  
triflate anion.

Single-crystal X-ray diffraction analysis unambiguously confirmed 
that 12+[TfO−]2 features a central two-coordinate carbon atom (Fig. 3a). 
12+ adopts an overall zigzag geometry in which the terminal CAACs are 
cis-bent. The central carbon C1 deviates slightly from linearity 
(163.2(4)°) and the central C1–N1 and C1–N1′ distances (mean, 1.197(2) Å) 
are within the range of Csp–N double bonds. The adjacent nitrogen 
atoms (N1 and N1′) subtend a more acute angle (147.8(3)°), revealing a 
hybridization halfway between sp and sp2. In addition, the terminal 
C2–N1 and C2′–N1′ distances (mean, 1.349(3) Å) are midway between 
Csp 2–N single and double bonds. These parameters indicate that the 
lone pairs on N1 and N1′ are not only involved in π donation with central 
C1, but are also engaged in π back-bonding with the terminal CAAC 
carbon atoms (C2 and C2′). Strikingly, the terminal CAACs are almost 
orthogonal (79.6(2)°) (Fig. 3b)—a distinct feature of even cumulenes30. 
In fact, 12+ is isoelectronic with [4]cumulenes (R2C=C=C=C=CR2)31, and 
can be considered its dicationic nitrogen analogue (12+b; Fig. 2c), 
accounting for the stability of 12+.

The two triflate anions in the outer sphere point directly at the 
central carbon C1 (mean S1–O1–C1 and S1′–O1′–C1 angle, 163.2(1)°), 

albeit from a considerable distance away (mean of C1–O1 and C1–O1′, 
3.020(3) Å) (Fig. 3a). This indicates that their approach to the central 
carbon is effectively impeded by the large steric profile of the flanking 
NHI substituents (for space-filling model, see Supplementary Table 1). 
These observations clearly indicate that the central C1 is the dominant 
electrophilic site.

DFT calculations performed at the r2SCAN-3c level of theory accu-
rately reproduced the structural parameters of 12+. Natural popula-
tion analysis (NPA) reveals a large positive charge on the central C1 
(+0.73), confirming that it is indeed the predominant electrophilic 
site of the molecule (Fig. 2b). This is also apparent from the electro-
static potential map (Fig. 3c). On the other hand, the peripheral C2 
and C2′ (+0.56) share some of the positive charge through allylic-type  
delocalization. Wiberg bond indices (WBIs) indicate double bond char-
acters, albeit to a larger degree for the central C1–N1 and C1–N1′ (mean, 
1.92) than the terminal C2–N1 and C2′–N1′ (mean, 1.29), consistent 
with an overall cumulene-type system with contiguous double bonds 
across the CNCNC unit (Fig. 2b). As for the molecular orbital picture, 
the LUMO and LUMO + 1 could be viewed as the orthogonal vacant 
p(π)-type orbitals on central C1, with contributions from C2 and C2′ 
(Fig. 2b). Notably, these orbitals possess Möbius-type helicity, as with 
the frontier orbitals of [4]cumulenes (ref. 31), confirming the cumulenic 
nature of 12+. Interestingly, the LUMO + 2 bears a strong resemblance to 
the HOMO (lone pair orbital) of bis(imino)carbene 1 (ref. 5), consistent 
with the notion that 12+ is the doubly oxidized analogue of carbene 1.

The electronic structure of 12+ could be illustrated by canonical forms 
12+a to 12+d (Fig. 2c). 12+a depicts a form in which both positive charges 
are purely localized on the central carbon, whereas 12+c represents the 
opposite extreme in which the positive charges reside solely on the 
terminal CAAC carbon atoms. The unsymmetrical form 12+d illustrates 
the slightly higher degree of multiple bonding for central C1–N1 than 
terminal C2–N1. On the basis of the structural parameters and DFT 
calculations, it is apparent that the electronic structure of 12+ is highly 
delocalized32 and resembles cumulenic 12+b, which lies between the 
extremes of 12+a and 12+c.

