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Triaminoalkenes Derived from Cyclic (Alkyl)(amino)
carbenes with a 1,10-Ferrocenylene Backbone and
N-Heterocyclic Carbenes: fcCAAC–NHC Heterodimers
Suman Yadav, Clemens Bruhn, Clemens Lücke, Richard Rudolf, Tabea Pfister,
Biprajit Sarkar,* and Ulrich Siemeling*

The study addresses triaminoalkenes derived from [3]
ferrocenophane-type cyclic (alkyl)(amino)carbenes (fcCAACs)
fc(CPh2─C─NR) (fc= 1,10-ferrocenylene) and N-heterocyclic
carbenes (NHCs). Stable target compounds are obtained in
good yields as crystalline solids by the combination of
[fc(CPh2─CH═NMe)][BF4] with N,N 0-dimethylimidazolin-2-ylidene
and of [fc(CPh2─CH═N-p-C6H4-tBu)](OTf ) with 1,3,4,5-tetramethy-
limidazolin-2-ylidene, respectively, followed by treatment of the
resulting addition product with KN(SiMe3)2. Due to the presence
of a triaminoethene unit and a ferrocene moiety, four redox states
are expected for such fcCAAC–NHC heterodimers, viz., electro-
neutral, mono-, di-, and tricationic. An investigation of their redox

behavior by electrochemical methods (cyclic voltammetry and
differential pulse voltammetry) has revealed that these com-
pounds undergo two consecutive one-electron oxidations, with
the poor stability of the dicationic species in solution preventing
an observation of the tricationic redox state. A density functional
theory (DFT) study shows that the highest occupied molecular
orbital (HOMO) is localized on the C═CN2 atom, which, in agree-
ment with electron paramagnetic resonance results, is the site of
the first oxidation. The second oxidation mainly involves the Fe
atom, where the HOMO�1 is localized, resulting in a species with
a triplet ground state composed, to a first approximation, of a
carbon-centered and an iron-centered radical.

1. Introduction

Electron-rich olefins constitute a particularly important class of
redox-active compounds.[1–4] Iconic representatives are tetrathia-
fulvalene (TTF) and tetrakis(dimethylamino)ethene (TDAE)
(Figure 1). The synthesis and redox behavior of TTF (A) was first
described in 1970,[5–7] although a benzanellated congener had
been known already since 1926.[8] The discovery in the early
1970s that, due to its redox activity, TTF can form compounds
behaving as organic solid-state semiconductors[9] or even exhibit
metallic conductivity[10] had a decisive impact on the then bur-
geoning field of organic metals,[11–13] molecular electronics,

and beyond.[14–22] TDAE (B) was reported in 1950.[23] Its redox
behavior was studied in the early 1960s,[24–26] paving the way
to the application of TDAE as reducing agent in organic
synthesis.[1–4,27–33] The search for applications of B in the field
of molecular materials resulted in the organic ferromagnet
formed with C60.[34] At the same time, cyclic analogues of
TDAE became available, triggered by the quest for stable
carbenes, which culminated in Arduengo’s report of a stable crys-
talline N-heterocyclic carbene (NHC) in 1991.[35–37] The synthesis
of the first example, CPh, was described by Wanzlick in 1961[38–40]

and its redox behavior was studied by Lemal already in 1962.[41]

Numerous tetraaminoethenes CR bearing N-substituents R 6¼ Ph
were reported soon after.[26,42,43] The conformational restriction
due to the cyclic structural elements present in these compounds
leads to a more efficient π-interaction of the nitrogen lone pairs
with the olefinic unit, which consequently is more electron-rich in
CR than in TDAE (B), as is reflected by the redox potentials of these
compounds. The electrochemical oxidation of B in dimethylfor-
mamide (DMF) occurs as a reversible two-electron step at
E1/2=�0.60 V versus saturated calomel electrode (SCE).[44,45]

The most closely related cyclic analogue is CMe, which exhibits
a two-electron oxidation at E1/2=�0.71 V versus SCE in
DMF,[46] thus being a stronger reducing agent than B. The poten-
tial published for the two-electron oxidation of the benzanellated
congener DMe (E1/2=�0.84 V vs SCE in DMF) shows that this com-
pound is an even stronger reductant than CMe.[46,47] Note that DMe

plays an important role in the context of the “Wanzlick equilib-
rium”[48,49] since Lemal provided convincing NMR spectroscopic
evidence for the uncatalyzed reversible dissociation of DMe to
afford the corresponding NHC at elevated temperatures in
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solution;[50] the ethyl homologue DEt was used for the determi-
nation of the dissociation equilibrium constant as a function of
temperature.[51] Closely related work with the isobutyl congener
DiBu was published independently by Hahn.[52] The backbone-
unsaturated analogue of CMe, tetraazafulvalene EMe, may be
viewed as tetraaza analogue of TTF (A). EMe is expected to be
a substantially stronger reductant than CMe due to the aromatic
character of the imidazolium units formed upon its oxidation to
the dication EMe2þ. EMe is synthetically accessible, but is very
short-lived due to thermodynamically favorable dissociation
affording the corresponding NHC.[53] Dissociation is prevented
by connecting the N atoms of the molecular halves with
(CH2)3 tethers.[54] A value of E1/2=�1.20 V versus SCE has been
published for this tethered congener F in DMF,[55,56] making this
compound suitable for reductive transformations of organic sub-
strates which had previously required alkali metals or aggressive
metal-containing reductants such as, for example, sodium
naphthalenide.[57,58]

TTF (A) is a much weaker reductant even than TDAE (B), which
strongly limits its use as synthetic reagent for reductive chemical
transformations.[57] However, A undergoes two well-separated
one-electron oxidation processes (E1/2= 0.19 V (A0/þ) and
0.58 V (Aþ/2þ) vs SCE in DMF; ΔE1/2= 0.39 V),[46] which is due to
the pronounced stability of the intermediate redox state Aþ. It

is the stability of this and of closely related cation radicals which
is crucial for the widespread use of TTF and its derivatives in
materials science. The situation is inverse for tetraazafulvalenes
and tetraaminoethenes, which are widely applied in synthesis
as strong metal-free reductants, but are generally not known
to give rise to isolable cation radicals offering scope for materials
science applications. As the inventor of cyclic (alkyl)(amino)
carbenes (CAACs),[59–65] Bertrand realized that triaminoalkenes,
which may be viewed as “Wanzlick type” NHC–CAAC hetero-
dimers, are quite different in this context.[66] Due to the rather
different electronic properties of their two halves, they may
exhibit two sequential one-electron oxidation steps at rather dif-
ferent potentials (Figure 2). The first example, G, is the hetero-
dimer of CAACMe, which is the simplest isolable CAAC, and N,
N 0-dimethylbenzimidazolin-2-ylidene, which is the NHC pro-
duced by dissociation of DMe. G exhibits two well-separated
sequential one-electron oxidations at E1/2=�0.33 V (G0/þ) and
0.01 V (Gþ/2þ) versus SCE in THF (ΔE1/2= 0.34 V).[46] For compari-
son, the corresponding values for TTF (A) in THF are 0.45 V (A0/þ)
and 0.71 V (Aþ/2þ) versus SCE (ΔE1/2= 0.26 V).[46,68] Remarkably, all
three accessible redox states, G, Gþ, and G2þ, were isolated and
structurally characterized by X-ray diffraction (XRD; triflate as
counteranion).[66] Additional examples (H–S) were subsequently
prepared by Radius,[69] Jana,[70–72] and Munz (Figure 2).[46,50,73]

