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A B S T R A C T

A cationic molybdenocene amidinate complex was investigated in view of its suitability to serve as a precursor 
for a metalla-N-heterocyclic carbene. Upon deprotonation, an amidinate complex with a cyclopenatdiene sub-
stituent at the amidinate C atom was identified. This points to the intermediate formation of the sought-after 
carbene which nucleophilicly attacks a Cp ring of the remaining cationic molybdenocene precursor and subse-
quent fragmentation. In contrast, the nucleophilic attack of standard imidazolylidenes to the cationic molyb-
denocene amidinate yields stable adducts with a η4-cyclopentadiene ligand. The rotational dynamics of this 
structure has been studied by variable temperature NMR studies. The experimental findings are supported by 
DFT calculations.

1. Introduction

The chemistry of N-heterocyclic carbenes (NHCs) has been exten-
sively studied over the past couple of decades, with considerable effort 
directed towards tuning their electronic and steric properties through 
structural modifications [1–5]. In recent years, a few examples of metal 
complexes featuring NHC ligands that contain a metal atom within the 
heterocyclic framework (metalla-N-heterocyclic carbenes, MNHCs) 
have been reported in the literature [6–15]. Tonks et al. synthesized an 
example of a free four-membered MNHC featuring a titanocene back-
bone by reaction of Cp2Ti(η2-BTMSA) (BTMSA: bis(trimethylsiyl)acet-
ylene) with a carbodiimide [16]. Notably, deprotonation of the 
corresponding cationic formamidinate complex also yielded the free 
carbene [16], potentially providing a generalizable route to 
four-membered MNHCs, since amidinate complexes are well established 
[17,18].

Cyclopentadienyl (Cp) frequently serves as a remarkably inert 
spectator ligand, although there is a growing number of examples 
showcasing its non-innocent character [19]. For example, addition re-
actions of strong nucleophiles such as hydride transfer and organo-
lithium reagents to Cp ligands to generate η4-cyclopentadiene 
frameworks have long been known for cobaltocenium and rhodocenium 
salts and for cationic iron half-sandwich complexes [20–23]. More 
recently, Lee et al. reported the synthesis of imidazolium- and 
pyrrolinium-substituted ferrocene derivatives via the nucleophilic 

attack of NHCs or CAACs (CAAC: cyclic alkyl(amino) carbene) on fer-
rocenium salts [24].

Inspired by the work of Tonks et al., we attempted to synthesize four- 
membered molybda-N-heterocyclic carbenes by deprotonation of 
known cationic molybdenocene formamidinate complexes [25]. We 
found, however, that NHCs attack one of the Cp rings of these cationic 
complexes forming adducts with a η4-cyclopentadiene framework.

2. Results and discussion

The cationic molybdenocene formamidinate complex 1 was pre-
pared using a slightly modified literature procedure [25] reported by 
Dias et al. (Scheme 1).

The X-ray crystal structure of 1 indicates a delocalization of π-elec-
tron density across the N-C-N-framework, resulting in almost identical 
C1-N1 and C1-N2 bond lengths (Fig. 1). The overall geometrical features 
are close to those reported by Tonks et al. for a related amidinate 
complex with a titanocene fragment [16].

The reaction of the precursor 1 with an excess of NaHMDS (3 
equivalents) yielded a complex product mixture which we were not able 
to separate or to isolate a main product from (Scheme 1). Varying the 
conditions of the deprotonation reaction (order of reagent addition, 
temperature) did not lead to an improvement. However, analysis of the 
mixture provided evidence for the presence of the cyclopentadiene- 
substituted amidinate complex 2, which apparently was formed via 
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nucleophilic attack of the in situ formed MNHC on a cyclopentadienyl 
ligand of remaining cationic 1 and subsequent fragmentation (Scheme 
1). Compound 2 could be identified in the mass spectrum of the product 
mixture and its structure was confirmed by X-ray structure analysis of 
crystals that were grown by layering a dichloromethane solution of the 
product mixture with n-hexane (Fig. 2). The geometrical features within 
the Mo amidinate fragment are close to those of the parent molecule 1. 
Experiments aimed at trapping the intermediately formed MNHC using 
sulfur, selenium or metal complexes were unsuccessful and yielded 
mixtures containing 2. Likewise, resorting to sterically more demanding 
amidinates with tBu or Dipp substituents at the nitrogen atoms did not 
result in any improvement as these amidinates did not react with 
Cp2MoBr2. On the other hand, aryl groups with only one ortho- 
substituent like 2,4-dimethylphenyl provided the amidinate complex 
analogous to 1, however the subsequent deprotonation reaction was as 
unselective as in the case of the phenyl derivative 1.