We set out to assess the Lewis acidity of 12+ by using a combi
nation of fluoride ion affinity (FIA) and hydride ion affinity (HIA) to 
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Fig. 1 | Previous attempts at carbene oxidation. The one-electron oxidation 
of diazo, NHC and CAAC derivatives led to non-isolable radical cations.
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gauge its hard and soft Lewis acidity, respectively33. The calculated 
gas-phase affinities for 12+ (FIA, 890 kJ mol−1; HIA, 1,066 kJ mol−1) 
reflect the softer nature of the central carbon. Notably, these values  
exceed those of trityl carbocation Ph3C+ (FIA, 664 kJ mol−1; HIA, 
847 kJ mol−1)32, which is the archetypical carbon Lewis acid. When 
compared with other p-block element Lewis acids, we find that the 
affinities for 12+ fall between those of the isoelectronic bis(imino)
borinium ion (tBu3PN)2B+ (FIA, 599 kJ mol−1; HIA, 569 kJ mol−1)19, which 
also features an extended cumulenic structure, and the Lewis super 
acid (Cp*)P2+ (FIA, 1,170 kJ mol−1; HIA, 1,238 kJ mol−1)34. In fact, they are 
comparable to those of tris(imino)phosphorus(V) dication (NHC=N)3P2+ 
(FIA, 909 kJ mol−1; HIA, 933 kJ mol−1)35. Notably, we obtained the same 
trend when dichloromethane solvation was considered in the calcu-
lations (Supplementary Table 7). Overall, this assessment indicates 
that 12+ maintains a substantial Lewis acidity, despite cumulenic  
stabilization.

Reactivity of doubly oxidized carbene 12+

We turned our attention to explore the reactivity of 12+. Subjecting 12+ to 
neutral Lewis bases dimethylaminopyridine (DMAP) and even pyridine 
afforded base-stabilized dications 32+ and 42+, respectively (Fig. 4), 
confirming that the central dicoordinate carbon is indeed the domi-
nant electrophilic site of the molecule. Surprisingly, using 1-adamantyl 
isocyanide results in the formation of (cyano)carbenium ion 5+ (Fig. 4) 
and 1-adamantyl triflate. We surmised that the initial coordination of 
1-adamantyl isocyanide to 12+ forms a highly electron-deficient nitrilium 
dication, which fragments into 5+ and 1-adamantyl carbocation36, as 
the corresponding SN2 pathway is not permitted. Overall, this can be 
considered as a transfer of CN− from an aliphatic carbocation37 to 12+, 
reflecting the strong electrophilicity of the latter.

c  Electrostatic potential map

a  Solid-state structure of 12+[TfO–]2

b  End-on view (C2 to C2′)
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Motivated by this finding, we then investigated the anion abstracting 
ability of 12+. It can abstract MeO− from dimethoxyethane and Cl− from 
Me3SiCl to form carbenium ions 6+ and 7+, respectively (Fig. 4), showcas-
ing its strong oxophilic and halophilic nature. The latter observation 
stands in marked contrast to the borinium ion (tBu3PN)2B+(ref. 19), which 
spontaneously ejects Cl−, consistent with the stronger halophilicity of 
12+ as predicted by FIA measurements.

Having established that the central carbon of 12+ is the dominant 
electrophilic site for the initial nucleophilic attack, we were curious to 
ascertain the position for which a second nucleophile would react. With 
this in mind, we first treated 12+ with H− (via H3B ∙ NEt3), and subsequently 
with C6F5

− (via C6F5MgBr), and observed the formation of the neutral 
compound 8 (Fig. 4). 8 features both nucleophilic components on its 
central carbon, confirming the presence of two accessible coordina-
tion sites on the dicoordinate carbon centre of 12+. In fact, 8 can also 
be attained via the reaction of parent bis(imino)carbene 1 with C6F5H 
(ref. 5), fully consistent with the description of 12+ as doubly oxidized 
bis(imino)carbene. Next, we wondered whether the central carbon of 
12+ can also engage in a double bond. Using NaOSiMe3 as O2− transfer 
reagent afforded the neutral bis(imino)carbonyl compound 2 (Fig. 4), 
further corroborating the existence of both vacant orbitals on the 
central carbon.

Reversible 1/12+ redox system
Reversible two-electron redox processes are the hallmark of transition 
metal catalysis. In stark contrast, main group p-block compounds rarely 
exhibit such processes38–40. Having established that bis(imino)carbene 
1 can undergo a two-electron oxidation sequence giving 12+ (Fig. 4), 
we set out to explore the reverse two-electron reduction by using a 
similar two-step strategy. We reasoned that this could be achieved 
by first using H− as the two-electron reductant, then removing H+ and 
leaving behind two electrons. Accordingly, subjecting 12+ to H3B ∙ NEt3 
afforded the protonated bis(imino)carbene, which could be depro-
tonated by K[N(SiMe3)2], leading to the successful regeneration of 1. 
Hence, 1/12+ constitutes an unprecedented reversible two-electron 
redox system between a carbene and its doubly oxidized counterpart41. 
More importantly, this is a further demonstration that 12+ behaves as 
a doubly oxidized carbene.