H, J, and N have not been studied in terms of their redox
behavior.[50,69,72] The investigation of I by cyclic voltammetry
(CV) suffered from poor chemical stability and referencing was
not possible; a sequential oxidation with ΔE1/2= 0.50 V was
observed for I at �20 °C.[72] Stability issues were less serious
for the tBu-substituted congener K, which could be studied at
room temperature (ΔE1/2= 0.52 V). However, Kþ· undergoes fast
decomposition at room temperature in solution and thus could
not be isolated.[71] Like G, L and M are both derived from stable
CAACMe. Similar to G, L exhibits two one-electron oxidation steps
at E1/2=�1.27 V (L0/þ) and �0.67 V (Lþ/2þ) versus FcH/FcHþ in
THF/0.1 M nBu4N[PF6] (ΔE1/2= 0.60 V) and gives rise to a cation
radical sufficiently stable for isolation; Lþ·(OTf ) was structurally
characterized by XRD.[46,73] In contrast, the electrochemical oxida-
tion of M occurs as a single two-electron step at E1/2=�0.69 V
(M0/2þ) under the same conditions.[46] Compounds O, P, and Q,
which contain two equivalent NHC–CAAC heterodimer moieties
connected by a hydrocarbon bridge, react with nBu4N[PF6] in THF
and cyclic voltammetric results could not be obtained.[70]

However, CV and differential pulse voltammetry (DPV) performed
with O(OTf )4 in acetonitrile/0.1 M nBu4N[PF6] indicated the forma-
tion of the diradical dication O2þ·by two one-electron reduction
steps at ΔE1/2=�0.93 and �1.04 V versus FcH/FcHþ, followed by
a two-electron step at ΔE1/2=�1.61 V furnishing O (chemically
unstable under these conditions). O2þ·(OTf )2 could be prepared
by comproportionation from O and O(OTf )4 and was structurally
characterized by XRD. Similar studies revealed that P and Q do
not give rise to persistent diradical dications. No electrochemical
data are available for R and S.[70]

We recently established cyclic (alkyl)(amino)carbenes with a
1,10-ferrocenylene backbone (fcCAACs) as an original family
by the preparation of the N-mesityl substituted congener
[fc(CPh2─C─NMes)][74] and have started to address NHC–

Figure 1. TTF (TTF, A), tetrakis(dimethylamino)ethene (TDAE, B) and closely
related electron-rich olefins, together with published electrochemical data
(E1/2 vs SCE in DMF; see text for refs.). [a] Two-electron process.
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fcCAAC heterodimers, whose 1,10-ferrocenylene unit potentially
gives rise to an additional, tricationic, redox state (Figure 3).
We here describe first results of this investigation.

2. Results and Discussion

2.1. Synthesis and Crystal Structures

Precursors for NHC–CAAC heterodimers have been shown to be
accessible either by reacting a CAAC with a protonated NHC in
terms of a C─H insertion or by reacting an NHC with a protonated
CAAC in terms of a nucleophilic addition.[66,69–73] The former
approach is mandatory if the corresponding NHC cannot be
isolated, as is the case for the “NHC part” of M,[46] viz.,
N,N 0-dimethylimidazolidin-2-ylidene.[75] The more common latter

approach is mandatory if the corresponding CAAC cannot be
isolated, as is the case, inter alia, for the “CAAC part” of I or
J.[76] Our previously described fcCAAC precursors gave rise to
an isolable CAAC only in the case of the N-mesityl substituted
iminium triflate [fc(CPh2─CH═NMes)](OTf ), whose reaction with
KN(SiMe3)2 (KHMDS) in a mixture of n-hexane and diethyl ether
furnished [fc(CPh2─C─NMes)] in 68% yield as a crystalline solid.
Analogous reactions with the N-alkyl substituted congeners
[fc(CPh2─CH═NR)][BF4] (R=Me, Et) afforded only intractable
material.[74] The fcCAAC generated from [fc(CPh2─CH═N-p-
C6H4-tBu)](OTf ) and KHMDS in benzene is too short-lived for iso-
lation due to a fast 1,2-shift of a phenyl group, furnishing the
cyclic enamine [fc{C(Ph)═C(Ph)─N-p-C6H4-tBu}] in almost quanti-
tative yield.[77] Together with the fact that the thermal stability of
[fc(CPh2─CH═NMes)] in solution is limited (t½= 4 h at 25 °C) due
to an intramolecular insertion of the divalent carbon atom into a

Figure 2. Triaminoalkenes of the NHC–CAAC heterodimer type known to date. E1/2 values determined by cyclic voltammetry in THF/0.1 M nBu4N[PF6] are
given versus SCE in blue and versus ferrocene/ferrocenium (FcH/FcHþ) in orange for convenience; for interconversion, E0’ (FcH/FcHþ)= 0.56 V vs SCE in
THF/0.1 M nBu4N[PF6] may be used.[67] [a] Two-electron process.
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methyl C─H bond of the Mes substituent, these results prompted
us to choose the nucleophilic addition of an NHC to a protonated
CAAC to provide access to precursors for the targeted NHC–
fcCAAC heterodimers (Scheme 1).

The permethylated NHC 1,3,4,5-tetramethylimidazolin-2-
ylidene (MeIMe) was used for each iminium salt. This NHC is readily
available and particularly easy to work with due to its excellent
crystallinity. N,N 0-dimethylimidazolin-2-ylidene (IMe) was used,
too, but in two cases only. Due to its oily nature, it is less conve-
nient from a practical point of view. Compounds 1–6 were
obtained in good yields (72–90%) by mixing equimolar amounts
of the two reactants in toluene at �60 °C, followed by stirring of
the respective reaction mixture at room temperature for 17 h.
Subsequently, volatile components were removed under vac-
uum; the remaining yellow solid was washed with diethyl ether
and dried under vacuum. Recrystallization was performed by
vapor phase diffusion of diethyl ether into a concentrated
dichloromethane solution at �20 °C. Regrettably, satisfactory
microanalytical data could not be obtained, although recrystalli-
zation afforded single crystals suitable for XRD, which allowed the
structural characterization of 1–6 (Figure 4–9). Pertinent metric
parameters are collected in Table 1, which also contains data
of the parent iminium salts for comparison.

The former iminium carbon atom (C1) is a center of chirality.
1–6 crystallize as racemic compounds. Despite many attempts, a
weakly scattering crystal had to be used in the case of 4 and this
crystal structure will not be considered in detail. The lengths of

the central C1─CNHC bonds range from 1.49 to 1.52 Å. This is in
accord with a C(sp3)─C(sp2) single bond[78] and compares well
with closely related compounds, which exhibit bond lengths
from 1.48 to 1.53 Å.[69,70,72] The C1─N1 bond lengths of 1–6
(1.49–1.51 Å) are slightly elongated in comparison to closely
related compounds (1.45–1.49 Å).[69,70,72] Note that the lengths
of C(sp3)─N(sp3) single bonds in amines typically range from
1.46 to 1.48 Å. A more pronounced elongation is observed for

Figure 3. Structure of fcCAACMes (left) and of the NHC–fcCAAC hetero-
dimers targeted in the present study (right). Four redox states may be
possible for the target compounds, viz., electroneutral, mono-, di-, and
tricationic (only one resonance structure shown for the latter).