DFT calculations (B3LYP/aug-cc-pVTZ(-PP)) on the four-membered 
molybda-NHC A featuring methyl groups at both nitrogen atoms indi-
cated a significant increase in energy of the HOMO compared to the 
corresponding titana-NHC B (–4.28 eV to –5.00 eV). The most significant 
interactions in the plane of the ring were already described by Tonks 
et al. for their titana-NHC [16]. Importantly, the bonding interaction 
between an empty Ti d-orbital and the N–C–N σ-bond mixed with the 
carbon lone pair results in the stabilization of the HOMO of this MNHC, 
which has both σ(N–C) and π(Ti–N) symmetry while the LUMO has 
σ(N–C) and π*(Ti–N) symmetry. In the corresponding molybda-NHC A, 
which has two additional valence electrons, the HOMO has σ(N–C) and 
π*(Mo–N) symmetry and is thus destabilized compared to the HOMO of 
the titana-NHC B (Fig. 3). The latter was found to correspond to the 
HOMO–2 in A, while the HOMO–1 in A, which is close in energy (–5.52 
eV to –5.12 eV), has a different symmetry and is predominantly localized 
on the nitrogen atoms. The energies of the unoccupied π* MOs 
perpendicular to the ring are almost identical (–0.97 eV for A and –1.01 
eV for B).

Inspired by the structure of complex 2 which suggests a nucleophilic 
addition of the in situ formed MNHC to the Cp ring of the cationic 
amidinate complex, the reactivity of 1 towards nucleophiles was further 
studied by reacting it with imidazolylidenes. This reaction led to the 
formation of the stable adducts 3 and 4 featuring an imidazolium- 
substituted η4-cyclopentadiene ligand under concomitant formal 
reduction of molybdenum from +IV to +II (Scheme 2). Additions of 
nucleophiles to η5-Cp rings have been described for neutral as well as 
cationic tungstenocene derivatives. Subsequent hydrogen atom transfer 
from the η4-cyclopentadiene intermediates to the W atom under rees-
tablishment of the aromatic η5-Cp ligand provided access to tung-
stenocene derivatives with modified Cp ligands carrying carbon- or 
heteroatom based substituents [26–28]. We note that in the present case 
the η4-complexes 3 and 4 are stable and show no tendency for rear-
omatisation and hydrogen transfer. DFT calculations 
(B3LYP/aug-cc-pVDZ(-PP)) on the cationic amidinate complex similar 
to 1 featuring methyl groups at both nitrogen atoms indicated that the 
LUMO is mainly located on the Cp ring, in line with the site of nucleo-
philic attack at this position (Supplementary data).

By slow evaporation of a saturated solution of 4 in tetrahydrofuran, 
single crystals for an X-ray structure analysis were obtained (Fig. 4).

The cyclopentadiene ring is folded such that the dihedral angle 

between the C3-C2-C6 plane and the mean diene plane is 31.6◦. The 
substituted cyclopentadiene ligand is twisted relative to the CpMo 
(amidinate) fragment such that the complex is C1-symmetric in the 
crystal. Rotation around the Mo-cyclopentadiene axis should intercon-
vert the enantiomers and thus, the diastereotopic cyclopentadiene pro-
tons (2/5 and 3/4 in Scheme 3). In the 1H NMR spectra of 3 and 4 on a 
300 MHz spectrometer at room temperature, the resonances of these 
protons are strongly broadened.

