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Abstract: Transition metal complexes with N-heterocyclic vinylidene ligands can be obtained by combining
N-heterocyclic diazoolefins with suitable metal precursors. The vinylidene ligands can act as potent C-donor
ligands, allowing for the stabilization of electron-deficient and low-coordinate metal complexes.
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1. Introduction
Carbene complexes are accessible by reactions of metal com-
plexes with diazoalkanes.[!l In analogy, it is possible to prepare
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vinylidene complexes by combining diazoolefins with suitable
metal precursors. However, there is an important hurdle: the re-
quired diazo compounds tend to display very low thermal stabili-
ty. Heterocumulenes of type R'/R?C=C=N, (R'/R* = H, alkyl, aryl)
rapidly lose dinitrogen, preventing isolation.[>31 Until recently, the
existence of diazoolefins was mainly deduced from the results of
trapping experiments.

In 2021, the Hansmann group and our group reported inde-
pendently the synthesis and characterization of thermally stable
diazoolefins.[24-61 Key to success was the (formal) fusion of
azole rings to the CN, group. As predicted theoretically,!”! the
N-heterocycles provide an electronic stabilization of the hetero-
cumulene.

In our group, we have primarily focused on the chemistry of
diazoolefins of type A (Scheme 1).163-111 These compounds can
be obtained by reactions of the corresponding N-heterocyclic
olefins with the diazo transfer reagent nitrous oxide,[:12.13] or,
as shown by Hansmann and coworkers, with organic azides.[!4
The exocyclic carbon atom in A has a strong ylidic character,
and it is possible to form adducts of type B with metal complexes
such as AuCl, RhCI(CO),, PdCl(allyl), AICI,, or Cr(CO),.[611]
However, it is also possible to obtain vinylidene complexes of
type C. N-Heterocyclic vinylidene ligands were found to be strong
C-donor ligands with diverse reactivity. The results obtained thus
far are summarized below.
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Scheme 1. N-Heterocyclic diazoolefins (A) can be used as ligands for
metal complex (B) or as precursors for the synthesis of N-heterocyclic
vinylidene complexes (C).

2. N-Heterocyclic Vinylidene Complexes

In their ‘free’ form, N-heterocyclic vinylidenes have a triplet
ground state.[!516] By analogy to Schrock-type carbenes, which
feature alkylidene ligands in a triplet ground state,[!'”] we hypoth-
esized that early transition metals could be effective in stabilizing
N-heterocyclic vinylidenes.
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The reaction of diazoolefin 1 with VCL(THF), resulted in the
formation of the vinylidene complex 2 (Scheme 2a).[!8] In a re-
lated fashion, the vinylidene complex 4 was obtained from the
mesoionic diazoolefin 3.
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Scheme 2. Synthesis of the vanadium vinylidene complexes 2 and 4
(Dipp = diisopropyl phenyl), (a) and reactions of complex 4 (b). The
structures of 2 and 4 are based on crystallographic analyses.

Both complexes were analyzed by single-crystal X-ray dif-
fraction. The analyses revealed that the vinylidene ligands are
bound to the vanadium centers in a nearly linear fashion. The short
C-V bonds (2: 1.706(2) A; 4: 1.704(2) A) indicate partial triple
bond character.

Reactivity studies were performed with complex 4. Ligand sub-
stitution reactions with KO7Bu and potassium bis(trimethylsilyl)
amide (KHMDS) resulted in the formation of the vinylidene com-
plexes 5 and 6, respectively (Scheme 2b). The metal-centered re-
activity contrasts that of Fischer-type vinylidene complexes of the
late transition metals, which undergo nucleophilic attack at the
metal-bound carbon.l'9-211'The Lewis acidity of the vanadium cen-
terin 4is evident from its reaction with PBu,, which yielded adduct
7. Reduction of 4 with KC, in THF gave the dinuclear complex 8,
in which two V centers are bridged by two vinylidene ligands.

Studies with copper were motivated by the proposed role of
reactive p-vinylidene intermediates in azide-alkyne [2+3] cyclo-
additions (‘click reactions’).[22-24]

For our investigations, we first synthesized the adducts 9-11
by combining the diazoolefins 1 or 3 with [Cu(COD)CI], (COD
= 1,5-cyclooctadiene) or [Cu(CH,CN),J(BF,), respectively.*!
Subsequently, we examined if the adducts could be converted
photochemically into vinylidene complexes.

Irradiation of complex 9 afforded the cubic Cu, cluster 12
(Scheme 3a).[%51 This complex represents the first example of an
isolable copper vinylidene complex. Cluster 12 proved thermally
robust, showing no decomposition upon heating.

The homoleptic complex 10 displayed a different reactivity.
Irradiation resulted in loss of N, to give complex 13 with two
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Scheme 3. Photochemical syntheses of the copper complexes 12-14,
(@) and in crystallo synthesis of the vinylidene complex 15. (b) The mo-
lecular structure of 15 is based on a crystallographic analysis.

C-bound N-heterocyclic olefin ligands. The transformation pos-
sibly proceeds via a short-lived vinylidene, followed by intramo-
lecular C-H activation.