Scheme 1. Synthesis of precursors 1–6 for NHC–fcCAAC heterodimers (obtained as racemates).

Figure 4. Solid-state structure of the cation in 1·CH2Cl2 (30% probability
ellipsoids; H atoms, except those involved in short intramolecular contacts,
and solvent molecule omitted for clarity; only one of the two independent
molecules is shown). Intramolecular contacts (Å) indicated by dashed or
dotted lines: H4···C19 2.63, H24···C25 2.43, H26···C13 2.45.

Figure 5. Solid-state structure of the cation in 2 (30% probability ellipsoids;
H atoms omitted for clarity).
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the C1─C2 bonds of 1–6, whose lengths are 1.61–1.65 Å, while
closely related compounds exhibit values between 1.56 and
1.59 Å. A structural comparison of 1–6 with the respective parent
iminium salts reveals a number of characteristic differences
(Table 1). Upon nucleophilic addition of the NHC, the iminium
C═N double bond (≈1.29 Å) is transformed to a single bond
(≈1.50 Å) and the trigonal-planar iminium nitrogen atom
becomes pyramidalized. The tricoordinate iminium carbon atoms
exhibit an N1─C1─C2 bond angle of ≈131°. This angle is substan-
tially more acute (by ≈15°) for the tetracoordinate C1 atoms of
1–6. The parent iminium salts have C1─C2 bond lengths from
1.513(3) to 1.528(2) Å,[74,77] which is at the upper end of the range
typical of C(sp3)─C(sp2) single bonds (1.49–1.52 Å).[42] Notably, the
C1─C2 bond lengths of 1–6 range from 1.606(6) to 1.648(9) Å
(Table 1), which is substantially longer (by up to 0.1 Å) than typical
C(sp3)─C(sp3) single bonds (1.53–1.55 Å).[78] The cyclopentadienyl

ring tilt angles of 1–6 are only moderate (10.8°–13.6°) and very
similar to those of the parent iminium salts (11.3°–15.5°). Note
that the strained [2]ferrocenophane fc(CMe2CMe2)[79] has a much
larger tilt angle of 23.2°, but a substantially shorter C(sp3)─C(sp3)
bridge bond length of only 1.58 Å,[80] indicating that the elon-
gated C1─C2 bonds of 1–6 are not mainly due to ring strain.
We refrain from speculating about possible reasons for this con-
spicuous structural feature.

Figure 6. Solid-state structure of the cation in 3 (30% probability ellipsoids;
H atoms omitted for clarity).

Figure 7. Solid-state structure of the cation in 4·Et2O (30% probability
ellipsoids; H atoms and solvent molecule omitted for clarity).

Figure 8. Solid-state structure of the cation in 5·2 CH2Cl2 (30% probability
ellipsoids; H atoms and solvent molecules omitted for clarity).

Figure 9. Solid-state structure of the cation in 6·CH2Cl2 (30% probability
ellipsoids; H atoms and solvent molecule omitted for clarity).

ChemistryOpen 2025, 14, e202500156 (5 of 13) © 2025 The Author(s). ChemistryOpen published by Wiley-VCH GmbH

ChemistryOpen
Research Article
doi.org/10.1002/open.202500156

http://doi.org/10.1002/open.202500156


The molecular structures of 1–6 determined for the solid state
by XRD are in concert with NMR spectroscopic data in CD2Cl2
solution. The 1H NMR signal due to the former iminium hydrogen
atom is detected as a singlet in the chemical shift range between
≈6.2 and 5.3 ppm, substantially up-field shifted in comparison
with the parent iminium salts (δ ≈ 9.8–9.5 ppm). Due to the asym-
metric nature of 1–6, the cyclopentadienyl protons are chemically
inequivalent and are observed as eight individual NMR signals. In
the same vein, the cyclopentadienyl carbon atoms give rise to ten
individual signals in the 13C NMR spectrum. The 1H NMR spectra of
1–6 exhibit two conspicuous features, which are addressed in the
following. First, one of the cyclopentadienyl 1H NMR signals is
observed at unusually high field (δ ≈ 3.2–2.9 vs 5.1–4.1 ppm for
the other cyclopentadienyl signals). Closer inspection of the
molecular structures (Figure 4–9) reveals that the hydrogen atom
at one of the carbon atoms flanking the cyclopentadienyl Cipso

atom is located above the aromatic π-system of a phenyl ring,
in a position close to the phenyl Cipso atom (CH···Cipso ≈ 2.60 Å;
exemplarily indicated for 1 by a dashed line in Figure 4)[81]

and thus may be experiencing significant shielding due to the
aromatic ring current. Second, one of the phenyl hydrogen atoms
causes a strongly downfield-shifted signal (δ ≈ 9.9–9.5 vs
7.6–6.5 ppm for the other phenyl signals), except in the case
of 4, where the down-field shift is less pronounced
(δ= 8.09 ppm). This suggests a special contact of the phenyl H
atom responsible for the downfield-shifted signal. We note that
all compounds listed in Table 1 show a conformational arrange-
ment of their phenyl groups which allows a contact between an
ortho-hydrogen atom (Ho) of one phenyl group and the ipso-
carbon atom (Cipso) of the other (CHo···Cipso 2.43–2.67 Å; exemplar-
ily indicated for 1 by a dotted line in Figure 4), reminiscent of
the tilted T-shaped equilibrium structure of the benzene
dimer.[82–94] This contact is also present in the cyclic imine
[fc(CPh2─CH═N)],[74] which is the starting material for the
iminium salts listed in Table 1. The phenyl signals of this cyclic
imine and the iminium salts derived from it are unexceptional

(δ ≈ 7.6–7.0 ppm), which indicates that it is not this CHo···Cipso con-
tact which is responsible for the downfield shift under discussion.
However, in addition to this CHo···Cipso contact, 1–6 also exhibit a
contact between a phenyl ortho-H atom and the cationic forma-
midinium N2C moiety, with CHo···Cform (exemplarily indicated for 1
by a dashed line in Figure 4) and CHo···Nform distances between
2.45–2.80 Å and 2.52–2.80 Å,[95] respectively. We surmise that it is
this additional contact which causes the downfield shift. The Ho

atom involved in this additional contact belongs to the phenyl
ring whose Cipso atom is engaged in the previously discussed
CHo···Cipso contact. The single exception is 5. In this case, the same
Ho atom has a contact to the second phenyl ring as well as to the
imidazolium moiety. This bifurcation leads to particularly long
distances (CHo···Cipso 2.67 Å; CHo···Cform and CHo···Nform 2.80 Å).

With compounds 1–6 in hand, we investigated their suitability
for the synthesis of the target NHC–fcCAAC heterodimers. In con-
trast to the N-methyl and N-ethyl substituted congeners, the N-
mesityl-substituted fcCAAC [fc(CPh2─C─NMes)] is sufficiently sta-
ble for isolation.[74] This prompted us to start our investigation
with the N-mesityl substituted compound 4. In analogy to the
synthetic procedures published for the NHC–CAAC heterodimers
shown Figure 2, 4 was treated with KHMDS in toluene.
Disappointingly, a mixture was obtained, which could not be sep-
arated. Among compounds 1–6, 4 is the sterically most con-
gested congener. Consequently, we next turned our attention
to the sterically least congested case, viz., 1.