At − 40 ◦C five resonances attributable to the five inequivalent η4- 
cyclopentadiene protons can be identified in the 1H NMR spectrum of 3 
in acetone-d6 on a 600 MHz spectrometer. Increasing the temperature 
leads to a broadening of four of these resonances which are attributed to 
the two pairs of exchanging protons (H2/5 and 3/4), while the reso-
nance of the non-exchanging proton on the saturated carbon atom (H1) 

Scheme 1. Synthesis and reactivity of the molybdenocene formamidinate complex 1.

Fig. 1. Molecular structure of complex 1 (ellipsoids drawn for 30 % proba-
bility). The PF6-anion is omitted for clarity. Selected bond lengths [Å] and 
angles [◦]: Mo1-N1 2.141(3), Mo1-N2 2.143(3), N1-C1 1.320(4), N2-C1 1.319 
(4); N1-Mo1-N2 60.52(11), C1-N1-Mo1 94.9(2), C1-N2-Mo1 94.8(2), N2-C1-N1 
109.8(3).

Fig. 2. Molecular structure of complex 2 (ellipsoids drawn for 50 % proba-
bility). The PF6-anion and most hydrogen atoms are omitted for clarity. 
Selected bond lengths [Å] and angles [◦]: Mo1-N1 2.132(4), Mo1-N2 2.142(4), 
N1-C1 1.343(6), N2-C1 1.332(6); N1-Mo1-N2 60.99(15), C1-N1-Mo1 95.4(3), 
C1-N2-Mo1 95.3(3), N2-C1-N1 108.3(4).

J. Nellesen and C. Ganter                                                                                                                                                                                                                     



Journal of Organometallic Chemistry 1029 (2025) 123556

3

remains largely unaffected. At 45 ◦C, two broad resonances for the two 
pairs of exchanging protons are observed. Likewise, the same observa-
tion holds true for the signals of the o-Me groups of the two N-mesityl 
substituents: two separated signals (with integrals of 6 protons each) at 
− 40 ◦C merge into one resonance at 45 ◦C (Fig 5, the complete set of 
temperature dependent spectra can be found in the Supplementary 
data).

The exchange rate constants for the dynamic process in the tem-
perature range between -40 ◦C and +40 ◦C in 10 ◦C increments were 
determined by simulating the resonances of a pair of exchanging protons 
using the TopSpin software package 4.4.0 (Bruker BioSpin). Evaluation 
of the Eyring plot resulted in an activation free energy barrier of Δ‡G0 =

12.6 kcal/mol (Supplementary data).
DFT calculations (B3LYP/aug-cc-pVDZ(-PP)) were carried out to 

optimize the geometry and to find the transition state for the ligand 
rotation. In the optimized geometry of a simplified molecule featuring 
methyl groups instead of aryl groups at the amidinate and imidazolium 
nitrogen atoms, the η4-cyclopentadiene ligand is twisted relative to the 
MoCp(amidinate) fragment with a similar angle as in the molecular 
structure of 4 in the crystal.

The calculated free energy barrier for the rotation of the η4-cyclo-
pentadiene ligand in the simplified system was found to be 11.4 kcal/ 
mol and is thus in good agreement with the experimentally obtained 
value.

3. Conclusion

Attempts to synthesize a four-membered molybda-NHC by deproto-
nation of the cationic molybdenocene formamidinate complex 1 yielded 
a product mixture due to the nucleophilic attack of the intermediately 
formed MNHC on a cyclopentadienyl ligand of 1 and subsequent 
fragmentation.

The nucleophilic addition of imidazolylidenes to 1 resulted in the 
formation of the stable adducts 3 and 4 featuring a η4-cyclopentadiene 
framework. The hindered rotation of the cyclopentadiene ligand leads to 
a broadening of resonances in the NMR spectra at room temperature.

4. Experimental

All reactions were performed in a nitrogen-atmosphere using stan-
dard Schlenk techniques. Solvents were dried and degassed prior to use.

NMR spectra were recorded on a Bruker Avance III 300 and a Bruker 
Avance III 600. 1H and 13C{1H} NMR spectra are referenced to the 
chemical shifts of residual undeuterated solvent. Mass spectra were 
recorded on a UHR-QTOF maxis 4G. Elemental analyses were recorded 
on an Elementar Vario microcube. X-ray crystal structure data were 
collected on a Rigaku XtaLAB Synergy-S or a Bruker APEX Duo CCD 
diffractometer. Reagents such as Cp2MoBr2 [29], N,N’-diphenylforma-
midine [30] and IMes [31] were synthesized according to literature 
procedures. Other reagents were purchased commercially and used 
without further purification.