Conclusion
More than 30 years after the discovery of a stable carbene6, this work 
shows that a doubly oxidized carbene can be isolated as well. In his 
Nobel lecture, Olah stated, “it should be clear that in carbocationic 
systems, varying degrees of delocalization always exist”42. Despite the 
cumulenic delocalization of the positive charges, 12+ shows substantial 
electrophilicity at the dicoordinate carbon centre. It is amenable to 
two successive nucleophilic attacks, in line with the existence of two 
accessible coordination sites at the central carbon. We also show that 
it can participate in an unprecedented reversible two-electron redox 
system with parent bis(imino)carbene, fully consistent with its descrip-
tion as a doubly oxidized bis(imino)carbene. This work demonstrates 
that bulky strong electron-donor substituents can be used both to 
mask vacant orbitals at the central carbon atom and to prevent the two 
anions from coordination, paving the way for the isolation of a variety 
of doubly oxidized carbenes.
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Methods

General considerations
All manipulations were carried out using standard Schlenk line or 
dry-box techniques under an atmosphere of argon. Solvents were dried 
over sodium benzophenone ketyl or calcium hydride, degassed and 
stored over activated molecular sieves or K mirror. Mass spectra were 
performed at the UC San Diego Mass Spectrometry Laboratory on an 
Agilent 6230 Accurate-Mass TOFMS spectrometer. NMR spectra were 
recorded on a Jeol 400 (1H, 400 MHz; 13C, 101 MHz; 19F, 376 MHz) spec-
trometer, at ambient temperature unless otherwise noted. Chemical 
shift values for 1H are referenced to the residual protio-solvent (1H) 
resonance of CDCl3 (δ, 7.26), C6D6 (δ, 7.16). Chemical shift values for 13C 
are referenced to the solvent (13C) resonance of CDCl3 (δ, 77.16), C6D6 
(δ, 128.06). Chemical shift values for 19F are referenced to CFCl3 (19F). 
Chemical shifts are quoted in δ (ppm) and coupling constants in J (Hz). 
NMR multiplicities are abbreviated as follows: s, singlet; d, doublet;  
t, triplet; sept, septet; m, multiplet; brs, broad signal. Assignments were 
confirmed using two-dimensional 1H–1H and 13C–1H NMR correlation 
experiments. Single-crystal X-ray diffraction data were collected on 
Bruker Apex diffractometers using Mo Kα radiation (λ = 0.71073 Å) or Cu 
Kα radiation (λ = 1.54178 Å) at the UC San Diego Crystallography Facility.

Starting materials
[(MeCAACN)2CH+][TfO−] (ref. 5) and MeCAACN(SiMe3) (ref. 25) were 
prepared according to literature procedures. All other reagents were 
purchased from commercial sources and used without further purifi-
cation unless otherwise noted.

Preparation of 2. A mixture of [(MeCAACN)2CH+][TfO−] (90 mg, 
0.12 mmol) and K[N(SiMe3)2] (24 mg, 0.12 mmol) in a vial was cooled 
to −40 °C in the glovebox. Tetrahydrofuran (THF) (3 ml) at −40 °C 
was added to the mixture to form an orange-red solution, which was 
stirred for 5 min. I2 (30 mg, 0.12 mmol) was added, and the resulting 
mixture was allowed to stir for a further 5 min before warming up to 
room temperature. NaOSiMe3 (27 mg, 0.24 mmol) was added, and 
the mixture stirred overnight at room temperature. The mixture was 
filtered, and the filtrate dried under vacuum. The filtrate was redis
solved in benzene (2 ml) and filtered. The filtrate was then dried 
under vacuum to yield 2 (19 mg, 26% yield) as a light yellow powder. 
Single crystals suitable for X-ray crystallography were obtained by 
evaporation from a benzene solution at room temperature. Alterna-
tive synthesis of 2 from 12+[TfO−]2: To a mixture of 12+[TfO−]2 (460 mg, 
0.50 mmol) and NaOSiMe3 (114 mg, 1.0 mmol) was added benzene 
(5 ml) and sonicated overnight. The suspension was then filtered and 
the filtrate dried under vacuum to yield 2 (199 mg, 63% yield) as a light 
yellow powder. Alternative synthesis of 2 from MeCAACN(SiMe3): To a 
mixture of MeCAACN(SiMe3) (957 mg, 2.57 mmol) and (COCl2)3 (137 mg, 
0.43 mmol) was added benzene (3 ml) and stirred overnight. The sus-
pension was then filtered and the filtrate dried under vacuum to yield 2 
(598 mg, 75% yield) as a light yellow powder. 1H NMR (400 MHz, CDCl3, 