Gratifyingly, the reaction of 1 with KHMDS in toluene pro-
ceeded smoothly and swiftly at room temperature, furnishing
the NHC–fcCAAC heterodimer 7 in 67% yield (Scheme 2). In con-
trast, the analogous reaction of 2 was not successful, affording
only intractable material. In view of the pronounced similarity
of 1 and 2, their different behavior is surprising and we cannot
offer a plausible explanation for this finding. Finally, in order to
prepare an NHC–fcCAAC heterodimer distinctly different from 7,
we selected the p-C6H4-tBu substituted compound 6, expecting
that the corresponding NHC–fcCAAC heterodimer 8 would be

Table 1. Pertinent metric parameters of 1–8 (bond lengths in Å, angles in °). Data of the parent [3]ferrocenophane-type iminium salts are included for
comparison.

C1–N1 C1–C2 C1–CNHC N1–C1–C2 Σ∠N1 Reference

1a) 1.486(6)
1.503(5)

1.610(6)
1.606(6)

1.523(6)
1.515(6)

117.1(4)
116.9(4)

333.7
333.8

This work

2 1.488(3) 1.608(3) 1.522(3) 118.4(2) 332.5 This work

[fc(CPh2─CH═ NMe)][BF4] 1.284(3) 1.521(3) – 131.3(2) 360.0 [74]

3 1.512(5) 1.619(6) 1.506(7) 118.4(4) 333.4 This work

[fc(CPh2─CH═NEt)][BF4] 1.292(2) 1.528(2) – 130.66(15) 360.0 [74]

4 1.523(11) 1.653(15) 1.514(14) 117.0(8) 344.8 This work

[fc(CPh2─CH═NMes)](OTf ) 1.292(3) 1.525(4) – 130.7(2) 359.8 [74]

5 1.486(9) 1.648(9) 1.488(10) 115.1(6) 338.1 This work

6 1.489(5) 1.617(5) 1.494(5) 114.7(3) 339.7 This work

[fc(CPh2─CH═N-p-C6H4-tBu)](OTf ) 1.292(3) 1.513(3) – 131.7(2) 360.0 [77]

7 1.430(4) 1.567(4) 1.375(4) 119.2(3) 355.3 This work

8 1.449(3) 1.567(3) 1.390(3) 119.4(2) 359.5 This work

a)Two independent molecules.
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substantially more electron-rich than 7. This expectation was
based on the rather different half-wave potentials published
for the tetraminoethenes CPh (�1.28 V) and CMe (�0.71 V), the
phenyl-substituted congener being easier to oxidize than the
methyl-substituted one by 0.57 V (Figure 1). On top of that,
the permethylated imidazole-based moiety present in 6 contains
twice the number of electron-donating methyl groups than that
of 1. NHC–fcCAAC heterodimer 8 was isolated in 69% yield
(Scheme 2). Triaminoalkenes 7 and 8 were obtained as yellow
crystals suitable for XRD. Their molecular structures are shown
in Figure 10 and 11.

The ferrocene moiety of 7 is twisted, exhibiting a cg–Cipso–

Cipso–cg (cg= cyclopentadienyl ring centroid) torsion angle of
17.4°, which is in contrast to 8 (torsion angle 0.9°). In both cases,
the six-membered ring formally present in the [3]ferroceno-
phane-type unit (composed of the Fe atom, the two cyclopenta-
dienyl Cipso atoms and the three atoms of the NC2 bridge) is

puckered, adopting an approximate twist boat and half-chair con-
formation in the case of 7 and 8, respectively. The lengths of the
central C1─CNHC bonds of 7 and 8 are indistinguishable within
experimental error (average value 1.38 Å, Table 1). In line with
substantial double-bond character, this bond is much shorter
(by 0.14 and 0.10 Å, respectively) than the corresponding
C(sp3)─C(sp2) single bond of the respective precursor 1 and 6
and lies at the upper end of the range (1.34–1.38 Å) found for
the structurally characterized NHC–CAAC heterodimers known
to date (G,[66] H,[69] J,[71] K,[71] P–S[70]). As expected for an alkene,
carbon atoms C1 and CNHC of 7 and 8 are in a trigonal-planar coor-
dination environment (sum of bond angles 360°), in accord with
sp2 hybridization. However, the triaminoalkene moiety deviates
significantly from planarity. The dihedral angle around the
C1─CNHC bond is 17.2° for 7 and 32.1° for 8, reflecting substan-
tially different degrees of steric congestion around the alkene
moiety. The value of 32.1° is essentially identical to that reported
for the well-known “twisted” alkene 9,90-bifluorenylidene[96–98]

and considerably larger than the angles of G, H, J, K, and P–S,
which lie in the range from 19.1° (for Q) to 24.3° (for K).

The NMR spectra of 7 and 8 in C6D6 clearly show that the
molecular C1 symmetry observed in the solid state is retained
in solution, in accord with a high barrier for planarization of
the triaminoalkene moiety and/or the bridge flipping in the [3]
ferrocenophane-type unit. The cyclopentadienyl carbon atoms
are chemically inequivalent, giving rise to ten 13C NMR signals.
Only six signals would be expected for a time-averaged Cs sym-
metric structure. Likewise, eight individual signals are observed
for the cyclopentadienyl protons in the 1H NMR spectrum of 8.
In the case of 7, signal overlap leads to two signals integrating
for two protons each and four signals integrating for one proton
each, whose chemical shift values are not compatible with the
highly symmetrical pattern expected for AA 0XX 0 or AA 0BB 0 spin

Figure 10. Molecular structure of 7 in the crystal (30% probability
ellipsoids; H atoms omitted for clarity).

Scheme 2. Synthesis of NHC–fcCAAC heterodimers 7 and 8.

Figure 11. Molecular structure of 8 in the crystal (30% probability
ellipsoids; H atoms omitted for clarity).
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systems of a time-averaged structure with molecular Cs symmetry.
The polarized olefinic double bond present in 7 and 8 is reflected
by 13C NMR spectroscopic data. The signals due to the carbon
atoms C1 and CNHC are observed at δ(13C) ≈ 100 and 150 ppm,
respectively. These chemical shifts are similar to those published
for the closely related triaminoalkenes I–S (Figure 2), which range
from 103 to 115 ppm for the signal due to C1 and 140–151 ppm for
the signal due to CNHC. For further comparison, the corresponding
signals of the 1,1-diaminoethene 1,3,4,5-tetramethyl-2-methylenei-
midazoline, which is an extremely polarised olefin,[99–103] are
located at δ(13C) ≈ 40 and 154 ppm in C6D6.[104,105]

2.2. Redox Properties of NHC–fcCAAC Heterodimers 7 and 8

The redox behavior of NHC–fcCAAC heterodimers 7 and 8 was
investigated by CV in THF as well as in acetonitrile with
nBu4N[BArF4] (ArF= 3,5-bis(trifluoromethyl)phenyl; 0.02 M) sup-
porting electrolyte. Pertinent electrochemical data are summa-
rized in Table 2. The cyclic voltammograms of 8 in THF and in
acetonitrile are shown in Figure 12 and 13 and the corresponding
ones for 7 are shown in Figure 15 and 16.