Synthesis of Compound 1: This compound was synthesized using a 
slightly modified literature procedure [25]. A suspension of 300 mg 
Cp2MoBr2 (0.777 mmol, 1 eq), 229 mg N,N’-diphenylformamidine (1.17 
mmol, 1.5 eq) and 1 mL triethylamine in 20 mL ethanol was heated 
under reflux for 1 h. An excess of NH4PF6 (2.5 eq) was added to the 
resulting orange solution, after which the solvent was evaporated under 
reduced pressure. The residue was taken up in 20 mL dichloromethane 
and the solution was washed with 0.1 M NaOH solution (2 × 10 mL) and 
water (10 mL). The dichloromethane solution was dried over MgSO4. 
After concentration of the solution under reduced pressure, an orange 
solid was precipitated by adding 40 mL diethylether. The supernatant 
was removed via syringe and the precipitate was dried in vacuo to give 1 
as an orange solid (354 mg, 0.622 mmol, 80 %). Single crystals for an 
X-ray structure analysis were obtained by slow evaporation of a satu-
rated solution of 1 in acetone. 1H NMR ((CD3)2CO, 300 MHz): δ 9.71 (s, 
1H, N(CH)N), 7.33 – 7.24 (m, 4H, m-Ph), 7.10 – 7.05 (m, 2H, p-Ph), 7.05 
– 7.01 (m, 4H, o-Ph), 6.06 (s, 10H, Cp) ppm. 13C{1H} NMR ((CD3)2CO, 
75 MHz): δ 167.6 (s, N(CH)N), 145.3 (s, ipso-pH), 129.9 (s, m-Ph), 124.6 
(s, p-Ph), 118.8 (s, o-Ph), 100.2 (s, Cp) ppm. MS (ESI): m/z 423 [M]+. 
Anal.: % calcd. for C23H21MoN2PF6: C 48.78, H 3.74, N 4.95, found: C 
48.99, H 3.94, N 5.03.

Attempted Synthesis of the free Carbene
A solution of 40 mg 1 (0.0705 mmol, 1 eq) in THF was cooled to − 78 

◦C. NaHMDS in THF (3 eq) was added by syringe and the resulting 
mixture was allowed to warm slowly to room temperature overnight. 

Fig. 3. Schematic molecular orbital diagram showing the in-ring orbital 
interaction between Ti/Mo and the a1-symmetric N–C bonding orbitals (cf. ref. 
[16]). The additional two electrons present only in the molybdenum complex A 
are depicted in red.

Scheme 2. Synthesis of the adducts 3 and 4.

J. Nellesen and C. Ganter                                                                                                                                                                                                                     



Journal of Organometallic Chemistry 1029 (2025) 123556

4

The solvent was removed under reduced pressure, the residue was taken 
up in CDCl3, the suspension was transferred into an NMR tube and 
centrifuged. Upon standing for a couple of days, some crystals of 2 were 
formed which were analysed by X-ray diffraction.