Irradiation of complex 11 gave the dinuclear complex 14.
Crystallographic analysis showed a central Cu—C=C-Cu dou-
ble bond, indicating that the targeted vinylidene had dimerized
by C-C coupling. The organic ligand of complex 14 can be de-
scribed as a cumulene of the type (NHC)=C=C=(NHC) (NHC=
N-heterocyclic carbene). Previous attempts to isolate such cu-
mulenes had not been successful.[20271 Complex 14 shows that
(NHC)=C=C=(NHC) cumulenes can be stabilized by coordina-
tion to Lewis acidic metal complexes such as CuCl.

The complexes 12-14 likely arise from transient vinylidenes
that undergo cluster formation, C—H activation, or C—C coupling.
We were able to obtain experimental evidence for such an inter-
mediate by in crystallo photolysis!28:291 of complex 9. Irradiation
of a single-crystal at 100 K promoted in crystallo conversion of
9 to 15 and N, (Scheme 3b). DFT calculations suggest a triplet
ground state for 15, with the spin density mostly concentrated on
the metallated carbon atom and on the Cu center.

Motivated by the results with vanadium and copper, we inves-
tigated whether N-heterocyclic vinylidene complexes could also
be formed with other transition metals.

When a solution of the diazoolefin 1 in toluene was added to
a solution of (Cp*IrCl,), at 60 °C, complex 16 was formed as the
main product (Scheme 4a).3% As revealed by XRD analysis, com-
plex 16 features an N-heterocyclic vinyl ligand. To date, only a
limited number of transition metal complexes with N-heterocyclic
vinyl ligands (also known as ‘anionic N-heterocyclic olefins’)
have been reported.l31-331 The formation of complex 16 is thought
to proceed via a diazoolefin adduct of type A (Scheme 1), fol-
lowed by loss of dinitrogen and chloride migration from Ir to Ca.

The C-Cl bond formation could be reversed by the addition of
AgSDbF,, resulting in the formation of complex 17 with a terminal
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Scheme 4. Synthesis (a) and reactivity (b and ¢) of the iridium vinylidene
complexes 17 and 18.

N-heterocyclic vinylidene ligand (Scheme 4a). Reduction of com-
plex 17 with KC, gave the vinylidene complex 18 in high yield.
The same product could also be accessed by reduction of 16 using
KC, again. Single-crystal XRD analysis revealed that complex 16
adopts a distinctive ‘pogo stick’ geometry.

The vinylidene complexes 17 and 18 have both very short
Ir-C bonds and elongated IrC—C bonds. Accordingly, they can
also be described as complexes with imidazolium carbyne ligands.

Having obtained two distinct vinylidene complexes, we next
investigated their reactivity. Since complex 17 was obtained by
chloride abstraction, we assumed that we could convert it back
into complexes with N-heterocyclic vinyl ligands by addition of
halides or pseudo-halides. Indeed, upon the addition of (NBu,)X
salts (X = F, CN, NCO) to a solution of complex 17 , the neutral
adducts 19 were formed (Scheme 4b).130]

The addition reactions show that the metal-bound carbon of the
vinylidene ligand in complex 17 is electrophilic. This finding is con-

sistent with computational results, which indicate that complex 17
possesses a low-lying LUMO with a significant contribution at C,.

Reactivity studies with the ‘pogo stick’ complex 18 showed
that C_ is nucleophilic, rather than electrophilic. A reaction with
methyl iodide resulted in a C-C coupling reaction to give the ionic
complex 20. Additional evidence for the nucleophilic nature of
complex 18 was provided by its ability to react with CO, and CO
(Scheme 4c¢). Overall, the reactivity of the ‘pogo stick” complex 18
closely matches that reported for the imido complex Cp*Ir(N7Bu),
which was described by Bergman and coworkers.34351 The simi-
larity indicates that N-heterocyclic vinylidenes can serve as both
structural and functional analogues of imido ligands.

3. Conclusions

N-Heterocyclic diazoolefins were found to be well-suited pre-
cursors for the synthesis of metal complexes with N-heterocyclic
vinylidene ligands. Thus far, there was only very limited knowl-
edge about complexes with N-heterocyclic vinylidene ligands.[3¢]
Our work has shown that these ligands can act as potent C-donor
ligands, allowing for the stabilization of electron-deficient and
low-coordinate metal complexes.
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Fig. 1. N-Heterocyclic vinylidene ligands can be described as formally
neutral or dianionic ligands.

When described as a formally neutral ligand, N-heterocyclic
vinylidenes can donate two or four electrons (Fig. 1a). Such a de-
scription seems appropriate for the iridium complex 17, for exam-
ple. The vanadium complexes 2 and 4, on the other hand, are best
described as V(V) complexes with dianionic vinylidene ligands.
Similarly, the ‘pogo stick’ complex 18 can be regarded as an Ir(II)
complex with a dianionic vinylidene. In its dianionic form, the
vinylidene ligand is able to donate up to six electrons to the metal
center (Fig. 1b). An analogous situation is found for imido ligands
of type RN*, which can act as 20, 4n-donor ligands.37! The use of
N-heterocyclic vinylidenes as surrogates for imido ligands offers
an intriguing avenue for future investigations, given the prevalence
of imido ligands in a wide range of transition metal catalysts.
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