As described above, NHC–CAAC heterodimers like G or L
undergo two well-separated one-electron oxidations (Figure 2).
In principle, therefore, an additional, third, one-electron oxidation
may be expected for 7 and 8 due to their redox-active 1,10-
ferrocenylene unit. However, only two oxidation steps are
observed for both compounds within the potential window of
the solvents. Their half-wave potentials (Table 2) are similar to
those of the NHC–CAAC heterodimer L (ΔE1/2=�1.27 and
�0.67 V vs FcH/FcHþ in THF/0.1 M nBu4N[PF6], Figure 2).[46] The
strongly negative values determined for the first oxidation step
of 7 and 8 clearly indicate the electron-rich nature of these
alkenes and point to the site of this oxidation as the triaminoe-
thene unit. Whether this is also the site of the second oxidation is
less clear, however, because moderately negative half-wave

Table 2. Half-wave potentials (E1/2 in V vs FcH/FcHþ as pseudo-reference) of
7 and 8 in THF and acetonitrile solution. Scan rate 100 mV s�1. nBu4N[BArF4]
supporting electrolyte (0.02 M). Peak-to-peak separation (ΔEp in V) given in
parentheses.

First oxidation Second oxidation ΔE1/2

7 (THF) �1.13 (0.14) �0.37 (0.15) 0.76

7 (MeCN) �1.11 (0.08) �0.48 (0.09) 0.63

8 (THF) �1.23 (0.11) �0.19 (0.13) 1.04

8 (MeCN) �1.17 (0.09) �0.29 (0.08) 0.88

Figure 12. Cyclic voltammogram of 8 in THF with a scan rate of 100 mV s�1 (left) and different scan rates (right). nBu4N[BArF4] supporting electrolyte
(0.02 M).

Figure 13. Cyclic voltammogram of 8 in acetonitrile with a scan rate of 100 mV s�1 (left) and different scan rates (right). nBu4N[BArF4] supporting electrolyte
(0.02 M).
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potentials down to ≈�0.5 V versus FcH/FcHþ are compatible also
with an oxidation of the aminoferrocene-type moiety present in 7
and 8. For comparison, a half-wave potential of �0.36 V versus
FcH/FcHþ has been determined for FcNMe2 in acetonitrile.[106]

In other words, two redox isomers of the dicationic species are
plausible (Figure 14).

Based on the redox potentials alone, it cannot even be
excluded that the second oxidation observed for 7 and 8 is a
two-electron process, which involves both the triaminoethene
and the ferrocenylene unit, affording the tricationic redox state
shown in Figure 3. However, the rather large peak-to-peak sep-
arations of the redox waves of 7 and 8 point to one-electron
redox processes.[107] DPV was performed in order to find out
whether the number of electrons transferred in the two conse-
cutive oxidation steps is identical. In the case of 7, the ratio of
the peak area for the two waves determined from the differential
pulse voltammogram is close to unity (1.14 and 1.18 in THF and
acetonitrile, respectively; Figure 15 and 16), in line with two indi-
vidual one-electron processes. 8 showed a similar behavior in
acetonitrile (peak area ratio 1.51), while in THF the peak due
to the second oxidation almost disappeared during the measure-
ment due to limited stability of the oxidized species in this sol-
vent. In general, a quantification of the DPV data for 8 is difficult
due to the rather limited stability of the two-electron oxidized
species for that compound.

Quantum-chemical calculations (PBE0/def2TZVP)[108,109] were
performed to shed more light on the electronic structure and
redox properties of 7 and 8. The highest occupied molecular
orbital (HOMO) and HOMO�1 are, respectively, localized on car-
bon atom C1 and on the Fe atom in each case. 8 exhibits a sig-
nificantly higher HOMO energy than 7 (�4.02 vs�4.24 eV), which

is in line with the fact that the first oxidation of 8 is significantly
easier (by 0.10 V in THF) than that of 7 (Table 2). The computa-
tional data indicate that the first oxidation predominantly occurs
at carbon atom C1, whereas the second oxidation mainly involves
the Fe atom, resulting in a species with a triplet ground state
composed, to a first approximation, of a carbon-centered (spin
density ≈45%) and an iron-centered radical (spin density
≈120%). Figure 17 exemplarily shows the calculated spin density
plots for 7þ·and 72þ· For the two-electron oxidized species, both
the singlet and the triplet states were optimized, and the calcu-
lations suggest that for both the compounds the triplet state is
substantially stabilized in comparison with the singlet state
(Table S12, Supporting Information). The stabilization of the
triplet ground state for the two-electron oxidized species is also
likely an explanation for its fleeting nature which has precluded
its isolation or characterization.

The poor stability of these dicationic species in solution pre-
vents an observation of the tricationic redox state by CV.
Attempts to generate the dicationic species by chemical oxida-
tion were exemplarily performed with 8, using two equivalents
of silver triflate in THF at�60 °C. A rapid color change from yellow
to dark green and concomitant formation of silver metal was
observed upon addition of the oxidant. However, only intractable
material could be obtained. Use of one equivalent of the oxidant
resulted in a color change from yellow to dark brown and con-
comitant formation of silver metal. In this case work-up afforded

Figure 15. Cyclic voltammogram (top) and differential pulse voltammo-
gram of 7 in THF. Scan rate 25mV s�1. nBu4N[BArF4] supporting electrolyte
(0.02 M).

Figure 14. Plausible isomers of the dicationic redox state of NHC–fcCAAC
heterodimers. Only one resonance structure is shown in each case.

Figure 16. Cyclic voltammogram (top) and differential pulse voltammo-
gram of 7 in acetonitrile. Scan rate 25 mV s�1. nBu4N[BArF4] supporting
electrolyte (0.02 M).

Figure 17. Spin density plot of 7þ·(left, isovalue= 0.025) and 72þ·(right,
isovalue= 0.025).
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substantial amounts of compound 6, indicating that cation radi-
cal 8þ·is capable of H atom abstraction from the solvent, similar to
what Jana has described for Kþ·in THF (Figure 2).[71] Nevertheless,
it proved possible to characterize 8þ·(generated in situ from 8 and
ferrocenium hexafluorophosphate in acetonitrile) by electron
paramagnetic resonance (EPR) spectroscopy. The X-band EPR
spectrum (Figure 18) displays a well-resolved signal centered
at g= 2.0030. This spectrum was simulated by considering hyper-
fine coupling of 12.84, 10.42, and 8.76 MHz to three different 14N
nuclei, close to the values of 14.1, 11.6, and 9.9 MHz reported for
Kþ·(generated in situ from K and Ag[BF4] in THF).[71]