Synthesis of Compound 3: 30 mg 1 (0.0529 mmol, 1 eq) and 17.7 
mg IMes (0.0582 mmol, 1.1 eq) were dissolved in 2 mL tetrahydrofuran. 
The orange solution was stirred for 30 mins at room temperature and the 
solvent was subsequently removed under reduced pressure. The residue 
was washed with diethylether and dried in vacuo to yield 3 as an orange 
solid (44.7 mg, 0.0513 mmol, 97 %). The resonances of the exchanging 
cyclopentadiene nuclei are not visible in the NMR spectra at room 
temperature due to line broadening. 1H NMR (THF-d8, 300 MHz): δ 9.24 
(s, 1H, N(CH)N), 7.50 (s, 2H, CHImidazol.), 7.21 – 7.10 (m, 4H, m-Ph), 
6.97 (s, 4H, Mes), 6.93 – 6.83 (m, 6H, o/p-Ph), 4.82 (s, 5H, Cp), 4.15 (m, 
1H, H1), 2.33 (s, 6H, p-Me), 2.00 (s, 12H, o-Me) ppm. 1H NMR 
((CD3)2CO, 600 MHz, 233 K): δ 9.41 (s, 1H, N(CH)N), 7.77 (s, 2H 
(reduced by H/D exchange with solvent), CHImidazol.), 7.25 – 7.19 (m, 
2H, m-Ph), 7.18 – 7.13 (m, 2H, m-Ph), 7.05 (s, 2H, Mes), 7.03 – 6.99 (m, 
3H, o/p-pH), 6.95 (s, 2H, Mes), 6.91 – 6.85 (m, 3H, o/p-Ph), 5.26 (brs, 
1H, H3/H4), 4.91 (s, 5H, Cp), 4.12 (brs, 1H, H1), 3.51 (brs, 1H, H4/H3), 
2.78 (brs, 1H, H2/H5), 2.33 (s, 6H, p-Me), 2.02 (s, 6H, o-Me), 1.98 (s, 
6H, o-Me), 1.83 (brs, 1H, H5/H2) ppm. 13C{1H} NMR (THF-d8, 75 MHz): 
δ 159.5 (s, N(CH)N), 149.8 (s, NCNImidazol.), 146.7 (s, Ar), 141.8 (s, Ar), 
135.6 (s, Ar), 132.7 (s, Ar), 130.7 (s, Ar), 129.8 (s, Ar), 124.6 (s, CHI-

midazol.), 122.8 (s, Ar), 118.6 (s, Ar), 92.7 (s, Cp), 45.8 (s, Cyclo-
pentadiene (C1)), 21.5 (s, p-Me), 17.9 (s, o-Me) ppm. Anal.: % calcd. for 

C44H45MoN4PF6: C 60.69, H 5.21, N 6.43, found: C 60.30, H 5.48, N 
6.10.

Synthesis of Compound 4: 50 mg 1 (0.0883 mmol, 1 eq) and 41 mg 
IDipp (0.106 mmol, 1.2 eq) were dissolved in 5 mL tetrahydrofuran. The 
orange solution was stirred for 30 mins at room temperature and the 
solvent was subsequently removed under reduced pressure. The residue 
was washed with diethylether and dried in vacuo to yield 4 as an orange 
solid (80.1 mg, 0.0839 mmol, 95 %). Single crystals for an X-ray struc-
ture analysis were obtained by slow evaporation of a saturated solution 
of 4 in tetrahydrofuran. The resonances of the exchanging cyclo-
pentadiene nuclei are not visible in the NMR spectra at room tempera-
ture due to line broadening. 1H NMR (THF-d8, 300 MHz): δ 9.30 (s, 1H, 
N(CH)N), 7.72 (s, 2H, CHImidazol.), 7.54 – 7.42 (m, 2H, p-Dipp), 7.35 – 
7.30 (m, 4H, m-Dipp), 7.14 – 7.03 (m, 4H, m-Ph), 6.91 – 6.76 (m, 6H, o/ 
p-Ph), 4.84 (s, 5H, Cp), 4.30 (m, 1H, H1), 2.40 (hept, 3JHH = 6.8 Hz, 4H, 
iPr), 1.24 (d, 3JHH = 6.8 Hz, 12H, Me), 1.14 (d, 3JHH = 6.8 Hz, 12H, Me) 
ppm. 13C{1H} NMR (THF-d8, 75 MHz): δ 159.7 (s, N(CH)N), 150.4 (s, 
NCNImidazol.), 146.6 (s, Ar), 145.8 (s, Ar), 133.1 (s, Ar), 132.1 (s, Ar), 
129.9 (s, Ar), 125.9 (s, CHImidazol.), 125.7 (s, Ar), 123.7 (s, Ar), 118.6 (s, 
Ar), 93.0 (s, Cp), 46.3 (s, Cyclopentadiene (C1)), 30.4 (s, iPr), 25.8 (s, 
Me), 22.6 (s, o-Me) ppm.
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