297 K): δ = 1.15 (s, 12H, C(CH3)2), 1.16 (d, 3JHH = 6.5 Hz, 12H, CH(CH3)2), 
1.23 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 1.29 (s, 12H, C(CH3)2), 1.94 (s, 4H, 
CH2), 3.02 (sept, 3JHH = 6.7 Hz, 4H, CH(CH3)2), 7.15 (d, 3JHH = 7.7 Hz, 4H, 
Dipp-m-CH), 7.25 (t, 3JHH = 7.6 Hz, 2H, Dipp-p-CH). 13C{1H} NMR (101 MHz, 
CDCl3, 297 K): δ = 23.2 (CH(CH3)2), 26.7 (CH(CH3)2), 28.7 (C(CH3)2), 29.0 
(CH(CH3)2), 29.4 (C(CH3)2), 43.1 (C(CH3)2), 54.5 (CH2), 61.7 (C(CH3)2), 123.7 
(Dipp-m-CH), 127.9 (Dipp-p-CH), 132.7 (Dipp-i-C), 149.0 (Dipp-o-C), 164.5 
(CCAAC), 167.7 (CO). High-resolution mass spectrometry (HRMS) (m/z): 
[M + H]+ calculated for C41H63N4O, 627.4996; found, 627.5002.

Preparation of 12+[TfO−]2. To 2 (600 mg, 0.96 mmol) in benzene (6 ml) 
was added trifluoromethanesulfonic anhydride (0.48 ml, 2.9 mmol) 
dropwise while stirring at room temperature. The orange solution 
turned dark brown with concomitant formation of a white precipi-
tate. After stirring for a further 5 min, the suspension was filtered off 
and the residue dried under vacuum to yield 12+[TfO−]2 (832 mg, 89% 
yield) as an off-white powder. Single crystals suitable for X-ray crys-
tallography were obtained by slow evaporation from a concentrated 
chloroform solution at room temperature. 1H NMR (400 MHz, CDCl3, 
297 K): δ = 1.03 (d, 3JHH = 6.6 Hz, 12H, CH(CH3)2), 1.32 (d, 3JHH = 6.6 Hz, 
12H, CH(CH3)2), 1.52 (s, 12H, C(CH3)2), 1.80 (s, 12H, C(CH3)2), 2.62 (s, 4H, 
CH2), 2.74 (sept, 3JHH = 6.6 Hz, 4H, CH(CH3)2), 7.32 (d, 3JHH = 7.9 Hz, 4H, 
Dipp-m-CH), 7.52 (t, 3JHH = 7.8 Hz, 2H, Dipp-p-CH). 13C{1H} NMR (101 MHz, 
CDCl3, 297 K): δ = 22.7 (CH(CH3)2), 26.8 (CH(CH3)2), 27.4 (C(CH3)2), 28.2 
(C(CH3)2), 29.6 (CH(CH3)2), 47.8 (CH2), 49.7 (C(CH3)2), 79.1 (C(CH3)2), 
119.8 (Ccentral), 120.9 (q, 1JCF = 286.6 Hz, CF3), 126.1 (Dipp-m-CH), 126.5 
(Dipp-i-C), 132.6 (Dipp-p-CH), 145.4 (Dipp-o-C), 175.5 (CCAAC). 19F NMR 
(376 MHz, CDCl3, 297 K): δ = −77.9.

Data availability
Crystallographic data for this paper (CCDC 2245611–2245613, 2267007, 
2267374) are available free of charge via the Cambridge Crystallo-
graphic Data Centre. Non-crystallographic data are provided in the 
Supplementary information file.
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