3. Conclusion

We have addressed triaminoalkenes derived from cyclic (alkyl)
(amino)carbenes with a 1,10-ferrocenylene backbone and NHCs.
Such fcCAAC–NHC heterodimers are unprecedented. They
proved to be synthetically accessible by nucleophilic addition
of stable NHCs to protonated fcCAACs, followed by treatment
of the resulting addition product with the strong amide base
KHMDS. The target compounds 7 and 8 were obtained in
yields close to 70% as analytically pure, crystalline solids by the
combination of [fc(CPh2─CH═NMe)][BF4] with IMe and of
[fc(CPh2─CH═N-p-C6H4-tBu)](OTf ) with MeIMe, respectively. Both
compounds are twisted alkenes, the dihedral angle around the
triaminoethene double bond C1─CNHC being 17.2° for 7 and
32.1° for 8. Due to the presence of a triaminoethene unit and
a ferrocene moiety, four redox states are expected for such com-
pounds, viz., electroneutral, mono-, di-, and tricationic. An inves-
tigation of the redox behavior of 7 and 8 by electrochemical
methods (CV, DPV) has revealed that these compounds undergo
two consecutive one-electron oxidations, with the poor stability
of the dicationic species in solution preventing an observation of
the tricationic redox state. A DFT study performed for 7 and 8
shows that the HOMO and HOMO�1 are, respectively, localized
on carbon atom C1 of the triaminoethene unit and on the Fe
atom in each case. In concert with the EPR spectroscopic analysis
of 8þ, computational data indicate that the first oxidation occurs

predominantly at carbon atom C1. The second oxidation mainly
involves the Fe atom, resulting in a species with a triplet ground
state composed, to a first approximation, of a C1-centered and an
Fe-centered radical.

4. Experimental Section

All reactions involving air-sensitive compounds were performed
in an inert atmosphere (argon or dinitrogen) by using standard
Schlenk techniques or a conventional glove box. Starting materials
were procured from standard commercial sources and used as
received. The NHCs N,N 0-dimethylimidazolin-2-ylidene (IMe)[20] and
1,3,4,5-tetramethylimidazolin-2-ylidene (MeIMe)[110] and the iminium
salts [fc(CPh2─CH═NR)][BF4] (R═Me, Et)[74] and [fc(CPh2─CH═NR)]
(OTf ) (R=Mes,[74] p-C6H4-tBu)[41] were synthesized according to
the reported procedures. NMR spectra were recorded at ambient
temperature with Varian NMRS-500 and MR-400 spectrometers oper-
ating at 500 and 400 MHz, respectively, for 1H. Elemental analyses
were carried out with a HEKAtech Euro EA-CHNS elemental analyzer
at the Institute of Chemistry, University of Kassel, Germany.

Synthesis of 1

[fc(CPh2─CH═NMe)][BF4] (75mg, 0.16 mmol) was added to a solution
of IMe (15 mg, 0.16 mmol) in toluene (10 mL) cooled to �60 °C. The
stirred mixture was allowed to warm up slowly to ambient tempera-
ture. After 17 h volatile components were removed under vacuum,
affording a light yellow powdery solid, which was washed with
diethyl ether (3� 10mL) and dried under vacuum. Yield 65 mg
(72%). 1H NMR (400 MHz, CD2Cl2): δ= 9.61 (d, J= 8.2 Hz, 1H, Ph),
7.53 (t, J= 7.9 Hz, 1H, Ph), 7.41–7.33 (m, 2H, Ph), 7.32 (d,
J= 1.9 Hz, 1H, C═CH), 7.29 (t, J= 7.2 Hz, 2H, Ph), 7.22–7.09 (m, 3H,
Ph), 7.08 (d, J= 1.9 Hz, 1H, C═CH), 6.47 (d, J= 8.3 Hz, 1H, Ph), 5.30
(s, 1H, Ph2CCH), 4.80, 4.62, 4.54, 4.47, 4.26, 4.10 (6 m, 6� 1 H, cyclo-
pentadienyl H), 4.08 (s, 3H, NMe), 4.07 (m, 1H, cyclopentadienyl H),
3.06 (s, 3H, NMe), 2.93 (m, 1H, cyclopentadienyl H), 2.45 ppm (s,
3H, NMe). 13C{1H} NMR (101 MHz, CD2Cl2): δ= 144.3 (CN2), 144.1,
142.6 (2� Ph Cipso), 133.6, 133.3, 130.6, 128.7, 128.4, 126.6 (6� Ph
CH), 124.9, 123.9 (2� C═CH), 105.4, 88.9 (2� cyclopentadienyl
Cipso), 77.4 (Ph2CCH), 75.1, 72.1, 70.8, 69.4 (two closely spaced signals),
68.8, 67.9, 63.4 (8� cyclopentadienyl CH), 58.7 (Ph2C), 46.6, 39.7,
36.3 ppm (3� NMe). 19F NMR (376 MHz, CD2Cl2): δ =�151.8 ppm.

Synthesis of 2

MeIMe (23 mg, 0.19 mmol) was added to a suspension of
[fc(CPh2─CH═NMe)][BF4] (89 mg, 0.19 mmol) in toluene (10 mL)
cooled to �60 °C. The stirred mixture was allowed to warm up slowly
to ambient temperature. After 17 h volatile components were
removed under vacuum, affording a yellow solid, which was washed
with diethyl ether (3� 10mL) and dried under vacuum. Yield 95mg
(85%). 1H NMR (400 MHz, CD2Cl2): δ= 9.61 (d, J= 8.1 Hz, 1H, Ph), 7.53
(t, J= 7.8 Hz, 1H, Ph), 7.35 (m, 2H, Ph), 7.26 (t, J= 7.2 Hz, 2H, Ph), 7.11
(m, J= 7.8 Hz, 3H, Ph), 6.46 (d, J= 8.1 Hz, 1H, Ph), 5.39 (s, 1H, Ph2CCH),
4.85, 4.72, 4.53, 4.47, 4.26, 4.09, 4.07 (7 m, 7� 1H, cyclopentadienyl H),
3.95 (s, 3H, NMe), 2.90 (m, 1H, cyclopentadienyl H), 2.87, 2.50 (2 s,
2� 3 H, NMe), 2.23, 2.03 ppm (2 s, 2� 3H, C═CMe). 13C{1H} NMR
(101 MHz, CD2Cl2): δ= 144.2 (CN2), 143.4, 142.8 (2� Ph Cipso),
133.6, 133.4, 130.9, 128.4, 128.2, 128.0 (6� Ph CH), 127.6, 126.6
(2� C═CMe), 105.5, 89.0 (2� cyclopentadienyl Cipso,) 77.7
(Ph2CCH), 75.0, 72.0, 70.7, 69.5, 69.4, 68.7, 67.8, 63.6 (8� cyclopenta-
dienyl CH), 58.9 (Ph2C), 46.6, 35.6, 32.7 (3� NMe), 9.3, 9.1 ppm
(2� C═CMe). 19F NMR (376 MHz, CD2Cl2): δ=�152.5 ppm.

Figure 18. Experimental and simulated (red) EPR spectra of 8þ in
acetonitrile.
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Synthesis of 3

MeIMe (12 mg, 0.10 mmol) was added to a suspension of
[fc(CPh2─CH═NEt)][BF4] (48 mg, 0.10 mmol) in toluene (8 mL) cooled
to �60 °C. The stirred mixture was allowed to warm up slowly to
ambient temperature. After 17 h volatile components were removed
under vacuum, affording a yellow solid, which was washed with
diethyl ether (3� 5mL) and dried under vacuum. Yield 44mg
(73%). 1H NMR (400 MHz, CD2Cl2): δ= 9.63 (d, J= 8.1 Hz, 1H, Ph),
7.53 (t, J= 7.8 Hz, 2H, Ph), 7.41–7.31 (m, 2H, Ph), 7.25 (t, J= 7.4 Hz,
2H, Ph), 7.11 (t, J= 7.8 Hz, 2H, Ph), 6.48 (d, J= 8.1 Hz, 1H, Ph), 5.49
(s, 1H, Ph2CCH), 4.88, 4.68 (2 m, 2� 1 H, cyclopentadienyl H), 4.48
(m, 2H, cyclopentadienyl H), 4.29, 4.11, 4.08 (3 m, 3� 1H, cyclopen-
tadienyl H), 3.92, 2.90 (2 s, 2� 3H, NMe), 2.85 (m, 1H, cyclopenta-
dienyl H), 2.55, 2.45 (2 m, 2� 1H, CH2CH3), 2.23, 2.02 (2 s, 2� 3 H,
C═CMe), 1.02 ppm (t, J= 7.0 Hz, 3H, CH2CH3). 13C{1H} NMR
(101 MHz, CD2Cl2): δ= 144.4 (CN2), 142.9, 142.8 (2� Ph Cipso),
133.7, 133.3, 130.9, 128.3, 128.1, 127.9 (6� Ph CH), 127.6, 126.5
(2� C═CMe), 102.4, 89.1 (2� cyclopentadienyl Cipso), 77.3
(Ph2CCH), 75.0, 72.1, 70.8, 70.7, 69.6, 69.5, 68.1, 63.2 (8� cyclopenta-
dienyl CH), 59.1 (Ph2C), 51.6 (CH2Me), 35.4, 32.7 (NMe), 14.3 (CH2Me),
9.2, 9.1 ppm (2� C═CMe). 19F NMR (376 MHz, CD2Cl2):
δ=�152.6 ppm.

Synthesis of 4

MeIMe (4.8 mg, 0.04 mmol) was added to a suspension of
[fc(CPh2─CH═NMes)](OTf ) (25 mg, 0.04 mmol) in toluene (10 mL)
cooled to �60 °C. The stirred mixture was allowed to warm up slowly
to ambient temperature. After 17 h volatile components were
removed under vacuum, affording a yellow solid, which was washed
with diethyl ether (3� 10mL) and dried under vacuum. Yield 24 mg
(81%). 1H NMR (400 MHz, CD2Cl2): δ= 8.09 (m, 1H, Ph), 7.45–7.34 (m,
3H, Ph), 7.31 (t, J= 7.3 Hz, 2H, Ph), 7.23 (d, J= 7.5 Hz, 1H, Ph), 7.18 (m,
1H, Ph), 6.89 (m, 1H, Ph), 6.81 (m, 1H, Ph), 6.56 (s, 2H, C6H2Me3), 5.67 (s,
1H, Ph2CCH), 4.97, 4.92 (2 m, 2� 1 H, cyclopentadienyl H), 4.57 (m, 2H,
cyclopentadienyl H), 4.25, 4.2, 4.18 (3 m, 3� 1H, cyclopentadienyl H),
3.36 (s, 3H, Me), 3.21 (m, 1H, cyclopentadienyl H), 2.77, 2.73, 2.23, 2.12
(4 s, 4� 3H, Me), 2.00, 1.91 (2 s, 2� 3H, C═CMe). 13C{1H} NMR
(101 MHz, CD2Cl2): δ= 143.7* (CN2), 143.2*, 137.1*, 131.9 (two very
closely spaced signals), 131.4, 129.4, 129.0, 128.7, 128.5 (two
very closely spaced signals), 127.9, 127.5, (12� aryl C), 126.0, 124.4
(2� C═CMe), 103.5, 89.4 (2� cyclopentadienyl Cipso), 76.2
(Ph2CCH), 75.6, 72.6, 71.1, 70.6, 70.1, 69.6, 68.7, 65.0 (8� cyclopenta-
dienyl CH), 60.0 (Ph2C), 35.1, 33.8 (2� NMe), 22.6, 21.6, 21.5 (3�mesi-
tyl Me), 20.4, 9.4 ppm (2� C═CMe); CF3 not detected (* tentative due
to poor signal-to-noise ratio (Figure S11, Supporting Information)). 19F
NMR (376 MHz, CD2Cl2): δ=�78.9 ppm.

Synthesis of 5

[fc(CPh2─CH═N-p-C6H4-tBu)](OTf ) (25 mg, 0.04mmol) was added to a
solution of IMe (3.6 mg, 0.04mmol) in toluene (10 mL) cooled to
�60 °C. The stirred mixture was allowed to warm up slowly to ambi-
ent temperature. After 17 h volatile components were removed
under vacuum, affording a light yellow powdery solid, which was
washed with diethyl ether (3� 10mL) and dried under vacuum.
Yield 25 mg (87%). 1H NMR (400 MHz, CD2Cl2): δ= 9.86 (d,
J= 10.0 Hz, 1H, Ph), 7.65 (m, 1H, Ph), 7.40 (t, J= 7.4 Hz, 1H, Ph),
7.32–7.28 (m, 1H of Ph and 2H of p-C6H4), 7.24–7.21 (m, 1H of Ph
and 2H of p-C6H4), 7.15 (m, 1H, Ph), 7.09–7.01 (m, 2H of Ph and
1H of C= CH), 6.93 (m, 1H of Ph and 1H of C= CH), 6.51 (d,
J= 11.4 Hz, 1H, Ph), 6.18 (s, 1H, Ph2CCH), 5.04, 4.76, 4.53, 4.51,
4.19, 4.14, 4.07 (7 m, 7� 1 H, cyclopentadienyl H), 3.74, 3.18 (2 s,
2� 3 H, NMe), 3.07 (m, 1H, cyclopentadienyl H), 1.19 ppm (s, 9H,
tBu). 13C{1H} NMR (101 MHz, CD2Cl2): δ= 149.8 (CN2), 148.8, 144.0,
142.7, 142.3, 133.3, 133.2, 131.7, 128.4, 128.1, 128.0, 127.5, 126.3 (12�

aryl C), 124.0, 122.1 (2� C= CH), 104.0, 89.2 (2� cyclopentadienyl
Cipso), 74.9 (Ph2CCH), 74.5, 72.4, 70.9, 69.8 (two very closely spaced
signals), 69.7, 68.4, 65.4 (8� cyclopentadienyl CH), 58.7 (Ph2C),
36.0, 35.7 (NMe), 34.8 (CMe3), 31.4 ppm (CMe3); CF3 not detected.
19F NMR (376 MHz, CD2Cl2): δ=�78.2 ppm.

Synthesis of 6

MeIMe (5.8 mg, 0.05 mmol) was added to a suspension of
[fc(CPh2─CH═N-p-C6H4-tBu)](OTf ) (31 mg, 0.05 mmol) in toluene
(10 mL) cooled to �60 °C. The stirred mixture was allowed to warm
up slowly to ambient temperature. After 17 h volatile components
were removed under vacuum, affording a yellow solid, which was
washed with diethyl ether (3� 10mL) and dried under vacuum.
Yield 33mg (90%). 1H NMR (400 MHz, CD2Cl2): δ= 9.84 (d,
J= 7.9 Hz, 1H, Ph), 7.64 (t, J= 7.4 Hz, 1H, Ph), 7.39 (t, J= 7.3 Hz,
2H, Ph), 7.29 (t, J= 7.2 Hz, 2H, Ph), 7.22–7.20 (m, 1H of Ph and 2H
of p-C6H4), 7.14 (t, J= 7.6 Hz, 1H, Ph), 7.02–7.00 (m, 1H of Ph and
2H of p-C6H4), 6.50 (d, J= 7.9 Hz, 1H, Ph), 6.24 (s, 1H, Ph2CCH),
5.11, 4.76, 4.61, 4.52, 4.21, 4.13, 4.08 (7 m, 7� 1H, cyclopentadienyl H),
3.55 (s, 3H, NMe), 3.03 (m, 1H, cyclopentadienyl H), 3.01 (s, 3H, NMe),
1.99, 1.88 (2 s, 2� 3H, C═CMe), 1.19 ppm (s, 9H, tBu). 13C{1H} NMR
(101 MHz, CD2Cl2): δ= 149.6 (CN2), 148.1, 144.3, 142.7, 142.4, 133.7,
132.9, 131.3, 128.5, 128.3, 128.2, 127.2, 126.8 (12� aryl C), 126.8,
124.8 (2� C═CMe), 104.1, 89.4 (2� cyclopentadienyl Cipso), 75.2
(Ph2CCH), 74.3, 72.4, 70.8, 70.0 (two very closely spaced signals),
69.8, 68.4, 65.3 (8� cyclopentadienyl CH), 58.9 (Ph2C), 35.7 (NMe),
34.7 (CMe3), 32.7 (NMe), 31.3 (CMe3), 9.3, 8.7 ppm (2� C═CMe);
CF3 not detected. 19F NMR (376 MHz, CD2Cl2): δ=�78.9 ppm.

Synthesis of 7

Toluene (3 mL) was added to a mixture of 1 (83 mg, 0.14 mmol) and
KHMDS (29 mg, 0.14 mmol). The mixture was stirred for 4 h. Insoluble
material was removed by filtration through a short Celite pad. Volatile
components were removed from the filtrate. The residue was washed
with n-hexane (3� 2mL). The light yellow powdery solid was recrys-
tallized from benzene. Yield 47 mg (67%). C30H29N3Fe (487.42): calcd.
C 73.92, H 6.00, N 8.62%; found C 73.44, H 6.02, N 8.04%. 1H NMR
(500 MHz, C6D6): δ= 8.07 (d, J= 8.3 Hz, 1H, Ph), 7.64 (d, J= 8.7 Hz,
1H, Ph), 7.22 (t, J= 7.6 Hz, 1H, Ph), 7.16–6.98 (m, 7H, Ph), 5.57, 5.15
(2 d, J= 2.6 Hz, 2� 1H, C= CH), 4.14 (m, 1H, cyclopentadienyl H),
4.06 (m, 2H, cyclopentadienyl H), 4.02 (m, 1H, cyclopentadienyl H),
3.98 (m, 2H, cyclopentadienyl H), 3.71, 3.65 (2 m, 2� 1H, cyclopenta-
dienyl H), 3.06, 2.68, 1.99 ppm (3 s, 3� 3H, NMe). 13C{1H} NMR
(126 MHz, C6D6): δ= 149.6 (NC═CN2), 148.7, 147.6 (2� Ph Cipso),
131.4, 128.4, 127.5, 126.5, 126.3, 126.2 (6� Ph CH), 118.4, 115.9
(2� C═CH), 110.1, 101.3, 96.3 (NC═CN2 and 2� cyclopentadienyl
Cipso), 74.2, 72.2, 68.5, 67.6, 67.4, 67.1, 65.1, 55.7 (8� cyclopentadienyl
CH), 52.6 (CPh2), 43.2, 38.3, 38.0 ppm (3� NMe).

Synthesis of 8

Toluene (2 mL) was added to a mixture of 6 (50 mg, 0.06 mmol) and
KHMDS (13 mg, 0.06 mmol). The mixture was stirred for 4 h. Insoluble
material was removed by filtration through a short Celite pad. Volatile
components were removed from the filtrate. The residue was washed
with n-hexane (3� 2mL). The light yellow powdery solid was recrys-
tallized from benzene. Yield 28 mg (69%). C41H43N3Fe (633.65): calcd.
C 77.72, H 6.84, N 6.63%; found C 77.48, H 7.01, N 6.51%. 1H NMR
(500 MHz, C6D6): δ= 8.23 (d, J= 8.4 Hz, 2H, Ph), 7.25–7.16 (m, 8H,
Ph), 7.13–7.10, 7.06–7.03 (2 m, 2� 2H, p-C6H4), 4.48, 4.39, 4.33,
4.24, 4.04, 4.00, 3.97, 3.92 (8 m, 8� 1H, cyclopentadienyl H), 2.76,
2.49 (2 s, 2� 3H, NMe), 1.23 (s, 3H, C═CMe), 1.22 (s, 9H, tBu),
1.21 ppm (s, 3H, C═CMe). 13C{1H} NMR (126 MHz, C6D6): δ= 151.1
(NC═CN2), 147.6, 147.4, 147.1, 139.0, 133.1, 126.8, 126.2, 125.6 (two
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very closely spaced signals), 125.3 (10� aryl C), 119.5, 117.4
(2� C═CMe), 116.4 (two very closely spaced signals, 2� aryl C),
103.0, 100.3, 94.2 (NC═CN2 and 2� cyclopentadienyl Cipso), 73.9,
73.4, 71.4, 70.3, 68.8, 68.7, 67.8, 59.8 (8� cyclopentadienyl CH),
54.5 (CPh2), 37.9, 33.9 (2� NMe), 33.8 (CMe3), 31.9 (CMe3), 9.4,
9.2 ppm (2� C═CMe).

X-ray Crystallography

For each data collection, a single crystal was mounted on a micro-
mount and all geometric and intensity data were taken from this
sample at 100(2) K. Data collections were carried out either on a
Stoe IPDS2 diffractometer equipped with a 2-circle goniometer
and an area detector or on a Stoe StadiVari diffractometer equipped
with a 4-circle goniometer and a DECTRIS Pilatus 200 K detector. The
data sets were corrected for absorption (by multiscan), Lorentz and
polarization effects. The structures were solved by direct methods
(SHELXT) and refined using alternating cycles of least-squares refine-
ments against F2 (SHELXL2014/7).[111] C-bonded H atoms were
included in the models in calculated positions, heteroatom-bonded
H atoms have been found in the difference Fourier lists. All H atoms
were treated with the 1.2-fold isotropic displacement parameter of
their bonding partner. Experimental details for each diffraction exper-
iment are given in Table S1, Supporting Information. CCDC 2415736
(for 1·CH2Cl2), 2415737 (for 2), 2415738 (for 3), 2415739 (for 4·Et2O),
2415740 (for 5·2 CH2Cl2), 2415741 (for 6·CH2Cl2), 2415742 (for 7) and
2415743 (for 8) contain the supplementary crystallographic data for
this article. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformation-
szentrum Karlsruhe Access Structures service.[112–127]

Supporting Information

The authors have cited additional references cited within the
Supporting Information.[59–66] The Supporting Information includes
X-ray crystallographic details, plots of NMR spectra and electro-
chemical, EPR spectroscopic and computational details.
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